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PREFACE

The United States Air Force Summer Faculty Research Program
(USAF-SFRP) is a program designed to introduce university, college,
and technical institute faculty members to Air Force research. This
is accomplished by faculty competition on a nationally advertised
competitive basis for a ten-week assignment during the summer
intersession to perform research at Air Force laboratories/centers.
Each assignment is in a subject area and at an Air Force facility
mutually agreed upon by the faculty member and the Air Force. In
addition to compensation and travel expenses, a cost of living
allowance is also paid. The USAF-SFRP is sponsored by the Air Force
Office of Scientific Research/Air Force Systems Command, United
States Air Force, and is conducted by the Southeastern Center for ....

Electrical Engineering Education (SCEEE).

The specific objectives of the 1982 USAF-SFRP are:

(1) To develop the basis for continuing research of interest
to the Air Force at the faculty member's institution.

(2) To further the research objectives of the Air Force.

(3) To stimulate continuing relations among faculty members
and their professional peers in the Air Force.

(4) To enhance the research interests and capabilities of
scientific and engineering educators.

In the 1979 summer program, 70 faculty members participated,
and in the 1980 and 1981 programs, 87 faculty members participated.
In 1982, 91 faculty and 17 students participated. These researchers
were assigned to 25 USAF laboratories/centers across the country.
This two volume document is a compilation of the final reports
written by the assigned faculty members about their summer research
Sf lorts.
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LIST OF PARTICIPANTS Page 1

MANE/ADDRESS DEGREE, SPECIALTY, LABORATORY * .,'

ASS IGNED

Prof. Richard G. Abaher Degree: Ph.D., Electrical.
Professor Engineering, 1967
University of Vermont Specialty: Digital Systems, Modern
Electrical Engineering Department Control Theory,
Burlington, VT 05405 Biomedical Engineering
(802) 658-3330 Assigned: RADC/Griffis-

Dr. Milton J. Alexander Degree: D.B.A., Management, 1968
Professor Specialty: Management Information
Auburn University Systems, Operational .
Management Department Research
Auburn, AL 36830 Assigned: LMC :
(205) 826-4730

Dr. Gary L. Allen Degree: Ph.D., Psychology, 1979
Assistant Professor Specialty: Cognitive Psychology, i:.-.
Old Dominion University Perception,
Psychology Department Developmental Psychology
Norfolk, VA 23508 Assigned: HRL/B
(804) 440-4444 ,, *..

Dr. Silverio P. Almeida Degree: Ph.D., Physics
Professor Specialty: Laser Applications to
Virginia Tech. Biophysics and Pattern
Physics Department Recognitions Problems
Blacksburg, VA 24061 Assigned: SAM S.
(703) 961-5473

Dr. Muluneh Asene Degree: Ph.D., Structural Mechanics,
Assistant Professor 1979
Southern University Specialty: Finite Element Analysis
Civil Engineering Department Assigned: ESC
Baton Rouge, LA 70813 -.

(504) 771-5871

Dr. Francesco L. Bacchialoni Degree: Ph.D., Engineering, 1946
Associate Professor Specialty: Control Systems, Signal
University of Lowell Processing
Electrical Engineering Dept. Assigned: GL
Lowell, MA 01854
(617) 452-5000

Dr. A. Terry Bahill Degree: Ph.D., Electrical .

Associate Professor Engineering, 1975
Carnegie-Mellon University Specialty: Biological Control
Electrical Engineering Dept. Systems
Pittsburg, PA 15213 Assigned: AMRL
(412) 578-2536
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LIST OF PARTICIPANTS Page 2

NAIE/ADDRESS DEGREE, SPECIALTY, LABORATORY
ASSIGNED

Dr. Mason 0. Bailey Degree: Ph.D., Computer Science,
Associate Professor 1978
Western Carolina University Specialty: Computer Science,
Accocntingllnformation Systems Dept. Operations Research
Cullowhee, HC 28723 Assigned: HRL/WP
(704) 227-7401

Dr. Pradip M. Bakshi Degree: Ph.D., Theoretical
Professor Physics, 1962 .: -'

Boston College Specialty: Theoretical Plasma
Physics Department Physics
Chestnut Hill, HK 02167 Assigned: GL
(617) 969-0100

Dr. Gust Bambakidis Degree: Ph.D., Physics, 1966
Assistant Professor Specialty: Theoretical Physics
Wright State University Assigned: ML
Physics Department
Dayton, OH 45435
(513) 873-2954

Prof. Albert W. Biggs Degree: Ph.D., Electrical
Professor Engineering, 1965
University of Kansas Specialty: Microwaves, Antennas,
Electrical Engineering Department and Wave Propagation
Lawrence, KS 66045 Assigned: RADC/Hanscom
(913) 864-4615

Dr. Jack J. Bourquin Degree: Ph.D., Electrical

Associate Professor Engineering, 1968
University of Missouri Specialty: Circuits and Systems
Electrical Engineering Department Assigned: AL
Rolla, MO 65401(314) 341-4548 " '

Dr. Willie A. Bragg Degree: Ph.D., Special
Assistant Professor Education, 1979 .'S..

University of Cincinnati Specialty: Mental Retardation,
Early Childhood & Special Education Dept. Early Childhood
Cincinnati, OH 45221 Education
(513) 475-4542 Assigned: SAM

Dr. Eugene F. Brown Degree: Ph.D., Mechanical
Associate Professor Engineering, 1968
VPI & SU Specialty: Fluid Mechanics,
Mechanical Engineering Department Computational Fluid
Blacksburg, VA 24061 Dynamics
(703) 961-7199 Assigned: APL
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DEGREE, SPECIALTY, LABORATORY
AS S lOVD

Pt hemnD'. Browvn Degree: Ph.D., Chemical Engineering,
Wr.5I~dt1957

~6,~ukof~lini*Specialtz; Brittle Fracture, Ceramic
Coatings, Glasses, High

*A ww Temperature Materials
(alfl 13-476Assigned: ML

1W. 10"Is' W. Isaskalow Degree: 14.8. & (ARD), Physiological
S~d4.ei ?*U4.rPsychology, 1969 4 (1979)

A 'm fi""ltySpecialty: physiological Psychology,
M~~S Um'veritypaehopbaru, Human

b~S 35162 Engineering
(2I~5 #597451 saieed: AM

Pt 1 .SU L. ftrkett goeere.: Ph.D., Industrial Engineering,
1974

t~a1)'Wu~~y Si.Uty Mathematical Modeling.,
B14 ~ty~i Deprtum~t )auagement Science

004"d,% 01V 4~IAaa~:LC

o J iumie .. Cathay In": Ph. D., Electrical Engineering.
AW*d * S- 1972

hiww* if, Witutky Specialty: Analysis, D)esign, and
Co~tfa1 of Electrical
Machinery

Awaigned APL

toe Aoftiar vo.Systems M~ethodology

ftaeew~~ VmiWOU16 of *6*s York * Rind ADCIG
compW*, W1U"gmmtiu skkt Sept.

10j4 3006 C1W4 Degree Ph.D., Electrical Engineering,
~etbas~- ~ite~r1978

Ifte*Io set~t. o'f 'Toebabovo~ Speialty: Digital Signal Processing,
Ipt. of 910ftrical ftogineerlaa & C? Control System
wiebfrom, nL 32901 cU-sed: ESUC
(305) 723-3701

ft. TJovld L. Cleetos Dere Ph.D., Economics, 1980
MAbistat otofeeaow - iecialty: Wicroeconomics, Labor
OberlU6 "sIt*" Economics, Public Finance
ftssaus, setUek Assigned: SU1C ,~
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LIST OF PARTICIPANTS Page 4

MANK/ADDRESS DEGREE, SPECIALTY, LABORATORY
ASSIGNED "

Dr. Gregory M. Corso Degree: Ph.D., Engineering
Assistant Professor Psychology, 1978
Georgia Institute of Technology Specialty: Human Performance
Psychology Department Theory, Engineering
Atlanta, GA 30332 Psychology
(404) 894-4260 Assigned: AMRL

Dr. Robert A. Douglas Degree: Ph.D., Engineering, 1956

Professor Specialty: Mechanics of Solids,
North Carolina State University Impact and Stress
Civil Engineering Depirtment Wave Propagation
Raleigh, NC 27650 Assigned: ESC
(919) 737-2331

Dr. flamed K. Eldin Degree: Ph.D., Industrial
Professor Engineering, 1951
Oklahoma State University Specialty: Project Management,
Industrial Engineering & Management Dept. Economic Analysis
Stillwater, OK 74078 Inventory Theory
(405) 624-6055 Assigned: BRM""

Dr. John D. Enderle Degree: Ph.D., Biomedical
Assistant Professor Engineering, 1980
North Dakota State University Specialty: Epidemiology, Signal
Electrical Engineering Department Processing, Statistical
Fargo, ND 58105 Methods & Modeling
(701) 237-7689 Assigned: SAM

z. Fernando E. Fagundo Degree: Ph.D., Structural
Assistant Professor Engineering, 1980
University of Florida Specialty: Analysis and Design
Civil Engineering Department of Reinforced Concrete
Gainesville, FL 32611 Structural Systems,
(904) 392-0851 Assigned: ESC

Dr. Hubert S. Feild Degree: Ph.D., Psychology, 1973
Associate Professor Specialty: Industrial Psychology
Auburn University Assigned: LMDC
Management Department
Auburn, AL 36830
(205) 826-4039

Dr. Mack Felton, Jr. Degree: Ph.D., Microbiology, 1973
Chairman Specialty: Microbiology
Southern University Assigned: SAM
Biology Department
Now Orleans, LA 70126
(504) 282-4401

-vi-
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LIST OF PARTICIPANTS Page 5

NAME/ADDRESS DEGREE, SPECIALTY, LABORATORY
ASSIGNED

IDr. William L. Filippone Degree: Ph.D., Nuclear Engineering,
Associate Professor 1970
University of Arizona Specialty: Charged and Neutral
Nuclear & Energy Engineering Dept. Particle Transport Theory

Tucson, AZ 85721 Assigned: RADC/Hanscom
(602) 626-2514

Dr. Dennis R. Flentge Degree: Ph.D., Physical Chemisry,

Assistant Professor 1974

Cedarville College Specialty: Surface Chemistry,
Math & Science Department Catalysis and IR

Cedarville, OH 45314 Spectroscopy

(513) 766-2211 Assigned: APL

Dr. Wilfred A. Fordon Degree: Ph.D., Electrical Engineering,
Associate Professor 1976
Michigan Technogical University Specialty: Electromagnetic Theory,
Electrical Engineering Department Pattern Recognition

Houghton, MI 49931 Assigned: ESD
(906) 487-2550

Dr. Larry J. Forney Degree: Ph.D., Engineering Science,

Associate Professor 1974
Georgia Institute of Technology Specialty: Dynamics and Chemistry of

Chemical Engineering Department Turbulent Jets and Plumes
Atlanta, GA 30332 Assigned: AEDC
(404) 894-2825

Dr. Albert J. Frasca Degree: Ph.D., Physics, 1966

Associate Professor Specialty: Low Energy Nuclear Physics, -.'.,
Wittenberg University Solid State Physics

Physics Department Assigned: AL
Springfield, OH 45501
(513) 327-7821

Dr. Andris Freivalds Degree: Ph.D., Bioengineering, 1979
Assistant Professor Specialty: Human Factors, Biomechanics,

Penn State University Work Physiology
Industrial & Mgmt. Systems Eng. Dept. Assigned: AMRL

University Park, PA 16802
(814) 863-2361 ..

Dr. Mark A. Fugelso Degree: Ph.D., Microprocessor

Assistant Professor Controlled Twist Drill
Penn State University Grinding Machine, 1978
Industrial Engineering Department Specialty: Digital Computer Control

University Park, PA 16802 of Special Machine Tools &
(814) 863-2360 Robots

Assigned: ML

-vii-
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LIST OF PARTICIPANTS Page 6

NAME/ADDRESS DEGREE, SPECIALTY, LABORATORY
ASSIGNED

Prof. Eugene H. Galluscio Degree: Ph.D., Physiological
Professor Psychology, 1970
Northwest Missouri State University Specialty: Neuropsychology, Brain
Psychology Department Function, Visual
Maryville, Mo 64468 Information Processing
(816) 582-7141 Assigned: HRL/Williams -...

Dr. Ronald L. Greene Dg_ : Ph.D., Physics, 1974
Assistant Professor Specialty: Plasma Spectroscopy
University of New Orleans Assigned: AL
Physics Department*?eE.q

New Orleans, LA 70148
(504) 286-6714

Dr. Keith C. Hanson Degree: Ph.D., Chemistry, 1967
Professor Spec- "alty: Organic Chemistry,
Lamar University Measurement of Physical
Chemistry Department Properties
Beaumont, TX 77710 Assigned: FJSRL
(713) 838-8267

Dr. Donald J. Healy Degree* Ph.D., Electrical
Assistant Professor Engineering, 1981
Georgia Institute of Technology Specialty: Image Processing
Electrical Engineering Department (Communications)
Atlanta, GA 30332 Assigned: AD
(404) 894-2923

Prof. Ervin Hindin Degree: M.S., Environmental
Professor Chemistry, 1956
Washington State University Specialty: Aquatic Chemistry, Water
Civil & Environmental Engineering Dept. Supply-Systems
Pullman, WA 99164 Assigned: ESC
(509) 335-7028

Dr. Manuel A. Huerta agree: Ph.D., Physics, 1970
Associate Professor Specialty: Plasma Physics, Fluid
University of Miami Mechanics,
Physics Department Electromagnetic Theory
Coral Gables, FL 33124 Assigned: AD
(305) 284-2323

Dr. Francis J. Jankovski Degree: Sc.D., Physics, 1949
Professor Specialty: Systems Engineering,
Wright State University Nuclear Engineering. "
Engineering Department Mechanical Engineering,

Dayton, OH 45435 Human Factors Engineering
(513) 873-2097 Assigned: WL

-viii-
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LIST OF PARTICIPANTS Page 7

RNME/ADDRESS DEGREE, SPECIALTY, LABORATORY
ASSIGNED

Dr. Eric R. Johnson. Degree: Ph.D., Applied Mechanics,
Assistant Professor 1976
Virginia Tech. Specialty: Structural Stability &
Aerospace & Ocean Engineering Dept. Composite Structures
Blacksburg, VA 24061 Assigned: FDL
(703) 961-6699

Dr. James J. Kane Degree: Ph.D., Organic Chemistry,
Associate Professor 1960
Wright State University Specialty: Organic Chemistry
Chemistry Department Polymer Chemistry
Dayton, OR 45435 Assigned: ML
(513) 873-2352

Dr. Samuel G. Kelly Degree: Ph.D., Engineering
Assistant Professor Mechanics, 1979
University of Notre Dame Specialty: Nonlinear Mechanics
Aerospace & Mechanical Engineering Dept. Assigned: FDL
Notre Dame, IN 46556
(219) 239-7678

Dr. Dennis K. Kern Degree: Ph.D., Statistics, 1976

Assistant Professor Specialty: Microprocessor@
University of Georgia Assigned: SAM-
Statistics & Computer Science Dept.
Athens, GA 30602
(404) 542-2911

Dr. Stuart T. Klapp Degree: Ph.D., Experimental
Professor Psychology, 1969
California State University Specialty: Cognition and Human
Psychology Department Performance
Hayvard, CA 94542 Assigned: HRL/WP
(415) 881-3484

Dr. Jerome Knopp" Degree: Ph.D., Electrical
Assistant Professor Engineering
University of Missouri-Rolla Specialty: Electro-Optics
Electrical Engineering Department Assigned: RADCfGriffiss
Rolla, 140 65401
(314) 341-45439

Dr. Keith Koenig Degree: Ph.D., Aeronautics, 1978
Assistant Professor Specialty: Laser Velocimetry, -.

Mississippi State University Separated Flow
Aerospace Engineering Department Assigned: AD
Mississippi State, MS 39762
(601) 323-3623

n.-
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LIST OF PARTICIPANTS Page 8

NAME/ADDRESS DEGREE, SPECIALTY, LABORATORY
ASSIGNED

Dr. Letitia J. Korbly Degree: Ph.D., Mathematics, 1976 W-A

Assistant Professor Specialty: Applied Math, Partial
University of Alabama Differential Equations
Mathematics Department Assigned: WL
Birmingham, AL 35294
(205) 934-2154

Dr. Philip Langer Degree: Ph.D., Education/Psychology,
Associate Professor 1957
University of Colorado Specialty: Instructional Systems
Ed. Psychology Department Assigned: IRL/L
Boulder, CO 80309
(303) 492-8748

Dr. Stephen F. Lin Degree: Ph.D., Physical Chemistry, 1970
Associate Professor Specialty: Physical Chemistry
North Carolina Central University Assigned: RPL
Chemistry Department
Durham, NC 27707
(919) 683-6463

Dr. Michael L. Lobb Degree: Ph.D., Psychology, 1978
Assistant Professor Specialty: Statistics and Experimental
University of Texas Design
Graduate School of Social Work Assigned: SAM
Arlington, TX 76019-0129
(817) 273-2707

Dr. D. J. Medeiros Degree: Ph.D., Industrial Engineering,
AssistanL Professor 1981
Penn State University Specialty: Scheduling, Computer
Industrial Engineering Department Simulation of Production/
University Park, PA 16802 Manufacturing Systems
(814) 863-2364 Assigned: ML

Dr. Thomas M. Miller Degree: Ph.D., Physics, 1968
Associate Professor Specialty: Experimental Atomic
University of Oklahoma Collisions
Physics and Astronomy Department Assigned: GL
Norman, OK 70319
(405) 325-3961

Dr. Michael J. Moloney Degree: Ph.D., Physics, 1966
Professor Specialty: Solid State Electronic W-

Rose-Hulman Institute of Technology. Devices, Modern Physics
Physics Department Assigned: AL
Terre Haute, IN 47803
(812) 877-1511 -

-x--
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LIST OF PARTICIPANTS Page 9

NME/ADDRESS DEGREE, SPECIALTY, LABORATORY
AsSSIGNED -

Dr. Luigi Morina Degree: Ph.D., Aerospace
Professor Engineering, 1966, Ph.D.,
Boston University Mechanical Engineering, 1963
Aerospace & Mechanical Enginieering Dept. Specialty: Unsteady Aerodymanics and
Boston, MA 02215 Structural Dynamics -

(617) 353-3069 Assigned: AD

Dr. David S. Moroi Degree: Ph.D., Atomic Physics,
Professor 1959
Kent State University Specialty: Atomic Physics,
Physics Department Transport Phenomena
Cent, on 44242 in Liquid Crystals

*(216) 672-2596 Assigned: ML

*Dr.. H. Troy Nagle, Jr. Degree: Ph.D., Electrical
Professor Engineering, 1968
hAburn University Srecialty: Computer Eng4nsering
Electrical 1nngineering Department Assigned: SAM
Auburn, AL 36849
(205) 626-4330

Dr. Eugene M. lorris Degree: Ph.D., Mathematics, 1969
Associate Professor Specialty: Theoretical :;ouputtr
George Mason University Science
Mathematical Science Department Assigned: 'AL
Fairfax, VA 22030
(703) 323-2262

Dr. Thomas H. Ortmeyer Degree: Ph.D., Electrical
Assistant Professor Engineering, 1960
Clarkson College Specialty: Electric Machinery and
Electrical Engineering Department Power Systems
Potsdam, NY 13676 Assigned: APL
(315) 268-65N36

Dr. Dean H. Owen Degree: Ph.D., Experimental
Associate Professor Psychology, 1965
Ohio State University Specialty: Perception,
Psychology Department Psychophysics, Flight
Columbus, OH 43210 S imulation
(614) 422-7641 Assigned: ORL/Villiam

Dr. Charles K. Parsons ree!: Ph.D., Psychology, 1980
Assistant Professor SPee alty: Item Response Theory
Georgia Institute of Technology A"signed: HRL/Brooks
College of Management
Atlanta, GA 30332
(404) 894-2619

k s.!.
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LIST OF PARTICIPANTS Page 10

NAME/ADDRESS DEGREE, SPECIALTY, LABORATORY
AS SIGNED

Dr. Surgounda A. Patil Degree: Ph.D., Statistics, 1966
Professor Specialty: Statistical Problems .',

Tennessee Technical University Applicable to
Math & Computer Science Department Engineering and
Cookville, TN 38501 Environment
(615) 528-3593 Assigned: WL

Dr. Lakhpat R. Pujara Degree: Ph.D., Mathematics, 1971
Associate Professor M.S., Systems Engineering,
Wilberforce University 1981
Engineering/Mathematics Department Specialty: Control Systems
Wilberforce, OH 45384 Assigned: FDL
(513) 376-2911

Dr. Zahir Qureshi Degree: Ed.D., Biochemistry, 1975
Assistant Professor Specialty: Biochemistry Education
Rust College Assigned: AMRL
Biology Department
Holly Springs, MS 36835
(601) 252-4661

Dr. Ronald L. Reake Degree: Ph.D., Electrical
Assistant Professor Engineering, 1977
University of South Floirda Specialty: Electronic Devices,
Electrical Engineering Department Materials, and Processes/
Tap, L 33620 Thin Films
(813) 974-2581 Assigned: RADC/Griffiss

Dr. Richard W. Rice Degree: Ph.D., Chemical Engineering,
'Assistant Professor 1972
Clemson University Specialty: Catalysis, Chemical
Chemical Engineering Department Kinetics
Clemson, SC 29631 Assigned: ESC
(803) 656-3055

Dr. Gerhard X. Ritter Degree: Ph.D., Mathematics, 1971
Associate Professor Specialty: Pattern Recognition,
University of Florida Applied Mathematics
Math & Computer Science Department Assigned: AD
Gainesville, FL 32611
(904) 392-4988

Dr. John M. Russell Dee: Ph.D., Fluid Mechanics, 1981
Assistant Professor Spec alty: Incompressible Flows,
University of Oklahoma Boundry Layers,
School of Aero. Mech. and Nuclear Eng. Stability, Turbulence
Norman, OK 70319 Assigned: FDL "
(405) 325-5011

-xii- >.
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LIST OF PARTICIPANTS Page 11

NAMKIADDRESS DEGREE, SPECIALTY, LABORATORY
ASSIGNED

Dr. Sarvan S. Sandhu Degree: Ph.D., Combustion, 1973
Assistant Professor Specialty: Combustion
University of Dayton Assigned: APL
Chemical Engineering Department
Dayton, OH 45469
(513) 229-2627

Dr. Robert E. Schlegel Degree: Industrial Engineering,1980
Assistant Professor Specialty: Human Factors
University of Oklahoma Assigned: SAN
Industrial Engineering Department
Norman, OK 70319
(405) 325-3721

Dr. Eugene P. Schram Degree: Ph.D. Inorganic Chemistry
Associate Professor Specialty: Organometallic Chemistry
Ohio State University Aigd:AL
Chemistry Department
Columbus, OR .43210
(614) 222-1487

Dr. K. Sam. Shaagan De roe: Ph.D.
Associate Professor Spc~t:Communication Systems

*University of Kansas Engineering
Electrical Sagineering Department Assigned: RADC/Griffiss
Lawrence, KS 66045
(913) 864-4832

Dr. Trilochan Singh Degree: Ph.D. Mechanical
Associate Professor Engineering, 1970 y
Wayne State University Specialty: Combustion, Heat
Mechanical Engineering Department Transfer, Energy
Detroit, MI 48202 Conservation
(313) 577-3845 Assigned: APL

Dr. loghos D. Sivaslian Degree: Ph.D., Operations Research,
Professor 19664..
University of Florida Specialty: Operations Research,
Industrial & Systems Engineering Dept. Math. Modeling, Military
Gainesville, FL 32611 Problems
(904) 392-1464 Assigned: AD

Dr. Stanley L. Spiegel Dere Ph.D., Physics, 1966
Assistant Professor Specialty: Numerical Modeling and
University of Lowell Computer Simulation of
Mathematics Department Geophysical Problem a
Lowell, MA 01854 Assigned: GL
(617) 738-5000

N Iii

NfV. '~q.



LIST 07 PARTICIPANTS Page 12

NAME/ADDRESS DEGREE, SPECIALTY, LABORATORY
ASSIGNED

Dr. Alexander P. Stone Degree: Ph.D., Mathematics, 1965
Professor Specialty: Differential Equations,
University of New Mexico Differential Geometry
Mathematics Department Assigned- Hi f
Albuquerque, NM 87131
(505) 277-4643

Dr. Alfred G. Striz Degree: Ph.D., Aeronautics and
Assistant Professor Astronautics, 1981
University of Oklahoma Specialty: Aeroelasticity, Finite.

Aero Mechanical Nuclear Eng. Dept. Elements, Aerospace
Norman, OK 70319 Structure
(405) 325-5011 Assigned: AD

Dr. Patrick J. Sweeney Degree: Ph.D., Mechanical Engineering,
Associate Professor 1977
University of Dayton Specialty: Simulation, O.R.,
Engineering Management Department Management
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SENSITIVITY BASED SEGMENTATION AND IDENTIFICATION

IN AUTOMATIC SPEECH RECOGNITION

by

Dr. Richard G. Absher

ABSTRACT ~.~

A sensitivity analysis for the segmentation and identification of

the phonetic units of speech was investigated. Elements of the sensi-

tivity matrix, which express the relative change in each pole of the

speech model to a relative change in each coefficient of the character-

istic, equation, was evaluated for each of the fifteen vowels for a single

male speaker. It was found that the sensitivity matrix provides (1) a

measure of the degree to which a vowel is "on target", (2) a categorical

indicator for the group of front vowels, (3) a categorical indicator for
the group of back vowels, and (4) may provide sufficient information to

identify each particular vowel. Suggestions for further research in this

area are offered.
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I.* INTRODUCTION:

Automatic Speech Recognition (ASR) has potential application

to various USAF operational problems. Examples include voice

control of devices and systems, intelligence data handling, and

language identification. A practical ASR system "must operate on

the continuous utterance of any number of speakers in moderate or
1aeven poor noise environments". Maor sources of difficulty

include acoustic-phonetic variance and segmentation of the acoustic

signal. The following discussion reviews the reasons for this

difficulty and expresses the research problem.

Connected-speech-recognition systems have utilized techniques

that represent sound patterns in smaller linguistic units than

words; one being in terms of phonemes. However, the location and

specification of the acoustic characteristics of phonemes has been

a central problem to speech recognition. The problem is not

attributable to mechanical limitations. Instead, it is considered ' '

to be the result of the very nature of human speech production and

perception, for phonemes are mot individual sounds, but rather

classes of acoustically different sounds which speakers of a

language have learned to call equivalent.

In contrast to the discrete units of linguistic analysis,

(i.e.*, sentences, phrases, words, morphemes, phonemes) the acoustic

representation of an utterance is semi-continuous. The problem for

those studying speech recognition is to map semi-continuous acoustic

waveforms into discrete linguistic units. Attempts to accomplish

this task have revealed a number of sources of variation that make

this mapping difficult. Lack of a one-to-one correspondence between

acoustic segments and the linguistic units they represent can be

attributable to (1) coarticulation, (2) allophonic variation,

(3) stress and rate of speech production, and (4) individual

speaker differences. -

Coarticulat ion can be defined as the influence of one phoneme

upon another. Logically, the mismatch between phoneme and acoustic

representation caused by coarticulation can be divided into cases

in which (1) a phoneme has more than one acoustic representation,

1-4
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but not in others (e.g., pat). Speakers of a language group these

different acoustic events into the same phoneme class, and so must

speech recognition systems.

An example of the second kind of mismatch, where a unique acousticIsignal can correspond to one of several phonemes, involves the noise C

burst frequency due to place of articulation of stop consonants in

CV (consonant-vowel syllables). It has been demonstrated that a

noise burst of a particular frequency is perceived by a listener

as /p/ when followed by /i/. The same noise burst is perceived by

a listener as /k/ when the following vowel. was /ael. As a conse-

quence of multiple linguistic interpretations of the same acoustic

segment, it is imperative that speech recognition systems be able to

defer decisions about the phonemic identity bf an acoustic event

until context can be considered.

Allophonic variation refers to the language-specific

systematic use of different sound segments (phones) to represent

a particular phoneme. For example, the voiceless stop consonants

/p/. /t/, /k/ have three allophones in English which occur in

contexts specified by definable rules. Aspirated voiceless stops

(produced with an audible puff of air at release) are used at the

beginning of stressed syllables (e.g., pea). Unaspirated stops

(produced without the audible release of air) are used (a) at the

beginning of unstressed syllables (e.g., appear), (b) in clusters

with /a/ (e.g., speak) and Wc at the ends of words (e.g., keep).

closure) are used (a) when the stop consonant precedes a homorganic

(same place) consonant (e.g., keek me), and (b optionally at the

end of a phrase (e.g., keep). 
w

Stress and rate of production affect the way in which speech

sounds are articulated and, as a consequence, affect their acoustic

representations. Under conditions of increased speech rate, the

1-5
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duration of some speech segments is decreased and the articulatory

targets achieved typically "fall short". Stressed segments, on the

other hand, are known to be longer and to more closely approximate

articulatory targets.75

Inter-speaker differences in physical structure or dialect are
another source of acoustic-linguistic mismatch. Inter-speaker
differences in acoustic output that arise from differences in the

-o physical structures themselves are predictable from the acoustic

theory of production. In this widely accepted view, the vocal

tract is considered a kind of resonating tube where movement of

the vocal structures alter the shape of the tube and result in

* the production of different sounds. Important considerations are

age and sex of the speaker, since both of these parameters influence

the size of the larynx and the size of the vocal tract, causing

differences in fundamental frequency and formant frequencies.

04II. OBJECTIVES:

Most current computer based speech-recognition systems employ

a three-step procedure. In the first step, a word or phrase is

divided into time segments or frames. For each frame, a "best fit"

is determined for a particular parametric representation (speech

model). Next, a statistical decision rule is used to tentatively

determine (or estimate) the phoneme corresponding to each frame.

Third, a set of phonological decision rules is used to combine the

phonemic decisions of the several frames and access lexical

candidates.

The objective of the present research is to investigate a novel

2-level scheme for more accurate segmentation of the speech signal

into phonetic units. Such a scheme may allow for a more accurate

application of decision rules, and may provide a practicable frame-

work 'for incorporation of acoustic-phonetic variance.

In the proposed system, the initial parametric representation

of each frame consists of the linear prediction coefficients which

can be used to express the coefficients of the following character-

istic equation:

q~) 8n + a 2 n-l + .+ ans +a n~l()
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The second level of the segmentation depends on a sensitivity matrix

with elements defined as: -

ak dri
S(k,i) = 1- T (2)

This definition easily leads to the following closed-form expression:

S(k,i) = 1 i 1, ... , n (3)
n r

k-l-n 1 E i k = 2,..., n + 1
r. + P

•= jk

where riis a root of the characteristic equation and P jk is the

J-th root of the characteristic equation when its k-th coefficient

is assigned the value zero. Thus S(k,i) expresses the relative .

change in the lceation of filter pole i to the relative change in 3
coefficient ak.

The short ten week research period required that the set of

phonemes be limited to the initial and final representations of

the fifteen vowels of a single male speaker. The specific

objectives were (1) to evaluate the sensitivity matrix-for each

vowel, (2) to determine if the sensitivity matrix provides a

measure of the degree to which a sound is "on target" and (3) to

determine if the sensitivity matrix can be used to identify the

individual phonemes. .

III. PROGRESS REPORT:

The acoustic theory of speech production considers the vocal

tract as a resonating tube that filters the source of sound. An

approximate representation of the filter is:

3rr
T(s) rrr*(4)

i=1 (s + ri)(s + r )

where the constant r. and its complex conjugate r. are determined

.by the values of the i-th formant frequency f. and its bandwidth

bwi.. That is,
ri r - bw + j 27r f (5)

Expanding the denominator of T(s) gives the characteristic

equation:

q(s)= 6 + a 2 s 5 + ... + a6 s + a7  (6)

1-7
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If any coefficient a. is varied, then each constant r. must also

change. The sensitivity matrix, defined in equation (2), is a
relative measure for the extent of these changes. As illustrated

in Figure 1, it is possible to vary each coefficient, one at a

time, from zero to infinity and make a sketch of the corresponding

roots (root-locus) of the characteristic equation. These root ,.

changes reflect, as described by equation (5), the changes in

formant frequency and formant bandwidth.

Note that the elements S(i,j) of the sensitivity matrix are

proportional to the slopes of root-locus branches at the points

corresponding to the particular coefficient values. Thus the I.

elements of the sensitivity matrix are complex quantities which
express the magnitude and direction of root changes due to '

coefficient changes. Because S(i,j) is normalized, a direction

or phase of 0 means that the root is moving in the direction of

the vector from the s-plane origin to the root.

For example, at the points labeled 1 on the curves for a

shown in Figure 1, increasing a2 results in small changes in the

three formant frequencies, but significantly changes the band- 7...

widths. Expressed in terms of sensitivity elements, S(2,1) and

S(2,3) have a phase of. essentially 90 degrees, whereas S(2,2)

has a phase of essentially 270 degrees. By contrast, at the points

labeled I on the curves for a shown in Figure 1, increasing a3

results in small changes in bandwidth, but significant changes in

formant frequencies. Expressed in terms of sensitivity elements,

* S(3,1) and S(3,3) have a phase of essentially 0 degrees, whereas

S(2,2) has a phase of essentially 180 degrees.
Investigations to date have utilized vowel data reported by--'

Dennis Klatt2 and shown in Figure 2. These data are for his

voice and were obtained from the analysis of many consonant-vowel

productions. The parameters listed are the initial and final

values of the first three formants-and their bandwidths.
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Table 2. Parameter values for the synthesis of selected vowels.
If two values are given, the v9wel Is diphthonsised or has a
schwa-llke offgLide tn the speech of the author. The mplitude of
voicing, AV, and fundamental frequency, FO, must also be given
contours appropriate for an isolated vowel.

Vowel Frl r2 U 51 82 f.
IT i 310 2020 2960 45 200 M0

290 2070 2960 60 200 400

IN Z 400 1800 2570 50 100 140
470 1600 2600 50 100 140

EE . 480 1720 2520 TO 100 200
330 2020 2600. 55 100 200

IN & 530 1650 2500 60 90 200
620 1530 2530 60 90 200 S--.

AtIt 620 1660 2430 70 150 320
650 1490 2470 70 100 320

AA , 700 1220 2600 130 70 160

AO 600 990 2S7o 90 100 "0
630 1040 2600 90 100 80

AN A 620 1220 2550 80 50 140

ONo 540 1100 2300 80 TO TO
450 900 2300 80 70 70

uNV 450 1100 2350 £0 100 so
g0 1180 2390 so 100 80

VV L 350 1250 2200 65 110 140
320 900 2200 65 110 140

9it 470 1270 1540 100 60 110
420 1310 1540 100 60 110

AT& 660 1200 2550 100 70 200
400 1880 2S00 70 100 200

AVO. 640 1230 2550 80 TO 140
420 940 235o 60 7O 60

T el 550 960 2400 80 50 130
360 1820 2450 60 50 160

FIGURE 2 - FORMANT FREQUL.CIES AND BANDWIDTHS OF SELECTED VOWELS
(reproduced from reference 2, page 291)

1-10

. .. , . , . ... ... . , , , . . . ., ...... .. .. , ... . . .. ... .. . .. .. .S 4



A computer program was written to -
(1) calculate, from the formant frequencies and bandwidths, the

coefficients of the characteristic equation,

(2) vary each coefficient a. by -25% or- 50% from its initial or
nominal value,

(3) calculate the corresponding elements of the sensitivity matrix,

and,

(4) make plots for the magnitude and phase of each sensitivity

element as each coefficient a. is varied.

All the vowel data of Figure 2 has been processed and is summarized

in the following discussion.

Figures 3 and 4 show the magnitude and phase plots for S(2,*)

for the high front vowel /IY/ as coefficient a(2) is varied -25%

from its nominal value. In all plots, formants 1, 2, and 3 correspond

to plotting symbols *, A , and 0 . Thus, Figure 3 shows that formant

3 is the most sensitive and formant 1 is the least sensitive to

changes in coefficient a(2). But even a sensitivity of .2 is small.

Referring to Figure 4, the phase curves of formants 1 and 3 are

essentially 90 degrees and the phase of formant 2 is essentially

270 degrees. Thus, an increase in coefficient a(2) increases the

bandwidths of formants 1 and 3, decreases the bandwidth of formant 2,

and essentially does not change any of the formant frequencies. This

type of influence was found to hold for all vowels and also for

coefficients a(4) and a(6).

For the same phoneme /IY/, Figures 5 through 8 show the magnitude

and phase plots for sensitivity elements S(3,*) and S(5,*) as

coefficients a(3) and a(5) are varied. Figures 6 and 8 show that under

the nominal conditions of 1.0 a(3) and 1.0 a(5), the phaie associated

with each formant is essentially 0 or 180 degrees. A phase of 0 means

that the root is moving in the direction of the vector from the

s-plane origin to the root.
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Referring to Figure 6, formant frequencies 1 and 3 are

essentially increasing, formant frequency 2 essentially decreasing,

and only small changes are occurring in the formant bandwidths as

coefficient a(3) increases. As shown in Figure 8, the same kind of

changes occur with a decrease in coefficient a(5). This kind of

influence was also found to hold for coefficient a(7) and for all

the vowels.

The observation that the phase relations described for odd

and even numbered coefficients holds for all vowels suggests a

categorical indicator for non-vowel waveforms.

Further examination of the phase curves of Figures 6 and 8

show that coefficient a(3) is essentially as low, and coefficient

a(5) is essentially as high, as possible without formants 2 and 3 -

moving "around the corners" in their associated root-locus

branches. That is, with nominal coefficient values, formants 2

and 3 are essentially as close together as possible without major

changes in their bandwidths. This type of relationship between

formants 2 and 3 was found to hold for the mid-vowel /El/ and

all the front vowels /IY, IH, EY, ER, AE/. Thus there is a clear

categorical indicator for this group of vowels.

In contrast, the low back vowel /AH/ is described by

Figures 9 through 14 which contain the magnitude and phase curves

for S(3,*) and S(5,*) as either coefficient a(3) or a(5) is varied.

The nominal value of coefficient a(3), as s..own by Figures 9 and 10,

is intermediate between the root-locus corners of formants 2 and

3 and the root-locus corners of formants 2 and 1. Figures 11 and

12 show that S(5,*) is now quite different in that the nominal

value of coefficient a(5) is essentially as low as possibl, without

formants 1 and 2 moving around their root-locus corners. This

relationship between coefficient a(5) and formants 1 and 2 is also

shown in Figures 13 and 14. Again, these kinds of relationships

hold for all the back vowels /AA, AO, AH, OW, UH, UW, AY, AW, OY/

and serve as a clear categorical indicator.

. . . .'... ... . ..
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The changes that occur in moving from a high front vowel like

/IY/ to a low front vowel like /AE/ are seen by comparing Figures 5

through 8 with Figures 15 through 18. Sensitivity elements S(3,1) -

and S(5,1) are larger for vowel /AE/ and reflect the property that

root-locus corners for formants 2 and 3 are closer to the root-locus

corners for formants 1 and 2. The changes in sensitivity element 9-

S(3,1) in moving from the highest to the lowest front vowel is

shown in Figure 19. To mimic the effect of noise,-also shown on

the figure is how the sensitivity element S(3,1) changes due to a - 5%

change in coefficient a(5).

These results suggest that the sensitivity elements may be

sufficient to identify the particular front vowel. If the starting

conditions of some front vowels is similar, such as in /EY, EH/,

further specificity may be obtained by observing the subsequent

changes in the sensitivity elements. For example, the Klatt data is

somewhat diphthongized and S(3,1) for phoneme /EY/ decreases from .067

to .023, whereas for phoneme /EH/ it increases from .087 to .150.

Another observation was made concerning the changes that occur

in moving from a high to a low frout vowel. Coefficients a(3) and

a(5) must change in a compensatory way in order to maintain a

fixed position, for all front vowels, relative to the root-locus

corners of formants 2 and 3. For the Klatt data, the relative decrease

in a(3) is .613 times the relative decrease in a(5). Figure 20

compares the actual formant frequency changes (*, A (3 ) with the

changes that would occur ( , , ) if coefficient a(7) was held

fixed at the value !%)r /IY/ and coefficients a(3) and a(5) vary as

described above. Thus, the formant frequency changes between the

vowels / IH, EY, EH, AE/ is primarily due to changes in coefficient a(7).

The changes that occur among the group of back vowels is

reflected by the relative location of the root-locus corners for

formants 2 and 3 and the root-locus corners for formants 1 and 2.

Values of the sensitivity matrix are a measure of these locations

and may be sufficient to identify sub-groups as well as the

1-25
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particular back vowels. Illustrated by Figure 21 is the low back

vowel sub-group /AA, AY, AW, AH/. Subsequent changes in the

diphthongs /AY, AW/, (A ,3 ), may again provide a greater speci-

ficity among the elements of this sub-group. The remaining back

vowels are shown in Figure 22 where /OY/,( A), is another diphthong.

IV. DISCUSSION:

Changes in the shape of the vocal tract due to movement of vocal

structures lead to various formant frequency and bandwidth changes.
Kenneth Stevens has used simple acoustic tube models to investigate

these interrelationships and has proposed that there is a quantal

nature to speech. That is, "there are certain articulatory conditions

for which a small change in some parameter describing the articu-

lation gives rise to an apparently large change in the acoustic

characteristics of the output; there are other conditions for

which substantial perturbations of certain aspects of the articu-

lation produce negligible changes in the characteristics of the

acoustic signal".-

For the high front vowel /IY/, Stevens' acoustic analysis

predicts a low first formant and that formants 2 and 3 should

be close together. The sensitivity analysis of Klatt's data

corroborates and extends Stevens' results by showing that this

condition holds for all front vowels and for the mid-vowel /ER/.

Stevens also considered the low and high back vowels /AA, UW/ and

in each case concluded that formants 1 and 2 should be close.

Again, the sensitivity analysis of Klatt's data corroborates and

extends Stevens' results by showing that this condition holds for

all back vowels.

In summary, the specific objectives have been met. The

sensitivity matrix has been evaluated for the initial and final

representations of the fifteen vowels in Klatt's data set. It

was found that (1) the sensitivity matrix does provide a measure

of the degree to which a sound is "on target" by locating the

sound relative to the root-locus corners of formants 2 and 3 and

those for formants 2 and 1; (2) that formants 2 and 3 being close

to their root-locus corners provides a categorical indicator for

the group of front vowels; (3) that formants 2 and 1 being close

1-32
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to their root-locus corners provides a categorical indicator for

the group of back vowels; and (4) that particular elements of the

sensitivity matrix may provide sufficient information to identify

the particular vowel.

V. RECOMMENDATIONS:

The positive results obtained with the Klatt data demonstrate

that further investigations with the sensitivity matrix are

warranted. A sequence of studies involving speech" data obtained

from several male and female speakers should clarify its usefulness.

These data should consist of consonant-vowel-consonant (CVC)

syllables containing the vowels, stop consonants, and the glide

consonants. Task I should evaluate the changes in the sensi-

tivity matrix that occur during the production of the vowels in

the CVC syllables, test the conclusions reached in this report, and

evaluate inter-speaker variations. Task II should evaluate and

interpret changes in the sensitivity matrix for the vowels due to

coarticulation. Task III should evaluate and interpret the sensi-

tivity matrix for the initial and final consonants. Finally, Task IV

should use the above results to build a reference library, and

should evaluate the efficacy of the sensitivity matrix in terms of
the accuracy of the resulting phonetic representation of unknown

speech.
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A METHODOLOGY FOR

THE DETERMINATION OF INPUT DATA ACCURACY

IN THE MAINTENANCE DATA COLLECTION SYSTEM

by

Milton J. Alexander

A methodology for the determination of input data accuracy in the

maintenance data collection system is developed. The level of input data

accuracy is subject to two different types of errors - data which should have

been entered into the MDCS but was not (Class A errors) and erroneous data

which was entered into the HDCS (Class B errors). The survey instrument which

was developed provides a&measure of Class A errors and three different types

of Class B errors. A sampling plan was developed which will produce a random

sample having a confidence level of 95 percent with minimal bias. A

Statistical Package for the Social Sciences (SPSS) subprogram was prepared for

the tabulation and analysis of the raw survey data. A recommndation for

further study is also included.
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'.1 I. INTRDUCTION

The Maintenance Data Collection System (also known as HDCS or the HDC

System) was one of the first large-scale computerized information systems

developed by government or industry. The HDCS was designed to collect the

daily individual transaction data for all maintenance activities performed on

all aircraft and ground support equipment in the USAF. The MDCS stil:

:1functions today in much the same fashion as originally designed. MDCS

utilization, however, has expanded and MDCS output is now a primary input to

five other major AFLC management information systems.

The inadequacies and deficiencies of the MDCS have long been recognized.

Sporadic attempts have been made to improve operational efficiency by

redesigning the input data form and the institution of maintenance data

sampling plans (Alexander, p. 3). Notwithstanding these efforts, the accuracy

of tMCS input data is still questionable. While the collected data may still

* be sufficiently valid for use in certain higher order information system

without major qualification, improvement in input data accuracy would reduce

the uncertainty and anxiety associated with the Information utilization of all

dependent system.

A project was undertaken in 1981 to develop method(s) for the measurement

and evaluation of MDCS input data accuracy (Alexander, 1981). The proposed

method for input data accuracy measurement was based on the computation of the

joint probability for errors caused by not submitting any data for particularI

maintenance activities (Class A or Type I errors) and erroneous data on

submitted input data records (Class B or Type 2 errors).

The two different accuracy determinations may be combined as a joint

2-4
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probability function:

[1 - P(Claas A error)) X 11 - P(Class B error)) = MDCS composite input data
accuracy value.

The substitution in this equation of numerical values derived from a limited

field study suggested that only 1 - 2 percent of all unscheduled maintenance

activities were actually being reported into the MDCS correctly (Alexander,

p. 10).

II. OBJECTIVES

The initial investigation of this problem defined the parameters and

provided a general method for the measurement and evaluation of MDCS input

data accuracy (Alexander, 1981). The subject study, however, did not provide

a definitive method for the measurement of input data accuracy to the MDCS.

The principal purpose of this study is to develop a specific methodology

for the accuracy measurement of NDCS input data. The accomplishment of this

objective will provide a base for the evaluation of alternative MDCS data

collection methods and techniques. By using before and after surveys,

improvements in input data accuracy levels my be compared to data collection

costs and the cost effectiveness of the improved data collection method

determined.

The specific objectives of this study may be summarized as follows:

(1) To develop a survey instrument which will provide a measure of the

MDCS input data accuracy level for a particular organization,

(2) To develop respondent sampling plan(s) which will produce survey

results with various confidence levels, and

2-5
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(3) To develop the S155 subprogram for the tabulation and analysis of the

survey data.

The research activities and findings associated with each of the objectives

are discussed in the following sections of this report.

111. QUESTIONNAIRE CONSTRUCTION AND DESIGN

The following major questionnaire interest areas were determined from a

close examination of the initial NDCS dats accuracy questionnaire and the

analysis of the information requirements for successful input data accuracy

determination:

(1) Demographic data

(2) AlTO Form 349 record completion activity

(3) Work unit code activity

p.'(4) How/mal code activity

(5) Action taken code activity

(6) Time spent on job

The required demographic data include age, sex, grade (both primary and

duty Air Force Specialty Classification code), and work group code. Having

these data item available will permit their later correlation with selected

activity dota, to determine whether any peculiar or unusual activity patterns

are present. Man number or social security number has been specifically

omitted to prevent direct linkage of individuals with questionnaires.

Response anonymity must be guaranteed to generate candid responses by the

Interview subjects.

Questions 2 through 6 were designed to elicit data relating to AFTO Form

349 record completion activity. In particular, this section of the

2-6
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questionnaire seeks to establish a basis for the subsequent determination of

Class A errors (data which should have been entered into the HDCS but was

not). For TAC units independent verification of AFTO Form 349 record inputs

is available by reconciling MI~fCS records with MDCS and noting the

discrepancies. The only expedient way to obtain Class A error data for all

other types of Air Force organizational units is the direct, questionnaire

approach.

Questions relating to work unit code activity, how/mal code activity, and

action taken code activity are similar in structure and were designed to

produce two different types of data. The first type of data concerns

utilization of the -06 code books. The response area has been divided into

three mutually exclusive segments: (1) careful research of the -06 code book

to determine the most descriptive and accurate response; (2) a quick ... " '

examination of the -06 code book to locate a code for AFTO Form 349 entry; and

(3) reliance on memory for the AFTO Form 349 code entry. The three different

methods of code determination may be illustrated with a Venn diagram as shown

in Figure 1.
'1*'.'

The second type of code activity data sought is simply the careful,

subjective estimate of the input accuracy of that particular type of data.

The area enclosed by the dashed line in Figure 1 represents the correct AFTO

Form 349 responses.

2-7
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1. Careful code book examination( C)1 2. Quick code book examination

3. Reliance on memory

4 4. Accurate input data

Venn Diagramt of Code Activity

Figure 1

The two different approaches to code measurement were used to provide a

rough cross check on each other. The data accuracy estimate, for example,

should always be larger than the proportion of careful -06 code book

references. Further, the -06 code book reference questions will provide

insights on -06 code book utilization and the need for Its revision.

The f inal questionnaire interest area, time spent on job, was Included to

determine whether particular organizational units were prone to over- or

under-report the elapsed job time. There is some evidence that certain

* organizational units will use this data as a measure of manpower utilization

which can seriously subvert data accuracy.

The questionnaire in final form is shown in Appendix 1.

IV. QUESTIONNAIRE SAMPLING PLANS

There Is no need to require everyone in the maintenance function to

complete a questionnaire when a random sample of sufficient size will provide
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an excellent assessment of input data accuracy. The pertinent questions in

the determination of the sampling plan concern two particular points: (1) the

determination of sample size and (2) the selection method for the survey

respondents. 7-

The following mathematical formula for determining the sample size for

research activities was developed by the research division of the National

Education Association (NEA Research Bulletin, p. 99):

- X2 NP(1 - P) " d2(N - 1) + X2p(1 P)

where

s - required sample size,

X2 - the table value of c-hi-square for 1 degree of freedom at the desired

confidence level,

N = the population size

P - the population proportion (assumed to be .50 since this would provide

the maximum sample size), and

d = the degree of accuracy expressed as a proportion (.05).

Assuming that the total number of airmen who might complete AFTO Forms 349 in

a major organizational unit would be 1500 (N - 1500) and substituting

different chi-square table values for various confidence levels yields the

following sample sizes for various confidence levels:

90Z Confidence level - 230

951 Confidence level - 306

98Z Confidence level - 403

99Z Confidence level - 460

The most widely used confidence level by survey takers is 95 percent (Krejcie

2-9
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and Morgan, p. 607) and this conf idence level should be quite appropriate forI these studies.
The second point which merits discussion is the process for the selection

of questionnaire respondents. The ideal selection process is the random

selection process in which each member of the population has the same

probability of being selected. Inasmuch as the principal objective of this

investigation is to determine the input data accuracy level for AFTO Form 349

records, and individual respondents may submit one or many AFTO Form 349

during a given time period, the questionnaire respondent's probability for

selection has been weighted by the frequency of AFTO Form 349 record input.

That is, those Individuals who turn in many AlTO Form 349 will have

correspondingly higher probabilities of being selected than will individuals

who seldom turn in completed AFTO Form 349.

The net ef fect of this selection process will be twofold. First, the

selected respondents may take more care in the completion of the AFTO Forms

349 because they may be somewhat more responsible than the average respondent.

Thus, there could be some bias toward higher reported accuracy levels than

actually exists. Second, the respondent sample selected in this manner would

also have a higher report submission rate than the average respondent. This

bias would be toward the understatement of AlTO Form 349 submission rates.

The direction of both biases Is in the conservative direction and, if

significant, will produce results with somewhat higher reliabilities.

The random selection of the respondent sample under the conditions

discussed above will be dependent on the collection of AFTO Form 349 input

I data activity by man number for a particular time period; e.g., one month. If

-4
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mn number data is not currently being collected, special efforts will have to L

be initiated to collect this data for the specified time period. This method

of respondent sample selection will necessarily require advance warning to the."-

organizational unit being evaluated which might conceivably introduce a bias

In the results in an unknown direction.

An alternate method of respondent selection following the general

guidelines above could be used if the preferred method is not feasible. The

alternate method would require the summation of AFTO Form 349 activity by work

group center and labor code 100. Proportionate numbers of respondents could

be randomly selected from these organizational units to develop a stratified

sample with approxLmately the same characteristics as the preferred sampling

method. This method of respondent determination would be, of course, uch

more difficult to perform and might lead to some representative sampling

rather than the preferred random sampling.

The sampling procedure should be made on a without replacement basis.

That is, once a respondent has been selected through the sampling procedure,

that individual will no longer be considered a part of the population. This

will eliminate the need to double or triple count the responses of a

particular Individual merely because he happened to be selected by the draw

more than once.

V. Q-URSTIONNA1RE SCORING AND ANALYSIS

The questionnaire responses should be collected on LMDC Form 46 for

subsequent processing with an optical scanner for conversion into computer

processable form.

The tabulation and presentation of results Is a relatively straightforward

2-11
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affair. The SPSS program listed in Appendix 2 will tabulate the responses for

each question and prepare easily comprehendable bar charts. Further analysis

of the data, such as cross-tabulation (chi square), analysis of variance and

regression analysis may also be performed by adding additional program

instructions as specified in the SPSS manual.

The composite input data accuracy value for an organization may be

computed by the following formula (Alexander, 1981):

?1 - P(Class A error)1 x - P(Class BI error)]

x (1 - P(Class B2 error)1 x [1 - P(Class B3 error)]

M HDCS composite input data accuracy.

The first value in the equation is the mean probability of the valid

response means in question 4 of the questionnaire, P(Class A error),

subtracted from 1. The second value in the equation is the mean probability

of the valid response means in question 9, P(Class BI error), subtracted from

1. The third and fourth values in the equation are the mean probabilities of

the valid response means in questions 12 and 16 on the questionnaire.

In addition to the MDCS composite input data accuracy value, other

insights may be gleaned from an analysis of the data. The reasons for not

completing the required AFTO Forms 349, for example, is covered in question 6.

The utilization of the -06 code book for various types of information is

covered in questions 7, 8, 10, 11, 14 and 15. Finally, the questionnaire

results may be combined with other organizational observations and inferences

drawn about the quality of organizational leadership and management.

2-12
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VI. RECOMMENDATIONS

The survey instrument which has been developed appears to be satisfactory

for its intended purpose. There is, however, no way to ascertain its adequacy

until it has been tested in the field. The following steps are recommended to

bring this project to a successful conclusion:

(1) Approval of the survey instrument so that it may be administered to

several different organizational units.

(2) Administration of the questionnaire to four or more maintenance

4 organizations.

(3) Tabulation and analysis of the results.

(4) Preparation of a final report covering the entire investigation,

together with the major conclusions from the investigation.

2-13
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APPENDIX 1

QUESTIONNAIRE

41. My total time in my present duty AFSC is:

0. Less than 6 months
1.At least 6 months but less than I year

2. At least 1 year but less than 2 years
3. At least 2 years but less than 3 years
4. At least 3 years but less than 5 years
5. At least 5 years but less than 8 years
6 At least 8 years but less than 12 years
7. 12 years or more

2. During a typical work day I usually work on ___unscheduled maintenance
Jobs:

0. 0-2
1. 3-4
2. 5-6
3. 7-8
4. 9-10
5. 11 -12
6. 13 -15
7. More than 15 .

3. 1 am responsible for completing the AFTO Form 349 f or of the P

unscheduled maintenance jobs I work on during a typical work day.

0. None to 10%
1. More than 10% but less than 20Z
2. More than 20% but less than 40%
3. More than 40% but less than 602
4. More than 60% but less than 802
5. More than 80% but less than 90%
6. More than 902
7. Unable to answer
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4. I turn in the completed APTO Forms 349 for which I am responsible about
of the tine.

0. None to 10%
1. More than 102 but less than 20Z
2. More than 202 but less than 40%
3. More than 40% but less than 602
4. More than 60% but less than 802 :24
5. More than 802 but less than 902

V6. More than 902
N7. Unable to answer

5. I usually complete my AFTO Forms 349:

0. Immediately after I finish the job.
1. As soon as I get some free time.
2. During lunch break.
3. At the end of my shift.
4. First thing on the following work day.
5. When reminded by my supervisor.

*6. At some other time.

*7. Never.

6. The most important reason why I do not complete all of the AFTO Form 349A
for which I am responsible is:

0. No APTO Form 349 was received.
5'1. It is too hot, cold, noisy and/or dirty.

2. I don't happen to have a pen or pencil handy.2

4. No one asks for all of the completed ATO Forms 349.
5. I forget to fill them out later.
6. I do my best to fill out all of my AFTO Forms 349.
7. Some other reason.

7. I carefully research the -06 code book to determine the most accurate and
descriptive work unit code on of the AFTO Forms 349 1 complete.

0. Less than 102
1. More than 102 but less than 202
2. More than 202 but less than 402
3 o t 4--t"
3. More than 402 but less than 602
4. More than 60Z but less than 80Z

5. More than 802 but less than 902 -.

6. More than 902
7. Unable to answer

2-15
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8. I enter from memory a work unit code without checking the -06 code book
on of the AFTO Forms 349 I complete.

0. Less than 10%

1. More than 10Z but less than 20%

2. More than 202 but less than 40%
3. -More than 402 but less than 60%
4. More than 602 but less than 80%
5. More than 802 but less than 901
6. More than 902

7. Unable to answer

9. I would estimate that _ of the work unit codes I enter on the AFTO
Forms 349 are good, accurate and reliable work unit codes"

0. Less than 102
1. More than 102 but less than 202
2. More than 202 but less than 402
3. More than 402 but less than 60%
4. More than 602 but less than 80%
5. More than 802 but less than 901
6. More than 902
7. Unable to answer

10. I carefully research the -06 code book to determine the most accurate and
descriptive how/al code on of the AFTO Forms 349 I complete.

0. Less than 102
1. More than 102 but less than 201
2. More than 202 but less than 401
3. More than 40% but less than 60%
4. More than 602 but less than 80%
5. More than 80% but less than 90% 1
6. More than 90% "1
7. Unable to answer

11. I enter from memory the how/mal code without checking the -06 code book
on of the AFTO Forms 349 I complete.

0. Less than 102
I. More than I02 but less than 20%
2. More than 202 but less than 402
3. More than 402 but less than 60%
4. More than 602 but less than 80%
5. More than 80% but less than 90%
6. More than 90% -A.
7. Unable to answer
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12. I would estimate that of the how/mal codes I enter on the AFTO
Forms 349 are good, accurate and reliable how/mal codes.

0. Less than 10% -
1. More than 10% but less than 20%
2. More than 20% but less than 40%
3. More than 40% but less than 60%
4. More than 60% but less than 80%
5. More than 80% but less than 90%
6. More than 90%
7. Unable to answer

13. On the average for all jobs, the time I report on the AFTO Form 349
compared to actual time spent is:

0. About 50% of actual time spent
1. About 75% of actual time spent
2. A little less (90%) than actual time spent
3. The same as actual time spent
4. A little more (110%) than actual time spent
5. About 150% of actual time spent
6. About double the actual time spent
7. Enough time to make me look good

14. I carefully research the -06 code book to determine the most accurate and
descriptive action taken code on of the AFTO Forms 349 I complete.

0. Less than 10
1. Mc :e than 10% but less than 20%
2. Sore than 20% but less than 40%
3. More than 40Z but less than 60%
4. More than 60% but less than 80%
5. More than 80% but less than 90%
6. More than 90%
7. Unable to answer

15. I enter from memory the action taken code without checking the -06 code -
book on of the AFTO Forms 349 I complete.

0. Less than 10%
1. More than 10% but less than 20%
2. More than 20% but less than 40%
3. More than 40% but less than 60%
4. More than 60% but less than 80%
5. More than 80% but less than 90% -4
6. More than 90% -

7. Unable to answer
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16. 1 would estimate that of the action taken codes I enter on the AFTO
Forms 349 are good, accurate and reliable action taken codes.

0. Less than 10%
1. More than 10% but less than 20%
2. More than 20% but less than 40%
3. More than 40% but less than 60%
4. More than 60% but less than 80%
5. More than 80% but less than 90%
6. More than 90%

7. Unable to answer*.

7A
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APPENDIX 2

.o.

-~I RUN NAME MDC SURVEY

2 VARIABLE LIST GRADE,AGESEX,WGCODE,DAFSC,Ql TO Q23

*42

3 INPUT MEDIUM DISK

4 N OF CASES UNKNOWN.,.

5 INPUT FORMAT- FIXED (T2,FI.O,T4,F2.0,FL.O,T8,A4,T13,

6 F5.0,T26,23FI.O)

7 PRINT FORMATS WGCODE (A)

8 RECODE GRADE,AGE,SEX,Q1 TO Q23 (BLANK-10)

9 MISSING VALUES GRADE,AGE,SEX,Ql TO Q23 (10)

10 FREQUENCIES GUNERAL-WIGCODE ,DAFSC

11 OPTIONS 3,6,8

12 READ INPUT DATA

13 FREQUENCIES INTEGERGRADE,AGE,SEQ I TO Q23

14 OPTIONS 3,6,8,9

15 STATISTICS ALL

2-19
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ASSESSM4ET OF VISUOSPhTIAL ABILITIES USING COMPLEX COGN4ITIVE TASKS

by

Gary L. Allen

ABSTRACT

The focus of this research effort was on the Identification of visuo-

spatial cognitive abilities and the incorporation of these abilities

Into complex cognitive tasks for application in a testing context. The

Initial study involved determining the relationship between a battery

of psychometric visuospatial tests and performance on a complex, visual-

ly presented macrospatial task. In the second study the relationship

betveen psychometric memory tests and performance on a specially designed

Maze Learning Task was examined. Results from these studies suggested

the value of additional basic research concerned with the role of visuo-

spatial abilities in human Information processing and the acquisition

of procedural knowledge.
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I. INTRODUCTIONI:

In an effort to meet the demands of personnel testing In the era

of the all-volunteer force, military research organizations such as the

Air Force Office of Scientific Research have mandated research aimed

at advancing the state of the art in assessing cognitive abilities and

in utilizing Improved assessment techniques for increasing the efficien-

cy of decisions regarding personnel classification and training. Two

major Innovations, one involving instrumentation and the other involving

cognitive theory, have stimulated the development of new cognitive test-

Ing technology. The combination of computerized testing and the Inf or-

mation processing perspective on cognitive abilities have opened up a

new realm of assessment possibilities that are currently being explored in

basic research. In an effort to exploit these new possibilities, a new

computerized testing facility was developed under the auspices of AFOSR

at the Air Force Human Resources Laboratory, Manpower and Personnel Divi-

sion.1 2 The research described In this report was designed to lay the

groundwork necessary for the. development and Implementation of innovative,

complex cognitive tasks in the visuospatlal domain that would be compat-

able with this computerized testing facility.

The substantive area selected for study concerned visuospatial cog-

nitive abilities. This area of inquiry is significant for both theoreti-.

cal reasons. Visuospatial abilities represent a unique facet of human

cognition that has recently received considerable attention from cognitive

psychologists. $ '4 Cognitive tests Involving these abilities have been

shown to have predictive validity with regard to mechanical aptitude and

artistic skills.'' $1 6 Also, numerous occupations have been described as

3-4"
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involving spatial abilities and skills. ? In addition, there remains the

relatively unexplored possibility that visuospatial abilities could be

exploited in the service of education and training, enterprises which

currently rely heavily upon verbal/linguistic abilities.

The prospect of assessing visuospatial abilities by means of compu-

terized testing provides the opportunity to devise new assessment instru-

ments that are less abstract than traditional pencil-and-paper tests in

this domain and more similar to actual complex real-world tasks involving

these abilities. Computer testing technology also permits an examination

of improvement in task performance with continued effort. Information

about these rates of information acquisition, which may prove to be a

new source of predictive power in ability testing, also provide a means

of examining the role of visuospatial information processing in the ac-

quisition of procedural Imowledge.

II. OBJECTIVES:

The objectives for this project included the development and admin-

istration of two experimental visuospatlal cognitive tasks that could

conceivably be adapted in the future to be predictive instruments in a

testing context. The first task, referred to as the Scrambled Route Task,

presented a problem in visuospatial reasoning. During the task, indivi-

duals were presented with a randomly ordered sequence of slides compri-

sing a route. Subsequently, they made a series of distance estimates

involving locations along the route, disregarding the random nature of

the original presentation. The purpose of the first study was to speci-

fy the relationship of the Scrambled Route Task to a number of other

3-5
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cognitive tests in the visuospatial domain. To meet this objective, the

Scrambled Route Task was administered with a battery of nine psychometric

%.1 tests, each of which involved some type of visuospatial information pro-

ceasing. The statistical and conceptual relationship between the Scram-

bled Route Task and the psychometric tests was determined in a correla-

tional. analysis.

The second task In the project was a computerized Maze Learning Task,

developed at Old Dominion University. This task was designed to provide

insight into the relative benefit of visuospatial versus verbal instructions

for different individuals in learning a series of commands to navigate

a maze. As with the previous task, the Maze Learning Task was accompanied

by a battery of factor-referenced cognitive tests. Consequently, it was

possible to view the study as an investigation of aptitude-treatment in-

teraction. The scores from the psychometric tests represented the apti-

tude portion of this interaction; the different sets of maze instructions,

i.e., visual versus linguistic, represented the treatment portion. The

modes of instruction were compared statistically by means of an analysis I
of variance. The relationship between the Maze Learning Task under both

instructional conditions and the psychometric tests was determined in a

correlational analysis.

III. STUDY 1:

A. Approach. Participants in this study were tested on the Scram- 4

bled Route Task and on a battery of nine paper-and-pencil tests of visuo-

spatial abilities. The Scrambled Route Task required subjects to first

vi w a randomly sequenced presentation of scenes portraying a one km walk

3-6

. . . . . .

;. , ,,." ,., .,........, ..... . ,...., .... .... ........... .• ......-..... . . . . . .'-.,. ..... ........'" ,> , '*. 4,. 4* * " .... ,'........ . . .. ". -'-... -.. .". . .".". = . ... ,. .. .'- : -,',. . -, -:



through an urban landscape, and then to make estimates of distance In

reference to a set of test scenes from the presentation. The scrambled

route was portrayed by a series of color slides projected automatically

at a rate of 5 sec/slide. Had the slides been sequentially ordered,

successive slides would have depicted standpoints 20 a apart (except

when corners were negotiated). After the randomized presentation, a

single slide was designated as a standard reference point, and a succes-

sion. of 28 slides were shown. Subjects estimated the distance from the

standard reference point to each of the 28 test scenes using a magnitude

estimation procedure. Subjects' performance on the task was assessed

by computing log estimated distance as a function of log actual distance

In a simple linear regression analysis. The resulting power function

and correlation coefficient reflected the accuracy and quality of each

subject's performance. The exponent (slope) and correlation of this

function were Included In the subsequent correlational analysis with

scores from the battery of psychometric tests.

The battery, which consisted of nine different visuospatial tests

.4 selected from the files of the test library at APRL, included Estimation

of Length, Shapes of Objects, Rotated Blocks, Viewing Position, Form

Board, Pattern Completion, Letter Matching, Position Recall, and Object

miry. The source of these tests and the cognitive factors that they

Involve are show In Table 1. Subjects' performance on each test was

scored by the standard formulation: number of items correct.- number

of items Incorrect/number of options - 1.

Data were collected from 237 basic trainees at the APHRL experimental

testing facility at Lackland APB, Texas. Males and females were tested in
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approximately a 2:1 ratio. Four testing sessions were required to com-

plete data collection.

Table 1. Battery of Visuospatial Ability Tests

Test Source MaJor Factor

Estimation of Length Technical School Undetermined
Spatial Battery9

Shapes of Objects " , Visualization..

Rotated Blocks " Spatial Orientation"

Viewing Position

Form Board " Visualization

Pattern Completion Nonverbal Aptitude Logical Reasoning10

Battery'
Letter Matching " " Perceptual Speed"

Position Recall Individual test Visual Memory10

Object aory Individual test Visual YAmory

B. Results. The results of the correlational analysis involving

performance scores from the Scrambled Route Task and scores from the nine

psychometric visuospatial abilities tests are shown in Table 2. The

pattern of scores among psychometric tests conformed to expectations

in the sense that tests believed to involve the same cognitive factor

produced the highest correlation coefficients. The Shapes of Objects

Test and Form Board Test, both of which involve the visuAlization factor,

correlated more highly with each other than either 6-i-i with any other 4
test. The same can be said of the Position Recall Test and Object Memo-

ry Test, both of which tap the visual memory factor. The Rotated Blocks

Test and Viewing Position Test, both of which involve the spatial orien-
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tation (relations) factor, were highly related, but they were both high-

'. -, ly correlated with the tests of visualization. This finding supports

the contention that these factors are very closely related.3

The Estimation of Length Test, which required subjects to match line

lengths to a set of standards, correlated positively to all other test

scores, suggesting that it involes a simple visuospatial component that

plays a role in most psychometric test in this ability domain. Much the

same can be said of the Letter Matching Test, which assessed perceptual

speed. Further, the fact that these two tests correlated most highly

with each other indicates that they both may involve rapid coding of

simple visual input. The Pattern Completion Test, which was expected

to assess spatial reasoning, correlated very highly with the tests of

visualization and spatial orientation (relations). These correlations

imply the test involved a spatial relations factor as well as rule in-

duction ability.

The two measures from the Scrambled Route Task, i.e., slopes and

correlations, produced that highest correlation in the study. The nag-

nitude of this correlation indicates that either of these scores alone

could be used to represent task performance. The most striking finding

of the study was the lack of high correlations between the psychometric

test scores from the pencil-and-paper battery and the measures from the

Scrambled Route Task. The highest correlations with the fozmer measures

were with the Pattern Completion Test, a result which was consistent with

the proposition that the Scrambled Route Task involves visuospatial rea-

Boning to some extent. However, the major implication ot the relatively

low correlations is that macrospatial cognitive tasks may involve cognitive
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Table 2. Pearson Correlation Coefficients for Study 1

Ent Length

Shapes ObJ +.21-

Rotated Bl 4.35 +.51 --

View Posit ±.29 ±.53 4.9 -

Form Board 4.31 +.64 +.55 +.52

Pat Compl +.30 +.41 +.54 +.52 +.51

Let Match +.38 +.12 +.21 +.26 +.20 +.29 --

Posit Rec +.25 +.17 +.27 4.31 .+19 +.30 +.34 -

Obj YAMory +.31 +.20 +.29 +.34 +.22 +.32 +.26 +.43 -

SR-slope +.01 +.14 +.18 +.14 +.14 +.19 -.01 +.14 -. 02 -

SR-correl +.05 +.17 +.23 +.18 +.20 +.27 +.07 +.17 +.05 :+.85 -

x S R V P P L P 0 S S
8 h 0 i 6 a a 0 b R R

4, t a t e r t t a J - -

p a w a i a c
L e t C M t N 1 0
e a e P B o a e o r
n d 0 0 m t R a p r

, g 0 a a p c e o e a
t b B i r 1 h c r 1
h j 1 t d y

Note: Underscoring denotes £ < .05; double underscoring denotes

p < .01.

abilities that are not assessed by current psychometric tests of visuo-

spatial aptitudes. The accuracy of this implication must be verified

through additional research. As noted later, such research will be

facilitated through recent technological advances.
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v. STUDY 2:

A. Approach. Participants in this study were tested on a compu-

terized Maze Learning Task and on a battery of six psychometric tests

from the Kit of Factor Referenced Conitive Tests."0  The Maze Learning

Task consisted of a study phase and a test phase. In the study phase,

: participants studied instructions concerning the correct path through

a 6 x 6 block maze on the microprocessor monitor screen. Each partici-

pant was tested on two mazes. A set of verbal instructions (i.e., 21

commands of the variety "Left-2 blocks',"Right-1 block") was provided

for one maze; graphic instructions (i.e., a map of the correct path)

was provided for the other. The first maze was learned perfectly before

the second was presented. Each subject in the study went through alter-

" nating study and test phases until he or she completed two consecutive

errorless trials through the maze. eedback regarding response accura-

cy was provided after each move was entered into the computer.

The battery of pencil-and-paper cognitive tests, which consisted

primarily of memory tests, included Digit Span, Object-Number, First

and Last Names, Copying, Shape Memory, and Building Memory. These are
N

shown in Table 3. Subjects' performance on each test was scored accord-

ing to the manual accompanying the Kit of Factor Refereneed Cognitive

Tests.'

Data were collected from 28 males and 28 female basic trainees at

the AFPHL Manpower and Personnel Division's experimental automated test-

ing facility at Lackland AFB, Texas. Two testing sessions were required

to complete data collection. At the Lackland facility are 28 Terak

8510A microprocessors, with dual disk drive and UCSD-Pascal Operating

3-11
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Table 3. Battery of Memory Ability Tests

Test Source Major Factor

Visual Digit Span Kit of Factor Referenced Memory Span
Cognitive Tests

Object-Name " " Associative Memory

First & Last Names " it

it
Copying " Flexibility of Closure

Shape Memory i" Visual Memory

building Mmory "

B. Results. A preliminary analysis revealed no differences in the

difficulty of the two mazes used in the Maze Learning Task. A 2 (sex)

x 2 (order of presentation) x 2 (instructional condition) mixed Analysis

of Variance with 12 subjects/cell performed on the number of trials re-

quired to achieve the criterion of two consecutive errorless test trials

yielded a significant main effect for Instructional condition, Z (1, 44) .*-1

- 15.31, Y < .001. Criterion was achieved after an average of 4.8 trials

with graphic instructions as compared to an average of 6.5 trials with

verbal instructions. No other main effects and no interactions achieved

statistical significance. A similar ANOVA performed on the total number

of errors made prior to criterion revealed significant effects of order

of instructional conditions, 1 (1, 44) - 4.99, p < .05, and instructional -
condition,F (1, 44) - 27.40, p < .001, and a significant interaction

Involving these two factors, 1 (1, 44) 4.55, < .05. The interaction

simply signified the fact that the relative advantage of learning with

3-12
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graphic Instructions was exaggerated following a learning experience

with verbal instructions, primarily because of the increased errors

when verbal Instructions were provided initially. The mean number of

errors to criterion with verbal instructions was 41.4 when received

with the first maze to be learned and 23.5 when received with the second

maze to be learned. The comparable means with graphic instructions were

16.5 and 13.0, respectively. No other main effects and no interactions

in addition to this one were statistically significant. The findings

from both ANOVAs indicate clearly that spatial knowledge of a procedural

nature was transmitted and learned more effectively through graphic

instructions then through verbal instructions.

The number of trials to criterion and the number of errors to cri-

terion were Included with scores from the six psychometric tests in a

correlational analysis, the results of which are shown in Table 4.

For the st part, the pattern of correlations among test scores was

to be expected. The correlation coefficient for the two measures of

associate memory, i.e., the Object-Humber Test and First and Last Name

Test, was highly significant, as was the coefficient for the two measures

of visual memory, i.e., the Shape Remory Test and the Building Memory

Test. Unexpected were significant correlations between performance on

the Shape Memory Test and performance on both tests of associative me-

mory. Also unanticipated was the significant correlations Involving

performance on the Shape Memory Test and the Visual Digit Span Test.

The measures of trials to criterion and errors to criterion were highly
correlated within and between instructional conditions, as would be -. -

expected.
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Table 4. Pearson Correlation Coefficients for Study 2

Span .

ObJ-No +.03 -

Names +.04 +.72 -

Copy -.15 +.06 -. 03

Shape +.26 +.36 +.47 +.06 -

Bldg +.17 +.22 +.19 +.22 +.47 -

TTC-g -.21 +.21 +.20 -.25 -.09 -.33 -

2-g -.13 +.16 +.16 -.28 -.06 -.33 +.90 -

TTC-v +.01 +.25 +.12 -. 11 -.14 -.32 +.44 +.43 -

I-v +.24 +.03 +.01 -.09 -.05 -.27 +.27 +.37 +.68 -

Span Obj-No Names Copy Shape Bldg TTC-x I-R TTC-v E-v

Note% Uderscoring denotes < .05; double underscoring denotes

<.01.

light significant correlations were found between psychometric test

negative correlations were found between scores on the Building Xemory

Test on the one band and both trials to criterion and errors to criterion

measures for both Instructional conditions. This Indicates that the

Building Numory Test involves several of the processes critical to the

acquisition of spatial Information; it also suggests a strong influence

of visual memory In maze learning even under verbal instructions. Sig-

nificant negative correlations were also found between scores on the

Copying Test and both trials to criterion and errors to criterion sea-

ares under graphic Instructions for the Maze Learning Task. This

.1
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finding indicates that flzexibility of closure, defined as "the ability

to hold a given percept or configuration in mind so as to disembed it

from other well-defined perceptual material" 12 was involved to a much

greater exten in maze learning under graphic Instructions than under

verbal Instructions. It also provides some evidence that the same pro-

ceases were not involved In knowledge acquisition under both instruction-

al conditions.

The remaining two correlations were difficult to Interpret. Scores

on the Visual Digit Span Test correlated positively with number of errors

In the Maze Learning Task under verbal Instructions. It is not I/medi-

ately clear why Increased memory span for digits should be associated

with poor performance of verbal Instructions. Even less obvious is a

rationale for the positive relationship between scores on the Object-

Nama Test and the trials to criterion measure of maze learning performance

under verbal instructions. This result is uninterpretable in light of

the fact that the test Involved memory for word-digit pairs while the

verbal Instructions consisted of direction-distance pairs. These stlm-

uli appear to be very similar.

V. fcmI .DhONS:
.4

-'4 A. Implications. The results of the preceding studies have direct

-• Implications for the assessment of cognitive abilities and the consequen-

ces of mch assessment for the acquisition of viuospatially-oriented

procedural knowledge. After further research, these and similar findings

could be incorporated Into a modified scheme for the assessment of cog-

nitive ability and the prediction of training success. With regard to

3-15
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the initial study, it appears that macrospatial cognitive abilities may

not be adequately assessed using available psychometric techniques. Thus

it seems Important to (a) replicate and extend this contention with addi-

tional studies, (b) identify and implement instruments that are useful

for the assessament of macrospatial abilities, and (c) determine the ex-

tent to which such abilities contribute to the performance of Air Force

tasks. It should be mentioned that the technology currently exists to

present macrospatial cognitive tasks such as the Scrambled Route Task

at computerized testing stations. Currently, the most effective means

available for such presentation involves state-of-the-art videodisk tech-

nology, a method also recommended for the simulation of land navigation

for map training exercise.18  As such capabilities come to military ex-

perimental testing facilities, additional research focusing on the pre-

dictive and construct validity of macrospatial cognitive abilities will

very likely ensue.

The findings of the second study suggest that the Maze Learning

Task under graphic instructions may be an excellent test of visuospatial

learning abilities. This task represents a short-term learning situa-

tion of high understandability and medium difficulty. With slight pro-

graming modifications, the task could be incorporated easily into on-

going experimental work such as the study of learning abilities at AFHRL

YAnpover and Personnel Division's Test and Training Research Branch.

The results of the second study also suggest the importance of consider--

ing aptitude-treatment interactions in training situations. Procedural

knowledge with Important visuospatial components can be conveyed In either

verbal and visuospatial format, and it is reasonable to assime that a

3-16
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match between task demands and Instructional format wll yield the most

rapid learning. However, it is also worth considering the proposition

that the relative magnitude of verbal and viauospatial abilties at an

Individual's disposal affects that Individual's rate of knowledge acqui-

sition from various Instructional formats. For example, an individual

with low visuospatial ability but high verbal ability might benefit from

verbal Instruction even in the case of procedureal knowledge with con-

siderable spatial content. This issue requires further investigation,

preferably using experiaental learning tasks.

B. Sugestions for Further Research. Data from both studies should

be subjected to more sophisticated multivariate analytic techniques (e.g.,

multiple regression, factor analysis, clustering analysis, and multidi-

mensionl scaling) as a prerequisite for experimental applications such

as those listed in the previous section. In particular, data from the

first study should be augmented with scores from tests of verbal and

quantitative ability (eg. , ASVAB subtest scores) so that future analyses

could reveal the "location" of the Scrambled Route Task in relation to

the domain of cognitive abilities. Additional macrospatial tasks should

be developed to pursue the three objectives mentioned previously in an-

ticipation of technological advances that will permit their computerized

adainistration.

The second study suggests an interesting line of research focusing

on the role of verbal and visuospatial abilities in detemining the rate

at which procedural information with spatial content is acquired. Ideal-

ly, studies with this focus would include groups of individuals differ-

entiated by their relative verbal and visuospatial abilities. These

3-17
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groups would be tested on computerized experimental learning tasks (e.g.,

the Maze Learning Task)-under different instructional conditions. In

N order to gain more Insight Into the dynamics of the learning situation,

it would be useful to Include some studies in which individuals would

be allowed to select their own mode of instruction and control study

N time under various Instructional conditions. Such studies would provide

a better understanding of visuospetial learning abilities and their role

-, In knowledge acquisition processes. This Increased understanding might,

In turn, eventually be Incorporated into efforts to Improve training

strategies and procedures.
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THE EFFECT OF MODULATION TRANSFER FUNCTIONS

ON FLASHBLINONESS

by

Silverlo P. Almeida

ABSTRACT

The study of flashblindness is an important area of research since

it can adversely effect normal vision. How an object is ultimately

imaged through the visual cortex both under normal and flashblindness

conditions is the subject of this study. It is believed by some

researchers that image processing by humans and some primates is

analogous to Fourier transform analysis. It is in this spirit that

we investigated the possible effect of simulated flashblindness on

various modulation transfer functions applied to an airplane instrument

panel's Fourier transform. Preliminary results of this study are

presented in this report. Also, further research is suggested for

possible study.
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1. INTRODUCTION:

A better understanding of flashblindness and its effects on vision

is of prime Importance to the Air Force. How would a given gauge on a

fighter pilot's instrument panel be perceived tf the ptlot was suddenly

exposed to a bright flash from a light source which, for example, came

from a laser? This questton Involves many complicated aspects of the

mechanism by which Image processing is carried out by the brain. We

shall assume in our discussion that the flash is from a uniform extended

light source. In the first approximation the flash will be used as a

linear superposition on the observed object. Also, assumed is the

theory by Campbelll, Ginsburg2 and others that the image processing

taking place in the visual path ways of the brain in humans is closely

analogous to that used in Fourier analysis. That is, that the visual

function in man processes Incoming data from objects in terms of Its

spatial frequencies and varying levels of contrast. Sensitivity to the

pattern of the object is based on its spatial frequency (cycles/degree)

content. It is also known that the visual system is most sensitive to

the vertical and horizontal spatial frequencies and to a lesser degree

to those frequencies at oblique (450) angles.

By performing the Fourier transform of a given pattern, an instru-

ment gauge of an airplane in our case allows us to separate out the

various shapes, i.e., contours edges, letters, etc. of the pattern in

terms of their spatial frequencies. Then by applying various frequency

filters called Modulation Transfer Functions (NTF) to the Fourier

transform plane and then taking the inverse Fourier transform we obtain

a modified image of the original object. This, we assume is the type of

vision processing which goes onin the brain. Given this system, how

then would one perceive various Images which have been modified by MTF

after they have been exposed to varying degrees of flash? The next

sections present some of the MTF applied to an Instrument gauge and show

which spatial frequencies tend to be seen the best. The results are

preliminary but show a direction which one can pursue to gain further

insights into image processing of flashed objects.
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II. OBJECTIVES:

The main objectives of this project were:

A. Write software programs to display and analyze data on the

Aydin monitor and PDP-11-34 computer.

B. Digitize pictures, in particular a gauge of an instrument

panel in an airplane.

C. Perform the Fourier transform (F.T.) on the digitized data.

0. Apply various Modulation Transfer Functions (MTF) to the

Fourier transform plane.

E. Perform an Inverse Fourier Transform (I.F.T.) to the modified

F.T.

F. Apply a linear superposition of various flash intensities to

the Inverse Fourier Transformed picture.

III. SOFTWARE PROGRAMS:

Several software programs were written in order to manipulate and

analyze the data on the Aydin monitor. These were written in Fortran IV

language and include the following:

A. RWSC4: One specifies a row (0-512) on the picture displayed on

the monitor. This program then plots out on the monitor the intensity

distribution of pixels along that row.

B. COLSCN: One specifies a column (0-512) on the picture dis-

played on the monitor. This program plots out on the monitor (along

the right side, vertically) the pixel intensity distribution.

C. FLASH: This program superimposes on any specified monitor

quadrant (1-4) an intensity specified by the operator. It was used

to simulate flashblindness on a given picture. The pixel intensity

range is from (0-255).

D. FLICK: This program allows operator to specify a given pixel

(512X512) on the monitor screen and flicker it for identiftcation

purposes.

E. PWSPC: This program plots the power spectrum function along

the X-axis in the spatial frequency domain.
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IV. FOURIER TRANSFORM:

Given an input picture g, (x1 , y ) located in the front focal plane

of a lens. Its Fourier transform

C-, U ,V) , (.X7 I, -

will appear in the back focal plane of the given lens and is given by

f&0
G, ( v) , x, y,) -Y lr ( a K, -, Vf,). dX, dt, (2_-:)::.,

This representation is in the so-called spatial frequency domain when

the spatial frequency values are (;/ -(3)

and:

X =X" cooordlnate in Fourier plane

- f = - coordinate in Fourier plane

= wavelength of light

= -focal length of lens used

The MTF of the Fourier Transform can be obtained by taking the product

of eq (2) with the given transfer function say H(U, V) thus getting,C-, (LA V' ) H, (U, v):.
Next, one would take the inverse Fourier Transform of eq (4) giving:

~±L L)77 ifv e 2 j'r(LL X+V'~)e ,(

The steps discussed to get to equation 5 can be done either optically,

via software or using a hard wired FFT board on line to an Aydin

(1024X1024 pixel) monitor and a PDP-11-34 computer. For this project

the latter method was used and the system is called the DIP (Digital

Image Processor) located in the Laser Effects Bianch of the Radiation

Sciences Division.

The MTF curves were generated on the PDP-11 35 computer and form a

part of the software package known as GIP (General Image Processing)
also at this laboratory.
The MTF curves used are given in figures (1-2). They represent a 10
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field of view (vision) and cut-off frequencies for LP = Low Pass Filters

at HPS - High Pass Soft Filters and HP = High Pass Hand Clipped Filters.

V. RESULTS:

The results obtained are presented in figures (4-11) are preliminary.

They represent the through-put of the Instrument gauge pattern after a

linearsuperposition of a given flash intensity on the gauge. Each set

of the four picutres shown has had a given modulation transfer function

applied to a particular element of the 2X2 picture matrix. Thus an

LP-A+O represents a low pass filtering (see Code A) + 0 (no addition of

pixel intensity to the 2X2 matrix. An HPS+D+100 would represent a high

pass (soft) filtering whose frequency cut-offs are given by Code D and

a pixel flash intensity of 100 has been added to the 2X2 matrix. Using

this scheme, one can then determine which modulated picture gauge can

still be seen through a given flash superposition.

Some low pass MTF are seen to wash out quickly while the high pass

filter MTF get through even at high intensity flash superportion.

VI. RECOMMENDATIONS:

The data and results obtained are only a first attempt at looking

into the effects of flash on picture images. More study is needed on

calibrations of the flash, total luminance of the picture, the flash

distribution over the picture, the effect of the flashblindness on the

aperture of the eye. These factors would then have to be related to

how the model of the eye and its image processing actually does see

the flashed image. Considerations to be taken into account would be

the various contrast sensitivities of the eye as a function of the

modulation transfer functions. Also, changes in pupil size due to

various flash intensities and how the contrast sensitivity versus

spatial frequency curves would be changed, if at all.

Then there is the whole question of color and its effect on the

contrast sensitivity versus spatial frequency curves. Also, what

happens if one has coherent (pure) colors versus a mixed spectrum as

a flash on the gauge? The question of flashblindness and how it is

perceived by the visual cortex is a complicated one to understand.
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However, given the DIP (digital image processing) capability one

hopefully should be able to obtain answers to some of these important

questions.
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FIGURE CAPTIONS 4

Fig. 1. Modulation-transfer functions for low pass filters. Amplitude

versus spatial frequency Ccycles/degree).

Fig. 2. Same as fig (1) but for rounded high pass filters.
Fig. 3. Shows the MTF used on each quadrant of figures 4-9.

Fig. 4. A. Low pass MTF-A flash = 0

B. "MTF-B flash= 0

C. Flash Intensities added to MTF
Fig. 5. A. Low pass MTF-A + flash = 50

B. " " " = 100

C. " " " " " " " 150

D. " " " " "  " " 200

Fig. 6. A. Low pass MTF-B + flash = 50

B. 16Iii i 100

C. " " " It = 150

D. " " " = 200 j
Fig. 7. A. High-pass rounded MTF-C flash = 0

B. " " MTF-D flash 0

C. Flash intensities added to M4TF
Fig. 8. A. High pass rounded MTF-C + flash - 50

B. f " " Is " - 100

C. " " " " = 150

D. " I = 200

Fig. 9. A. High pass rounded MTF-D + flash - 50

B. " 100

C. m " " H " 150

D. i B o 200
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A THEORETICAL EVALUATION OF THE AIRFIELD PAVEMENT

ANALYSIS (AFPAV) FINITE ELEMENT MODEL

by

M. AZENE

ABSTRACT

The theoretical basis of the finite element model used in the
airfield pavement analysis (AFPAV) code is studied. The scope of
the study is limited to the mathematical model and does not attempt
to investigate the programming aspect of the computer code.

On the basis of the study concluded, the semianalytical model
used in AFPAV was found to be unsuitable for nonlinear analysis.
For linear analysis the model provides a viable analysis technique.
However, for improved accuracy some aspects of the idealization
scheme utilized in the code need modification.

Alternate finite element idealization concepts are presented
and guidance for implementing them are discussed.

Finally, material property characterization models are
reviewed and suggestions and recommendation for continued effort
outlined.
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I* INTRODUCTION:I one of the primary objectives of the ALRS technical task
group at the AFESC, Tyndall AFB, is the development of economical
aircraft launch and recovery surfaces (ALRS) that are redundant to
the primary airfield pavements and capable of supporting a limited
number of aircraft passes. Towards that end, a research effort has
been underway to develop reliable and cost effective experimental --

and nuerical models for accurate prediction of pavement

The numerical model provides capability for conducting
parametric studies involving changes in the physical properties of
pavement materials, pavement thicknesses and other pertinentpvariables affecting pavement behavior. It aids in understanding
the relative influence of various paraeters of the pavementcomponents and helps supplement and validate experimental test
results. An analysis technique capable of accurately predicting
pavement response will also help reduce the need for expensive
prototype experimental testing.

Currently a computer code designed for static analysis of
flexible pavement structures is available. The airfield pavement
analysis (AFPAV) code in its present form was written by J.E.

Crawford (1) based on Li R. Herrmann's work (2) that was originally ..
developed for the analysis of underground tunnel subjected to
periodic loading. A modified version of the AFPAV Code# namely
NNERI (BDR) is also used for investigating repairs on bomb damaged
runways(3).

In order to ascertain the validity of the code several
experimental tests have been conducted. For example, data from
prototype pavement sections at the Waterways Experimental Station,
Vicksburg, Mississippi were analyzed using the code (4). Similar
other tests had also been performed elsewhere (5). Comparisons
between calculated and observed values showed less than
satisfactorry correlations. Errors as high as 5.01 or more were
reported in some cases (5). The high discrepancy between observed .

and computed results have been attributed, by those who developed
the code, to the difficulty associated with the characterization of
the pavement material properties. However, no mention has been
made on the nature of the mathematical formulation and the several
simplifying aswnptions that accompany it as possible contributing
sources of error. This study attempts to examine the mathematical
basis of the model and identify those simplifying assumptions that
may be cause of error.

11. OBJECTIVE:

In the past, several full-scale experimental tests had been
performed to validate the AFPAV Code. By contrast, very little
effort had been directed towards examining the theoretical

5-4
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background of the model. Effects of idealization such as1eemn

size,, displacement and load functions, number of Fourier terms,
characteristic length, boundary condition specification, etc., on
the accuracy of the solution have not been independently and
sufficiently examined before. A study of some of the technical
reports on the subject (1,3,4,5) and my discussions with Captain
J. D. Wilson, who is presently using the code, indicated the need
for an independent re-evaluation of the mathematical formulation so
that a certain level of confidence can be established on the4

*accuracy of the model. The objective of this study, therefore, is
two fold:

a. To re-examine the theoretical background of the
finite element model used in AFPAV and identify those simplifying
assumptions that may be potential sources of error.

b. To recommend alternate approaches for improved
analysis where feasible, and indicate the significance of these
approaches relative to the accuracy of solutions.

III. BRIEF REVIEW OF THEORETICAL BACKGROUND:

The approach used in AFPAV code.-is a semianalytical finite
element process using orthogonal functions. The basic element is a
plane strain triangular element modified to account for variation
in loading in the third direction by the introduction of Fourier ~
series. A continuum is considered to be in a state of plane
strain, say in the x, y plane, if the displacement component w in
the z direction is negligible and the components u and v are
functions of x and y only. An elongated body of uniform
cross-section subjected to uniform strip loading in the
longitudinal direction is an example of a plane strain problem.
The plane strain method of analysis considers a simple slice normal
to the longitudinal axis and solution is sought over the two
dimensional space defined by the slice. If the continuum is of
uniform cross-section but the loading is not, as in pavement

* structures, the plane strain model can still be used provided the
field variables are adjusted such that functional dependence is
established in the third direction. one of the common methods of
accomplishing that is a semianalytical process of separation of
variables, wherein the field functions and prescribed boundary
conditions are expressed in terms of Fourier series of orthogonal

* circular harmonic functions in the longitudinal direction. For
each harmonic of the series, the element stiffness matrices and the
force vectors are assmbled and the systems equations solved as
many times as there are harmonics. Synthesis of the harmonic
solutions leads to the final result. (A detailed treatment of the
procedure for generating the finite element stiffness matrices,

* force vectors and systems equations is given in Reference (1)).
Thus, the original three dimensional problem is substituted by a
series of two dimensional problems. The semianalytical analysis

* scheme is considered economical for certain class of problems where

5-5
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regular three dimensional idealization becomes expensive to set up
and run. When the loading is complex and many harmonics need to be
considered to achieve a specific degree of accuracy, then the
advantages of the seianalytical approach vanish and the
conventional three dimensional analysis becomes superior both in
cost and accuracy.

,-7.-

IV. IMPORTANT FEATURES OF THE CODE:

The AFPAV code provides for linear and non-linear elastic
material property characterization. It uses an efficient
processing scheme for input and output data. A preprocessor
program (AFPRE) generates finite element mesh, calculates the
Fourier coefficients and computes various quantities needed by the
main program. A postprocessor (AFPOST) determines displacements,
strains and stresses and outputs numerical information according to
specified formats and plots them on graphs. In general, the
program contains a heavily automated data processing capability
that very little effort is required for its application.

The finite element idealization used in AFPAV, while
computationally efficient, uses simplifying assumptions that may
adversely affect its ability to accurately predict pavement
responses. The elimination or modification of some of these
idealization schemes is important for improved degree of accuracy
required for the design of economical pavement structures.

This report attempts to identify some of the idealization
schemes considered to be potential sources of error. It also
comments on the effects and significance of idelaization parameters
such as element size, displacement function, loading function,
number of Fourier terms, characteristic length, boundary conditions
and material property characterization.

V. SIGNIFICANCE OF DESCRITIZATION AND FIELD FUNCTION:

The displacement finite element formulation in AFPAV employs
a constant strain triangular element. Therefore, the accurracy of
the model is greatly dependent on the fineness of the finite
element grid.

In pavement structures where the wearing surface consists of
very thin layer of asphalt concrete (of the order of 3 inches or
less) a single row of finite element mesh would lead to constant
strain value throughout the layer. Since the wearing surface is
the most significant component of a layered pavement system
receiving the load directly and distributing it to layers below it
any stress aberration within the surface layer can easily result in
very unrealistic and erroneous response predictions. An obvious
way of improving this undesirable situation is the use of three or
more rows of finite elements, as is done in AFPAV. The excessively
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oblongated elements resulting from it, however, will have
unacceptably large aspect ratio that impart directional bias. This
undersirable effect associated with the linear displacement
function, and therefore mesh sizes, can be minimized by using
higher order elements. A highly refined stress element similar to
the one described in Reference (6) and briefly outlined herein can
be used to advantage.

Consider a self equilibrating stress functionot (x,y) defined
over a triangular domain, and admitting the values of the function
and its derivatives up to and including the second order as the
nodal variables. The second order partial derivatives of the
stress function (included in the nodal variables) are the nodal
stress values. For the semianalytic finite element analysis, the
function jf(x, y, z) is interpolated from the nodal variables
represented by a column vector NO such that

"s"o

vhere EPLMJ{_ ! represents a set of quintic interpolation
functions satisfying the usual requirements of interelement
compatibility and G(z) are orthogonal circular harmonic
functions.

The second order partial derivatives of equation (1) give the
element stress vector such that

0= ••21.,--.(2)

The stress - strain relationships are

S. • (3)

Where (C) is the compliance matrix.

Substituting equations (2) and (3) in the expression for the
complementary strain energy function

" CLO~LdV •* • (4a)

-- L+*J •][4. • (4b)

where [re] is the element flexibility matrix.
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The surface traction can likewise be expresses as

Tn ([5)~

P.Ain which [S] is a matrix of direction cosines of the outer normal .-

to the surface. Minimization of the augmented total complementary
energy functional will result in the desired element equations.

VI. SIGNIFICANCE OF BOUNDARY TRACTION AND FOURIER EXPANSION:

Another important factor that can seriously affect the accu-
racy of the solution is boundary traction and its representation.
In AFPAV, the boundary traction, just as the displacement function,
is expressed in terms of circular harmonic functions. The code
expands the multiple wheel load assembly as a group in a single
step. It generates the wheel load expansion for nineteen different
type of aircrafts; with separate subroutines being provided for
each aircraft gear assembly. This approach, however, may adversely
influence the analysis scheme. The two most significant parameters
influencing the solution are the characteristic length and the
number of Fourier terms. The effect of these parameters can best
be described using the results reported in Reference (4). For
example, Figure 1 shows the effect of Fourier series expansion of
four wheel loads of C-141A landing gear when the characteristic
length is varied with the number of Fourier terms kept constant.
Figure 2 shows expansion of four wheel loads of C-5A landing gear

*in which the characteristic length is kept constant and the number
*of terms varied. A close study of these figures and their compari-

son with the optimum representation indicates significant departure
from the real situation. A small characteristic length causes
negative traction, whereas a large characteristic length dampens
the load amplitude by approximately 50 percent. Effects of a
similar nature are observable for changes in the number of Fourier
terms.

A numerical analysis technique can only be expected to be as
accurate as the different assumptions and idealizations
constituting it. Therefore, it becomes important to seek alternate .
means of idealizing the loading function described above so as to
improve the input data. A single load expansion coupled with
superpositioning scheme is helpful in that regard. The following

4 advantages are expected to result.

a. The loading-function can be more realistically .
* represented with little or no negative stress or dampening effects

on stress amplitude.

b. Interaction due to periodicity of loading function can be
eliminated by taking sufficiently large characteristic length. -

5-8

4-



c. Separate load expansion for each type of aircraft will no
longer be required. Consequently the several subroutines in AFPAV,
designated for that purpose can be eliminated.

d. A single load expansion would make the program a
multipurpose program capable of handling any loading. The present -. .
code is limited to nineteen different types of aircrafts.

e. It will permit the user more flexibility; such as the . -

ability to lump together closely spaced loads, take advantage of
symmetry in loading and disregard loads that have negligible
influence on the solution.

f. For a given pavement no separate analysis will be needed
for each aircraft type. One solution for a single wheel load is
sufficient to predict responses for all types of loading
conditions, i.e., the systems equations need not be solved more
than once.

g. A single term Fourier series expansion is what will be
needed for all types of loading, and the Fourier coefficients for
the loads can be evaluated before hand and stored as permanent data
without the need for re-evaluation.

h. Arbitrariness in the selection of characteristic length
and number of terms can be eliminated.

A Fourier series representation for a single wheel load,
hereafter referred to as basic load, is shown in Figure 3. The
maximum ordinate is normalized but is not drawn to scale. These
graphs depict the variation in the single load expansion when the
number of cosine terms varies from 10 to 20 for L=120 inches. They
give very close approximation to the actual load distribution which
would be a single rectangular pulse with unit ordinate.

In order to illustrate some of the important aspects of what
is described above, consider the simple example given in Figure 4a,
in which a plan view of two isolated loads on a pavement surface is
given. Suppose the combined response due to these two loads is to
be evaluated at section A-A.

First, using one of the loads as the basic load, the usual
computation for displacement harmonics is carried out. The origin
of the global coordinate system is assumed to be positioned at the
center of the basic load, as shown in Figure 4a * The influence
due to another load at any point can be determined loy translation
of the coordinate system such that

xrnxi-xp i i
X. 

°o. •

y y .(6)"-'

zrnzi-zp T "
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where xi and Xi are the x and S coordinates of load i, whose
influence is being computed and xp and zp are the coordinates of
the nodal points where influence is being computed.

The response at section A-A due to load i is equivalent to
the response of the basic load at section A'-A' or A"-A" with the
x-coordinates of the points determined according to equations (6).
In other words, the response at point P due to load i is equal to
the response due to the basic load at any one of the points P1'"
P21, P1. or P2" as shown in Figure 4a. Because of double symmetry
the solution space can be limited to the positive x, y, z quadrant
and equation (6) can be modified as

x lxi- xp I

y= y . .(7)

z-Izi -zp4

If the total depth of the pavement layers is less or equal to
1.75 times the distance from the section where stresses are
computed to the edge of the distributed load, the effect of that
load can be neglected as shown in Figure 4b.

The final solution is given by the cummulative solutions of
the individual loads.

VII. NONLINEAR ANALYSIS AND MATERIAL CHARACTERIZATION:

The AFPAV code is unsuitable for nonlinear analysis, because
of two main reasons. The first of which is the inevitable result
of the semianalytical finite element formulation used in the code
it has been alluded to in Reference (5) when the authors stated:

"The prismatic formulation used in AFPAV imposes a signif-
icant limitation on the nonlinear analysis. The maximum
shear strain,r , is calculated as the absolute maximum of the
shear strains which are computed at specified number of z
stations (chosen by the user). 1 , representing the
largest strain, is derived only from the values of those
strains at the selected z stations. Thus the selected Z
sections must encompass the locations of the largest shear
strains. Generally this is a conservative approach forcing -i
the shear modulus of an element to be based on the greatest
shear strain within that element. In the formulation of the
element stiffness, the resulting shear modulus is applied asa constant over the entire element volume."

The simplification described above is generally acceptable
provided fine mesh sizes are utilized in regions where the stress
gradient is steep. In the semianalytical model, however,-,ones

5-10
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ability to employ fine meshes is limited to the cross-sectional (x,
y) plane. In the longitudinal direction, the characteristic
length, which is also the element length,is fixed. The
characteristic lengths used in the code re based on the type of .
aircraft analyzed and range between 10&to 300 inches; See Figure
5. Therefore, one connot j;1stifiably./consider the state of stress
to be constant over the entire element volume of that size. That
will be gross simplification and will inevitably lead to serious
errors.

Figure 6 is reproduced from Reference (5). It shows a
comparison of measured and computed vertical displacements for both
linear and nonlinear elastic analysis. Since in most problems of
this type, the effect of nonlinearity of the stress-strain
relations appears in the horizontal stresses more strongly than it
does in the vertical stresses a comparison of shear and horizontal
stresses would have been more revealing. Nevertheless, the
conclusions made in Reference (5) notwithstanding, the linear
analysis shows a better correlation with observed values close to
regions of high stress gradient. The large discrepancy between the
linear solution and the observed values in the lower layers may be
attributable to periodicity influence but needs further
investigation. The implication is that the stresses and strains in
the pavement except near the surface are so small that materials
are stressed within or near their linear range, that linear
analysis may not be the most critical factor in the disparity

- between the measured and predicted values.

Secondly, in nonlinear inelastic or elastoplastic analysis
where the stresses are dependent on the loading path (i.e., the

' stresses and strains are related entirely by their differential
behavior), the semianalytical model which inherently employs
superpositioning of harmonic solutions to obtain the final
solution, cannot be used. A much more realistic approach to
nonlinear analysis is the regular three dimensional finite element ..

model. The three dimensional model will in addition provide the
capability to analyze effects of repeated loading, fatigue,
permanent deformation, discontinuities, etc., in the pavement
structure. However, any attempt to predict analytically the
behavior of structures in the plastic range must begin with the
choice, among the available theories, of one which successfully
combines mathematical simplicity with a proper representation of
experimentally observed material behavior. Some theories are best
suited to certain type of problems than others; therefore, some
research effort has to be directed to the study and development of
the best theory applicable for pavement analysis.

Finally, another factor of significance needs to be
mentioned. For nonlinear analysis where at every iteration step.
stresses at every nodal point and the equivalent state of stress
for each element have to be computed the complementary energy
finite element formulation is superior to the displacement or
potential energy approach. Therefore, the former approach merits
serious consideration for future application.
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VIII. RECOMENDATIONS:

The two most important features of a good analytical model
are: its ability to accurately simulate structural behavior and
its computational efficiency. Both of these features depend, to a
major extent, on the nature and type of simplifying assumptions
made in the formulation. Oversimplification has an adverse effect .

on accuracy; but may or may not lead to computational efficiency.
The guiding principle must always be to take simplifications
consistent with the required degree of accuracy. For the type of
analysis and application envisaged in the design of economical
alternate launch and recovery surfaces, a high degree of accuracy
is essential. The analysis tool must provide the capability to
determine realistically the ultimate capacity of the pavement
structure so that a viable and cost effective design criteria and
procedure can be developed. Therefore, the need for improving the
existing code or developing an improved model is evident. In
connection with that the following recommendations will be
pertinent:

a. Linear analysis: Conceptually the semianalytical finite
element model is a viable tool for linear analysis, provided the
loading function and other features of idealization mentioned
earlier are realistically formulated. The accuracy of the AFPAV
code, would greatly be enhanced if the single load expansion
technique described in this report is implemented. The accuracy
can further be improved if a higher order element is utlilized,
instead of the linear displacement model presently employed. In
this regard, employment of a highly refined stress model similar to
the one in Reference (6) is advantageous. In particular, the
combined application of the single load expansion scheme with the
refined stress model is expected to give excellent results and is a
subject deserving further investigation.

b. Nonlinear Analysis: As has been pointed out earlier the
semianalytic model is unsuitable for both nonlinear elastic and
inelastic analysis. It is unsuitable for nonlinear elastic
analysis because it fails to realistically describe the state of
stress within an element volume at every stage of incremental
loading. It is also unadaptable to elastoplastic analysis because
it is inherently a superpositioning scheme and therefore cannot be
applied to path dependent nonconservative systems.

A reliable approach to nonlinear analysis of pavement Li
structures is the more versatile regular three dimensional finite
element model. The three dimensional model will provide the
additional capabilities to analyze and study effects of repeated
loading, fatigue, permanent deformation, discontinuities, etc.,
which the present code cannot perform.

Finally, on the basis of the study conducted, it is
recommended that a three dimensional finite element model for
nonlinear analysis be developed; until then application of the
AFPAV Code for nonlinear analysis must be done with caution and if
possible avoided.

5-12
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ORBI TING GEDPHY SICS LABORAiDRY EXPRIMNT

by

Francesco L. Bacchialoni

ABSTRACT

This document reports the investigation on the potential utility and

technical feasibility of a new self-contained support system to be

utilized repeatedly for different ARGL experiments in space, using the

Space Tfransportation System (Shuttle) for launch and retrieval. Ihis

support system is designed to operate independently of both the STS

and ground stations, therefore, stores data rather than transmitting

them by telemetry. Angular pointing is the only maneuver planned; no

propulsion is designed into this system.
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I. INTRODUCTION

With the Space Transportation System (Shuttle) beginning its operational

activity, there is the practical opportunity of performing space

experiments lasting up to a few days. A normal STS flight may last 7

days, which is a very long time compared with the typical 15 minutes

flight time of a sounding rocket.

Several different techniques may be implemented to utilize the STS for

scientific experiments. One technique aiming to avoid space contamination

caused by the STS itself is to place the experiments in free space,

outside of and away from the STS. A small package could be left detached

from the STS for a long time, up to a few days, and retrieved by the

STS for return to Earth. This study examines in some detail this

particular technique.

Ii. OBJECTIVES

The main objective of this project was to investigate the technical

and economic feasibility of building a space platform, to be utilized

as a support system for AKGL space experiments.

Detailed objectives of this investigation were:

1. Flight Duration

2. Data Ulemetry vs. Data Recording

3. Attitude Control System

4. Power Sapply

In this investigation many decisions related to our objectives had to

be taken by extrapolation from previous experience resulting from

sounding rocket flights, applying engineering judgment.
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- .,. .,- >2



III. GEERAL CHARACTUISTICS

his platform is to be designed as a free-flying support system for

scientific experiments. The STS must supply mechanical support and

transportation, deployment in orbit and retrieval by means of the

Remote Manipulator System. The mission is envisioned in this way:

when the STS is in orbit, the crew must activate an automatic test of

the platform by radio link a switch and watching a Yes-Mo response before

deployment; after this simple test, the STS crew may deploy the platform

in orbit and then by radio link activate the experiment mode. The

remaining action required of the STS crew is experiment turn-off by

radio link, retrieval from orbit and stowage into the STS payload bay.

This minimal dependence on the STS should allow for a wide range of

experiments and offer a rapid response to opportunities for flight.

Safety considerations should be present at every step of the design.

This means that only manned flight-rated component units should be

used, since testing a non-rated unit is a long, complicated, and

expensive procedure.

The probable cost of a reusable support system seems to be lower than

that of non-reusable packages even if it is difficult at this time to

determine exact figures and the break-even point. Low cost of the

platform is a very general design objective which has to be considered

at each step, applying engineering judgment based on previous experience

from sounding rockets.

IV. FLIGHT DURATION

In order to offer a substantial advantage with respect to a sounding j
rocket, it is clear that our space support system mst be capable of

operating for the major part of an STS flight, that is approximately 7
days. Experiment ipport and housekeeping must be available for this

length of time, offering to the scientists the practical possibility

of long experiments. Also, several different experiments can be

supported in a single flight.
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V. SCIRITIFIC DATA AND SUPPORT DATA REQUIREMETS

It is considered essential to minimize the STS crew workload and also
that of Earth-based telemetry sites. This last point means that all

the data resulting from the experiments, plus some housekeeping , .

information, must be recorded on-board. Magnetic tape recording is

presently the best method to acomplish this objective. The obvious

result of these considerations is that the tape recording system (one

recorder or more) is one of the most important subsystem to be installed

on the platform. Selection of a flight-approved tape recorder system

is probably the first item to be considered when designing our space

platform. Direct digital or analog recording choice remains undetermined

at this time.

Major considerations are total recording capability and power absorption.

It is extremely difficult to establish theoretically the data storage

capacity needed for a typical platform mission, but it is possible to .-

reach some reasonable numerical values by extrapolation from the Sounding

Rocket Eaperiments. Rhgineering judgment based on previous experience :1

should provide a reasonable starting point for the overall design.

A typical 16-minute rocket flight generates data which are recorded on
one track of tape 9200 ft. long. These data include housekeeping

data, and amount to approximately 2-109 bits of information. By

2'. engineering judgment it seem desirable to be able to store at least

10 times the above amount, that is a total of approximately 2.1010

bits. this would allow the platform to support experiments with fairly

fast data collection (2 Mbits/sec) for up to 160 minutes of active

measurements. Different recording methods (direct, PC1, HDDR) may be
used, but at this point only the total storage capacity is of interest.

Tis value of 2.1010 bits as an estimate for total storage capacity is

compatible with existing data recorders; therefore, it can be accepted

as a reasonable starting point.
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VI. JGGESTU) DATA S17RAGE SST(.

Several different methods could be applied in principle to provide our

4..'storage capacity of 2.1010 bits. Conventional RAM chips or bubble

memory chips could be used, but their capabilities are presently too

limited. Bubble memory chips of 1 )4bit capacity exist, but it is, ,

clearly not practical to assemble a memory unit having 20,000 chips.

Higher density chips may become available, but not in the near future.

Optical recording has the potential for high capacity, but presently

it is not available as a developed package. Some companies (e.g.,

Shugart Associates) are presently developing optical storage systems

which will involve accurate positioning of laser beam on the

recording medium. *rom a mechanical point of view, these systems

seem similar to magnetic tape or disk recorders; therefore, it is

reasonable to expect similar limitations, at least for the near

future.

Ihis leaves magnetic storage as the logical method to be considered.

Disk storage can be quickly ruled out, a.gain, for its too small capacity:

typical 8" floppy-disk can store up to 12 Mbits, while 8" Winchester

drives can store up to 160 Mbits, which is much too little.

This elimination process leaves the magnetic tape recorders as the

only practical method for our purposes.

Several companies are presently offering space flight rated tape

recorders, and soma are also developing new models which are definitely

of interest for our Space Platform application. Consideration has

been given to the following manufacturers: Odetics, RCA, Lockheed,

Honeywell, Ampex, 341, and Bell and Howell. Information on their

recorders is collected in an expanded version of this report,

available from AIRL, Sounding Rocket Branch.
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Again, engineering judgment must be exercised to formulate a

reasonable suggestion of a tape recording system. The following

characteristics are highly desirable:

a. Low power absorption p
b. Variable speed

c. 7#o distinct recorders (to enhance reliability)

d. easonable price

It seems that the most balanced design at this time consists of a

system made up by two Bll and Howell MARS 1428 recorders. Tuo recorders

rather than one allow longer experiments and in the case of one recorder

failing, the second one provides storage for part of the experiment.

These recorders can be switched on and off so that only one at a time

has to be active. One or two tracks on each recorder may be used for

error correction, with a corresponding reduction of total storage.

This type of recorder requires power on (in STOP mode, power

approx. 55W) for takeoff and landing of the STS, in order to avoid

damage to the tape. While the energy consumption is negligible, there

Is the need of additional circuitry to turn on and off the recorders

at the right times.

The required power is rather high but the recorder is proven and

relatively inexpensive. The selection of the bll and Howell MARS

1428 is valid only at this time, since several manufacturers are presently

developing recorders worthy of consideration. Therefore, at design

time, it will be necessary to reconsider the recorder selection, checking 2
again the various units then available.
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VII. ATTITUDE CONTROL STSTDI (ACS)

This platform is designed to be a support system for a vast set of

scientific experiments of different duration and pointing requirements.

Typical desirable properties are:

pointing drift in 10 min. < 5 sec. of arc
outgassing as limited as possible

number of pointing maneuvers - 5 per orbit. ,

repositioning error < 20 min. of arc.

Specifications of this order, particularly low drift, require a rather

elaborate active ACS. It is clear that in order to have low drift, a

good quality inertial reference is required. The "tuned restraint"

gyro system typically can have drift less than 6 min. of arc/hr;

therefore, this type of inertial reference seems adequate when used in .

connection with an acccurate star tracker. Laser gyros are presently

becoming available and should be considered at final design time.

Another typical mode of operation is target tracking with pointing

error signals delivered by the scientific instruments. This tracking

may be required by some experiments and should also be considered when

designing the overall ACS. It has to be taken into account that any

practical inertial reference required to operate through 7 days imst

be periodically realigned to an absolute reference. A star tracker

can be designed to perform this job, and it appears from the technical

literature (RCA Technical Communications, for example) that the design

of this functional sequence has been successfully implemented.

Therefore, no unusual technical difficulty is expected.

6- 9
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The repeated pointing maneuvers and the minimum outgassing requirements

dictate the use of reaction wheels for most of the maneuvering. This .,.-

technique also is well established and offers no technical surprise.

Together with the reaction wheel subsystem there is need of a momentum

desaturation subsystem, like gas jets or magnetic field torquers. Both S.

momentun desaturation methods involve proven technologies. Gas-jets

are quick acting and require reaction gas; magnetic field torquers

develop small torques, therefore are slow in action and require electric

energy, but no gas. This property is highly desirable, but their small .

torque may be a serious drawback. lhe residual tumbling of the platform

when released in orbit by the Remote Manipulator System is probably

very small (this estimate should be checked with NASA); however, the

disturbance torques on the platform probably are rather high, particularly

the aerodynamic torques, given the low altitude of the flight.

These considerations probably force selecting a gas-jet system rather

than a magnetic field torque system. In order to be able to estimate

the gas-jet system activity, a rather detailed analysis of the disturbance

torques should be done. 2ths in turn can only be done after the mechani"al

design is completed.

In conclusion, our ACS must include the following subsystems:

a. 3-axis stable platform

b. Star tracker

c. Gas jets

d. Reaction wheels

The entire set of these subsystems is necessary for high-

accuracy pointing in a long flight. No additional maneuvering capability

is planned at this time: the shuttle will take care of placement in

orbit and recovery of the platform.
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VIII. SYSTDI POWL REQUIR94ET

This standard platform is designed to support many different experiments,

therefore, it is not possible to predict the exact energy requirements

for any possible mission. However, it is possible to estimate the -,.
energy needed for housekeeping. Here it is in some detail.

ACS 28 W Continuous

Star Ikacker 14 V Continuous

Reaction Wheels 25 W Continuous

Thpe hlcorder 125 W When eording

Mape Recorder 0 W On Standby

On-b]ard mLectronics 25 V Continuous

Contingency 20 W Continuous

"1btal estimated energy for 24 hours, with only 2 hours of recorder
~~~~operation: ._-.

(28 + 14 + 25 + 25 + 20) * 24 + 125 * 2- 2938 Wh - Approx. 3 KWh

brery hour of additional recording requires 125 Wh more.

Notice that the above figures are rather rough estimates of the - -

power requirement. At design time, a revision of these values is

imperative. It Is clear that it is desirable to reduce as much as

possible the power consumption of the continuously running subsystem,

even at the expense of some redesign. Ihis point should be considered

carefully at final design time.
a:. -- . -

The suggested type-of tape recorder requires power (55W per recorder)

applied during STS takeoff and landing. It appears possible to apply

this power automatically, using accelerometers to close a time switch.

6-11

, ,L -., ....-.-.-' .., -'. ....-. . . ... .' ' -'. " -. . -. .. ... . . . - . .. " -.'. " L " " ." " ." . .' ..' ,s "'.'-"% "'o-.',""" ,'''.-'''.- "'.-'''.-'" " - . "" • " " . " -" ". -. • . 9. " """ ' "* - .* "" " - ." " ." "" - "



• . -. ' -L -"-. -". :"-- '" - - -"'-" °."- ---. -_o.

If these accelerometers are sensitive enough to operate during deployment

in orbit and retrieval, no harm is done; only a small amount of electrical

energy is lost. A small separate power supply (perhaps Ni-Cd batteries)
is required to supply power to the lbst O(ntroller. 1he related energy
requirement is very small (at most a few Wh) and poses no problem

whatsoever. Another separate, very small power supply may be used to

energize the system clock, ih order to have a stand-alone time source.

A small lithium battery probably will suffice for a very long time

(thcusands of hours).

IX. SUGGESTED POWE SYST" .

Different types of energy souces have been considered. Here they are:

a. Lithium Calls - Non-rechargeable, high energy per unit mass

(300 Wh/kg).

b. Lead-Acid - Rechargeable, medium energy per unit mass (40 Whi' kg).

c. Nickel-Cadmium - Bechargeable, medium energy per unit mass (40 '

h/kg).

d. Solar Cells - Virtually unlimited energy, low or moderate power

levels. Rather complicated mechanical installation.

e. lael Cells - Possible weight advantage over rechargeable

batteries. Ezpensive and critical in operation.

f. Silver-Cadmium and Silver-Zinc Cells - Rechargeable, high

energy per unit mass (up to 160 Vh/Kg). Data from two manufacturers

(Yardney and Eagle-Picher) indicate that they are available packaged

as batteries, rated for space flight.

Since the total energy needed per each mission is relatively limited, I
solar cells and fuel cells may be ruled out, considering their mechanical

complication and high cost. It is practical to expand the technique used

in many sounding rockets, that is to use rechargeable batteries as

power source.

6-12
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Rechargeable batteries, compared with non-rechargeable ones, offer the

advantage of allowing repeated tests of the entire system (platform

plus experiment) before launch, without replacement of the batteries

themelves. Their use is considered the best choice for our application.

It appears that the weight advantage of the Silver-Zinc cells dictates

the use of this type of power source, when compared with the various

different possible alternatives. Silver-Zinc cells develop a limited

amount of gas (H2 and 02) during discharge; therefore, they are

vented, but the battery container may be sealed. Venting space has to

be provided inside the battery container, and a safety vent is installed

on the container itself to protect it in case of abnormal development

of gas. A manufacturer (Egle-Plcher) claim that it has succeeded in

eliminating the hydrogen accumulation in a sealed battery container by

having the hydrogen used up and converted into water by a nickel-hydrogen

cell located inside the same sealed container. his technique or some

equivalent one is highly desirable, in order to reduce the chance of
hydrogen-oxygen explosions.

The energy density value of 160 Wh/lKg has been used in the following

estimates. This value refers only to the cell mass (without container).

Applying the above indicated energy figures it results that 24 hours of

operation, including 2 hours of recording, require a cell mass of

approximately 19 Kg (41 lbs) plus an additional 0.8 Kg (1.75 lbs) for

each hour of additional recording.

The estimated total mass for a 7-day mission, with a total of 14 hours

of recording is approximately 129 Kg (285 lbs). 1he mass of the battery

sealed container has to be added to this figure.

Notice again that this estimate does not include energy for the experimants.

6-13
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X. SO1 MECHANICAL DETAILS

The mechanical configuration of our platform is extremely important

for many obvious reasons. Hre are a few: j
1. STS Compatibility - our platform must be loaded into the STS

payload bay, then deployed in orbit and later retrieved from orbit.

After lending of the STS, our platform must be removed easily from the

STS payload bay. Orbital deployment and retrieval require the existence I
of a mechanical grapple fixture to be utilized by the Remote Manipulator

System of the STS. A support pallet attached to and remaining in the

STS payload bay is very likely necessary.

2. ]hvironmental Ontrol - Pressurization must be supplied to the

tape recorders and possibly to the electronic circuits. hmperature

control is necessary for the tape recorders and the batteries and

possibly also for the electronic circuits. A form of temperature

control, active or passive, is needed. It seem at this point that

passive temperature control may be realized by enclosing the whole

platform into a thermally conducting shell, painted on the outside

with an appropriate white/black pattern and properly insulated on the

inside. 1he scientific instruments may be located in a compartment

open to space and separate from the support equipment compartment.

3. hbsy Accessibility - It is highly desirable to be able to

replace defective units even a short time before take-off. 1is point

does not lead to any preferred configuration, but must be kept in mind

at every stage of the final design.

7...
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4. Tasting - Attention should be given to laboratory testing

of the entire unit. A specially designed mechanical support system

should be available for extensive dynamic testing of the entire platform

and particularly its ACS, offering three-axis freedom of motion without

(or almost without) friction. A good dynamic test program for the

platform should simulate all the events that it will see in a single

flight; therefore, this test system should be capable of operating for

up to 7 days without interruption. 2te platform test mode and its

operational mode should be activated, the ACS should work, the recorders

activated, etc.

XI. PROPOSE) SEQUECE OF EVETS IN A PLIGHT

1. Platform is tested extensively on ground after installation into

STS.

2. During STS takeoff recorders are automatically energized in

STOP mode. Acelerometers determine the exact turn-on and turn-off

instants. No crew action is required.

3. When STS is in orbit, its crew does the following:
a. Dy radio link closes switch 1 for system test. Platform

responds YES or NO.

b. After YES response, crew releases mechanical latch, then by

Remote Nanipulator deploys platform in orbit.

c. When platform is released and off Remote Manipulator, crew by

radio link closes switch 2, starting experiment.

4. The retrieval from orbit is done as follows:

a. Dy radio link, STS crew closes switch 3 turning off all

systems and discharging residual ACS gas.

b. By Remote Manipulator, crew retrieves platform and secures

it on pallet.

c. Pallet mechanical latch is automatically or manually latched.

5. Power is automtically supplied to recorders in STOP mode, for

reentry and landing. No crew action required.

6-15
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XII. TEST AND EXPEIMENT MODES

It is possible at this point to draw simple block diagrams of the

automatic test and experiment modes of operation. Fig. 1, 2, and 3

show these block diagrams.

The Test Mode is activated by means of a remotely controlled switch

which resets and starts the hUt (bntroller. 1his mode is available for

repeated tests. A diagnostic message for each tested unit will be

issued, as a debugging help for ground tests. The same hst Mde will

provide the STS operator with a YES or NO message. Drentually, after

observing the YES message, the STS operator will deploy the platform in

orbit and then initiate the Zzperiment Mode by remotely closing a

separate switch. The %at Mode operation is planned as follows:

a. Software issues sequentially to port 0 different test codes, in

order to activate test mode in each unit to be tested. Appropriate

time delays are provided.

b. Hardware decoder activates teat mode in unit corresponding to

test code.

c. Fach unit performs test, then issues response to corresponding port.

d. Uat Ontroller reads all unit ports, stores their contents

and then issues a diagnostic message for each unit.

e. After step d, %at Controller executes another check on stored

inputs and issues a YES or NO message.

f. Thst Controller halts, and it is ready to be reset and restarted.

unless the Experiment Mode is activated.

The Experiment Mode is activated by a separate remotely controlled

switch. A sequencer turns on the various units and the experiments at
the appropriate times. A clock is designed Into the system and its

output is used to give a reference to the sequencer and to the recorders.

6-16
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XIII. RECOMENDATIONS
o.o4

Increased effort in continuing the development of our Space Platform

is in order, since the STS is now entering its routine operations.

Economy of operation and possibility of long experiments in space will

probably dictate the use of this platform or of a similar device.

The entire development effort should follow the outline here given: %

Preliminary Study (bncepts

heasibility Study
Procur ement

Preliminary Design

NASM Interface

Shuttle Integration

Design Review

Technical Design Review

Freeze

Fabricate

Integrate and Thst

Readiness Review

his paper reports the Preliminary Study concepts and begins to

develop the hasibility Study. The remaining steps should be executed

in order to arrive at a working model in a reasonable time, perhaps as

soon as 1985.

-4
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TRIALS AND TRIBULATIONS AT THE HELMET MOUNTED OCULOMOTOR FACILITY

by

A. Terry Bahill & Jeffrey S. Kailman

ABSTRACT

We spent most of the summer debugging the Helmet Mounted Oculometer

Facility (HMOF) equipment, On our last day we were finally able to gather

data on human head and eye coordination. We brought this data back to

Carnegie-Mellon University; we were able to put it on our computer system and

analyze it with our programs.

'.
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I. INTRODUCTION

At the beginning of the summer I stated that my objectives were *

1 To present seminars to the Wright-Patterson AFB community. I presented ,

the five seminars listed in Appendix A. The average attendance was 20.

To learn to use the Helmet Mounted Oculometer Facility (HMOF). The

proceedures of operation that I wrote are included in Appendix B.

To record human head'and eye movement data under a variety of target

movement conditions. We have filled up a computer didk with data. It is

presently in my Laboratory at Carnegie-Mellon University. I will analyze

this data during the period of my minigrant.

The following narative written by Jeffrey S. Kallman summarizes our

activity directly related to the Helment Mounted Oculometer Facility (HMOF).

The virtual cockpit is an idea that has existed for many years. In

essence, the idea is to present a processed view of the world to a pilot.

This view presents information to the pilot in the most usable form possible.

Threats are emphasised, HUD information is available, displays can be task

dependent, etc.. Unfortunatly, until recently, the technology and basic

science needed to develop such a virtual cockpit was nonexistant. Not any

longer. Currently, investigations are being made into artificial intelligence

systems for threat evaluation, experiments are being performed in optimal

display symbologys, and many other pieces of the virtual cockpit idea are

being worked on.

One major piece of the virtual cockpit is the display system. Image
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generation and display are among the most computer intensive tasks of the

virtual cockpit. To use the virtual cockpit efficiently and, with present

computer speeds, effectively, requires a minimization of image generation and

display. The computers should only work on the virtual areas that the pilot

is looking at.

Determining where a pilot is looking is an involved process. The

direction of the eye in the head must be determined and the position and

orientation of the head in space must also be determined. Given these, it is

possible to determine where a person is looking, but in the case of a pilot,

there are additional factors that must be taken into account. Neither the

oculometer (device for determining eye direction in the head) or the sight

(device for determining head position and orientation) can be either intrusive

or obtrusive. This presents difficulties.

Occulometer and sight systems exist that are neither unacceptably

intrusive or obtrusive. One such system is the Honeywell Helmet Mounted

Occulometer and Sight (HMOS). The HMOS was delivered to the AFAMRL/HEA Helmet

Mounted Occulometer Facility (HMOF) in November 1981. Unfortunatly, the HMOS r .

was still not fully integrated into the HMOF in June 1982. In addition, the
*.' - ..

HOS's performance characteristics were an unknown factor.

II. HMOF

This discussion of the Helmet Mounted Occulometer Facility comes in three

parts: the hardware, the software, and the operation of the system.

Hardware

HMOF hardware can measure, record, and (if desired) can act upon the

position and orientation of the human head and eyes. It has five main parts:
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a helmet mounted oculometer (HMO), a helmet mounted sight (HMS), a Data

General Eclipse minicomputer, a Network Systems HYPERchannel adapter, and a

DEC PDP-11/34. This is a large, expensive and complex system.

The HMS provides a TV image of the subject's right eye illuminated by

infrared light. The oculometer consists of an infrared light source, a CCD

television camera, and associated optics. The light source .is directed at the

eye via beamsplitters and an infrared mirror. The TV camera sees the infrared

light reflected from the eye. Ideally there are only two sources of infrared

reflection from the eye: the corneal reflex and the bright pupil. The corneal .-

reflex is the reflection of a bright light source off of the front surface of

the cornea. The bright pupil is the effect caused by light entering the eye,

bouncing off the retina and reemerging from the eye, lighting up the pupil.

The corneal reflex and the bright pupil are picked up by the TV camera and

then passed to the Eclipse computer.

The HMS provides head position and orientation data to the Eclipse. It

works by using a transmitter to set up a magnetic field in the area the helmet
will occupy. A receiver in the helmet senses the magnetic field and.

-. determines where the head is and how it is oriented.

The Eclipse computer collects the TV images from the HMO and the head

position and orientation data from the HMS, computes direction of gaze, and

sends it all to the HYPERchannel. The TV images are first processed to

generate eye position (angular) in the helmet reference frame. Then eye

position is 'added' to the head position and orientation to yield gaze angle

(in universal coordinates). Finally, the Eclipse send all of the cata and the

results of its computations to the HYPERchannel.

The HYPERchannel allows the transfer of data from the Eclipse
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minicomputer to the PDP-11/34 minicomputer. It is questionable whether this

piece of equipment has helped or hindered the development of the HMOS

facility.

The PDP-11/34 minicomputer is used for a variety of purposes in the HMOF.

The PDP-11/34 generates targets, drives the target display system, takes data

from the HYPERchannel adapter, and formats and stores the data on disk.

-.....

Software

This section of the report will cover the software that we either

developed or helped to develop. All of our programs were written on the PDP-

11/34. The Eclipse minicomputer was programmed by Honeywell and the

HYPERchannel was programmed by its manufacturer. In the course of the work at

the HMOF several programs were written for the 11/34. These programs were

written for a variety of purposes: target generation, target presentation,

data collection, error calculation, and demonstration. The programs were

written in FORTRAN and assembly language. Some of the programs were designed

to stand alone, while others were designed to fit into existing software.

I'll discuss the programs that stand alone first. .,
.9'..

DEMO

The demonstration program DEMO stands alone. It outputs a series of two

dimensional target waveforms to a target generator (in our case, either an x-y

scope or mirrors deflecting a laser beam). The targets presented are: a

horizontal sinusoid, horizontal parabolic sections, horizontal cubic sections,

circles, horizontal parabolic sections vs vertical sinusoids, and horizontal

cubic sections vs vertical sinusoids. DEMO is a static program. Each time it

is run, the same targets are presented at the same speed, and in the same

order. The ordering, speed, and targets presented are the responsibility of
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the FORTRAN part of the program. Acting on the ordering, speed, and target is

the responsibility of the assembly language part of the program. The assembly

langage subroutine accepts the number of ten thousands of a second between

target updates as an argument. The subroutine takes the target from a buffer

in a FORTRAN common block filled by the FORTRAN part of DEMO. As the FORTRAN

program has no interaction with the outside world, the program is static.

TARGET
w-

TARGET is a more dynamic stand alone program for horizontal target

generation and display. It allows the user to pick up to thirty targets for

display from a menu of five waveforms. In addition to waveform, the user also 

picks target frequency and duration. After the user's targets are displayed,

the program allow the user to specify a new set of target waveforms.

The five waveforms are generated and stored in buffers when the FORTRAN

part of TARGET is first started up. The program then asks the user to

generate a target by picking waveforms, frequencies, and durations. After the

target generation is finished, the target is displayed. The assembly language

display subroutines are different from the single display routine in DEMO.-.-
Whereas in DEMO the display routine's buffers had to be refilled with each

change in waveform, TARGET assigns one subroutine to each buffer, and has the

buffers prefilled. Thus, while DEMO has delays between output of waveforms,

TARGET displays waveforms continuously.

TARTTB

TARTTB is a flexible stand alone program for horizontal and vertical

target generation and display. It is similar to TARGET in that it allows the

user to specify the target, and it is similar to DEMO in that between displays

of the target waveform it has to refill the display buffers. TARTTB is the
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last of the stand alone programs.

SSCAN

SSCAN was designed to fit into the existing data collection program

COLECT (sic). COLECT is the program that run on the PDP-11/34 which is

responsible for collecting data from the HYPERchannel adapter, formatting it,

and storing it on disk. SS4AN allows the user of COLECT to read the analog to

digital (A/D) converters in the PDP-11/34. The user can select the number of -

A/D converter channels that are to be read.

MSE
-:_

MSE is a group of subroutines that fits into COLECT which computes and

displays a short term mean square error of the form

mse tTeL + e~ )dt C'-

where t is time, T is a period of time, e is elevation error, e is azimuth

error, and mse is mean square error. There are three parts to KSE: MSESET

which sets things up, MISER which computes mse, and MSEOUT which outputs the

mse.

HMOF Operation

-p.,S By far the most difficult part of using the HMOF is operating the lMOS.

The lIMOS operation proceedures are also the most difficult to describe. As a

good description of the operating proceedures for the HMOS part of HMOF has

'- been written by Dr. A. T. Bahill; they are included in Appendix B.
7-9
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III. lIMOS Evaluation

One of the most HMOS dependent developments in the virtual cockpit

concept is the generic switch. Basically, the generic switch is a single

switch on the stick that can represent any of a number of switches in the

cockpit. In use, the generic switch represents which ever switch the pilot is

currently looking at. The usefulness of the generic switch.is dependent upon

three HMOS parameters: resolution, drift, and noise. The resolution is the

minimum angular separation that the HMOS can distinguish. In terms of the

generic switch, this tells how far apart the switches the generic switch can

represent must be. Drift is a measure of how incorrect HMOS determination of

gaze can become over time. If the HMOS has a large drift, looking at a the

same cockpit switch may not mean the same thing after an hour (i.e. the pilot

looks at the radar switch, and the generic switch fires a rocket). Noise acts

to degrade 14OS resolution. If the resolution of the HMOS allows switches to

be separated by as little as three degrees of solid angle, but there is a

jitter of five degrees, the generic switch will represent unexpected things at

inconvenient times.

It turned out that we were unable to determine any of the aformentioned

parameters. Because the HMOF was unable to collect and store data for ninty-

nine percent of our time at WPAFB/AFAMRL-HEA, we collected approximately ten

seconds of usable data. This allowed us to determine only one 1MOS operating . . -

parameter; the noise in the HMOF system. This noise is large. Calculations

based on the raw gaze angle data (see figure 1) yield mean square errors of

2
32.08 deg . When the data is filtered (as in figure 2) mean square error is

27.01 deg2. Of our own experience in the Neurological Control Systems

Laboratory (NCSL) at Carnegie-Mellon University in Pittsburgh, we know that

people are capable of tracking with mean squared errors of less than 0.2 deg2.
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IV. Experiments Performed With HMOF.

As mentioned in the previous section, during 99% of the time we had at

the HMOF we were unable to collect and store data. This severely cramped our

style. We have ten seconds of usable data. This data needed to be processed

a great deal to become usable (as figures 1 and 2, data before and after

filtering, attest).

The filtering was done in two stages. The first stage of the filtering

was performed when the data was transformed from the HMOF format to NCSL

format. During the conversion, any data that passed a size threshold was

dealt with by inserting in its place the value of the previous data point.

The filtering was completed by running a simple digital lowpass filter over

the NCSL format data.

Analysis of the data was performed using the Carnegie-Mellon University

NCSL analysis programs ANA and SPA. ANA provided the graphic output of

figures 1 and 2, and SPA provided the mean squared error numbers.

V. Summary and Conclusions

There is not a whole lot that we can say about the capabilities of the

HMOF or the results of our head and eye coordination experiments. The HMOF's -

inoperability made it impossible to get data with which to work. In the the

last four hours at HMOF we were able to get ten seconds of usable data. Even .7

so, this snippet of data shows some of the possibilities inherent in a Helmet

Mounted Occulometer Facility. As far as we know, there is no other facility

where gaze can be monitored with as free a head with the types of targets

we've used.
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4Appendix A
Seminars of Dr. A. Terry Bahill'-

ALL YOU EVER WANTED TO KNOW ABOUT EYE
MOVEMENTS BUT WERE AFRAID TO ASK

by

I.a Terry Bahill
Associate Professor of Electrical

and Biomedical Engineering
Carnegie-Mellon University

Building 33 Vault - 1330-1445

THURSDAY, JUNE 24, 1982 A general discussion of the saccadic, smooth
FOUR TYPES OF EYE MOVEMENTS pursuit, vergence and vestibulo-ocular eye move-

ment control systems. We will discuss anatomi-
cal, dynamic and behavioral differences and
the interactions between these systems.

TUESDAY, JULY 6, 1982 A lecture based on the Scientific American paper

THE SACCADIC EYE MOVEMENT SYSTEM by Bahill & Stark, January 1979.

Two tools, the main sequence diagrams and the
reciprocal innvervation model, will be used to
explain the origin of dynamic overshoot, glis-
sades, overlapping sacCades and the curvature of
oblique saccades.

THURSDAY, JULY 8, 1982 This exciting lecture will show that the human
can overcome an inherent time delay and track

ZERO-LATENCY TRACKING OF PRE targets with no latency. An engineering model
TBLE TUMARGEOTH W RST YE is developed that can do the same. Tracking of

THE HUMAN SMOOTH PURSUIT EYE baseball players will also be shown.
MOVEMENT SYSTEM "'

THURSDAY, JULY 15, 1982 A human with a head rest and bite bar can track a

HEAD AND EYE MOVEMENTS WHILE target with a mean square error (mse) of 0.05

WALKING degt. As more freedom of movement is gixen to
the subject the mse increases to 0.5 deg4 for a
subject standing with free head, and to 1.0 deg

2

for a subject who is walking.

THURSDAY, JULY 22, 1982 This mathematical lecture will show the fre-

ADVANTAGES AND LIMITATIONS OF THE quency limitations of this algorithm and it will

TWO-POINT CENTRAL DIFFERENCE DERI- show how noise and accuracy of the data in-

VATIVE ALGORITHM fluence the choice of the optimal sampling rate.

* PLEASE RESERVE SPACE EARLY - CALL DR. KENNETH BOFF ON EXT. 54820/54693 ,o
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Appendix B

The HMOS Aids of Dr. A. Terry Bahill

HMOS OPERATING PROCEDURES

by A. Terry Bahill

July 1982

Based on Sections 4.2 to 4.4, Volume III of Honeywell's HMOS system manual

4.2 Power-Up

1. Turn on circuit breakers #3 and #30 on Circuit Panel CPPrl.

2. Turn on power to instruments. There are 4 power switches: the CRT, the
Eclipse, the Link tape, and the Electrohome panel (the Remote Electronics PWR
switch and the Remote Electronics Breaker that turn the lamp on will be dis-
cussed later).

3. Mount the Linc Tape on the tape drive. Thread the tape through the tape
head and put on adjacent spindle. Alternate between LOAD and REWIND positions
on switch so that the tape load mark (the one-inch long silver strip) is to
the right of the tape head. You may have to press the LOAD switch momentarily
so that the tape is tensioned.

4. On the Eclipse front panel, depress the left most switch to the STOP posi-
tion then raise to the RESET position. Set switches 10, 11, 12, and 13 to up
pcsition. Momentarily raise PR LOAD switch. After a short time delay, the
computer will type -EXEC? on the CRT. If computer power has just been turned
on, press Alpha lock key on CRT terminal. Now tell the computer which program
you want to run, e.g. "HMOS", "TERRY", or "JEFF" as shown in the following
line. Underlined items are things you type. Your response should be followed
by a carriage return (CR).

EXEC? iN0S (CR)

When the tape stops spinning, you will be talking to the debugger. In many of
the following examples you will be asked to press the ESC key on the CRT ter-
minal. This key will be indicated as (ESC). Set the computer to decimal mode
by typing:

(ESC)N 00000 1 (CR)
or, dpending upon the computer's mode, perhaps 9(ESC)N +1.l C).~

Set lamp brightness with

EGR4+22/-xxx.-yyy. (CR) .-4

where -xxx. represents the old brightness level and -yyy. represents the new
brightness level. The brightest possible value is -512. and the dimmest pos-
sible value is -0. A good range is -100. to -150.

7-15

"-; ;i -2"'- ~~~~.. ......."........... ..'2 .°i.. -2.... " . . i -



777.77.-.7... ... I

Raise switches 0, 1, and 14 on the Eclipse front panel to their up positions,
(lower switches 10, 11, 12, and 13 if they are still up). Start software with

RUN(ESC)R

(The first time you start the program HMOS you will have to type ZZZZ(ESC)R
rather than RUN(ESC)R.)

You may verify that the software is working by observing that the ION light on
the Eclipse is ON and that the tracking bars on the video screen are at the
bottom and at the right side.

Turn on Remote Electronics breaker on video monitor panel. Push Remote Elec-
tronics PWR button to turn on lamp power. (If you did something wrong, the
red overbrightness LED on the back of the HMOS control box may be on and it
may be necessary to reset the adjacent circuit breaker.)

If at any time you wish to interrupt the program and get back to the debugger
(BIDEB), raise, then lower switch 15 on the Eclipse. For example, to change
bulb brightness, raise, then lower switch 15 and type

EGR4+22/-xxx.-yyy. (CR)

where -xxx. is the old brightness and -yyy. is the new brightness. Then type

RUN(ESC)R

4.4.1 Linearization

To determine the size and shape of each subject's eye, run the linearization
program that collects data from 51 fixation points. Raise switch 12 on the
Eclipse. The computer will tell you where the subject or artificial eye
should be looking in terms of the coordinates described in the figure in
Appendix D.

When the "eye" is at the correct location and the video monitor shows that it
is locked on, raise switch 8. The machine will now take data. After 5 or 10
seconds check to see if it has taken enough data by lowering switch 8. If it
is happy, it will now ask for the eye to be aimed at the next point, otherwise
it will say nothing and you should return switch 8 to the raised position. If
after 30 seconds of data taking, it still has not received a preset number of
successive good fields of data it will give up, label the point BAD, and in- 11
struct you to proceed to the next point. If the computer will not give up,
then you should move the eye slightly until tracking gate bars become station-
ary. At the end of the first pass, the computer will initiate a second pass
where it tries to get data for all of the BAD points. The computer will ask
you to aim the eye at the designated point; when this is completed, raise
switch 8 as before. When it is through, it will rapidly list out a bunch of
numbers.
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To speed up the linearization data collection, you may want to force it to
accept noisy data, by reducing the number of times the fixation data is aver-
aged and by increasing the maximum acceptable variance. To accomplish this,
enter the debugger, and type

FIXTST+441/+10. 3. (CR)

VARLMT+4/+I000. 32700. (CR)

VARLMT+5/+9000. 32700 (CR)

(Caution: Turning on the oscilloscope [or some other piece of equipment] may
cause the program to quit.)

4.4.2 Calibration

Linearization is done only once for each subject. Calibration is done at the
start of each run for each subject. To collect the calibration data, raise
switch 13 and follow the computer's directions. Calibration only uses 7 fixa-
tion points and there is no second pass - if you blow a single point, do the
entire calibration over again.
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Creating a Version of HMOS Containing Linearization Data
by A. Terry Bahill

July 1982

1. To make room on the tape, you will probably have to delete some file using

RUBOUT, SQUASH and TAPES.

2. Run HMOS and collect linearization data. C&

3. Enter debugger by momentarily raising switch 15 on Eclipse switch
register.

4. On Eclipse front panel momentarily depress switch to STOP position, then
momentarily raise it to RESET position. Set switches to 077377 and push L
"START" switch. LTOS should now be running, check to verify that LTOS prompt
(EXEC?) is written on the TTY.

5. Put core image of HMOS into temporary file as follows:

EXEC-? SAVE
FilenameTEMP, .
Addresses -T-7377, 44751

The above numbers represent the starting address and ending address of memory
and the starting address of the program. This process takes approximately 3
minutes.

6. Run the program TAPES

7. Mak room on the tape by running RUBOUT, SQUASH and TAPES.

8. Run QSAVE as shown below.

EXEC-? QSAVE
Input fiT- TEMP
Output file: -AIEYE, 0

This process takes approximately 10 minutes.

9. Run TAPES. .

10. RUBOUT TEMP. Run the programs SQUASH and TAPES

11. The file ARTEYE can now be run just like HMOS. It contains linearization
data.

12. If the file is valuable, you should make a backup copy using MOVER.
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Collecting Data

by A. Terry Bahill

August 1982

1. Turn off room lights.

2. Turn on HMS power supplies (on the rear table).

3. Turn on POP 11/34 computer and boot it.

4. Turn on Network Adapter (on the table) by pushing PWR switch on front
panel.

5. Clear Network Adapter by pushing red M.C. button behind locked door on
rear panel.

6. Have subject don helmet and sit in seat.

7. Turn on HMS (switch is on small 4x4x2 inch box).

8. Turn on circuit breaker #4 if laser is to be used. Do not let laser
beam shine in your eyes.

9. Turn on HMOS equipment and run HMOS software as described on previous

pages (keep switches 0, 1 and 14 up).

10. Run 7-point calibration routine.

11. Run collect program on 11/34. (Type RUN COLECT.)

12. Lower switch 1 on Eclipse front panel.

13. Lower switch 0 on Eclipse.
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HMOS PROGRAMS AND OPTIONS

* Debugger (15)

HMOS
(44751)calibrate (13)

Main Pogramlinearize (12)Mai Prgrm dis play (5)
4 numbers (11)

MOVER

,,,ATTACH
LTOS 5 COPY
starting DM
ad dress -DUPT A P
77377, MULTI 44jjii FILES
prompt LIST
character RENAME
"EXEC?". TPES

SQUASH

QSAVE

RUBOUT

SAVE
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1 to 244
[TV lines

yp yc

multiply by 64 to
increase resolution

YP - YC = YREL fscaled direction
.cosine (0 to 32768)

APPCAL
[A]

CYO .t true direction cosine
(-ffloating point (+1.0)

.,..
divide by 0.171
to enter matrix

APPLIN
[LYR] -

multiply by 32768

to convert to integer

OTY---.fscaled directionOUTY cosine (0 to 32768)

coordinate divide by64
transformation to convert to 10 bits

Gz  ECY --- 10 bit integers
for DACs
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Appendix C

A History Of HMOF From June 1982 To September 1982

by J. S. Kallman

How do you solve a problem involving multiple computer interactions when

you aren't familiar with two of the three computers comprising the system?

With great difficulty. With ten weeks of great difficulty..

Step 1: Learn about the computers.
Step 2: Learn about the software running on the computers.
Step 3: Deduce the problem from data provided by altering software.

Debugging operations started with the Eclipse computer. The Eclipse

refused to take a complete set of human linearization data. It was hoped that

an artificial eye could be used to successfully model what the HMO wanted to

see in a human eye (bright pupil and corneal reflex). This didn't work

immediately. We though that perhaps the 'retina' of the artificial eye might

be either reflecting too much light, or not enough light. We colored retinas,

for a time, in search of a color that more closely approximated what the HM0

was looking for. We never found such a color. Finally, knowing that the HMO

wanted a bright pupil, we put a light bulb behind an artificial eye with a

clear retina. By varying the voltage going to the eye, we could control the

brightness of the pupil. We were able to make this work, and managed to get

linearization tables. Soon thereafter we were able to obtain human

linearization data. This was accomplished by turning down the room lights and

moving the helmet to a new position on the human head. We then determined

that human data yielded better HNOS responses with human linearization than

with artificial eye linearization (no real surprize there). This shot down

our hopes of being able to linearite an artificial eye and use that for

everyone rather than putting all of our subjects through the linearization

proceedure (a long, boring, and painful experience).
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At this point we were ready to try sending data to the PDP-11/34 via the

HYPERchannel. This yielded no results what so ever. The COLECT program would

stop recording data for no apparent reason, the Eclipse computer would stop

running the HHOS program for no apparent reason, and the whole system was

fouled up. For no apparent reason. We got nowhere with resolving these

problems until we made a small addition to the COLECT main program. This

addition was a typical programmer's trick: add a print statement (in our case

a bell ring). We set the program up to ring a bell each time it had received

sixty pieces of data. This yielded some bizarre results. When the HMS data

was 'adred' to the HMO data, the system stopped dead after thirteen bells.

When the H1S data wasn't 'added', the system stopped after thirteen bells,

waited for a few seconds, and then restarted. Sometimes. Occasionally, the

system died after only one or two bells. Every once in a while it wouldn't

start at all.

After chasing bugs from the Eclipse to the 11/34 and back to the Eclipse, ..V,

we determined that the Eclipse stack pointer had two words left behind on the

stack after each data delivery. The stack was long enough to last for

thirteen second. In addition we found that if HMS data is to be added to HMO

data, the Eclipse cannot recover from a stack overflow, while if HMS data is

not added, the Eclipse can recover. At this point we thought we had it

licked. All we had to do was find a bad stack recovery. We found it and

fixed it, but there was very little effect. The system still died after

thirteen bells.

Two weeks were spent trying to get the system to work with little effect
-- 4-

except a certainty that the problem was now resident in the 11/34. This was

determined by inserting a HYPERchannel restart mechanism into the COLECT

program. Once the system was started, the Eclipse put out data and didn't
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stop. If the bells stopped, the HYPERchannel restart would get them going

again. Unfortunately, the HYPERchannel was a sealed black box to us, so we

couldn't attack it and see what gave.

In a fit of desperation, we decided to go over the software and manuals 2.

one last time. This is when we noticed that the COLECT program was

instructing the HYPERchannel adapter to send data in burst mode. Burst mode

allows the HYPERchannel adapter to grab hold of the PDP-11/34 UNIBUS and send

a burst of data without being interrupted. Reading the HYPERchannel adapter

manuals indicated that the burst length (the number of words sent per burst)

was set by hardware switches. Looking at the HYPERchannel adapter card in the

PDP-11/34 indicated that data was being sent and received in fourteen word

bursts. Now, the Eclipse sends 32 words to the HYPERchannel adapter. If the

HYPERchannel adapter wants to send them to the PDP-11/34 fourteen at a time,

it's going to run into trouble on the third burst. We decided to pull out the

HYPERchannel board in the 11/34 and switch select a burst length of eight

words. The system worked. Or at least it seemed to work.

At this point we were forced to deal with a new and different type of

problem. The bulb that supplied the infrared light used in the HMO blew out.

Replacing this bulb turned out to be a difficult proposition because it was

epoxyed into a special bulb holder, only one such bulb holder exists at the

HMOF, and to replace the bulb you have to get a special solvent to eat the old

epoxy so you can epoxy a new bulb into place. In addition we had to use a

special epoxy. Getting the materials and replacing the bulb in the special

fixture took two weeks. Fortunatly, the bulb had blown two weeks before we

thought of the burst length fix.

At this point we tried to put it all together. We put a subject in the

helmet, set the targets going were all set to take data, and didn't get any.
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The system was completely intolerant of human data. We put the helmet on the

artificial eye stand and tried to figure out what was wrong.

The next day the bulb blew. This was a particularly bad time for this to

happen, as it takes a minimum of 48 hours to replace a bulb, and we were

running out of time. In addition, the debugging was made more difficult

because we didn't have real data to send over the HYPERchannel adapter.

On Wednesday of our last week at the HMOF we were once again prepared to

try to take data. We started the system on the artificial eye, and within ten

seconds, the bulb blew. We were in the ridiculous position of having ten

weeks of work go down the tubes because some 50 cent light bulbs wouldn't

last. It was too late to expoxy up a new bulb. We were at the end of our

collective ropes. So what did we do? We performed several experiments in the

following manner: The subject sat in the target presentation chair holding a

bulb into the HMO with one hand and holding the HMS switch in the other hand.

The 11/34 operator sat at the 11/34 console. The Eclipse operator sat at the

Eclipse front panel. The Eclipse operator guided the subject in the placement

of the HMO bulb. When the bulb was in an acceptable position, the Eclipse

operator guided the subject through a calibration. Then the 11/34 operator

started the target and data collection program. When the 11/34 was ready, the

Eclipse operator opened the data passing gate and the data collection began.

At several times during the data collection the HMOS would go into a "sight

death" mode, at which time the Eclipse operator flipped two front panel

switches and instructed the subject to hit the sight switch. The other major

stoppage to data collection was the 11/34 death mode which was corrected by

hitting a HYPERchannel init from the 11/34. Ii
We filled up a computer disk with data. Upon analyzing the data at

Carnegie-Mellon University we found that only ten seconds were valid and

usable.
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'I FEASIBILITY OF COMPUTER GRAPHICS AS AN AID

TO AIRCRAFT BATTLE DAMAGE ASSESSMENT

by

':. M. Gene Bailey

ABSTRACT

The rapid and technically accurate assessment of the battle damage an

aircraft has sustained is vital if our limited personnel and spare

resources are to be used efficiently and effectively in a combat

environment. Obviously, the capability to return damaged aircraft to a

mission ready status has force multiplier implications. Rapid and

acrjrate assessment is the first and perhaps the toughest aspect of the

battle danii ac repair process.

The effort dissussed in this paper was designed to determine the

feasibility of developing a computer-based, portable graphics device to

aid in the assessment of aircraft battle damage. Suggestions for future

research are offered.
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I. INTRODUCTION

The rapid and technically accurate assessment of the battle damage an

aircraft has sustained is vital if the limited personnel and spares

resources available to repair the aircraft are to be used efficiently and

effectively in a combat environment. Obviously, the capability to return

damaged aircraft to a mission ready status has force multiplier

implications. Rapid and accurate assessment is the first and perhaps

toughest aspect of the battle damage repair process. Given the level of

maintenance experience currently available in active duty maintenance

units, it is extremely doubtful that sufficient personnel with adequate

knowledge of all technical aspects of the assigned aircraft will be

available. It is believed that a computer-based aid can be developed

that will provide the technical information required to quickly and

accurately assess battle damage. Such an aid would significantly

increase the assessment capability of the maintenance personnel by

providing them with rapid access to the information on the aircraft's

-' systems and structures required to accurately and rapidly assess battle

damage. The use of such an aid would reduce the need to rely on the

technicians' knowledge and experience and would make it possible for less

experienced personnel to accurately assess battle damage.

The Air Force Human Resources Laboratory (AFHRL), Logistics and

Technical Training Division, has proposed development of a computer

graphics based aircraft battle damage assessment system that would be

ruggedized and would be portable to the extent that it could be used at

the fllghtline. The system would have to be one that could be updated as

aircraft undergo continual modification. Because of the increased

pressure of the hostile environment induced by combat activities, the

system would have to be very user-friendly, e.g., touch panels, voice

recognition, simple commands, etc.
The primary objective of the system would be to rapidly provide the

mechanic with the information required to allow him to determine quickly

the nature of damage incurred, what repairs are required, and which

damaged aircraft could be more expediently repaired and returned to full
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or partial mission capability. In most cases, panels must be removed

before an accurate assessment of damage can be made. By eliminating the ,r.

need to remove most of the panels, computer graphics could reduce

significantly the time required in making these assessments and thus -

enhance the capability to quickly assess damage. Ideally, the mechanic

would be able to request a graphic display of a particular section. The

computer would then "peel away" successive layers of the aircraft

revealing the components behind the section. This would allow the

technician to identify which systems maysbe affected so that operational

checks of those systems may be conducted. Also, he would be able to

determine if critical structural members are located in the damaged area

and if closer examination (by removing the panel) is required. With

additional information such as the type and angle of entry of the

projectile, the computer could predict the possible path and tell the

assessor which sections of the aircraft should be examined.

Such a system would allow the assessor to make decisions based upon

more technical information. This would improve the probability of

getting quick and accurate assessments. It would also allow the mechanic

to rapidly locate required Information and, in some cases, it would

provide Information not available from any other source. At present, the

technician must search through a number of technical orders to find the -

required information. Also, some information is either not present in

the technical data or is present in an inconvenient form. For example,.:...-

there are diagrams showing where wiring is located, and diagrams showing

where hydraulics are located, but there are no drawings showing them both

together. 4.

II. OBJECTIVE

The primary objective was to evaluate the state-of-the-art of

computer graphics to see if current or near-term technology would support

the development of a portable computer graphics battle damage assessment

aid.
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111. APPROACH

A three-step approach was taken to accomplish the above objective.

The first step was to review the current literature to assess the

research involving the use of computer graphics in aircraft design and

battle damage. The second was to seek information relative to the

feasibility of developing the system from the appropriate experts in both

Industry and academia. The last step was to attend the SIGGRAPH (Special

Interest Group In Computer Graphics) conference, 26-30 July, in Boston.

The purpose was to meet with vendors and to observe presentations of the

most current research in computer graphics.

IV. FINDINGS

Industry has been using computer graphics to aid in the design of

aircraft since the mld-1960's. Lockheed's CADAM and McDonnell-Douglas'

CADD are among the best of the computer-aided design systems that have

evolved from this early effort. Boeing, Hughes, and Rockwell

International have also made extensive use of computer graphics in the

design of aircraft. Engineering design areas have benefitted the most by

a more accurate analysis through computerized structural definition and

fewer design and manufacturing changes made possible by the use of CAD.

The graphics of the design systems consist principally of wire-frame

drawings rather than 3-dimensional solids. The software and firmware

which permit dynamic rotations of wire-frame figures In any plane are

standard features on computer augmented design systems. Engineers have

thus been able to design, using computer graphics, many of the complex

systems (electrical, hydraulic, etc.) found in an aircraft. In most

instances, these are designed as separate and distinct systems. I
Some integration, however, of the different systems found in an

aircraft have been made. John Zadarnowski demonstrates in his paper (1)

an integration of the environmental control system, fuel-control system,

electrical, fuel, flight-control, and hydraulic installations with the

aircraft structure in predetermined system zones using 3-D CADD. In
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particular, illustrations of the gun-bay door and an F-18 wing-leading
edge both drawn with the 3-D CADD are given. The drawings have a
"Peel-away" effect similar to that desired by the Air Force for the
proposed battle damage assessment aid.

In general, the use of computer graphics by industry has been for

rather specialized purposes. Many different systems of the aircraft have
been designed and analyzed using computer-aided design, but very little

integration of systems has occurred. Very little research into battle
damage assessment has been done using computer graphics, though some

non-graphics use of computer aid has been done. In particular, the
LOGMOD system being developed by the DETEX Corporation in California,
will use a microcomputer to assist technicians in identifying systems
which may have been affected by battle damage. Given that a bundle of
wires is damaged, the system will be used to identify which of the
aircraft systems may be affected.

Several of the leading software and hardware companies were contacted

for their evaluation of the project and their products in relation to
it. The following questions were asked of each:

(1) If the technology does exist, can the system be made portable
and ruggedized or must it be relegated to shop maintenance efforts?

* . (2) Is color necessary?
(3) What kind of display resolution would be required?

(4) Is 3-D essential (i.e., is it essential to be able to rotate in
all planes)?

(5) Can the displays be represented with wire-frame figures, or

would solids be required?
(6) How flexible must the interface bewteen the system and the user

be?
(7) How complicated would construction of the database be?

(8) Would a raster or stroke system be better?
(9) *Would it be possible to integrate the Automated Tech Order

System (ATOS) with a battle damage system?
(10) Should different levels of detail be available for the different

levels of experience at the flightllne?
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(11) Is a "pure digital graphics" system necessary or would one with

a video mix suffice?
The first question received a negative reply from all of the companies

surveyed. All indicated that it would be possible to have the terminals

operating from a van-like environment much like those used in the fields

of health-care and in oil exploration. They indicated that though the

development of a portable device is not possible in the -current

state-of-the-art, it should be possible in the near future. At the

present, the main problem lies with the communications link between the

terminal and the host computer.

The high data transmission speed required for computer graphics

displays of any complexity is only possible with direct lines to the
* host. The highest of the current baud rates will not support this

required speed. Industry is researching this problem and, as a result,

has developed the technology for allowing "smart" terminals to do some of.-

the processing locally. These are terminals that have either hardware or

firmware ability to perform certain computations and data manipulations

within the terminal and without the aid of the host computer. Technology

is progressing rapidly-in developing powerful microcomputer systems that

could eventually eliminate the need for such a host system.
S' Ruggedization for the eventualities of a hostile environment would

require a video display device more durable than the standard CRT. One

suggestion made was to consider the use of flat panels, such as plasma

panels, which have a better reputation for durability. Though the plasma -

panels have enjoyed popularity through application on the PLATO system at

Illinois, they have not been part of the mainstream for the past few

years. This is primarily an economic issue as the CRT has decreased

greatly in cost. The use of plasma panels would mean that color would

not be possible. However, the standard CRT is not a practical

consideration for a combat environment. Other flat panel display

technologies, such as electroluminescence displays, have promise but are

not fully developed at this time.I
Most of the companies indicated that the question of color was

probably one that should be addressed by the Human Resources Laboratory
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(HRL). All felt, though, that color would enhance comprehension. One

comment made was that the use of color may not be realistic in that the

actual parts of an aircraft (except for very specialized components such

as emergency equipment) are usually drab.

The use of three-dimensional representations, at least in perspective,

is a must (certainly at the database or modelling level, not the physical

level, e.g., stereoscopic). Whether the technician would have the

ability to view portions of the aircraft from any vantage point, i.e.,

rotating an image in all planes, is a human factors problem which will

have to be resolved. It is important to note, however, that hidden line

elimination (which allows an object to appear to be a 3-dimensional

"solid") with dynamic viewing is extremely expensive in terms of memory

and CPU time.
Much research is currently being performed in the area of surface

modelling and 3-dimensional solid representations. The methods used

involve a great deal of "number crunching" which requires a powerful CPU

and a lot of CPU time. The time taken to complete a solid can be

considerable, ranging from minutes to hours depending upon the complexity

of the drawing. Ideally, solids would be best to use as the mechanic

would actually "see" cross-sections as if he were looking at a

photograph. However, the time presently required to generate solid

representations would not be acceptable for operational use as a battle

damage assessment aid. Thus, a tradeoff must be made between increased

comprehension and expense and time. A possible solution would be to use

a mixture of wire frame and solids.

The graphics system should be as user-friendly as possible, i.e., a

minimal amount of training should be required to use it. The interface

should be very flexible allowing for both voice recognition and touch

panel. MIT has done a great deal of research using graphics and voice

recognition and presented a video tape of this research at the 1982

SIGGRAPH conference in Boston. Keyboards have proven not to be

user-friendly and their use in a hostile environment would increase even

further the frustration of the operator (in this case, the battle damage

assessor).
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The construction of the database and its eventual management is

probably singularly the most difficult task of the project. Without

exception every organization expressed a great deal of concern about it.

No aircraft has been completely "computerized", i.e., completely designed

using computer graphics, though the aircraft industry indicated

long-range goals to accomplish this. One representative commented that

construction of the database for a battle damage assessment aid and its

corresponding management system would essentially mean re-engineering the

aircraft.

The type of system, raster or stroke or a mix, is an important issue

because of physical as well as the human factors problems. For example,

dynamic movements can be achieved much easier with stroke systems than

with raster. Also, the use of solids is impractical on a stroke system.

Depending on the complexity or detail required in the visual image, one

system will be better than the other. The ultimate decision as to the

type of display device to be used will, of course, be made by the

supplier, but that decision will rest on a number of issues, such as

those listed above, which still need to be resolved.

An integration of the Automated Tech Order System (ATOS) with the

battle damage system would be feasible. Actually, once an aircraft has

been "computerized", the system to do BOTH could be constructed and no

integration would be necessary. ATOS is still in the development stage.

The companies were also asked to comment on the possibility of

building an aircraft battle damage assessment system which integrates

existing CAD graphics for systems such as hydraulic, electrical,

structural, avionics, etc. One company, McDonnell-Douglas, indicated

that they could integrate the systems that they had already computerized.

However, the task of actually relating the drawings in the different

systems would be a major one.

Although it adds to the complexity of the database management system,

supplying different levels of information is a must. The responsibility

for determining the actual necessity of providing this ability lies with

the user. However, the manufacturers and software houses agreed that the

concept is a necessary one.
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Two of those interviewed indicated that a video disk might be a

feasible alternative. An advantage to such a system would be that a

mechanic would see an actual photograph of a Lross-section of the

aircraft rather than a computer drawing. A second advantage is found in

the "minimal storage" concept of video disks, e.g., it is possible to

store 55,000 full-screen images on a disk.

The principle disadvantage is in the inflexibility of the recording

media. It is impossible (at this stage) to update the contents of a

video disk. It is possible to do a form of updating by leaving blank

spaces which could be written on at a latter time. However, this is not

practical as updating would require the disks to be returned to a central

location and saturation would eventually occur. The actual task Qf

dissecting an aircraft to photograph the different components as they

would appear installed is itself an expensive and difficult one.

Modifications in the aircraft would necessitate future dissections in

order to update the information. This problem could be solved by using

drawings instead of actual photographs. Distributing current disks would -: :2-

be a major problem.

V. DISCUSSION

The state-of-the-art of computer graphics design indicates that it is

feasible at this time to construct a version of an aircraft battle damage

assessment system that would not be portable. It would be possible to

develop a portable display device to present battle damage information.

However, it would be dependepent upon and connected to a host computer

(perhaps located in a van). The particular computer-aided system to be

used needs further study. The video disk technology is advancing rapidly

and will probably eventually allow updating the disks. Thus, it may be

too early to completely disregard its possible use in ABDR. It would be

advisable, too, to stay abreast of the use of video disks by the Navy.

TERAK Corporation has just developed a package for Annapolis to be used

in training cadets that uses video disk. The system is a high .-
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resolution, touch panel, 64-color video graphics system that is totally

interactive and user-friendly.

Although some information was gained in this study, there are several

human factors issues which must be examined in more detail before a

prototype can be developed.

(1) How important is color as an aid in comprehension? Could its

use be actually.,more confusing?

(2) How important is hidden-line elimination? Are solids really

necessary? Can approximate representations of components be used rather

than exact drawings? How high should the resolution be?

(3) Is it essential that a technician be able to view sections of

the aircraft from all possible vantage points?

(4) How much detail is required in each cross-section?

(5) What kind of user interface is best suited to a hostile
environment? Is voice recognition required? i

The answers to these questions bear greatly on the complexity of the

database and its corresponding management system. They may also determine

the physical representation of the system. For example, color would

preclude the use of plasma panels. Voice recognition and computer --

graphics is just in its infancy stage and would require considerable more

research in order to be used in ABDR. Once these questions have been

satisfactorily answered, a proposal could be made to develop a prototype

for a graphics system.

VI. RECOMMENDATIONS

The "state-of-the art" indicates that the technology exists to

develop a computer graphics aid to battle damage assessment. The Air

Force should develop a system with the available technology even though

the system may not meet all of the software and hardware constraints.

For example, the system may have to be located in a van or a shop and

perhaps limit its scope to one section of one particular aircraft. As
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more familiarity with the data and the database is obtained, the system

could be expanded to include other sections. This prototype could be

used to test the human factors constraints listed previously. As

hardware and software technology progress, the physical components could

be reduced and ruggedized to the portable requirements of the

flightline. A second alternative would be to develop a video disk

system. The state-of-the-art in video disk technology will more readily

support the development of a small portable system.
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EFFECTS OF MAGNETIC SHEAR ON LOWER HYBRID WAVES

IN THE SUPRAURORAL REGION

by

,. -.-' -

Pradip M. 
. ..

h

tigated. It is shown that due to non-local effects, even a

small shear can lead to a significant reduction of their growth

rate. These results are of importance in the context of the

recently proposed mechanism of lower hybrid acceleration and

ion evolution in the suprauraral region. The nan-local effects

of magnetic shear are moderated if the width of the current

sheet is not sufficiently large, and then the local growth

rates are recovered.

9-2

*. . 2 .- ....



I. INTRODUCTION

It has recently been shown that ions can be accelerated

perpendicularly to the magnetic field by resonant interactions

with current-driven lower hybrid modes. This accelerated por-

tion of the ions of ionospheric origin in the suprauroral region

of the magnetosphere can evolve into conic distributions and

propagate upwards along the magnetic field lines. These ions

can reach the region where they canbe strongly energized along

the field lines by the electrostatic shocks, and it has been

argued that the ion distribution resulting from the combination

of these accelerated ions with the background ions can depart

significantly from a thermal distribution, leading to the exci-

tation of electrostatic ion cyclotron modes. This provides a

plausible explanation of the simultaneous observation of the

electrostatic ion cyclotron modes with the key ion distributions

in the suprauroral region.

Since the driving current also produces a magnetic shear,

which generally exerts a stabilizing influence, it is quite

important to investigate whether the lower hybrid mode remains

unstable in spite of the influence of shear. The magnitude of

shear is generally quite small, and it may seem reasonable to

2,3
ignore it altogether. However, as we have shown earlier in

the context of the current-driven ion cyclotron instability,

even a small shear due to non-local effects can sometimes pro-

duce a very significant reduction in the growth rate of an

instability, and even stabilize it over a range of parameters.

9-3
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The study of ionospheric instabilities has been an impor-

tant area of research at the Air Force Geophysics Laboratory and

2,3
the present author's background and recent contributions in

related areas as mentioned above led to the selection of objec-

tives described in the next section.

t a.-,

II. OBJECTIVES

The main objective of this project is to investigate the

effects of magnetic shear on the current-driven lower hybrid

modes. The field aligned currents generate the shear and we

would like to determine whether it can, through non-local

o2,3effects of the type studied earlier in another context lead

to a reduction of growth rate and stabilization for some range

of parameters. A complete treatment of the electrostatic modes

dispersion relation would require an extended effort; due to

the limited duration of this project only the classical lower

hybrid mode dispersion relation will be analyzed here. Various

extensions and generalizations are proposed in the last section

of this report as future objectives.

Our specific objectives, then, were:

a. To formulate the non-local treatment of the lower

hybrid mode, taking into consideration the magnetic shear.

b. To obtain the modified dispersion relation and to note

its implications; in particular, to determine whether a signif-

icant reduction in growth rate takes place.

9-4
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•4. c. To examine the effects of the finite width of the

current layer; this could moderate the non-local results due

to shear.

d. Finally, to point out the limitations of the treatment

adopted and to specify the approaches needed to go beyond the

present level of description.

III. FORMULATION OF THE SHEAR PROBLEM

For electrostatic waves, the dispersion relation for the %

current-driven lower hybrid mode is given by1 '4

f2pii+ k2I  f2 nb f2,,--":'+ I pe 1  pe z (f  kVeb)

f2 k2  f 2  no k2 Vb kilVtb

where the wave frequency f obeys the condition fci 4( f < fe

fci and fce being the cyclotron frequencies; k0(k1 ; kLre<l,.

re being the electron Larmor radius; f >> k,|Veo, f >>k Vio ,

where Veo and Vio are the thermal velocities of the ambient ions

and electrons; fpi and fpe are the respective plasma frequencies,
-4-

nb the beam density, no the ambient density, Vtb indicates the

thermal spread of the beam around the beam velocity Veb, and we

have assumed f ce < f2 . The real part of the plasma diaper-

sion function Z is not significant in relation to the other

terms when the beam density is small compared to the ambient

density and the ambient thermal velocity is small compared to

the beam thermal velocity.

9-5
L44

• .o., .' o . 4, . . . . 4...... ,,............ - .... .. •... . - .' °.4 .;.""2 "." "".''- '" ." ;-." ' -',."".''. .'..''.. "-4 ' , % .. .'.'..°. "- . . * *"-'," " . '-" . .-". ' "-' " -"-" ' ' "



v w-. F w

The solution of the local dispersion relation (1) is given

by

2 2 2 2
~r = pi + k 1 k pe'(2

and, assuming the growth rate g < f ,we find
r

g f ~r"' (n b/no) (f1 /kV tb ) ye (3)

where

y =u -(f/klVt(4)

u = (V eb/V tb)

The non-local formulation is achieved2 b' ntoucn

Mi k1  k k(xIL ), where x is the distance measured perpendic-

ular to the current sheet and L is the shear length, and
2 d

(ii) k ~ which converts (1) into a differential
x d

equation. The magnetic field is along the z direction and

k + k k A The resulting differential-L y x y
equation can be written in terms of the angle a =x/L 5  Sx in

the form

2d2[(r .S) ;a2 + Q(f,a)]F =0 ,(6)

2 2Q =-(r k) (I + Aa + ip(a)]
l y

2 2 -1A 1 1+M (1 fIf.P)-

pi

9-6



where M is the ion to electron mass ratio, and g, fr are as in

(2) and (3) with k2  2 +~ k.I2 - k2(1 + a2). The local disper-
k; o y

sion relation is recovered from (6) by setting s= o, i.e.,

Q(f, a) = o ,(7)

which is easily verified to lead to (2) and (3)

IV. SOLUTION OF THE SHEAR PROBLEM

The departure from the local dispersion relation Q=o

can be investigated by solving the differential equation (6),

subject to the boundary conditions that the electrostatic poten-

tial function remains bounded, or has outgoing energy boundary

condition. in general the solution to the differential equation

cannot be obtained in closed form, and numerical solution on a

computer may be required. However, one can take advantage of

the physical characteristics embodied in the Q function, and in

particular, use the properties of the local solution to obtain

an approximate form for Q which enables one to obtain an analyt-

ical solution. This is the approach adopted here.

The expression for the growth rate g indicates that the

peak of the instability occurs near the angle a0 which corres-

* ponds to y = yo which maximizes the function y exp(-y 2). The -

normal modes of the local solution are in the vicinity of this

angle a0 and if one waits long enough, the dominant mode at the

angle a0 grows larger than all others. We take advantage of

this property of the imaginary part of Q and expand it in the

vicinity of this angle a0 to second order in the variable (a-a0).

.9-
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After regrouping the terms and completing the square one obtains

a Weber equation as shown in Reference 3, and the non-local

dispersion relation is given by

12U

Q(f,a + (2m+l) (riS) (-Q/2), (8)
2" (:Q'2 '"0
-0

where primes refer to differentiation with respect to the angle

a and the subscripts indicate evaluation at a = a . Generally
0

the m=o mode is the least damped by shear and we will set m=o in

(8). The boundedness condition is satisfied if we take the

branch for which

Re (-Qo/2) (9)

with the solution of the form

F = exp [-(%)(a-al) 2 (-Q/2) ]' , (10)

with

a, ~ ~ a i!/QOa1  = a 0 - QoQ (11) .:-"

We omit the algebraic details and give here the main result:

(i) Even for small shear, the growth rate is reduced from

its local value given in equation (3), evaluated at a0 , to

20

9 -04 g0 [1 - 2(u-yo)0] (12)

For typical parameters of this problem, u is in the range 1 to

3, and since yo 2- " o-7, we have a significant reduction

9-8
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of the growth rate, or even a sign reversal for higher currents

indicating damping instead of growth. Thus, the shear produces

a significant effect.

(ii) The.real part of the frequency fr moves closer to the

ion plasma frequency fi

(iii) The angle a1 in (10) and (11) becomes complex, domin-

ated by its imaginary part and with magnitude Ja1  < a0.

According to this treatment the shear makes a significant

difference. However, the large shift in the angle, away from

a can render inadequate the second order expansion around a.

As an improvement, one can determine a as the solution of

Q' (f, a1 ) = o (13)

and expand Q to second order around a1 , Then the dispersion

relation (8) simplifies to

Q (f, a,) = (2m + 1)(riS)(-Q"/2)y  . (14)

Now equations (13) and (14) simultaneously determine the complex
frequency f and the complex angle a1 . While the full solution

of (13) and (14) would require using a computer, an approximate

analysis shows that the main results are essentially valid.

We plan to solve equations (13) and (14) as an extension of the

present work.

9-9
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V. EFFECTS OF FINITE WIDTH CURRENTS

The treatment above assumes a uniform shear extending over

all space. In reality, the current slabs in the ionosphere have

a finite width of the order of a few kilometers for auroral arcs.

The typical shear length is of the order of a few hundred kilo-

meters. Thus the angular variation across the slab can be less

than a degree. Fo. some parameter ranges this will not be

adequate to produce the non-local effect described in the pre-

vious section, and the local result will be recovered, as in the

case of the current-driven ion cyclotron instability 5 , when the

slab width is much smaller than the shear length. we plan to

investigate the demarcation boundaries in parameter space,

separating the local and the non-local limits, as an extension

of the present work.

VI. RECOMMENDATIONS

a. We have demonstrated, using an approximate analytical

treatment for the non-local equation for the effects of shear,

that the growth rate of the current-driven lower hybrid mode

can be significantly reduced. An improved treatment, as indi-

cated at the end of Section IV, requires a computer solution of

two algebraic equations and can provide more accurate criteria

for stabilization or significant reduction of the growth rate.

We propose to carry out this extension in the context of the

minigrant program.

9-10
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b. The entire treatment in this report was based on the

idealized lower hybrid dispersion relation, equation (1). The

full electrostatic dispersion relation (e.g. equation (1) of .,

Reference 3) should be employed to carry out a similar treatment.

This will extend the results to a wider range of wavelengths,

temperature ratios and other physical parameters. This is a
.

major undertaking and we propose to carry out this generalization

in the context of the minigrant program.

c. The interplay between the current width and the shear

length determines whether the local theory prevails or whether

the non-local shear effect comes into play. We propose a

detailed investigation of this facet of the problem for realistic

ionospheric parameters, varied as a function of height. This

investigation can indicate whether or not the lower hybrid mode

can be expected to occur at various heights. This also is a

program contemplated in the context of the minigrant.

d. Finally, the methods described here are widely applic-

able to various other instabilities, and as a long range program,

we would like to investigate the effects of shear and finite

width currents on a variety of ionospheric instabilities.

9.L
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A SIMPLE MODEL FOR IMPURITY PHOTO-ABSORPTION

IN SILICON

by

Gust Bambakidis

ABSTRACT

A simple model for absorptio- of infrared radiation by impurity

atoms in silicon crystals has been developed and applied to electronic

excitations of the Group V donors Bi, Sb, As and P, and the Group III

acceptors B, Al, Ga and In. The model is based on the quantum-defect

method for approximating bound donor or acceptor wave functions out-

side the core region of the impurity. For each donor species, the

relative oscillator strengths have been calculated for the transitions

from the ground state to the first four excited levels. For each

acceptor species, the relative oscillator strengths were calculated for

transitions from the P3 /2 ground state to the first three P excited
1/2

levels. Comparison with high-resolution absorption spectra show quali-

tative agreement for the low-lying transitions.

10-2
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I. INTRODUCTION

The identification of residual impurities as to type and concentra-

tion in silicon single crystals is an extremely important problem,

since very small amounts of donors or acceptors can have a marked

effect on the electrical properties of the crystal. For the Air

Force in particular, the reliable characterization of silicon-based

materials as to impurity type and content is necessary if these

materials are to be used effectively in air-borne infrared radiation

Sdetectors.

The impurities most commonly found in silicon are carbon, oxygen,

the Group III acceptors B, Al, Ga, In and the Group V donors Bi, Cb,

As and P. The Group III and Group V impurities are infra-red active

with respect to electronic excitation to discrete levels, and infra-

red absorption measurements have been used to identify the impurity

types in the concentration range 10"cm3 to lOin/cms. The determina-

tion of impurity concentration using such measurements is more diffi-

cult but attempts have been made to use absorption peak areas of
specific lines, since simple theory predicts that the absorption co-

efficient will be proportional to concentration. The proportion-

ality constant is the absorption cross-section a(v). In practice,

one proceeds by choosing one line for a specific type of impurity

and calibrating it over the concentration range of interest by

measuring the absorption in this line over a range of known impurity

concentrations. In principle and accurate calculation of o (v), or

more appropriately the integral of a(v) over the width of the line,

would enable an absolute calibration of the line. However, O(v)

depends on the effective electric field at the impurity relative to

the macroscopic electric field in the crystal considere4 as a di-
electric medium. This effective field is difficult to estimate.

On the other hand, the ratios of the integrated cross-sections for
two different lines belonging to the same impurity are independent

of this quantity and therefore easier to calculate. Accurate values

for these ratios would be useful in calibrating additional lines

without the necessity of performing separate measurements for them.

4,, -.--3
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II. OBJECTIVES

The objective of this work was to calculate the relative absorp-

tion strengths of certain lines associated with Group III and Group V

dopants in silicon. In order to do this, one must evaluate the dipole

matrix element for the transition between the initial and final elec-

tronic states of the impurity. The emphasis was on developing a simple -

model which would require only the use of a hand calculator. As

described in the next section, the approach was to use -the quantum-

defect method (QDM) to obtain an analytic expression for the wave

functions in the asymptotic region far from the impurity core.

III. FORMULATION OF THE MODEL

1. Assumptions

The basic assumptions made, in approximate order of decreasing

validity are:

(a) the dipole approximation for the photon absorption process;

(b) the effective-mass approximation for the impurity wave func-
tion at large distances from the impurity (the asymptotic
region);

(c the silicon matrix can be regarded as a continuous medium
characterized by its dielectric constant k and index of
refraction n;

(d) any degeneracy in the Block functions and anisotropy
in the effective-mass tensor at the band edge may be ignored.

(e) the major contribution to the absorption cross section comes
from the asymptotic region.

The remainder of this section discusses these assumptions and their
implications.
2. The Dipole Approximation

This approximation is a standard one when treating the interaction

of radiation with matter. Classically it corresponds to treating the

bound electron or hole as an oscillating dipole which absorbs energy

in response to the electromagnetic field of the incident radiation.

Quantum mechanically, absorption will occur only at discrete frequen-

cies v for which the photon energy hv is equal to the energy difference

Eb - Ea between the final state lb> and initial state as>. Specifically,

the power absorbed per unit frequency, dP/dv, in an atomic transition

at the frequency V, by a single impurity atom exposed to an incident

10-4
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beam of intensity I(v) per unit frequency, is
(1,2)

eff and 6o are the average electric fields at the impurity and in the

medium, respectively. The initial state is assumed non-degenerate, while

the degeneracy of the final state is gb" The matrix element <bixila>

is essentially that for the i.- h  Cartesian component of the dipole

moment operator, and its magnitude squared is averaged over the

final states. Eq.(l) is a standard result but its derivation is

rather involved and will not be reproduced here. The validity of the

dipole approximation depends on the spatial extent of the orbitals

being small compared to the wavelength. This condition is well satis-

fied here since the orbital size is at most a few hundred A while the
4 5 0

wavelength is in the range 10 to 10 A.

3. Effective-Mass Theory

In effective-mass theory the electrons or holes move in the field

of the impurity atom with an effective mass equal to that of the cor-

responding pure-crystal Bloch states at the top of the valence band

(for holes) or bottom of the conduction band (for electrons). The

.. attractive impurity potential is considerably weakened by the dielec-

tric screening effect of the surrounding silicon atoms, resulting in

bound donor or acceptor levels with binding energies, relative to theband dgeof orer 1-2""

band edge, of order 10 to 10- 1 eV (10 to 100 meV) and orbital extent

of order 10 to 1000A. The situation is complicated by the anisotrophy

*, of the effective mass and, in the case of acceptor levels, by the degen-

eracy of the Bloch states at the symmetry point r at the top of the

valence band. Specifically, the impurity states are expressed as

-' J J (2)

10-5
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where the (kr) are the gd- fold degenerate Bloch functions at the
band edge and the coefficients F (r) are the "envelope functions" which

modulate the Bloch functions and which, for bound states, decrease

rapidly with distance. The standard effective-mass result for deter-

(3)
mining the F (r) is the set of 8 d coupled equations,

Fe ,s asA / .9

where u(*) is the impurity potential, E the energy of the state and the

coefficients Dj4 depend on the gd different effective mass tensors at

the band edge. These equations are valid at distances from the impurity

large compared to the impurity-silicon nearest neighbor distance, in

which case there are many Si atoms between the electron or hole and the

impurity. The Si atoms then act simply to weaken by a factor 1/k the

impurity potential, regarded as a singly charged coulombic center: "

(4)
W tr

Effective-mass theory breaks down near the impurity core, but for

electric dipole transitions from an s-like ground state, the final state

must be p-like or f-like and therefore vanishes at the core. In this

case one might expect the asymptotic region to give the major contri-

bution to the transition matrix elements. A considerable simplification

results when the effective-mass tensors are assumed identical and iso-

tropic. Then

Am'=- (5)

and there is only one effective-mass parameter m* and one envelope

function F(r), determined from Schrodingerts equation with a hydrogenic

potential:

v%. F(()= (6)
4W--?:'i

4. The Oscillator Strength

The oscillator strength fba for the transition from state la> to
state 11b>, via photon absorption, is defined by,

10-6
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In terms of fb the cross section o(v) for the transition, defined by
ha

.= (V) V) ,(8)

is given by

O"(,V) -- ek n (9)""""

At impurity concentrations low enough for concentration broadening to

be negligible, the cross section at frequency V is related to the

measured optical absorption coefficient a(v) by

aCV) =t o'LV) j (10)

where N is the impurity concentration, assuming only one impurity species

to be active at that frequency. The area under an absorption peak is

therefore proportional to the integrated cross section, which from

Eq. (9) is in turn proportional to the oscillator strength:

fo~t) = rr a Yn
,(V)€ " 11 ..

For a given impurity, the ratio of the peak areas for transitions

Ia> o lb> and [a> o Ic> is therefore equal to the ratio of the corres-

ponding oscillator strengths. From Eq. (7),

". • . : .--3l'

* It is this ratio which was calculated and compared to experiment.

5. Calculation of the Matrix Elements

For the asymptotic contribution to the matrix elements appearing

in Eq. (12), only the envelope part F(r) of the impurity state need be

considered. The reason for this is that F(r) changes very little over

a unit cell volume of the Si lattice whereas the Bloch functions

(kr) are orthonormal within this volume.

10-7
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Nov if Eq. (6) were assumed valid over all distances f(r) would be

a pure hydrogenic orbital and the cor'esponding energy would be given

by a simple Rydberg formula. This is the hydrogenic model of impurity

states and is the simplest form of effective-mass theory. A more

sophisticated form would incorporate mass anisotropy and band degen-

eracy via Eq. (3). In the present model one deals only with Eq. (6),

but does not assume its validity at small distances; rather, an "effec-

tive" principal quantum number v is determined from the.Rydberg formula,

E VA (13)

using the experimental value for E expressed in units of the "effective"

Rydberg R*,
*e .(14)

where a* is the "effective" Bohr radius,

dC' 'k * (15)

* In. terms of the quantum numbers v, I and m, the envelope function is

F 0' R k) (16)

where

(17)

The asymptotic form of P is given in the QDM(4 ) as

~j)N~V ~ 7 (18)

with to < V. The QDM was first applied to this problem by Kohn and

Luttinger who used it to calculate corrections to the effective-mass
(4)

value of the lowest excited donor levels. Bebb and Chapman later

adapted it to the calculation of photoioization cross sections of accep-

tors in Si and GaAs. Here the method is applied to photoexcitation,

and it is necessary first to correct the expressions for N,, and t"

given in Ref. 4. The corrected expressions are

10-8
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r(z) is the gamma function and the quantity'C(V) is defined by

where 11 - n - V is the "quantum defect" parameter and n is the nominal

principal quantum number of the state.

When V is a positive integer, Eqs. (16) - (18) reduce to the

hydrogenic case. -

Evaluation of the QDM matrix element is lengthy but straightforward.

The result for a transition between the ground state Iva> and excited

state lv'p> is

Sl'' 13a j '  ". -:
* a

~ ~ I(I5rcv+v-t) (19)

where primes refer to the excited state. For donors the ground and

excited states have the same effective Bohr radius, but for acceptors

the P and P states have different effective Bohr radii a* and a*'

respectively. Fig. 1 shows schematically the transitions for the two

cases,

10-910-9.""
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acceptor e3/2
ground state

p' transition- -'
P excited

3 3/2 valence bands -3/2 states

conduction band

acceptor P1/z
ground state

donor excited _. P 1 / 2 excited

~.sI:I es states

• donor ground "-00000000"0""

state P 1/2 split-off band

(a) (b)

Fig.1 Schematic representation of (a) transitions between donor
levels and (b) transitions between acceptor P 3/2 ground

.- state and P 1/2 excited states, in silicon.

IV, NUMERICAL RESULTS

The model presented here requires a choice of the effective Rydberg

R* or, equivalently, of the effective mass parameter m*. For donor

electrons the value R* - 29.2 meV was used, based on the effective-mass

calculation of Kohn and Luttingerf5 ) This corresponds to m* - 0.294m

where m0 is the bare electron mass. For the P1/ 2 states of acceptor

holes we use R* - 26.15 meV, corresponding to m* - 0.250 m ,(6) while
0

Sfor the P states we use R* - 26 meV ( '1 ) (m* - 0.362 m ). The posi-

tions of the Group V donor lines were taken from the tabulation by

Kogan and Lifshits (7 ) and those for the Group III acceptor lines from

Onton et al(8), Rome et al and Rome.(10)

Table I shows the results for the donor line strengths relative to

thells- +2p > line. Also shown are the results of an effective-mass

calculation by Kohn(11) for Si(P), which takes mass anisotropy into

10-10
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account, and experimental values for Si(P) inferred from the linewidth

measurements of Jagannath et al(.12)It is seen that the model overesti- ..

mates by about a factor of two the Ils>-13p > line strengh and under-
estimates by about 60% the Is> "13p+> strength.

Table II summarizes the results for the acceptors, normalized to

i the 2p* line. The model underestimates the 3p' line by about 50% and,

except for In, the weak 4p' line by a factor of ten. The experimental

strengths have not been corrected for instrumental broadening, so are

probably an overestimate.

Detailed calculations of line strengths for the transitions to

P excited states indicated in Fig. l(b) have not been included be-
cause of the difficulty in describing these states as pure atomic-like

orbitals.

Table I. Relative line strengths for Group V donorsq in Si,
normalized to the lls>-1-2p+> line for each species. The
"nominal" principal quantum numbers are used in labeling
the states. The columalabelled "expt." is-inferred from
Ref. 12.

Transition Bi Sb As P P(Ref.1D P(expt)

Ils>-1-40> 0.604 0.483 0.572 0.540 0.38 0.409

i s>4-Zp > 1.000 1.000 1.000 1.000 1.00 1.000

i lls>-*13P > 0.146 0.257 0.211 0.253 0.04 0.121*' lls>-*13p+> 0.058 0.173 0.112 0.161 0.29 0.432

Table II. Relative line strengths for the p' series of Group
III acrieptors in Si, normlalized to the 2p' line for each
species. The summetry of the final state was taken to be r6
for all three lines(-

- Calculated Observed lU)

2p,- 3p" 4p' 2p I 3p" 4p""

B 1.000 0.113 0.0037 1.000 0.174 0.044

Al 1.000 0.101 0.0018 1.000 0.231 0.040

Ca 1.000 0.107 0.0023 1.000 0.199 0.024

In 1.000 0.123 0.043 1.000 0.250 0.047

10-11
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V. RECOHO•ATIONS

While it is possible that a more sophisticated model which incor-

porates band degeneracy and the anisotropy of the effective mass and

which calculates accurately the ground-state wave function near the
.4- - .

impurity would yield quantitatively correct results for the relative i. ., ."

line strengths for photoabsorption, it is important to place this work

in proper perspective. As an analytical tool, photoabsorption is of

little value at concentrations below about 10 14/cm3 and also for opti-

cally thin films of thickness 1 micron or less. High-purity materials
10with impurity content as low as 10 /cm3 are important for applications

such as nuclear radiation detectors, while in the area of thin films, ..-

devices with film thicknesses of order 1000 A are under development. A

promising technique of high sensitivity, for studying impurity excitation

spectra in such cases is that of photothermal ionization. This is more

complicated than photoexcitation, for it is a two-step process in which

photoexcitation is followed by thermal excitation into the conduction

band.

It is recommended that future work be directed toward developing a

semi-empirical model for obtaining impurity concentrations in silicon

from photothermal ionization spectroscopy. Recently Darken (13 ) has

reported the successful use of this technique for acceptors in germa-

nium of high purity. It may be possible to modify his method to make

it suitable for analyzing high-purity silicon.

10-12 L
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FEASIBILITY AND IPLEMENTATION OF A NEAR FIELD ANTENNA RANGE

by

Albert W. Biggs

ABSTRACT

Feasibility and implementation of a near field antenna range for large

antenna arrays are investigated. The investigation also includes adaptive

antenna arrays at near field ranges. Advantages and disadvantages of near

field over direct far field antenna pattern measurements are compared.

Descriptions of the basic theory of probe-compensated near field techniques and

4 adaptive nulling are presented so that multiple usage of the near field range

antenna arrays my be demonstrated.
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1. INTODUCTION

Most of the experimental measurements made on antennas relate to the

fundamental characteristics of the antennas that determine their imediate

application. Some of these characteristics are input impedances, far field

antenna patterns, and gains or efficiencies. However there are occasions when

it is necessary to have information about the current or charge distribution on

the antenna, and the distribution of the near fields in the immdiate vicinity

* of the antenna.

The near fields of the antenna can be divided into the "reactive near

field" and the "radiating near field."' The reactive near field immediately

surrounds the antenna with a Usual outer limit approximately a wavelength. The

radiating near field is beyond the reactive near field with electric and magnetic

fields varying inversely with distance. It extends to a distance 2D2/)A from

a illuminated radiating aperture of diameter D, and much greater distances for

noncophasal aperture distributions.

Far field antenna pattern measurements involve probing the field at a

constant radius large enough to moke the aperture resemble a point source.

'.1 When the antenna is a large array, the required distance may be several thousands

of feet and finding a suitable test site becomes a formidable problem. one

solution to this problem is a physical modification of the antenna range or

antenna under test. A second solution, which is discussed in this paper, is

masurement of near field patterns or field distributions with computational

techniques to predict approximate far field antenna patterns.

In addition to the far field range size limitation described above, several

other advantages of near field measurements include the following.

(1) For large antenna systems, far field size limitations, transportation

11-4
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and mounting problems, and the need for large positioners are eliminated.

(2) Near field measurements are time and cost effective. Accuracy of

computed antenna patterns is equal to or better than that of the far field

* range,

(3) Near field ranges have controlled environments and all-weather

capabilities.

The disadvantages of near field measurements are the following.

(1) More complex and expensive measurement systems are required.

..7 (2) More extensive procedures are required to calibrate near field

measurement probes than those for far field probes.

(3) The far field antenna patterns are not directly obtained in real

time.

(4) Computer software is an essential factor in calculating patterns. As

antenna arrays Increase in size, similar increases occur in microprocessors and

related computer software.

7

The theory, computer program, and measurement capabilities for predicting

far field antenna patterns by measuring near field coupling between test and

probe antennas are adequate to develop a near field antenna range2 10. Near

field measurements on planar surfaces4 6 have attracted the most interest.

Some of this interest is due to the degree of mathematical and computational

simplicity. one major disadvantage is the limitation of calculating the antenna

pattern only in a cone with an apex angle less tur n 180 without repeating

measurements. This limitation is partially overcome with the cylindrical

measurement surface9 . The spherical surface is the most attractive because the

complete 4wi steradian pattern can be computed from one measurement". However

the computational limitations favor planar and cylindrical surfaces. In both

* 11-5
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configurations all numerical integrations can be performed with the fast Fourier

Transform (FFT) algorithm. This is not performable for spherical surfaces.

II. THEORY OF NEAR FIELD PROBE COMPENSATION

The theory of proble compensated measurements on planar surfaces is based

on expansion of the antenna fields of test antenna and probe antenna into

elementary plane waves or modes7 . The modes are an angular spectrum of plane

waves described by Booker and Clemmow12 . According to the technique initially

described by Brown and Jull13 , the Lorentz reciprocity theorem is then used to

calculate the probe output as a function of an algebraic equation which relates

the known field of the probe to the unknown fields radiated by the test antenna.

The unknown mode amplitudes are then determined from this equation. a ..r field ..:

antenna pattern is finally calculated from the modal amplitudes.

Any arbitrary monochromatic wave may be seen as a superposition of plane

waves. They have the same frequency, but travel in different directions with

different amplitudes. The purpose of plane wave expansions is to find the

unknown amplitudes and directions of the plane waves in the superposition. The

resulting sumation is a modal expansion of the original arbitrary wave.

In a linear, homogeneous, isotropic, and charge free region, and for

harmonic time dependence exp(jct), Maxwell's equations yield the vector

Helmholtz equation

for the electric field E, and the same equation for the magnetic field H, where

11-6
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where e, 1, a are permittivity, permeability, and conductibity of the

medium. In free space, a = 0. The simplest solution of Eq. (1) in rectangular

coordinates is ,,al -4b:''''

n (3) .

where the exponent is

,. The propagation factor k is also called the vector wave number, while A (k) is

I the vector amplitude of the wave.

The dot product of the wave number k with itself yields

and only two of the components of k can be independently specified. If these

are ky and kz, then the third component is

44,

11-7
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The relationship between k and A (k) is seen by

1170E w.Ve . (~ = .. m...'..:'..

-4

(7)

because the region is charge free, so that

= -b. T -- :_

(8)

so. that, likek.-
* • A-..tA..,

xwr

.---no.

wra. ~ h P (10)

4.4 4 .4. ~c

The general solutions for E (r) and H (r) are formed from summing over all

values of k. and k",

11-8
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The function A (k) is the plane wave spectrum and is found analytically if the

tangential fields are known at every point on the plane x = d. Thus, i ]:

77'

with the same expression for E z when Ay is replaced by A2. Since Eq. (13) is a i'.

two dimensional inverse Fourier transform of Av, then

am, p

-- (14) '-(-

The with onA i the samee form fortru AanhedE is replace byltial ifth

The saddle point method 4 , or method of steepest descent, is applied to 'i-

~~Eq. (14) with the asymptotic solution, -

11-9-
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where ko and the unit vector r are

Ab

(16)

Knowledge of the tangential fields on a planar surface will provide the

plane wave spectrum, and the plane wave spectrum will proide the field distribution

in space. When a probe antenna is introduced to measure the tangential fields

on the planar surface, the probe perturbs the fields on the surface so that the

actual planar distribution is never seen. If negligible mutual coupling between

probe and test antennas is assumed, probe perturbations can be compensated with

the Lorentz reciprocity theorem.

Figure 1 is the coordinate systems for the test and probe antennas. The

field radiated by test antenna A, is measured on the plane x = a + b = xo by

moving probe antenna over this plane. The source free volume V is bounded by a

surface E, which is the infinite plane So at x - a, the surface S1 at infinity,

', and the surface Eb around the probe antenna. The surface S1 is an infinite
4 +."."

hemisphere. The electric and magnetic fields are E a and Ha, primary fields
4.% 4.

from test antenna A, Eas and Has, secondary fields reflected or scattered by
, 4. 4.. .

antenna A when radiated by transmitting probe antenna B, Eb and Rb, primary
4. 4.

fields from probe antenna B, Ebs and abs, secondary fields reflected or scattered
4. 4. + 4. i ~-

by antenna B when radiated by transmitting test antenna A, Ja, Jas, Jb, Jbs -,re

current densities associated with the above fields.

If we consider Green's theorem for the volume V covered by a surface E,

) -(17)

11-10 '4

'..'-'-.'- " ' -"-".-" ".-" "- ''""- ..:-.-.- ."' ."--- , - . . . . . . . . . .. -.-'



ZI

Z r x

Probe Antenna B

0

'pb

Test

FIURestTs anPrbAtenCodiaeyse

FIUR 1:Ts1adPoe- nen1CodnteSse



{rr. ,.]

where F is an arbitrary vector of surface and volume coordinates, and if

F = E , (18)

then -

* NW
-Alp ".'., ..w

(19)

where Maxwell's equations were in the form

WO .-- 4- 7% E.
) )(20)

with a second set formed by replacing subscript (1) by (2). Application of the

Lorentz reciprocity theorem to the source free volume V enclosed by the surface ,

yields

I , (21)
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The surface integral in Eq. (21) includes the infinite plane So, the infinite

half sphere surface S1 , and the surface EB. Thus the integral over So plus

that over S1 plus that over EB equal zero.

The integral over the hemisphere S1 vanishes because the fields are TEM -7.

waves as they approach the surface. With the relationships,

Lap..

'+ /Am (22)

where 'n is the characteristic impedance of free space, the integrand in Eq.

(21) becomes

Eub-, -,-, .-+

(23)

11-1.3
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with use of the vector identity

(24)

The surface integral over ZB surrounds the probe antenna, and the unit

;;. ~surface normal n points inward to the probe. If

""A A

(25)

is substituted into Eq. (21), the resulting surface integral over EB becomes

-, , -A -gap

S..,(26)

where the volume VB covers the probe antenna. The scattered field Ebs is zero

because it is not present in VB, while Ja and Jas are zero because they exist on

the test antenna. In addition to these terms, Eas can be neglected in comparison4.--

with the field Ea, so that Eq. (26) becomes

(27)

%I
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where PB(xo) is proportional to open-circuit voltage. PB(x o ) is proportional

to the measured signal. The surface integral over So is the only term remaining,

so it is

. [-:. Ebl)%(,, ( No ,.s) - €. b E ,
sokh -b - b-

(28)

In Eq. (28), cross products and dot products of primary and scattered terms

vanish, and products of only scattered terms may be neglected so that the result

so
(29)

If the primary fields are expanded in their wave number spectra on the

surface So, x - a, then

o~o .

-~ (30)

.ck ~ d%~a(31)

11-15
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where Ha is expressed in terms of the spectrum of Ea with Eq. (10). From Eq. (8),

..-. '-,,,

(32)

.

so that only two components of F are independent, similar to the situation with

A in Eq. (9). Similar expansions for Eb and Hb in primed coordinates and wave

number spectrum G are

*r

S(33)

(34)

A,..,,

If the wave number spectra are substituted into Eq. 29), the result is a ii1.:

series of six integrations,"

11-16-"-"
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(36)

Equation (36) is integrated with respect to y and z with the relationships

-L Z.+o 
(37

"" 3 --"-

.,°'.

.

so that 7. -

+fm (38)

In Eq. (38), the Dirac delta function,
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(39)

4.2

transforms the integral in Eq. (38) to

L4re

(40)

The next integration is with respect to ky' and kz', at ky k y and kz' -kZ,

so that the resulting expression is

- S S ., ,,o  ...._.

(41) ';.:

and with Eqs. (32) and (35), It simplifies to

"C .

a (42)

11-18
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Equation (42) is a two dimensional Fourier transform on the x - xo plane.

The inverse Fourier transform is

2 ~ ~~(43) :::i!:

Equations (42) and (43) describe the result of probe compensation in

rectangular coordinates. Similar expressions in spherical coordinates are more

appropriate because antenna pattern measurements are made in these coordinates.

Transformation to spherical coordinates is made by recalling Eqs. (11) and
+ +

(15). Comparing Eqs. (30) and (33) for Ea and Eb, respectively, with Eqs. (11)

and (15) provide saddle point solutions,

(44)

where F and G become -..

(46)

11-19
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(47)

so that Eq. (43), in spherical coordinates, is

U, -

*1 F-

V amo' & 7, &z. (48) :!:.

Since e" -e and el - -, and unit vectors are related by e el and,- -, "'

E. (e, ,)"Ee (e, ,)e + Ei (e, i'' '.
(6 -, ,".o

+
EA (0, *') -Eel -, - ) e -E- (W - e, *) *,

* +
k r - (k sin e cos +'x + k sin e sin + y + k cos ez) • (xox + yy + zz)

kxo sine0coo#+ ky sines in + kzcoose, (49)

Eq. (48) is written as

(50)

where the constant C is

11-20
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* and includes any instrument calibration.

* III. THE PLANAR SURFACE

In a planar near field measurement, the probe antenna will respond

*predominantly to one of two preselected polarization components of the near

-- field on the plane. These usually correspond to the horizontal and vertical

Z components of the electric field. Determination of the test antenna far field

requires that both polarization components of the near field be measured. This

requires a rotational capability in the probe antenna.

The probe output is a sinusoidal signal whose amplitude and phase depend

on location on the measurement plane. Amplitude and phase are detected with a

.4, coherent phase and amplitude receiver. This allows the detected signal to be

4 described as a complex voltage which depends only on position. The probe output

is indicated by Vv (ze, y, z) and VH (xe, y, z), whre subscripts V and H indicate

vertical and horizontal polarization, respectively.

Since PB (r0) is proportional to the voltage induced in the probe antenna,-

4'Y

(52)

which represents the probe output. For the two polarizations, Eq. (50) becomes

11-21
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(53)

where the far fields of the probe antenna are, with V and H for polarizations,

"' .

(55) '

and where the integals IR(e, *) and Iv(e, *) are

, v, (v(B,..) i :e(56)

~7.
'p0

)to:+ I

IHE9 4) ( I(W E.~ (TT9)~
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so that with H8e, E8 and Eve, E8 for the probe antenna known, only

the integrals Iv, and III must be calculated in order to find the test antenna

antenna pattern.

IV. SPATIAL SAMPLING IN NEAR FIELD RANGES

The space available for the near field antenna range is a rectangular

room, 37 feet 6 inches long by 24 feet wide by 8 feet high. The exterior wall

is 37 feet 6 inches long with a window 4 feet high by 6 feet 8 inches wide.

The interior wall narrow to 32 feet 6 inches long with recesses for four doors,

A all 4 feet wide. These dimensions are described because they determine the

* configuration of the test antenna. An envelope specification of the test

antenna is a planar array with maximum dimensions of 1 meter by 7 meters. The

* planar arrray will have its axis horizontal with the floor and perpendicular to

* the exterior wall.

The planar array will be located with its back side parallel to the rear

wall (with two doors). The planar measurement surface is arbitrarily chosen to

*be 5 to 10 wavelengths from the array surface. With a frequency range 3-4 Gliz,

- ~ the wavelength is thus 7.5 -10 cm, so the distance xo becomes 0.75 -1.00

* meter.

* The planar measurement surface, or sampling plane, has the coordinate

0, system described in preceding sections. The vertical direction (up) is the
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positive y-axis, the positive x-axis is normal from the planar surface, and the

positive z-axis moves to the left across the face of the surface. The height

and width of the sampling surface are Y and Z, respectively. The planar surface

is also called the sampling surface because the probe antenna moves vertically

and horizontally across the surface. As described in Section III, the detected

probe output will be

Vv (X0, y, z), VH (X., y, z)

where subscripts V and H are vertical and horizontal polarizations of the probe,

respectfully.

The two sets of measurements are made at a finite number of equally spaced

intervals along the y and z axes so that Eqs. (56) and (57) may be numerically

evaluated with the fast Fourier transform (FFT) technique. The sampling plane

is divided into a grid of points defined by the coordinates (xo, mA y, n A z),

where 0 4 m 4 M-I and 0 < n 4 N-I, and M and N are positive integers. These

intergers are m-Y/Ay + 1 and N = Z/Az+i. The probe responses at these

grid points are Vv(xo, m A y, n A z) and vH (xo, m A y, n A z). These responses

are used with the FFT to compute Eqs. (56) and (57) at wave numbers defined by

discrete Fourier transform theory and are

StAA

-f 'K (60)

The spherical coordinates at these wave numbers are "
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where spacings AY and Az must be less than X/2, where X is the signal

wavelength. The spacings Ay and Az are selected by the attenuation desired

for evanescent waves6,

-(62)

where As a Ay - A z and L is the number of wavelengths between the planar

and the array surfaces, x o = LXo

V. NEAR ZONE MEASUREMENTS OF ADAPTIVE ANTENNA ARRAYS

The antenna array described here is an equispaced linear array with 2N + 1

isotropic elements spaced a distance d from each other. The space factor

S(O) is equivalent to the antenna pattern for isotropic sources, and in

terms of 8 and d,

) (63)
5VA
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where an is the complex weight, phase and amplitude, of the nth array element.

The pattern angle e is measured from broadside. The array factor or power

pattern is

W ,-% a N Mlu-n . (64)

The maximum value of the mainlobe prior to adapting element weights to reduce

power in a specific Jaming region is in the broadside direction. This direction

is chosen because a uniformly weighted array provides maximum signal to noise

ratio (SNR) when noise interference levels are equal at each element and

uncorrelated. With directional jaimfing, uniform weights do not optimize the SNR.

The space factor for a broadside array with uniform amplitude and zero

phase element coefficients ao is

0,.0  0- 0 1 V A-4.-;:.

-%(65)

The first nulls are at

and if the mainlobe radiated field is replaced by a uniform field, the equivalent

pattern lies in the interval between these nulls at + w/2 . The mainlobe

interval is then defined by
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where OM is

(67)

Power PM in the mainlobe is

I = 5s .) S*(e ) (.41i..:.:::

W N

.'.--',:.-. -I w -l! l(68) 2 :

AV% flmm)
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The jamming sector is

tA. (69)

where uo is kd sin 80. The interference sector in Eq. (69).is symmetrical in

u space" but not in "0 space." If

(70)

where 80 + Ae is the upper limit 01-, then

(71)

so that the lower limit 0- is

0 (72)

With these limits, the interference power PN is
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The ratio of interference power PN to the mainlobe power PM is

.. 
Im

IT

kV %

L.Q CL v- t. -oA-
VV% (74)

where N, and Man are

C.. (75)
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Equation (74) for p is wrtten as

P ( A= - m  ,A I, , ::;.
~U~=w p tA (77)

where uM is w/(2N+l) and A is the column vector of complex weights an, and A+

is the Hermitian (complex conjugate) of A. It is a row vector.

A minimum value for p(A) is found when p(A) ia stationary for small

variations in A,

~ r ~ ' )(78)

so that Eq. (77) becomes

(79)
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With cross-multiplying, cancelling terms, and dropping second order terms, the

eigenvalue equation

(80)

has 2N+I independent eigenvectors satisfying

(81)

The smallest eigenvalue of Eq. (80) is the desired minima interference power

to mainlobe power (when multiplied by &u/uB).

This method is described for a three element array, N1, with half wavelength
..-.

spacing. The space factor is

Se) A 1

'44... (.4Im ms0)(82)

with maxima at e -900, 00, and 90, and minima at e = -41.81' and 41.81'.

The mainlobe, at half intervals between the first nulls, has uM - w sin OM

and 84 selected to be 60" in the interference region and he - 30,

KA A % 00* &) A 00 4T

u9Q1 ~ m~i.O~.(83)

The ratio Au/uB - 0.402. The matrices N and H are
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(84) .

2.40 uk..
o4..___

VA'.

(84)

*1.13

ftm .

.4.o

11-32

* - . '. . .



,i ~ ~ ~ ~ ~~ug . ... .IU I Eli o" | a ,,,,. ., ,

The characteristic equations for these matrices are

(86)

and with the first form, the eigenvalues are A = 0, 0.114, and 2,886. The

egenvectors for these eigenvalues are

- o.s l.e .

0

0:.9-1.e

--O.9le (87)
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and orthogonality is satisfied,

.3= 0) .(88)

The smallest eigenvalue is zero, so

) - I(89)

and the space factor is

sa.e ' = l- l.o (.-A .. -. .,- . -.:
(90) F

The antenna pattern before adaptive nulling is in Fig. 2. The scale is in

dB. The region to be nulled lies between 47* and 133, where the sidelobe

maximum is 10 dB below the mainlobe maximum. After adaptive nulling the pattern

degrades to Fig. 3, where the sidelobe maximum is 30 dB below the mainlobe.

The beamwidth of the sidelobe decreased from 70* to 20.

Degradation of the overall pattern after nulling is found in the shift of

the mainlobe maxima to -10* and 1900 from 0* and 180* before adaptively nulling.

It is also present in the wider mainlobe beamwidth.

A simpler example is seen in Fig. 3, where a two element isotropic array

has adaptive nulling in the shaded zones. The solid lines represent the pattern

before nulling, and the degraded pattern after nulling is in dashed lines.

The preceding discussion of adaptive nulling was presented to show jamming

or interference over an angular sector or solid angle. The jamming for a single

angle, such as 8 o  0" and Ao = 0", yields antenna weights
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FIGURE 2: Adapted Pattern with Nulled Area
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and the pattern is

2. (92)

where the nulling weights cancel the desired signal at 6 00. A jammer at

0 = 900 yields weights

and the pattern is

LA CAW3. 2.(94)

- ~ and if 8 45%

O= (95)

with the pattern,

Adaptive nulling over an angular sector from 0+ to e- is more applicable

to near field measurements of adaptive antennas than single angles with Ae - 0 . -

because it simulates the pattern of a jamming antenna in the near field of the

test antenna. Figure 4(a) shows rays from a jamming antenna, on the plank-

surface, to a test antenna. The rays are identified as 1, 2, ... , 6, where ray

(1) represents e+, rays (3) and (4) to angle 0o, and ray (6) to angle 8-.
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FIGURE 4: Adaptive Antennas in Near Fields
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The direction of responsive nulls appear in Fig. 4(b), directed from the test

antenna. The angular directions are numbered to correspond to the rays in Fig.

4(a).

When the jamming antenna, with its axis forming an angle 6 with the axis
0

of the probe antenna, transmits a coded signal to the test antenna, the test

antenna pattern is adaptively weighted so that a null is created in the vicinity

of angle 6 . The jamming antenna transverses the planar surface, and the detected0

test antenna output is

V N(oxVy ) , VHN(O'x'y) , V.

where the subscript N represents directional noise. Integrals similar to those

in Eqs. (56) and (57), for

are then calculated with the FFT method.

The probe antenna pattern is then obtained with the probe as a transmitter.

The jamming antenna, located a fixed distance from the probe antenna, moves with

the probe antenna but does not radiate. A third pattern is calculated with both

jammer and probe antennas radiating. Orientation of probe and jammer antennas is

in Fig. 4(c).

VI. RECOMMENDATIONS

Analytical studies of the jamming and probe antenna interactions with the

test antenna should be conducted by Drs. Arthur Yaghjian, David Kerns, and Albert

Biggs. Combined with these studies, coordination between Drs. Allen Newell, Charles

Raquet and Albert Biggs on actual design and construction of a near zone antenna

range should be initiated. Dr. Demetrius Paris should also be included in both

efforts. Yaghzian, Kerns and Newell are with NBS-Boulder; Raquet is with NASA/Lewis,

Biggs is with Kansas University, and Paris is with Georgia Tech University.
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COMPUTER SIMULATION OF CHANNELIZED RECEIVERS

by

Jack J. Bourquin

ABSTRACT

Development of computer subroutines applicable to the simulation of

channelized receivers was continued. Some of the subroutines simulate the

various blocks typical of a receiver, such as filters, detectors, and lim-

iters. Others provide for diverse excitations, such as a pulse of CW

carrier, or generate one of the types of displays available, such as the

spectrogram of any signal in the system. The main (subroutine calling)

program has a flow chart that closely resembles that of the system to be

simulated.

Subroutines for several additional components were written and debugged.

Progress was made toward converting the simulation package from FORTRAN IV

to BASIC. Some of the subroutines were written in or converted to a modified

simulation scheme whereby advantage is taken of the frequency characteristics

of narrow band limited systems and of the cyclic properties of the discrete

Fourier transform to greatly reduce computer memory requirements and running

times. Thus, the simulation package was made more compatible to the desk

top type of computer.

12-2

• -. • . .



ACKNOWLEDGMENTS

The author would like to thank the Air Force Systems Command, the Air

Force Office of Scientific Research, and the Southeastern Center for Electrical

Engineering Education for providing him the opportunity of a very challenging

yet educational and enjoyable summer at the AFWAL Avionics Laboratory, Wright-

Patterson AFB OH. He is grateful to the Avionics Laboratory, especially the

ESM Technology Group and the Passive ECM Branch, for its professional work en-

vironment yet very hospitable social atmosphere. He is particularly indebted

to Dr. James B. Y. Tsui, who was the Effort Focal Point for the project, for

his collaboration and guidance.

12-3

12-3°

4-..-.-.



-.

7, ....... .

I. INTRODUCTION:

The primary thrust of this project was to continue the development

of computer subroutines for the computer simulation of channelized

receivers. Although the channelized receiver is presently the system of

principal concern for this work, the same techniques could be applied to

a large variety of systems and components. The ultimate goal is to be

able to simulate the entire receiver from RF input to output displays

under various excitations and operating conditions.

The motivation for such a simulation package is threefold: to

provide a fast and inexpensive computer aid for

(1) the theoretical checkout of the basic receiver system concept

and its block diagram,

(2) the checking of parameter speciff.ations for the final design

of the actual blocks chosen for the system, and

(3) the diagnosis and correction of whatever anomalies occur in

the final constructed system.

By "fast and inexpensive" used above, we mean compared to the time and

expense involved in a receiver design or redesign.

Toward this objective, a collection of 28 FORTRAN IV subroutines

for an IBM 370 (compatible) system had previously been prepared by the

author and several M.S. students in Electrical Engineering at the

University of Missouri-Rolla. Some of the subroutines simulate various

blocks from the RF input to the output of the slot assembly of a

channelized receiver, e.g., filters, limiters and detectors. Other sub-

routines provide various inputs, e.g., a rectangular pulse of a CW

carrier. A final group of subroutines allows the output of any block to

be displayed as (1) a time-domain transient response, (2) a frequency-

domain spectrum, or (3) a time-frequency spectrogram surface2'3'4 .

This work has, for the most part, been supported under subcontract

from the Engineering Experiment Station at the Georgia Institute of Tech-

nology under Air Force Contract No F33615-77-C-1253. Some of the basic

concepts were an outgrowth of a project completed by the author in the - -

1977 USAF-ASEE Summer Faculty Research Program.

The original set of subroutines was developed on the University of

12-4
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Missouri System - Wide Computer Network. The main computer is a vir-

tual memory system and is relatively fast, except at predictable

periods of peakload. Therefore, there was little effort to conserve

memory requirements. However, since the termination of the above
5

mentioned research contract, considerable effort has been expended

toward reducing the memory required for the subroutines, thus making

them more compatible with smaller and slower computers.- This reduction

has been realized by taking advantage of the characteristics of band

limited systems and the cyclic properties of the discrete Fourier

transform. More on this will be discussed later.

- -' Until recently the simulation package had been successfully run
. on only the Univer '.ty of Missouri computer system. Output display

programs had been prepared for the Cal-Comp plotter and the Tektronix

Series 4010 computer graphics terminal. When the ESM Group recently

acquired a Hewlett-Packard Model 9826 computer system, there was con-

siderable motivation for modifying at least some of the subroutines to
make them compatible with that system. The computer graphics capabil-

ity of the HP 9826 could greatly simplify and quicken the process of

obtaining whatever graphical displays were desired. Therefore, a sig-

nificant part of the author's work this summer has centered around

making the simulation package operational on the HP 9826.

II. OBJECTIVES OF THE RESEARCH EFFORT

A. Conversion of the FORTRAN IV Subroutines to the HP 9826 BASIC

Language

Dr James B.Y. Tsui, who is also the Effort Focal Point for this
project, had already converted many of the original subroutines to the

HP 9826 version of the BASIC programming language. What remained to be

done was an extensive testing and debugging procedure to ascertain the

validity of the subroutines. No attempt has been made to date to

convert any of the subroutines associated with the spectrogram capabil-

ity of the original simulation package. The reason is that these sub-
routines require larger arrays and take longer to run than the rest of

the subroutines. And, although the HP 9826 is fast for a desk-top type

computer, it is slow compared to the typical large computer system.
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B. Subroutines Using Frequency Translation

The subroutines above were to be modified with an improved version

of the frequency translation reported in reference 5 and extensively

tested and debugged. The frequency translation allows smaller data

arrays, thus reducing the memory requirements and the running time for

each subroutine.

C. Computer Control of A Network Analyzer

A program was to be written that would allow the HP 9826 *to con-

trol an HP 8505A Network Analyzer. The frequency response of a

block could then be automatically and rapidly run and then stored on a

mini-floppy disk. Those data could be used whenever that block was to

be included in a simulation program.

D. Subroutines For Additional Components

Simulation subroutines for several additional components were to

be written, tested and debugged.

E. Laboratory Check of Several Simulation Programs

The frequency response of several components would be run as in

objective C. Then these data would be used in several simulation

programs to predict the transient responses to various input signals.

These simulated responses would be compared with actual responses to

the same inputs observed and photographed in the laboratory.

III. THE GENERAL SIMULATION SCHEM

The general basis for setting up the simulation program for some

system is that the block diagram of the program closely resembles that

of the system. For example, suppose that the system to be simulated

consists of component A in cascade with component B with some designated

input signal, x(t), into A, as shown in Fig 1(a). A and B could be some

combination of filters, limiters, diode detectors, etc. There must

exist subroutines which adequately describe each device block (A and B)

and each input signal (X), and the main-line program simply calls them

in the right order, as shown in Fig 1(b). That is, if the output signal

of A, y(t), is the input signal of B, the output array, y(*), of SUB

AM* becomes the input array of SUB B(*). Of the CALL blocks shown, the

least standard and well defined one is the CALL PLOT (*.This one
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depends on the display medium and the application, and, in fact, may

not be a subroutine at all but rather simply the last segment of the

main-line program. It is shown here as a CALL block to demonstrate

the idea of the procedure.

If a subroutine is to simulate a device, there are two possible

domains. Some devices are better, if not only, described in the

frequency-domain, such as a Butterworth filter. Othere, like a

limiter, are better described in the time-domain. Somewhat the same

is true of the various input signals, X(*).

This means that the simulation block diagram in Fig 1(b) repre-

sents only a minimal diagram. Because if, for example, SUB A(*)

implements a frequency-domain simulation and SUB B(*) implements a

time-domain simulation, a call to a fast Fourier transform (FFT) sub-

routine operating in the inverse mode must be inserted between the CALL

A(*) and CALL B(*) blocks to transform X(*) from the frequency-domain

to the time-domain. Of course, the reverse could be true.

Furthermore, even if both subroutines are operating in the same

domain but we wish to observe Y(*), for example, in the opposite domain,

the FFT subroutine must be called after the CALL A(*) block, the data
plotted in the desired form, and then the FFT subroutine called again
to restore the data to the proper domain for the SUB B(*) implementation.

An alternative to the second FFT subroutine call is to store the output

of the CALL A(*) block in a second array and to use that for the input

to the CALL B(*) block. The program runs faster but requires more

memory. The typical FFT subroutine overwrites the input data with the

output data in the same array.
A more subtle addition to the simulation block diagram is desirable

for certain bandpass systems, such as the channelized receiver. Signals

found in the RF and IF sections probably take the form of an amplitude

modulated carrier. If one desires to observe or plot the computer simu-

lation of such a (time-domain) signal, better results are probably 7A

obtained if the envelope of the carrier is detected (via an envelope

detection subroutine) and displayed, rather than the complete carrier

signal. Therefore, if the computer simulation of y(t), for example, is

12-7
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to be displayed, the detection subroutine should be called af er

Y(*) is in the time-domain and before SUB PLOT (*) is called.

IV. THE TWO PROGRAM STRUCTURES

Before describing the various simulation subroutines, the two

fundamental program structures used in this simulation package are

discussed and compared. But before that, several fundamental concepts

are reviewed.

Since it is obviously necessary to be able to transform back and

forth between the time and frequency domains, and since this is a

computer simulation requiring discrete data, the properties of this

simulation package are inexorably related to those of the discrete

Fourier transform (DFT). The FFT is simply a fast algorithm for taking

the DFT on a computer.

The various parameters associated with the DFT and the simulation

package are defined here as follows:
N is the number of data in each domain, time and frequency (the

same number for both),

DF is the frequency difference between adjacent data in the

frequency-domain,

Dt is the time difference between adjacent data in the time-domain,

Fs is the sampling frequency or the length of the data record in

the frequency-domain, and

Ts is the length of the data record in the time-domain.

In order to simplify the format of the numbers, we have found it con-
6venient to use a time and frequency scale factor of 10 . I.e., we

measure frequency in MHz and time in Ps.

The above parameters are related by the following:
Fs = N * Df and Ts N * Dt (1)

and

Fs =/Dt and Ta - l/Df (2)

Therefore,

N - Fs * Ts -1/(Df * D) (3)

Of these parameters, the user of the simulation package need

specify only N and Df. However, it is important that he understand all

12-8
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of the parameters when selecting values for N and Df.

One minor restriction on N is that the FFT subroutine we are

., ......

using requires N to be an integer power of 2. There are subroutines
2 available that do not require that restriction, but they require more

memory and take longer to run.

00 A. The Original Structure

The spectra or Fourier transform of a real signal has a real part

that is an even function of frequency, while its imaginary part is odd.

The time-domain sampling involved in the DFT makes the DFT of a func-

tion of time periodic in frequency with a period of Fs. These two

properties combine to require that the DFT of a real function of time

has a real part that is even in frequency about the frequency

Th Fs/2 (4)

called the folding frequency, and that the imaginary part have odd
6symmetry about Fh

avalleThis property requires that somewhere along the simulation proce-

dure the frequency-domain data must receive a conjugate fold about Fh

in order to obtain a real function of time when an inverse Fat ( o-FT)

is called. The user need not be concerned about this. One of the sub-

routines automatically includes this step.

However, the user must be sure that N and Df are large enough that

no significant information in the spectrum input to any IFFT call be

contained in any frequency greater (before the fold) than Fh; see

equations (1) and (4). This eliminates irretrievable loss of informa-

tion due to frequency-domain overlap of data called aliasing. Said

another way, N and Df must be large enough for the desired resolution

in the time-domain, i.e., Dt must be small enough; see equation (2).

On the other hand, Df must be small enough for the desired frequency-
domain resolution. Said another way, Df must be small enough to

eliminate time-domain aliasing; see equation (2). These considerations

determine an upper limit for Df and a lower limit for N.

Consider example 1:
atSuppose that a band limited system has significant spectral com-

ponents only in the band of from 330 MHz to 360 MHz, si shown in Fig 2.
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These numbers are typical in a channelized receiver. The dotted por-

tion of the spectrum is the complex conjugate of the solid portion.

Suppose further that a visual inspection of the data indicates that

the discrete data should be taken at frequency increments of no

greater than 0.5 MHz, i.e., that

Df < 0.5 MHz (5)
Now in order to eliminate aliasing, it must be that

Fh Fs/2 N * Df/2 > 360 MHz i.e., that

N > 1440 (6)

But since N must be an integer power of 2, we select
211.' . ,

N- = 2048 (7)

Checking back we find that

Fh - 2048 * 0.5/2 = 512 MHz (8)

The results of selecting Df - 0.5 MHz and N - 2048 are shown in Fig

2(b).

If we felt the 304-MHz "guard band" from 360 to 664 MHz to be

excessive, we could reduce Df to possibly 0.4 MHz. This would reduce

Fh to 409.6 MHz and the guard band to 99.2 MHz. The important thing

here is that Fh must always be maintained to at least 360 MHz to

eliminate aliasing.

Another effect of the above decrease in Df, of course, is that

the frequency-domain resolution is better. However, one should remain

mindful of the time-domain effects of changes in N and Df. From equa-

tion (3), we see that decreasing Df increases Dt and makes the time-

domain resolution worse. This might be undesirable in some cases. On

the other hand, from equation (2) we see that decreasing Df increases

Ts, the time-domain record length, and this might be desirable in some

cases. Any of the relationships in equations (1), (2), and (3) can be

used in determining N and Df, and none of them should be completely

ignored.

On examination of Fig 2(b), we observe that in this case, over 94%
of the frequency record contains zeros. Furthermore, since the second

half of the record is simply a conjugate fold of the first half, less

than 3% of the entire record contributes uniquely to the output of the
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IFFT call. This kind of inefficiency may be merely irksome

(depending on who is paying the bill) on a large, fast computing system

On a smaller, slower computer, it can be disastrous. This is one of

the motivations for the modified program structure.

B. The Modified Structure

The concept of the modified structure will be illustrated first

by example 2: Suppose that we start with the same system taken in

example 1 whose spectrum is shown in Fig 2(a). This time in preparing

the DFT for the IFFT call, suppose that we completely ignore the second

half of the spectrum shown in Fig 2(b), since it contributes no new

information anyway, and then translate the remainder down to near DC,

as shown in Fig 3. To be sure, the output of the IFFT call is now a

complex function of time since the real and imaginary parts of the DFT

no longer have the proper symmetries for a real IDFT.

However, recall that the signal y(t) in the original system is

probably of the form of a modulated carrier, such as

y(t) - m(t) [ewct + eJwtc (9)

since the system is band limited. Furthermore, we are probably mostly

interested in m(t), the modulation signal. The typical diode envelope

detector yields Im(t)i as do our detection subroutines.

The frequency-shift theorem 6 for the Fourier transform states that

if

F(t)::::F(Jw)

("::::" denotes a transform pair) then

e f(t): :: :F I (W-Wo) (10)

In other words, the two spectral bands in Fig 1(a) represent M(f),

where m(t) : ::M(f), translated to + fc by the exponential terms in
equation (9).

The DFT Eyt) in Fig 3 represents the DFT of
ej (Wc-W°)t m(t)::::M rJ (W-WC+WO) 1)-'"-

Note that the e-jwct term in equation (9) has been dropped; this is

equivalent to dropping the second half of DFT [(y(t)3 in Fig 2 for Fig

3. The wo term accounts for the downward frequency shift. For the
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case shown in Fig 3

o 27 330 M R/s (12)

The detection subroutine written for the modified program

structure takes the magnitude of the (complex) input function of

time for the output. Therefore, if we take an IFFT of DFT Ly(t in

Fig 3 and send that into our detection subroutine, we obtain a dis-

crete but almost smooth version of eji(wc-w)tm(t)I = [m(t)I (13)

the detected envelope, independent of wo. In order for the modified

*" structure program for a simulation block diagram (Fig 1(b)) to be

equivalent to the original system block diagram, we must be sure that

the frequency shift, wo, is the same for all blocks.

Now to determine the values of Df and N for example 2. Whatever

observations dictated inequality (5) would still be equally valid since

the shape of the spectrum has not been distorted but simply translated '

in frequency. Since we no longer require the output of the IFFT of* --
DFT Cy(t)J to be real, all we need for the prevention of a liasing is

that Fs be at least the highest significant frequency in the record of

DFT (y(t)] in Fig 3, i.e., in this case, 30 MHz. Therefore,

Fs =N *Df > 30

gives

N > 60 (14)

Again, since N must be an integer power of 2, we could select
6

N - 2 = 64 (15)

C. Comparison Between the Structures -.-

.In comparing examples 1 and 2 we will gain some insight into how

the two structures compare. The most obvious advantage of the modi-

fied structure over the original is in the sizes of the required data

arrays. Both real and imaginary components must be stored. There-

fore, from equation (7) we see that we must reserve 4096 memory cells

for the data arrays in the original structure while the modified

structure requires only 128 memory cells (equation (15)).

A more subtle (until you run them once) difference is in the runn-

ing times. Of course, for most subroutines in the simulation package

the programs are relatively simple in loop structure, etc., and the
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running times are approximately proportional to N, another advantage

for the modified program. The running time for the FFT, however, is

not quite as simply related.

We have never timed a 2048-point FFT on the HP 9826 nor a 64- .. .,

point FFT. But have timed a 256-point FFT to take 6.82 seconds.
6 -.9

The amount of time it takes an FFT to run is approximately

proportional to N * log2 (N).

Therefore,

6.82 T(64) T(2048) (16)
256*8 64*6 2048*11

gives the estimates of

T(64 pont) = 1.28 seconds

T(2048 point) - 75.02 seconds (17)

V. SUBROUTINES

This section briefly describes each subroutine and how to use it.

Due to page limitations, the program listings are not included in this

report. However, copies can be requested from the author. These

subroutines have been extensively tested and debugged this summer and

appear to be fully operational. Original structure and modified

structure subroutines that simulate the same device or signal are

paired together. A modified structure subroutine that simulates the

same device or signal as an original structure subroutine takes the

same call name with an "m" suffixed to it.

A. Rectangular Pulse of Carrier

1. Pam (Fc, Tau, Df, N, Reap 1, Resp 2 (*))

SUB Pam generates the frequency-domain spectrum of a time-domain

rectangular pulse of carrier for the original structure.

Inputs:

Fc is the carrier frequency (in MHz)

Tau is the time width of the modulating pulse (in us), and

Df and N have already been defined.

Outputs:

Reap 1(*) contains the real part of the spectrum, and

Reap 2(*) contains the imaginary part of the spectrum.
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Arrays Resp 1(*) and Resp 2(*) should both be dimensioned to N in the

main program. The subroutine analytically generates the sinc func-

tion displaced to + Fc but fills only the lower half of the record in

anticipation of the conjugate fold about Fh implemented in a subsequent

subroutine.

2. Pamm (Fc, Fz, Fe, Tau, Df, Resp 1(*), Resp 2(*)) -

SUB Paum is the counterpart of SUB Pam for the modified struc-

ture. All of the parameters and arrays are defined and dimensioned

the same as before, except for the two new

Inputs:

Fz is the frequency by which the spectrum is translated downward.

Fe is the highest possible frequency of the spectrum generated.

This subroutine operates similarly to SUB Pam, except for the frequency

translation by an amount of Fz. Furthermore, since there is no con-

jugate fold to follow, the entire frequency record is filled.

The lower end of the frequency record starts at Fz. As we proceed
upward along the record, the frequency increases until Fe or the upper

end of the record is reached, whichever occur first. If Fe is reached

first, the rest o.- the record is filled with a cyclic rotation of the

spectrum below Fz. See Fig 4.

B. Butterworth Band-Pass Filter

1. Btwth (Df, N, Fo, Nord, Bw, Resp 1(*), Resp 2(*))

SUB Btwth simulates a Butterworth band-pass filter for the

original structure. The previously undefined parameters are:

Inputs:

Fo is the center frequency (MHz),

Nord is the order (number of poles) of the band-pass filter and

Bw is the bandwidth (MHz). T i
This subroutine operates entirely in the frequency-domain. The

input data come stored in arrays Resp 1(*) and Resp 2(*) from the output

of the previous block (Fig 1(b)). The output data of the subroutine

overwrite the input data in Resp 1(*) and Reap 2(*). Both input and -.WI
output arrays are in the frequency domain.

SUB Btwth first finds the poles of the (Nord/2) th-order normalized
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low-pass prototype. Then the low-pass to band-pass frequency trans-

formation is applied.

2. Btwthm (Df, N, Fo, Fz, Fe, Nord, Bw, Resp 1(*), Resp 2(*))

SUB Btwthm is the counterpart of SUB Btwth for the modified

structure and operates in the same way, except for the frequency

translation. All parameters and arrays are defined as before. See L

Fig 5.

C. Empirical Filter Data

Fildtm (N, Resp 1(*), Resp 2(*), Df, Fz, Fe, Freq(*), Mag(*),

Phase(*))

This modified structure subroutine allows the simulation of a

device for which the frequency response has been run in the laboratory.

For each point of the response the frequency in Hz (Note: not Mz

since the subroutine is presently compatible with the HP 8505A Network

Analyzer), the gain (in dB), and the phase (in degrees) are stored in

arrays Freq(*), Mag(*), and Phase(*), respectively, before the call to

SUB Fildatm. All the rest of the parameters and arrays in the argument -

list have the same functions as in SUB Bw.thu.

It is not necessary that the laboratory data be measured with any

particular frequency spacing. The subroutine interpolates the data to

a frequency spacing of Df. Nor is it necessary that the laboratory

data span the entire frequency record. The subroutine pads the record

with zeros below the lowest frequency of the measured frequency

response and above the highest frequency in order to fill out the

frequency record.

Subroutine knows that the measured frequency response data is

over when it reads a zero from the Freq(*) array. Therefore, that array

should be dimensioned to at least one more than the number of data -

points.

D. The FFT

Fouri (Reap 1(*), Reasp 2(*), N, Isign)

SUB Fouri(*) is used in both program structures for taking FFT's

and IFFT's. The only previously undefined term in the argument list is

an
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Input:
. .Isign - -1 to take an FFT (time to frequency transform)

M +1 to take an IFFT (frequency to time transform).

The output data overwrite the input data in the arrays Reap 1 (*) and

Reap 2(*). At the beginning of the subroutine, an internal work

array is dimensioned. That array should be dimensioned to at least 2*N.

SUB Fouri(*) can be called directly in either program structure to

find the frequency spectrum of a time signal without any additional

data manipulation.

E. Frequency-To-Time Transform

1. Timrsp (N, Rasp 1(*), Reap 2(*))

This subroutine takes the inverse transform of a frequency

spectrum for the orignal structure. This is where the conjugate fold

discussed in section IV.A is implemented, after which SUB Fouri(*) is

called to take an IFFT.

2. Since there is no conjugate fold required in the modified

structure, this transform can be implemented directly by SUB Fouri(*).

F. Envelope Detection

* * In this case the subroutine naming policy stated at the beginning

of Section V was not followed.

1. Detmp (N, Df, Reap 1(*), Detresp(*), Timer(*) Linsel, Rmax,

Jcnt)

SUB Detum(*) detects the envelope of an amplitude modulated

carrier for the original structure. The yet undefined parameters and

arrays in the argument list are

Inputs:

Lissel 1 if SUB Deto m is to follow SUB Limtr, the limiter simula-

.tion,

..0 if otherwise and

Rmax in limit level when Limsel"-.

Outputs:
Detresp(*) is the array containing the detected envelope,

Timer(*) is time array against which Detresp(*) can be plotted, and

Jcnt is the number of data in Detresp(*).
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This subroutine determines the datum of maximum magnitude between i.

adjacent zero crossings of the carrier. From this and the two

adjacent data, the sinusoidal approximation of the peak value for

that half cycle of the carrier is calculated and stored in Detresp(*).

The calculated time at which that peak occurs is stored in Timer(*).

2. Dete (N, Resp 1(*), Resp 2(*), Detresp(*))

SUB Dete() detects the envelope of a carrier for the modified

,-N structure. The argument list has already been defined. This sub-

routine simply calculates

Detresp (1) - SQR (Reap 1(I)* Reap 1(I)+

Reap 2(I)* Resp 2(1)) (18)
as described in Section IV.B. Since these data occur every Dt

seconds, a time array is not necessary. Another advantage of the "p.

modified structure is the simplicity of the detection scheme.

It should be noted here that both detection subroutines work
strictly n the time-domain. However, the input data, Reap 1(*), for

SUB Detrm is a real function of time, whereas the input data, Resp 1(*)

and Reap 2(*), for SUB Dete(*) is a complex function of time.

G. RC-Diode Detector

Some diode detector circuits contain an RC holding circuit, as

shown n Fig 6. The modified structure subroutine to simulate this
circuit is

Rcdet (N, Df, Trc, Resp 1(*), Reap 2(*), Detresp(*))
Everything in the argument list has been defined except for the

* Input:

Trc is the RC time constant.

Depending on the value of Trc, the RC circuit can cause the leading

edge of the detector response to be steeper than the trailing edge, as

shown in Fig 7. Again, this is strictly a time-domain operation.
H. Single-Pole Low-Pass Filter

Low-pass (N, Df, Fb, Fr, Fz, Fe, Reap 1(*), Reap 2(*))

SUB low-pass(*) Is a modified structure subroutine for simulating

a single-pole low-pass filter for video signals. It is a frequency-
domain operation. The yet undefined parameters in the argument list

12-17
02.

ig. . - . 1.............................
:- ,4 ' ' .:. ' , '0,"-° "'' ' /'. ' '5....................................-.-....-.......".".....-.-" ...



. -. . -. . .. -

F-7-

are
Inputs: .. "-

Fb is the half-power frequency and

Fr is a reference frequency for centering the low-pass response.

This is a filtering action on the detected envelope signal. But

rather than transform the output of SUB Dete(*) into the frequency- 6.

domain for that filtering action, it is more effecient to implement

the equivalent filtering action back in the frequency-domain preceding

the detection step, i.e., preceding the IFFT Just before the CALL

Dete(*) line. For this, the low-pass response should be centered on

the centroid of the original spectrum at that point by setting Fr

equal to the mean frequency of the spectrum.

I. Centroid of A Spectrum

Meanfreq (N, Df, Fr, Reasp 1(*), Reap 2(*))

This subroutine calculates the centroid, Fr, of the magnitude of a

spectrum for use in the low-pass filter subroutines in the modified

structure. The integration is performed by Simpson's rule.

J. Butterworth Low-Pass Filter . ...

Lopasbut (Df, N, Fb, Fr, Fz, Fe, Nord, Reap 1(*), Reap 2(*))

This modified structure subroutine provides a low-pass Butterworth

filter for video signals and is applied exactly the same as SUB Low-
pass(*). The entire parameter list has been defined already.

K. Gaussian Low-Pass Filter

Gausslopas (Df, N, Fb, Fr, Fz, Fe, Reap 1(*), Reap 2(*))

This modified structure subroutine is applied exactly the same as

the other two low-pass filter simulations. The actual filter simulated

is an 8-th order 12-dB Gaussian transitional filter. This type of

filter has superior pulse response characteristics. See Fig 8.
L. Limiter

Limitr (N, Rlimit, Resp 1(*), Kenabl, Mode,Rmax)
This original structure subroutine simulates an electronic limiter.

The new parameters in the argument list are

Input:

ilimit is either the value of the limit level or the percentage

.4%
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the limit level is of the peak value of the input signal, depending

on Mode,

Kenabl - 0 means there is no limiting

- 1 means there is limiting, and

Mode - 0 sets limit level as a percentage of the peak input

value as specified by Rlimit

- 1 sets the limit level to the actual value of

Rlimtt.

Output:

la is the actual value of the limit level

This is a time-domain clipping action.

M. Operational Amplifier

Opamp (N, Df, Tc, Kol, Kcl, Vbrk, Vlim, Detresp(*))

This time-domain simulation can work in either structure. It

simulates the opamp inverter shown in Fig 9(a), except that the gain

is taken as positive for convenience. The internal circuit is

modeled as a first-order gain (real pole at -1/Tc) with saturation,

as shown in Fig 9(b). The transition between linear gain and satura-

tion is parabolic. The new parameters in the argument list are all

Inputs:

Tc is the integrator constant,
Kol is the linear open-loop gain,

Kcl - R2/R 1 is the closed-loop gain,

Vbrk is the output voltage at which saturation begins, and

Vlim is the final limit of the output voltage.

The integration is done by the traezoidal rule. Two responses are

shown in Fig 10.

VI. TZSTIMG
A. Subroutine Debugging

Each of the subroutines above underwent extensive debugging,

either singly, in small meaningful groups, or even in parts. Many

times a simple enough Input signal or some other set of conditions

could be devised that allowed the test results to be analytically

checked or compared with other published results. Fortunately,
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programing errors often manifest gross discrepancies in test results.

For example, in testing the opamp simulation in Fig 9. It was

simple enough to test the integrator by integrating an easily analyti-

cally integrated function. The inner closed-loop around the inte-

grator was easily tested with a rectangular pulse and then an

exponential decay function. The same was true for the outer-loop in, ,

Fig 9(a) as long as the opamp remained linear. The nonlinearity by

itself was tested by many plots of its transfer characteristics.

Finally, when the entire circuit was forced into saturation (Fig 10),

the response resembled that of a saturated opamp. .. ,

B. Experimental Verification
9

A program was written that implements the computer control of
the network analyzer. The frequency responses of several SAW filters

were stored on a mini-floppy disk. Then by using SUB Fildatm and

several other subroutines, the responses of the filters to various

input signals were simulated and plotted. These plots were compared

to photographs of actual responses taken in the laboratory. See Fig 11.

Then a detector and opamp were connected to the output of the SAW

filter, and those responses were photographed. The opamp subroutine

was added to the simulation program (the detector subroutine was

already in place for the reasons given earlier), and the output of the

opamp was simulated as shown in Fig 12. Both Fig 11 and 12 show good

agreement between actual and simulated responses.

VII. RECOHMMCDATIONS

The most iumediate concern is that there are still several sub-

routines of the original structure that have been converted to BASIC

but have not yet been thoroughly debugged. These programs include a

Chebyshev bandpass filter, a comparator, a Gaussian transitional band-

pass filter, and a subroutine that generates a trapezoidal or cosine-

tapered envelope of a carrier. However, it should not take long to . ,

complete that part of the project. Furthermore, with what has been

learned this sumer, it should not be difficult to convert those to the .

modified structure. The limiter simulation may not be as easy.
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It would probably be beneficial to have a subroutine by which

one could specify a set of numbers for the shape of a filter,

especially for a SAW-type response. SUB Fildatm could easily be

converted to that use. Incidentally, if the phase function of a

spectrum is a linear function with a slope of -m deg/MHz, the time

delay for that filter is

Td - a/360 us (19)

Other devices that should be investigated include the various

logic gates fed by the comparator output of a slot assembly in a

channelized receiver. The area of dispersive delay lines presents . -

some interesting challenges.

Finally, these simulation subroutines should be assembled

together to simulate larger parts of the channelized receiver, if not

the entire system. The spectrogram may be helpful in answering some

of the perplexing questions about receivers.
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FROM PETITE AVIATRIX TO USAF AIRCREW: HISTORICAL REVIEW

AND CURRENT STATUS OF FEMALE FLIERS

by

Willie A. Bragg

ABSTRACT

A research project was conducted to investigate the integration of

females into the United States Air Force. The focus of the investiga-

tion was to examine issues surrounding female entry into the undergradu-

ate pilot training program. Historical data, attitudinal studies and

policy guidelines are discussed as they relate to undergraduate pilot

training. The results indicate that females have positively contributed

to the field of aviation. In addition, female entries into undergradu-

ate pilot training programs have increased. Recoumndations for further

research are outlined.
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I. 2 NRODUCTION

Historically, women have been received by society as a minority

group. However, with the advent of the women's movement, women have

become a more visible and vocal segment in the mainstream of society.

Combined efforts of ERA posture and feminist litigation have positively

affected the roles of men and women. Additionally, changes in lifestyles

of women coupled with equal opportunity have resulted in the integration

of women into traditionally male-dominated areas. Today, women have

returned to institutions of higher education for advanced degrees, have

entered highly specialized fields including science and engineering,

have become business partners with men in corporate America and have

shared political and judicial responsibilities with their male counter-

parts. Especially in the military, women's integration has not gone

unnoticed. According to the Defense Advisory Committee on Women in the

Services (DACOWITS), women account for 8.7Z of the active force (1).

However, since the signing of mandate P.L. 94-106 by former President

Gerald Ford on October 7, 1975, modification of procedures and guide-

lines has been a primary concern of the military.

It is 1982 and crucial questions and issues continue to plague the

implementation of P.L. 94-106 admitting women to the Department of

Defense (DoD) service academies. For example, the Army is presently

reassessing its military functions and the effect upon combat readinessn
with regard to women in combatant roles (2). Questions concerning draft

status, interpretation of combat related assignments, physiological and

psychological endurance standards have greatly influenced the extent of

female participation and policy changes in all branches of the military.
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Thus, the underlying concern seems to focus on what should remain mili-

tary and what must be changed with the integration of women. more

specifically, what posture has the United States Air Force taken to
10

actually involve women in aviation training and what needs to be done

In order to continue effective utilization of women in the United States

Air Force.

II. OBJECTIVES

The primary purpose of the research project was to critically

examine issues concerning female pilots from the inception of aviation

to the present. However, the investigation was limited to American

* female pilots in the United States Air Force and did not include any

material regarding upper body strength differences between males and

females. The specific objectives were as follows:

4,1. present a historical perspective of women in aviation

2. critique studies related to women's entrance into under-

graduate pilot training (UPT)

3. isolate problem concerning female participation in UPT

programs

*4. evaluate policy guidelines and procedures as they affect

female pilots.

III. APPROACH_____

In order to accomplish these objectives, a comprehensive review of

the literature yes conducted, with the assistance of the Strughold

* .~ Aeromedical, Huaman Resources Laboratory and Base libraries. Documents

concerning the history of women pilots, studies involving women pilots
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in training programs and policy statements of the United States Air

Force were collected and reviewed.

In addition, structured interviews were conducted with personnel

at Brooks AFB, Texas who were involved or who had previously partici-

pated in research concerning females in the undergraduate pilot training

program. One interview was conducted with a female student pilot. This

also aided in gathering valuable information about the current status of

female student pilots.

A. History of Women Pilots

Although the literature is somewhat unclear as to whether

Blanche Stuart Scott or Bessica Faith Raiche was America's first woman

pilot, Blanche Scott was considered the woman to make the first inter- i'*

national solo flight (3). Other American women who gained recognition

and fame in the early years included Bessie Coleman, first black 'woman

pilot, Harriet Quimby, Matilde Moisant, Katherine and Marjorie Stinson,

Ruth Law, and Amelia Earhart (4, 5). Although a pilot's license was

not a prerequisite for women pilots, some women took advantage of the

opportunity to take the pilot test (6). Material published in the 1917

Aero Club of America Bulletin identifies the first ten women to receive

pilot's licenses along with noteworthy accomplishments. These are shown

in Table 1.

Perhaps one of the most well-known women pilots was Amelia

Earhart. Although she received her license in 1923, she was considered

the first woman to cross the Atlantic (7, 8).
.4:.

During the early thirties, females were still viewed as record

breakers. It was perhaps during the mid-thirties, that the focus

1
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chagedforfemle pilts.Drin World War II under the supervision

of Jcqulin Cohra, Wmans Ar FrceSericePilots (WASP) was

estalised o rleae sle ilos fom ombt dty.The WASPs performed

many tasks including ferrying, cargo carrying, and various other types

of noncombat flying. The first step toward women's integration into the

military cam in 1948 with the passage of the Women's Armed Services

Integration Act. Essentially, the act ensured women of both regular and

reserve status in the Army, Navy, Marine Corps and Air Force. However,

it must be pointed out that the act also imposed several limitations.

Gradual changes have come about with regard to women in the

*military. In 1977 Congress passed a bill militarizing women pilots who

had participated during Wrld War II, thus making them eligible for

veterans' benefits and in 1976, the United States Air Force opened its

academy to women and began its first undergraduate pilot training pro-

gram for mwn pilots (9). A substantial portion of UPT students come

from the Air Force Academy, following graduation. It is necessary,

then, to examine the role of the Academy in providing students for UPT.

B. UPT Prottram .

Presently, UPT programs are conducted at Williams Air Force

Base, Mississippi, Vance Air Force Ease, Oklahoma, Laughlin Air Force

Bass. Texas, and Reese Air Force Base, Texas. The academic and flying

components of the UPT include approximately 750 hours of scheduled

activities, 175 flying hours, 500 hours in ground training, and 72 hours

* in simulators and cockpit familiarization trainers.* The initial flying

phase is conducted using a T-37 subsonic jet and the second phase of

training uses the supersonic T-38 Talon.
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Academic training includes performance computation, flight

planning, weather, aerospace physiology, aircraft systems operations,

aircraft accident prevention, applied aerodynamics, flight instruments

and instrument procedures. Students satisfactorily completing the one-

year program receive silver pilot wings and begin their Air Force flying

career. Additionally, navigator training on the undergraduate and

graduate levels is also available to individuals interested in aircraft

navigation (10).
a-..-

Plans to admit women into the Air Force began as early as 1972.

Academy officials initiated possible procedures for the admittance of

women and appointed an ad hoc committee to focus on (1) utilization of

women academy graduates in the Air Force, (2) appropriate selection

criteria, (3) feasibility of a single-track program and (4) minimum

number of women cadets (11).

C. Formal Studies

The first study was conducted outside of the Air Force. Its

objective was to ascertain psychological data of potential female pilots.

Novello and Youssef (12) administered the Edwards Personality Preference
Scale (EPPS) and General Aviation Psycho-social Inventory (GAPSI) to 87

women general aviation pilots. The authors concluded that traits trans-

cend sex differences in that female and male pilots showed more smiliar-

ities (p < .05) than the general U.S. population of males and females.

Studies directly related to women's entry into UPT focused on

attitudes and performance of women trainees. Kantor, Noble, Leisey and

McFarlane (13) tested 30 women pilots who had entered UPT as of 1978.

Data were also collected on 40 men, 16 of whom were co-students of women

13-9
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trainees. The remaining 24 men were instructor pilots involved in the

* flight training program. Prior to training, all trainees were adminis-

tered a battery of paper-and-pencil tests which included measures of

verbal aptitude, non-verbal aptitude and psychomotor aptitude. Behav-

ioral sample data were also collected from graduating women and man

trainees and instructors. The findings indicated that men and women

graduated from UPT at comparable rates, and more similarity rather than

dissimilarity was evidenced. However, of particular interest is the

instructor ratings. Although trainee attributes were seen similarly,

instructors felt that men were more likely to become competent pilots.

- In a follow-up study, Kantor and Ideen (14) surveyed the atti-

~4qtudes of 65 flight instructors who bad participated in UPT, survival-

resistance training, replacement training units and in-unit performance

training. The performance of 22 female pilots who had completed UPT

and were involved in advanced phases of flight related training was

evaluated. Although the overall ratings showed a trend toward better

male performance, instructors of first and second groups of female~s

rated male co-students significantly better on their ability to manage

stressful situations and overall performance.

These studies seemed to suggest that females were initially

o perceived as somewhat inferior during early phases of training, but

these perceptions improved during the course of training. DeFleur,

Gillma and Marshak (15) and Liang (16) found similar trends of changing

attitudes toward females by male cadets at the Air Force Academy.

DACOWITS (17) also reported problems during the test period of UPT

(1976-79), but suggested a promising outlook toward normalization and
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increase of female pilots.

D. Air Training Command Experience

According to the Air Force Training Command (ATC), Randolph

Air Force Base, Texas, approximately 350 females have entered UPT. To

date, 175 females have graduated and are pursuing flying careers. One

has been medically disqualified. The overall attrition rate for women

since the inception of UPT is 27.4Z which compares favorably with the

attrition rate for males. The number of females entering UPT is shown

in Table 2. Inspection of the data shows that the number of female

entries has increased. Additionally, the Air Force has substantially

increased its total representation of women on active duty (11.2%) and

leads all other services (18).

E. Policy Guidelines and Procedures

The underlying causes of increase, attrition and utilization

of female pilots rest in major policy change and modification. During

the experimental phase of UPT, the number of female entries were kept

relatively low. The Air Force was also given latitude in constructing

policies outlining the kinds of work available to females. Since the

Air Force policy excludes females from duties involving such combat

operations as actually engaging the enemy and/or delivering weapons

upon the enemy, duties involving the operation of land-based missiles

have also been limited to male pilots. In other words, females,

continue to be excluded from flying combat coded aircraft.

In addition, the Air Force policy adheres to a fixed quota system.

More specifically, the number of men trained as pilots and navigators

must exceed the number of positions for these skills. This surplus

13-11
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TABLE 2

FEM4ALES IN UJNDERGRADUATE PILOT TRAINING

Fiscal Year Number of Entries Number of Graduates

1976 10

1977 10

1978 10 6

1979 20 14

1980 24 20

1981 99 72

1982 110 53

13-12



* -.--.-K N.

ensures that pilots and navigators continually remain on flight duty

and provides a mobilization base for wartime. Therefore, the imposed

limitations require male entries to exceed female entries into pilot

and navigator training. Although combat related duties have been limited

to male fliers, gradual changes have been seen in the availability of

other assignments for female fliers.

Another policy area involves modifications that have been made

by the Air Force regarding join-spouse requests. Since females began

to become pilot qualified, more requests to assign two people together

have occurred. However, as married personnel progress and gain experi-

ence and rank, the question of optimum career progression for both

members may complicate join-spouse requests. The mission and/or objec-

tive of the Air Force versus personal desire may also hamper join-spouse

requests.

Finally, policy requiring automatic discharge of pregnant

women has been reexamined. Pregnant women are immediately grounded and

are assigned to other duties requiring flying personnel. This policy

is based on medical considerations which place emphasis on the welfare

of the mother and fetus, flying safety considerations and mission

accomplishment. Increased fatigability, sudden and unpredictable onset

of nausea and a variety of minor and inconsistent symptoms can interfere

with flying duties and safe mission completion. Pregnant women pilots

perform other flight related duties jointly determined by the attending

physicians and supervisors or commanders, and continue to receive flight

pay until the first day of the sixth month following medical disquali-

fication. Based on the evaluation of the flight surgeon, women may
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return to flying duties after pregnancy (19, 20).

IV. RESULTS

The results of this investigation showed that women have contribu-

ted to the field of aviation since its inception. Early pioneers such

as Blanche Scott, Katherine Stinson, Jacqueline Cochran'and Nancy Love

paved the way for female participation in pilot and space training

programs.

Studies related to UPT programs indicated that the gradual integra-

tion of females into the Air Force positively affected the attitudes of

male students and staff personnel. It is unclear as to whether contact L

alone was sufficient to sustain attitude change within the Air Force

population. Additionally, the number of females entering pilot train-

ing has increased.

Major policy changes have provided a wide array of opportunities

for female pilots. In the Military Airlift Command, females have been

assigned to cargo airlift, medical evacuation aircraft and aircraft

used for weather reconnaissance. In the Strategic Air Command, females

have gone to the air refueling tanker and the airborne command post

aircraft. In the Air Training Command, females have been assigned to

aircraft used to train student pilots and student navigators.

V. RECOIMENDATIONS

The material presented in this review clearly demonstrates that the

Air Force has aggressively pursued the integration of women into its

flying force. The recommendations which follow are in no way critical

of the substantial progress the Air Force has achieved.
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1. It is suggested that the Air Force reconsider its currentL

policy restricting females from combat coded aircraft, particularly

with regard to females at the Academy. Because the Air Force Academy

has a mission of educating, training and preparing officers for various

duties including combat, a-diversion of females to a lesser mission is

somewhat contrary to the philosophy. Additionally, some combat aircraft

require pilot and co-pilot compatibility for mission completion.

2. It is suggested that the Air Force continue to conduct

*attidudinal studies of males and females during training. The material

reviewed shoved that early studies focused on female entries into UPT,

with good results. In addition, the results of these studies should be

disseminated to the Air Force staff so that they can continue to develop

appropriate training, classes and personal development.

3. It is suggested that females receive systematic counseling

concerning career options throughout UPT. Evidence from the present ..-

study shoved that females entering traditionally male-dominated areas

may encounter added emotional and psychological problems. Systematic

counseling would aid in developing a strong self-concept which is vital

to successful completion of training and continued puirsuit of career

goals.

4. It is suggested that tier relationships be developed.

This can be done in several ways. Regular or weekly seminars can be

conducted. During this time, females assigned to lower ranking females

would serve as mentors. This procedure would also establish positive

role models and provide emotional support. As an alternative, higher

ranking males could also be assigned to females to develop pro tegeo-
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mentor relationships. The rationale underlying this suggestion is that -

physical proximity in addition to personal contact may positively sus-

tain attitudes toward females in the Air Force.

5. A follow-on study to this review is strongly recommended.

The current group of approximately 175 female graduates are a rich

source of current information on job assignments, past and present

experiences, problems encountered, and so on. This would enable the

Air Force to evaluate the efficacy of pilot training programs and

determine modificatiors needed in the total pilot program.
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NAVIER-STOKES SOLVERS FOR RAMJET APPLICATIONS

by-

Eugene F. Brown

ABSTRACT

A typical Navier-Stokes solver (STARRC) was run in an attempt to

simulate measured velocity and turbulence intensity measurements

in a sudden expansion (dump) combustor. Failure to accurately

predict the measured centerline velocity suggested that the turbu-

lence model used in the calculation may be inadequate at low

Reynolds numbers. Modifications to the program which allow the

calculation of combustion efficiency and combustor pressure loss

are described. Suggestions are made for improving the program and

for implementing extensions to it. These include: an improved

turbulence model, a more realistic combustion model, a hybrid

algorithm, and a method of solution for high speed compressible

flows.
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I. INTRODUCTION:

Navier-Stokes codes offer a promising way to calculate the

" performance of ramjet combustors. AFWAL/PORT has acquired two

state-of-the-art Navier-Stokes codes both of which are based on

the TEACH/SIMPLE algorithm. One code is for two-dimensional flows

(STARPIC) and the other is for three-dimensional flows (GARRETT).

Both were originally developed for gas turbine calculations. The

three-dimensional code is currently in the process of being modi-

fied for ramjet calculations. The two-dimensional program has

already been modified and has been renamed STARRC. Although a

number of runs have been made with this program, it has not been

thoroughly validated, its limitations have not been fully examined,

nor have extensions of its capabilities been explored. The purpose *

of the present project is to address these tasks. This is an

important activity since without a thoroughly validated program,

design decisions based on its predictions cannot be undertaken

with confidence, and without a sufficiently complete model of the

phenomena involved, predictions beyond the range of variables for

which experimental data exists may be dangerously misleading.

II. OBJECTIVES:

The objectives of this project were to validate the operation

of the STARRC program and to expand its capabilities. In order to

accomplish this I undertook the following specific tasks:

- I familiarized myself with the ramjet literature in

general and with the TEACH/SIMPLE algorithm in particular,

-I ran a number of test cases and compared the results

with experimental data, and
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- On the basis of these comparisons and my reading of the

literature, I suggested ways of improving and expanding the

capabilities of the program.

III. LITERATURE FAMILIARIZATION:

The bibliography which appears at the end of this report

contains a list of references most of which I read during this

portion of the project. I have placed in parentheses at various

points throughout this section the identification numbers of those

references which I found to be of greatest value.

The TEACH/SIMPLE algorithm is only one of a number of methods

for solving the Navier-Stokes equations, and the Navier-Stokes

equations are only one way of mathematically modelling ramjet

combustors. Therefore, my initial objective was to obtain a

general background in the subject of ramjet combustor modelling

(3.1, 3.3, 7.1-7.4).

Proper characterization of the effects of turbulence is vital

in obtaining good predictions of ramjet combustor performance

since turbulent flows, in fact, turbulent-recirculating flows,

dominate ramjet combustor flowfields. Since my background in this

area was somewhat limited, I found the more basic references the

most useful (4.3, 9.1, 9.6).

The TEACH/SIMPLE algorithm has been the subject of countless

papers. All but the first papers assume a level of knowledge of

the algorithm not necessarily possessed by the novice reader. I

would, therefore, recommend one of the early papers (10.17) for a

reasonably complete and straightforward explanation of the compu-

tational procedure. The recent book by Patankar (10.1) is also
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excellent in this regard. On a more advanced level, the notes

(10.9) and the description of STARPIC (10.15) are recommended

reading.

A number of interesting applications of the TEACH/SIMPLE

algorithm can be found in 10.11. This, as well as 6.1 and 6.6,

provide a reference to or contain experimental data on ramjet

-'; combustors which may well prove of value in future validation

studies.

The references listed in the bibliography were obtained from

papers brought to my attention by my AFWAL/PORT colleagues,

references cited in these papers, and books and papers which I

had collected before coming here this summer. It can therefore

not be considered an exhaustive list of references on the subject.

Reference 11.1 is included for those who prefer a more systematic

acquisition process. Several interesting references can be found

there. See particularly those marked with a red dot.

IV. COMPUTER RUNS:

After becoming reasonably well informed about the theoretical

background and operation of STARRC, I began to make some runs with

the intent of simulating some sudden expansion (dump) combustor

tests which had just been completed at AFWAL/PORT. In these . ,.

tests, the expansion (area) ratio was 3.61 and air was the work-

ing fluid, being drawn through the test rig by a small fan. The

inlet nozzle was 25.4 mm in radius. Mean axial velocity and tur-

bulence intensity measurements were made with a single-component

LDV system at 2, 2.5, 7, 12, and 17 nozzle radii downstream of

the dump plane. A second nozzle was located several diameters
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downstream of the last measuring station to control the mass

flow rate. The inlet velocity (at the nozzle throat) was 25.2 m/s.

In the calculations, the combustor was assumed to be 20 nozzle

radii in length, the pressure at the inlet was assumed to be

100 kPa, and the inlet temperature was assumed to be 293 K. Only

the upper half of the combustor geometry was used in the calcula-

tions and presence the second nozzle was ignored.

In the first calculations a 48 x 24 (axial x radial) point

mesh was used and points were distributed in the radial direction

with a packing factor of approximately 6 at the combustor wall

and at radial locations surrounding an axial line corresponding

to the inlet nozzle throat radius. The calculated velocity

profiles are compared with the experimental data in Fig. 1. At

the two measuring stations nearest the dump plane, the measured

velocities are well predicted especially at the centerline. At

the combustor wall, however, the measured profile is fuller than

predicted and exhibits a reflex curvature not seen in the calcu-

lations. Away from the recirculation zone, the predictions of

the velocities at the wall improve. This is shown by the results .

at the next two measuring stations; however, at the centerline,

the measured velocities are considerably underpredicted by the

calculations. At the farthest downstream station, the predicted

velocities are in good agreement with the measurements both at

the wall and the centerline. The disagreement at the centerline

is particularly surprising since Harch* c :ained much better

• "Computational Fluid Dynamics" at AFWAL/PORT/TMR Review, July 28,
1982.
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agreement in his simulation of Drewry's (6.1) data. A possible

explanation for this situation lies in the fact that the inlet

6
Reynolds number (based on nozzle radius) is more than 2.5 x 10

in Drewry's data and only 4.3 x 10~ in the present case. Possibly

the constants in the turbulence model are better suited for high

Reynolds number calculations than they are for low Reynolds number

calculations.

The measured and predicted value of turbulence intensity are

* compared in Fig. 2. The shape of the profiles are faithfully

reproduced although the peak levels are consistently under-

predicted. This discrepancy can be explained as follows. Experi-

ments have shown that there is considerable non-isotropy exhibited

by the turbulence in such flows (the axial turbulent velocity

component being highly dominant). In computing the turbulence

intensity from the predicted turbulence kinetic energy, this non-

isotropy was ignored. If included, it would result in increasing

* the predicted turbulence intensity by as much as r3? and thus

bring the predicted values into much more acceptable agreement

with the measurements.

A second run was made in an attempt to improve the predicted

velocity profiles in the recirculation zone. The difficulty was

thought to be an insufficient number of mesh points in the near

wall region. Accordingly, the packing factor was increased from

6 to 12. A 48 x 24 mesh was again used. Figure 3 shows the

results. At the first two axial stations, a reflex curvature is

clearly exhibited by the predicted velocity profiles in the recir-

culation region; however, its extent is considerably less than
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the experiments would suggest. In addition, the remaining

velocity profiles show a boundary-layer-like character near the

wall which is suggested by the measurements but not apparent in

the previous calculations. Unfortunately, at the intermediate

axial stations the centerline velocity is even more severely

underpredicted than before. The turbulence intensity profiles

were unchanged from the previous calculations.

A third run was made to examine the effect of compressibility

on the calculations by invoking the compressibility option con-

tained in STARRC. Since velocities of only a few meters per

second are involved in these calculations (the inlet velocity is

only 25.2 m/s), any significant change in the results from the

previous calculations must be viewed with considerable suspicion.

It is comforting to know that no differences whatsoever in either

*! the velocity profiles or turbulence intensities were observed.

Finally a run was made with an inlet velocity of 252 m/s

instead of 25.2 m/s in order to examine the Reynolds number

sensitivity of the calculations. Surprisingly, this had no effect

on the predicted velocity profiles and results identical to those

obtained before were predicted. . This is surprising since one

would expect the reattachment point to move approximately 50

percent downstream due to such increases in inlet Reynolds

number (10.12). This provides another indication that the failure

of the calculations to properly predict the centerline velocities

may be a Reynolds number related problem.

1
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V. MODIFICATIONS TO STARRC:

As interesting and valuable as velocity profiles and turbu-

lence intensities may be for validating the code and for providing

detailed design information, of considerably greater interest in

the applications area are such overall performance parameters

as the combustion efficiency and the combustor (total) pressure

loss. Accordingly, the calculation nf these quantities was added

to STARRC. The details of these calculations will now be des-

cribed:

Combustion Efficiency: Combustion efficiency can be defined

as the ratio of the actual to the ideal stagnation temperature

rise of the working fluid as it flows through the combustor.

Since in STARRC the flow is assumed to be adiabatic and constant

specific heats are assumed, the combustion efficiency becomes the

ratio of the actual mass of fuel burned to the total amount of

fuel present. The combustion efficiency can, therefore, be

expressed by the following equation:

E (FR - FU 6M

TC E FR 6mI
j ,j i NIMi

Where the summations are taken across the combustor in the radial

direction at the station adjacent to the exit (NIMl), FRj and FU

represent the local mixture fractions of total and unburned fuel,

respectively, at radial location J, and Sm is the mixture mass

flow rate through the element. Station NIM1 was chosen for this

calculation since the flow field there was expected to be more
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accurately calculated than at the exit where extrapolation

procedures were used.

Combustor Pressure Loss: Combustor pressure loss is defined

as the ratio of the mass averaged total pressure at the exit to

the mass averaged total pressure at the inlet. The combustor

pressure loss can be expressed by the following equation:

E P dimo J i- NIMl

where P is the local total pressure, i - 1 represents the inlet
oj

station, and the remaining variables are as previously defined. 1,..

For incompressible flow, P is calculated from the local staticoJ

pressure, Pi, and the local velocity by Bernoulli's equation. For

compressible flow, the temperature ratio, T /T oj is first calcu-

lated from the energy equation, then the pressure ratio, P /P
j oj'

is calculated from the temperature ratio by the isentropic

pressure temperature relationship for an ideal gas, and finally

the total pressure is calculated from the pressure ratio and the

local value of the static pressure. The equations used are the

following:

T/ il-u2 2 2
T/To 1 (u v w2)/2H
j oj :1 j oj

k/(k-l)
j /Po = (T /T oj)

PoJ P i /(PJ/Poj)

where k is the ratio of specific heats, Hoj is the local stagna-

tion enthalpy, (u, v, w)j are the locai velocity components, and

14-14
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the remaining variables are as previously defined. (Note thatI
since STARRC includes the enthalpy of reaction of the unburned

fuel in the definition of stagnation enthalpy, this quantity must

be subtracted from the computed quantity before the temperature

ratio is calculated.)

Results: There are no results to present here for the comn-

bustion efficiency calculations since no successful combustion

runs with STARRC have ever been made (see Recommendations

section). Results from the pressure loss calculations, however,

are available for both the 25.2 m/s cases and the 252 m/s case.

For all 25.2 m/s cases the calculations predict a value of 0.9980.

Although no experimental data is available for comparison, this

result agrees well with a one-dimensional analysis of the problem

(see 6.2) which gives 0.9979. This is not a very demanding test

of the program, however, because the low velocities limit the

pressure loss to a few tenths of a percent of the inlet total

pressure. A better test of the capability of the program is the

252 m/s case. Here the program predicts a value of 0.8552;

whereas, the one-dimensional analysis gives 0.7923. This may seem

to be reasonably good agreement, but consider a more sensitive

measure of the pressure loss, (P 1 - P02)/P01  In terms of this

parameter, it appears that the pressure loss may be underpredicted

by as much as 30 percent.

VI. RECONMENDATIONS:

There is much which remains to be done before STARRC can be

considered fully validated and fully capable of accurately simu-

lating actual combustor performance. Both short and long range
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tass anbe identifid.It is my hop: that I will be able to

complete the short range tasks as a Senior luvestigator under the

trsof the Scholarly Research in Ramjet Technology Program.

The ongrane tsks(inolvig bsicresarc) Iwill include in

a research pr'oposal to the AFOSR Hinigrant Program.

Short Range Tasks:

-From the runs made this sumer, it seems that the low

Reynolds number capability of STARKC may be in doubt. Accordingly,

adjustments in the turbulence model will be sought to bring the

predicted velocity profiles into better agreement with experiment.

-Runs at higher Reynolds numbers do not show the expected

increase 1z4 reattachment length or the expected amount of pressure

loss. The source of these difficulties will be investigated and

may result in further modifications of the turbulence model.

-Another possibility is that the difficulty with the

d centerline velocity calculations may be due to an incorrect

specification of the inlet conditions for the calculations. It

is expected that such parameters as the inlet length scale will

have a major effect on the results of the calculations (10.16).

In light of the magnitude of the discrepancy and particularly

since experimental measurements of the actual inlet conditions

4' are unavailable, an investigation to determine the sensitivity

othe cacltosto teinlet codtosis caldfor.

- No successful runs of STARKC in the combustion mode have

ever been run. This is because the instantaneous combustion

model presently contained in STARRC produces such a rapid tempera-

ture increase that the calculations invariably diverge. An improved

14-16 -



__J r- dl- 1-1 .r_ -,;I-

combustion model with multi-stage reactions and rates controlled

by the Arrhenius equation or eddy break-up model exists in the

three-dimensional (Garrett) code. It is planned to transfer this

model to STARRC.

- It is generally acknowledged that the k-C turbulence model

is inadequate in swirling flows because of the highly non-

isotropic character of such flows. Algebraic turbulence models

overcome this difficulty. Consequently, use of such methods in

STARRC will be explored.

- A potentially promising way of reducing combustor

pressure loss lies in the use of sloped-wall combustors equipped

with swirlers; however, the effect of swirl on the fuel distribu-

tion in sloped-wall combustors is unknown. Such information is

of great importance since it is essential that good combustion

efficiency not be sacrificed in such designs. Runs are planned

to provide this information. Comparisons with experimental data

will be made.

Long Range Tasks:

- Current two-dimensional Navier-Stokes codes place severe

demands on the capabilities of today's commonly available comput-

ing systems. For grids capable of even modest resolution of flow

field details, computing times of several hours are not unknown

and storage requirements close to total machine capacity are not

unusual. In ramjet combustor applications, great computational

time and storage requirement economies can be produced by using

parabolic or partially parabolic methods instead of elliptic

Navier-Stokes methods in those regions of the flow where no
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recirculation takes place. Such "hybrid" solvers have the poten-

tial of halving the storage requirements for two-dimensional

codes (reducing it by one-third for three-dimensional codes) and

reducing computational time by an order of magnitude. Research

is required to develop a means of judging in a dynamic fashion

the local ellipticity of the flow and accordingly selecting the

appropriate algorithm.

- Current Navier-Stokes methods used for ramjet calculations

have evolved from algorithms originally designed to solve convec- .-..

tion heat transfer problems. Although they are judged to be

adequate for a wide variety of low speed applications, their

performance is largely untried for high speed transonic applica-

tions. For short, high-technology combustors this is a severe

shortcoming since accurate prediction of the performance of such

combustors is certain to require the consideration of the transonic

flow in the exhaust nozzle as a part of the calculations. This

will at least require a modification of the TEACH/SIMPLE algorithm

to include the effect of pressure corrections on the density calcu-

lations. It is even more likely that the TEACH/SIMPLE algorithm

will be found fundamentally inadequate for such calculations.

This is because use of this a'gorithm requires a prior specification

of inlet mass flow rate; however, a well-known characteristic of

transonic internal flows is that the mass flow rate cannot be

prescribed in advance. The importance of high speed compressible

flows in ramjet calculations combined with the suspected inadequacy

of current calculation methods combine to make the discovery of a

suitable algorithm a most challenging and valuable research activity.
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DEVELOPMENT OF A MEASUREMENT TECHNIQUE FOR

FIBER-MATRIX ADHERENCE IN BRITTLE-BRITTLE COMPOSITES

by

Dr. S. D. Brown

ABSTRACT 9 -

Experimental measurement of fiber-matrix adherence was surveyed

in the context of ceramic-ceramic and ceramic-glass composites. A

literature search, and several letters and telephone calls yielded

eight kinds of tests that held some promise of being adaptable to the

specific case. These are listed and some are described. Of the eight,

all but two were eliminated from consideration. The reasons for their

being eliminated are given. Attempts to prepare test specimens and

prove out selected tests proved futile. Said attempts are discussed.

Finally, recommendations for further work are made. *- .-
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I. INTRODUCTION:

Fibrous composites offer a number of advantages in applications

requiring light-weight materials that are stiff, tough, and/or strong.

Fiber-reinforced polymers and metals have become important commercial

materials. Now, ceramic-ceramic (i.e., brittle-brittle) composites

-ceramic fiber-reinforced carbons, glasses and ceramics--are being

developed that hold considerable promise for applications that re-

quire comparatively tough ceramic materials for service at elevated

temperatures.

Reinforcement-matrix adherence is recognized as an important

factor affecting the mechanical properties and performance of poly-

mar-matrix and metal-matrix fibrous composite materials. This is

expected to be so apropos of the brittle-brittle composites as well.

Effective matrix-to-reinforcement load transfer must occur if the

reinforcements are to function as the major load carriers. This,

in turn, requires that an adequate bond exist between reinforcements

and the matrix. Sometimes, composite toughness is enhanced owing
.94°

to a frictional dissipation of strain energy at the reinforcement-

matrix boundary during shear displacements of the reinforcements

with respect to the matrix (e.g., during fiber pull-out). This

mechanism requires that the reinforcement-matrix bond strength be

• such that the said frictional effect can occur; i.e., Tiu <a D/2L.

Here, Tiu represents the ultimate reinforcement-matrix shear bond

strength; afu, the ultimate tensile fracture strength of the re-

inforcement (fiber); D, the reinforcement diameter (ciruclar cross
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section is assumed); and L, the reinforcement length. In any case,

it is clear that a meaningful, quantitative, practical test that could

be used to measure the reinforcement-matrix bond strength would do

much to promote rational development, design, and application of

brittle-brittle composites. Development of such a test is the 'gen-

eral purpose of the present project.

Several kinds of adherence tests are reported in the literature.

e.g., 1-16 However, only one or two of these are likely to be adap-

table to cases involving brittle-brittle composites. Under scrutiny,

most of them are seen to be inadequate. This matter will be discus-

sed later in the report.

It needs to be pointed out that when reference is made in this

report to the reinforcement-matrix boundary, what is envisioned is

an interphase that lies interjacent to the reinforcement and the

matrix. There is evidence that when adhesive failure occurs, the

17fracture surface passes through this interpahse. Of course, com-

posite failure is a comparatively complicated multibarrier rate

process that involves competitive and/or sequential steps. Adhesive

failure is but one of several reactions that may occur during failure
matril. 6 ,'18 ".=

of a composite material.

II. OBJECTIVES OF THE RESEARCH EFFORT:

Originally, two objectives were selected for the research effort:

The primary objective was to develop an experimental method by which

a practical, quantitative measurement of matrix-reinforcement ad-

herence can be made apropos of ceramic-ceramic composites. It was
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recognized at the outset that achievement of this primary objective

was not at all certain, that it was a most difficult research pro-

blem. Therefore, a secondary objective--development of a model

based on multibarrier rate process theory for subcritical cracking

and deformation of ceramic-ceramic composites under loads at elevated

temperatures--was set forth as an alternate to the primary one in

the event that reasonable efforts to develop a suitable adherence

test proved fruitless. As things turned out, efforts to develop

an adherence test were more successful than expected, and the entire

focus was placed upon achievement of the primary objective.

Specific tasks were set up to accomplish the aforesaid object-

ive. These were as follows:

Task One: Search the literature for adherence tests that

might be adapted to the present case.

Task Two: Select a test: Scrutinize the tests reported in

the literature to eliminate from further consider-

ation all but the one or two that appear most pro-

mising.

Also, devise new tests, different from any reported in the literature,

if none reported can be adapted to the present case.

Task Three: Prepare actual test specimens and prove out the

test scheme.

What was achieved with respect to each of these tasks is described

* in the sections that follow.
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III. TASK ONE--THE LITERATURE SEARCH:

In searching the literature for adherence tests that might be

used and/or adapted for measuring the reinforcement-matrix bond

strength in ceramic-ceramic composites, a wide range of methods

was considered. Even techniques used to determine the adhesive

strengths of coatings and films to their substrates were included in

the hope that one of them might prove useful in the present case.

The computerized search program available through the Wright-Pat-

terson AFB library system was used extensively in connection with this

task. Moreover, the library facilities at the University of Illinois

were used and direct contacts were made with workers believed to be

expert in areas pertinent to the-study. The test methods finally

considered are listed as follows:

1. Fiber pull-out

2. Critical fiber length evaluation2'

3. Coating pull-off/shear-off
4- 6

4. Fracture mechanics approaches to coating-substrate

%: ~adherence -1  .

5. Tests based on microhardness indentation
11'12

6. Fiber punch-out
13

7. Peel strength 14

8. Dynamic Poisson's ratio
16

IV. TASK TWO--TEST SELECTION:

All but two of the test methods in the foregoing list were

eliminated from further consideration, at least during the term of
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the summer fellowship program. The two selected were the fiber pull-

out and the critical fiber length evaluation methods. In this sec-

tion, the advantageous features of these two kinds of tests :hat

led to their selection are discussed as well as their particular

shortcomings. Moreover, reasons are given for the elimination of the

other methods from present consideration.

The pull-out test is a particularly straightforward method.

In principle, at least, test specimens should be comparatively simple

to fabricate. A schema of a fiber pull-out test specimen is given

in Figure 1. The experiment is performed by measuring the force

necessary to pull fibers from the matrix, under carefully controlled

conditions, as a function of the embedded fiber length. Assuming

that the experiment proceeds according to design, a plot such as that

FIRE1 - -OU TES PECIMEN

15J
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shown schematically in Figure 2 will be obtained and the so-called

critical length, 1 , thereby determined." 2  Then, the reinforcement-

matrix shear bond strength is calculated from Eq. (1):

- (w
= fu D ()-i

2 .
c

Here, T represents the average reinforcement-matrix shear bond stre-

ngth.

This test is comparatively simple to do and should yield

meaningful data provided it is performed correctly. Fiber align-

ment and straightness is crucial. Owing to the brittle nature of A

the fiber and the matrix, however, T can be expected to follow ex-

treme value statistics; i.e., there will be a good deal of scatter

in the data. Conditions at the fiber-matrix-environment junction

(i.e., the region indicated by J in Figure 1) may dominate the re-

sults and must therefore be carefully considered and controlled.

4-

1_4

0/

FIGURE 2 - PLOT OF THE FORCE REQUIRED TO PULL P-.-±1

AN EMBEDDED FIBER FROM THE MATRIX
VS. THE EMBEDDED LENGTH OF THE FIBER

(ADAPTED FROM REFERENCE 1).
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For instance, the initial stress concentration is located there and'

unless care is exercised to avoid spurious bending moments during

testing, the fiber may break prematurely, resulting in an aborted

test. Furthermore, environmental effects are expected to be an espe-

cially important factor in the pull-out test, requiring control of

the test environment. Indeed, the pull-out test specimen may dif-

fer markedly from the actual composite material in regards to the

access the environment has to the fiber-matrix interface. The value

of Tr obtained from the test will depend upon the state of residual

stress in the matrix. For example, if the stress state in the matrix

is such that a radial compressive stress is imposed upon the fiber-

* matrix boundary, then frictional forces will result in a higher ex-

perimental value for Tr than would be the case were no such stress

present. Finally, the loading mode in the fiber pull-out specimen

is probably more simple than that encountered in the failure of an

actual composite material. All of the aforementioned difficulties .- n

and drawbacks notwithstanding, the fiber pull-out adherence test

is probably the best presently avail~ble for brittle-brittle com-

posites..

The fiber pull-out test just described also can be classified

a critical fiber length evaluation test. However, in this report

this latter term is used more specifically to indicate the test

reported by Drzal, Rich, Camping and Park. 3In this procedure, which

was devised to determine the strength of the bond between graphite

fibers and resin matrices, a single, straight monofilament is em-

bedded in the matrix which forms a standard dogbone specimen
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(Figure 3). The monofilament lies coincident with the longitudinal

axis of the specimen. This specimen is subjected to increasing

uniaxial tensile stresses in the direction of the aforesaid axis

until the monofilament has fractured into segments of critical length

(Figure 4). The critical length is ascertained by means of an optical

microscope while the specimen is still stressed, and the bond stre-

ngth is calculated from Eq. (1).

414 T-eIX 4114T(,F'I41,

FIGURE 3 - DOGBONE SPECIMEN USED BY DRZAL, RICH,
CAMPING AND PARK3 TO DETERMINE THE
CRITICAL FIBER LENGTH.
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FIGURE 4 - FIBER FRACTURE AND STRESS DISTRIBUTIONS
AT VARIOUS STAGES OF TESTING (ADAPTED
FROI DRZAL, RICH, CAMPING AND PARK3).

The test just described has a number of important advantages. For

instance, the environment vicinal the fiber-matrix interface is that

which would be present in many (but not all) service failure situations

apropos of the actual composite material. In contrast with the fiber

pull-out test, there are no fiber-matrix-envirotment junction problems

to contend with. The test is more efficient than the fiber pull-out

method because it does not require the testing of several specimens

with various embedded lengths of fiber to determine 1 . Depending

upon the fabricability of the composite itself, test specimens should

be comparatively simple to fabricate; surely no more difficult than

those required for pull-out tests. In fact, achievement of the cor-

rect fiber alignment may be much easier for the specimens required in

this test than for those needed in the pull-out method. :.
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Two features of the critical fiber length evaluation test

severely limit its usefulness in regards to ceramic-ceramic and

ceramic-glass composites, its several advantages notwithstanding.

The first of these is that the test requires that the strain to

failure of the matrix material be greater than that of the fiber.

That is, the fiber and matrix are strained equally in the test and

the fiber must fracture into critical length segments before the

matrix fails. This requirement will not often be met for ceramic

or glass matrices. The second feature of the test that may present

a problem with respect to its use with brittle-brittle composites

is the fact that Zc must be measured in situ. If the matrix is
c

sufficiently transparent, this can be done optically with a suitable

cathetometer or traveling-tube microscope. While this may be possible

with some glass matrices, ceramic matrices will almost always be

optically opaque. An acoustic microscope might be considered for

this purpose; however, commercial units currently available have

lateral resolutions no better than 20 to 25 1m. The most

advanced experimental units can do no better than 10 Um in this re-

spect. Such resolutions will be inadequate in many cases. Neverthe-

less, some workers developing acoustic microscopes expect to achieve

resolutions of less than 1 Um by using acoustic signals of extremely

high frequency. If their efforts in this connection are successful,

then the acoustic microscope may be useful for measuring Zc

The coating pull-off/shear-off test 4 6 is a standard method that

has been widely used and/or adapted for the measurement of
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coating-substrate adherence in flame-sprayed cdramic-coated-metal

systems. A schem of the test specimen is shown in Figure 5. Its

use in the present context would require that the reinforcement

material be obtained in the configuration of a film or tape. This -

may not always be practical. The results achieved would be strongly

dependent upon the character of any flaws that may exist in the

coating and/or at the coating-substrate-environiment juncture (see

N J, Figure 5). This writer's experience with the method indicates

* that results may also be affected significantly by the rheological

character of any adhesive used to attach the specimen to the load

train. Spurious bending moments, which are difficult to eliminate

in the uniaxial tensile pull-off version of the test, can affect the

results.

444 TE.X 41

47E9T1' 41 /V 7W4j
F0444 0OF T,4P1?

FIGURE 5 - SCHEMA OF THE SPECIMEN USED FOR THE
COATING PULL-OFF/SHEAR-OFF TEST.
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Finally, whether the failure obtained in the specimen during test-

ing is adhesive in character, as is required for a valid measure-

ment, or at least partially cohesive depends upon the loading rate

and the relative humidity of the environment. Other factors not

yet fully recognized seem to affect the extent to which the failure

is adhesive or cohesive in nature. The problem is not simple or

well understood. Owing to the foregoing difficulties which were

expected with the pull-off shear-off test, no attempt was made to

adapt it to the present case.

Fracture mechanics approaches to coating-substrate adherence

N: measurement, with the exception of the microhardness indentation

method of Chiang, Marshall and Evans, are still somewhat contro-

versial. Some workers have experienced difficulty in achieving valid

results with certain fracture mechanics methods, others have not. In

any case, the reinforcement material would have to be in the form of "--

a film or tape just as in the coating pull-off/shear-off test. There-

fore, these methods were eliminated from further consideration.

4 11,12
Tests based upon microhardness indentation were not considered

to be fully adaptable to the present case. The method devised by

11Chiang, Marshall and Evans is an ingenious test for determining

the adherence of thin films to hard substrates. However, after

considerable study, the writer was constrained to conclude that it

could not be made useful for fiber-matrix adherence measurement. The

12
microdebonding test developed by Mandell, Chen and McGarry like-

wise was a most interesting approach, especially for composites
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having a resin matrix. However, stiffness and cracking problems

S- expected apropos of brittle matrices and a potential lack of pre-

cision with regard to determination of the shear bond strength de-

terred further consideration of the method in the context of the -.

short term of the summer program.

13
In the fiber punch-out test, a thin section is made of the

composite material such that the axes of the fibers are perpendicular

to the plane of the section. Then a microhardness tester is used to
4.-4 I ....

measure Fn, the force necessary to punch the fiber segments from
7 m.

the thin sections. The bond strength T is then calculated from the

formula

T F /irDx (2)min.

where x represents the thickness of the thin section and D, the fiber

diameter. This test is fraught with difficulties and to the writer's

knowledge has never been used successfully. For one thing, fiber-

matrix frictional forces are sure to confound the data. Moreover,

providing the necessary support for the thin section during the

punch out operation without blocking the exiting fiber segments poses

a tricky problem. For these reasons, this particular method was

not considered further.

14,1
Peel strength methods1 ,l5 have long been used to measure the

bond strength between flexible polymer coatings and metallic or glas-

sy substrata. In the adaptation of the peel strength approach to

the measurement of fiber-matrix adherence, the fibers in question are

bonded to the surface of a specimen of the matrix material, then the
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force required to peel the fibers from the matrix material is mea-

sured by a standard technique. Optical microscopy is used to mea-

sure the fiber-matrix contact area once the fibers have been re-

moved. A suitable dye is applied to the matrix surface prior to

removal of the fibers to mark clearly the regions where no fiber-

matrix had occurred. One of the serious problems with this scheme

is that the kinds of fibers that need to be considered are too stiff

and/or brittle to be peeled from the matrix surface in the fashion

described. On this basis, consideration of this test was terminated.

mto 16  anvladpoTakemori's dynamic Poisson's ratio method is a novel and pro-

mising approach. He measured the dynamic Poisson's ratio as a func-

tion of small static tensile strains, calculated the instantaneous

macroscopic volume change in the composite, then related these results

to microvoid formation. The microvoid formation occurred at the fi-

ber-matrix boundary, allowing a relationship to interfacial adhesion

to be inferred. While the writer maintains an interest in this test,

the procedure was too involved to pursue further during the term of

the suer fellowship program.

V. TASK THREE -- PREPARE TEST SPECIMENS & PROVE OUT SELECTED TEST

SCNS:# .-. -

Several attempts were made to prepare test specimens for the

first, second and third kinds of tests described above. Said attempts

either failed or were not completed by the end of the fellowship term.

Fiber pull-out specimens consisting of SiC fibers in a silica glass ma-

trix prepared by a sol-gel method were unsatisfactory owing to
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shrinkage cracks. Specimens consisting of SiC monofilament and water

glass (Na20 3Si02) did not cure properly and were loaded with bub-

bles. Moreover, the alignment of the monofilament was unsatisfactory

and degradation of the filament at the filament-matrix-environment

Juncture was observed.

For the critical fiber length evaluation test, a SiC monofilament

was cleaned and placed inside the bore of thin-walled, soft glass

capillary tube, one end of which was subsequently sealed shut in a

flame. A modest vacuum was then pulled with a small hand pump to

evacuate the bore and a flame was moved along the tube beginning at

the sealed end to collapse the glass upon the filament. Three pro-

blems developed: First, the glass collapsed in an uneven helical pat-

tern upon the fiber. The wall of the capillary was too thin. Second,

entrained bubbles of microscopic size were found scattered here and

there along the embedded length of the filament. The vacuum was not

sufficiently hard. Third, evidence of a chemical reaction between the

glass and the filament was seen with a microscope. Some regions of -

the tube had been overheated. Limited time did not permit further

pursuit of this effort.

* Attempts to prepare specimens in the pull-off/shear-off test con-
5o%,%

figuration were stymied from the outset by an inability to prepare or

obtain the reinforcement material in the form of a film or tape.

VI. RECOMMENDATIONS:

It is recommended that the work started apropos of the fiber pull-

out and critical fiber length evaluation be continued. Emphasis needs

.=
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to be placed upon the fabrication of suitable test specimens. The

tests themselves require additional scrutiny. For instance, the

fiber pull-out method should be subjected to a rigorous fracture

mechanics analysis. That is, debonding is a type of fracture and it

is expected that analysis in terms of fracture mechanics would prove

useful.

Once the tests have been developed for the brittle-brittle case to

the point that reliable, meaningful data can be obtained, experiments

should be made to determine the effects of fiber surface treatments,

pull-out rate, temperature and environments upon the bond strength.

Moreover, experiments to ascertain the effects of the fiber-matrix

bond strength upon the fracture characteristics of the composite

should be made. - -

15-19
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FORCE TRACKING PROFICIENCY IN

it OPERATING AIRCRAFT CONTROLS

by

L. W. Buckalew

ABSTRACT

This project is associated with the Air Force Aerospace

Medical Research Laboratory's Pilot Strength Screening Pro-

gram. An overview of static and dynamic strength is pro-

vided, with emphasis on relation to aircraft maneuvers.

Research objectives were to determine the maximum strength

applied to a wheel-type elevator and aileron control and to
establish the relationship between tracking proficiency and

control force resistance at variable submaximal strength

levels. Corollary measures of heart rate and EMG frequency
shift and amplitude were taken. Data collection is ongoing.

Anticipated results should allow comparison of a wheel and

stick-configured control system in terms of applicable

strength. Based on tracking proficiency, results should
provide insight into minimum and maximum control apparatus

force resistances associated with adequate aircraft control,

and will have relevance for design specifications. Several

related research problems were developed.
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I. INTRODUCTION:

All movement is behavior and is produced by muscle con-

tractions. Detailed treatments of the operation of and

influence on muscle behavior in a work situation have been

provided.1 '2 The neuroanatomical level of this behavior

ranges from the most basic system of spinal reflex pathways

to complex cortical processes affecting pyramidal and extra-

pyramidal systems. The pyramidal system appears to mediate

precise and skilled movements in man, while the extrapyra-

midal system is generally involved with the smoothness and

continuity of limb movements, particularly arms and hands.

Within these systems are three general types of muscle tis-

sue: striated, smooth, and cardiac. Most movement directly

involves striated muscles relaxing or contracting. Contrac-

tions are typically either isotonic (dynamic), wherein mus-

cle tension is relatively constant and the limb moves, or

isometric (static), wherein the muscle changes tension with-

out the limb actually moving. The innervation, operation,

and control of muscles and muscle systems is well estab-

lished3'4 and isometric exercise and the physiological

responses during this form of exertion have been extensively

treated.2  Static or isometric strength has been defined as

the single maximum force exerted by the subject in a fixed
5 2position. Petrofsky also noted that there exists a static

component of most types of dynamic exercise, and the physio-

logical responses to combined static and dynamic exercise

are additive. The literature concerning the correlation of

static and dynamic strength has been reviewed.5

There are several perspectives conventionally con-

sidered in investigations of isometric exercise: 1) strength

usually expressed as maximum voluntary contraction or MVC,

2) endurance or fatigue, typically measured in terms of car-

diorespiratory or electromyographic physiological substrates

(heart rate, blood pressure, ventilation, EMG frequency

shift, EMG amplitude), 3) recovery time from fatigue, and 4)
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performance on some specified task.

Considering fatigue, the ultimately resulting physio-

logical condition in endurance situations, the process and

recovery from durations of submaximal sustained contractions

have been investigated.6  It was noted that recovery from

fatigue was only about 75% complete after 40 minutes rest

while recovery of ability to exert maximum tension was com-

pleted in 10 minutes. The assumption that, based on such

findings, different muscles must be involved in a static

strength vs endurance situation was confirmed,2 and it was

suggested that slow twitch muscles seem to be associated

with low strength and high endurance while fast twitch mus-

cles appear associated with low endurance and high strength.

Petrofsky2 summarized available evidence relative to endur-
ance (sustained contractions) and provided time-based

expectancies of endurance associated with proportions of

MVC (maximum voluntary contraction) exerted. Evidence indi-

cated a steep, negative, and generally linear relationship

between muscle tension and endurance in situations involving

greater than 15% MVC. 2'7 It was also noted that in an

endurance to fatigue condition, approximately 80% recovery

occured within a 20 minute period following fatigue, with

complete recovery in 24 hours. Additional evidence reflect-

ing on the development of and recovery from fatigue at dif-

ferent muscle tensions is available.8  It is important to
recognize that there is a clear relationship between maximum

static strength (MVC) and endurance times at submaximal ten-
9grop.

sions, regardless of muscle group.
The measurement of physiological responses and condi-

tions in static strength or endurance situations typically

is concerned with heart, neural, and muscle conditions.
O'Donnell 010

O'onel contributed a thorough survey of psychophysio- -
logical techniques used in human engineering research, to

include measures of cardiovascular function and electro-

myogram (EMG). Both heart rate and EMG were considered
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viable measures of workload. Considering both static and

dynamic exercise, a close relationship between varying mus-

cle tensions and pulse rate has been noted, with the sugges-

tion that fatigue caused from static effort could be reason-

ably well predicted from the rate of increase in heart

rate.9 This evidence does, however, suggest that heart
rate may have a restricted sensitivity to muscle tension

and fatigue. Another measure of the physiological condi-

tions underlying endurance and fatigue situations is the

electromyogram (EMG). The sensitivity of the EMG to small
10variations in stimulus conditions has been noted, and

EMGs taken from the forearm have been shown to correlate

well with workload. 
11 ,12

Appreciable information exists relating static muscle

exertion, fatigue, and recovery time and there are accepted

techniques for measuring the physiological correlates of

these behaviors and conditions. However, in assessing these

conditions it is necessary to appreciate that exertion and

fatigue are physiologic factors which set the relatively

fixed and outmost limits of strength and endurance. Psycho-

logic factors set the more proximate limits of strength and

endurance; in this framework, capacity is the always undeter-

mined measure of physiologic limits and performance is

limited by psychologic factors.13 Hence, the effect of %

motivation must be considered as a reservation in any con-

clusions of attempts to establish parameters of strength,

endurance, fatigue, or recovery from fatigue.

Performance measures reflecting the effects of muscle

exertion, strength, and fatigue are numerous. The task of

present interest, tracking, has been extensively discussed,

to include methodological considerations and theories of

performance. In the operation of an aircraft, the track-

ing task is both essential and critical, and any variables

exerting influence on tracking proficiency are of appreci-

able importance. Aircraft controls which facilitate
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tracking performance involve varying amounts of force resis-

tance resulting in muscle tensions of different proportions

of MVC. These strength and endurance demands logically

influence tracking proficiency and should be reflected dif-

ferentially in both heart rate and EMG measures.

II. OBJECTIVES:

Aircraft pilots must occasionally exert large forces

on controls for brief periods of time and endure submaximal
15forces for lengthy periods. Such strength and endurance

requirements are necessitated by design standards for air-

craft control resistance which are based on experience and

performance of pilots in the mission environment. The con-

trols requiring the exercise of strength and/or endurance

include elevator and aileron manipulated by either a stick

or wheel control, and rudder pedals. Pilots must often

make precision adjustments with these controls, particularly

in the pitch axis, during approach to landing and formation

manuevers. Relevant precipitating conditions include out-

". of-trim, failed hydraulics, and engine out, and related

maneuvers include cross-wind landing, extending flaps, dive
15recovery, and engine run-up. These adjustments often

require maintenance of a baseline force on the control appa-

ratus. If the pilot were unable to track with the required

precision (force and rate), the aircraft attitude may dete-

riorate to the point wherein the required corrective force

would exceed pilot capability. Hence, it is important to

have performance data on both the maximal static strength

(MVC) that can be applied to aircraft controls and the rela-

tionship between tracking performance and predetermined

increments of MVC.

The Aerospace Medical Research Laboratory's Pilot
15Strength Screening Program was initiated in 1976, with the

first phase devoted to accumulation of data on control accu-

ation forces. The second phase of this program involves
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developing, deploying, and validating a strength measuring

technique for screening pilot candidates. Specific concerns

of this phase include the measurement of relevant pilot

strength characteristics. Previous efforts 16 "7 have mea-

sured the strength characteristics of male and female sub-

jects for operating a stick-type aileron and elevator con-

trol and rudder pedals. Muscle strength involving measures

for which comparable data exist for men and women has been

extensively reviewed.18'19  Existing data are primarily con-

cerned with measurement of maximal static strength (MVC) and

static endurance of submaximal forces to fatigue. While

essential, this information primarily reflects on strength

or endurance limits, and is relevant to use of a stick-type

control system. The next sequential step in developing a

pilot strength screening program is to quantify control per-

formance or the relationship between MVC and the ability to

track with a variable submaximal force. Also, information

on strength characteristics using a wheel-type aileron and

elevator control are needed. Pointedly, what performance

and physiological decrements are associated with specific

aircraft control resistances? The objective of this study

is to establish a quantitative relationship between variable

submaximal force requirements and tracking proficiency, and

to determine heart rate and EMG correlates to the variable

force requirements.

III. METHODS AND MATERIALS:
a. Subjects

The subjects were 12 males who met the body size

requirements for a Class 1 flying physical (Air Force Regu-

lation 161-43), having heights in the range of 64-76 inches

and within acceptable weight limits. Basic anthropometric .-

characteristics of the sample are presented in Table 1. As ".

the study required subjects to exert and maintain large

proportions of their maximum arm strength, no one with a
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recent history of muscle or back injury was permitted to

participate.

b. Apparatus

Strength testing and tracking were done using a Dynamic

Strength Testing Cockpit consisting of a simulated aircraft

cockpit, an adjustable C-130 aircraft seat, and wheel-con-

figured elevator and aileron controls. The position of

these manipulanda was controlled by a microprocessor data

acquisition system. The force applied by subjects and the

positJon of controls were monitored by the computer updated

position signals sent to the hydraulic actuators as shown in

Figure 1. An intercom permitted communication between the

computer room and the simulator. During the maximum static

strength tests, the wheel control was fixed and immovable

in one of three distal locations medial to and forward of

the subject. Position 1 (near subject) was used for the

elevator pull test, Position 2 (center of range) was used

for the aileron left and right tests, and Position 3 (most

distant) was used for elevator push tests.

Data collection utilized an EMG Fourier Analyzer,
Telectrode disposable electrodes (Johnson & Johnson), and

amplifier (Grass Instruments Model PS 11 H) to obtain EMG

center frequency and amplitude. A cardiotachometer with

earlobe optic electrode was used to obtain heart rate data.

Tracking proficiency was measured using the wheel-connected

hydraulic actuators (Figure 1) and an oscilloscope to pro-

vide visual feedback of performance to subjects. All data

were recorded on tape (Honeywell 5600B).

c. Procedure

Maximum Static Strength Tests. During testing, the

subject sat in the simulator seat, restrained by a lap belt

and shoulder harness, with feet placed on the rudder pedals.

The subject was zaquired to exert his maximum voluntary

force for a period of 5 seconds, both push and pull, on the

elevator control with right, left, and both hands. Subjects

16-9
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also exerted maximum forces on the aileron to the left and

right, using left, right, and both hands. Visual feedback

of the amount of force exerted was displayed on an oscillo-

-~*scope located above the cockpit wheel.

4. The orders of exertions were counterbalanced between and

within subjects. The control (elevator or aileron) was

counterbalanced between subjects (ABBA). For .each control,

the direction of force (push and pull for elevator, left and

right for aileron) was counterbalanced (ABBA), and within

each direction, the hand used (right, left, or both) was
counterbalanced (ABCCBA). All static exertions lasted for

a duration of 5 seconds, with a rest period of at least 2

minutes between exertions by the same hand.

Force Tracking Tests. The force tracking task required

subjects to apply a variable force to null a sinusoidalty

moving target signal displayed on an oscilloscope. This

task used only the elevator control, and forces were applied

with both hands. A circle was displayed on the oscilloscope,

offset vertically from the center of the display. Subjects
were required to apply a force in the opposite direction

until the circle was in the center of the display. Once

centered, the amount of force needed to hold the circle on

target oscillated 1 15 pounds at a rate of .25 hz. The

force required to keep the target circle centered on the
display oscillated sinusoidally according to the formula:

F - B + 15 sin(R)
wherein F - force to be exerted by the subject, B = the

baseline force, a multiple of 20 pounds, and R = angular j
velocity, 900/sec or w/2 radians/sec.

Subjects were allowed to practice the task with a base-
line force of 0 * 15 lbs. Baseline forces during formal

testing increased in multiples of 20 lbs up to the largest

multiple of 20 which was less than a subject's MVC or 100

lbs, whichever was the lesser. These baseline forces were

presented to each subject in a different random order. Each

16-11
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force tracking trial of a given multiple of 20 lbs was 32

seconds in length, and consisted of 8 oscillations. A rest

period of 4 minutes was given between force tracking trials.

-- 4Figure 2 illustrates a time profile of a typical force

tracking trial block.

IV. RESULTS:

By design, data generated by this study are intended

to be descriptive, hence no inferential tests are reported.

Maximum Static Strength Tests produced 12 discrete MVC mea-

surements for each subject. These data, in units of pounds

* force, are reflected in Table 2 which includes means and

standard deviations for each measurement condition. The MVC

measurements for each subject reflect individual means of 20

sampled values during the second through fourth seconds of

each exertion. For many of the exertion conditions, these

data are comparable to those previously reported.16 1

Force Tracking Tests, involving five different force

.5resistance levels, were primarily concerned with tracking

proficiency as a function of force resistance. For each
subject under each resistance, an absolute error in pounds
of force, offset by practice trial error, was computed and

is presented in Table 3. Group mean absolute error f~or each

* force resistance condition is plotted in Figure 3 to show

* the relationship between tracking error and control appara-

tus force resistance. This data is amenable to the computa-

tion of a Pearson product-moment correlation coefficient to

mathematically describe this association.

Heart rate and EMG measures were viewed as corollary

measures relating to exertion and fatigue accompanying force

tracking efforts. Heart rate presented in Table 4 are in

terms of percent of change from immediate pre-tracking

effort rate to immediate post-tracking effort rate. This

transformation allows present data to be comparable to those

previously reported. 9For EMG measures, both amplitude and
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TABLE 3

Force Tracking Test Performance

Subject Mean Absolute Error in Pounds Force
20±15 40±15 60±15 80±15 100± 15

1.2_ _ _ _ _ _ _ _

32_ _ _ _ __ _ _ _ __ _ _ _ _

* 3_ _ _ _ _ _ _ _ _ _ _ _ _ __4

45_ _ _ _ _ _ _ _ _ _

.77

8 _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _

I9

10 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _

40-
0 35-
4430

~25-

0

S15-

0
20±15 40±15 60±15 80±15 100±15

* Control Resistance Condition

Figure 3 -The mean absolute tracking error in pounds
dforce as a function of wheel control resistance in pounds. -
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TABLE 4

Heart Rate Response for Force Tracking Conditions

Subject 0±Heart Rate % Change ____

20___ 15 40±15 60±15 80±15 100±15

1 _ _ _ _ _ _

2 _ __ _

3 _ _ _ _ _ __ _ _ _ _ _

4 ______ ______

5 _ _ _ _ _ _ _ _

6_ __ __ __ _

7 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Mean__ _ _ __ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _
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center frequency were recorded throughout tranking efforts.

As measures were continuous, both frequency shift and ampli-

tude could be directly correlated with absolute error in

tracking over each force resistance condition.

V. RECOMMENDATIONS:

The planning, initiation, coordination, and conduct of

this effort required appreciable time and effort of several

" individuals. Complex software had to be developed and

refined, and several problems with hardware had to be

resolved. Of particular note, software development took

approximately thirty days longer than expected. At present,

both hardware and software systems appear sound, and it is

anticipated that data collection, likely to involve about

three weeks, can begin. Due to the complexity of expected

data, particularly for force tracking, it is projected that

data analysis and synthesis will entail several weeks. The

format, by design, of this Final Report should readily allow

the integration of data and appropriate statistical and

graphic description.

Anticipated data should be highly relevant to the Air

Force Aerospace Medical Research Laboratory's Pilot Strength

Screening Program. Not only will it provide pertinent infor-

mation on strength characteristics associated with operation

of a wheel-type air. craft control, but should yield appreci-

able information of both a performance and physiological

nature on the ability to maneuver an air craft under dif-

ferent force resistance conditions. It is strongly recom-

mended that this research effort continue, with expansion to

provide a data base for men and women relative to static

strength and tracking proficiency using a wheel-type control

apparatus. Given this base, comparisons of wheel and stick

16,17 controls colId be made to determine the most effica-

cious control system. Further, based on tracking proficiency

data, minimum and maximum force resistances associated with
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adequate air craft control could be determined and incorpo-

rated in design specifications.

The experience of this project has suggested several

related research problems which appear to merit attention.

Both static and dynamic strength characteristics are impor-

tant considerations in air craft operation and man-machine

interface. While dynamic strength exertions have static com-2
ponents, no clear and predictive relationships between the

two for specific exertions has been offered.19 The litera-

ture reflects little data on even relationships between dif-

ferent static strength exertions. Determination of correla-

tions between maximum voluntary contractions (MVC) of iso-

metric efforts could provide utilitarian information of a

predictive nature. Additionally, it has been noted that any

static or dynamic performance is influenced by psychological
13conditions, with the assumption that strength is amenable

to psychologic manipulation. A study to determine the limits

of psychological influence, such as through placebo treat-

ment, on a range of static NVC exertions could prove valuable. h

Of particular concern would be efforts to maximize strength

performance without the necessity of specific training

programs. 16

2.
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SPARES SUPPORT USING CANNIBALIZATION

-by

Donald L. Byrkett

ABSTRACT

As an aircraft, weapon system, or other type of Air Force

equipment reaches the latter phase of its life cycle there

is a desire to spend less money in spares support due to the

high risk of obsolescence. One approach to avoiding these

expenditures is cannibalization, a process where sbveral

pieces of equipment are taken out of operation in order to

provide spares support for the remaining pieces of equip-

ment. This report describes the development of a mathematical

model to predict the availability of equipment in the future

where the sole means of support is cannibalization. This

model is used to analyze data collected for the F-106

simulator. Suggestions for further extensions of the model

are offered in the last section.
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I. INTRODUCTION:

The Air Force Logistics Command is responsible for sup-

porting Air Force equipment in such a way as to achieve certain

levels of readiness or availability. One way in which this
support is provided is by maintaining inventories of spares

for components of the equipment that are subject to failure or

condemnation. When a particular component fails, a spare is

used to keep the equipment operational while the failed

component is repaired. Numerous mathematical models 1 2, 3,

4 5 have been developed to compute spares requirements under

varying sets of assumptions in order to achieve certain goals.

Earlier models tended to focus on the goal of minimizing the

number of occasions when equipment is idle due to the lack of

an available spare and more recent models focus on the goal of

maximizing equipment availability. (Though the availability

of the equipment depends on many more factors than spares,

generally this is the only factor considered. See Rich and

Drezner6 for a more integrated view of equipment availability.)

Fortuin 7 characterizes the life cycle of service parts

(spares) into three phases; the initial phase, the normal phase,

and the final phase. This life cycle description is particularly

appropriate to Air Force spares. As a new aircraft model or

equipment type enters the Air Force inventory, an initial buy

of spares is made. This initial buy is made with little or no

historic information available regarding component failure

rates or repair times. As the equipment enters the normal

phase, historic data becomes available and spares levels are

adjusted to reflect this new information. One unique

characteristic of Air Force spares requirements is that

consideration must be given to both peacetime and wartime

requirements. Thus, spares are purchased to support the

equipment under normal peacetime conditions and additional

7- 4
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spares are purchased for wartime reserves. All of the mathe-

matical models listed above are aimed at equipment primarily

in the initial phase or normal phase of the life cycle. The

research described in the report is primarily aimed at equip-

ment in the final phase of the life cycle.

Spares of equipment in the final phase of the life cycle

have several unique characteristics. Generally, the equip-

ment is older, and thus, the components have higher failure

rates. Spares are more difficult to obtain, since many of .

the components are no longer produced. The use of the equip-

ment is generally declining. There is a tendency not to

want to purchase too many spares, since in many cases they -

will soon become obsolete. One approach to dealing with the

support of equipment in the final phase of the life cycle is

to provide spares through the process of cannibalization.

Under cannibalization, one or several pieces of equipment

are taken out of operation in order to provide spares support

for the remaining pieces of equipment. A particular goal of

this research effort is to study the policy of using cannibali-
zation to support equipment in the final phase of its life

cycle.

A specific example of equipment in the final phase of

its life cycle is the F-106 simulator. Originally, there

were 14 simulators in active operation at various Air Force

bases around the country (see Table 1 for current status).

Three of these have been cannibalized (with the components

stored at Hill Air Force Base in Ogden, Utah) to provide

spares support to the remaining simulators and consideration

is currently being given to cannibalizing another. The F- -

106 aircraft is an older model aircraft that is being gradu- -7 -

ally turned over to the Air National Guard. The aircraft's

use and likewise the use of the simulators is expected to

decline over a period of time.
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TABLE 1

F106 SIMULATOR STATUS

Power On
Serial Command Hours Per
Number Model Location Month *

Active:

62650001 MB42 Great Falls lAP, MT ANG 175 C
62650002 MB42 Otis APB, MA ANG 100
61150002 MB42A Atlantic City lAP, NJ ANG 125
6115o004 MB42A McChord APE, WA TAC 150
61150005 MB42A Griffiss APB, NY TAC 150
61150006 MB42A KI Sawyer AB, MI TAC 125
61150007 MB42A Jacksonville lAP, FL ANG 100
61150008 MB42A Minot APB, ND TAC 150
61150009 MB42A Fresno lAP, CA ANG 175
61150010 MB42A Tyndall APB, FL TAC. 350 ,-.
61150011 MB42A Tyndall APB, FL TAC 350

Inactive:

62650003 MB42 Hill APB, UT
61150001 MB42A Hill APB, UT
61150003 MB42A Hill APB, UT

* Estmated from G033H, the equipment utilization data base. ___

II. OBJECTIVES OF THE RESEARCH EFFORT:

The major objective of this research effort is to deter-

mine at what point in the life cycle of an Air Force equip-

sent type can the remaining spares needs of this equipment

be supported by cannibalization. As a first step towards

achieving this objective, the summer was spent developing a

descriptive model to predict the future availability of a

certain equipment type given a fixed initial level of spares

and a support policy of "perfect cannibalization" (to be ..:

discussed later). The model assumes that repair time is

17-6
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zero, and thus, in effect only predicts whether or not there

are sufficient components (either serviceable or unservice-

able) to support the equipment. This assumption represents

a significant limitation of the model and as discussed in

Section VI represents an important avenue of further research.

The output of this model is a curve that for each point in

the future gives the probability that N pieces of equipment
are available, the expected number of pieces of equipment

availble, and the standard deviation of the number of pieces

of equipment available.

The steps followed in developing this model were:

(1) To review spares requirements computation models that
are currently in use.

(2) To carefully review the computation and assumptions
used in Dyna-METRIC 2 to compute availability (Secton III).

(3) To modify the Dyna-METRIC computations to encompass
more general equipment and component configurations (Section
IV).

(4) To apply the model to the F-106 simulator application
(Section V).

III. DYNA-METRIC AND ITS ASSUMPTIONS:

After a careful review of existing spare requirement
computation models, it was noted that Dyna-METRIC, under the

assumption of instantaneous cannibalization, provided very
nearly the computation of expected number of pieces of equip-
ment available that is desired. Using a slight redefinition

of symbols., the Dyna-METRIC computation proceeds as follows:

N - number of pieces of equipment available initially

C - number of mission essential components on each
piece of equipment

Si - initial number of spare components i-l, , C

17-7
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_qi number of units of component i on each piece of
equipment i-1, ..., C

mi  = number of condemnations per 100 usage hours of
each component 1-1, ..., C

Normally, in Dyna-METRIC, mi refers to a failure rate, but

in this application, since repair time is being ignored and

the goal is to predict the length of time sufficient compo-

nents are available to support the equipment, a condemnation

rate is used. If H(t) = planned hours of operation (in

hundreds of hours) during quarter t for this equipment type,

then the number-of condemnations during quarter t of component

i is calculated as follows:

di(t) - mj *qi *H(t) (1)

These are then added up until time t to determine the total

number of condemnations of components i through time t

Li(t) _ di(p) (2)

pal
If it is assumed that condemnations occur in a random pattern,

then the Poisson distributin is used to calculate the probabil-

ity of K condemnations of component i at time t

K
PiCK) * Li(t) * exp(-Li(t)) (3)

K!

The cumulative distribution is:

CPiM(K) M Pi(p) (4)
p=O

These concepts are then combined to calculate the

probability that the number of pieces of equipment available

at time t (NACt)) is greater than or equal to N-K:
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P(NA(t) N-K) CPi(Si + qi * K) (5)

Note that this is equivalent to calculating the probability

that the number of pieces of equipment not available is less

than or equal to K. From here it is a simple process to

calculate the probability distribution, expected value, and

standard deviation of NAt).

P(NA(t)-N-K) - P(NA(t)11N-K) - P(NA(t)*.N-K+l) (6)

E(NA(t)) -* (N-K)P(NA(t) = N-K) (7)
k-O

SD(NA(t)) -/* (N-K)2 P(NA(t) -N-K) - E2(NA(t)) (8)

Implicit in the calculations above are a numbr of assump-

tions which are discussed and evaluated with respect to the

policy of supporting equipment for the remainder of its life

through cannibalization.

Assumption 1: Condemnations are consolidated on as few pieces

of equipment as possible. This is the assumption of perfect

cannibalization. This assumption is probably more valid for

equipment in the final phase of operation than equipment in

other phases, since once the equipment is cannibalized it

will not be brought back into operation. _

Assumption 2: All components are equally mission essential.

This depends on the application but is retained in the revised

model.

Assumption 3: Component condemnations are independent. This
also depends on the application but is retained in the revised

model.

17-9
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Assumption 4: The programmed hours of operation are fixed

and will be carried out regardless of the number of pieces

of equipment available. This is not a bad assumption as

long as the expected number of pieces of equipment is not

too small or if the programmed hours of operation are

declining. For equipment in the final phase of operation,

the number of pieces of equipment may be small but hopefully

so are the planned hours of operation. This assumption is
also retained in the revised model but represents a possible

avenue of further research.

Assumption 5: Repair time is zero. This is not an assump-

tion of Dyna-METRIC but is introduced in this study to focus

on the problem of the sufficiency of cannibalization spares
2 to support the equipment, rather than the availability of

the spares. This likewise represents an important avenue of

4 further research.

Assumption 6: The condemnation rate is constant over time.

For equipment in the final phase of its life cycle, the

condemnation rate is likely increasing. Allowing for a vari-

able condemnation rate is a rather simple change which is

implemented in the revised model.

Assumption 7: All pieces of equipment are identical with
respect to components. This is not the case with the F-106

simulator appication described in section I. In this case,

there are two models of equipment MB42 and MB42A. Some

components are the same on both models, some are unique to

MB42, and some are unique to MB42A. In addition, there is

one component that is on both models but with a different

quantity on each model. It is expected that other equipment

types have this characteristic, so the revised model is

designed to allow this generality.
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IV. REVISED MODEL:

It is noted in the previous section that Dyna-METRIC did

not allow for an increasing condemnation rate (Assumption 6)

or for a variety of model types with different components

(Assumption 7). This section describes how the Dyna-METRIC

:.4 availability computation .is revised to handle this greater

degree of generality. For simplicity in explaining the

revised model, it is assumed there are only two model types,

though the extension to more than two types follows a similar

line of reasoning.

The notation used in this section is the same as that

used in Section III with the following additions and modifica-

tions:

SNnumber of pieces of equipment of model j
available initially j-l,2. Assume N1 N2.
(N - N1 + N2 )

Co  = number of components that are common to both
equipment models

Cj M number of components that are unique to equip-
ment model j jnl,2 (C-Co+Cl+C2)

qij M number of units of component i on equipment
model j i=l, ... , C, jul, 2. This will T':
equal zero in some cases.

mi(t) - number of condemnations per 100 usage hours
during quarter t for each component i-i,...,
C. This takes care of Assumption 6.

To calculate di(t), the planned hours of operation must 2
be divided among the two equipment models as follows:

di(t) - (Nj/N) * qij * mi(t) * H(t) (9)

As in Section III, equations (2), (3), and (4) are used to

calculate Li(t), Pi(K), and CPi(K).

17-11
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Unfortunately, the availability calculations are much
more complicated, since one must consider specifically which

equipment models are not available. If NMCj - the number of
pieces of equipment of model type j that are not mission
capable at time t, then the probability that the number of

pieces of equipment available at time t is greater than or

equal to N-K is given below:

If K4 N1,

P(NA(t) #% N-K) = P CNMC 1 AKA NMC2 .4 0U)U
(NMCl " K-1 r NMC2 A l)U•...U (NMClI ' NMC 2 4 K)) (10)

-I.....

If K >NI,

P(NA(t)*N-K) - P[NMCl NIANMC2 4 K-Nl)U
.I....-

(NMC14 Nl-11 NMC 2 d I-Nl+l)U• • ,U (NMCl O'INMC2E K) (11)

In order to make this calculation, the random variable NMCj
must be translated into a random variable regarding the number

of condemnations of individual components so that equation
(4) may be used. If Xi - number of condemnations of component
i at time t, than the following events are identical

(NMCl4ZAlNMC2AZK-Z)-((X1. Sl+Z*q11 +(K-Z) *q1 2 1)' (12) .

(X2.4S2+Z*q21 +(K-Z)*q22 )(/...I(Xc* Sc+Z*qcl+ (K-Z) *qc2"'

By substituting the relationship defined in equation (12)
into equations (10) and (11) and by applying the probability

laws involving the union of events 8 , the desired probabil-
ity is calculated. This result is substituted into equations(6), (7), and (8), as before, to obtain the final results.

17-12
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The extension of this model to more than two equipment
models is complicated but follows a similar line of reasoning.
For example, if there are three equipment models equation
(10) is as follows:

P (NA M) N- K) -P (NMC 1 AK nNMC 2 AO.(1NMC3 .4 O) U
(NMC 4 K- 1A NMC9 lnNMC3 0). 
(NMCl K -1 ANMC 24 0O( NMC 3 At)1J (13)

(NMCl 4 0r1NMC2  0 O NMC3Ef K)]

V. APPLICATION TO F-106 SIMLATORS: 4

Though there are countless Air Force equipment types for
which the models in this report apply, the primary motivation

for the revised model of Section IV is the F-106 simulator.
As was mentioned in Section I, spares for this group of

-I simulators are being obtained by cannibalization. There are
5 some individuals who feel that it is too soon to rely on

cannibalization, since the F-106 aircraft, and hence simulators,

may still serve a useful purpose for many years to come.
Thus, it becomes important to predict the future availability
of simulators using cannibalization support

The D041 data base which contains all the reparable stock
numbers in use by the Air Force was searched to identify the

components of the F-106 simulator. Seventy-nine stock numbers

were obtained in this way. of these, only 21 stock numbers
(see Table 2) contained a non-zero failure rate, which idi-

cates that the remaining 58 stock numbers did not experience
any failures during the past two years. Of these 21 stock
numbers, only 6 are unique to the F-106 simulator and only 7

17-13

* -. ;--



= .,= ,-'-.*. "; . : - .• . ". ". "-'. "- '. " -. . -. .. . " '- -.- ; - / L -' i ' ' ' ' ' ' ' - ; :- % 
: ' '  

.

contained a non-zero condemnation rate. For those stock

numbers that are not unique to the F-106 simulator, the

initial spares stock is pro-rated on the basis of programmed

operating hours and for those stock numbers without

condemnation during the past two years, the condemnation

rate is arbitrarily set at 21 of the failure rate.

Admittedly, this data is not as complete as desireable, but

it is the best that could be obtained in such a brief

period. Ideally, only components unique to the F-106

simulator should be used and more than two years of data are

needed to accurately estimate condemnation rates.

Additionally, it would be useful to be able to project

condemnation rates into the future.

TABLE 2
COMPONENT DATA

COMPONENT UNIQUE mi qi Si--
TO F106 (1B) (MB12A)

1. Indicator Yes .01183 2 2 28
2. Generator Yes .00037* 6 0 5
3. Converter Yes .00087* 1 1 4
4. Amplifier Yes .00019* 2 0 4
5. Indicator Yes .00048" 1 1 10
6. Power Supply Yes .00032* 1 1 3
7. Amplifier No .00015 38 8 11"*
8. Storage Me. No .00210 1 0 2**
9. Indicator No .00029 2 2 3*

10. Altimeter No .00199 1 0 1"*
11. Amplifier No .00006' 68 0 102"*
12. Climb Ind. No .00003* 2 0 35"*
13. Accelerometer No .00038' 2 2 12*
14. Altimeter No .00005* 2 2 25**
15. Tachometer No .00024 2 0 4**
16. Amplifier Demod. No .00019' 4 0 4**
17. ADI 2 Gumb No .00073 2 2 63**
18. Gear Assy No .00001' 16 0 3"*
19. Motor Generator No .00016' 1 1 1*
20. Indicator No .00016* 1 1 S**
21. Indicator No .00004 1 0 14"*

' Estimated as 2% of failure rate ** Spares allocated to
simulator on basis of programmed operating hours
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The proje cted training hour program for the F-106 simula-

tor was also obtained from the D041 data base and is given
below for the next 23 quarters starting with the first quarter

of 1982.

TABLE 3

F-106 TRAINING HOURS (HUNDREDS).

QUARTER 1 2 3 4 5 6 7 8
HOURS 94 94 95 58 58 58 59 94 1

9 10 11 12 13 14 15 16
94 94 95 93 94 94 95 59

17 18 19 20 21 22 23
59 59 59 94 95 95 95

These figures conflict with the power on hours reported in

Table 1. The power on hours indicate that the simulators

operate an average of 40 hours per week or 57.2 (hundreds)

hours per quarter.

A To compute the expected number of simulators available I

at future points in time, the data provided in Tables 2 and
3 were plugged into the revised model of Section IV. Four

cases were run using different combinations of components.
In one case, all 21 components were used. In another, only
components unique to the F-106 simulator (1-6) were used.

In another,-only components with actual condemnations rates

(1.7.8.9,10,15,21) were used. And finally, a case was run
with only component 1 which is both unique to the simulator4
and has an actual condemnation rate. The results in all

four cases are almost identical and are indicated by curve A
of Figure 1. The reason all four cases are nearly the same

is that item 1 (which was included in all four cases) has

.4 17-15
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such a high condemnation rate that it is the dominating factor
affecting the availability of the simulators.

Siialcsswrernuigamr raitctann

hour program of 57.2 hundred hours per quarter. This result -

is indicated by curve B of Figure 1. Notice that using the --

more realistic training program, it appears that in spite of
the high condemnation rate of component 1, there are sufficient
simulators available for the next 23 quarters.

EXPECTEDA
NUMBER f~
OF

SIMULATORS
AVAILABLE

-j 54 10IS*20

TIME (QUARTERS)

*1FIGURE 1 -EXPECTED NUMBER OF SIMULATORS AVAILABLE
PLUS OR MINUS ONE STANDARD DEVIATION

Further investigation of component 1 indicated that it
is an exhaust gas temperature indicator and, in fact, it
does have a very high condemnation rate. So high that tech-
nicians have located a similar component on the F-102
simulator that may be substituted for this item.

* Based on this brief analysis, it appears that cannibaliza-
tion will produce sufficiient spares for the F-106 simulator.
However, it must be remembered that as the number of spares
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dwindles, repair time (which was ignored in the model) will

become a much more significant factor affecting simulator
avail abi li ty..-: ,

VI. RECOMMENDATIONS:

It is clear from the attempt to apply the model to the

F-106 simulator that it is an inadequate representation of

equipment availability in the final phase. In fact, it is

postulated that techicians will obtain replacement components

for as long as the equipment is needed - even if it is neces-
sary to make replacement components to specification on an

as needed basis. This implies components can be made avail-

able indefinitely. However, as spares become fewer, the

repair time is lengthened and equipment i§ unavailable while

waiting for replacement components. To capture this reality,

the model needs to be enhanced to include repair time,

possibly allowing repair time to increase as the spares

become less available.

A totally separate area of investigation involves the j
effect of the time sequence of component condemnations on

equipment availability. At present, this effect is ignored

but it can influence availability in a number of ways. For n
example, suppose there are two models of equipment. Model 1
contains 3 units of component A and Model 2 contains 5 units

of component A. Under perfect cannibalization, if there are

4 condemnations of A, there would only be one piece of model

2 equipment down. However, suppose that the first condemna-

tion occurred on a model 1 piece of equipment. It seems

more likely that this piece of equipment would be the one

cannibalized. Another example of where the time sequence of

condemnations can be important is in the computation of the

average condemnation rate, di(t), specified by equation (9).

This rate is computed using the original mix of equipment

17-17
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assuming operating hours are the same on each piece of equip-

ment. This is clearly not the case with the F-106
simulators (see Table 1). Actually, di~t) depends on the

.exact sequence of equipment cannibalization and how the
operating hours of cannibalized equipment are allocated t~o
the remaining equipment. Furthermore, di~t) depends upon
whether the remaining equipment is capable of picking up the
lost operating hours (see assumption 4. Section IV). This
represents another interesting area of further research that
could be investigated by comparing simulated and analytic; .

results.
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ELECTRICALLY COMPENSATED CONSTANT SPEED DRIVE

by L

Jimmie J. Cathey -

and

Tim W. Krimm

ABSTRACT

The feasibility of designing a constant speed drive utilizing a .

mechanical differential in conjunction with a parallel electric drive

speed compensation link is examined. Bidirectional power flow in the

electric compensation link uses two high-speed, permanent-magnet, three-

phase machines interconnected by a power conditioning network. One

machine is operated as a brushless dc machine, while the other functions

as a variable speed synchronous machine. Steady-state performance of two

types of power conditioning are studied--a dc link inverter and a cyclo-

converter link.

The dc link inverter with bidirectional power flow is found to

require excessive values of current to allow full range reverse power

flow. A mode switch to synchronous inversion is necessary to reduce

current values, but it adds the penalty of increase in power electronic

devices and control complexity. The cycloconverter- link is found to

offer the better full range bidirectional power flow. In addition, a dc

link system is examined for a method of operation with unidirectional

power flow through the compensation link at the expense of increased size

of electrical machines, but offering simpler controls.
Suggestions are made for further research on this system concept.
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-INTRUDUCTION

The need for a highly efficient link, capao.le of bilateral power

flow, connecting a variaole speed shaft to a constant speed shaft is

manyfold. A particular Air l-orce need is to drive an onboard aircraft

alternator at constant speed while the turbine engine speed varies.

Presently, two methods are employed to provide a constant frequency on

Air Force aircraft:

1. Constant Speed Drive (CSD)

2. Variable-Speed, Constant-Frequency (VSCF)

The VSCF system allows the alternator shaft speed to vary airectly

with turbine speed. The variable frequency alternator output is then

conditioned by a cycloconverter to obtain a constant frequency. The VSCF

system is not sensitive to attitude changes, and thus, functions well on

highly maneuverable aircraft. However, total output power of the

alternator must pass through the cycloconverter, leading to bulky and'

expensive power conditioning and filter circuitry.

The CSD scheme utilizes a mechanical differential to link the turbine

engine and alternator. A constant alternator shaft speed is maintained

by proper clockwise or counterclockwise rotation of the different.al

carrier housing through use of a reversiole hydraulic pWp-iwtor drive.

For a 1.7:1 turbine speed range and a lossless system, a maximum of

Z1.5% of the alternator shaft power must pass through the compensating

hydraulic drive, while 78.5% to 100% of the power is transmitted directly
through the differential gearing. The CSD has been successful in flight

operation except during maneuvers that produce negative gravity. In such

cases, fluid level shifts can cause the hydraulic system to momentarily

malfunction, creating an out of frequency range condition and leading to
loss of electrical power.

Regardless of the above described potential failure mode, the concept
of the CSD system has a quite desirable feature in that a large percent-

age of its output power is transmitted only through a low-order-mesh-gear

train which by nature is highly efficient. Replacement of the hydraulic

compensation drive with an electric compensation drive can yield a CSU

concept that is insensitive to aircraft attitude changes while preserving

18-4
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the desirable feature. Further, a properly designed electric drive

should offer an increase in overall efficiency, due to reduction in

losses through the speed compensation path. Also-,-the potential exists

for a greater interval between maintenance than for the compensating

hydraulic drive system.

II. OBJECTIVES

The principal goal of this research was to study the feasibility of

designing an electrically-compensated, constant-speed drive (ECCSD) that

has potential for application as a drive link between a turbine engine

and an aircraft alternator. Objectives were established to study the

nature of ECCSD systems in the steady-state. Transient characteristics

and parameter sensitivity evaluations were not possible within the

research period time frame, and thus, were left for future investigation.

The specific objectives that were pursued are enumerated below:

1. Define candidate electrical machinery and power conditioning cir-

cuitry arrangements suitable for use with an ECCSD system.

2. Determine nature of torques, currents, and voltages for each

candidate system operating as an ECCSD.

3. Identify special requirements on machines, :controls, and power

electronic devices that result from the ECCSD application.

III. BASIC REQUIREMENTS AND CHARACTERISTICS OF ECCSD

An understanding of the power flow and torque requirements of the

ECCSD concept underlies any study as these characteristics must serve as

a basis for selection of candidate electric machine and power condition-

ing systems.

A. Nature of Power Flow. A physical arrangement of the ECCSD power
level components is shown in Figure 1(a) where variable input speed n1,
constant o~tput speed n0 , and differential carrier speed n are related

by:

n 2 =1/2 (n -no) (1)-
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RCAR LOSSES
A

CI ELTAICAL LOSSES

0i'n C02MPENSATING i~
INPUT LOOP POWER OUTP'

no POWER 1 POWER

EAR LOSSES GEAR LOSSES

•2 2"-T

(a) (b)

Figure 1 (a) Physical Arrangement of ECSD I
(b) Power Flow Diagram of ECCSD

Speed compensation to maintain no constant can be accomplished by two

basically different control approaches:

1. Reversing differential operation. Ratios are selected so that n

lies between the extremes of nI. Thus, from equation (1) it is apparent

that n2 can range from negative to positive values or that the differen-

tial carrier must be reversed to maintain a constant no over the range of

nI excursion.

2. Unidirectional differential operation. Ratios can be selected -"

so that n1 is always greater than (or always less than) no, leading to

the conclusion from equation (1) that n2 does not change sign as n

varies; or, the differential carrier is always rotated in the same

direction for speed compensation.

For study of basic characteristics, a typical turbine speed range of

1.7:1 (10,588 to 18,000 rpm) was used. The 400 Hz alternator was model-

led as a 44.444 KW load at a constant 12,000 rpm (40 kVA output at unity

power factor operating at 90% efficiency). Constant efficiencies were -4
assumed as follows:

1. Electric machines - 90%

2. Power conditioning units - 95%

3. Gear mesh -99%

.8-6
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Energy balance equations were written for the arrangement of Figure 1(a)

and turbine speed was incremented across its speed range to examine both

the case of reversing differential carrier and the case of unidirectional

differential carrier operations. A power flow diagram of the ECCSD

system is shown by Figure 1(b) where the flow direction of compensating

loop power (P ) depends upon the polarity of (n1 - no) as indicated on

the diagram.

The reversing differential carrier results in minimum torque re-

quirements for PM2 if the midrange speed of n1 is set to equal no , which

also gives a symmetric range on n2 about the zero speed point. Figure 2

displays the performance results of this system. It is observed that the

torque requirements of PM2 are nearly constant across the range of opera-

tion. However, the torque requirements of PM1 range from zero at the

midrange speed point to a maximum value at the point of minimum turbine

speed. It is further noted that the maximum torque requirement of PM1 is

greater than that of PM2. The two maximum torque requirements could be

made equal by an unsymmetric shift of the differential carrier zero speed

point with a net result of increasing the torque requirement of PM2 while

decreasing the requirement of PM1. The ratio of power flowing into the

speed compensation loop to power delivered to the 400 Hz alternator

(Pc/Po) is plotted to use as an indication of power apportionment between

that transmitted by the compensation loop and that transmitted in

mechanical form through the ECCSD.

go 100o o

40 40 -1..'L'%TORQUI: (Pil)",-iTRI
to % ,0 TOQU;(II"4

P00%% 0

TURBIN SPEE (DWPM) TURBINE SP ED - (kAP)

Figure 2 Calculated Performance Figure 3 Calculated Performance

Of Reversing Differential Of Unidirectional Differential
18-7
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Calculated torque requirements and performance results for

unidirectional differential operation, if nl< no , are depicted by Figure

3. System gear ratios were selected so that n2 ranges from 2% to 100% of

PM2 base speed circumventing the necessity of dealing with low frequency

torque pulsations at near zero speed.

B. Electric Machines. The wide speed range, constant torque

requirements suggested for PM2 by the above work is the characteristic of

* a shunt dc machine; but, due to the brush-commutator maintenance require-

ment and poor adaptability to liquid cooling, the commutator dc machine
is not suitable for aircraft application. However, the brushless dc motor -

offers the same desired speed-torque characteristics as the dc machine

without the disadvantages of the commutator dc machine. 1 10  Further, use

of a machine with a permanent magnet rotor offers two additional

advantages:

1. Field excitation is eliminated which removes the complexity of

supplying power to a rotating member. Also, machine efficiency is

increased due to absence of field excitation losses.

2. Higher speed design is possible for permanent magnet rotors than

is feasible with wound rotors permitting increased gear ratios and

substantial reduction in electric machine size.

Some of the brushless dc motor performance reported in the litera-

ture is experimental data 1,3,5. Others have presented calculations
based on formulas derived using approximations of sinusoidal waveforms or

44 neglecting commutation intervals giving results with some degree of '-..

correlation to test data but with appreciable error 2,8,9 However, the

nonlinearities introduced by the circuit switching leads to equations

that are best solved by numerical techniques, and the reported perform-

"4 ance data calculated by numerical solution of network differential

equations show the least error between theoretical prediction and test

results 4,10,11 When analyzing PM machines with rare earth magnets and

stainless steel retaining rings for rotor construction, Demerdash has

-4 reported 11 that rotor eddy current effects, armature reaction, and '

position dependence of inductances can be neglected leading to a simple

third-order system of equations to describe a balanced, three-phase,

18-8A
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wye-connected PM machine:

v [R] i+ [L] pi+e (2)

where v is a vector of terminal phase voltages (v1 , v2, v3),

i is a-vector of phase current (iI , i2 i3)

e is a vector of phase generated voltages (e1 , e2, e3 ),

[R] is a diagonal matrix with each entry being phase resistance,

[L] is a diagonal matrix with each entry being half of line-to-line

inductance, and

p ( ) is understood to mean d ( )•

dt

Since the equations given by (2) are decoupled, each can be used in

networks formed by addition of the power conditioning circuitry with
minimum difficulty.

•4 .. 1. ;

C. Power Electronics. Obviously, the power conditioning circuitry

of this application must be capable of bidirectional power flow when

utilized in conjunction with the electric machinery. No reporting in the

literature is available of an ac PM machine-to-brushless dc PM machine

drive system. However, two basically different power conditioning links

are candidates for use with this ECCSD under study:

1. A dc link Inverter using a phase-controlled converter for

rectification and synchronous inversion.

2. A cycloconverter link to perform ac-to-ac conversion.

Either of these power conditioning links can use thyristor or

transistors as switching elements, but the practicality of transistors

depends on values of voltage and current ratings dictated by the final

system design. Much of the logic and signal manipulation of either power

conditioning link will lend itself to digital processing and microproces-

sor control giving a finished product in which a large percentage of the
signal level electronics is integrated circuits.

18-9
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IV. DC LINK INVERTER WITH REVERSING DIFFERENTIAL

A. System Description. Power level components of a dc link drive

system for use with the reversing differential are shown in Figure 4

where PM2 is operated as a brushless dc machine while PMl functions as a :1
variable speed synchronous machine.

In order to simplify the analysis, the phase-controlled converter

and PM1 of Figure 4 are modelled as a dc source which; when coupled to

the inverter and PM2, forms a nonplanar network. In this resulting

network, the various SCRs (or transistors) and diodes are represented by

nonlinear resistors the resistance of which are assigned small values
SWITCH """

PHASE-CONTROLLED

000.47004.0000 D.FRPM d, --

when forward conducting and large values when reverse biased. For a
wye-connected P142, the constraint that the phase currenits must add to
zero exists; thus, a system of two first-order differential equations is
sufficient to describe the network. These equations have nonlinear
coefficients due to the values of SCR (or transistor) and diode resist- -:.
ances being functions of the dependent variables (phase currents).""-
Further, each 600 (electrical), a switching operation transpires in the
inverter circuitry requiring a revised set of differential equations to
describe the system; therefore, the differential equation coefficients ___._

418.40 '-;

--4

.. ".



7.777.~~~- .*~ -. -'-777-W

P7,

are also functions of the position ( 2) and speed (Y2 of WM rotor. In

matrix notation, the network equations can be written as

pi_= CA(i,6 2)] J + EB(W2)) _U()

where i is a vector of two independent phase currents (i' i 2)' and u is

a vector the entries of which are phase generated voltages and the dc
source which models the phase-controlled converter and P~l combination.

cnB. Control Approach. A block diagram of a control approach that
can e aplie tothis dc link drive system is displayed by Figure 5.

PHAEAT IALPHAI
ED DRVERSCONTROL

CONVERTE

.1*P

INVERER CNTRO
POSIT O

CURN IMI

MqICRO PROCESSOR

4~~ Figure 5 Block Diagram of DC Link Drive System
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A primary control loop is established with a speed reference signal to

assure that the 400 Hz alternator maintains rated speed. A secondary

control loop is present to guarantee that equation.(-2) is satisfied. The

SCRs (or transistors) of the inverter are fired in a manner to maintain a

constant commutation angle Y , related to the angle between the mmf wave

of the rotor and the no-load mmf wave of the stator. The delay angle -

of the phase-controlled converter is varied to regulate the value of dc

link voltage applied to the inverter terminals. Steady-state

characteristics of this drive are quite similar to those of a dc machine

system 1-10 except for the extra degree of freedom that exists in

selecting-.

The block diagram of Figure 5 is shown with a microprocessor based

control on current limit and SCR firing. It is likely that summing

functions of the primary and secondary speed loops can also be handled as

microprocessor operations if timing and sample rates do not become

limiting factors.

C. Performance Results. Values were selected for motor and choke

coil parameters as Ra = 0.006n ,La = 25 x 106H, Ro = 0.0030 , and Lo =

43 x 10 6 H. A numerical solution of the equations represented by (3) was

implemented using a fixed increment, fourth-order Runge-Kutta procedure

to find performance of the dc link drive for various values of constant

speed. A trial-and-error search was made for the average values of PM2

shaft torque (T sav ) to satisfy the requirements established by Figure 2.

Results of points calculated across the speed range for forward flow of .'

44 "compensating loop power and partial range values for reverse flow of

compensating loop power are shown in rable 1.

1-.8..

18-12



.:fl TABLE 1. PERFORMANCE OF DC LINK WITH REVERSING DIFFERENTIAL

Sped sav y ave 'rms
(rpm) (N-rn) (degrees) (degrees) (A) (A)
45,000 2.46 18.2 45 56.4 69.5

22,000 2.48 61.6 45 56.2 69.2

5,000 2.51 82.8 45 56.4 69.8

500 2.24 88.2 45 55.2 66.3
50 2.53 88.5 45

-500 -2.45 89.3 165 47.0 56.8
-5,000 -2.36 91.3 150 81.9 92.9

-10,000 -2.46 90.3 140 115.2 130.6

It can be observed that the values of average and R145 current
requi red to produce the needed torque when PM2 is in the regeneration
mode (reverse flow of compensating power) increase as speed becomes more
negative. This increase in current values is attributable to a marked
increase in the magnitude and time that current flows through the in-
verter shunting diodes. At some point for speed more negative than
-22,000 rpm, the shunting diode current reaches a conduction angle equal
to 600 at which point commutation failure occurs. A full range regener-

-~ ative range operation with Pt42 acting as a brushless dc machine is not
possible. At some negative value of speed, it would be necessary to
change modes of operation; PM2 would be allowed to operate as a variable
frequency synchronous generator with the inverter shunting diodes acting

as a three-phase, full-wave bridge rectifier and the phase-controlled
converter could be controlled for synchronous inversion. However, use of
a bridge switch as shown in Figure 4 would be necessary to establish
proper polarity of dc voltage to the phase-controlled converter for
synchronous inversion. Calculations show that the average values of
current can be reduced to acceptable levels with the synchronous inver-
sion operation; however, the mode change creates control complexities.
Further, with addition of the bridge switch, the number (16) of power
level switching devices has closely approached the quantity (18) neces-
sary for the cycloconverter link which is capable of full speed range
regenerative operation without a control mode change.
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V. CYCLOCONVERTER LINK WITH REVERSING DIFFERENTIAL

A. System Description. Power level components of a cycloconverter

drive system for use with the reversing differential are shown in Figure

6. As in the dc link case previously discussed, PM2 operates as a

brushless dc machine while PMl functions as a variable speed synchronous

machine.

It is permissible to model PMI as seen from the terminals of PM2 as

a dc source that is magnitude dependent on both the speed of PM1 and an

SCR firing delay angle a. However, since the response of PM2 due to the

frequency of PMl is desired it is necessary to describe Vd, the instan-

taneous waveform of PMl generated voltage as seen from the terminals of

P42, in 600 increments of the PM1 voltage waveform giving the expression

4(4 V V s+(Wit +4 +
d m  3

where Vm depends on the speed of PMl4, w lis the electrical angular

frequency of P141 and * is a phase shift angle that depends upon the

- ....

SRPM RPM .'"T-

. . . . . ....-. . -**.4

-4.. 4-"- 4-.-.-

Figure 6 Power Components of Cycloconverter Link Drive. ....
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particular 600 increment of the PMI waveform that is applicable at the

instant of solution. The nonplanar network that results when Vd is

coupled to PW2 through the cycloconverter is described by a set of two-

differential equations with nonlinear coefficients as discussed in

section IV except that now the forcing function coefficient matrix has

entries that depend on the electrical angular frequency of PM1:

pi - [A(i,e2 )Ji + [B(W1 ,W2 )u (5)

B. Control Approach. A control approach is suggested by the block

diagram of Figure 7. The philosophy is basically that of the dc link

system given by Figure 5 (discussed in Section IV) except that gating of
the SCRs must be handled in such a manner to assure that both the commu-

tation angle Y and delay anglea are both simultaneously satisfied.

Alli-

-. L, RAMMAML".

r - -

A /D4% J

~I

• ," CURENTURRENT
r CURENT LIIS SI

ALT. CONTROL

m~mm SPEED +

MICRO PROCESSOR

Figure 7 Block Diagram of Cycloconverter Drive System
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C. Performance Results. The PM machine constants were unchanged
from the dc link study. Values for the choke- coil parameters were

selected as R= 0.003 and L0 = 150 X 10" H. A numerical solution of
0- .

the equations represented by (5) was implemented and a trial-and-error

search made for average values of PM2 shaft torque (Ts) to satisfy thesay
requirements established in Figure 2.

Performance points across the speed range for forward and reverse

flow of compensating power are tabulated in Table 2. It is observed that

control across the region of reverse compensating power flow is nicely

accomplished by shift of delay angle a greater than 900 and an additional
forward shift of'y by 1200. No increase in PM2 phase current occurs as
in the case of dc link when PM2 is regeneratively operated.

TABLE 2. PERFORMANCE OF CYCLOCONVERTER LINK WITH REVERSING DIFFERENTIAL

Speed Tsav a y ave rms

(rpm) (N-m) (degrees) (degrees) (A) (A)

45,000 2.59 33.0 45 55.6 66.9

22,000 2.48 68.6 45 54.3 65.6

5,000 2.53 84.7 45 58.2 62.6

500 2.48 88.8 45 53.7 58.8

50 2.49 86.6 45
0 2.49 89.1 45

-5,000 -2.45 92.6 165 47.4 58.0

-22,000 -2.45 103.2 165 50.7 58.8

-45,000 -2.53 116.1 165 48.0 58.2

45,000 3.76 0 47 73.7 87.1

The last entry of Table 2 presents a set of control conditions and

results for meeting a 150% load case (short time overload). Operation at

such a point is automatically permitted by the control system unless

prohibited by limits. Since current is monitored, the microprocessor can

allow a timed interval of operation at any point above rated value before -

initiation of a limit action creating a quite flexible approach to

overload management.
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Figure 8 displays the steady-state instantaneous PM2 torque at a

forward and a reverse compensating power flow point. There is inherently q
a pulsating torque component present in the brushl.ess dc motor operation

of a frequency that is six times the electrical angular frequency of PM2.

At low speeds, this pulsation frequency can decrease to within a range at -"

which the mechanical components respond. The control system will have a

feature to assure that at low mechanical speeds, the gate drives are

cyclically enabled and disabled at a frequency above that at which

mechanical response is possible.

VI. DC LINK INVERTER WITH UNIDIRECTIONAL DIFFERENTIAL

A. System Description and Control. Power level component arrange-

ment of a dc link drive system for use with a unidirectional differential

is the same as shown in Figure 4 except that the bridge switch is not

needed. The system equations are formulated as discussed in section IV

and are given by (3). The block diagram of Figure 5 is applicable in

describing a control system for this unidirectional differential drive.

(a) (b)

Figure 8 Calculated Torque For Cycloconverter Link with Reversing
Differential

', (a) Forward Compensating Power Flow (+22,000 RPM)
(b) Reverse Compensating Power Flow (-22,000 RPM)

B. Performance Result. The drive system must meet the performance

criteria of Figure 3. Since the torques required are approximately 50%
greater than for the reversing differential case, the PM machines will
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necessarily be about 50% larger in size, Th2 parameters for PM2 and the

choke coil values are adjusted accordingly to give Ra = O.O04R ,La = 15

x 10-6 H, R0 = 0.003o, and L0  25 x 10-6 H. A .numerical solution for

values of average torque to satisfy the requirements of Figure 3 and the

results are presented in Table 3.

TABLE 3. PERFORMANCE OF DC LINK WITH UNIDIRECTIONAL DIFFERENTIAL

Speed Tsav .y lave I rms
(rpm) (N-m) (degrees) (degrees) (A) (A)

45,000 4.09 22.7 45 92.7 114.2

22,000 3.98 62.5 45 89.6 110.7 I

5,000 3.98 82.6 45 91.0 111.5

900 4.12 86.9 45 100.6 120.9

Inspection of Table 3 shows that average current values are approxi-

mately 60% greater than for the reversing differential case (See Table

1). Although this unidirectionally operated differential offers control

simplification in that only one direction of compensating power flow is

required and the necessity of dealing with torque pulsations at near zero

speed is eliminated, the increased size requirements on the PM machines

(to deliver approximately 50% more torque) and the increased current

ratings on the SCRs or transistors (to conduct approximately 60% more .1

current) are considered sufficient weight and cost penalties to abandon
further study of this concept.

VII. RECOMMENDATIONS

Although this feasibility study uses specific examples, it is only

possiblo" to examine nonlinear systems of this complexity by numerical

methods. The values of constants and parameters selected are believed to

be sufficiently typical to identify problem areas and to allow

formulation of general conclusions with reasonable confidence. The work

leads to the conclusion that an ECCSD system is feasible and practical if

PM machines are used in conjunction with a cycloconverter link and a

reversing differential. Additional study is recommended in the areas

enumerated below prior to and as an aid in forming specific guidelines

for any prototype design.
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A. Control system. Design and breadboard a microprocessor based

control system to identify problems with timing and sampling rates.

B. PM Machines. Rough design PM machines of appropriate voltage

rating and torque capability to verify that the needed parameters are

practical and to establish approximate weights and sizes. Study the

advantages and disadvantages of using identical machine sizes for both PM

machines. Predict the approximate effects of magnetic saturation on

performance.

C. Parameter Variation. Study the sensitivity of system perfor-

mance to variation of design parameters.

D. Transient Performance. After a control system model has been

formed and machine parameters and mechanical sizes determined, study the

nature of response to step load changes and rapid turbine speed changes.

UL: E. Operational Model. Fabricate a test bed model to further verify

operational characteristics.

F. Transistor Switching Elements. Examine the increase in
electrical machine utilization gained by transistor switching elements

which allow operation at unity power factor without the danger of

commutation failure that exists when SCRs are used.

G. Dual Function of PM1. Examine the feasibility of designing PM1

large enough to also serve as either a pilot exciter or primary exciter

for the 400 Hz alternator.
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ABSTRACT

J. This report describes the basic issues related to complex systems

associated with Command and Control. Rather than start with Command and

Control as such, the underlying assumption is that problems associated

with the area are prototypical of those which are being studied in a

fundamental way in the field of systems theory.

The objective is to outline an operational framework which, when

implemented on a computer, will serve as an expert system to aid users:

A. in characterizing and describing complex decision-making

situations;

B. in the development, evaluation, and use of complex

organizational and technical products associated with

these situations.
The perspective taken in this report is that of systems modelling,

defined in terms of an organized framework for recognizing and solving a

comprehensive collection of interrelated systems problems which represent

attempts to determine new knowledge about an object of interest. In this
paper, "object" refers to the actual situation being investigated, on

,- o..

which systems (which carry most of the sense of the word "model" as it

is often used) are defined.

Sections of the paper present the following: a general rationale for

a comprehensive framework for systems investigation; the overall framework;

the development of one component of the framework in some detail; a brief

description of a number of possible studies using the framework.
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1. INTRODUCTION

1. The Study of Wholes, of Method, and of Systems. Any attempt to

function in interaction with complex, dynamic, not-well understood deci-

16 sion-making situations must be based on a solid understanding and well-

founded capability for real-time modelling. With respect to Commaand and

Control - the area of defense studies that is prototypical of such situa-

tions - there is a recognition that "building models for the immediate

need at hand" and insisting upon "exclusively building system-unique

models . . . will perpetuate our inability to develop a real understand-

ing of commnand and control systems." (Van Trees, 1980). The current ma-

jor need is for a "rich model environment" which utilizes generic models

and which is based on a structure that relates these generic models and

can evaluate their appropriateness for specific situations which arise.

Determination of whether or not a model is appropriate, however,

depends on both the purposes of the investigation and the constraints

investigator or modeller. Even with what seem to be simple objects which

are relatively stable over the time frame of investigation (for example,

the relation between the sun and the earth, studied to determine and pre- ::
dict relative positions) it may take years or centuries to settle on

something which is widely accepted and useful. For situations which are

more complex, which change and evolve during the time frame of study, and

for which the time frame is highly constrained, classical methods of
studying objects in isolation, are not adequate.

For many complex artificial objects (radios, weapons systems, com-

munication networks, etc.) difficulties associated with the complexity

can be skirted if enough essentially-the-same copies exist or can be -

made, to allow for adequate experimentation and development. However,

there are many situations of interest which are not simple and are es-

sentially one-shot in that experimentation with the overall situation is

'1 not possible. Such situations are often characterized by a complicated

mixture of engineering and policy issues and issues associated with em-

pirical investigation.

There are two distinguishing characteristics of modern science whichL44

have developed to deal with such objects and which have been made
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operationally meaningful by technical advances in symbol-processing capa-

bility and in the ability to quickly access large quantities of information.

"4 These are:

(i) the "rediscovery of wholes" and the associated recognition of

the need to augment the strong analytic and part-oriented capabilities

that developed in the last two-centuries;

(ii) a shift in emphasis toward a pragmatist philosophy, whereby

the means and processes by which knowledge'is obtained and used are con-

sidered to be as important to study and to understand as are any of the

products which are produced by these means.

A result of the recognition of limits of the classical approach has

been the development of areas of study such as systems theory, cybernetics,

artificial intelligence, pattern recognition, and cognitive psychology

which exhibit a well-established orientation "away from the traditional

attempts . . . to represent knowledge as collections of separate, simple

fragments" (Minsky, 1975) and which, in addition, assign a much more cen-

tral role to procedural questions and to the importance of developing

explicit representations of processes.

These developments are at the same time reflected in the philosophy

* of science, by the "rejection of the thesis of a scientific theory being

a unit of methodological research" (Sadovsky, 1979) and by its gradual
replacement in the past thirty years with the notion of system and of

investigating the systems nature of objects of interest (see Cavallo,

1979a,b for a review of this development).

% When dealing with complex one-of-a-kind objects under time constraint,

the argument for emphasis on methodological issues is easy to make: it is

necessary to be able to utilize insight, tools, and expertise that have

developed in the study of other such objects. Because of this the notion

of system has developed as a definable entity of study in its own right,

essentially as a quasi-abstract construct which retains empirical sig-

nificance but which at the same-time provides a general representation of4

objects of investigation. This makes it possible to develop and study

general concepts and principles - for example, memory, state, dynamics,

organization, structure, complexity, performance, regulation and control-

which are relevant to the systems nature of any object. This does not

negate the need for disciplinary knowledge and real-world or object
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expertise, but provides a mechanism for the synthesis of such knowledge

and for the amplification of intuition which develops through contact with

*particular objects (see Cavallo and Pichler, 1979).

2. The Modelling Relation and the Integration of Methods. One as-

pect of the development and use of systems concepts as the basis for a

comprehensive approach to modelling is the focus which it represents for

integrating technical developments (e.g., in mathematics, computer science,

and operations research). A common difficulty as'sociated with speciali-

zation is that abstract areas such as mathematics generate many results

whose utility for "real" problems is not always immediately apparent. A

commonly recurring "discussion topic" for anything having to do with

modelling (e.g., SIQAM, 1972) is the role that mathematics (formalisms

and formal approaches, in general) has to play in building "real -world"

(and hence, presumably, useful) models. Evidence of disillusionment with

* formal approaches is easy to find. There doesn't seem to be a strict

logical necessity for the problem, but there also seems to be no way to

avoid the empirical conclusion that such a problem exists; its essence

was recognized at least in the last century by Goethe, commenting on the

use of formalisms, that they themselves very often become the object of

study and "an action which ought to be carried out for a certain aim be-

comes itself the aim, and no kind of purpose is fulfilled". On the other

hand, almost everyone would accept the need to discover usable general

principles and not to start from scratch on every new situation or class

of situations.

* The perspective which this evidence generates emphasizes the need

* to develop a coherent body of middle level concepts which can be used to

investigate the logic of models as they are used and which will be useful

for a wide range of practical research situations. The necessary link is ~
provided by identifying general classes of system problems as requests for

knowledge and by defining a problem-solving relation between these classes

of problems and appropriately abstracted problem-solving tools which have

been found useful in similar situations.

Systems Methodology as a level of abstraction that deals with prob-

lem characterization rather than specific content or purely formal results

defines the use of abstract results and procedures for classes of problems

* that are meaningful over a spectrum of application areas. Conversely, it
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also serves to motivate abstract results which have a high potential for

widespread utility. This orientation can be depicted as in Figure 1,

with the rectangle through the middle of the diagram representing the

focus of systems research. A result of this emphasis is that modelling

and design processes -- or the modelling relation -- are recognized as

important areas that are worthy of study in their own right.

ABSTRACTIONS

SYSTEMS RESEARCH:
DECITINEphasis on Process IN TERRE".O

DESCRIPTION Aspects of
., Modelling and Design

='- ~O&JECTS .-.

Figure 2. Systems Research/The Modelling Relation

a For the study of the modelling relation as such to prove useful in

associating abstract results with conctete objects of concern, the study 4.

of individual systems concepts and the development (if isolated working

methods cannot provide the only focus. The emphasis on modelling and

design processes has to accept that "from the methodological point of

view the essence of the problem is that every scientific concept exists

in the language of science not in isolation, but only within a system of

related concepts and only within this system does it acquire its

specific meaning and value" (Blauberg, Sadovsky, and Yudin, 1977). The

need for methods has to be balanced by the need for their integration

into a general and comprehensive characterization of the modelling

'.4 process.
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Command and Control and Command and Control Assessment have

served as foci for many of the issues described here. Van Trees (1980),

for example, directly states the need to develop a "framework to

interrelate analytical findings, research results, empirical data,

and judgement." His analysis highlights the need for the use of

"generic models, in the plural" and numerous authors have concentrated

on the need to develop assessment and analysis techniques for models

based on function and utilization rather than on merely technical

issues. Such needs, of course, require an understanding of the

interplay of such system traits as structure, dynamics, and function,

an understanding whose developmnent requires investigation at a context-

independent level.

Van Trees also emphasizes the need for a "thread of consistency"s

which can integrate various components of C2 development and evaluation.

Both he and others (e.g., Zraket, 1980) recognize the importance of

* system theoretic formulations but are unnecessarily restrictive by

placing almost sole emphasis at the methodological level, on the

concept of state and state-vector modelling. This is one of the

oldest and most well-developed aspects of systems research, but a

lot has been happening in the last decade or so. With respect to

the larger notion of system investigation, state-vector modelling

is only part of the picture, and it is reasonable to expect that

a well-defined integrated framework which incorporates all systems

concepts can itself more appropriately supply and serve as the "thread

of consistency."

Systems Research, in the last ten years, has provided a tre-

mendous increase in the understanding and development of systems

concepts, and methodological issues associated with them. The level

is such that a computer-implemented version of an integrated frame-

work, which can serve as expert system giving users full access to

latest advances in modelling and system evaluation techniques, is

primarily a matter of implementation. Section III provides the

outline for such a system.

19-8
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II. OBJECTIVES 
.77

The central objective of this research project was to investigate

broad areas of Command and Control from the perspective of modern systems

research. Three lines of focus were identified:

1. Systems ideas are ubiquitous; it seems to be generally accepted

that they are the proper source of a well-founded basis for the organized

study of all Command and Control, yet their application to date has been

spotty and ad hoc. One objective that we set was a presentation of sys-

tems ideas in a coherent manner and at high enough level to be suitable

to serve as a basis for development of an expert system, which could be

incrementally implemented, and which would operationally relate the full

range of systems ideas to the full range of issues from Command and Control.

2. Systems research encompasses all aspects of interaction between

investigators and objects, but probably the most characteristic is that

which deals with representation of an overall situation of interest in

terms of subsystems and relations among them. Because of its protypical

and fundamental nature, it was decided to elaborate this aspect of the

overall framework in greater detail. In doing so, a number of theoretical

and computational questions associated with efficient implementation arose

(see Section IV) and a number of these were investigated.
3. It is good to say, and make an abstract argument, that some

general package will be useful for Command and Control; to illustrate this

utility would be better. A third goal was to initiate preliminary develop-

ment of a number of diverse application areas which would illustrate -

utilization of the expert system.

III. THE GENERAL SYSTEMS6 PRO)BLEM SOLVER (GSPS)

There are many recent developments which illustrate the benefits of 7
the balance and methodological orientation described at the end of

* .Section 1; a number of these are presented in Cavallo (1982). They
indicate that the integration of conceptual, mathematical, computational,

and heuristic considerations can be accomplished to provide general system-

modelling frameworks useful for a broad spectrum of applications. One such

framework, which provides the background for the following sections, is the
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General Systems Problem Solver (Cavallo and Klir, 1978; Cavallo, 1979).

p There are three major goals of GSPS:

whc i) to provide a conceptual framework and investigative guide

wihincorporates as many as possible of the well-specifiable aspects

of scientific investigation;

(ii) to provide an operationally-based language for the represent-

ation of systems knowledge;

(iii) to operate as an expert system which elicits from users

appropriate descriptions of systems problems representing requests for

kinformation regarding an object of investigation; it then determines and

" utilizes appropriate system problem-solving tools (general tools, opti-

mization algorithms, simulation packages, programming packages, decision-

making aids, etc.) to provide this information.

At a general level of organization, GSPS depends on appropriate

taxonomies -- of systems, objectives and constraints, system problems,

and methodological tools - - and on relations among the various classes

represented by these taxonomies.

The most fundamental classification used by GSPS is that of systems.

The basis for the classification is a distillation and general integrated

description of as many concepts as possible that have been found useful

as elements of successful investigations in the past. There is a wide

range of literature and work which supports this; that of Ross Ashby

(e.g., Ashby, 1956, 1965, 1967) is especially noteworthy for its founda-

tional approach to the methodological study of systems and cyberneti.

concepts. The work of Klir (e.g., Klir and Valach, 1965; Klir, 1969,

1970, 1976) provides the basis for the organization of these concepts

into a well-defined hierarchy of levels of systems models suitable for

symbolic description and manipulation by modern information processors.

This has evolved to the emphasis placed here on characterizing the inter-

relatedness of different forms that are used to express knowledge about

an object, and the interrelatedness of the processes which are used to

determine or generate this knowledge.

The formal systems definitions used. in GSPS thus serve as foci to

which most investigative issues can be related and represent different

levels at which one may "know" the objects of investigation. Conceptually,

the basic systems levels are defined as follows:
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A. Source Systems -primitive systems consisting only of attributes

and their possible appearances (states).

B. Data Systems - source systexts augmented by definition of a func-.-

tion from an appropriately defined parameter space to the set of possible

overall observations.

C. Generative Systems - definitions at this level describe pro-

cedures which are parameter invariant, by which observed or desired data

may be generated; such systems incorporate memory and dynamics by ex-

tending the definition of state.

D. Structure Systems - sets of subsystems together with some rela-

tion between them such that overall systems at level A,-B, or C are

described within acceptable tolerance determined by the demands of the

situation.

E. Meta-Systems - descriptions of procedures which account for

changes among systems at another level (for example, changes in struc-

ture).

As expert system, GSPS requires routines which interface with a user

and effect the translation of knowledge regarding the object of inves-

tigation into an appropriate, formal system definition.

To provide further context, a description of the problem-solving

orientation is given here. In order to encompass enough of the frame-

work, the discussion is kept at an abstract level and implementation

details are not described.

With respect to the utilization of various methodological tools,

GSPS is organized around systems problems. These are defined as three-

tuples which consist of'the following basic entities: (i) initial

system, (ii) terminal system or system type, (iii) object ives and con-

straints. These three entities formally and operationally represent the~

4 three elements which are generally agreed to be part of any problem

* . situation:

(i) A state of knowledge which exists regarding the situation of

concern. This state of knowledge is represented either (problem kind 1)

solely in the definition of the initial system, or (problem kind 2) in

both an mnit"I' system and a terminal system which are defined on the
object of investigation.

* (ii) A state of knowledge which is desired regarding the object

............. .19. 11



of investigation. For problems of the first kind, the request for this

knowledge is represented by specifying the general type of the terminal

system. The General System Problem Solver either: (a) provides a

specific system definition of this type -- by determining and using

appropriate problem solving tools on data derived from the object --

which represents the desired state of knowledge, or (b) responds with

reasons that the problem cannot be solved. For problems of the second

kind, specific definitions are provided of both an initial system and a

terminal system. The desired state of knowledge is requested in an

appropriate specification of objectives of the problem, which represent

a request for determination of a relation between the initial and

terminal systems -- see (iii) below and the following example.

(iii) Any objectives and/or constraints which are relevant to the

information request. GSPS is intended to allow the full use of abstract

tools while, at the same time, avoiding methodological faddism. System

problem-solving in complex situations doesn't generally allow absolute

solutions and does involve decisions and "extra-evidential" factors. By

specifying objectives and constraints, the places where "assumptions

ambiguities and .. . arbitrariness" (Watanabe, 1969) may creep in are

included as part of the problem. GSPS includes a catalogue of such

objectives and constraints (referred to as requirements) as they motivate

the use of particular tools.

For example, if a given object-problem translates to the system

problem of design, a formal description of the overall desired behavior

would be th6 initial system, structure system would be the type of

terminal system, and requirements specification would elicit definition

of available components, as well as design criteria such as whether to

minimize cost or number of elements, etc. For problems of the second

kind, where both initial and terminal system are given, the requirements

specify a desired property to be determined of the relationship between

the two systems. For example, determine the amount of information lost

by using one (simpler) description of a system rather than another.

At its most ambitious level, GSPS is an attempt to construct an

expert system which makes available to an investigator all of the

problem-solving and methodological capability that has developed through

various areas of investigation.

19-12
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Example. The following is a simple illustration of a problem of

the second kind; it also illustrates how contextually meaningful requests

for information would be posed in terms of systems problems.

Imagine a decision-maker (DM) facing a situation with two binary

input attributes, say vl: flight pattern (0- straight; 1= zigzag) and

v2 : terrain conditions (0 = smooth; 1 - rough). There are thus four input

states - 00, 01, 10, 11 - and the decision-maker must continually

decide from among four policies, each of which is most appropriate for

a given situation. Using somewhat loose terminology, we can refer to

the system defined by these attributes as S. Assume that the states of

the input variables are recorded as they occur and that DM's decisions

must be made without knowledge of the current values of v 1 and v2 (assume

also that previous decisions don't affect the current state). We can

imagine the case that the time constraint is such that DM only has time to

check the last record of one of the input attributes. The problem is to

decide which one.

One solution to the problem is to answer the following question:

based on the complete record of past patterns of occurrence of the two

attributes, which of the two gives most information about what will happen

next? Disregarding philosophical problems associated with inductive

inference, the following approach using the standard entropy functional

gives a reasonable solution.

Let H(X) = -E p(xi) log 2 p(xi) represent the amount of uncertainty

regarding the value of a variable X. In our case assume that the data

is stored sequentially and that the overall probability distribution is:

P(Vlv 2 = 0 0 ) = 1/8; P(vlv 2 = 0 1) = 1/2; p(vlv 2 = 10) = 1/8;

P(VlV2 = 11) = 1/4; then H(vlv2) = 1.75 bits.

Similarly, let H(x/y) = Z p(yj) p(xi/yj) log2 p(xi/Yj) . One

interpretation of H(x/y) is the amount of uncertainty about X, given

knowledge of the value of y. If we let vi represent, at any observation

point, the value of vi that occurred in the last record, then DM's prob-

lem can be interpreted as extending the system defined on the situation
to include a new attribute and the problem boils down to whether to

choose v' (system S1) or v2 (syatem S2). Given easily implemented

processing routines to sample the data, S1 and S2 can be defined in

terms of probability distributions over the composite variables vv1v 2 for
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S1 and vjVlV2 for S2. As a systems problem of the second kind, the require-

ments specification would ask for a comparison between H(v 2 v) and

H(vlV2 lvi). If we assume (to generate actual numbers) that the following

portion of the record -

to tl t2  t3 t4  t5  t6  t7  t8

0 010.1 1
1111 011

represents the overall pattern, then H(vlV2 (vI) 1.4512 bits, and

H(Vv2 v) a .9387 bits.

The information measures can be normalized and presented in a suitable

manner to indicate that the system utilizing past information regarding

terrain removes almost three times as much uncertainty as that which keys

on flight pattern.

Such simple examples are difficult because they seem not to warrant

the complicated jargon and formalisms, but when the situation is extended

to 5 or 6 attributes each taking 5 or 6 values, with options for including

numerous past values, then some formal data compression and evaluation tech-

niques must be used. Obviously, the principles in the more complicated

case are identical to the simple one.

At its most ambitious level GSPS is an attempt to construct an expert

system which makes available to an investigator all of the problem-solving

and methodological capability that has developed through various areas of

investigation. The programmatic aspects of GSPS imply that it can not be

complete, but the top level design as described here allows modular and

incremental implementation of all of its major components.

-Dialogue routines, which provide the interface with users. These

are necessary primarily for elicitation of appropriate problem definitions -. "

including adequate explanations of different choices when they exist (e.g.,

descriptions of options in requirements specification which might represent

various heuristics relevant to a given computationally complex problem).
The structure of this component includes the ability to incorporate new

independent developments (for example, Conversational Heuristics -- see
Shaw, 1979), which facilitate man-machine interaction.

•Graphics routines, which can: aid in the elicitation of system and

problem definitions; present the solutions to various problems in a manner
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most suitable for interpretation; summarize, say, various simulation studies
which explore the significance of different criteri4a under different condi-
tions; and portray the effects of various decisions which the user may make.

-Library reference data base. Part of the solutions to many problems
may involve reference to appropriate literature Csome of which may be on

line) which is relevant to those problems; this can include reference to
similar examples either from the user's context domain or-similar domains.

-Methodological Tools, to be used in the problem-solving process.
a While the other components are important for the overall package, the

essence of the problem-solver is the ability to solve system problems.
While many tools which can be incorporated already exist, many of the neces-
sary tools are still in the process of development. This is the case be-

cause of the need for general problem solving tools and because the rela-
tively short period of time that the study of systems as such has received

major attention. A number of major issues such as complexity, fuzziness

and imprecision, concurrency, the general theory of Petri-nets, the theory

of loosely coupled systems, system evaluation, performance evaluation,
autopoeisis, etc., all of which are associated with the study of systems,

are new enough to regularly provide new and useful concepts and tools
which should be incorporated.

With respect to the development of methodological tools, one of the

major aspects of GSPS is that it provides a framework for this development
as well as a means for comparison and evaluation of these tools. The con-

ceptual and formal means for describing the systems nature of objects
naturally identifies classes of problems and highlights existing defi-
ciencies in concepts and tools to deal with them.

* An important class of problems in GSPS is that associated with the

relationship between parts and wholes, with thp relationship between an

overall (possibly dynamical) system and various conjunctions of parts
(subsystems) which may be offered as models of such overall systems.

This class of problems is generic enough in nature and has such an
extensive and diverse history of investigation to warrant consideration

in its own right as a (the) fundamental system problem (Cavallo and Klir,
1981a). The next section describes some results in this area which form

the basis for development of a package of tools for dealing with this
problem.
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IV. SYSTEMS, SUBSYSTEMS, AND STRUCTURE

1. General Structures. This section addresses the problem of

determining and evaluating the adequacy of models of an overall situation

in terms of a conjunction of partial models, each of which represents

some portion of the overall situation. Over the past few years a general

methodological area of investigation -- termed Reconstructability

Analysis -- has developed to deal with this problem class (Cavallo and

Klir, 1979, 1981a,b; Cavallo, 1980). Most generally it is defined as

the process of investigating the possibilities of reconstructing or

identifying desirable properties of overall systems from the knowledge

of corresponding properties of their various subsystems. Collections

of such subsystems have various interpretations such as structure

systems, hypotheses, models, or designs.

Since the notion of system constitutes the basic methodological

unit, it is necessary to have a definition which is general enough to

serve to define both parts and wholes, emphasizing that from the method-

ological perspective overall-system/subsystem is a distinction which can

be made only in terms of the relation between systems. In reference to

the discussion of GSPS in the previous section, it is presumed for the

considerations here that a number of other systems problems have already

been solved which enrich the semantics of the primarily syntactical

questions dealt with here. For example: choice of an appropriate set

of attributes, decisions as to observation channels (well-defined,

probabilistic, fuzzy) and resolution level, gathering of data (mapping

from parameter space to state space), choice of state variables (time

shifted values of attributes), etc. To allow concentration on the

special issues associated with the system/subsystem relation, further

reference to the more general context of GSPS will not be made.

Definition 1. A system is a six-tuple (V, V, s, A, Q, f), where

-V = (vl,...,vn) is an ordered finite set of variables repre-
senting attributes defined on the object of interest;

.V (V,V 2 , ,Vm} is a set of finite sets, where each set
represents a state set for one or more of the variables;

-s: V 1 V is the mapping associating the appropriate state set
with each variable;
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A s(v.) x s(v2) x x s(vn) is the set of all possible
"overall states" of the system; p i

Q is a set representing a measure; with the'function f (below),
Q determines whether the system is probabilistic, possibilistic
(fuzzy), well-defined, etc.;

f is a mapping from A to Q (which represents empirical observa-
tion and analytic determination of a parameter-invariant relation -

among the attributes).

Two points that are worth highlighting regarding this definition are:

(i) The set V may contain more than one variable representing the

same attribute; that is, one variable may represent the same attribute

as another at a different point in the parameter space (e.g., at a dif-

ferent time point). The structural considerations to follow may thus

incorporate questions relating to dynamics.

(ii) The same general definitional form is used regardless of the

type of systems, e.g., probabilistic or fuzzy, etc. This representa-

tional economy is important from both the implementation (data-base)

point of view and from the methodol gical viewpoint, since it allows a

clear focus on fundamental issues.

Definition 2. Given two systems, B and 1B, then *B is considered

to be a subsystem of B if the following conditions

hold:

*Each variable in *V is also in V.

*Each state set in OV is also in V.
**s is a restriction of s to *V.

of is the projection of f onto the variables in °V.

Definition 3. A structure system is a set of systems, say the set

kB { {(kV, kv, ks, kA, kq, kf)}.

There are two fundamental investigative issues associated with an over-

all system/structure system relation. These are:

3(i) Reconstructability Problem: given an overall system, determine

which of the meaningful structure systems constitutes the "best" model

of the overall system according to stated requirements.

(ii) Identification Problem: given a structure system, determine

how much can be said regarding the overall system.

1 ,

19-17A

..................................'... .



*...

N

This section focusses on an issue associated only with the recon-

structability problem, that of the generation of the meaningful structure

systems or models which are to be evaluated. A structure system which is

to serve as a meaningful hypothesis for an overall system must consist of

subsystems of the overall system as given in Definition 2. If an overall

system B is known, the only information relevant to characterizing a sub-

system, *B, is the particular subset of V represented by.OV. All other

information of 0B can be generated from this information. Thus, for most

of what follows we represent structure systems merely by the family of

subsets of V. The idea is to define the set of meaningful structure

systems in a manner that makes it easy to generate (and search) this

space of models and evaluate models when appropriate. The following

considerations describe all classes of structure systems (or structures,

since reference is only made to the pattern of interactions exhibited

by the subsystems).

Definition 4. S = (Si  Si S. P(V) - 01, where P(V) represents the

' ... power set of V.

Models belonging to set S are very general and have mainly formal

significance. The following restrictions can be placed on models to

define meaningful subclasses of them. Some structures or models in S
oS.Q

may not represent the original conception of the object of investigation

in that not all variables in V are represented. Including this consider-

ation gives the covering condition: that each variable in V appears in

some subsystem. Also, in a model Si containing two subsystems Ea and Eb
such that Eb c Ea, all of the information contained in Eb can be

obtained from the subsystem Ea. Thus, another meaningful restriction

for models is that they satisfy the irredundancy condition: that no

subsystem be properly contained in any other subsystem.

These restrictions lead to the definition of the following classes

of structures:

Definition 5. SI = {Ii  Ii C P(V) - , Ea A Eb for each pair Ea,
Eb C Ii }

Definition 6. SH = (Hil Hi c P(V) - , U Ea= V)EaeHi

(Structures belonging to SH are equivalent to mathematical objects
studied as hypergraphs (Berge, 1973).)
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teThere are situations for which it makes sense to consider models atI

televel of generality of SI or %H. This generality is not necessary,

however, and structures at this level do not play a major role in the

%I rest of this paper. Each structure which is considered here comes from a

class of structures, referred to as general structures, whose elements

satisfy both the covering and the irredundancy conditions.

Definition 7. SG{GilGi eSI and Gi cSH}

To describe a particular model, it is convenient to just list the

variables in any subsystem, separating the subsystems by slashes, and

also to have a visual representation of that structure. This is done

by using boxes to represent the subsystems, with lines attached to them
to represent variables. For example, the structure {{1,2},{2,3,41,{2,4,511
can be written 12/234/24S, and pictured as shown in Figure 2.

Figure 2. Representation of Structures

2. Structural and Contextual Complexity. Given an overall situa-

tion represented by a set of variables V, the set S constitutes the set

of all models of that situation; as such, it is relevant to the situation

from a numaber of perspectives. For example, some of the general questions
which may motivate investigation of this set are:

model the overall situation

-determine the (strength of) relationships which exist among
variables of the overall system

-determine the subsystems, flow of control, communication
patterns in the overall system

-determine the structural components of the overall system

'.4 
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*determine the simplest representation of the overall
system which retains all the information, within a

specified tolerance, that exists in the overall system
determine which components of a complex system contribute
most to the overall coordination which the system exhibits

When investigating the space of models, criteria must be chosen for

evaluating the structure system associated with each structure. In

* general, more than one such criterion will be relevant to any given

situation. These criteria will generally be of two types, those which

relate to structure (the family of sets kV) and those which relate to

context (the family of functions kf). There are obvious advantages to

having as structurally simple a model to work with as possible - - for

example, for policy- and decision-making purposei, system development

and modification, information storage, retrieval and transmission, etc.

Two difficulties associated with simple models, however, are: (i) con-

flict with contextual criteria -- simple models generally do not repre-

sent the overall situation as well as complicated ones do, (ii) adequate

measures of structural complexity -- while it is clear that a model

wherein every aspect of an overall system is considered to be independent

of any other is simpler than the one which states that everything is

interdependent with everything else, it is not obvious how to compare

given models which lie between these two extremes.

In the framework of reconstructability analysis, the distinction

between structural and contextual criteria is made in terms of the

development of two sets of procedures, one for dealing with the generation

of structures and one for the evaluation of a structure once determined.

For this paper, issues associated with contextual criteria serve as back-

ground, and the focus is placed on structural issues. A general founda-

tion for consideration of the issues associated with evaluation of

models may be found in Cavallo and Klir (1981), and the problem is being

dealt with in a number of projects.

Regardless of the motivating question, attempts to deal with

general structures run into problems which stem from the inordinately

large number of possible models or relationships which must be examined.

Given the large size of this set of models, an exhaustive search is not

computationally feasible. One solution to this problem has been to
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impose some mathematical structure (usually through assumptions of

linearity) on the form of the relationships among the variables. This

makes a modelling exercise significantly easier, but in many situations

the increased tractability does not justify the unrealistic nature of

the assumptions.

Because of this, the development of systematic means or algorithms

for generating and evaluating the set of models has been a long-standing

* problem, arrived at from a number of different lines of investigation.

The noted statistician Kendall, for example, discusses the issue as one

of the "Outstanding Problems of Multivariate Analysis." None of the

* approaches which have been proposed to deal with the complexity have

been completely satisfactory; in general, past solutions are either

limited with respect to the scope of the problem which they address or

are unsatisfactory because of their ad hoc nature and lack of appropriate

foundation.

In the first category we may consider a contribution of Ashby, who

has provided many basic insights to the study of complex systems.

Ashby (1965) elaborated the importance and main issues involved in

answering the following question: Given an overall system, what is the

most complex subsystem which must be involved in any description which

allows reconstruction of all of the information present in the overall
system. While this question is clearly important when interacting with

a complex system, it also represents only a small portion of the struc-

tural information relevant to the system. In terms of the set SG, this

-~ approach can be described as evaluating only those models which included

all (and only) those subsystems with a given number of variables. Thus,

for example, with five variables only five of the more than seven

thousand G-structures would be considered.

Fienberg (1980) describes an extension of this approach, attributed

to Goodman, which is also useful but which is also somewhat ad hoc and

less than comprehensive. Let k be the number of variables (the dimension

of) the subsystems of the acceptable model which has the lowest dimen-

sional subsystems (for models of this type, models which involve

k.1-dimensional subsystems will also be acceptable). This scheme is

based either on adding k-dimensional subsystems to the structure which

consists of all k-i dimensional subsystems (eliminating these as necessary
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to satisfy the irredundancy condition) or by eliminating them from the
model with subsystems of dimension k. The fundamental nature of this

aspect of modelling warrants a more thorough investigation of the set of

models. ___ "

3. The Generation of G-Structures. The overall scheme described in

Cavallo and Klir (1979) essentially provides a basis for the solution of .1
this problem. Some of the theoretical components, as well as implementa-

tion questions and development and characterization of good heuristics,

have not been developed as strongly as necessary and there are still a

number of open questions. This section deals with these issues.

When dealing with structures, it is useful to consider that, given
a set of variables V, each family of subsets of V representing a model "' :

defines a reflexive and symmetric binary relation on V. If R is the set

of all reflexive and symmetric binary relations on V, there exists a

mapping rG: S ) R where rG(Gi) is the binary relation in which vari-

ables v. and vk are related if and only if they each belong to at least
*3

one of the subsets of V through which Gi is defined. Also, to each

element of R there corresponds a unique (undirected) graph drawn on the

set of vertices V. The graph and the reflexive symmetric binary relation

can be considered to be synonomous and in this paper the two will be used

interchangeably (in depicting the graphs, the loops on each node, which

are a consequence of reflexivity, will not be drawn).

Notice that the mapping rG is not one-to-one; i.e., each graph

corresponds to more than one structure or model, pointing out the by-now

often recognized (but also still often not recognized) inadequacy of

graphs (binary relations) as a basic modelling tool. Thus the mapping

rG imposes an equivalence relation on $G where Gi is related to Gj iff

rG(Gi) = rG(Gj). Let the symbol SG/rG denote the set of equivalence

classes imposed on SG by rG . The fact that rG induces a partition on

SG can be exploited to introduce efficiencies in the model-generation

process. It is first necessary to describe a natural structural

property which relates the models in SG.

Definition 8. For all pairs of structures Gi,Gj in SG, Gi is

said to be a refinement of Gj (denoted Gi <G G )

if and only if for each set Ea e Gi there exists

a set Eb c Gj such that Ea S Eb.
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The structure (SG,SG) is a partial ordering and, in fact, is also

a lattice with meet and join equal to GCRG (greatest common refinement)

and LCRG (least common aggregate) defined as follows (Cavallo and

Klir, 1979):

Given Gi and Gj, let Ki= (Ep n Eq I E E Gi, Eq e Gil

and let Lij =Gi u Gj.

Then

GCRG (Gi,Gj) = Kij - {Ea I Ea 4 Kij , 3Eb C Kij such that Ea c Eb.

LCRG (GiGj) = Lij - {Ea I Ea C Lij, .Eb 4 Lij such that Ea c Ebi l.-

The lattice structure which has just been defined represents an

ordering which is natural from two points of view:

Ci) It captures, in some sense, the notion of one model being

simpler than another; i.e., it is simpler if all interconnections repre-

sented in it are also represented in the other.

(ii) It provides a natural scheme for generating the full set of

models by "refining" each subsystem of a given model.

A significant reduction in generation complexity can be gained by

taking advantage of the partition defined earlier.

For each equivalence class in the quotient set SG/rG there exists

a simple graph and a unique representative of the class which consists

of the set of all maximal cliques of the graph. This motivates the

following definition of a subset of SG .

INTERLUDE. Unfortunately, without writing a book (the reading
of which would imply the ability to read the notation anyway),
there seems to be no way to avoid a seeming barrage of symbolism.
The formalisms clearly have a place, however, as it is unlikely
that the results could possibly have arisen without them. It
'also serves to illustrate and strengthen the argument for the
need of the middle-level concepts and GSPS as described in
Section 4, whereby seemingly abstract results can be used, in
terms of the systems concepts they represent, in any situation
which is modelled through the concepts.
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Definition 9. Sc = {Ci I Ci 6 SG and Ci consists of all and only

the maximal cliques in some graph Ri E R}

Elements of Sc will be referred to as C-structures. There exists then

a one-to-one onto mapping r : Sc -) R from the set of all C-structures to

the set R. Similarly as with SG we can define the ordering 5c on Sc and

accept as meet (GCRc) and join the operations of the subset lattice (and

Boolean Algebra) of the set {{vi,vj) I Vj,V- C V, vi  }--

We now have a partition on the set SG where each equivalence class

has a canonical representative from the set Sc. We observe that Sc is

not a sublattice of SG (although GCRc(Ci,Cj) = GCRG(CiCj)); however, we

have the following:

Theorem 1. The mapping : S Sc, where *(Gi) = (rcorg)(Gi) is

a homomorphism (endomorphism) of the lattice of

G-structures to the lattice Of C-structures.

Theorem 2. The lattice (SG' GCRG, LCAG) is modular.

This fact is useful since it bolsters the rationale for our approach to

model generation and motivates a line of exploration regarding the

evaluation of structures (utilizing some sort of "distance" from the

least element in the lattice, vl/v 2/.../vn). It also makes it easy

to show:

Theorem 3. The set of G-structures constituting any equivalence

class in SG/rG is a sublattice of SG (with greatest

element the unique C-structure, say Ci, in the class,

and least element the unique structure consisting of

{{vi,v } I (vivj ) erc(Ci)l u {vi I *vj (j i)(vivj ) crc(ci)}).

Because of the isomorphism with the Boolean lattice of reflexive

symmetric binary relations, the generation and examination of the lattice

Sc is relatively straightforward and simple to implement. Theorems 1 and

3 allow consideration of the full lattice SG in two stages:

1. Search the space Sc for the most suitable model.

2. Search the equivalence class (sublattice) of G-structures

associated with the selected C-structure.
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4. Some Questions Associated with Evaluation. This two-stage

approach assumes that with respect to structural complexity, the goal

is to get a model which is as "close" to the least element of SG as

possible. In such a case there is a straightforward relation with a

number of suitable contextual measures (for example, amount of overall

information lost by using the refinement representation) in that if

Gi < Gj then Gi cannot be a better model with respect to.the contextual

measure than G.. This can be formulated as:

Theorem 4. Let m(Gk) be the amount of information regarding the

overall system of interest that is contained in the

structure system whose structure is represented by

Gk (Kullback, 1959). If Gi 5 Gk, then m(Gi) 5 m(Gk).

It should not be taken as automatically given, however, that the

investigator will always choose, with respect to structural complexity,

the most refined structure. For example, even with respect to structural

complexity, the investigator may choose to reject a model which is a

refinement of another if the refinement involves more interconnections

among subsystems. This issue is a study in its own right and investiga-

tion has begun of a number of alternate measures of structural com-

plexity. Under any conditions, even when all formal options are well

understood, the meaning of the formalisms has to be developed by their

proper integration into GSPS. It is safe to say that there will have to

remain a number of questions which can only be resolved in context of

characterization of specific investigations.

As a last word, we present the following common-sense observation

and argument which supports the use of the lattice of G-structures and

the associated lattice of C-structures (recall that a refinement of a

C-structure involves removal of an edge of the graph).

Observation: If a graph has enough lines, then every structure

associated with it (i.e., all the G-structures) must be structurally-

complex in one of the following ways: (a) it includes a high

dimensional subsystem, (b) it involves a complex set of inter-

connections among the subsystems.-
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Argument: Consider the two canonical representatives of the

G-structures in a given class, its associated C-structure and its

associated most refined structure, call it L.

(a) When dealing with the C-structure, only maximal cliques (also

known as maximal complete subgraphs) are allowed as subsystems. Let

M(n,k) be the maximum number of edges that a graph with n vertices can

have without containing a complete subgraph of order k. A basic result

of Turan (1954) shows that M(n,k) is given by the following formula:

(k-2) (n -r 2 )  r )
2(k-1) + (2-

where r is equal to n mod (k-l). Since each maximal complete subgraph

represents a subsystem of a C-structure, the result gives quantitative

significance to the observation that at high levels of the lattice,

associated C-structures must contain subsystems of "high" dimensions.

His proof also shows how to construct D(n,k), a graph with n vertices,

M(n,k) edges, and no complete subgraph of order k, and proves that, up

to isomorphisms, it is the only such graph. Thus, all C-structures of

systems with n variables whose associated graphs have M(n,k) edges

(unless they are isomorphic to D(n,k)) contain a k-dimensional subsystem,

as do all those with more than M(n,k) edges.

(b) When dealing with L, each edge of the graph represents a two-

dimensional subsystem. Obviously, the more edges there are in the

graph (the higher the level of the lattice), the more subsystems there

are in L. But since the graph must contain a maximal complege subgraph

_~ of "high" order (k), then each low- (2-) dimensional subsystem must A
involve an intricate pattern of connection with at least the other
k(k-1) -1 subsystems represented in the clique.

2
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V. INITIAL STUDIES

An important aspect of the framework described here is its intended j
usability in broad classes of actual situations. The time frame of the

research period (as well as the length guidelines for this report) did
not allow extensive development of any of these areas. However, the fol-

lowing four have been identified as promising to develop as test cases:

1. Determination for a Tactical Acquisition and Weapons Delivery

Service (TA DS) of the effects of different parameters on decision-making.

The airborne unit of TANDS, which is currently in flight test, will be

simulated by the existing Dynamic Ground Target Simulator supplying move-

sent scenarios and the existing Dynamic Data Generator (DDG) which can be

used with different options for various parameters (e.g., beam width, ":,'

flight path, error in ground truth). A number of interesting systems.

problems arise in this context. For example: determine a dynamical

system definition which gives the least uncertainty in state-predictability,

subject to the complexity-of-description tolerance of individual ground-

station decisionmakers; with respect to some baseline initial system

definition, calculate the distance from a terminal system which arises

subject to constraints representing various combinations of the para-

meters; determine which decision-input form (e.g., well-defined,

probabili tic, or linguistic variables), under which conditions allows

the most regulation (or control) by the decisionmaker.

Given that the complexity of, say, "battle truth" is beyond that

which can be completely dealt with by a decisionmaker, it is important to

be able to determine, for given situations, a decisionmaker's model of -4
the situation; that is, to determine what simplifications are being used

(represented as a structure system). The argument is that decisions and

actions are based on models and that these decisions, in turn, affect

the "truth." The simulation set-up described here can provide an ideal

setting to study this process.

2. Importance of strengths of various patterns in Indications and

Warnings Scenarios. Define a primitive system on a given country's

political situation in terms of attributes such as Inflation Rate,

Legitimacy of Government (measured, say, by perception of corruption),
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Rising Expectations Syndrome, Political Kidnappings Changes in Size

of Soviet and East European Embassies. Example system problems:

determine quantization which gives least information loss; determine

structure of the system as it relates to immediacy of a crisis as

perceived by decisionmakers.

3. Determination of best parameter settings for algorithm-switching

in an Automatic Tracking System; for given settings, determine which

input attributes (flight: straight or zigzag; range; past error, etc.)

are most related to current error (compare various structure systems).

4. One of the difficulties with product-oriented studies -- or,

the system unique models of Van Trees, referred to in the introduction --

is that they do not lend themselves to increasing the conceptual base on

which Command and Control is founded. The problem expresses itself in

so-called "test-beds" which should serve a major function for
experimentation but are in fact most often used for demonstration

of products which already exist.

This last example is a proposal for an experiment motivated by a

comment of Wohl regarding "how far we are from understanding the inter-

action between Ev 1 : C
2 information characteristics, Iv2 :) C2 system

design features, Iv3 :] individual differences among decisionmakers

(e.g., in experience, in cognitive or decision styles, etc.) and

[v8 :1 measures of military or mission effectiveness" (Wohl, 1981).

The observation serves as an ideal focus for an experiment to develop

the problem-solving framework and to make use of a number of products --1
which already exist.

The main idea would be to consider each of the vi as high-level

concepts to be further elaborated and described as an overall system.

Various concepts from literature and discussion with experts in given

areas can be used to characterize and expand each of the four

attributes. For example, the system design features attribute can

be expanded by considering whether it is hierarchical or not, its

level of redundancy, types of components, etc. -- each representing

a variable with a number of possible appearances. Even for an
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attribute such as measure of military effectiveness, which would be

difficult to expand because of lack of knowledge or agreement, the

attempt to characterize it for a particular experiment will help to

focus theoretical issues and a number of alternatives can be used

and their properties empirically investigated.

There are a number of ways that differences among decisionmakers

can be characterized (e.g., using the concept of psychological types

as developed by Jung). By preparing careful description, existing

simulation products can be used to generate data and decisionmaking

responses can be measured. The solution of systems problems, such

as the determination of structure, will provide information regarding

interaction among the characteristics, as well as motivate adapted

descriptions and further understanding of each of the attributes and

concepts involved.

It is also interesting to note that the theoretical focus of

Wohl's paper -- utilizing uncertainty reduction (as the basis for

mission-oriented measures of effectiveness) -- is one of the main

analytical techniques involved in GSPS and has been implemented as

an option for a number of the problem-solving tools. The direct

interpretation of the tools and measures in terms of discussions

such as Wohl's would be straightforward and interesting.
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VI. RECOMMENDATIONS

A main reason for my accepting this research appointment was the

perception that the field of Command and Control, coupled with official

recognition that the field is so multi-faceted and that all of these

facets are intimately related to each other, represents an ideal con-

textual area for implementation of the general program which has had more
abstract development as systems methodology. The associated issues

parallel those which face designers of large, complex software systems

where there is clear recognition of the need for top-down design (or,

better, recognition of the need to concurrently utilize both top-down

and bottom-up techniques).

From the narrow point of view, in terms of classical areas of

specialization and development, the ideas in this report may seem com-

prehensive to the point of precluding specific products and/or results.

This is not the case, however. The modular aspects of the organization

allow development of many pieces without sacrificing the overall

integrability. A number of elements described in the report are either

fully operable or in some stage of development and form a natural context

from which to recommend further development.

For example, model generation algorithms based on the discussion of

Section 4 (which in themselves represent the solution to a long-standing

problem) have been implemented in Pascal, Fortran and C, and have run on

the Apple microcomputer, PDP 11/45, VAX 11/780, as well as Honeywell,

IBM, and Burroughs mainframes. In addition, the local design of these

algorithms has stressed extensibility and they are constructed to allow

the integration of appropriate heuristics as these are developed. In

fact, one of my recommendations is that support be given to the develop-

ent of such heuristics.

The algorithms have also been implemented to allow their utilization

with any evaluation criteria and associated procedures which exist or are

developed. A number of these are being used (for well-defined, probabil- .1

istic, and possibilistic systems), but there has, as yet, been no compre-

hensive and comparative study of various criteria. Such a study represents

another recommendation of this report.
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A third recommended area of development is for appropriate dialogue

routines for elicitation of appropriate formal system problem descriptions.

to represent contextual situations. Preliminary versions of such

routines exist, but a more intensive development effort is required.

Ultimately, the success of the overall program described here

depends on the development of the semantics and pragmatics of the

problem-solver by carrying through on a number of specific examples from
the field of Command and Control. (It is also obvious that positive

effects will indirectly accrue to further development of any of the com-

ponent aspects. Each of the examples described in Section V represents

a specific, easily developed area, with an almost guaranteed contribution.

In addition, it would be fruitful to take a number of already existing

studies (e.g., Wohl, et al., 1981; Callero et al., 1981) and translate

them into the framework described here -- again with an almost guaranteed

payoff in terms of additional contributions. The only problem might be

institutional inertia which makes it difficult to generate cooperation at
levels above the subsystem in which one is embedded. Stated more

positively, in the short run if the goal is solely a better understanding

of one component and there are limited units of resomrce available, it is

likely that more benefits will accrue to devoting all the resources to

direct "system-unique" study of that component. However, it is well known

that most "greedy" algorithms which attempt to achieve local optima do

not generate the global optimum. Fortunately, at RADC I developed contact '-.

with a number of groups who seemed enthusiastic about pursuing the line

described here. This constitutes my last recommendation.
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Adaptive Kalman Tracking Filter for ARIS System

by

Junho Choi

ABSTRACT

As an extension of the Metric Accuracy Improvement Program

(MAIP) at the Eastern Test Range (ETR), Patrick Air Force Base

(PAFB) in Florida, the adaptive technique has been developed and

simulated for the possible application to the existing ARIS systems.

Sklansky's model has been adopted for the Kalman filter simu-

lation study, since this model has been widely used in this area

and has also produced more errors when the straight Gaussian

statistics are applied to the model. The feasibility of adaptive

technique has been studied to update the measurement, driving, and

state error covariance statistics. Results show that both measure-

ment and driving (or process) noise covariances are very sensitive %

to the overall performance of the filter.

Several areas for the additional and continuing work are

suggested and recommended to achieve the goals successfully.

* 77
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I. Introduction.

On-axis tracking technique has been focused and applied to land,

air, and shipboard radars for more than a decade and has shown more

promising results and performances in real applications over the

auto-tracking servo systems. As an example, the land-based on-axis

tracking algorithm at Eastern Test Range is superior to the auto-

tracking approach. The major problems of on-axis technique are the

optimal real time adjustments of weighting factor (or gain matrix for

Kalman filter) for the 4-fS tracker where the larger the weighting

factor results in obtaining the better tracking capability and the

smaller the weighting factor gives a better smoothing capability.

The development of optimum algorithm for both tracking and

smoothing has been actively engaged in among the scientists and L

engineers in this area for the last several years. In general, the

more heuristic approach has been adopted to achieve the better com-

promise for simultaneous tracking and smoothing.

As a part of the Metric Accuracy Improvement Program (MAIP) at

Eastern Space and Missile Center (ESMC), Directorate of Range

Systems, Ships Engineering Division (RSN), the recursive filtering

(i.e., Kalman Filter) approach was proposed and the preliminary
study was reported in(1 ) for the on-axis tracking of C-Band radar

to improve the tracking performance.

As a continuing effort of MAIP program following( ), the adap-

tive Kalman tracking algorithm has been developed and tested through

the simulation in this report to correct the divergence of error co-

variance, measurement noise covariance, and target dynamic co-

variance matrix for the real time application to both tracking and

smoothing capability.
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II. Objective

The main objective of this study is to correct and attack the

problems found in the previous study for the on-axis application

to the USNS General H.S. Vandenberg and USNS Redstone, or possibly

to the land-based radar system. The most common trackers, such as

the Kalman filter, a simplified Kalman filter, an 4-A filter, and

a Wiener filter, can provide optimum estimates of the target's po-

sition and velocity if the dynamic model is a correct representation

of the true state of the nature and a target moves a smooth trajec-

tory with a constant velocity. However, when the target deviates

from this type of flight path, all of the above trackers eventually

lose the track and no longer perform their functions effectively.

In order to correct and improve those problems of maneuvering

target, several approaches, such as linear and nonlinear accelera-

tion model, or adaptive Sklansky model with measurement noise only,

or state error covariance only, or target dynamic noise covariance

only, have been proposed and showed a substantial improvement over

the nonadaptive Kalman filters for the maneuvering target.
(2)As pointed out in all three covariances, state error,

measurement noise error, and input noise error, are the main factors
which contribute to the performance of Kalman tracking filter for

the maneuvering target.

Our major objectives thus are:

1) to develop an adaptive algorithm which can monitor the

update state error, measurement error, and input target dynamic

noise covariance.

2) to determine and test the optimum approach for the re-

quired goals of MAIP program through the simulation or the real

access to the existing systems.

An extended Kalman tracking filter with adaptive technique may

be introduced in future and further investigation will be required

for the possible application to the real system, if the time allows.
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-- III. Mathematical Formulation.

The filtering theory developed to date assumes that system

dynamics are completely known and are precisely modeled in the

filter. Clearly, this is never true in practice and, furthermore,

finite arithmetic precludes the exact computation of the filter

state. The modeling and computational errors which are invariably

present may not present particular difficulties when the noise

inputs to the system are large. When these are small, however,p when model errors such as dynamic biases exist, and when the filter

operates over long time intervals, the operation is sometimes ren-

dered totally unacceptable This is often the case in the deter-

mination of space vehicle trajectories via a modified Kalman fil-
(4)ter The observed phenomenon is a divergence of the errors in

the estimates to values totally inconsistent with the rms values
-. theory(5) -- :

predicted by theory . If the covariance matrix becomes unrealis-

tically small or optimistic, the filter gain thus becomes small 4,Ld

-. subsequent measurements are ignored. The state and its estimate

then diverge due to model error in the filter.

To correct this phenomenon of Kalman filter which has been

applied to the tracking of the airborne target, several approaches

have been reported, such as Gholson and Moose (6), Thorp(7), Pearson

and Stear (8 ), and many more.

As pointed out in (2) the complete information of state error

covariance matrix, measurement error covariance matrix, and final-

ly the maneuvering characteristics of the target (i.e., the accel- '

eration input noise covariance) update should be available for

tracking a maneuvering target if one wants an optimal tracking.

However, most approaches cited above have assumed that at least'

one of the covariance matrices is constant or a known information.

Several schemes for dealing with the adaptive filtering to

avoid the divergence problem involve increasing the size of the

covariance matrix and the computational complexity with an addi-

tional computing time.
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Some progress has been made in proposing filter designs by

analyzing the properties of the actual error covariance matrix cor-

responding to estimates by a Kalman filter that is designed on the

basis of an inaccurate system model or by modeling a maneu-

vering target using a semi-Markov process with the combination ofshm(6), (7), (8) .-..
Baysian estimation scheme, or by adopting the input

estimation technique to correct the changing target characteris- - -
tics(17)

IIr-l.Description of Target Model

As described above, several different models have been adopted

and tested under certain circumstances in order to find the very

close models to the actual maneuvering target. In this particular

study, Sklansky(11 ) model has been adopted as in~ 1 to maintain the

continuity and better performance comparison. For the review pur-

pose, if we write the tracking equation~11 ) for the (range

only) six-states model .as follows:

X (n+l) 1 T 0 0 0 0 X n
X2(n+l) 0 1 0 0 0 0 X2(n)

X3 (n+l) 0 0 1 T 0 0 X3(n) +

X,(n+l) 0 0 0 1 0 0 X,(n)

X5 (n+l) 0 0 0 0 1 T X5(n)

X6 (n+l) 0 0 0 0 0 1 X6(n)

2 :

T2 0 0

T 0 0 Ux(n)

2
0 T/2  0 -(n) ()

0 T 0 Uz(n)0 0 T
2

0 0 T
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Il y3  1 0(n) ) 1 0 0 0 0 01 X (n) [11
(n) - 0 1 0 0 x (n) + 1 v(n)

:: Y(n) 00 0 0 1 0 X3(n) 1::"

X4 (n)

X,(n) - - - (2)

X6 (n)
where X (n) - position of a target on x-axis

X-(n) - velocity of a target on x-axis

_3(n) - position of a target on y-axis

X4(n) - velocity of a target on y-axis

X (n) - position of a target on z-axis

X6(n) - velocity of a target on z-axis

T - time interval between measurements (or a sampling time)

U (n) - random acceleration of x-component
-

U (n) - random acceleration of y-component
y

U (n) - random acceleration of z-component

v(n) - random measurement error which is assumed to be the same

in each coordinate.

%1, This basic Sklansky model can be applied to several different appli-

cations, such as three dimensional case of the spherical coordinate

system (r, 0, 0), or only two dimensional case (r, 0) with the modi-

fied model of position, velocity, and acceleration in the spherical -

coordinate system. If we rewrite equations (1) and (2) in matrix

form as

X(k+l) - 0(T)X(k) + G(T)U(k) - - - (3)

Y(k) - H¢(k) + v(k) - - - (4)

2
and 0(T) - 1 T 0 0 0 0 T/ 2  0 0

0 1 0 0 0 0 G(T)= T 0 0

0 0 1 T 0 0 0 T7 2 0

0 0 0 1 0 0 0 T 0
2

0 0 0 0 1 T 0 0 T
,, 0 0 0 0 0 1 0 0 T :.:'" "
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where 0(T) is a state transition matrix obtained by a linear extrap-

olationU(k) and v(k) are random variables which have to be

specified and controlled by some priori or posteriori informa-

tion of state variables.

The dependence of U(k) and v(k) has been studied exclusively by
(1) (12)Choi and later by Choi and Yildirim

Most difficulties encountered in tracking a maneuvering target

through ARIS system are uncertainties of 13(k) and v(k) which are

the focal points to be thoroughly investigated in this study.

111-2. Kalman Filter Equations.

K. F. Gauss introduced the theory of smoothing, prediction,

and orbital determination in 1796 and dealt, at best, with the esti-

mation of a set of random parameters (so called least square estima-

tion). On the other hand, Wiener, Swerling, and Kalman have dealt

-, with the estimation of the state of a ramdom process. It is the

continuous introduction of new driving noise random variables into

the process, in addition to the random observation noise, that dis-
(13)tinguishes modern estimation theory from regression theory .The

addition of the driving noise has the desirable feature of compen-

sating for inaccuracies in the model used. It permits handling a

changing model, such as caused by a maneuver of the object being

tracked and also ensures the stability of the filter.

The solution of equation (3) and (4 is given by ()
Estimator: Xk--X + K~~ k . HXt -- - ()

Predictor: -l "(T) (6)

T-T--l
Filter Gain: Kk+lm- 1Mk~l~1  H (HklTR)- - - - (7)

20-9
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Prdctrcvaine: 1. " 0(T)Pk0(T)T + G(T)QG(T)T - - - (8)

Error covariance: P:-- (9)
PK+l (IKk+lH)"k+l

where R E( is a measurement error covariance matrix

* - TQ E(UkUi) is a driving noise error covariance matrix

Pk- E(() :state error covariance matrix

As pointed out before, those three covariance matrices, R, Q, and

respectively, are required to correct their follow-up or divergence

phenomena which is the main subject to be studied in this section.

111-3. Divergence of Kalman Filter Covariance Matrices.

Since the study of Schlee et al ), several approaches have

been developed and suggested to correct and bound the divergence of

error covariance matrix K k+l in equation (7) according to the abrupt

variation of a target. However, no direct control technique and

breakthrough have been proposed and applied to the actual problem *,.

(15)except for a few suggestions like the semi-Markov approach or
the decision-directed(1 6 ) approach. As can be seen in the equations

(5) - (9), covariance matrices and gain matrix can be computed with-

out direct interference of the incoming data behavior except for the ..-

initial condition.

One of the major causes of divergence is inaccuracies in the

modeling process used to determine the message or observation model,

due to failure of linearization, lack of complete knowledge of the

physical problem (in this case, the maneuvering target) or the sim-

plifying assumptions necessary for mathematical tractability.

Errors in the statistical modeling of noise variances and mean or

unknown inputs may also lead to divergence. Another source of

divergence is round-off errors, inherent in any digital implementa-

tion of the filter algorithm, which may cause the error-variance

matrix to lose its positive definiteness or symmetry (5 ). Based on

the foregoing discussion of the cause of divergence, it is possible

. to postulate a number of modifications which may be made to the

20-10 4
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Kalman filter to prevent divergence. Those can be placed into

three broad classes:

of th gain(14)1. Direct increase of the gain matrix

2. Limiting of the error covariance C1 5 ' (16)
3. Artificial increase of the plant noise variance(17(18)

Because of the inherent characteristic of the most recursive filter,

the parameters involved in the Kalman filter equation are heavily

interrelated, i.e., cause-effect. In other words, the effective

control of gain matrix is required to satisfy those three classes

described above by adapting error covariance of system model error

or measurement errors.
1. Innovations Process:

One way to control the update covariances is to adapt the

update information to the filtering process through the so-called

innovation process.

Let us define A "
Y HZ.k - -- (10)

and combine equations (4) and (10). Then we can introduce

'k Yk - Y - H( - ) + V - - -(11

Y k " k + V k ,
k k 1 k -

and Vk : N (O,Rk) = normal distribution with zero mean and
variance R

'4 k N (fk , 'Vki + R.k)
- TPk = E(XkXk ) : error covariance of Kalman Filter

with a scalar observation, the maximum likelihood estimate of

Vk in equation (11) becomes (18) (5)

R k 1Tm(I k - -- (12)

After some manipulation, the sequential estimator is obtained as

A 1 A - 2
Rk~l - ((N-1)R k (7k HXk (1 + HBHT)-l

20-11
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where 1 2B) (13)-7

If we modify the equation (13) for our particular application,

the empirical single stage sequential estimator of Vk is obtained as

A A~~12 (A T
R 1 ". k IlYk~r HIkIl ( "'k" )- -R- - (14)

Equation (14) is very similar to equation (13) except for the

weighting factor which is replaced by the variance of Yk and Yk and

into Yk and Xk respectively in order to follow the update varia-

tion of the measurement and prediction difference. When the dif-

ference between the measurement and the radar prediction is getting

larger, the variance of Vk increases by resulting in the reduction

of the gain matrix. On the other hand, if the difference is getting

smaller, the variance of Vk is unchanged which results in following

the non-maneuvering target just like the smoothing Kalman filter,

that is, the convergence of equation (14) is guaranteed for the
large and steady state k.

2. Control of Driving Noise Variance

Singer model (1 9 ) will be applied to this particular study

for the effective control of input noise variance since the straight-

forward Kalman filter application to the Sklansky model performs

very poorly, but performs very reasonably for the modified model and

4 ~Singer's approach ()

In order to utilize Singer's approach for the on-axis tracking,

the technique should be modified in the sequential format which can
recursively update and correct the divergence of the gain matrix.

If we adopt the duality theorem proved by Kalman 2 0 ), then let us .71

define

k - + - - - (15)

and
A A

k A TA is deterministic, where qk is a ramdom variable.k u ik"::'

Uk k - k

"(Xk "k ) + q k - - - (16)
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The covariance of U3 will be expressed as

- T T
EUkUk Qk - k-l ± KiPkKk- (7

The equation (17) is matching to the requirements of the increase

Of Qkwhen the target starts maneuvering as shown by Choi 2 . In the

beginning, Qk starts increasing its quantity and when the value of k

increases, the second-term on the right hand side of equation (17)

will be eventually diminishing for the steady state maneuvering (or

the free-fall case), which implies the convergency of equation (17).

4 3. Update of Error Covariance Matrix.

Both dynamic error variance and measurement error variance

update sequential estimates have been developed in the above. Those

two parameters continuously influence the error covariance matrix

equation(9).

The stabilized Kalman fite will be applied to this

update algorithm as
T T

P -(I -K H)H (I-K H) + K R K (18)-
no.1 n+l no.1 n~l n+l nol n+l

If we rewrite the Kalman filter equation with the proposed up-

* date algorithm as shown in the schematic flow diagram, Fig. 1,

th O (T) - - - (6)

K -H H m H R (7)* n~ol n~ol (no~l nUol~

Hnl (T)P0O(T)T + G(T)%G(T)T  - -- (8)

nP ~ n~l n(I~ nK nn H n 9

T2 T .-.l

R -R + (Y doIX2)(HPnH T + V- - -- (14)no.1 n- n n n n

K -0 +KP K - - - (17)Qno. n n

20-13
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IV. Simulation Results. ...

A step-by-step approach of a new adaptive scheme has been

simulated in order to observe and compare the performance of the

overall adaptive filter with either one or the combination of an

adaptive measurement noise covariance, a stabilized state error

covariance, and an adaptive driving noise covariance matrix approach.

Figure 2 shows the standard Kalman filtering process result

without updating the initial conditions of P, Q, R matrices, while

Figure 3 represents the standard Kalman filtering process result .

with updating the initial conditions of P, Q, R through the first

30- actual measurement data for X-coordinate only. Figure 4 shows

*" the overall adaptive Kalman tracking filter process with the bounded-

ness of Q and R as

0.0004(RA0.3 (K2) --- (19)

0 $Q 0.00083 (Km/sec2 2  - - - (20)

In the meantime, Figure 5 shows the results of the adaptive measure-

* ment error covariance matrix onlywhile Figures 6 and 7 represent

*: the results of the adaptive driving noise covariance and stabilized

covariance matrices only, respectively. .-

As pointed out in section 3, the adjustment of Q and R is re-

quired when the radar starts tracking a smooth trajectory from the

recursive update relation as equations (14) and (17) into the con-

stant value as

Qn+l - = 0 - - - (21)

R n R - - - (22)
n+l n

Finally, Figures 8 and 9 show the sum square residual of X-coordinate

position and velocity between measurement (X predicted (X )m p
measurement (Xm) - estimated (Xe), and estimated (Xe) - predicted

(Xp) for all updated adaptive algorithms.
p

Several measures can be imposed to the algorithms developed to

track the highly maneuverable target such as the equations (19) -

20-14
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(22). In addition to those constraints, the predicted error,
Ai2

1Yn - lII , can be a good candidate for monitoring the

divergence or convergence of the filter. In such an event, the

reinitialization or readjustment of the P, Q, R matrices are

required to achieve both tracking and smoothing process. -

As a conclusion of this study, two important factors should

be pointed out: any one of the adaptive techniques can be applied

for each different tracking situation, such as

1) Updating P, Q, and R covariances with some boundedness

for some time-period according to each maneuvering case, i.e.,

whenever the target is lost.

2) Utilizing an adaptive Q-matrix when the target is high-

ly maneuverable and an adaptive R-matrix when the target is not

highly maneuverable.

3) Stabilizing the state error covariance through the stabi-

lized Kalman filter in order to avoid the divergence of error

covariance matrixand the computation time is increased remarkably

when the adaptive technique is adopted. However, the on-axis

applicability is high enough to meet the criterion because this

filter does not require any storage and the mechanical timing is

long enough to provide the update information to the servo-

tracking system.

V. Recommendations.

The practical application and implementation will require the
several intermediate technical developments and checkpoints.

Few of those requirements would be proposed to improve and

guarantee the on-axis technique to be adopted.

l. The overall review of several tracking models is required,

such as

a) Sklansky model (extrapolation method).

* b) Singer model

which can be processed through the I
a) 4(- tracker"-'

20-15
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b) Standard Kalman filter

c) Extended Kalman filter

d) Adaptive Kalman filter

e) Combination of a) - d).
2. The reduced-order feasibility of the above mentioned track-

ing model should be tested for the simple and efficient algorithm to

save processing computational time.

3. Decision theory adoption is required for the control of

covariance matrix convergency and divergence such as equations (19)-

(22). Those three areas of interest should be tested before the

adoption of any on-axis tracking attempt and the author would like

to recomnd strongly the continuing research effort for the success-

ful completion of H&IP program and the future application of any on-

board aircraft and ship antenna tracking purpose.

20-1
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INCENTIVE CONTRACTING IN MULTI-YEAR PROCUREMENT

by

David L. Cleeton

ABSTRACT

Using agency theory, insurance theory and results from economic

incentive contracting models, this paper examines optimal risk sharing

arrangements in multi-year contracting. While past models of incentive

contracting have focused entirely on cost monitoring and performance

evaluation, this research also looks at uncertainty due to demand

fluctuations. Several alternatives are offered to supplement linear cost

sharing devices in addresssing the risk sharing and moral hazard problem.

The results suggest that a more flexible bargaining position may be

achieved by the government through the use of multi-year procurement and

that this advantage can be used to more closely evaluate contract

performance. Lastly, suggestions for further research are outlined. An
extended version of this report is given in (3).

* 21-2
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1. INTRODUCTION

Section 909 of the 1982 Department of Defense Authorization Act

provides for the relaxing of several constraints which have limited the.

application of multi-year procurement (MYP). Currently the Department of

Defense and the military services are developing and/or implementing

policy guidelines for MYP. An examination of the policy environment

today reveals that a conservative approach is being taken in the selec-

tion of possible programs for MYP and also toward the contractual

features for these candidates.*

While the use of incentive contracting is not presently prominent in

MYP policy, Deputy Secretary of Defense, Frank Carlucci, in his memorandum

of 1 May 1981, encourages the study of innovative contractual terms which -,

acknowledge contractor risk and the government's concerns over control.

Given that incentive contracting is a much more flexible and adaptive

contract form than other alternatives in handling risk sharing and cost
monitoring, the role of incentive contracting in MYP is likely to

increase steadily.

Recent modeling and empirical investigations of incentive

contracting have focused on risk sharing, moral hazard issues, and cost

control. This has been static analysis which looks only at the cost

(supply) side for sources of uncertainty in programs. Demand uncer-

tainty has been ignored. Yet demand uncertainty is very much a contrac-

tor concern and leads at least indirectly to increased costs via impacts

on a firm's investment decision. MYP dirctly adddresses this source of

risk and allows contract bargaining to be used more effectively to manage

the cost sharing and cost monitoring functions.

Therefore, a need exists to investigate the role of incentive

contracting in MYP. By doing so, we may be better able to understand how

this form of contract can be used to improve contract performance and

result in cost savings and improved budgetary planning.

*This area will be examined later, see (2), (8), and (9) for an histori-

cal guide to MYP, current policy developments, and heuristic arguments

concerning the costs and benefits inherent in MYP.

21-4
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11. OBJECTIVES OF RESEARCH EFFORT

This study has two main objectives. The first is to integrate
current theoretical research in agency theory ( 5,(6), (12), (14) )
and insurance theory ((10), (13) ). with the literature on economic
incentive contracting ((1), (4)s (11), (15) ) and build a general model
of optimal risk sharing and cost monitoring through linear cost sharing Z
schedules. The analysis is simplified to two ways in order to accomplish
this task. Only economic or profit incentives are modeled, i.e., perfor-
mance and delivery incentives are not included in the analysis.
Investment decisions by the firm are assumed to be exogenous.*

The second objective is to extend the analysis into a multi-period
framework. Here the choice between using a series of single period
contracts or a multi-period contract will be analyzed according to
effects on risk sharing, expected cost, and contract monitoring.

Finally, a secondary objective is to outline areas of further
research which are linked to the primary objectives. An example is the
use of deductibles to make cost sharing schedules nonlinear and thereby
alter the moral hazard penalty while preserving an adequate reduction in
contractor risk.

111. RESULTS ON RISK SHARING AND MORAL HAZARD

The defense market is characterized by products requiring advanced
* technology which is highly uncertain, subject to rapid obsolescence, and

demanding hugh capital investments. In addition, funding procedures lead
to significant variations in product demand. Furthermore, the market is
dominated by a single buyer, the federal government. All of these factors
preclude the development of a competitive market process, and have led to
the current reliance on a bilateral procurement contract. This contracting L.:.J

mechanism attempts to deal with two major problems which dominate in this
* environment. One is a concern over the cost risk sharing in programs.
* The second is the problem of monitoring cost growth, i.e., controlling

those costs which are endogenously generated.

*This area will be mentioned later with respect to future research into
MYP. 21-5



Private firms have a legitimate interest in reducing the cost risk

associated with exogenous factors, e.g., changing input prices, tech-

nological uncertainty, etc. The government with its risk pooling abili-

ties and wealth position is better able to take on these sources of

financial risk. However, an incentive problem irises when the government

shoulders the risk. Since it is difficult, costly, and perhaps infor-

mationally inefficient to completely sort exogenous and endogenous risk

factors, firms are thereby relieved of incentives to control endogenous .- .

cost growth.

Agency Theory

Agency theory studies a broad class of problems which include the

general framework of the defense contracting problem. (See Figure 1). A
principal party engages an agent to perform duties on their behalf. The

agent's actions (A) along with a random state of nature (N) jointly
determine an outcome (X).* The outcome is divided between the principal

and agent according to a given sharing rule (R). This sharing rule may

have the outcome (X), an estimator of the agent's actions (1), and an

estimator of the state of nature (1') as arguments. The estimators are

called an information monitoring system. ---.
-, .. .:,

FIGURE I

AGENT'S OBJECTIVES > AGENT'S ACTIONS (A)

(W)SHARING RULE R)< -- ~- OUTCOM4E (X)

PRINCIPAL'S OBJECTIVES STATES OF NATURE (N)

*While the outcome is usually stated in terms of a monetary value, the

defense problem involves the strategic bargaining over the value of the

outcome.
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Given the objective functions of the two parties which incorporate

attitudes toward risk, the costs of various monitoring systems, subjec-

tive probability distributions of the states of nature, and any

constraints which may be placed on the size or quality of the outcome,

the solution to the agency problem involves identifying a Pareto Optimal

contract, consisting of a sharing rule and an information monitoring

system.* Thus, the problem is a game with a cooperative stage, choosing

the sharing rule and monitoring system, and a non-cooperative stage, the

strategic choice of actions by the agent.

Shavell (14) gives necessary and sufficient conditions for the opti-

mality of a linear sharing rule. It is clear that these conditions are

far too stringent to be satisfied in the defense contracting problem. We

now turn to the defense contracting problem to formally set it up in the

agency framework and show why the linear sharing arrangement can be -
dominated.

Incentive Contracting Theory

The literature on incentive contracting focuses on this gaming

conflict through examining the objectives of the firm and government in

light of the present set of contract forms which all can be represented

as falling under a linear profit sharing rule. The firm's profit on a

given project is given by:

P aCt +b(Ct - C)

whereO &a 1, O b< 1

Ct =Target Cost
C - Actual Project Cost

a-Target Rate of Profit

b Cost Sharing Rate

*See Gjesdal (5) for an elegant statement of the general problem and see

Harris and Raviv (6) for some applications of results.

'-.5.5-
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Contract types are determined by the specific values of the parame-

ters a and b.* These are summarized in the table below:

TABLE 1

Contract Type Parameter Values

FFP -Firm Fixed Price Contract 0 < a < 1 b - 1
FPI - Fixed Price Incentive Contract 0 < a ' 1 0 C b < 1
CPFF -Cost Plus Fixed Fee Contract 0 " a 1 b a 0

COST - Cost Type Contract a 0 b a 0

The government's cost in total is made up of the project qost plus

any profit paid:
G =P + C "'-;

*(a + b)Ct + (1- b)C (II)

Table II summarizes the variables which have been modeled by various

authors into the two parties' objective functions. Most of these objec-

tives are self explanatory, however, the terms capability and reputation
effects should be expanded upon. Capability refers to expenditures taken
on current projects which will improve the firm's ability to perform

future contracts. Reputation effects are negative in that they refer to

future consideration of cost overruns on current projects.

TABLE II

PRINCIPAL'S OBJECTIVES AGENT'S OBJECTIVES
(Government) (Contractor) . -

Minimizing Government Cost Minimizing Profit -7

Meeting Program Performance Minimizing Financial Risk-

Goals-Modeled as constraints Variance in profit

on acceptable outcomes - ,

Increasing Probability of
Future Contract Awards-

Capability effects and

Reputation effects

*We will simplify and ignore any upper and/or lower bounds which may be

placed on P or C. For details on models see (1), (3), (10), and (14).
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Note that the government is assumed to exhibit risk neutral behavior
and only considers capability and reputation effects as they might impact :-
on expected government cost.

The major results of incentive contracting models can be summarized
now. If the firm's choice of actions to be undertaken is independent of
the sharing rule, although no necessarily independent of the distribution
of the states of nature, then the optimal contract is of a COST or CPFF
form wherein the government bears all of the project risk. This con-
dition on the agent's strategy corresponds to an absence of moral-hazard.

Moral hazard refers to the incentive problem which arises when
program cost (C) is at least partially under the firm's control and the -

firm enjoys direct benefits from increasing cost. In particular, the
alteration of acts by the agent in response to changed incentives after
the purchase of insurance is referred to as the moral hazard problem.

.1 The purchase of insurance corresponds to any linear sharing rule where
the agent does not bear the entire risk, i.e., any rule where b~l.*

Moral hazard can occur as long as monitoring the firm's future actions
is costly, i.e., the govermuent cannot freely observe the state of nature.

and the firm's actions independently.

A set of necessary conditions for moral hazard is that a firm derives

some positive benefits from increasing costs, e.g., capability effects,
and that it has at least limited ability to control costs. These are not
sufficient conditions since the direct marginal benefits from increasing
costs may not outweigh the indirect marginal loss which is manifested in
terms of a reduction in the firm's profit or the awarding of future
contracts. Readers are urged to refer to (1), (4), and (15) for details
concerning these cost motivations for firms, e.g., private market
spinoffs, mnanagerial discretion, and capability effects.

*An~other type of incentive conflict exists because there is a tendency

for the worst risks to purchase insurance. This is termed the adverse
selection problem. See McCall (11) for analysis of this problem and its
effects on contract awards and cost overruns.
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We can now see why the simple linear cost-or profit sharing rule is

not optimal. The sharing rate (b) is the joint determinant of the degree .--,:-

of exogenous risk sharing (effects of the random state of nature) and at

the same time the marginal cost in terms of profit from engaging in moral V.-
hazard behavior. One parameter cannot simultaneously perform these two

conflicting roles. A high value for the sharing rate is desirable to com- :

bat against moral hazard behavior, when it is present, but results in the

firm bearing a non-optimal amount of risk.

Solutions to the Risk Sharing and Moral Hazard Problem

Several directions can be offered toward the solution of this

problem, so of which are drawn from insurance theory.* Basically there

are two approaches that can be taken to preserve the simplicity of the

linear cost sharing rule. The first involves preserving a high rate of

risk reduction with a low value of the sharing rate, (b), while

addressing the moral hazard problem with other mechanisms. Examples of

other mechanisms would include increasing the reputation effects in

contracting awards, decreasing the capability effect by providing separate

funding for targeted capabilities, and providing tighter control over the

ability of firms to profit from commercial applications. The second

approach would provide a high penalty for practicing moral hazard by hay-

nig a relatively high sharing rate, (b), while using other techniques to

insure the firm against exogenous risk factors. Examples of these tech-

niques include the use of escalation factors for input price increases,

or the use of multiple contingent contracts which specify different'-

target costs, ex ante, dependent upon the realization of various states

of nature.** Both of these approaches depend upon the costs of iden-

tifying the sources of exogenous or endogenous risk and devising means to

deal directly with those risk sources, thus allowing the usage of the

sharing rate, (b), to be preserved for handling other sources of risk.

Insurance theory offers another solution which simply alters the

linear sharing arrangements into a non-linear arrangement.

*See (10) and (13) for excellent surveys of the current status of

insurance theory.

**See Cummins (4) for details on this contracting strategy.
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This device is the use of minimums or deductibles in claims.*

Firms with a low moral hazard potential would be expected to be more

willing to accept a larger deductible in exchange for either an increase

in (a) or a reduction in (b), the profit parameters, than would a firm

with a high moral hazard potential. Experience ratings are also widely

used in setting insurance premiums, and correspond to using an explicit

reputation measure in awarding defense contracts. Experience ratings

would involve increasing the value of (b), or decreasing (a), as a result

of the contractor's past cost overrun record. It shoUld be pointed out

that in order to make all these effective, it is necessary that the nego-

tiation of the target cost (Ct) be made independent of the contract type,

i.e., independent of the values of (a) and (b). One method, which could

be implemented to make this possible, is a two stage negotiation process

in which the target cost is set in the first stage, leaving negotiations

over the parameters (a) and (b), and the size of the deductible, until the

second stage. This would involve a relaxing of the current reluctance on

the part of 0O0 to allow a sizable variation in the target profit rate

(a), but the potential savings in obtaining more reliable cost estimates

for budgeting and meaningful cost overrun data, ex post, should far

outweigh the misguided emphasis now placed on controlling the target rate

of profit.

*See Mayers and Smith (10) for a discussion of the differential effects

of deductibles versus minimums.
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IV. MULTI-YEAR PROCUREMENT

Table III summarizes the major advantages and disadvantages which

have been identified for MYP.*

TABLE III

ADVANTAGES DISADVANTAGES

Reduction of repetitive Future competition

contracting and impeded

administrative costs

Improvements in long range Increased leadtime for

planning and forecasting administration

Reduction in work force Reduced discretion in

instability decision making

Competition for initial-

award should Increase

Increased productivity due

to capital investment

Expansion and modernization

of industrial base

Increased quality and

standardization

There exists almost no documentation for any quantitative estimates

of the size of any of the costs listed above. Modeling of MYP is at this

point entirely informal and has lead to few if any empirically testable

hypotheses. In addition, little data has been gatiiered to substantiate

the claims of both opponents, and proponents of MYP.

*Refer to (2), (8), and (9) for details.
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When examining the advantages and disadvantages of the role of MYP,

consideration of the critical importance of expectations is often

lacking. In the absence of perfect certainty, economic agents form

expectations about the future. Economists argue that these expectations

must be rational. If expectations are biased over time, then parties

with rational expectations will take full advantage and compete those

with baised expectations out of the marketplace. Thus, the question

becomes, how does the move toward YP affect agents' expectations?

If for example, the government signs a multi-year contract, but can

cancel at the end of any year, expectations may be unchanged and only

minor administrative costs will be reduced. The debate over cancellation

pay ent ceilings points out that the move to so called multi-year

contracts may not be important enough in and of itself to alter rational

expectations.

:01 The answer concerning increased capital investment and resultant

productivity gains is not optimistic. Since current DOD policy focuses

on production contracts for YP, the major inducement for investment lies

in the possibility that current R&D work will in the future be extended

to multi-year production contracts. It is doubtful that the marginal

impact of this effect can change the overall investment strategy of the

firm. If capital investment is of critical concern, it is easy to iden-

tify much more powerful policy tools, e.g., tax policy concerning depre-
ciation and investment credits as well as funding subsidies via loan or
borrowing privileges.*

*Regulated public utilities operate in a market which introduces similar

biases in investment decisions. Since pricing is on a cost basis, many

question the inducements for such firms to make productivity improving

investments.
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What then are the major impacts of MYP on the incentive contracting
problem? All of the previously mentioned models focus on the motivations
of contractors in the execution of a single project, with minor concerns,
via capability and reputation effects, placed on future contract awards.
Demand side risk is just as important to firms asis cost side risk.
Both directly and substantially impact on profitability and its variance.

MWP, to the extent that it actually smooths the expectation of demand
variability, should lead to the acceptance by contractors of higher cost

sharing rates and/or lower target rates of profit.

V. RECOMM4ENDATIONS

The use of simple linear cost sharing arrangements is not adequate
to solve the optimal risk sharing problem when moral hazard is present.
In those programs where it is relatively easy to identify exogenous
sources of risk, e.g., the production of items classified as having stable
configurations and requirements, these risk surces should be targeted and
dealt with independently of the contract parameter negotiations, e.g.,
specifying escalator clauses for input price changes. This would allow
the negotiation of a high sharing rate for costs. In addition, these

programs are natural candidates for multi-year contracts. This situation

would provide the largest inducement for productivity improving capital

investments over the entire contract period. Governme'z cost savings
should result due to Its bearing the exogenous risks on both the demand
and cost side and productivity savings could be captured in future contracts.

.4 For program where it is difficult to identify exogenous sources of 5

risk, a low sharing rate would be negotiated, but independent devices to
combat moral hazard should be implemented. These would include the speci-
fication of deductibles, the increased use of reputation effects in future
contract wards, and perhaps a sharing in commercial applications of
technology.

The deductible mechanism is very simple to implement and allows
firms to signal jointly their attitudes toward risk and moral hazard.
Research into the agency model incorporating deductibles should be carried
out in order to recognize potential cost savings and improved budgetary
planning resulting from the signaling process.
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BINARY CLASSIFICATION AND THE SUBTRACTIVE APPROACH

by.-

Gregory M. Corso

ABSTRACT

Two experiments were performed using a modification of the subtrac-

tive approach to the partitioning of human reacti-on time. This

investigation provided information concerning the effects of display

load, classification rules, the proportion of target items, and inter-

ference stimuli on input and output latencies. The major findings from

this investigation showed that input and output latencies were affected

by different independent variables and provided information regarding

the cognitive processes within a binary classification task not observed

with previous methods. Suggestions for further research are presented.
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1. INTRODUCTION

Reaction time measures have coummonly been used as estimates of the

number (1), rate of processing (2) and duration (3,4) of cognitive

processes. Reaction time, for the Air Force in particular, is one of the

most important human performance measures, since the speed of human

responding may either save or lose lives, and also contributes to system

effectiveness.
The present project is concerned with the partitioning of reaction

time into component processes within a binary classification task. Two

different approaches have been identified in the literature (5).

The subtractive approach (3) suggests that the duration of a

*cognitive process can be estimated by subtracting the reaction times

*obtained from two different tasks, where one task involves an additional

mental process that is lacking from the other task. The difference

between the latencies resulting from each task can then be used as an

estimate of the duration of the particular mental process under investi1-

gation. The major problem associated with this approach is determining

whether one task in fact does not require the mental process under

investigation. 4

A refinement of that approach, proposed by Teichner (4), appears to

avoid that problem. The procedural modification involves the presenta- .

tion of a matrix of stimuli, where each stimulus must be identified by

separate and sequential responses. Using this procedure, the latency

from the onset of the matrix to the performance of the first response is

always longer than the latencies between any of the remaining sequential

responses. Teichner (4) suggested that the longer first response latency

was the result of additional processing times that are missing from the

remaining response latencies. Specifically, because the matrix is not

physically available for processing after the first response, all

response latencies after the first response do not reflect processes

required to encode and process the information into memory. That is, the .
latencies associated with these responses reflect only output processing.

Following Donders' lead, separate times can then be derived for the

encoding and processing functions and the output functions by subtract-

ing the mean of the latencies associated with each sequential response
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performed after the first response from the first response latency.

The additive factor approach (2;6) suggests that relative changes in

the duration of mental processes can be estimated with a regression

technique. Using a task specifically designed to test this proposal,

subjects were required to remember a small number of items (the positive

set). Then a series of items were presented to which the subjects were

required to respond with either "yes", it was one of the items in the

positive set, or "no", it was not one of the items in the positive set.

Using the regression notion, the model proposed was:

RT - A + M(X) (1)-

where A represents that portion of the latency associated with the

processing involved in stimulus encoding, response selection and

response execution; while M represents the processing time per element,

or the central processing time per item (7;8;9); and X represents the

number of items in the positive set. While several problems and

criticisms of the additive factor method have been noted (5;10), its major

deficiency for human performance rests with the fact that independent

estimates of the stages cannot be determined. That is, with the additive

factor approach the only latency measure available is the total latency

associated with each response. Consequently, separate measures of each

stage cannot be determined. - -"

This shortcoming of the additive factor approach, does not appear to

pose a problem for the subtractive approach (4). Furthermore, while the

additive factor approach has been primarily applied to binary classifi-

cation tasks, and while the modification of the subtractive approach

proposed by Teichner (4) has been applied to identification tasks, Corso

and Warren-Leubecker (11) have adapted the Teichner modification and

applied it to binary classification tasks. Their procedure involves the

use of a matrix of stimuli in which each stimulus is to be classified as

either a positive set stimulus, or a negative set stimulus. If all the

items in the matrix are from the positive set, the positive set key is

depressed a number of times equal to the number of positive set stimuli.

If the items in the matrix are all negative set items, then the negative

set key is depressed a number of times equal to the number of negative set

items in the matrix. Lastly, if some of the items are from the positive
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set and some of the items are from the negative set, then each key is9
depressed successively for the number of times equal to the appearance of

those items in the matrix. While the procedure has only been used with

*a matrix of two stimuli, there does not appear to be any reason why this

procedure cannot be used for matrices larger than two items,

Corso and Warren-Leubecker (11) have demonstrated the validity of

their approach against the classical Sternberg procedure. The results of

their investigation have demonstrated the superiority of the Teichner

modification over the Sternberg procedure. Specifically, the Teichner

modification eliminates some masking effects that occur with the

Sternberg procedure, and it allows for the independent assessment of the

effects of the independent variables on input and output latencies.

II. OBJECTIVES

The present investigation was concerned with extending the modifi-

cation of the subtractive approach in five different ways. Specifically,

two experiments were designed to assess the effects of:

(1) display loads on input and output processing times,

(2) interference stimuli that occur between the onset and

offset of the display;

(3) different decision rules for classification on those%

dependent variables;

(4) the proportion of targets on those dependent variables,

and;

(5) different kinds of stimuli on input and output times.

III. EXPERIMENT 1

The purpose of this experiment was to assess the effect of two

different types of stimuli on input and output latency. Sixteen right-

handed volunteers from the Air Force military and DoD participated. Each

subject viewed the word "initiate" or the letter "XV on a VT 11 CRT

controlled by a PDP 11/34 mini-computer. The letter and word each

appeared randomly five times. The participant was instructed to press one4

of two response keys, either the right or left key, once the stimulus

*occurred, and to continue depressing the key until the stimulus

terminated. Unknown to the subject, the stimulus terminated when the

subject performed ten key depressions. After the 10th key depression,
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another stimulus occurred and another response sequence was executed in

the same manner. After 10 stimulus trials, the sequence of events was ..

repeated with the remaining key.

The right key was depressed with the index finger on the right hand,
while the left key was depressed with the index finger of the left hand.

The order of key use (right key then left key, or left key then right key) --Z-
was counterbalanced between-subjects.

The first response latency and subsequent response latencies were

subjected to separate two way ANOVAs (group to be placed in by hand by

stimulus). The analysis of the latencies associated with the first L 4.
response showed a significant interaction between the stimulus material
and the hand used to perform the response, F(1,14) = 5.10, p < .05. This

interaction showed no difference in latency between the right and left

responses when the stimulus was the letter "X". However, when the

stimulus was the word "initiate" the latency for the right response was

shorter, by approximately 11 percent, than that for the left response

(361 as vs. 403 ms). The output latencies were influenced by the hand used

F(1,14) - 37.73, p < .01. The right hand key was depressed faster than the

left hand key (171 as vs. 209 is), an obvious finding since only right-

handed subjects were used.

Following Teichner's approach, a subsequent analysis was performed

on the input latencies, where the input latency is the first response

latency minus the mean of the output latency for each trial. No

significant main effects were observed. The previously observed signi-

ficant interaction between stimulus material and the first response was

not observed in this analysis.

IV. EXPERDIENT 2 *

The purpose of this experiment was to assess the effects of display

load, classification decision rules, the proportion of targets, and

interference stimuli on input and output latencies derived from the -

Teichner modification.

A. Method

The same sixteen volunteers used in the first experiment partici-

pated. The participants were randomly placed into two eight-member

groups, with an equal number of males and females in each group.
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One group of subjects viewed a four position columnar arrangement of

Xs and Os. The remaining group of subjects viewed an eight position

columnar arrangement of Xs and Os. The X was designated as the target

letter and the participant's task was to identify the number of Xs

contained in the column. For both groups, the proportion of Xs was .25, %1

.50, and .75, and each occurred with a probability of 1/3.

The column of stimuli assumed two locations within a trial at

different times. Position-I was to the left of the center of the display.

The duration of the column was 25 msec. Position-2 was to the right of

the center of the display. Its onset occurred 3.525 sec after the onset

of the first column and its duration was equal to the duration of the

first column of stimuli.

Two different decision rule conditions were imposed. In condition-

I, if the number of target items equalled or exceeded 50 percent of the

total number of items displayed, then the target key was to be depressed

, a number of times equal to the number of target items that were presented.

In condition-2, if the number of target items equalled or exceeded

-: 75 percent of the total number of items displayed, then the target key was

to be depressed a number of times equal to the number of target items that

were presented. These conditions were blocked within-subject factors

and their order was counter-balanced between-subjects.

For condition-I and condition-2 if the number of Xs was less than the

designated proportion, the non-target key was to be depressed a number of

times equal to the occurrence of the non-target letter.

The final independent variable vas the occurrence of an interference

stimulus. This stimulus was the sound generated by a VS1I terminal. It's

probability of occurrence was .50 and if it occurred, it was initiated

250 msec after the onset of the left column and cycled on and off 12 times

within a 1.54 sec interval. The interval between the onset of column 2 and

column I was 7 sec.

Each participant received 144 trials for each decision rule condi-

tion for a total of 288 trials. Participants were run individually and

were given a set of 18 practice trials of all combinations of the

independent variables prior to the onset of the experimental conditions.

The participant's station was situated in an acoustically treated room
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and was monitored with a closed circuit TV. A mini-computer controlled

the stimuli and recorded the sequence of responses and latencies

associated with each response.

B. Results 'P 7

The accuracy of the response and their associated latencies (first

response latencies, output latencies and input latencies) were subjected

to a 2 (display load) by 2 (decision rule) by 3 (proportion of targets)

by 2 (side of display) by 2 (presence or absence of interference) split-

plot analysis of variance. The raw data for the latency analyses were the

mean of the latencies associated with each correct response over the 288 '

C. trials.I

1. Percent correct. The percent correct was influenced by

display load, F(1,14) - 17.71 p < .01, and the interference stimulus,

F01,14) 5.35 p < .04. Both of these results were expected. Increases

in display load resulted in decreases in accuracy, 92 percent for a

display load of four items, and 57 percent for a display load of eight

items. For those trials where the interference stimulus was absent, the

percentage of correct responses was higher than those trials where the

interferences stimulus was present, 77 percent versus 73 percent.

Additionally, a significant interaction between the side of the display

and the interference stimulus was observed, 1(1,14) - 9.05, p < .01.

This interaction, presented in figure 1, shows that on those trials where

the interference stimulus occurred its effect was on the left display

location. This effect was expected since the occurrence of the

* interference stimulus was during the presentation and response interval

of the left display. No carry-over effect to the right display location

was observed.

2. First response latency. The latency associated with a the

first response when a correct series of responses occurred was influenced

by display load, F(1,14) - 20.07, p < .01 and by t1he proportion of target

items, F(2,28) - 6.90, p < .01. As expected, the first response latency

was faster for a display load of four items than for a display load of

eight items, 752 as versus 942 ins. The function relating the proportion

of target items to latency increased from 821 ms to 885 ms and then

decreased to 835 ms for the .25, .50, and .75 values of the proportion of
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targets suggesting that the condition where the target and non-target

items were evenly divided was a more difficult situation.

Significant two-way interactions occurred between the decision rule

and the proportion of targets, F(2,28) = 25.18, p < .01 and between the

location of the display and the interference stimulus, F(1,14) = 6.97, p

.05. Significant three-way interactions occured a) between display load,

the proportion of targets and the decision rule, F(2,28) =4.92, p < .02,

'b) between display load, the proportion of targets and the interference..

stimulus, F(2,28) 6.61, p < .01, and c) between the proportion of

targets, the location of the display, and the interference stimulus,

F(2,28) - 8.56, p < .01.

.4The display load by proportion of targets by decision rule interac-

tion is presented in Figure 2. No interpretation of this interaction can

4be proposed at this time. a 1-o

The proportion of -targets by interference stimulus by display load

interaction, presented in figure 3 suggests two points. First, when the

proportion of targets is .50, the decision is the most difficult for both

display conditions. Second, at that point the interference stimulus has

both a facilitory effect for a display load of four items and an

inhibitory effect for a display load of eight items. This interaction

* suggests that the time required to input the information and perform a

classification is less for the smaller display size. Consequently, those

processes are performed prior to the onset of the interference stimulus.

For the larger display load, the amount of time to perform those

processes increases, consequently the onset of the interference stimulus

occurs with, and interfers with those input processes.

The proportion of targets by location of display by interference

stimulus interaction, presented in figure 4, shows once again that the

most difficult display condition is where the proportion of targets is

.50. It is also at this value where the interference stimulus results in

an effect. The onset of the interference stimulus occurs 250 ms after the

onset of the left display location and is absent in all right display

locations. The presentation of this stimulus facilitates the responses

associated with the left display location but interferes with right

display location responses. While it might be expected that the
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latency and with the decision rule as the parameter

for the input latency. .1
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response demands. Nevertheless, this procedure may provide valuable

information pertaining to cognitive processes that are either unobserv-

able or masked using traditional partitioning methods.

This investigation has provided additional research questions such

as the decrease in the latency to respond once the number of response

items reached four. However, a much more interesting research idea stems

from the finding that display load (when the proportiQn of targets is

.50) and the presence of the interference stimulus interact on input

latency. This finding suggests that variations in the onset of an

interference stimulus may permit the identification of stages and the

duration of those stages. If one assumes that the rate of accumulation

of information about displayed items is constant, and that a certain

amount of information must be accumulated prior to response initiation

and that the criterion amount of accumulated information varies as a

function of display load then the presence of an interference stimulus

could have differential affects. For a display load of four items, the

interference stimulus occurred after the information was accumulated

thereby facilitating the response. However, for a display load of eight

items, the stimulus occurred during information accumulation and,

therefore, it inhibited accumulation. By keeping display size constant

and varying the onset time of the interference stimulus, both inhibitory

and facilitory effects should be found, and therefore, the time at which

accumulation was complete could be identified. I propose to investigate

this notion by varying the onset times of different types of interfering

stimuli throughout the response latency interval. If variations in

latencies as a function of the onset times occur throughout the response

interval, then the total number and duration of stages of processing

could be identified.

71
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latencies for the response set of six items. One possible reason for this

decrease in output latency may be due to the time available for '..

responding. Since the inter-display interval was a constant the amount

of time available for a response would decrease, and could, therefore,

produce a decrease in the output latencies.

C. Discussion

The intent of this investigation was to apply a new method to the

partitioning of binary classification latericies. The within-task

subtractive method used in this study has provided information on output
latencies and information on input latencies that was not obtained using

a traditional reaction time method. In particular is the finding that

the output latencies are sensitive to the number of response items, while

input latencies are sensitive to the proportion of stimuli presented. ..j..
While intuitively this finding would appear obvious, the within-task t.

subtractive method supported that intuition. Other variables that would

appear to influence input time but not output time, such as display load,

on an intuitive level were experimentally supported.

On a theoretical level, the observed interaction between the

interference stimulus, display load, and proportion of targets supports

*, Grice's (12) notion of a variable criterion model, or Teichner's (13) A-

component. Furthermore, the observed interaction between the proportion

of targets, interference stimulus, and display location also supports

the variable criterion model. The interference stimulus reduced the

latencies when it occurred with the left display location. However, on

those trials where the interference stimulus did occur, for the right

display location, an inhibitory effect was observed. These findings

would also support the variable criterion model in that the presence of

the interference stimulus served to lower the response criterion and

served to raise that criterion when the stimulus was absent.

V. RECOM MDATIONS

The use of the within-task subtractive (WITS) method is recommended

in all cases where reaction time measures might be collected. This

procedure allows for the separation of input and output functions and

permits investigations into these processes. However, it must be noted,

that the use of multiple responses may change the task by increasing the

22-18
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by interference stimulus interaction, F(1,14) = 8.0e, p < .05 was

observed. A significant decision rule by proportion of targets

interaction, F(2,28) = 16.6, p < .01 was also observed and is presented
in figure 2. i"

The significant display load Sy proportion of targets by interfer-

ence stimulus interaction, F(2,28) = 6.18, p < .01, and the significant

proportion of targets by interference stimulus by display location

interaction, F(2,28) - 6.52, p < .01 are presented in figures 3 and 4. The

similarities between the first response and the input time latencies are

obvious. The implications from the first response latency analysis

appear to hold for the input latencies, suggesting that no information is

lost using the Teichner procedure.

4. Output latencies. The analysis of the output latencies

showed a significant main effect for the location of the display,

F(1,14) = 9.32, p < .01. Output time was slower for the left display

location than for the right display location (256 msec versus 251 msec).

The analysis also showed a significant display load by interference

stimulus by proportion of targets by decision rule interaction, F(2,28)

= 3.82, p < .01 and is presented in Figure 5a. The major portion of this

interaction is, once again, where the proportion of targets is .5. There

is an increase in output latency for a display load of eight items and a

decrease in the output latency for a display load of four items. This

interaction suggests that the proportion of target items is not the

critical factor. In fact, by recoding the absissa to reflect the number

of response items a better understanding of this function can be .:,

realized. Therefore, this interaction replotted as a function of the

number of response items is presented in figure 5b.

Figure 5b suggests that the output latency is an increasing function

of the number of items, up to and including four items. Newman-Keuls

multiple-comparisons of the original interaction show that in general,

(p < .05) the output latencies for the response set of two items for

display load four are significantly different from the response set of

four items for display load eight. However, the latencies associated

with the three and six response items were not significantly different

from any other conditions. This suggests a decrease in the output
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latencies associated with the right display location on the interference

stimulus trials should be equal to the latencies on those trials without

the interference stimulus, this does not occur. This suggests that the

interference stimulus when it is occurring reduces a criterion for

responding but that the value assumed by the criterion changes when the

stimulus changes. Furthermore, the sudden shift, from an interference

stimulus to no interference stimulus within a trial results in a larger

change, or a rebound effect in such a way as to overshoot the normal non-

interference trial criterion position. However, an alternative explana-

tion could also be that since the interference stimulus was also present

during the response interval associated with the left display location,

the interference stimulus was being processed and that it inhibited the

encoding and processing of the visual stimuli in the right display

location.

3. Input latency. The primary purpose of this investigation

was to investigate a new method in the partitioning of latency, and to

use the method to gather additional information that could not be gained

by traditional approaches. A traditional approach was demonstrated with

the analyses of the first response latency. It should be recalled that

the first response latency contains both input processing time and output

processing time. Therefore, the input latency was derived by subtracting

* the mean output latency for a trial from the corresponding first response

platency. In relation to the first respone time analysis, all main

effects and all interactions, with the exception of the display load by

decision rule by proportion of target interaction which were found to be *'.

significant in the analysis of the first response latency, were also

significant in the analysis of the input latencies.

The main effects of display load, F(1,14) - 11.98, p < .01 and the

proportion of targets, F(2,28) - 7.02, p < .01 were significant. However,

a third main effect, of the location of the display, was also

ignificant, F(1,14) - 5.49, p < .05. The left display location was

faster than the right display location, 587 msec to 603 msec. While this

finding was not surprising, since the left display always occurred first,

people read from left to right, etc., it is surprising that this effect

was not observed in the prior analysis. A significant display location
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EVALUATION OF THE NON-DESTRUCTIVE

TESTING OF AIRFIELD PAVEMENTS.

WAVE PROPAGATION ASPECTS

by

Robert A. Douglas

ABSTACT

Two different systems are currently being developed for the non-

destructive testing (NDT) of airfield pavements. The two systems are

evaluated here from the standpoint of their data collection schemes and

the hypotheses on which the initial data processing is based. It is

found that each system has critical points where understanding of the

physical phenomena and of the fundamental nature of the mathematical

processing of experimental data is yet to be fully established. Such

points are identified and suggestions made for their resolution and

for continued system development. .
4.."

Next, it is suggested that it would be useful for the AF to possess

an additional NDT system capable of being easily transported to airfields

with which the AF has no experience, to be able to predict, in a matter

of hours, runway carrying capacity for near term use. Requirements,

functional hypotheses and system elements are described.

Finally, it is recommended that (1) research be initiated to establish

a firm basis for the near-source use of Rayleigh waves to determine a'

properties of the multi-layered and slabbed solids found in pavement

systems, and (2) that exploratory effortsbe undertaken to determine the

feasibility of a light, rapid return NDY system. Of great importance, (3),

an extension of time-signal analysis theory is needed to cover cases of

-separate signal entry times and multiple phasic discontinuities.
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I. INTRDUCTION:

Airfield pavements are the most important ground structures be-

longing to the Air Force. To the pilot they sometimes mean dangerous

assaults on tires, on landing gear, and on the stability of his air-

craft; yet in the larger sense, they aea magic skin laid over a gen-

orally hostile earth to provide smoothness and structural support found -

only occasionally in nature.

The airfield pavement is a multi-layered structure living in an

environment of fluctuating temperatures and moisture, experiencing re- -

peated dynamic loading of varying magnitudes. A permanent pavement is

expected to last under continued service for many years; an alternate,

emergency runway, may be designed to sustain only a few hundred loadings,

perhaps only for a few days. Both systems expt aiuce a continuous chain

of circumstances which tend to degrade them and therefore the engineer

faces, about both, the same questions: What is its condition? is it

CS safe? How long will it last?

Those same questions are so continual and so widespread in the tech-

nological world that they have led past the dicipline and methods of

initial quality control and on to the growth of an area of research, and

to an industry and to-widespread application of what is called non-

destructive testing (NDT). The goals of the Air Force are precisely

those of NDT; to find means to inspect the interior, the volume, of a

part of structure and using the information obtained, determine its

condition without altering the structure.
.5-One of the principal tools of NDT is found in application of the

theory and methods of the field of stress wave propagation in solids.

Stress waves are used as part of an active diagnostic system, as invaders

of the volume, so that by observing alterations of velocity and phase,

or by reflection, refraction and diffraction effects, or by scattering

theory, the condition of the interior may be determined.

The author's own qualifications are in the areas of impact and wave

propagation, and as an experimentalist in those areas.
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II. OBJECT'IVES OF THE RESEARCH EFFORT

The objective of this effort were as follows:

1. of the two NDT systems presently being developed for the Air

Force, one of them employs wave propagation methods to generate data

to be used subsequently in a finite element pavement model. The

effort here was (a) to examine the hypothesis associated with wave

propagation, (b) to examine the computational algorithms making use

of the data gathered (c) to appraise the effectiveness of the signal

generater and the overall experimental shm, (d) make suggestions

for continued development of the system.

2. The other NDT system is a "deflection basin" system, designed

to move continuously along a runway, making semi-continuous measure-

ments of the depth of its self-created deflection basin as it goes.

The effort here again was directed to the data gathering portion of

the system, but this time viewing it not with special expenise but

rather from the standpoint of an experimentalist familiar with hard-

ware problems.

3.* To suggest other application* in which the theory and methods

* of stress wave propagation could be employed to the benefit of the

Air Force and to outline the requirements and operating parameters

for such system.

4. To make recommendations for any research which is indicated

as a result of the efforts above.
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III. THE WAVE PROPAGATION SYSTEM OF NMERI-CEPF

IrI.l. Introduction

The Civil Engineering Research Facility (CERF) of the New Mexico

Engineering Research Institute at Albuquerque NM (NMERI) has been

developing for the Air Force a self contained air-mobile pavement

testing van which houses the data collection system and a computer for

initial data analysis. This system employs a falling weight stress

wave generator and functions by detecting the waves and analyzing them

to determine elastic constants for the individual material layers that

make up a particular runway. The elastic constants are employed later r 7

in a finite element program to produce the desired output. The system

is described well by Wang (1981), (the author's predecessor, SCEEE Fellow

1981), by Marien and Baird (1981), by Baird (1981), and by Nielsen and

Baird (1976).

Appraisal of the system followed study of the principal sources, '7

(above), study of letter reports to AFESC Project Officers, discussions

with AFESC personnel, and also involved a visit to UNMERI-CERF where

the system was examined personally and was discussed with the principal
°-p'

investigator, Baird (1982).

11. 2. Observations

The system is: (a) self contained

(b) air mobile

(c) capable of generating stress waves
(d) equipped with hardware and softwave to

(i) detect stress waves

(ii) process the signals

-----1
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111.3. Reservation, Questionable Points

The following points are to be resolved before the NMERI-CERF

system becomes operational.

1. The only test results seen have been those obtained on one

asphalt pavement. For several reasons such a pavement is more favorable

to the system than is a rigid pavement, even though the system is directed

specifically towards rigid pavements.

2. There is no evidence that tests are reproducible.

3. There is no evidence that tests give proper results.

4. It is not clear that the design of the signal generator and of

the instrurentation system takes into account the nature of a rigid

pavement, that its surface layer customarily is made up of imperfectly

and variably joined slabs.

5. The signal generator does not seem to be designed to produce

pulses with specific durations, with specific wavelength content.

6. It is not clear that the instrumentation array designed to

maximize "clean time" and to define the character of joints.

7. It is not clear that individual frequencies of Rayleigh

waves are all fully formed when picked up by the transducers. This

is a fundamental point bearing on the permissible use of Rayleigh wave

information.

8. Fourier tranform processing of received signals is being

used as a step in determining a dispersion curve. It is pointed out

here that the systems being studied are all layered systems and rigid

pavements have slabbed top layers as well. The consequence is that

every signal received by each transducer probably is a "dirty"signal,

contains information from both direct waves and from reflected and/or

23-7
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refracted waves; futhermore, that information comes in at different

times within a given observational window. Use of -the Fourier trans-

form to analyse such a signal is improper.

9. It is not clear how the information is used to determine

the condition of intermediate layers of a layered system. This too,

is a critical point.

10. No eviderice has been seen relating to resolution, sensitivity,

and stability of the combined data collecting and processing system, or F:

of its elements.I111.4. Plan for Continuing Development* "

a. Initial tests.

i. Fesolution

ii. Reproducibility

iii. Ability to determine layer parameters

iv. Comparison with known values

b. Engineering Development

i. Redesign and fabricate improved thumper

ii. Design and catalog accelerometer arrays and software routines
tailored to pavement structures.

c. Project Related Research

i. Development of Rayleigh waves

ii. Relate despersion curve to intermediate layers

iii. Effects of slabbed surface layer

iv. Describe resolution, sensitivity, stability

* A separate, detailed version of this plan has been prepared for HQ AFESC/RDCF.
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d. Project Related Research . -

i. Define geometry of pavement whose structure not well known

4... ii. Determine the properties of multi-layered and buried pavement
-V.

systems.
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IV. THE HARR-PURDUE-W .E.S. DEFLECTION-BASIN SYSTEM

IVA. Introduction

Professor M.E. Harr of Purdue Univerisity has been developing, over

a period of a number of years, the background of research needed to

h permit the prediction of remaining life of flexible pavements, based

on the measure of the total deflection that a pavement has undergone,

,I determined by the current response of the pavement to a known load.

This work over the years is documents (in part) by Harr and Elton (1981),

Baladi and Harr (1978), Highter and Harr (1975), Boyer and Harr (1974).

Immediately pertinent here, Prof. Harr has proposed, and has done

initial work at Purdue University on a system, also NDT, wherein a load

vehicle is driven along a pavement to create a moving deflection basin.

Central to this system is the use of laser deflectometers mounted on the

load vehicle.

At present,four laser deflectcmeters are employed, mounted in a

I, line in the direction of motion of the vehicle. Three of them, a foot

apart, have the responsibility for establishing and maintaining a base

line to which all subsequent measurements are referred, and of contin-

ually extending one "foot" out onto new territory and then moving that

knowledge back to the next two.

The fourth laser deflectometer is at the location, fore and aft, of

the deflection basin and makes a nearby measurement used to determine

the maximum depth of the basin.

The laser deflectometer system is under development at the Waterways

Experiment Station (W.E.S.) of the Corps of Engineers, Vicksburg, with

Prof. Harr as consultant.

23-10
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This limited appraisal of the system has followed study of the

prinicipal documents, discussions with AFESC personnel, discussion with

Prof. Harr, Harr (1982), and with Mr. Bush of Waterways Experiment Station,
.4'.

Bush (1982).

This author's experience only permits him to comment on a few "

aspects of the measuring system.

IV.2. The Measuring System. .- ]

This measuring system is a very clever and ambitious one. It proposes

to make, on the fly, in real time, measurements of considerable accuracy. .--

The measurement of the depth of the deflection basin should be sensitive 2
to 0.001 inch and better. To establish a baseline that will hold up

throughout a measurement distance of perhaps two miles along a runway,

and for a time of perhaps 20 minutes or more, requires a high degree of

accuracy.

The laser deflectmeters are mounted one foot apart. If we, on this

page, decide arbitrarily that the baseline may deviate from straightness

by one foot over the 10,000 ft of a two mile runway, that corresponds,

in the distance between-two lasers (1 ft), to 0.001 ft or to 0.0012 inch.

The laser deflectoameters are rated at 0.0005 inch/inch of standoff

distance (laser to detector) and the 5 inch distance actually employed

puts us at 0.0025 inch.

Here is the central hypothesis: By making repeated measurements and

averaging them, it is possible to improve accuracy, to increase the number

of si "ificant figures.

This system employs that hypothesis by firing the lasers at a high

repetitive rate and thus essentially making many measurements at the

saie spot.
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IV.3. Reservations.

Repeated measurements are properly used to improve the accuracy of

measurement. This author does not know the total number of laser firings

at one point. His impression, Harr (1982), is a number in the thousands.

This author seems to remember a comment by one of his own professors

when he was a student that as the number of repeated mearsurements be-

comes large, they no longer improve the accuracy; rather, the measure- -. .

ments begin to cluster about values corresponding to the consequences

of individual sources of error.

A second factor that must be considered is that an on-board computer

is continually reworking all the measurements and using them in simple

computational algorithms. Of nedessity, the algorithms are going to

subtract one number from another, to subtract a measurement at one

spot from a measurement at another spot, and since the numbers will be

very close to the same value, many significant figures will be stripped

away at each subtraction. This, done thousands of times, will do what?

The entire laser deflectometer system is mounted as a unit. It

involves a "strong back", a truss stiff toward loading in one plane

only. Transverse sway and torsion of the truss about its logitudinal

axis may disturb the measurements.

It is not clear that the computational algorithm can successfully

reject all frequencies of superimposed motion of the measurements

sytem, caused by the motion of the vehicle, jar, shock, etc.

It is suspected that thq measurement of laser spacing is a non-

trivial matter, that both the actual physical location of a laser beam

"center" and the pulse generated from a fifth wheel, used to define each

new step forward, must be very percise.
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IV.4. Recommendations.

This system is exceeding simple (brillant) in concept, sophist-

icated in operation, and hard to test. The accuracy with which it

proposes to define a runway surface is beyond our ability to set up

a suitable test track of a length to properly challenge the system.

Accordingly it is suggested here that the following tests, rather

simple, may help determine the response of the system.

1. Test the algorithm by a manufactured numerical input to the

computer in which the (manufactured) input numbers (imaginary imput

from the lasers,) oscillate back and forth by small amounts about a

constant, E.A. 10.001, 10.002, 10.000, 9.998, etc. It will be known

clearly what surface is being represented: flat, with irregularities

of a chosen magnitude.

2. Test the overall system, data gathering and analysis, while

not moving and aimed constantly at the same stretch of floor-preferably

a plane target with the relative positions of the four spots to be

queried by the lasers already established by careful measurement.

Operate the system for a time period and in manner comparable to the

act of traversing two miles of runway at C?) 5 mph.

a. Repeat several times.

b. Tilt the test bar very slightly, repeat several times.

3. Set up once more as 2. above, but with the laser deflectometer

system suspended at its regular mounting points from springs, to be

operated again for a time period and in a manner comparable to a runway

test, this time to be jostled repeatedly, struck at the mounting points

with a rubber mallet (automotive type), tugged, etc., to cause random

motion with a variety of frequencies. This is not a destruct test.

Abuse is to be directed at the algorithms, not at the structure.

23-13
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IV.5. Some Expected Results.

1. The strong back will need to be made more torsionally stiff.

2. Spacings of the lasers along the strong back must be very care-

fully measured.

3. To accomplish 2. above, center of brilliance of laser must be

determined very accurately.

4. The rotation of the fifth wheel be done very carefully.
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V. AN NDT SYSTEM FOR RAPID RETURN PAVEMENT EVALUATION :%

V.1. Origin of Problem

Recent events (Falklands, Iran) make it seem inevitable that

the Air Force will be asked to operate from airfields about which it ..

has little information.

Add to that a reasonable possibility that the situation might

call for a number of heavy aircraft (evacuation, catastrophe, reinforce-

ment, etc.), that it might be desirable to start operations in 24-48

hours, and that the national or international pressure to do so might

be very great.

Although the Air force has an extensive catalog of airfields

world-wide, the catalog cannot be complete nor can the information be

extensive enough to predict runway safety for repetitive use.

For one or two aircraft the Air Force might choose to go ahead

and try. For ten aircraft the answer might have to be, with regrets, no.

The situation could be clarified to the better posture of the

Air Force if quantitive information were available, describing subsur-

face conditions of the runways and in a matter of hours. But at this

time the Air Force is limited to landing an experienced person to look

at the field, drive over it, stomp on it, and make a pronouncement.

V.2. Action

It is suggested that the Air Force begin development of a

non-destructive testing (NDT) system for rapid return pavement evalua-

tion.
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v.3. aeguirements

1. Should be capable of providing evidence of subsurface con-

ditions in a matter of several hours.

2. Should be very light-weight, a few hundred pounds, elements

hand portable.

3. Jeep portable on site.

4 . Two men maximum.

5. High degree of redundancy.

6. Data suitable for immediate evaluation and for later, more

detailed analysis.

V.4. Solution

An NDT system to do such a job probably would be a wave propaga-

tion system drawing on NDT technology already in hand but far simpler

than the NMERI-CERF system discussed earlier in this report. A possible

configuration follows:

1. A man-portable falling weight stress wave generator

would produce signals.

2. Signals would be detected by unbonded, grease coupled,

dead weight loaded, piezoelectric transducers.

3. Signals would go directly to a portable storage oscilloscope

with camera for trace recording.

4. Detected wave form signatures would be compared with

"catalog" results to determine structure and condition.
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V.5. Spinoff to Individual Airfields

The syte described prbbywudcs esta i~o

(without redundancy). once a catalog of standard signatures has been

prepared this single system could be a part .of the equipment of individ- 1

*ual Air force bases and civilian airfields for regular use between

'definitive inspections. j
V.6. Acoustic Emission

Another wave propagation tool deserves to be looked at carefully

as a possible candidate for airfield pavement evaluation. AcousticI

emission (AE) is a relatively new experimental tool which is base, on

detecting self-generated internal noise produced by a structure or part

as it is loaded. Such "noise" actually is the wave propagation from theI

growth of cracks, the tearing of inclusions, highly localized plastic

deformation, etc. In the case of a rigid pavement system, it would be

noise (probably high frequency) emanating from the concrete layer, noise

(lower frequency) from the base course as gravel grates together.

AE holds the suggestion (not promise) that if it works at all,

it could provide a means for continuous evaluation of rigid pavements

akin to the Harr method for flexible pavements. In this on-the-fly

* application it would depend for success on an ability to detect waves

coming to a pavement surface and coupling with the air, then detecting

and analysing the air response.
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VI. Recommendations

VI.1. Introduction

It is difficult for this author to conceive of the cost

and value of the aifield pavements owned by the Air Force. He is

convinced of their overall advanced age and that they are generally

certain to be entering a stage of accelerated deterioration. He

is convinced that NDT methods of pavement testing must be improved

and their use extended so that deteriorations may be detected early

and repairs effected in a planned and economical way rather than on

an emergency (and costly) basis. The following recommendations are

pertinent to the development of some, but not all, of the NDT

methods involving wave propagation. Not mentioned, for instance, are

the pulse transform methods and the potential for near surface reflec-

tion surveys.

VI.2. Research Associated with Rayleigh Wave Analysis

It has been recognized for sometime, Finn et alJones (1966)

that the spectral study of Rayleigh waves, normally non-dispersive,

dispersive in the presence of layered media, offers a way to determine

the properties of individual buried layers of pavement systems other-

wise inaccessible except by destructive tests. Baird (1981,1982) seeks

to make use of Rayleigh wave dispersion. Heisey et al (1982) describe I
its potential use and describe the spectral analysis to determine con-

stituent wave length velocity relationships. Just now, with recent

developments in transducers and the astonishing computational ability

of microcomputers, the use of Rayleigh wave dispersion analysis is

23-18
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about to become a reality for the study of pavement systems.

There are several important questions to be answered by

research before it will be possible to design instrumentation

arrays properly for Rayleigh wave analysis. Until the questions are

- answered, some results will be valid, other results will'-be invalid

*and there will be no way of distinguishing between them.

These are the questions:

1. At what distance from the wave source have individual

wavelengths become fully established?

2. What is the relationship between Rayleigh wave

dispersion and the properties of intermediate layers?

3. when one layer of a layered system is made up of

slabs, what happens to Rayleigh waves after reachirg slab boundaries?

4. How do Rayleigh waves behave in the presence of buried . .

surface layers?

VI .3. Research Associated with Sugges ted/Rapid Return NDT System

These are low intensity level efforts directed toward deter-

mining feasibility. Both should be done.

I.. Wave propagatinn system:

a. Determine the level of visual discrimination

that is poesible, at the as-received waveform level between trial results

for flexible and rigid pavmnt systems in various conditions.

b. Determine the extent to which results are repro-

ducible...

23-19



2. Using a bread-boarded acoustic emission system:

a. Determine the level of response available and the

-0 possibility of attributing certain responses to certain layers.

b. Determine the possibility of detecting AE with a

moving transducer.

c. Determine the possibility of associating levels of

-frequencies with certain layers and conditions.

d. Determine extent to which results are reproducible.

VIA4. Time Signal Analysis

A very fundamental problem relating to time signal analysis

has surfaced in the method of analysis proposed by the contractor for

the NMERI-CEPF EDT pavement testing- system. What they have done essen-

tially, is to attempt to transfer from one successful experimental

schem and an appropriate method of analysis to a different experimental

* sdieme together with what is intended to be an appropriately transformed

(pun not intended) method of analysis. The entire effort is a desireable

one and will be successful.

But the new method of analysis begins with Fourier transfor-

mation of a time signal in an interval during which different signals,

each containing frequencies commnon to the others, enter at different times,

and of course with different amplitudes and phases. Not only that, it

is intended that the analysis produce and display discontinuities in

phase of a well-ordered signal, in fact, as many as four discontinuities

for significant frequencies.
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This comes about basically as a result of signals of the

same frequency but different wavelengths associated with the different

layers of a layered half-space. The original system dealt with a

single frequency at a timephysically, and systematically explored the

number of wavelengths present.

What must be done is to examine the Fourier transform care-

fully to see if and how it may be possible to extract more information

from the transform, for instance, to be able to identify and separate

-) out multiple entries. And, with analysis and experimental scheme

considered together, to learn how to modify the latter so that the infor-

maticn needed can become available.
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AMIS ACQUISITION MANAGEMENT INFORMATION SYSTEM

PROBLEMS AND PROMISES

by

Hamed Kamal Eldin

ABSTRACT

Due to the sophistication of modern military equipment, the Air Forceacquisition cycle and the government contracts are complicated instruments

involving large volumes of paperwork. In order to improve the contracting
procedure, AFSC developed the Acquisition Management Information System
(AMIS).

Like any relatively new system, AMIS has successes and failures.

The purpose of this report is to evaluate the positive and negative
aspects of the system and to present recommendations for effective
utilization of the system. The report also explores the future directions
of AMIS and recommends short-term and long-range plans for its successful
utilization.
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AMIS - ACQUISITION MANAGEMENT INFORMATION SYSTEM

PROBLEMS AND PROMISES

I. INTRODUCTION:

AMIS, like any relatively new system, has many successes and failures.

AMIS management must spread the word about its achievements while trying

to resolve the problem areas.

The purpose of this report is to discuss the present status of AMIS;

the positive and negative aspects of the system, and to present recommen-

dations for effective utilization of the system. The report also explores

the future of AMIS and recommends short-term and long-range plans for its

Implementation.

II. PURPOSE OF AMIS:

AMIS has been developed by Air Force Systems Command (AFSC) to provide:

1. AFSC response to the Department of Defense Military Standard Contract

Administration Procedures 4105.63M (DOD MILSCAP) effort.

2. Automated support for Air Force Contract Management Division (AFCMD)

payment function.

3. On-line Management Information System (MIS) capability for AFSC

users at all levels.

Did AMIS achieve its purpose?

Today, at Its present status, AMIS is a straight retrieval system with

capabilities to serve the first two objectives mentioned above. The main

thrust of the system is to provide capabilities for exchanging existing

contractual data in an automated standardized format with the other components

of DOD.
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AMIS is not a MIS; a more appropriate name for this system would be

Contract Information Retrieval System. AMIS today does not effectively

,*;! accommodate the third objective mentioned above. -

III. PRESENT STATUS OF AMIS:

Prerequisites for a system's success

Most successful systems have the following prerequisites in common:

1. Top management support is essential.

2. A system succeeds when it satisfies users needs rather than a

directive from above. ..

3. A good system documentation and training program.

These three yardsticks will be used in evaluating AMIS successes and

failures.

A. AMIS ACHIEVEMENTS:

1. AMIS has been more effective in the divisions where management support

has been observed. The Space Division, Los Angeles AFS, CA is an example

where AMIS was accepted by top management. Consequently, frequent use and

increased dependence on AMIS led to the success of its implementation.

2. To a great extent, AMIS successfully implements NILSCAP. If AMIS

was not available, another automated system must be developed for this purpose.

3. AMIS has standardized the preparation of AFSC contracts in the

Uniform Contract Format (UCF) as required by the Defense Acquisition Regulation

(DAR). Source Data Automation (SDA) is the AMIS method of automatically

capturing contraitual data in UCF during the preparation of the forms.

4. AMIS provides support for AFCMD for the disbursement function. It

provides complete funding data on the contract and serves as the check and

balance on contract obligations and expenditures. A by-product of AMIS

24-5
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compliance with DAR has made AMIS a useful tool in procurement training.

5. AMIS has provided valuable services for many users in the last few

years. There is no doubt that it has been used more and more every year.

Actually, in the last three years (May 79 to May 82) the number of queries j
received by AMIS increased from 5,000 to approximately 18,000 which is an

indication of continued improvement of the system utilization. 4
B. PROBLEMS AND RECOMMENDATIONS:

Considering the above prerequisites for a system's success, AMIS needs

improvements in top management support, users satisfaction and systems .

documentation and training. The following paragraphs will address these

problem areas and present recommendations for system utilization/improvement. --

1. Management Support

Top management support is the main prerequisite for a system's success.

The Space Division is an example where top management support contributed

to AMIS success.

Problems:

1. There appears to be a lack of HQ AFSC interest or emphasis on AMIS.

2. In the Comptroller's office top management expressed its support

for AMIS. However, middle management seems less positive toward

AMIS.

Recommendation: Start a vigorous campaign to publicize AMIS. Spend more

time contacting and encouraging top and middle managers

%J "to use the system. Emphasize what is in it for them.

2. User Interaction

A successful management information system must be responsive to user

needs. AMIS was designed to comply with the regulatory requirements of

Uniform Contract Format and MILSCAP, not the information needs of its

users. AMIS provides multi-users the ability to interact at near real

24-6 .
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time through the common medium of automation. At4IS possesses the capa-

bility to provide accurate, complete contractual information to these

users; however, its full potential has not been.-achieved.I
%1 -.74

Implementation of the accompanying recommendations in response to

user needs will permit AMIS to achieve its MIS potential.

a. General Communications -.

Problem: The lack of interaction between AI4IS users and the AI4IS office

contributes to the inability of the AI4IS staff to appreciate

user needs and thereby make clarifications and corrections to

* the system and its procedures.

Recommiendations:,

1. The AI4IS office must seek dialogue with its users to ascertain

'S their needs, problems, reconmmendations and experiences. The

0* results of this communication should be used to design the

required capabilities in At4IS.

2. Following the implementation of any changes, user feedback should

be solicited to measure success or failure of the change.

3. Communications interaction between AMIS users should be __

encouraged to solicit and identify common problems, alleviate

misconceptions or correct errors.

4. Identify new problem solutions, queries, capabilities and

system status through a users' bulletin that can be accomplished

by reinstating the now defunct NEWS data base.

b. Air Force

Problem: The Air Force is not totally in compliance with MILSCAP. AFLC

and other AF Commands do not presently have a MILSCAP com-

patible system.
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Recommendation: Perform analysis to determine if it is feasible to

use AMIS as a MIS first at Air Force Logistics Command

(AFLC) and, if successful, a all Air Force Commands.

c. AFSC HQ

Problem: AFSC's mission is to develop, acquire and deploy new weapon

systems. However, AMIS does not provide AFSC management with

accurate information concerning AFSC acquisitions. The data

stored by AMIS does not accurately portray prior contract ___"

activity and current status at the time information is re-"I

quested. The AFSC staff cannot rely on Command Management

Information System-Contract (CMIS-K) products and therefore -__

must use manual communications with each activity.

Recommendat ions:

1. Analysis be initiated to improve the quality of the AMIS data

that underlies C14IS-K and Undefinitized Document Control (UDC)

reports. Once the data provided by CMIS-K and UDC is reliabla,

AFSC can utilize AMIS as a true MIS without manual reports and

telephone communication.

2. Implement a pre-award data base for each of the buying activites

and AFPROs to give the AFSC staff a better view of the entire

acquisition process from requirement initiation through

contract award to contract closeout.

3. Analyze the needs of AFSC management and staff to perform its

acquisition mission. Develop pre-award milestone tracking

capability so that AFSC management can monitor contract

placement, progress and thereby reduce the need to verbally

contact each buying activity.
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d. AFCMD

Problem: AFCMD has assumed a disproportionate role in the operation of

AMIS. Its disbursement function hfs-been the focus of AMIS
.. , .

programming and functional support and AMIS staff assistance

visits. AFCMD has been permitted too much control over AMIS

data. They have reassigned ACRNs, adjusted line item data, paid

funds from wrong accounts and closed out contracts without the

concurrence of the cognizant PCO or ACO. The emphasis on

serving AFCMD has contributed to the buying activities resent-

ment of AMIS.

Recommendation: Develop a more balanced support approach to all AMIS users.

Require AFCMD to coordinate any proposed changes in AMIS

data that is within ACO/PCO purview in accordance with
AFSC Regulation 70-13. In those situations where

obligations or fund citations in the data base are
.4.-

changed contrary to the written contractual document, PCO

authorization must be required.

Problem: The number of documents requiring hand abstraction into AMIS

exceeds the resources available.

Recommendation: Investigate why so many documents are not being entered

through SDA procedures but are being mailed directly to

AFCMD for input. Buying activities and AFPROs bypassing

the SDA process need to be educated as to the system-wide

advantages of SDA input.

Problem: AFLC Priced Spare Parts Lists (PSPLs) and Provisioned Item

Orders (PIOs) are mailed to AFCMD for abstraction since AFLC

24-9
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does not have SDA input capability. Due to the large number of

line items associated with provisioning, the abstraction method

of input is not efficient. -

Recommnendation: Develop direct input of PSPLs and PIOs to AMIS from the

contractor's provisioning system.

e. AFPROs

Problem: The AMIS relationship with AFPROs is hindered by AFCMD's control

of AFPROs. There is uncertainty as to who is responsible for

AMIS training and staff support to AFPROs.

%0 Recommendation: Authorize AMIS to deal directly with AFPROs in regard to

AMIS matters.

Problem: AFPROs have complained that they do not have control of inputting

some of their data into the data base as AFCMD has taken that

responsibility away from them. This has caused errors in the

Input of data.

Recommendation: Determine what AMIS tasks of inputting data should be

returned to the AFPROs from AFCMD.

f. AFSC Buying Activities

Problem: Large volume support equipment orders with hundreds of line

items cannot be rapidly input into AtIS through use of Source

Data Automation forms. The typing of hundreds of SDA forms

and the resulting error messages can delay the order several weeks.

Recommendation: Develop a method to input Priced Support Equipment Lists

(PSELs) and unpriced Provisioned Item Orders (PIOs) directly

into AMIS via computer tape or from the contractor's com-

puter system.

-%,

4'- 24-10

% " % . 4 • - . - - q -o 
•

. . . ° . • - "- . * - " ° - • . o . . - - . - .° ° - o . - . .• . . . - - - • -



-. . ..-.-- * *. , r _. -.- ...

3. Systems Analysis

The problems related to the inputs, processing and outputs are:

a. Inputs

Problem: Users complain that the CMCT requires the user to align the

forms in the typewriter perfectly.

Recommendation: IDI be implemented as quickly as possible, and word

processors be made available tb replace the CMCTs.

In addition, provide like features/capabilities to

all users.

b. Processing

Problem: The processing of batch jobs on the ITEL hardware (computer)

requires the mounting of the correct tape or disc by a computer

operator. When an Incorrect tape or disc Is mounted, the job

will abort off the machine and this will require the job to

be rerun.

* Recomenda.ion: Analysis of operator error be completed&

Problem: The End-of-Day (EOD) processing for AFCMD reports takes a

tremendous amount of computer time. Improvement In EOD processing

appears to take a long time, in some cases, over a year. The

critical path has been reviewed several times and some changes

have been made to Improve the EOD processing. "

Recommendation: Analysis be completed to see if a speedup in the throughput

of data (I/O) can be improved. Dumping data into the data

bases from EOD processing being done in parallel rather

than serially would save some processing time.
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Problem: The ASD/AD Computer Center ITEL system that processes the AMIS

data has a limited number of channels for processing output

data. This can be part of the reason the input/output (I/O)

is bound up when there are heavy user requests.

Recommendation: Analysis be performed to see if more channels/discs could

improve I/O functions.

c. Data Base

AMIS data base, or set of data bases, provides an outstanding source of

information. However, there are problems that need immediate attention:

Problem: AMIS data bases are incomplete and to some extent incorrect.

This leads to lack of credibility and confidence in the system.

Recommendation: Give top priority to resolving data base problems. To be

more specific, the following problems with data bases are

identified:

Problem: Are all the data bases really need to complete the AMIS mission?

As new capability was needed, new data bases were added to AMIS.

Many of these data bases did not have the necessary analysis per-

formed to see how efficient they could be made, degree of access

for I/0 operation and query use.

Recommendation: Analysis of the data base be made to see if the critical

path is as efficient as it could be and if the number of

data bases could be reduced. In addition, the I/O should

be addressed; possible more discs are needed to improve

I/0 capabilities. I
Problem: Many abstractors at AFCMD insert data in the system that is incorrect

or incomplete.

24-12
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Recommendation: The AFSC Regulation 70-13 should contain specific instructions

for when a contract could be abstracted into the data base.

The above regulation should clearly state that any contract

mailed around distribution should be returned to the Distri-

bution Center for inserting the data into the AMIS. AFCMD

should use AMIS to generate the error message thereby notifying

the user of any errors or problems when abstracting data into

the AMIS.

Problem: The data in the AMISDCAS data base is not complete and contains

erroneous information. Many users have complained that administrative

contract information from DCAS is not getting into the AMISDCAS

data base.

d. Outputs

Problem: Queries are difficult to use, inflexible and work only in some of

the data bases. Many users do not want to learn programming or

make up natural language strings.

Recommendation: Analysis be performed to reduce the number but increase the

flexibility of the queries. Users should be asked what types

of queries are needed to do their job.

Problem: AMIS users complain that their request for strings/queries take too

long to implement by the AMIS SPO. Some changes take up to a year

to do. Coordination among the people in the AMIS office takes too

long.

Recommendation: Workord data base is an automated version on how the AMIS

office will complete a change or create a new string. In

most cases, the coordination cycle takes far too long.

24-13
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is the wrong approach.

Problem: Many of the queries in the AMIS do not work. In an attempt to

secure data the user will request the AMIS office to provide a

natural language string to secure the contractual information

from the data bases they need.

Recommendation: The queries should be reviewed and an analysis be performed

on the buying activities to determine what strings they might

need, then consolidate these findings to provide a flexible

type string for the users. A COBOL program should be

written so the strings/queries will work in the three data

bases (CONTRACT, AMISDCAS and OTHRCONT).

4. Systems Support

a. Training and Orientation

A considerable effort has been expended in conducting training activities. i,.

However, these efforts are insufficient and lack the required follow-up.

Problem: Lack of formal structure of training programs with emphasis on

user's benefits at different organizational levels.

Recommendations:

1. Develop a training package for top management, with emphasis on

AMIS overview and management information needs for decision making.

2. Develop working level seminar/workshops; hands-on programs for:

a. AFPROs

b. BUYACs

*c. Monitors

d. Program Control Personnel

e. Budget Analysts (Comptroller)

f. Production Sp ecialists

g. Contract Reviewers

24-14
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Problem: Training programs lack a formal schedule for future user requirements.

Recommendation: Offer the above courses periodically with schedules and

announcements at least a year in.advance. This will allow

managers and users to plan their training activities

accordingly.

Problem: Training program contents.

Recommendation: Always emphasize user benefits. Toward this end get the users

to determine their needs and then incorporate into the

training course.

Problem: Use of outside resources for training.

Recommendations:

1. Augment AMIS training team with real front line experience systems

contracting personnel to give credibility to the training program.

2. See to it that AFIT and Defense System Management College include

discussions on AMIS in some of their courses.

b. AMIS Manuals

A successful system should be clearly documented. At least the following

manuals are required:

(a) A Familiarization Manual

(b) A Training Manual for each level of user

(c) A User's Guide or set of guides

Problem: At present, AMIS manuals are too voluminous and its documentation

is hard to understand. Potential new users have no manual for

AMIS orientation; the available manuals dissuade rather than encourage

use of the system.

Recommendation: Prepare a Familiarization Manual as soon as possible.I Distribute the manual to candidates for future users.
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Problem: Training manuals are not organized in accordance with the different

levels of users.

Recommendation: Prepare different training manuals in accordance with the

training needs at different levels of users. Include in

the manuals step by step instructions related to the use

of hardware equipment for input and output.

Problem: Have a professional agency rewrite the user manuals with the

assistance of the previous authors.

c. AMIS Monitors

Problem: AMIS monitors lack the training, experience and professional status

to be effective. They are AMIS' local representative yet they lack

the necessary procurement and AMIS expertise to win their management's -

commitment to AMIS.

Recommendation: Upgrade the stature of the AMIS monitor by requiring a journey-

man buyer or contract administrator to fill the position. The

position should be defined as an ADP procurement analyst re-

quiring full-time monitors at buying activities and large

AFPROs and part-time monitors at smaller AFPROs. The grades

of AMIS monitors must be comparable to the buyers or contract

administrators they are dealing with. Require all monitors

and their alternates to attend formal courses and workshops

in AMIS and S2K. Each large SPO should have a full-time

AMIS focal point to answer routine problems, obtain reports,

and help with natural language queries.

d. System Awareness

Problem: There is a lack of awareness among top management and prospective *.-.'

24-16
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users with respect to the capabilities of AMIS and the benefits

of its utilization.

prospective users.

I. Publish several articles, at different levels of sophistication,

in appropriate journals to promote and encourage utilization of the

system. For in-house publicity, short articles may be published in

Air University Review and AFSC News Review. The National Contract

Management Association would be appropriate for dissemination of

information to a considerable number of contractors. In addition,

technical articles emphasizing the computer capabilities of the

system could be published in computer oriented journals such as

Info Systems, MIS, Computer Design--etc. This will enhance the

image of AMIS among the technical community.

2. Publicize new improvements in A/IS among top management and other

users. A newsletter describing CMIS-K would be very informative

and helpful in attracting more users for the system. Also, publicize

the use of IDI in utilizing the CRT technology.

IV. FUTURE OF AMIS - RECOMMENDATIONS

A. IS AMIS AN ACQUISITION MANAGEMENT INFORMATION SYSTEM?

The acquisition cycle activities are:

Pre-Award

Approval of Requirement

Statement of Work Preparation

Purchase Request Preparation

Approval of Determinations and Findings

Issuance of Requests for Proposal/Solicitation

Commitment of Funds

24-17
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Post-Award

Contract Award and Distribution

Obligation of Funds

Disbursement of Progress Payments -

Delivery of Items/Services

Processing of DD250s (Material Inspection & Receiving Report)

Final Payment

Closeout of Contract

a. AMIS actually covers the activities related to the Post-Award portion

of the acquisition cycle.

b. AMIS covers historical data and it gives information related to current

transactions.
.61

Conclusion:

AMIS, at the present is an Information Retrieval System for Post-Award

Contract information.

B. AMIS - INFORMATION RETRIEVAL SYSTEM

AMIS should clearly define its system baseline. Determine the goal of AMIS.

Is AMIS a straight retrieval system or

Is it a management information system?

If AMIS decides to concentrate on pre-award information retrieval, it should

concentrate on the following activities:

I - Correcting and completing the data bases.

2 - Improving documentation.

comprehension.

4"copeesoinfynImproving trainingBUA rodtsCurses by tailoring the contents to audience i,,.,.,

4 - Identifying BUVAC products.

5 - Prioritizing IDI task to speed up incorporation of CRTs/word

processors across the BUYACs.

6- This will help in reducing dependence on the antiquated magnetic

card typewriters.

24-18
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7 - Improving the turnaround time on document validations by finding

alternatives to the end-of-day processing, and finally,

8 -Advertise and encourage prospective users to utilize the system

with a clear understanding of what the system can do f6r them;-

its capabilities and limitations.

C. AMIS MANAGEMENT INFORMATION SYSTEM

1 - Cons: AMIS drawbacks as a management information system:

a. AMIS data base was designed for information retrieval system, therefore

it is inflexible for general use as a management information system.

b. From the BUYAC point of view, AMIS is not a viable MIS. It does not

contain key pre-award 7-:ilestones/data which the BUYACs require to

manage on a daily basis. BUYACs rely on local MIS (LAMIS, Data

Central, etc.) for pre-award information because they emphasize what

BUYACs need to know to manage on a day-to-day basis.

c. AMIS could not serve as a MIS for the Comptroller because it does not

contain the total financial program.

2 - Pros: The following are indicators which encourage the development of MIS:

a. AMIS data base, or set of data bases, provides an outstanding source

of information. If properly designed, it can be used for a MIS.

b. AFSC achieved success in developing CMIS-K using some AMIS data bases.

c. AMIS is an expensive system; a lot of money has been invested to

develop the system. ITEL AS-5 has been fully dedicated to the

system. It makes sense to take advantage of these capabilities in

expanding the present system into a viable management information

system.

d. AMIS has potential as a MIS for AFCMD and eventually AFLC.

e. AMIS has the potential for providing a MIS for financial managers.

24-19
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.~ Conclusion:

If M4IS decides to be a viable management information system, it should

concentrate on the following activities:.-

1 -Future plans should be focused on the pre-award activities and their

integration with AMIS in order to develop a "total" system for con-

tract acquisition. At the present time, there are several pre-award

subsystems ranging from manual to fairly automated systems. An effort

should be directed to standardizing this process towards an integrated

* system.

2 -AMIS/SPO should concentrate on being a central program management rather

5-., than central development. In this capacity it should coordinate the

standardization of data definition to ensure data compatibility among

the different systems.

3 M IIS, at its present form, is a straight retrieval system. In order to

upgrade it to a management information system, some decision support

models should be developed and added to the system. The present A!41S

data base is very rich with information that could be utilized for

decision making by different management levels.

4 -Some divisions may prefer to develop their own decentralized management

support systems. This trend is understandable due to the different

styles of management and the continued reduction in hardware cost. This

trend is also justifiable due to the fact that the acquisition process

is not sufficiently standardized to satisfy all users. Again AMIS/SPO

should coordinate efforts toward standardization and compatibility among

systems. In other words, concentrate on the standards and policies

required to assure smooth transfer of data between the different

activities.

24-202
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5 - Emphasize the role of AMIS as a service organization with a major

function of coordinating inter and intra-AFSC acquisition information

requirements.
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MODELING AND TRACKING SACCADIC EYE MOVEMENTS

by

John D. Enderle

ABSTRACT

Kalman filtering theory is applied to the tracking of horizontal
eye movement during a saccade. Accurate estimates of position,

velocity, and acceleration of the eye movement are calculated from
infra-red reflection signals off the front surface of the cornea.

The mechanical components and the control signal for the ocular

motor system are developed and estimated using system identification

techniques. The transfer function of the open-loop ocular motor

system is calculated from the fast-eye response to step target dis-

placements. The best fit as measured by the integral of the
absolute value of the error squared between the model and data is

with a second order linear model with real poles describing the

mechanical components and a low pass filtered pulse-step descr.-ing

the control signal.
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I. Introduction

Accurate estimates of position, velocity, and acceleration of

eye movements are important in studies of vestibular and ocular

motor system function and their neural organization. Specifically,

a quantitative description of the input-output relationship between

the stimulus and the eye movement response, serve clinical applic-

ations in assessing motoneuronal activity, and changes .caused by

fatigue, aging, alcohol, drugs, or pathology. For the Air Force

in particular, quantitative measures of sensory function are

important features for pilot evaluation, training, and treatment.

Most of these applications involve an analysis of eye movements

and their relationship to system performance. Typical sensory tests

involve measurement and analysis of vestibular nystagmus (induced

by either angular acceleration or bithermal caloric stimulation) and

optokinetic nystagmus.1'2  Eye movement analysis for these tests

involve estimates of eye velocity and acceleration.

The present study is concerned with the application of Kalman

filtering in the tracking of horizontal eye movements during a

saccade. The basic task is to estimate, as accurately as possible,

the position, velocity, and acceleration of the eye movement * "

from infra-red reflection signals off the front surface of the

cornea. These estimates, as mentioned, are the basis for most

eye movement analysis systems. Applications involving Kalman

filtering have appeared in satellite orbit determination, space
flight and ballistic missile tracking. It seems appropriate to

apply Kalman filtering theory to this problem. (Saccadic eye

movements have even been described by many authors as ballistic. )3

One motivation for utilizing a Kalman filter in the study of

eye movements is that it is a real-time system. Another is that the

estimates for position, velocity, and acceleration are optimal

estimates, given that the usual stipulations are true (these will

be discussed in section

A first step in tackling the tracking problem is to derive a

discrete-time model that describes horizontal eye movements during a

saccade. A number of continuous-time models have been presented in

25-4
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the literature, ranging in complexity and success from zeroth-order

to sixth-order systems.5'6'7'8 A model derived from the linear ,

homeomorphic model by Bahill is incorporated in the recursive filter.

System identification techniques were used to reduce the sixth-

order linear homeomorphic model to a fourth-order model and to

estimate the parameter values.

II. OBJECTIVES

The main objective of this project is to apply Kalman filtering

theory to the tracking of horizontal eye movements during a saccade.

The specific objectives were:

(1) Derive a discrete-time model that describes horizontal eye

movements during a saccade.

(2) Estimate model parameter values using system identification

techniques.

(3) Estimate position, velocity, and acceleration during a saccadic

eye movement using a Kalman filter.

III. SYSTEM MODEL

The system model. consists of defining a discrete-time state

vector of position and velocity describing horizontal eye movement

during a saccade. The mechanical components of the model are

presented in Figure 1. The lateral rectus and inferior-rectus muscles

are modeled, (for the agonist muscle ), with an ideal force generator

FAG in parallel with dashpot BAG and an ideal spring KLT' in series

with another ideal spring KSE. These components are then placed in

parallel with another ideal spring KpE. Equations describing the

tension produced by the force generator on the eyeball for the

agonist and antagonist muscle are

TAG = K SE FAG - (KLT(KPE + KSE) + KSEKPE) X, - BAGKSE R2 --

F°' KLT + KSE

25-5
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TANT K SE F ANT + (KLT(KSE + KpE) + KSEKPE) X +BANT SEX

KLT + KSE

where X 1, X2 and X3 are displacements from equillbrium. The eyeball

is modeled as a solid sphere with moment of inertia Jp, friction

element B and elasticity element K The equation for the model
p. p

is
r(TAG -TANT) =Je + B +K (1)

where r is the radius of the eyeball and e is the angular deflec-

tion. It should be noted that at primary position, the ideal

muscle springs are not at equilibrium, but are approximately 3am

longer. Let Xp equal this displacement from equilibrium at primary

position and

X z fr6 r,

4 the change of muscle length due to an angular deflection. The

change in muscle length from equilibrium for an angular deflection

for the agonist and antagonist are, respectively, - -

XI  l - p
p

and

X1  X + X
p

The velocity at nodes 2 and 3 for the agonist and antagonist are

TAG +KSE KPE)X1

' KSE

and

" (KsI + KPE)Xl - TANT
K SE.. 

:'

Substituting the previou* equations into equation 1 yields
FA- FAN Pe" .+) ,. + B6 + Ke, (2) .-4

~AG ~ANT
where

P BAG 9:':

r KSE.

AG BP + Jp (KSE +KLT)

rKSE rKSE
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(BAB + B )(~~ ~~~K + K)fr18K)rK.(KEK

B= (B AB + BANT )KpE + KSE) r + BAGKP + Bp(KSE +KLT)'

SE SE SE

K 2(KLT(KPE + KSE) + KSEKpE + o + KLT)

180 KSE r KSE

Equation 2 differs from equation 1 by the term

('ANT - BAG) TANT
KSE

which is assumed to be zero.

IV PARAMETER ESTIMATION -t

The ocular motor system undergoing saccadic eye movement operates

in an open-loop mode as depicted in Figure 2.

.4F.

T'(jw) D~w I P4w)uslw :)

Control ler Plant'

Figure 2. Block diagram of the ocular motor system for sacadic eye

movements. The target dlspla.ement (T(s)) is the input to the

system and the eye movement (e(s)) is the output. H(s) is the transfer

function of the mechanical components of the ocular motor system

and C(s) is the neuronal control signal.

If a position error is observed between the fovea and the target, a

control signal is sent that reduces the error to zero. The control

signal is not a guided signal (there is no visual feedback),

but a preprogrammed (ballistic) signal. Naturally when comparing

the input with the output, this system acts like a feedback system,
but this occurrs only at discrete-time intervals.3  This type of

behavior provides an excellent opportunity to study the ocular motor

system using system identification techniques.

System identification techniques have been applied in a variety -7,

of disciplines, but not in the study of the ocular motor system.

25-8

.b~e p *; .-. % . -4 . ..r . -.- . 4 . . ... . . .



Ideally, for a single input/single output system, the transfer -

function is equal to the ratio of the Fourier transform of theIoutput to the system input-
G(jw) = C(jw) H(jw) e w (3)

Because of unequal time delays from saccade to saccade, it is not

possible to use averaging techniques to reduce the effects of
measurement noise.1  Fortunately, the measurement noise is small

relative to the input and output signals.
The transfer function of the open-loop ocular motor system is

calculated from the fast eye response to a step target displacement.
Measurements of position, as described by Young and Sheena, were
obtained by sampling at a rate of 1,000 samples per second for one-
half second from infra-red reflection signals off the front surface
of the cornea. 1 The position measurements are first filtered using
a Butterworth low-pass digital filter with a half-power point at

125 Hertz. Transforming the filtered measurements directly by the
Fast fourier algorith, results in distortion due to truncation since

the signal does not go to zero at steady state. This is circumvented

by subtracting the steady state value from each sample and Fast
Fourier transforming the modified signal. The Fourier transform of

the fast eye response is equal to the Fast Fourier transform of the

modified signal plus the Fourier transform of a unit step with-
amplitude equal to the steady state value. The input signal is a
unit step function with amplitude equal to the steady state value.
The transfer function is computed from equation 3.

Parameter estimates are calculated by fitting the transfer

*function computed from equations 3 to the transfer function for
the model in equation 2. A conjugate gradient search Fortran
program similar to Seidel's is used that minimizes the integral of
the absolute value of the error squared between the model and the
data.1

Results for a ten degree target displacement for the left eye

are shown in Figure 3. Similar results were obtained for other
target displacements of five, ten, fifteen, and twenty degrees for

25-9
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both eyes. The best fit to the transfer function data in Figure 3

is with a second order linear model with real poles describing the

mechanical components and a low pass filtered pulse-step describing

e - i 

1) (S_ + 1 ) ,..

G(jw) 4 , (4) L
- s+ 1)(s + 1)

1 2

where P1 =68, P2 "152, P3 = 90,. P4 =500, to = .245, td = .037,

K= 1.2, and K2 = .2. The third pole In the model was made very

large and was discarded. Returning to the time domain, the system

model is now written

1011 (1 - e3 (t  o)) U(t - to) - K2 (1 - eP4(t - to - td))

t o( + (
td)} (P1  P P P0)

1 2
The continuous-time state vector equation is

X(t) = AX(t) + B(t),

where

rt) [o 
X L~ti A= L~ 1~)J , andL(t)] LPIP2 "1P + 2J:::"--

8(t) - JOPiP2  K (1 e-P3(tto)) (t-to) K K2(1 - e-P4  -totd)) (t-totd)]"

The discrete-time state vector of position and velocity written in

terms of the state transtion matrix is for time zero starting at to

X(K + 1) - Q(K,K-1)X(K) + f(K+1), k - 0,1,... (6)

where
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V. KALMAN FILTER

As mentioned previously, the main objective of this project is

the application of Kalman filtering in the tracking of horizontal

eye movement during a saccade. The discrete-time model developed

in the previous section is not exact and small modeling errors result. ..

Saccadic eye movement is more accurately modeled by the following

stochastic vector difference equation
XK+I = Q(KK-1) X(K) + f(K+1) + rW(K+1), K = 0,1,..., (7)

where

r 

/

and W is a modeling noise sequence. An equation describing theK+1
measurement model is

Z(K+1) = H X(K+1) + V(K+1), K = 0,1,..., (8)

where

H [1 0],

Z(K+I) is the sequence of measurements and V(K+1) is the measure-

ment noise. Both the system noise sequence W(k+l) and the measure-

ment noise sequence V(K+1) are assumed to be white Gaussian noise

sequences, with zero mean and known uncorrelated statistics. If

this is true, then the Kalman filter is optimum. Equations 7 and 8

were incorporated in a Kalman filter program written in FORTRAN.

The filtering results for the ten degree target displacement

presented in Figure 3 are shown in Figure 4. Similar degrees of

accuracy were obtained for other target displacements. The maximum

modeling error was approximately one-half degree for any simulation.
The maximum error usually occured at the start of the saccade and

quickly went to zero during the course of the saccade. Improvements

in modeling accuracy might be acheived by letting the antagonist

force start 3 msec earlier as described by Bahill. 8

.7
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VI. RECOWIENDATIONS

All of the previously mentioned algorithms have been written

in FORTRAN and implemented on a PDP 11/34 minicomputer as a cohesive

unit. The program has been successfully run on a number of subjects

in an off-line mode. Use of these analysis methods have resulted

in optimal estimates for position, velocity, and acceleration.

System identification techniques have been successfully employed to

estimate parameters of the model. These estimates should provide

additional insight into the study of ocular motor dysfunction.

Most sensory tests involve a combination of different eye

movements (i.e., fast eye movements, slow eye movements, and ver-

gence eye movements). In optokinetic nystagmus testing, both fast

and slow eye movements are seen upon stimulation. A recommendation -

for follow-on research is to extend the present research and consider

slow eye movements. This problem is much more difficult than the

present one since we are dealing with a closed loop system. The end
products of both of these projects can be combined and used in

optokinetic and vestibular nystagmus testing.

..25.-6
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DYNAMIC RESPONSE OF DOUBLY CURVED

CYLINDRICAL SHELTER

by

Fernando E. Fagundo, Jr.

ABSTRACT

The United States Air Force is studying the feasibility

of developing a protective structure for large aircraft such

as the E-3A. The magnitude of the spans that must be con-

sidered in addition to the possible weapons effects makes an

arch section the only feasible structural configuration.

The static and dynamic response of a double radius arch

configuration is investigated. The applicability of current

design provisions for the design of aircraft shelters sub-

jected to conventional non-nuclear weapons is studied and

recommendations are made for a more rational approach to

describing load histories.

It is demonstrated that simplified mathematical models

are not adequate for evaluating the response of the structure

under consideration. Suggestions for further research in the

area of conventional weapons effects are provided.

Based on the preliminary analysis performed in this pro-

ject it appears that a double radius arch section could be

successfully used for a Fourth Generation Aircraft Shelter.

The feasibility of the shelter for large aircraft depends on

the refinement of the analysis and design procedures.
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USING HARD CRITERIA TO EVALUATE LEADERSHIP AND MANAGEMENT DEVELOPMENT

CENTER CONSULTATIONS

by
Dr. Hubert S. Feild

ABSTRACT

The purpose of the present research was to examine the applicability

and analysis of hard or performance- based measures for evaluating con-
sultation activities delivered by the Leadership and Management Develop-

ment Center. Interviews with key personnel and analysis of available
hard criterion measures for two selected Air Force groups suggested that
certain measures might be useful for evaluation purposes. Interrupted

time series analysis is offered as an appropriate analytical technique
for determining any impacts of behavioral consultations on such data.
Suggestions for selecting, applying, and analyzing hard criterion data
from an evaluation perspective are made.

27-2



i ' .. ' 'Z. s... ., i-., .- .j..*. .j ' '. " *J

ACKNOWLEDGEMENTS

The conduct of any research project depends, in large measure, upon

the cooperation and participation of numerous individuals. This project

is no exception. Sincere appreciation is extended to Major Larry Short,

Captain Janice Hightower, and Lieutenant Colonel David Wilkerson for

providing the opportunity to work with an outstanding Air Force unit,
the Directorate of Research and Analysis, and for their guidance during

i: ~..,'

the course of the project. In addition, special thanks is also extended
to Captain Bob Hodge, CMSgt Judy Vermilya, and Captain Mike Cox who

greatly facilitated the retrieval of information used in the study.

Appreciation is also given to Ms. Desiree Bradley who patiently and

willingly typed and made numerous typed revisions in the report.

Although the author is responsible for the research, certainly any suc-

cesses enjoyed should be shared by the above named individuals. Without

their help, such successes would not have been possible. Finally,

appreciation is given to the Air Force Systems Command, Air Force Office

of Scientific Research who made this summer research a rewarding experi-

ence.
.:4

.9 .. . .- - .. .

lot,:' ' -



47. TT"

I. INTRODUCTION

Role of the Leadership and Management Development Center (LMDC)

Establishment of the LMDC. As described by Mahr (1982, pp. 1-3),

roots of the Leadership and Management Development Center (LMDC) can be

traced to establishment of the all-volunteer force in 1973. Since the

Air Force would need to compete for talented human resources, it was

decided by Air Force leaders to study what makes the Air Force an

attractive place to live and work. The Air Force Management Improvement

Group (AFMIG) was established in 1975 to examine the non-technical

aspects of Air Force life and to suggest how service life could be

enhanced. Ideally, such a group would make the Air Force more competi-

tive with the private and public sectors in attracting quality human

resources.

Initially, AFMIG surveyed roughly 11% of the Air Force's world-wide

active duty personnel in terms of their perceptions of the following

areas: economic standards, economic security, free time, work, leader-

ship/supervision, personal growth, personal standing, and health. An

important finding of the survey was that although 81% of the respondents

believed leadership and management were important, 71% indicated they

felt the quality of Air Force leadership and management was poor to

average (LMDC, 1981a, p. 1). In response to these findings the LMDC was

created as part of the Air University at Maxwell Air Force Base,

Alabama. Among others, two important purposes were to be served by the

LMDC. These were:

1. to serve as the focal point for leadership and management educa-

tion for the Air Force, and

2. to give leadership and management consultation to Air Force corn-

manders upon request by providing these managers with systemic

information on leadership and organizational trends (Mahr, 1982,

p. 3).

For the objectives of this report, this latter purpose, that is, LMDC's

consultation role in Air Force operations, is particularly significant.

Due to its importance, it may be instructive to briefly review LMDC's

consultation process.

27-4
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LMDC's consultation process. The principal goal of LMDC is to

" help make the United States Air Force a more effective fighting

force by focusing on the identification and solving of leadership and

management problems, particularly, 'people problems'" (L14DC, 1981b,

p. 3). LMDC addresses this goal by using organizational development

(O) consultants in collaboration with clients to identify and resolve

leadership and management problems involving key organizational pro-

cesses. The resolution of these problems is sought through six basic

steps. (A more complete, thorough description of each of these six

consultation phases may be found in Mahr, 1982 and Westover, 1979.)

These steps are as follows:

1. Invitation--LMC management consultation can only be offered

following a written request for assistance from an Air Force commander

or agency chief. Once contacted, an LMDC consultant reviews the ser-
vices of the LMDC and explains the responsibilities of the client to the

particular commander.

2. Initial Contact--The client group and the consultant continue to

explore the suitability of an LMDC intervention. Once client responsi-

bilities/expectatlons are clearly delineated, the client and LMDC nego-

tlate a contract for consulting services. The contract represents the

expectations, goals, roles, and methods to be used during the LMDC/

client relationship.

3. Data Collection--The principal focus of this step is on the

collection of information descriptive of a client group's work environ-

ment and leadership/management processes. Data are obtained from a

variety of sources including formal organization charts, mission state-

ments, interviews with key supervisors, an open-ended questionnaire

assessing morale of the supervisor's work group, performance or attitude

changes occurring in the last six months, the supervisor's leadership

style, and objective or performance data, such as PWOL rates, drug and

other arrest rates, and accident rates. In addition to these data, a

key source of information is obtained from administration of the Organi-

zatlonal Assessment Package (OAP) to a sample of at least 60% of the

people within each work group of a base or wing. The OAP is a 109-item,

self-report questionnaire where respondents are asked to report on their
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job/work environment in areas such as job satisfaction, organizational

climate, supervisory leadership/management style, complexity of the

respondent's job, and degree of job autonomy. Data obtained from the

OAP serve as the principal basis for performing diagnostic/evaluation

activities. (Additional information on the development, application,

and scoring of the OAP may be found in Hendrix & Halverson, 1979; Short

& Hamilton, 1981; Short & Wilkerson, 1981.)

4. Data Analysis--Upon collection of the data, the consultants

prepare analyses to develop an initial assessment of the organization.

The purpose of these analyses is to identify the strengths and weak-

nesses of the client organization as perceived by its incumbents. From

these analyses, feedback materials or packages are created for all

supervisors who had four or more subordinates complete the survey.

These materials show how a supervisor's work group compared to other

work groups in the organization as well as to similar groups in the Air

Force on which data are available.

5. The Tailored Visit--At this point, a team of LMDC consultants is

specially selected to return to the client organization to deliver par-

ticular consultation services. These services are tailored to address

the specific problems identified in the preceeding phase, hence, the

term "tailored visit." Once on location, the commander is briefed on

the general condition of the organization. In turn, each supervisor is

informed about his/her specific unit. Where major problems exist,

consultants may work with an individual supervisor, using various 00

intervention techniques such as team building, goal setting, job

redesign and the like, to produce changes in the unit.

6. Follow-Up--After six weeks, the first step of the follow-up

phase begins. LMDC mails survey questionnaires to the commander as well

as all supervisors with whom the consultants worked. Generally speak-

ing, these questionnaires solicit opinions concerning the performance of

the LMDC consulting team. Approximately four to six months later, a

second follow-up step is initiated. LMDC consultants return to the

client organization to collect post-intervention OAP as well as objec-

tive data. This information when compared to that collected on the pre-

intervention visit is used for determining the progress of the client

27-6
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organization following an LMDC intervention. These comparisons are
finally assembled into a report and submitted to the client organization
commnander. The submission of the report marks the end of the LMDC/
client group consultation.
Evaluation of LMDC's Consultation Process

One of the important mandates of the LMDC is to answer the question,
"What effect(s), if any, did an LMDC consultation or tailored visit have
on a client organization?" Obviously, such a question presumes that an
integral component of the LMDC is to evaluate their behavioral consult-
ing assistance offered to Air Force client groups. As suggested earli-
er, LMDC has incorporated the notion of evaluation into its consultation

process. Sincp the principal emphasis of this report is on selected
aspects of the LMDC evaluation effort, particularly as it applies to the
use of performance data, the next section will focus on the types of
data !tnd nature of the research design employed.

Types of evaluation data. Three principal types of data are
employed by IMDC: (a) anecdotal commients, (b) self-report data, and
(c) performance data. Anecdotal comments have typically been collected
by questionnaire fronm commanders following a tailored visit. Basically,
these respondents are asked to report on the quality of consultation

'9offered by the LMDC. Self-report data, a second type of evaluation
information, have served as the principal data source for evaluation
purposes. These data are collected primarily from the administration of
the OAP. Since this type of information typically describes incumbents'
perceptions of their organization (for example, organizational climate)
and their reactions to it (for example, job satisfaction), these data
could be labeled as being impressionistic or "soft" measures of indi-
viduals.

In the context of evaluation, the OAP has been administered on twoI
occasions, once prior to an 0D intervention and once after. Because
these data are obtained from individual respondents, mean scores on OAP
factors or dimensions are calculated for selected work groups. Signifi-
cant differences in these paired mean OAP scores are treated as indices
of organizational change.
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The third form of data utilized by LMDC is performance data. To a

lesser degree, performance data have also been incorporated as part of

the evaluation effort. When employed, these datA -have focused princi-
pally on behavioral aspects of organizational performance. Due to their
emphasis on work behavior, this type of information could be character-
ized as "hard" measures of organizational performance. Examples of such

information would include the following variables: productivity, PWrOLs,
and retention rates. In contrast to the OAP measures that are available

on individual respondents, performance data are generally available for
an Air Force work group, unit, section, or branch. As such, these group

data may require special forms of statistical treatment when used in
evaluation research. (More will be said in a later section concerning

the analysis of group data collected over time.)

Research design and statistical methods. In conducting an evalua-

tion of OD projects, all empirical studies employ some form of research

or experimental design. The design of a study represents the rationale
for controlling a variety of variables while observing the effects of an

independent variable(s) on a dependent variable(s). This rationale

underpinning the design of a study determines the type of conclusions
that may be drawn from the data collected.

The most prevalent research design used by LMDC to evaluate its OD
efforts is the one-group pretest- posttest design (Campbell & Stanley,
1963). The nature of the design can be depicted as follows:

0b - a

where: Ob is the pretreatment measure;

a is the posttreatment measure;
Tis the treatment, that is, the

0D intervention administered by LMDC.

*Although the design is frequently used in OD evaluation studies, it

has several limitations that hamper our ability to determine if the 0D
intervention produced any significant effects. From the perspective of
evaluation research, these limitations are termed "rival hypotheses."
These hypotheses simply represent alternative explanations for any noted

organizational change other than the 0D intervention. The one-group
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pretest- posttest design is particularly susceptible to several rival
hypotheses (Campbell & Stanley, 1963, pp. 7-12). The first of these is

History. History represents any events occurring simultaneous to the
introduction of the OD intervention. To the extent that the pretest-

C posttest design does not permit control of a history effect, then
history becomes an alternative explanation for any noted organizational

change.
t.A second limitation of -this design is Maturation. The passage of

time, independent of the intervention, may explain differences in pre-

and post- intervention scores. Where respondents have changed over time
due to biological and psychological processes which systematically vary
with the passage of time, then maturation serves as another rival
hypothesis.

Testing represents a third alternative explanation. This effect
involves the reactions of respondents to simply being measured or
tested. When respondents are aware of being tested, such as on a
pretest, and this awareness influences respondents' scores over time,
such as on a posttest, then testing serves as a confounding variable.

Instrumentation or changes in the measuring instrument that occur
over time represents a fourth uncontrolled variable. When the measure
shifts in the metric of measurement over time, then instrumentation has

happened (Cook & Campbell, 1979, p. 52).
Finally, Regression poses a fifth problem uncontrolled for by the

pretest-posttest design. Essentially, groups at the extremes on a pre-
test will demonstrate the most change on a subsequent posttest. When
regression has occurred, these changes are due principally to statisti-
cal artifacts rather than to the 00 intervention.

The important point to recognize from the above discussion is that
the pretest- posttest design is not a particularly strong one. Since
several rival hypotheses such as history, maturation, regression and the

like, are not controlled for by the design, it is impossible to estab-
lish with any high degree of uncertainty that an OD intervention caused
a particular organization change. LMDC has incorporated the pretest-
posttest design using both self-report and performance data. When used

with OAP or self-report data, independent t-tests have been calculated
between two data points, that is, pretest and posttest means for speci-

.4fic OAP dimensions. Performance data have also been included in LMDC
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evaluation activities, however, they have been used only to a limited

degree. When employed, performance measures have generally been avail-

able over several points in time, prior to as wel1 as after the OD

intervention. In analyzing the pretest-posttest data where multiple

measurements have been available, pretest and posttest measures have

been averaged and the means compared in a descriptive manner. These

procedures are not inherently "wrong," and they certainly provide some

useful information. If, however, we are concerned with the certainty to

which we can ascribe any recorded organizational change(s) to an LMDC

intervention, then other alternative research designs and analyses

should be considered. Attention will be given in this report to these

alternatives. As will be seen, these alternative methods will not only

help to control the rival hypotheses characteristic of the pretest-

posttest design but will be particularly appropriate for analyzing hard

criterion measures collected over time of work group performance. Such
methods should be useful in evaluating the impact of an LMDC organiza-

tional development intervention using these hard criteria.

II. OBJECTIVES -.

As noted, the OAP dimensions or soft criteria have served as the

principal basis for assessing the impacts of an LMDC organizational

intervention(s). These perceptual measures are certainly important for

characterizing changes in the quality of working life of Air Force

incumbents. However, these soft measures alone do not give a complete

account of the impacts of these interventions. Performance data are

also needed for providing a clearer picture of organizational impacts

and functioning. Such a need, of course, raises a number of important

questions that will need to be addressed. These questions include but

are certainly not restricted to the following: What performance mea-
sures should be used? Where can these data be obtained? What type of

research design is most appropriate? How should such data be analyzed?

The principal concern of this report is to propose some alternative

considerations for answering these questions. Although soft measures,

such as OAP data, are recognized as being critical to OD evaluation

efforts, performance data will be emphasized here. Thus, the focus will

be on examining the feasibility of using existing performance-based

measures for evaluating any impacts of LMDC organizational interventions
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with selected Air Force client groups (Wilkerson, 1982). This emphasis

will be given by the following research objectives:

1. to identify various variables or measures'from existing sources

of information that might be used as criteria for evaluating the

impact of LMDC consulting activities on performance of selected

Air Force units;

2. to propose methods for systematically collecting these criterion

measures, the form of these data (that is, how measured), and,

the time interval covered by the data; and

3. to specify the research design and statistical analyses to be

used in analyzing the data collected.

In addressing these objectives, several research steps will be

taken. These steps include the following:

I. a review of selected, published literature concerning: (a)

empirical evaluations of organizational development/consulting

practices, (b) use of performance-based measures of organiza-

tional practices in evaluation research, (c) productivity mea-

surement methods used in the Air Force, and (d) statistical

treatment and research design of organizational development

evaluation studies;

2. interviews/discussions with key personnel in selected Air Force

organizational units chosen for study concerning the nature,

availability, and quality of performance-based measures; and

3. interviews/discussions with selected LMDC personnel concerning

the nature of the evaluation/consultation process.

Prior to discussing the major thrust of this report, it may be help-

ful to the reader to briefly review its five major sections. These

sections are described below:

1. Hard Criterion Measures in Evaluating Organizational Development

Programs. This section will briefly summarize the rationale as

well as current practices/trends in using hard, performance-

based measures for evaluating OD programs. These practices will

be derived from published journal articles dealing with OD

evaluation research.
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2. Issues in Selecting Hard Criteria for LfM)C Evaluations. One key

ingredient of any OD evaluation system is the standard or cri-

terion to be used for evaluating organizat-ional change. This

section will provide a broad overview of the relevant considera-

tions to be taken in selecting or developing measures for use in

evaluating an LMDC organizational intervention.

3. An Alternative Research Design and Analysis: Interrupted Time

Series. Based upon the previous literature review and the

nature of LMDC consultation, a suggestion will be made for using

time series research designs to evaluate OD programs where hard,

longitudinal measures are available. The nature and application

of these designs will then be discussed in terms of their use

with LMDC consultation activities.

4. Applications. If time series designs are to be used in OD eval-

uation, then longitudinal data must be available for use. By

examining selected, specific work units of the Air Force, this

section will describe what hard data are available, data

requirements necessary for time series analysis, sources of data

as well as other pertinent issues regarding the application of
times series designs to these selected work units.

5. RecommenCations. This final part of the report will present
suggestions and recommendations for using hard criterion mea-

sures and implementing time series design and analysis for LMDC

evaluation purposes.

III. HARD CRITERION MEASURES IN EVALUATING ORGANIZATIONAL DEVELOPMENT

PROGRAMS
.4.

Need for Hard Criterion Measures

A common means used to evaluate OD programs is to collect informa-

tion from program participants by using data sources such as question-

naires, interviews, or other self-report methods. These self-report

methods are useful in that they provide data on such variables as incum-

bent attitudes and interpersonal behaviors. Few would argue that these

soft or quality of work life measures (as some have termed them) are

unimportant. However, these measures provide little information rela-

tive to other, important behavioral considerations such as productivity

or organizational effectiveness and efficiency.
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Of late, there appears to be an increasing reluctance on the part of
OD practitioners and researchers to place sole reliance on soft measures
to evaluate OD programs (Nicholas, 1978). Recent- surveys indicate a

* developing interest in evaluating the role of 00) in terms of hard mnea-

:2: sures of organizational performance (Jones, Spier, Goodstein, & Sashkin,
1980). Although interest in using hard measures for OD evaluation pur-
poses is strong (particularly for longitudinal data), it is interesting
to note that practice is rather rare (Nielsen, 1975, p. 194). While
most administrators have good reason for interest in assessing the
effects of 0D on work group and/or organizational performance, most 00
evaluation projects stop short of measuring these impacts. In general,

there has been relatively little investigation of the impact of OD on
*system change using hard criteria. A recent review by Porras and Berg

(1978) illustrates the paucity of OD evaluation research employing hard
measures. Their study showed that only 20 of 160 evaluation research
studies that assessed organization change employed hard criteria in
their evaluations.

If hard criteria are so desirable, a question might be raised as to
why they have not been more frequently used? As Nicholas (1982, p. 3)
has noted, the almost exclusive emphasis on soft criteria for ev.alvjting
0D projects is not surprising since 0D is aimed principally at individ-
uals and work groups. Thus, changes in individuals' attitudes and
behavior are primary targets. On the other hand, from an organizational
or work group perspective, individual attitudes and perceptions are
intervening variables, where changes do not necessarily translate into
improvements in organization performance. Although many studies have
assessed organization performance using soft criteria, perceived changes
in performance do not necessarily lead to actual behavioral changes as
assessed by hard criteria.

Another reason for using soft measures is that these measures are
typically easier to collect. For example, most evaluation data are
collected by questionnaire (Porras & Berg, 1978). Questionnaires are
easy to administer, score, and are economical. The resulting data are
easy to analyze, and a host of various questionnaires are available.
Thus, from the perspective of ease of data collection, questionnaires
are certainly desirable. Of course, these soft measures suffer from
numerous limitations (see Webb, Campbell, Schwartz, & Sechrest, 1966,
for a discussion of these problems).
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In addition to providing behavioral data for evaluation purposes,
hard criteria do not suffer from the same methodological problems as
soft criteria in evaluating organizational change. For example, hard
measures are not plagued with the difficulty of attempting to distin-
gui sh among al pha, beta, and gamma changes (Gol embiewski , Bil11i ngsl ey&
Yeager, 1976). Yet as Macy and Mirvis (1976) have noted, hard measures

•are subject to influence by variables both internal as well as external

to the organization that affect their interpretability. Onl y by con-
trolling these through statistical adjustments or through the research
design can these effects be partialled out.

In sum, the issue that is being argued is that multiple measures of

soft and hard criteria are needed to appropriately evaluate OD programs.
As Campbell, Dunnette, Lawler & Weick (1970) suggest, program effective-

ness cannot be measured by a single or global variable. Multiple mea-
sures are required. The criteria chosen for evaluation should be based

* on the problem setting, goals of the evaluation, hypotheses about the
process (Nicholas, 1978, p. 32) as well as other critical factors. In

light of the arguments presented here, Martin (1957) has similarly
proposed that two kinds of criteria be used: (a) those linked to
organizational processes involving people (for example, decision-making,

motivation, leadership), and (b) those linked to actual behavior (for
s example, productivity). isil arguments are consistent with those

* advanced here.
Regardless of their content, hard and soft measures have their

unique assets and liabilities; both are needed to characterize organiza-

tion/work group performance and quality of working life. As Webb (1970)

has stated:

Every data-gathering class--interviews, questionnaires, obser-
vation, performance records, physical evidence--is potentially

*biased and has specific to it certain validity threats. Ideal-
ly we should like to converge data from several data classes,
as well as converge with multiple variants from within a single
class (p. 450).

Use of Hard Criterion Measures

Although historical practices in the use of hard criteria for OD
evaluation purposes are rather infrequent, recent trends indicate an
increase in use of such criteria. In reviewing the OD evaluation
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literature for the present research, it became apparent that studies

utilizing hard criteria may not always be reported in professional jour-
nal s. For instance, the literature review identified only three 0D

evaluation studies using hard criteria in a military setting (Adams,

1977; Lloyd, 1977; Rosenbach, 1977). However, these references were
Ph.D. dissertation investigations that could not be retrieved in the

time frame of the current project.

An important, unpublished paper by Nicholas (1982) was also identi-

fied in the review. This paper represents, perhaps, the best summary of

some practices using hard criteri-on measures in 00 evaluations.

Nicholas was principally interested in comparing the impact of three

different classes of 0D interventions on selected hard criteria. For .

the purposes of the current report, his few findings concerning the
methodologies employed are of particular interest. Nicholas reviewed 65

* studies that had used at least one of four types of hard criteria as a
basis for evaluating an 00 intervention: (a) work force behavior as

measured by turnover, absenteeism, and grievances, (b) monetary per-

formance as reflected in profits, operating costs, and dollar sales

volume, (c) productivity including production quantity, efficiency, and

effectiveness, and (d) output quality. Even though most of his

research focused on the differential effects of various 00 interven-

tions, several methodological findings were of importance to this

*project. These included the following: (a) 80% of the studies

employed quasi- or true experimental research designs, (b) 38% did not

use comparison groups, (c) 93% used multiple hard criteria, (d) 22%
did not use statistical tests, and (e) 12% relied upon single pretest-

posttest measures for evaluating change.

In themselves, these results are certainly "sketchy" at best. How-

ever, they do, in part, suggest some considerations which should be
taken as a methodology is proposed for LMDC to follow. This methodology

for treating hard criteria in LMDC evaluations is proposed -in the fol-
* lowing sections.

IV. ISSUES IN SELECTING HARD CRITERIA FOR L14DC EVALUATIONS

A critical component for evaluating an LMDC consultation is the mea-

sure or criterion to be used for detecting organizational change.
Theoretically speaking, some change(s), hopefully positive, should

result from an LMDC intervention with an Air Force client group. The
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criterion or criteria employed in an O evaluation study represents the

"yardstick" or measure to be used in identifying any possible changes.

If these criteria are not thoughtfully chosen or developed, then any so

called impacts of an intervention may go completely unnoticed. Thus,

the choice of these measures is an important step in the evaluation

pl an.

The "criterion problem" has a long, tenuous history, particularly in

the field of industrial/organizational psychology. Although significant

inroads have been made at the conceptual, theoretical, and measurement

levels, "the criterion" still presents formidible problems to personnel

and organizational researchers. These problems are no less significant

in the context of measuring organizational change(s) in the current

setting.

Recently, through the research of Tuttle and his associates (Tuttle,

1981a; Tuttle, 1981b; Tuttle,-Wilkinson, Gatewood & Luck, 1981), the Air

Force has addressed the criterion problem. Even though a principal

concern has been with the measurement of Air Force productivity, some of

the work has important implications for the present research. By draw-

ing upon the findings of Tuttle (1981a) as well as other investigators

addressing the notion of criteria (A. T. Kearney, Inc., 1978; Hurst,

1980; Joint Financial Improvement Program, 1977), it is possible to

identify a number of factors that should be considered in selecting or

developing criteria for organizational change evaluations. It should be

strongly emphasized that these criterion attributes are essential to

effectively assess possible organizational changes. These factors or

guides to developing and applying criteria for assessing LMDC consulta-

tions are as follows:

1. Reliability. The criterion should provide information that is

dependable and accurate. Consistency of measurement that has a minimum

of measurement error Is a desired attribute. Thus, repeated application

of a measure to the same level of organizational performance should

yield the same scores.

2. Quantifiable. Quantitative criterion data are more desirable

than are qualitative data. Criterion measures at an interval or ratio

scale of measurement are preferred. These data will be appropriate for

the types of statistical analyses to be performed on them.
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3. Available on a frequent basis. Since an important interest is
to evaluate organizational change over time, data should be available on

at least a weekly or monthly basis.
4. Ease of retrieval. For criterion measures to be useful , they

must be easily retrievable. As most hard criterion data will not be

collected on-site by LMDC consultants, these measures must be retrieva-

ble via the mail. Most clients will willingly provide the necessary
information assuming that the information is reasonably accessible.

Furthermore, since information over time is going to be needed, archival
data systematically reported to a centralized office is desirable.

5. Compatible with existing information sources. Criterion data

developed from existing information sources rather than from new data

sources are preferred. This policy will reduce the cost of measurement,

increase the likelihood that data are available over time, and increase

the probability that criterion measures based on these data will be

accepted.

6. Sensitive to change. Variance in scores is an important mea-

surement quality. That is, a criterion must be sensitive to detect and

discriminate among differences in performance, yet not so sensitive as

to be influenced by contaminating or external factors. If variance does
not exist, then a measure would be useless for detecting organizational

change.

7. Controllable by client group. Members of the group under study 7

should be able to affect the outcome being measured. They should not be

held accountable for results outside of their control.

8. Uniqueness. Multiple measures of organizational performance are

needed to adequately capture an organization's effectiveness and effi-
ciency. However, any measure employed should assess an important aspect

of organization performance not measured by any other criterion indica-

tor.

9. Comparable. Criteria should be comparable from one time period

*to another. If longitudinal analyses of organizational performance are
* . to be made, then such measures should provide consistent methods of mea-

surement over time.
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10. Validity. Measures chosen should assess what they are supposed

to measure. That is, they should reflect real changes in organization

performance. They should be free from measurement biases such as cxmis-

sion of important aspects of performance or extraneous information

unrelated to organization performance.

The above attributes' taken in total represent the attributes of
ideal criteria. In an operational context, some of the attributes may,

.. at times, contradict others. On some occasions, it may be found that a
criterion may possess some of the attributes but not others. Neverthe-

less, these characteristics serve as desired factors for choosing

performance-based standard(s) for evaluating LMDC consultation activi-
ties.

V. AN ALTERNATIVE RESEARCH DESIGN AND ANALYSIS: INTERRUPTED TIME
SER IES

In evaluating LMDC consultations using soft measures, it was noted
earlier that a single group pretest-posttest design has been used. Sub-

sequent statistical analyses have typically involved the calculation of
t-tests between pre- and posttest means. Most often, these means have
been derived from scores on the OAP administered to an Air Force client
group. In contrast to treatment of soft measures, use of hard measures

that are available in the Air Force poses some different problems and
prospects. Some characteristics of such data are quite different from

those found for soft measures. Thus, in the present context, a dif-

ferent form of research design and analysis will be required whenI%
*performance-based data are employed. This section will provide an over-

view of an alternative design and analysis for treating hard measures in

LMDC evaluation research. On the whole, the discussion will be pre-

details are provided in a number of available sources (see, for example,

Gottman, 1982; McClean & McCleary, 1979; McCain & Hay, 1980). The over-

view is organized in two sections: (a) nature of Air Force hard mea-

sures, and (b) interrupted time series design and analysis.

Nature of Air Force Hard Measures

A cursory review of selected Air Force documents and reports leaves
any reader with the distinct impression that the Air Force routinely and
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systematically collects a host of quantitative information. The quality

of the data may vary from one measure or location to another; neverthe-

* less, the quantity of data is impressive. Although much of the reported

information has been used for monitoring purposes, some of the data have

potential for evaluation applications as well.

Among others, there are two important traits of Air Force hard mea-

1% sures that have implications for evaluation research design and analy-

sis. First, most data are collected and reported over time (such as,
weekly or monthly intervals). Since time is a dimension of the data and

many organizational changes may emerge only over time, then a suitable

research design should ipcorporate time in it. Where time is included,

a more sensitive test of organizational change can be made. Second,

most hard measures are reported for a work unit. Whereas much of the

soft criterion data collected by LMDC are available on individuals, most

hard measures routinely collected by the Air Force are reported on work
%groups (such as, squadrons/wings, sections, or branches). When indi-

vidual information is available, inferential statistics (such as

t-tests) can be calculated. However, when group data are given, these

procedures are not suitable. Therefore, any proposed analyses should

facilitate the incorporation of group data. Finally, it should be added

that any proposed design should compensate for inadequacies of the prin-
cipal one in use, that is, the pretest- post test design (Campbell &
Stanley, 1963). Where research designs are subject to numerous rival
hypotheses, the establishment of internal validity (that is, LMDC caused

* San organizational change) becomes questionable at best. If more robust

designs can be employed that control for these rival hypotheses, then
greater confidence in establishing cause and effect cat, be gained. One
such robust design to be considered is the interrupted time series

7 design.
Interrupted Time Series Design and Analysis

Given the weaknesses of the pretest- posttest design and the fact
that multiple hard measures may be available on a client group, the

interrupted time series design becomes a suitable option. A time series

is involved when multiple measures collected over time are available for

a group (Gottman, McFall & Barnett, 1969). The purpose of time series

analysis is to determine whether a treatment or intervention (such as an
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LMDC consultation) had any impact on the series. If measures in the

series occurring prior to the intervention are different from those

occurring after it, then it is assumed that the ihnervention (or inter-

ruption) had an impact. An example may help to clarify the application
of a time series design to evaluation of an LMDC consultation.

Suppose LMDC had provided management consultation to an Avionics

Management Squadron. Since it was hypothesized that the particular con-

sultation should affect productivity of the branch, productivity mea-

sures were collected for 20 months prior to the consultation and 20

months after. The question to be answered is whether or not the consul-

tation produced any significant organizational change. If it is -

inferred that change took place, then the series of observations should

be different after the treatment (that is, consultation) than those

before it. Interrupted time series or impact analysis (McCleary & Hay,

1980, pp. 141-201) permits the testing of the organizational change

hypothesis.

Since the reader may not be familiar with the application of time

series analysis, some details regarding the utility of the technique

will be given. Again, the purpose is not to provide the statistical

details of the method; only a general overview and some considerations

are presented.

Cook and Campbell (1979, pp. 208-209) note that time series analysis

permits a number of tests on a set of data. The following material

borrows heavily from their ideas.

In evaluating a time series prior to and after an intervention,

several types of effects in the series are tested. First, a change in --

the level or intercept of the series is made. For example, if pre-

consultation productivity data (monthly) in the example described above

was 25, 26, 27, 28, 29, and 30 and the post-consultation series was 33,
34, 35, 36, 37, and 38, then it would be concluded that the consultation

had an effect. Since the seventh observation was 33 and not the ex-

pected 31 and the pre- and posttreatment series have different inter-

cepts, it may be concluded that the consultation enhanced productivity.
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Additionally, changes in the slopes of a series may be tested. For

instance, if the posttreatment series listed above was 33, 35, 37, 39,
41, and 43, it would be interpreted that the slope or trend in produc-
tivity measures had increased as well. Thus, productivity was increas-

A ing faster after the consultation than before it.

Effects can also be studied with respect to whether they are contin-
* uous or discontinuous. A continuous effect is a change that is produced

over a long period of time. Conversely, a discontinuous effect is one
4lasting only a short period. Time series analysis may be used to iso-

late the duration of a particular effect.

Finally, time series effects can be tested in terms of whether they
are instantaneous or delayed following an intervention. As a conse-
quence of a consultation, change may occur immiediately in group perform-

ance. On the other hand, the effects of the intervention may require
some time to disseminate among group members. Therefore, the effects of

a consultation may be delayed. Time series analysis could be used to
identify such di fferent impacts.

The principal threat to internal validity of the interrupted time
series design is History (Campbell & Stanley, 1963, p. 39). History
includes any factors occurring simultaneous to the treatment or consul-

*tation that may influence group performance. History can be controlled
by adding a comparison group to the time series design; such a design is

called the multiple time series design (Campbell & Stanley, 1963). In
the earlier example, a comparison group could be added by selecting an
Avionics Maintenance System squadron 'as similar as possible to the one
receiving LMDC consultation. Performance data over identical time
periods would then be collected. It would be expected that the client
group (the one receiving the consulting service) would show improved

* productivity %tile the comparison group would nbt. Obviously, an impor-
* tant consideration in controlling history or any other factor is the

comparability of the two groups. As group comparability decreases, con-

trol of the threat of history decreases. Where similar experimental and

comparison groups can be used; however, the multiple time series design
is a powerful alternative to the pretest-posttest design.
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Some mention needs to be made concerning the requirements for con-
ducting time series analysis in the context of LMDC evaluation. In
addition to meeting the criteria for using hard measures listed earlier,
a minimum number of observations are necessary. Although points of view
differ, 40 to 50 observations seem to be the minimal requirement for
estimating correlated time order of error and testing seasonality in the
data (Cook & Campbell, 1976; McCain & McCleary, 1979; McCleary & Hay,
1980). Certainly, this number represents a considerable amount of data;

yet, the utility of the procedure warrants careful consideration. More-

over, the nature of many available hard measures routinely reported by
* -'the Air Force suggests that the quantity (not necessarily the quality.)

of information needed may be available in current archival sources. -

In some instances, it may not be possible to achieve the minimum
number of data points even though a considerable number of pre- and
posttest data are available. Cook and Campbell (1976) argue that a
simple plotting of the data and observing the trends may be a reasonable

9*4 option. More specifically, they state

There are many situations in which it is not possible to col-
lect data for so many time points. . We want to advocate
the use of time-series designs even when no statistical test of
the hypothesis can be carried out. In such a case, we consider
it useful to plot the data and to 'eye-ball' whether there is a
discontinuity in the time trend that cannot be readily ex-
plained in terms of the continuation of trends that are observ-
able in the pretest time series, or in terms of statistical
regression following from a deviantly low score just before the
treatment is introduced. The most important feature of time-
series designs is that there be a sufficient number of pretest

-~ data points covering a sufficiently extended time period so
that all plausible patterns of variation can be ascertained.
While it is undoubtedly advantageous also to be able to test
whether an observed discontinuity at the time of the treatment
can or cannot be plausibly attributed to chance, it should not
be forgotten that chance is only one of many alternative. inter-
pretations that has to be ruled out. It would be a shame if
time-series designs were not used because of 'too few observa-
tions for sensitive statistical analysis.' Even without tests
of significance, they represent a powerful gain over designs
with only one pretreatment observation (pp. 275-276).
Where other tests may not be appropriate, Cook and Campbell have

-*proposed a possibility. Their proposal may not be an optimal one, but
it may be a viable choice for some situations.
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VI. APPLICATIONS

Time series or any other form of statistical analysis is no better

than the data input to it. Clearly, if time series design and analysis

are to be used, the hard measures employed should meet, at a minimum,

the standards listed earlier for choosing hard criterion measures. As

noted, one of the objectives of the present research was to examine the

feasibility of using existing performance-based measures for evaluating

LMDC organizational interventions with selected client groups. For the

purposes of this study and given its associated time constraints, two

client groups were chosen for investigation. This section of the report

summarizes the hard criterion measures identified for these two groups.
Selected hard measures are suggested as being appropriate for inclusion

(along with soft measures) in a study to evaluate the effects of LMDC

interventions with these client groups.
Consolidated Base Personnel Office (CBPO)

The initial client group chosen for review was the Consolidated Base

Personnel Office or CBPO. This particular group was selected for two

reasons: (a) the CBPO at Maxwell Air Force Base (where this research

was conducted) was quite similar to CBPO operations at other bases and

(b) LMDC staff members were available for consultation who had consid-

erable experience with personnel and CBPO activities.

Collection of CBPO measures. Interviews/discussions were held with

two LMDC staff members concerning CBPO operations. The objective of

these discussions was to identify measures as well as data sources for
evaluating a CBPO. The product of these discussions revealed that only

one data source would possibly meet some of the 10 criterion character-

istics described earlier. It is this source of data to which attention

will now be given.

A review of the CBPO indicated that the Proficiency Status Reporting

System (P-Status) might serve as a useful information source. The

stated objective of the P-Status system is to ... improve the operat-

ing efficiency of base level military personnel operations through situ-

ation reporting by the CBPO chief" (AFM 30-130, 1981, p. 3-1). The

system was introduced in 1972 in an attempt to provide some standardiza-

tion across the Air Force in the evaluation of CBPO effectiveness. To
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achieve this standardization, items called "trackers" were identified as

symptomatic of performance problems of CBPOs. Examples of "trackers" L

are Late Airman Performance Reports, Late Officer Effectiveness Reports,

Proportion of Personnel Files Containing Errors, etc. The P-Status

system is applicable to all CBPOs regardless of their command affilia-

tion. Furthermore, these data are reported monthly which facilitates

the use of P-Status data for evaluation purposes.

Reviews of the P-Status reporting data sugg.-sted that four measures

might be usable. (Other measures were available, however, these were

eliminated. A cursory review of these variables indicated they would

not meet most of the criteria established for a suitable evaluation

standard.) These four measures and their associated CBPO branch respon-

sible for these data are listed in Table 1. Several points should be

made about the table and the measures. Looking at Table 1, it can be

seen that certain branches of a CBPO are responsible for a specific mea-

sure. This responsibility may vary across CBPOs depending upon how they

are organized, that is, whether they are a Class I or II CBPO (AFM

30-130, 1981, pp. 2-18-2-19). The use of these measures permits an

evaluation to be carried to the branch level rather than limited to an

overall section. Further, it should be pointed out that hard criterion

data are not always currently available on all CBPO operations. Only

four are noted here. Finally, the indices are constructed so as to

range from 0 to 100. Presumably, the lower the score, the more effi-

cient the CBPO branch. In general, these measures tend to place an

emphasis on efficiency and less on effectiveness (Tuttle, 1981a).

Utility of CBPO measures. After identifying four possible measures

for evaluating CBPO operations, it was necessary to investigate (a) the

feasibility of obtaining these data, and (b) the quality of the

reported measures. As a first step, a request was made to a CBPO at a

large, midwestern Air Force base. Within one week, monthly P-Status

reports were received, covering the period of 31 January 1981 to 31 May

1982. The response to the request suggested that it would be possible j
to obtain relevant hard measures through the mail.

An analysis of four potential measures (that .,, Late Airman Per-

formance Reports, Personal Reliability Program, Late Officer Effective-

ness Reports, and Testing No-Shows) brought mixed results. No variance
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(0 errors reported each month) was found with respect to the Personal

Reliability Program (PRP) measure. Thus, if these data are typical for

other time periods and/or other bases, then the PRP -measure would not be

a useful evaluation standard.

Although some variance was found for the measure Testing No-Shows,

it tended to be rather limited or the number of no-shows was not

reported. In fact, of the 17-month reporting period, it was noted that

for 12 of the periods, the data were "not reportable this month." There-

fore, Testing No-Shows was not considered to be a viable measure.

The final two measures hold promise for use as LMDC evaluation cri-

teria. In addition to meeting most of the other evaluation factors,

Late Airman Performance Reports (APR) and Late Officer Effectiveness

Reports (OER) appeared to have meaningful variance and complete monthly

data were reported. Split half reliability estimates (odd-even,

Spearman-Brown corrected) for each of the measures were moderately high,

.81 (APR) and .84 (OER) respectively. These estimates suggest reason-

able consistency of measurement over time.

To examine the extent of dependence among these measures, a simple

correlation was computed. This calculation produced a correlation of

.38 (15), y > .05, indicating the criteria assessed different aspects of

CBPO performance.

In sum, the P-Status report seems to be a useful vehicle for provid-

ing some hard criterion data on CBPO performance. Based upon data

reported here, two measures seem to be particularly useful, that is,

Airman Performance Reports and Officer Effectiveness Reports. The

Y utility of the two other measures (Personal Reliability Program and

Testing No-Shows) for LMDC evaluation purposes may vary across particu-
lar Air Force bases.

Aircraft Maintenance

The second unit chosen for investigation was Aircraft Maintenance.

Essentially, this area was selected for two important reasons:

(a) Aircraft Maintenance represents a major component of Air Force

operations, and (b) resources were available locally (principally at

Gunter Air Force Station) that could provide necessary information

relative to this functional area. Since there are two major forms of

maintenance organizations, the Standard Maintenance Organization (those
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covered by AFR 66-1) was selected. Under this organization, the follow-

ing squadrons are included: (a) Organizational Maintenance Squadron

(OMS), (b) Field Maintenance Squadron (FMS), (c) Avionics Maintenance

Squadron (AMS), and (d) Munitions Maintenance Squadron (MMS).

Collection of Aircraft Maintenance measures. Through the Mainte-

nance Data Collection (MDC) and the Maintenance Management Information

and Control System (MMICS), the Air Force collects a wealth of mainte-

nance data. Since these data are routinely collected Air Force-wide, it

was decided to attempt to utilize these existing measures in the present

research. In that these information systems provide standardized data

across a wide array of Air Force organizations and the information cur-

rently exists, there would be no need for a client to generate new

information. Nevertheless, because existing data were going to be

employed, the key problem was to identify those data that would be"

potentially most useful for the objectives sought.

As with the CBPO measures, tailoredt interviews/discussions were held

with selected, key informants. These interviews were conducted with six

interviewees: (a) a production maintenance analyst, (b) an aircraft

maintenance superintendent, (c) a maintenance system director, (d) a

civilian consultant working with Air Force maintenance information

systems, (e) a maintenance management systems commander, and (f) a

coordinator of DCM training. The informants were told about the pur-

poses of the study and the criteria to be used in selecting an evalua-

tion standard. Then, after reviewing the types of maintenance measures

collected in the information systems, the respondents listed the mea-

sures they woulid -recommend. Based upon their comments, the suggested

measures of most of the respondents included the following:

1. Rate--Full Mission Capable

2. Rate--Partial Mission Capable-Maintenance

3. Rate--Partial Mission Capable-Supply

4. Rate--CMS Maintenance Cancellation

5. Rate--CMS Air Abort

6. Rate--Maintenance Late Takeoff

7. Rate--Scheduling Effectiveness

8. Rate--Sortie Cannibalization

9. Rate--Partial Mission Capable-Both
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Initially, it was believed that it would be feasible to identify

measures characteristic of maintenance squadron (OMS, AMS, FMS, 144S)

performance. However, all informants reported that it would not be

possible to use existing measures at the squadron level. It was noted

that such measures would be influenced by numerous external factors.

Based upon this point, it was concluded that any measure used would have

to apply to an entire Aircraft Maintenance operation. The above mea-

sures were suggested as possible options.

Although there was not unanimous agreement on any one measure, a

majority believed that each one offered some promise for the objectives

of this study. Yet, it should be noted that several of the interviewees

were uncertain as to whether the data would offer very much in the con-

text of evaluation. In particular, one interviewee was very skeptical

about the quality of the maintenance data entering the information sys-

tems. It was his belief that much of this information was so unreliable

as to be of limited utility. Another reported that he did not believe

that these measures would be sensitive enough to assess the impacts of

an LMDC consultation. Alexander (1982) has also cautioned against the

use of maintenance data. In a study of the accuracy of information

entering the Maintenance Data Collection system, Alexander surveyed two

large, TAC bases with two objectives: (a) to determine what percentage

of actual maintenance data enter the information system, and (b) of the

data that do enter, to determine their accuracy. His research yielded

several important findings. First, only about 45% to 55% of available

maintenance data were recorded and entered into the information system.

Second, of these data, their accuracy ranged from 2% to 3%. If

Alexander's results can be extrapolated to the present research, his

findings would suggest that maintenance data would not offer a great

deal of utility for evaluation purposes. Nevertheless, it was decided

to investigate, in a limited way, the utility and feasibility of col-
lecting information relative to these measures at an existing base.

Utility of Aircraft Maintenance measures. In order to investigate

the dependability or reliability of actual measures of aircraft main-

tenance operations, contact was established with a large SAC base

located in the northeast. A request was made for 20 months of mainte-

nance data as reported in the Maintenance Monthly Sumary (RCS: SAC-LGY
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(M) 7902). Approximately one week later, the data, covering the period 2
of 1 November 1980 to 30 June 1982, were received. From these reports,

B-52 maintenance performance data were coded and submitted for analysis.

Preliminary review and analysis of the nine measures shows that four

variables (Partial Mission Capable--Supply, Partial Mission Capable--

Both, CMS Air Abort, and Sortie Cannibalization Rate) were not suitable

for evaluation applications. Lack of variance in the scores as well as

exceedingly small rates (in many cases, 0 rates) contributed to their

lack of utility. On the other hand, the remaining five variables did

not appear to suffer from these same problems. For these measures, sub-

sequent analyses were designed and conducted to explore their uniqueness

and reliability. The former analysis was performed to examine the

extent to which the measures provided similar or unique maintenance

information while the latter was used to test the dependability of the

data.

As a first step, simple correlations were computed among the five

variables. With the exception of a pair of variables, each of the main-

tenance measures was uncorrelated. Of the 10 intercorrelations com-

puted, only one was significant. The lone exception was the relation-

ship found between CMS Maintenance Cancellation Rate with Maintenance

Late Takeoff Rate, r (18) = .63, y < .003. These results suggest that,

on the whole, different aspects of maintenance operations were measured

by the five variables. Only a pair of variables appeared to share a
common performance dimension in these operations.

Split half reliability estimates (odd-even, Spearman-Brown cor-

rected) were also computed to determine the dependability of the varia-

bles. Three variables, Full Mission Capable (rtt = .30), CMS Main-

tenance Cancellation Rate (rtt = .16), and Maintenance Late Takeoff

Rate (rtt *.07), had very low reliability estimtes. The l ow coef-
ficients imply that these measures would be unacceptable for use as

evaluation criteria. In contrast, two measures were found to be margin-

ally acceptable, at least in terms of reliability estimation. Partial

Mission Capable--Maintenance and Scheduling Effectiveness had reliabil- "1

Ity estimates of .74 and .63, respectively. Although these values are

not as high as desired, they do suggest that these variables should

receive strong consideration in evaluation criterion development/selec-

tion.
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From an overall perspective, the quality of maintenance data studied

in the present research was somewhat disappointing. Interview data,

previous research, and the present data analyses have raised important

questions about the applicability of maintenance data for LMDC evalua-

tion purposes. Yet, one and possibly two measures (Partial Mission

Capable--Maintenance and Scheduling Effectiveness) have some potential.

Certainly, future evaluation research concerned with the use of hard

criteria involving maintenance operations should at least consider

these. As true of the CBPO data, the utility of any maintenance data

may vary from one base to another.

VI. RECOMMENDATIONS

The preceeding analyses and results lead to several recommendations

for LMDC to consider in implementing its evaluation strategies using

hard criteria. Based upon the results of the present research, the

following recommendations are offered:

1. Time series design and analysis should be employed as a method

for analyzing hard criterion data collected for LMDC evaluation pur-

poses. Time series designs can be used to control most of the rival

hypotheses affecting the single group pretest-posttest design currently

employed by LMDC. The rival hypothesis of History that characterizes

the time series design can be controlled by one or a combination of the

following: (a) keeping records of any possible events occurring during

the LMDC intervention or over the study period that might produce

changes other than the consultation effort, (b) using a monthly or,

preferably, weekly time interval for collecting data on the evaluation

standard (the shorter the time interval, the less possible the effect of

History), and/or (c) incorporating a comparison group as similar as

" possible to the client group to which the consultation effort was

given.

* When time series designs are employed, no fewer than 40 observa-

tions or time periods should be used. For example, 20 time periods

*prior to an intervention and 20 after might be considered. Although

this time interval represents a rather lengthy period, the present

research suggests that the Air Force collects and retains the necessary

information to meet this time requirement (at least on the criteria

examined here). Thus, it should be possible for LMDC to obtain hard
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criterion data on its previous consultations (say, those conducted prior
to 1981) and examine efforts with respect to organizational change.
When a statistical test is not desired or is not possible due to limited
data, the criterion information should, at a minimum, be plotted with
respect to time. Although inferences to similar situations about orga-
nizational change cannot be made, descriptions of change for the group
under study can be given. In addition, the time series design will be
useful when only group data (such as on an Air Force squadron or branch)

rather than individual data are available. Current statistical tests
employed by LMDC with OAP data are appropriate because they are col-
lected on individual respondents. However, these tests are quite
limited when used with data reported by group (which is characteristic

.4of most Air Force hard measures). Time series analysis will help to
resolve this limitation.

.. 2. The evaluation standard or criterion is a critical ingredient
to the success of time series analysis and evaluation of organizational

impacts of LMDC consultations. In addition to data availability, it
should be ascertained that evaluation criteria used have the following
characteristics: (a) reliability, Mb validity, Mc ease of

I. retrieval by a client group, Md compatibility with existing management
information sources. (e) sensitivity to organizational changes.
Mf controllable by the client group, and (g) comparability across
time periods. The LMP" evaluator should insure that the criteria chosen
meet these standards. This assurance can be made through personal

interviews with key informants of the client group (Tuttle, 1981a) and
'4by empirical analyses (for example, reliability studies) of the data by

the researcher.

J.43. Criterion information should not be collected and used simply
because it is conveniently available. If there is not a sound rationale

for choosing and linking a particular criterion with the specific con-
sultation effort delivered by LMDC, then the detection of LMDC impacts
on the client organization will be "guesswork" at best. Clearly, an
evaluator should ask what effects should reasonably be produced by the
intervention. Only those criteria representing those hypothesized

effects should be considered.
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4. The present research identified several, potentially-useful

criteria for evaluation purposes. However, it may not be possible to

consistently identify meaningful criteria from existing data sources.

"Tailored" criteria may have to be developed to adequately assess orga-

nizational changes. Tailored criteria are those measures constructed

specifically to assess organizational changes of a particular client

group. Tuttle's (1981a) suggested procedure is one suitable option for

developing these tailored measures. Although the tailored criterion

development strategy may limit the external validity (general izability

of the findings from one group to another) of an evaluation study, the

internal validity (establishment that an intervention caused or did not

cause an outcome) of the research may be enhanced.

5. With respect to the present study, several criteria were iden-

tified as potentially useful for evaluating the efficiency of Consoli-

dated Base Personnel Office (CBPO.) operations. For the CBPO, Late

Airman Performance Reports and Late Officer Effectiveness Reports were

- developed from monthly data systematically reported in the P-Status

report system. (Analyses showed that CBPOs retain these data a minimum

of 12 months.) Other P-Status report data were not found to be useful

for evaluation purposes. When CBPO performance is to be evaluated,

these two measures should be incorporated, at a minimum, in an evalua-

tion plan (assuming of course that the type of consultation is logically

related to the criteria).

6. Previous research (Alexander, 1982) as well as interview data

collected from key informants in the present study have questioned the

reliability of data reported in maintenance information systems. Based

upon aircraft maintenance data reported in monthly maintenance sunna-

ries, the present research investigated the utility of nine measures for

evaluating aircraft maintenance operations. On the whole, most of these

measures were found to be unreliable and inappropriate for use as an

LMDC evaluation criterion. However, two variables appeared to offer

some utility. From the present analyses, when aircraft maintenance

operations are to be evaluated, Partial Mission Capable Rate-- fl
Maintenance and Scheduling Effectiveness should be researched and con-
sidered for incorporation into an evaluation program. (As with the

CBPO, these measures should only be used when it is reasonable to do so,
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that is, measurements on the criteria are logically related to the type
of intervention provided -to the client group.)

7. Future research should investigate the applicability of time
series analysis- to previous L!4DC consultations. The current findings

suggest that relevant, historical hard data may be available for past
LMDC clients. LMDC has historically conducted evaluations of their
interventions with these clients using OAP or soft measures. Analyses

using hard criteria for these same clients would help to answer the
question of LMDC impacts on mission-oriented measures. Also, time
series analyses would help to clarify the internal validity of LI4DC
evaluations that are somewhat limited due to the nature of the current
research design. Prior to implementing such research, efforts should
first be directed toward the selection/development of suitable evalua-

tion criteria.
8. Current research is presently being conducted by the Air Force

on productivity measurement. LMDC should carefully examine the utility

* of those measures developed by Air Force productivity researchers for
possible inclusion in its evaluation program. These productivity mea-
sures are likely to have considerable face validity among Air Force
managers and decision makers. Thus, if LMDC can incorporate such face-

valid measures (where it makes sense to do so) in its evaluations, then
the face validity and meaningfulness of LMDC and its evaluations will be

enhanced. Although it will be some time before operational measures
exist, LI4DC should make plans to actively participate in Air Force
productivity measurement programs.

9. Finally, future research should examine the relationships among

various hard criteria and the dimensions of the OAP. Although cause and

effect could not be established, any significant correlations would lend

support to Justify the importance of OAP dimensions used in evaluations.U
This evidence would be particularly important where hard measures are
not available or are not used in an evaluation study but soft measures,

i.e., OAP factors, are. In order to conduct such an investigation, a

special study would likely have to be developed where individual OAPI
data and individual performance data could be collected. Alternatively,
group OAP and group performance data could be employed; however, a large

amount of data on numerous groups performing the same work functions
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would be required. Whatever the option chosen, these data would seem to
be invaluable to LMDC in di scussi ng/ present ing the importance of OAP

9 information.
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AN EVALUATION OF INDICES OF CORONARY HEART DISEASE (CHD)

IN A DISEASED FREE POPULATION

by

Mack Felton, Jr.

ABSTRACT

Measurement of total serum cholesterol, high-density lipoprotein

(HDL) and the ratio of total cholesterol to high-density lipoprotein

(Total cholestrol/HDL) of 770 US Air Force aviators was determined

seeking an improved index for predicting coronary heart disease.

Measurement of all variables was expressed as percents. Each variable,

total serum cholesterol, HDL, and the ratio, values were plotted in

percent versus concentration (mg/dl). All the aviators used in the

sample 4ere free of any coronary heart disease. Plans were to obtain

data from a diseased population, however, this informatin was incomplete.

An estimated cut- point, determined graphically, for high-density

lipoprotein (HDL) and the ratio total cholesterol/HDL was ninety percent

(90%). There is an obvious question of confidence in the estimated cut

point, however, data obtained from a diseased population will prove or

dismiss the fit of the graphically determined cut points. The data

obtained in this study support the use of the ratio, total

cholesterol/HOL, as a clinical instrument for predicting coronary he,,rt

disease.

Age proved to be independent of the variables measured in this

study. Use of the ratio as HDL/total cholesterol provided no measurable

difference in the estimated cut point.
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I. INTRODUCTION

A survey of the literature will indicate the long period of time in -,

which total serum cholesterol was used as a strong indicator of coronary

heart disease•5.7 10 Several investigations revealed that the serum

cholesterol could be divided into sub-fractions. 7  These sub-fractions

are triglycerides, chylomicrons, very low-density lipoproteins (VLDL),

low-density lipoproteins (LDL) and high-density liporoteins (HDL).

Collectively, these sub-fractions comprise the plasma lipoproteins. The

plasma lipoproteins do not circulate freely in solution in the blood.

They exist in the form of complexes consisting of lipid and protein.

Plasma low-density lipoprotein (LDL) contains approximately 60 to

75% of the total plasma cholesterol. Therefore, LDL is considered a

strong positive indicator of coronary heart disease.7  Previously

high-density lipoprotein (HOL) received much less attention than the

heavy lipid containing low-density lipoprotein (LDL). HOL comprises

approximately 20 to 25% of the total plasma cholesterol. High-density

lipoproteins are the heaviest of the four lipoprotein classes. HDL has a

density of 1.063 to 1.21 g/ml. This greater density reflects its greater

protein and lower lipid content. Fifty percent (50%) of HDL is protein, ".

thirty percent (30%) is phospholipid, twenty percent (20%) is cholesterol

and five percent (5%) is triglyceride by weight. High-density

lipoprotein is heterogenous, that is, in the ultracentrifuge it can be

4 subdivided into two fractions. One fraction, HDL, has a density of 1.063

to 1.125, the other fraction, HDL 3 has a density of 1.125 to 1.21. HL 3

contains the larger percentage of protein then HnL2. HDL, is a fraction

of HDL with a density of 1.063 to 1.125 and is precipitated by heparin

and manganese.7
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The exact nature of HDL metabolism is not known. It is known that

both, the liver and the intestine, are involved in the production of

HDL. Certain evidence indicates HDL is derived from a discoidal-shaped

precursor form which is converted into a spherical particle by the action

of an enzyme, lecithin-cholesterol acyl transferase (LCAT).
7

It has been postulated that HDL plays a role in the. efflux of cho-

lesterol from tissues. Another hypothesis suggested that HDL may inter-

fere with LDL cholesterol competitively for sites within tissues. Some

investigators postulated a scavenger's role for HDL during VLDL lipoly-

sis. Finally, another process ascribed to HDL function may be the reduc-

ing of arterial cellular uptake of cholesterol by interfering with LDL

binding to the cell surface.7  It is safe to state that HDL provides a

protective effect in preventing coronary heart disease.

Uhl et.al. 9 in a cross sectional study of 572 asymptomatic airmen,

who were screened for risk of coronary artery disease found the ratio of

total cholesterol/HDL very useful in predicting disease regardless of

age. Their findings indicated the ratio to be superior to total choles-

terol or HDL cholesterol when either is used alone as a discriminator of

coronary heart disease. The purpose of this study was to examine the

total cholesterol/HOL ratios of 770 aircrew members who were free of cor-

onary heart disease. Seeking to determine whether the ratio values, with

concentrations expressed as mg/dl, if plotted against the values express-

ed as percents would reveal any enhancement of the ratio as a discrimi-

nator of coronary heart disease. Plans were made to contrast the same

type of data obtained from coronary patients, however, the compilation of

the data was incomplete. Along with the other variables evaluated in

this study, the effect of age was considered.
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I.I OBJECTIVES

The techniques used to measure the serum cholesterol and lipoprotein

of the 770 aircrew members are well documented at the research

level. 3 5, 7,910 Patient chemistry determinations were performed as

described by Uhl et al. 9  These techniques are expensive and are not a

4' part of the routine procedures available to clinical laboratorians. The

application of ratio data routinely in the clinical laboratory would

facilitate patient care and help prevent coronary artery disease.

The specific objective of this study was to determine if the per-

centage distribution of the total cholesterol/high-density ratio values,

along with age, contrasted to the same ratio values measured in mg/dl,

would yield any enhancement of the ratio as a strong index of coronary

artery disease. To use data from a healthy population and coronary

patient data to determine a cut point using the ratio values. To learn

how well ratio values obtained by Uhl et al. 9 fit below the cut points

obtained in this study.

Initially, the first task required examination of patient data so

*,that healthy patients would form one population and coronary patients

would comprise the second population. Ratio values were to be obtained

for each population, so that cut points could be estimated.

III. STATEMENT ON THE NATURE OF THE PROBLEM

Classic risk factors used in determining coronary heart disease are

total serum cholesterol, triglyceride, low-density lipoprotein, high-

density lipoprotein and recently the ratio of total cholesterol/

high-density lipoprotein.5,7,9,10  In addition to these classic risk fac-

tors, medical teams correlate factors such as age, sex, body mass, hor-

mones, cigarette smoking, alcohol consumption, diet, physical activity,

28-5
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socioeconomic status, race ethnicity, familial genetics, diseases such as

diabetes, blood pressure and various medications when evaluating poten-

tial coronary risks. 5  Patients are counseled on managing the foremen-

tioned factors and how the factors relate in prevention of coronary heart

disease. Patients identified as cardiovascular risks, upon entering the

clinic, undergo cardiovascular screening. This requires physicians,

specialist and a cadre of associated health professionals. The cardio-
vascular screening includes a chest roentgenogram, an electrocardiogram

at rest, 16 hours of ambulatory electrocardiographic monitoring and a

thorough history and physical examination. Patients who had abnormal

tests underwent thallium perfusion scintigraphy and cardiac catheteriza-

- tion.9

Uhl et al. 9 cited the improved efficacy of the total cholesterol/

high-density lipoprotein ratio over both, the total serum cholesterol and

the high-density lipoprotein, when either was used alone. Their findings

-: indicated persons with ratios above 6.0 had significant coronary artery

disease. Their testing proved the ratio to be eighty seven percent (87%)
S.-. .. ,

effective. Had ratio data been employed initially, 508 treadmill test

would have been eliminated. Ninety eight (98) men found free of coronary

artery disease would not have been exposed to the risk of coronary anglo-

graphy.9

The nature of the problem , then was to explore a means of improving

the use of the total cholesterol/high density lipoprotein ratio in two

select populations. If light can be shed on this problem the expense in

the Uhl et al. 9 study could have been spared. Reliability in application

of the totalcholestrol/HDL ratio moves closer to providing a simple rou-

tine test for predicting coronary heart disease.

28-6
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IV. EXPERIMENTAL DESIGN

A decision was made to examine data from two populations of aircrew

members. One population's medical histories indicated no measurable evi-

dence of coronary heart disease. Required information was furnished by

the Brooks Air Force Base School of Aerospace Medicine Division of Data

Sciences which employs Statistical Analysis System of the SAS Institute

Inc., Box 8000, Cary, NC, 27511.

Computer printouts, containing histories were examined, reviewing

diagnosis to ascertain the population was free of any individuals that .. ,

exhibited any significant'symptoms of coronary heart disease. A computer

compilation was made providing values for total serum cholesterol, tri-

glycerides, high-density lipoprotein, the ratio of total cholesterol/

high-density lipoprotein and tho ratio of high-density/total choles-

terol. The effect of the distributinn of ratio values expressed in -

percent was plotted against ratio values expressed in mg/dl. Cut point

was determined graphically, due to the incomplete data available on

coronary patients. There is a method for estimating cut point when there

is data from two groups as initially proposed. Computer data was

obtained through use of a Univac 1100 Time Sharing Executive

Multiple-Processor System.

There was an effort to determine if age correlated, according to

Gaussian distribution, with the values of the variables, total choles-

terol, triglycerides, high-density lipoprotein, the ratio of total

cholesterol/high-density lipoprotein and the ratio of high-density lipo-

protein/total cholesterol. (Table 1)

28-7
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I

Zi" V. EXPERIMENTAL RESULTS '..

" : Upon reviewing the data which consisted of regression analysis plots..,

-., of age versus values for concentrations of total serum cholesterol, tri-",

- glycerides, high-density lipoprotein, the ratio of total cholesterol/ ":-;

:- high-density lipoprotein and the ratio of high-density 11poproteinltotal -

cholesterol, age proved to be independent of the values of all the fore-

mentioned variables. Values for the slopes, R2 (which Indicates vari-

ance) and the correlation were very small. Slope values were too near

zero to be of any significance. The value for the slope of high-density

lipoprotein was a negative (-0.011767) (Table 1). Interpretation of the

data means age was an independent variable. Further, this means the

ratio, total cholesterol/high-density lipoprotein can be used as a

coronary artery disease discriminator In populations of young people as

well as In older groups. 3,6,9

The total cholesterol/high-density lipoprotein values expressed as

J. percent was plotted versus ratio values expressed as mg/dl. The graphic-

ally estimated cut point was ninety percent (90%). Ratio values up to

the ninety percent level are within the range of ratio values reported by

Uhl et.al. 9 (Table 2, Figure 3) as being safe from coronary artery dis-

ease. Williams et al. 10 studied normal populations, evaluating HOL con-

centrations and total cholesterol/HDL ratios as discriminators for coro-

nary heart disease. In their study, mean high-density lipoprotein was

measured as 59.2 mg/dl. The mean high-density lipoprotein in this study

was 48.51 mg/dl. Williams et al. 10 reported a high-density lipoprotein

ratio/total cholesterol expressed in percent as 27.9%. This value is

much lower than the cut point in this study, but the value falls within

the estimated .range of ratio values considered safe from cardiac dis-

ease. In this study the 27.9% value would equal a ratio between 3.46 and

28-8
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4.0 (Table 2, Figures 3 and 4). Most important is the approach measuring

the ratio as a percent.

Llplnska and Gurewlch8 used electrophoresis and precipitation tech-

* niques to measure HDL. These investigators stated that expression of

HOL-cholesterol expressed as a percent was a more critical measure than

if expressed as mg/dl. Using a fully automated heparin-manganese precip-

itation technique they determined a mean HDL-cholesterol of 56.1 mg/dl.

In healthy patients, using electrophoresis, HOL-cholesterol was measured

at 32.6% with a cut point of 23.5% (by means of the polyacrylamide gel
S-..

technique); HDL-cholesterol was measured at 27.9% with a cut point of

18.5% (by means of the cellulose acetate technique). Values for HDL-

cholesterol and cut points were higher wheh measurements were expressed

as mg/dl using the techniques forementioned. Their most significant

finding was that when HDL-cholesterol was expressed as a percent, eighty

two (82%) percent of their healthy sample were properly classified.

Eighty three (83%) percent of their coronary patients were properly

classified when HDL-cholesterol was expressed as a percent.8  This data

appears to be significant and supports the objectives of this study.

In this study, if the cut point of ninety percent proved to be real,

the persons in the ninety to ninety-nine percentile would be critical.

It could be hypothesized that these individuals will show disease later.

Data from the coronary patient file will be used to clarify the question.

VI. RECOMENDATIONS

The unique aspect of this study was seeking to establish two popu-

lations for study. The percent distribution of the values of total serum

cholesterol, triglyceride, high-density lipoprotein, the ratios, total

.. 4
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cholesterol/high-density lipoprotein and high-density lipoprotein/total

cholesterol were obtained. Analysis of the data revealed age as an inde-

pendent variable from the variables cited above. Data showed that the

correlation between age and the other variables did not reflect a Gauss-

ian relation. Use of additional transformation techniques could possibly

reveal the proper conditions when the parameters' relations might fit a

Gaussian distribution (Table 1)

There Is a need to continue this Investigation so that data obtained

from the coronary heart disease group can be correlated with the disease

free group. There Is a need to settle upon a means for measuring cut

point for the two populations. The assumption, that if data from each

group approaches Gaussian distribution there will exist an area of over-

lap consisting of Individuals from each population. There is a need to

provide aviators, as well as the public at large, with any risk of

cardiac disease, a means of ascertaining their condition and initiating

preventive measures.

On the other hand, persons free of disease need to be assured of

their good health. More importantly, this experimental approach needs to

be pursued if the graphically determined cut point of ninety percent

(90%) is real. Predictability at the ninety percentile would make use of

the ratio in the clinic a reality.

28-1

128-10 "-

-~ .9:. -i~j.<..:-.; -. . . --.



REFERENCES

1. Robert 0. Abbot, Robert J. Carrison, Peter W, -Wilson, and William
P. Castelli "Coronary Heart Disease Risk: The Importance of Joint
Relationships among Cholesterol Levels in Individual Lipoprotein
Classes," Preventive Medicine Vol 11, pp. 131-141, 1982.

2. Tavia Gordon, William P. Castelli, Marthana C. Hjortland, William
B. Kannel and Thomas R. Dawber "High Density Lipoprotein As a
Protective Factor Against Coronary Heart Disease,," The American
Journal of Medicine Vol 62, pp. 707-714, 1977.

3. Tavia Gordon, William P. Castelli, Marthana C. Hjortland, William
B. Kannel and Thomas R. Dawber "Predicting Coronary Heart Disease in
Middle-Aged and Older Persons," The Journal of the American Medical
Association Vol 238, pp. 497-499, 1977.

4. James Gutal, Ronald LaPorte, Lewis Kuller, Wanju Dai, Lorita
Falvo-Gerard and Arlene Caggiula "Plasma Testosterone, High Density
Lipoprotein Cholesterol and Other Lipoportein Fractions," Vol 48,
pp. 897-902, 1981.

5. Gerardo Heiss, Norman J. Johnson, Susan Reiland, C.E. Davis and
Herman A. Tyroler "The Epidemiology of Plasma High-density
Lipoprotein Cholesterol Levels," Circulation Vol 62 (Supplement IV)
pp. IV 116-136, 1980.

6. William B. Kannel, William P. Castelli and Tavia Gordon "Cholesterol -

in the Prediction of Atherosclerotic Disease," Annals of Internal -

Medicine Vol 90, pp. 85-91, 1979.

7. Robert 1. Levy and Basil M. Riskind "The Structure, Function and
Metabolism of High-density Lipoproteins: A Status Report,"
Circulation Vol 62 (Supplement IV) pp. IV 4-8, 1980.

8. Izabella Lipinska and Vistor Gurewich "The Value of Measuring
Percent High-Density Lipoprotein in Assessing Risk of Cardiovascular
Disease," Archives of Internal Medicine Vol 142, pp. 469-472, 1982.

9. Gregory S. Uhl, Raymond G. Troxler, James R. Hickman and Dale Clark
"Relation Between High Density Lipoprotein Cholesterol and Coronary
Artery Disease in Asymptomatic Men," The American Journal of
Cardiology Vol 48, pp. 903-910, 1981.

10. Peter Williams, David Robinson and Alan Bailey "High Density
Lipoprotein and Coronary Risk Factors In Normal Men," Lancet, Vol
8107, pp. 72-75, 1979.

28-11

....... ......... .. ........ . ... ... . ...
,-:. . :..-*-", .'.-.-'. a'- -...-.. "-.-"."-.-"..,"... .. ,,.-:-? -,- ,- .:. -- _...--'::: --:::: - .::. : _ , : . , :



Table 1. Relationship of Age to the Variables:
Total Cholesterol; Triglycerides; HDL; Total Choiestrol/1D1

HDL/Total Cholesterol

Variable N Mean Slope R2Correlation (Age)

Tot Chot 770 203.11 1,032 0.0453 0.2130

Tni Gly 770 103.73 1,384 0,0166. 0.1288

HOL-Chol 767 48.51 -0.011 0.0001 -0.0100

*.TC/HDL 767 4.42 0.026 0.0187 0.1367

HDOfrC 767 0.24 -0.00? 0,0244 -0.1562

Tot Chol aTotal Cholestrol; Trn Gly uTriglycerides; HDL-Chol sTotal Cholestrol/High-donsity
* Ilpoprotein ratio; HDLfT' High-density llpoprotein/total cholestrol ratio.
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ELECTRON TRANSPORT CALCULATIONS USING THE -x

METHOD OF STREAMING RAYS

by

W. L. Filippone

ABSTRACT

The development of a new approach for solving problems of electron

transport theory has been initiated. It involves using the streaming ray

(SR) method to solve the Spencer-Lewis equation for the electron

distribution in space, angle, and path length. The electron energy

spectrum and energy deposition profile can then be determined using an

appropriate stopping power formula.

Preliminary calculations have been carried out for idealized problems

with energy independent cross sections and stopping powers. Several

numerical methods for describing the anisotropy of the scattering process

have been investigated. Those techniques that preserve the momentum

transfer (rather than the total scattering cross section) appear to be,.f/f -'t..

most successful; however, more testing is needed. "
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1. INTRODUCTION

Electron transport theory plays an essential role in such diverse

areas as plasma physics, lasers, and the study of radiation damage to

electronic devices in space born vehicles. For many problems of practical

interest existing electron transport calculational techniques are

unacceptable. In theory, Monte Carlo computer codes could yield results

to any desired accuracy; however, in many cases this would require a

prohibitive amount of computer running time. Discrete ordinates (SN)

calculations are much more rai, and there has been considerable progress

1in applying these techniques to problems of electron transport. However,

Scalculations often produce unacceptable errors. Among the problems of

5 computations are energy straggling effects., dispersion of wave fronts

(range straggling) and negative solutions along certain of the discrete

ordinate directions. There is a definite need fur computer codes that

are accurate, reliable and relatively inexpensive to operate.

In recent years, several characteristic methods2 have been developed Pd

for solving the transport equation. A major advantage of these methods

is that they enable extremely good accuracy in numerically representing

the streaming term of the transport equation. While some characteristic

metodsstrssflexibility3 , testreaming ray (SR) method4 -8 srse

cmuthos l stess cec.I asdvlpdaa lntv the stee

closely related %N method, and has shown considerable advantage for

* problems involving the deep penetration of radiation, vacuum material

interfaces, collimated beams, and vave fronts. Although the SR method

was developed for two-dimensional problems of neutral particle transport,

it appears that many of its advantages should carry over to the

29-4



charged particle case. In addition, SR computations can be performed

at a fraction of the computer costs required by Monte Carlo calculations.

An effective numerical electron transport method must be able to properly

account for a huge number of very small deflections in both energy and

angle.

Small Angular Deflections

In extreme cases, scattering can be so forwardly peaked that the

Aprobability of deflecting from one quadrature direction to another in a

single collision is negligible. Straight forward application of a

quadrature scheme for angular integrations would then lead to a diagonal

scatitering matrix. With such a matrix, scattering is modeled by straight

S ahead collisions alone, and there is no possibility for an electron to

change directions. Another potential problem stem from the fact that the -

number term required for an accurate Lagendre series representation of

such a scattering kernel would be enormous.*

The latter problem is eliminated by devices such as extended transport

corrected cross sections 9 0, while the former problem can be eliminated
byusng mxe ms 11  1,12
by sin mied esh, Fokker-Planck ,or similar techniques. The

Fokker-Planck and two new approaches described below, for defining the

scattering kernel have been studied.

* Small Deflections in Energy

When small deflections dominate the scattering process the relation-

ship between an electron's energy and the distance it has traveled is

well described by the continuous slowing down model. This stopping power

Information can be used in two different ways for determining the energy

distribution of electrons. In the first approach the stopping power
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formula would be used to generate multigroup cross sections. The multi-

group transport equations would then be solved numerically. Alternatively

one could first solve the Spencer-Lewis form of the transport equation for

the electron distribution in space, angle and path length. The stopping

power formila would then be used to relate the electron energy distribution

to the path. length distribution.

The former approach has the advantage that it is consistent with

existing SN codes and as the number of energy groups is increased the

results converge to the solution'of the Fokker-Planck equation However,

due to the discrete energy groups, this approach is subject to energy

straggling effects and a description of the energy spectra sometimes -7. 7.

requires an inordinately large number of energy groups. For this reason

the Spencer-Lewis approach has been adopted. Although a numerical solution

of the Spencer-Lewis equation is subject to range (or path length)

straggling effects we don't believe this would be a serious problem if

the SR method of solution were used. Unlike other numerical techniques,

8
time-dependent SR computations have produced excellent results near wave

fronts. In particular, SR calculations have been virtually free of

straggling effects in the time variable.

i. OBJECTIVES

The principal objective of this research effort was to initiate the

development of a method for solving electron transport problems based on

the SR method, and to analyze its effectiveness with respect to

accuracy and computational requirements.

* 29-6
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The specific objectives were:

1. To develop a computer code for solving the one-dimensional

Spencer-Lewis equation using the SR technique

2. To incorporate a subroutine for calculating electron energy

deposition profiles

3. To find an effective method for describing anisotropic scattering

4. To compare the results with those obtained by. other means.

III. THE SPENCER-LEWIS EQUATION AND ENERGY DEPOSITION

The electron distribution in space, angle and path length can be

obtained by solving the Spencer-Lewis equation. In one dimension this
s13 - .

equation is..

- 2w f o(u'-mo) *(x.sU') du' + Q(xs,p), (1)

where

*(x,s,p) 
= the density of electrons as a function of position,

path length, and direction.

a - total interaction cross section

o(U 1-1,U) - differential scattering cross section

Q(x,s,u) - the fixed source of electrons.

Equation (1) is similar to the two-dimension time-independent and the

one-dimensional time-dependent Baltzman equations which have been

accurately solved by the SR technique.

Existing SR computer codes have been modified to solve the Spencer-

Levis equation, and a subroutine has been added to calculate energy

deposition profiles. The energy deposited, E(x) is given by

29-7
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E(x) = (x[s,) du I dEs• (2)
dE d,

where dE is the stopping power, and s is the electron range. Tods max '

date, only calculations involving constant stopping powers have been

carried out. The results are in good agreement with those obtained using

' the ONETRAN14 SN computer code (see Table I).

Tests have not yet been performed to see if the combined use of the

Spencer-Lewis equation and a stopping power formula can ameliorate the

energy straggling problem present in multigroup SN computations.

IV. TREATING ANISOTROPIC SCATTERING

In both the S N and SR methods, the integral term of Eq. (1) is

approximated as

1 M
2w-f a('+'im) *(x,s,1i')dU' ,= a ' *(xOsSU ,) W 1 (3)

m1 Mimi m .

where wm = the angular weight for direction U

M - the total number of directions.

Several methods have been used to define the elements, a., of the

scattering matrix.

For many electron transport applications, scattering is extremely

forward peaked, that is, a(i'-) is large only when U' . A straight

forward quadrature scheme (putting a, = a(u mm)) fails in this case

since one obtains a. ,  0 0, m m' and there is no possibility of an

electron changing its direction, as mentioned earlier.

To avoid this problem, the aam, were defined by assuming a

representation of *(x,s,U) of the form

29-8
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M
*(x,s, ) = *(x,s,ii m) ( (4)...'

m=l-

where the gmare a set of basic functions to be defined. From Eqs. (3)

and (4) one obtains

a I Wm 27r(I~ l m  gm,(lu)du (5) .- '.
J-1 " :

The gm were chosen as follows

"1mgm~p)= m- m+ 1 ' m~l <  < Vrn m <M '-"/'"'

U-lU m+1 l
gm(U) -1

_U < U < Um- m > 1

m-m m -i (6)

M1m
1 I > Ump m=I".."

m
0 otherwise

.-....

Two problems containing sr-reened -Rutherford scattering were used to

test out the method. The first problem involved a slab thickness of two

-4mean free paths, a screening factor of 10 and an isotropic electron

source located at the center of the medium. For the second problem the

slab thickness was 186 mean-free-paths, the screened factor was .000241,

and an isotropic distribution of electrons was incident on one of the

slab faces.

For the first problem an analytical solution is available and the

numerical results were in excellent agreement with the exact solution.

The second problem involved considerably more scattering due to its greater

thickness. Here it appears (no exact solution available) that back

29-9
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scattering is over estimated unless a very large number of quadrature

directions is used (see Table I). "

The SR calculations were repeated using the method of Morel to define

the scattering matrix. In this approach the scattering matrix is defined

such that the Boltzman solution approaches the Fokker-Planck solution,

which is known to be good for highly anisotropic scattering. The results

for this case appeared significantly better and were much less sensitive

to the number of quadrature directions. One drawback of Morel's method

is that some of the elements of the scattering matrix turn out to be

negative and this leads to negative solutions along certain discrete

directions.

In was speculated that the success of Morel's scattering matrix was

due to the fact that it preserves the momentum transfer,

a 2v a (Uo ) (1-o)d °  (7)

This leads to the following new definition of the scattering matrix

tO , in-in'

' ": 0 m =m' , '

Wm ar.m (Um-m "
m -m m i

m• 2

2 J(Umi ) (Um,-u)du , m = m' -1 (8a)

9m

29-10

S.. ...... . . . .°



21r V(,+p) -i)dU, m = m' + 1

W Ma m, U, -Um~) (8b)

21r (U,-v (p-U) d otherwise

The back scatter fractions and energy deposition profiles are shown

* in Table I for the three different scattering matrices. An S calculation

based on the ONETRAN code with Morel's scattering matrix is also included.

The energy deposition profiles were determined using a constant stopping

2power value of 2.1882 Mev/(g/cm ) and an incident energy of .2 Mev.

Equation (8) is seen to yield better agreement with Morel's method

than does Eq. (6). However, a more conclusive evaluation of the various

methods would require an accurate benchmark solution for the problem.

V. RECOMMENDATIONS

The method for solving the electron transport equation suggested in

this report has been implemented in a computer code and some preliminary

calculations have been carried out. The results are encouraging, however,

considerably more testing and development are required before the

suitability of the method can be determined. Some specific recommendations

for follow-on research are outlined below.

29-11
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A. Questions to be resolved:

1. Can a positive scattering matrix compete in accuracy and

efficiency with the scattering matrix of Morel?

2. Are the energy straggling effects inherent in the multigroup

approach eliminated by our procedure?

B. Code Modifications:

1. In the short run the capability to handle path length dependent

cross sections and stopping powers should be incorporated.

2. Eventually, material interfaces, knock-on electrons and

electron-photon interactions should be modeled.

C. Benchmark Solutions

There is an immediate need for accurate benchmark solutions

to idealized problems so that the merits of alternative

numerical techniques can be evaluated.

29-12
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TABLE I

Energy Deposition Profiles and Backscatter Fractions Determined by the S
Method and the SR Method with Three Different Scattering Matrices. N

Method SR SN
Distance

Technique from
for Defining Source
Scattering Matrix Eq. (6) Eq. (8) Morel's Morel's (g/cm2)

2.73 2.34 3.17 3.27 .0005

3.28 2.55 3.51 3.68 .0015
Energy
Deposition 3.77 2.74 3.78 2.98 .0025
Profile
(Mev/g) 4.23 2.92 4.03 4.24 .0035

4.69 3.13 4.29 4.48 .0045

5.15 3.40 4.58 4.72 .0055

5.64 3.75 4.40 4.96 .0005

6.17 4.22 5.26 5.20 .0075

6.82 4.93 5.76 5.47 .0085

7.07 5.45 5.88 5.83 .0095

Backscatter .452 .289 .220 .257
Fraction

29J
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VOLTAMMETRIC STUDIES OF THE LITHIUM/VANADIUM OXIDE

ELECTROCHEMI CAL CELL

by

*Dennis R. Flentge

ABSTRACT

The electrochemical system composed of a lithium metal anode, a

*vanadium oxide (V 60 13) cathode and a lithium hexafluoroarsenate/2-methyl-

tetrahydrofuran electrolyte has been examined using cyclic voltammetry.

Cells were found to discharge in distinct steps and to show fair

rechargeability. Cell capacities were approximately 140 Ah/kg V6 013
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I. INTRODUCTION

One of the goals in the development of a battery is to achieve the

greatest energy output from the smallest weight and volume. Lithium metal

is the lightest of all metals and has the largest electrode potential of

all metals (E° - 3.045 volts). Primary lithium batteries have been devel-

oped which provide significantly longer useful life than the same size

conventional dry cell batteries.

Development of ambient temperature secondary lithium batteries has
been somewhat slower. In recent years, however, new solvents, electrolytes

and electrode materials have been investigated and production of functional,

safe secondary lithium batteries is an achievable goal. A solvent/electro-

lyte system whi :+ shows promise is 2-methyltetrahydrofuran/lithium
hexafluoroarsenate (2-Me-THF/LiAsF6).I Holleck, et al., have shown that

100-200 deep discharge cycles are possible in lithium/titanium disulfide
2cells using 2-Me-THF/LiAsF 6 as the electrolyte system.

The lithium electrode has a tendency to interact with the solvent.

This interaction is moderated by the formation of some type of passivating

film on the lithium metal. Some attempts have been made to characterize
3

the surface3 but there has been no detailed work on an electrode which has
I; been cycled extensively. While giving the system some kinetic stability,

this film also acts to limit the cycling capabilities of a cell.
A useful cathode must be able to reversibly handle lithium. Solid

state cathodes which undergo intercalation or topochemical reactions with

lithium should adequately meet this need. Transition metal chalcogenides

and oxides can be used to provide the cathodic reaction with lithium. One
4such material is vanadium oxide, V6013. It has a relatively open structure

and this should allow movement of lithium cations throughout the material

with a minor distortion of the crystal structure.

With these facts in view we felt that a study of the cell composed of 2
lithium anode, a vanadium oxide cathode and 2-Me-THF/LiAsF6 electrolyte

solution would be valuable.
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II. OBJECTIVES

The overall objective of this work was to examine the quality of the-

Li/V 0 cell in 2-Me-THF. Specifically our objectives were:

(1) To determine the charge and discharge characteristics of the cell.

(2) To determine the ektent of rechargeability of the cell.

(3) To determine the overall capacity of the cell.

III. CELL PREPARATION AND CONSTRUCTION

Vanadium oxide, V601 3, was prepared by heating stoichiometric amounts

of vanadium metal and vanadium pentaoxide at 650*C in a sealed, evacuated

quartz tube for 24 hours. SEM photographs of the product material (Figure

1) show the material to have the same crystalline appearance as the

material prepared by Abraham, et al. 5

The cathode was prepared by mixing V6013 (70 weight percent) with

Shawinigan black (20 weight percent) and Teflon-P powder (10 weight

percent). This mixture was pressed onto an expanded nickel grid (Exmet

Corp., 5Ni7-4/0) and was heated rapidly to 400*C under a low vacuum

(P - 60 microns). Some samples were compressed using a hand press

located within a Vacuum/Atmospheres dry box while others were prepared

using a pressure of 1000 pounds per square inch generated by a hydralic

press located outside the dry box. No difference in behavior was

observed between the samples due to this variation in preparation

technique.

The anode was prepared by pressing one square centimeter of lithium

metal (15 mil thickness) into an expanded nickel grid. The total surface

area of the anode was about two square centimeters. No separator was

used.

The solvent, 2-iethyltetrahydrofuran (2-Me-THF), was distilled

under a dry helium atmosphere after standing for three days over calcium

hydride. This distilled liquid was then cooled to slightly below O°C

and lithium hexafluoroarsenate (LiAsF6) was dissolved in it. Vigorous

stirring and a gradual warming of the solution was necessary to complete

the dissolution of the electrolyte. The solution concentration was 1.5

molar.
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The electrolytic cell, shown In Figure 2, was assembled in the dry

box. It was made up of one electrode containing tite vanadium oxide

mixture pressed onto both sides of an expanded nickel grid, two lithium

anodes and about 6 milliters of the electrolyte solution. The total

surface area of the cathode and the anode was approximately two square

* centimeters.

IV. DISCHARGE CHARACTERISTICS

Figure 3 contains a series of discharge half-cycles for a typical

cell. Each cell was discharged to 1.7 volts at a constant current of

1.0 milliamperes. The discharge current was generated by a Hewlett-

Packard 6177C DC Current Source. The cell appeared to discharge in

steps as shown by the plateaus at 2.65, 2.50, 2.25 and 2.00 volts.

There was a continuous decrease in the capacity of the cell as it

was cycled. Figure 4 shows a plot of cell capacity vs. discharge number.

This pattern was seen in all cells. The capacity of the cell during

the Initial discharge was typically 65-70% of the theoretical maximum

capacity of the cell.

V. CHARGE CHARACTERISTICS

A series of charge half-cycles for a typical cell is shown in

Figure 5. Currents of 1.0 and 0.5 milliamperes generated by a Hewlett-

Packard 6177C DC CL-rent Source were used to charge the cell. Cell

performance did not seem to vary as the current was varied between these

. two values. A set of plateaus In the charge curves correlates well

with the plateaus found in the discharge cycles. The upper limit for

the cell potential during charge was 3.0 volts.

During the initial discharge/charge cycles the capacity of the

cell during discharge exceeded the amount of energy supplied during the

preceding charge. After 4-6 cycles the amount of energy removed during

the discharge was approximately equal to the energy supplied during the

preceding charge.
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,

V .

*" b • " . ' ' ' * .. ' . - ' ' ' 
' ' - . -

' ' ' ' . ' • ' ' . ' - " " " " " "



2.5 0.5 volt

U2,5

.5

02

(-7,

1.0 2.0

% Cell Capacity, rnAh

Figure 3. Discharge half-cycles for a cell. Lower potential

limit -1.7 volts. Numbers to the right of each spectrum represent

'Sthe cycle number. Discharge current -1.0 mA.
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Figure 5. Charge half-cycles for a cell. Charge current -0.5 mA.
Potential limit was set at 3.0 volts. Numbers to the right of each
spectrum indicate the cycle number.
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VI. CELL CAPACITY

The capacity of the cell whose discharge half-cycles are shown in

Figure 3 was found to be 139 Ah/kg V60 1 This is representative of the

capacities of the cells studied.

VII. CONCLUSIONS AND RECOMM4ENDATIONS

These studies show that the system Li/V 0 1 .5M4 LjAsF6 in 2-Me-THF

has good initial capacity and, in our system, showed limited recharge-

ability. Discharge and charge occur in distinct steps and the capacity

of the cell shows a continuous decrease. Additional modification of the

cell, better purification of the electrolyte system and perhaps more

careful assembling of the cell could enhance the performance of the cell.

Future studies could include variation of the cathode composition
by incorporation of other metals into the vanadium oxide structure or

by introduction of these metals directly into the cathode mixture.
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INTEGRAL PRINCIPLES AS APPLIED TO ELECTROMAGNETIC PROPAGATION

by

Wilfred A. Fordon

ABSTRACT

The application of the theory of the propagation of

electromagnetic energy to communication systems has been hampered

when an inhomogeneous, anisotropic medium is involved. The

prediction of the performance of such systems has relied tradi-

tionally on well-developed techniques such as ray-tracing and,

if necessary, full-wave solutions. The resulting computational

difficulties often become intractable when serious discontinuities

in the medium are encountered - such as the case where communica-

tion over moderate-to-long distances at HF, (3 MHz - 30 MHz), is

required.

In addition to these computational difficulties, the

previously-mentioned techniques are extremely sensitive to the

choice of a system of coordinates.

By reverting to fundamental energy considerations and

applying variational techniques, (integral principles), an

alternative approach can be developed which obviates the

theoretical difficulties and may alleviate the computational

problems. This approach, though well-known, has not been

heavily exploited. The simple and elegant formulations that .. -

ensue should enhance the capability to interpret more precisely

the physical phenomena involved, and enable more sophisticated

use of the propagation medium.
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1.0 Introduction

A large class of problems in communications deals with the

prediction of the performance of a communications system as it

traverses an inhomogeneous, anisotropic medium - such as the

ionosphere. Since the time of Maxwell and Hertz, electrical

engineers and physicists have attempted to solve these problems

by applying Maxwell's equations in time-differential form.

If the characteristics of the medium through which the

electromagnetic energy passes are sufficiently "well-behaved,"

the application of the techniques developed in geometric-optics,

such as ray-tracing, has proven to be of great practical use -

especially since the development of modern computers has made

rapid computation feasible.

In the event that the medium must be considered "disturbed,"

-S conventional techniques become more difficult to apply- even

with increased capability of computation.

There is a technique available for electromagnetic problems

which has not received as much attention as the previously-

discussed approaches. This technique is based upon the application

of an "integral principle" - also referred to as a "variational

principle." 
14

It is the objective of this report to lay the groundwork
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in defining the various approaches mentioned, leading to a careful

study and comparison of the advantages and disadvantages of each.

Having laid the groundwork in this report, a plan of future

work is proposed to uncover the complementary advantages that

may be afforded by the variational approach.

Future work is divided into three phases. In the first

phase, a digital computer program will be developed to illustrate

the variational principle. Using a modern ionospheric model, this

program will be used to compare the computational efficacy and

accuracy of the variational principle with full-wave and ray-

tracing techniques.

The frequency range at which the performance will be

* initially calculated is the HF, (3-30 MHz), portion of the RF

spectrum. Included in the ionospheric model will be anisotropies

and inhomogeneities which lead to caustics and other computational

difficulties.

The second phase of the study will attempt to focus on the

problems related to diffraction and scattering - such as those

which arise in the VHF/UHF spectrum in the ionosphere and

troposphere.

Since the variational technique should be applicable to

radiation problems, the third phase of the study will be devoted

to these.

2.0 Ray-Tracing Procedures

The "granularity" of the medium through which electromagnetic

energy is passing and the information required determine the math-

31-3
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ematical technique to be employed in a given situation. For ex-

ample, at HF the ionosphere presents a medium, (most of the time.),

whose electron-density variations in time and space are relatively

small.

Generally speaking, spatial electron density variations in

the ionosphere are used as the criterion for determining the ana-

lytical technique. If the relative change in refractive index

along the energy path is a small number of vacuum wavelengths

of the transmitted energy, the technique usually employed is

called "ray-tracing." That is to say, geometric-optical principles

can be employed.4

Oblique ray-tracing at radio frequencies by means of large-

scale general-purpose digital computer programs is becoming a

well-developed technique -- useful to a large number of propa-

gation problems once the characteristics of the ionosphere are

known. Commonly used parameters include ground range traversed,

the group time delay along the ray path, the number of wave-

lengths along the ray (phase path), Faraday rotation and

absorption. i'

3.0 Full-Wave Solutions

When geometrical-optical conditions do not exist, ray-tracing

cannot be used to obtain quantitative results. A so-called "full
: .~-'a-,.

wave" technique is then necessary. This name is usually applied

to solutions of Maxwell's equations in differential equation

form, supplemented by appropriate constitutive relations and

boundary conditions.17
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By applying numerical techniques, the full-wave solution

can be programmed for a large-scale general-purpose digital computer

-- as with the ray-tracing technique. The amount of computation

involved, as compared with ray-tracing, is large.25'26

Full-wave solutions, in principle, are exact. As with ray-

tracing, they are limited by the accuracy with which the medium

is specified. Both ray-tracing and full-wave solutions do not

readily lend themselves to deducing the physical characteristics

of the transmission medium when the input and output conditions

are known. They are better in deducing the output, when the

input and transmission medium is specified. Since the former is

the general problem for radio communications, the field is wide

open for new analytical techniques which contribute to the solution.

4.0 The Variational Approach

4.1 Introduction

Physicists and engineers are well acquainted with Newton's
d

equation of motion in differential form. The statement F = dt (mv)

needs no introduction. The solution of Newton's equations,

supplemented by equations describing the constraints in the system,

can satisfactorily predict the performance parameters of a

mechanical system at an arbitrary time when the parameters are

known at a specified time.-

It is desirable to generalize the equations of state to

consider arbitrary coordinate systems, instead of the usual Car-

tesian rectangular coordinates. It is also desirable to incor-

porate the equations of constraint. In addition, equations

31-7 I
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* directly applicable to a system containing a large number of

particles are more useful. By applying "D'Alembert's principl
19

mechanics can be formulated so that the forces of constraint

disappear, since they are generally unknown 'a priori.' Defining

a Lagrangian (L),

L=T -V

where

T S Kinetic energy,

and V Potential energy

Lagrange' s equations:

d 3L 3L 0 (4.1)

are the result of transforming Newton's equations to a generalized

system of coordinates, (qj), and their velocities, (q,). These

mechanical equations are most useful when system forces ar- con-

servative. They can also be applied to non-mechanical systems,

where electromagnetic energy systems are prime examples, since

they are usually conservative and can be expressed in terms of a..

potentials..-

Lagrange's equations were derived from a consideration of the

instantaneous state of the system &nd small virtual displacements

about the instantaneous state - a "differential principle" such

as D'Alembert's principle. It is also possible to obtain Lagrange's
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equations from a principle which considers the entire motion of ..-

the system between times tI and t2 , and small virtual variations

of this motion from the action motion. Such a principle is called

an "integral principle." An example is "Hamilton's principle"

which states that "the motion of the system from time tI to time

t is such that the line integral, (Action Integral),2.t 2

tt

is an extremum for the path of motion, (6A=0* Thus, out of all

possible paths by which the system point in configuration space,

(the space described by the qj's), could travel from its position

at tI to its position at t2, it will actually travel along that

path for which Equation (4.2) is either a maximum, minimum, or

stationary point. This principle is both a necessary and suf-

ficient condition for Lagrange's equations. Thus; Lagrange's

equations can be used to derive Hamilton's principle, and con-

versely, Hamilton's principle can be used to derive Lagrange's

equations.
.57.

The importance of the latter is that Hamilton's principle

can be used as a basic postulate to Newton's equations of motion

in mechanics. One advantage is that it is invariant to coordinate

transformation. Even more important, it can be formulated in a

relativistically invariant manner quite readily for systems not

*Fermat's principle, used in geometrical optics and in radio
ray-tracing is a specific example of an integral principle.
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strictly classified as "Newtonian mechanical." For example, an

electromagnetic system whose potentials and A describe the

electromagnetic energy, and which interact with particles in the

system, result in a Lagrangian (L)
E: 2 2 2

L = fff 0 (9 -c ) -p + JA dV + T + Ji+ Q, (4.3) *
~o

where

E Electric permittivity of free space,0_

E - A = Electric Field Intensity
a t

B- 7 x A = Magnetic Field Intensity,

p Net volumetric charge density,

E Surface current density,

dV Infinitesimal volume element

0

T- Terms describing the kinetic energy of the particles1 7

14

Deriving Lagrange's equations from L; as an example (for * and K),

and substituting in Equation (4.3)

= -p (4.4)

-E.
3L

Bib = E = E.. (4.5)

. Since aL = 0, the equation is

-P + ZE E. =0, (4.6)
0

* * and A refer to the conventional scalar electric and vector
magnetic potentials, respectively.
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which leads to

V . p (4.7)

Considering derivatives of Al, (one component of A):

DL Jil (4.8)
3A

a3L c 2B a 3 -1 B3  a 1 aB 3  (4. 10)

* aL) 0 - A E 14 9) i 1"0"ax

3 3m

0%3 1 B3  B aB 3

2 aB B3
aL B 2 -1 B 2  = 1 B2 (4.11)

a DA) 0 2 A3 11~ ax3

ax ax3) Kx 3)

This leads to:

_;: B 13, j .

1 3 B 3 \~(E 0, which (4.12)
- 0-

a component of

xD = 0. (4.13)

Equations (4.7) and (4.13) describe the generation of fields

by external charges and currents and are seen to be identical with

Maxwell's differential formulation.
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4.2 Application of the Integral Principle

Conventionally, the solution of practical problems, whether

formulated initially from an integral principle or formulated

directly via a differential principle, has ultimately led to the

integration of Maxwell's differential equations with suitable

boundary conditions. As seen in section 4.1, this is not neces-

arily the case. Since the integral principle results in Maxwell's

equations, it appears possible to integrate SA directly -without

differentiating first to derive Maxwell's equations. The form-

ulations being mathematically equivalent, the results should be

identical.

It will be assumed initially that the second and third

virial coefficients (7, and 0) are negligible in order to simplify

further calculations. This assumption is not essential to the

development of the integral technique, since the coefficients can

be considered later and the results recalculated with little or

no change in form. Because first considerations are to be given

to the ionospheric medium, (which is the most general case of

interest), the electrostatic problem for an ionized medium will

be first investigated. Later work will consider, in turn; mag-

* netostatics, stationary fields, quasi-stationary fields, and

36finally -- rapidly time-varying fields.

The concept of action at a distance has failed to account

for the mechanism of radiation. In order to include this mech-

anism, both advanced and retarded potentials will be introduced

into the integral formulation, following a suggestion made by

R. P. Feynman. 41Due to the symmetry introduced, an added ad-
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vantage could be the easing of the practical problem of directly

integrating the variation of the action integral.

A retarded potential is more familiar than an advanced to

those working in electromagnetic theory. In brief, if the elect- 5-

romagnetic effect of a particle is desired at some point A, from

a particle at B, the potential function must consider the separa-

tion between A and B and the finite propagation time, (usually

the speed of light), for a cause at B to be an effect at A. The

result has' been potential functions of the form:
(A) = fff p(qi(B) +...

1 C dV (4.14)
47r e 0A4a A0

where y. = Distance between A and B,

c = Speed of light, and

dV = Volume differential, and * is the scalar potential.

37A similar expression exists for X, the vector potential.

The formulation of the potential function in terms of retarded

potentials alone is in accord with convention and is usually satis-

factory for problems not related to radiation. Advanced potentials,

although mathematically satisfactory for the solution of Maxwell's

equations, have generally been rejected on the ground of physical

intuition. This is mainly due to the usual way of relating earlier

times to causes and later times to effects. This is the non-

relativistic, (or non-covariant) way of describing events. When

relativistic, (covariant), formulations are required, as in

radiation problems, time and space are intertwined and the postulation

31-13
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of advanced potential becomes a necessity for a principle of

.stationary action, (integral principle). To illustrate this,

consider two charged particles S and T in otherwise charge-free

space separated by one light-second and surrounded by atmosphere

consisting of perfectly absorbing walls at radius 10 light-seconds

from one of the particles (see below).

1 light-second Absorbing Walls
° -4----.'

T

10 light-seconds

At t=o, let S be acceleratei to produce electromagnetic radiation.

It will be shown below that the effect produced by S within the.. i

sphere can be described by a field equal in magnitude to one-half

the difference between a retarded and an advanced field, where the

retarded field is the conventional outgoing field, and the advanced

field is an incoming field, (i.e., toward S), equal in magnitude

to the retarded field but of opposite sign.

FT = 1/2 (FR - FA), where (4.15)

F = Total field,

*5- FR Retarded field, and

FA - Advanced field.

At t-o, at S, there is a field of FT due to S. S also induces

motions at the wall at t - +10 seconds. At T, these motions can

be seen by advanced effects as early as 11 seconds earlier, or

31-14
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* t =-1 seconds. This is the time at which the direct advanced

effects from S can first be seen at T. Since the effects are

equal and opposite at T, they cancel out, and there is no field.

At t= +1 seconds, the direct retarded effect first arrives at T

from S. The direct advanced effect has also arrived at T, but is

of opposite sign. Thus, the total field at t= +1 seconds is seen

at T to be a full retarded field, FT =1/2 [(FR - (-FR) FR

At later times this remains the case, and the model gives a true

picture at all times, where the field appears to be- travelling

outward from S.

It therefore becomes necessary for an integral principle in

considering the influence of matter at a given point in phase

space from another point to know at least a segment of the world

lines for both points contained between light cones connecting

the two world lines, S &T (see below):

b4
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time-like events in space-time. Thus, knowledge of both of the

intervals a - a' and 8 - 81 is necessary to characterize the entire

continuum.

4.3 Integration of the Variation of the Action Integral

Several practical questions arise in the integral formulation.

One question might be, "Can the integration be carried out?"

That is is possible to integrate the action, integral is
' 7

readily verified by the literature. 
27

Another question might be, "How is this method superior to

the time-differential approach?" Several reasons appear to make

a strong case. For one thing, if the integral formulation is

carried out, the boundary conditions will be automatically included

in the limits of the integral; whereas the time-differential approach

requires supplementary equations which must be incorporated, some-

times with difficulty, into the differential equations. Another

argument is that the numerical solutions of a system of differential

equations describing (for example) ionospheric propagation inhe-

rently require dividing the ionosphere into path segments small

enough to make the path appear to be linear. At 2 MHz, as many

as 100,000 steps are needed to traverse the ionosphere on a one-

hop ath 25'26hop path. 5  The number of steps required increases as the

frequency, making the amount of computer calculation impractical

for a significant number of runs and higher frequencies.

On the other hand, it appears intuitively that the integral

would only be limited insofar as the medium itself is discontinuous.

Thus, even where an ionosphere consisting primarily of relatively
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small moving irregularities of scale size on the order of 5 km

along the magnetic field and 1 km across is considered it appears

possible to reduce the step-size (hence the processing time),

by at least an order of magnitude. Since full-wave solutions are

relatively practical up to frequencies of 1 MHz or so, this

advantage could make feasible the analysis of electromagnetic

frequencies well int the HF region -- higher than present

applications have reached. This is especially important, since

modern communication requirements are placing greater emphasis
17

on finer detail and precision.
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4.3.1 The Rayleigh-Ritz Method

The Myleigh-Ritz method provides a direct solution to the

variational problem. It is based on the consideration of the

variation problem in the form D [4] = minimum, where the functional7

D [01 is an integral of a given expression containing the function

* and its derivatives up to the k-th order, and where the region of

integration and the domain of admissible functions, 0, are given.

It does not matter whether D [0] is a simple or a multiple integral.

It is assumed that the set of values of D (01 for the admissible

argument functions * possess a greatest lower bound, (GLB), d.

Then, there exist sequences .0 ... of admissible functions such

that lim D(0 " d, while the relation D [0],>d holds for every
n

admissibib function *. Such sequences of functions are called

minimizing sequences of the variational problem. A direct solution

of the variational problem always consists in the construction of

minimizing sequences and the attempt to secure the solution based

upon this sequence.

The method consists of the following steps:

(1) Start with a fixed complete system of coordinate functions
.1°.

W1, W2 , ..., defined in the region of integration, which has the

property that all linear combinations *n= C1 W1 + C2 W2 + ... +

C of a finite number of the functions are admissible comparison

functions for the problem, and such that for every admissible function

* there is a'suitable combination 0n of this kind for which D [01

differs arbitrarily little from D [On] Then, there exist minimizing

sequences *, , •.. in which .is a linear combination1 2"

31-18
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C1W1+C 2W2+...+ CnWn of the functions Wi , W2, "'' Wn"

(2) We obtain an even better minimizing sequence if for every

n we determine the function 'n' i.e. the parameters CI, C2 , ... ,C
n 2' n-°

by the requirement that D [ 0 n1= dn be a minimum. This requirement

represents an ordinary minimum problem for D [ n] as a function

of the n parameters CI, C2 , . .. Cn and can always be fulfilled.

The values C. are determined by the n simultaneous equations aD [4n]= C
1 n

(i - 1, 2, ..., n). We may now expect the resulting minimizing C

sequence to converge to the desired solution. There are, however,

difficulties with this expectation, as discussed in reference 10.

We can only state that the values D [on] = d obtained in this wayn n

converge to the desired GLB, or minimum. '.4--

In some cases the method may prove useful for numerical

calculations, even though its convergenct is improved. Its success

in any particular case will depend on the proper choice of coordinate

functions W Reference 10 gives some examples.
i*

4.3.2 Dynamic Programming 1 4

The calculus of variations is a mathematical discipline that

treats certain problems in the area of optimization theory. A

more recent mathematical formalism, dynamic programming, is also

applicable to optimization problems. There is a strong relationship

between the two techniques.

A rule to associate a numerical value with each function in a

given set of functions is called a functional. The calculus of

variations considers problems in which the functional is expressed

as a definite integral. Then, that function is sought which has

31-19
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associated with it, by the given rule, a numerical value less than

that associated with any other function in the specified set of-

functions.

Thus, the calculus of variations follows from the principle

that a minimizing function must yield, at the least, a smaller value

of the criterion functional than that associated with any neighboring

function. Neighboring functions are constructed by varying the

candidate function; hence, the name calculus of variations;

Attention is focused upon the function yielding the minimum value

of the functional, rather than the actual numerical value of the

minimized functional. This is a reasonable approach, since the

value of the functional can be easily found, in theory, once an

argument-function is specified. On the other hand, the shape of

the minimizing function cannot be deduced from the minimum value

of the functional.

Recently, a new approach to a wide variety of optimization

problems, including as a special case those usually associated

with the calculus of variations, has been developed. In this approach,

a particular optimization problem is solved by studying a collection,

or family, of problems which contains the particular problem as a

member. (As an example, consider the problem of finding the curve

of shortest length connecting two specified points, A and B. The

family of problems for this example might be the problems of finding

the minimum-length curves connecting any given initial point and B.)

Each member of the family of problems has its own solution curve,

and that curve has a value. (In the example, for any given initial

31-20

.



point C, the solution curve is the straight line connecting C with

B and the value of the curve is given by the distance from C to B.)
*. °

In this manner, an optimal value can be associated with each member

of the family of problems and each member can be identified by its

initial point. The rule associating an optimal value with each

initial point is called the optimal value function. Dynamic

programming studies the optimal value function, rather than the

solution curve yielding the value.

The dynamic programming approach is appealing because the

optimal value function has certain intuitive local properties

in the space of points on which it is defined that allow it to be

mathematically characterized, usually as the solution of a partial

differential equation.- Knowledge of the optimal value associated
with a particular problem that has particular initial and terminal

points provides no clue for determining the minimizing curve itself.

However, knowledge of the more optimal value function

associated with a family of problems having a variety of initial

points does allow one to determine the minimizing curve for any

particular member of the family or problems.

Thus, the dynamic programming viewpoint centers its attention

upon a function - the optimal value function - and upon its attributes.

The classic variational theory, on the other hand, studies minimizing

curves and their properties.

The classical theory eliminates all explicit appearances of

the neighboring comparison functions from its results and transforms

statements about definite integrals into conclusions concerning

properties that hold at each point of the minimizing function.

However, in doing so, it gives up much of its intuitive content.

..4 The existence of an intuitive geometric appreciation of almost every
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derivational step and conclusion constitutes a strong justification

for the dynamic programming approach.
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5.0 Summary, Conclusions, and Recommendations

As stated in the introduction, this report has attempted to

formulate the basis for the application of integral principles to

electromagnetic propagation problems. In order to accomplish

this, a brief review of the principles underlying the more well-

known techniques was considered necessary. Thus, discussions

about ray tracing and full-wave solutions of Maxwell's equations

t° - .
o

were included.

Having established the theoretical and practical limitations

of ray tracing and full-wave approaches, a discussion about

integral techniques has been composed, and some justifications

for the consideration of this approach have been developed.

In order to justify the practicality of the integral principle

approach, a few of the techniques which could be used to perform

computations have been included nthe Rayleigh-ritz method, and

* dynamic programming.

It is the conclusion of this summer's study that further

development of the integral principle approach can lead to

significant insigha into the solution of many difficult problems

encountered when an inhomogeneous, anisotropic medium must support

electromagnetic energy.

The writer recommends a three phase study as a follow-on to

this report.

The first phase involves the development of algorithms

illustrating the integral principle and comparing the output of

- .-

4%,
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tracing and full-wave solutions, to provide a reference point for

further study. The model employed in this phase could be a

fairly simple model of the medium in order to lend confidence to

the integral principle algorithm.

Having developed the algorithm and compared it to other

techniques using a relatively simple model of the medium, the

algorithm can then be applied to a more complex model of the

medium, one which has anisotropies and inhomogeneities.

The second phase of the study can then be concentrated on

problems arising when diffraction and scattering are encountered.

In the third phase, a study of radiation problems as analyzed

by the integral principle algorithm would be included.

It is the conviction of the writer that this three-pronged

approach should allow more definitive conclusions about the

integral principle - and hopefully result in a practical comple- -.

mentary approach to communication problems.
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APPENDIX 1.0 - Electromagnetic Theory36

In order to present an orderly plan for. developing the vari-a-

tional technique, consider the usual progression in studying

electrical problems of varying degrees of complexity. The fol-

lowing basic parameters are used in studying an electromagnetic

problem -- E, B, D, H, J, and p. For convenience, let us also

define an auxiliary vector:

E x (1.1) -.

Maxwell's equations, in differential form are:

Sx E=-(1.2)

and I x H =D + J (1.3);
at

with supplementary equations

v • B=o (1.4),

by taking the divergence of equation (1.2). By applying the

principle of charge conservation

V D= P (1.5), and

+ V. - 0 (1.6) result.

at
Also, taking the scalar product of H in (1.2), E in (1.3) and

adding gives

H B+ E + E + V x .= 0 (1.7), which

is Poynting's theorem, expressing energy flow.
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Appendix 1.0 (Cont.)

As discussed in reference 2, E and B, which express the basic

characteristics of the electromagnetic energy, can be expressed in

terms of potentials * and A:

V x A + B (1.8), and

Thus, if * and A can be found, the electromagnetic energy is also
determinate.19 , -

Static fields will first be considered, then stationary,

quasi-stationary, and rapidly varying fields in turn. The following

conditions apply:

.1 Static Fields:

B =p 0..

In addition for

.1.1 Electrostatic Fields

V xE= 0, V. D= p in non-conductors

D=E=0 in conductors

H - 0 in all cases, and

.1.2 Magnetostatic Fields

V x H 0, V . = O, .= .

.2 Stationary Fields
a._~ ,_ '_!.-"

B D p 0. Current fields J are prescribed in conductors.
V x 0 always, and V x H = 0 only outside the currents.

.3 Quasi-Stationary Fields

31-29
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Appendix 1.0 (Cont.)

These are determined as in .2 but time-dependence is accounted

through (1. 6)

The expressions for the potentials at a point P are given as:

*() 1 1fp dT + 1 Ifa da (1.10),
_11c r 411k r

and K(P) Cof1) df -. 

where static fields are considered, and

dT Element of volume,

da SElement of surface,

frK = Sheet current density,

a Surface charge density,

r SDistance to P.
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APPENDIX 2.0 - Ionospheric Models

2.1 Electron Density Versus Height -

The key to describing the ionsphere is the electron density

(n) versus height (H) profile. Many analytical expressions which

approximate the actual profile are available in the literature.

The ultimate limitation to the precision of the calculation of EM

propagation problems remains in the accuracy of actual measurements

of this profile, or parameters describing it.

This being so, if a relatively simple analytical expression

" for n versus H is used, it should be sufficient to assist in the

development of the variational technique.

The ionosphere for analytical purposes will be arbitrarily

divided into two height regions: 60-160 km - covering the so-

called D, E, and F, layers, and 160-660 km covering the F2 layer.

This loose subdivision has been made because the 60-160 km region

can generally be classified as "weakly ionized," (<1% ionization)

as opposed to the 160-660 km region, which is "highly ionized,"

(>1% ionization). Thus, on a microscopic basis, the lower region

behaves roughly in accordance with the Boltzmann equation; and the

upper region behaves in accordance with the Fokker-Planck equation.

The major constituents are also quite different in the two regions.

In the lower, the main components are N2, 02 and A. in the upper

region, they are 0, N2, 02 and electrons.

*... From the foregoing, an analytic expression describing a

"parabolic" layer will be employed initially. This model approx-

imates the physical conditions. An example would be:

31-31
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Appendix 2.0 (Cont.)

H2
n/ 1 , where
nm T)

n = Maximum electron density, and

T = Parabola half-thickness = 1.848 H units. 2 9

2.2 Temperature Versus Height

Since, initially T, and Q are to be assumed = 0, the full

expression for the Lagrangian (Equation 4.3), requires a measure of

. This expression is given by:

0 2 3-Nk T .where j:

.P N = Particle number density,

k - Boltzmann's Constant, and
17

Tm - Particle ambient temperature.

There are, in general, three types of particles to consider:

electrons, ions, and neutrals. The technical literature contains

many analytical and experimental determinations of the behavior

18of ambient temperature versus height in the ionosphere. A

temperature versus height model will be extracted from such

literature.
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* GLOSSARY

Parameter Definition -Units

.4A Action Integral (J. s)

*A Vector Magnetic Potential (Wb/n)

BMagnetic Flux Density (.Wb/m 2 T)

c Speed of light in free space =(mis)

* 2.99729 x 10

DElectric Flux-Density (C/rn 2

B Electric Field Intensity (V/rn)

A Advanced Field

F RRetarded Field

F T Total Field

FForce (N)

B Magnetic Field Intensity (A/n)

2J Current Density (A/rn

k Boltzmann's Constant -1.3803 x (J/ok-z
1023

K Surface Current density (A/rn)

L Lagrangian (J)

rn Mass (K)

3
n Electron density (e/m)

N Particle density (Particles/n3

QVirial Coefficient (J)

2
S Poynting Vector (W/rn

T Kinetic Energy (J)

TM Particle Ambient Temperature (K)

VVelocity (m/s)
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GLOSSARY (Cont.)

V Potential Energy (J)

e Permittivity (F/rn)

V Pemeailit (H/n)

*Potential Function (v)

Y , Y Virial Coefficients(j
0 1

pVolume Charge Density (C/rn 3

oSurface Charge Density (C/rn2

*Depends upon the field quantity described.
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SCALING LAWS FOR PARTICLE BREAKUP IN NOZZLE GENERATED SHOCKS

by

L. J. Forney

ABSTRACT

Conditions for the onset of particle breakup in normal shock waves

have been investigated. Including appropriately defined particle Knudsen

and Reynolds numbers into analytical expressions for the drag coefficient,
a normalized particle drag behind the shock has been determined in terms

of gas stagnation conditions and particle diameter for a range of gas Mach

numbers 1 < M1 < 5. Numerical computations of the particle drag, normal-

ized with gas stagnation pressure and particle area, indicate a peak at

a gas Mach number M1 -u 2.2. The magnitude of the peak was found to
decrease with increasing particle diameter and reservoir gas density.

Criteria for the onset of agglomerate breakup were defined in terms

of a modified Weber number for the adhesion mechanisms due to Van der Waals

forces, electrostatic attraction and adsorbed surface films. These results

indicate that larger more closely packed agglomerates made up of smaller

constituent particles have a greater tendency to resist breakup for a

given set of gas stagnation conditions and shock Mach number.
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I. INTRODUCTION

Particle agglomerates and small liquid droplets are prevalent in the

atmosphere and in the by-product gases from combustion processes. These

micron and submicron size particles are formed by condensation of super-

* saturated vapor and coagulation of existing aerosol. Common combustion

devices responsible for the formation of large numbers of particle -

*agglomerates are the internal combustion engine, power plants, jet engines

and solid fueled ropket motors.

In many types of supersonic flows such as wind tunnel testing, jet

and rocket engine plumes and high speed flight, the small agglomerates

and droplets encounter both normal and oblique shocks. These resulting

particle-shock interactions subject the particles to sudden large stresses

which may result in particle breakup. Specific problems of interest to

the Air Force in this case are the impingement of water droplets on super-

sonic airfoils (1) and particle sampling with supersonic probes in jet

and rocket motor plumes (2).

In the present report, the analysis of particle breakup is restricted

to the interaction of particles with normal shocks, specifically, normal

shocks in isentropic supersonic flows generated by a converging - diverging

* nozzle. The nozzle configuration was chosen since it is the basic aero-

dynamic element used to obtain prescribed flows in wind tunnels (3) and is
similar to the design of rocket motor nozzles.

II. OBJECTIVES

The objective of this project was to determine the appropriate scaling

laws for the onset of particle breakup at a normal shock. The specific

objectives were:

(1) Define particle parameters behind a normal shock.

(2) Relate particle parameters arnd maximum drag to nozzle stagnation con-

ditions and gas Mach number.

(3) Outline the strength of agglomerates for various adhesion mechanisms.

(4) Establish criteria for particle breakup.

*III. NOZZLE GENERATED SHOCKS

*The basic aerodynamic element used to obtain prescribed supersonic flows

is the converging - diverging channel of the type shown in Figure 1. The

nozzle is supplied with gas at high pressures and temperatures or stagnation

32-4
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-- 9--Figure 1. Schematic of Laval Nozzle.
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Figure 2. Particle Moving Behind Normal Shock Wave.
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conditions at the inlet. Provided the exhaust pressure is sufficiently low,

sonic conditions exist in the throat and the gas Mach number at any position

along the axis of the nozzle is determined by the ratio of the local cross

sectional area to that of the throat. The same basic configuration also

exists in the nozzle of a solid fuel rocket motor.

If the nozzle of Figure 1 is designed to function without significant

separation along the inside walls and we assume a perfect gas with constant

specific heats, the flow is assumed to be isentropic and the gas properties

are related to stagnation conditions by the following expressions (3),

T
T°=. 1+ (1)T 11 2 1....

and

P Y-1

0 + 2 (2)

Stationary test objects such as airfoils or probes placed in the super-

sonic region of the nozzle flow as shown in fig. 1 will create discontinu-

ities in the flow field. These shock waves may be normal or oblique to the

direction of flow. Assuming a thermally and calorically perfect gas and

restricting the discussion to normal shocks, the ratio of gas properties

across the shock wave in terms of the gas Mach number ahead of the shock

are

* 2
01 v2  (y-l) M1 + 2 2 (3)2 V1  (y+l) M
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and

2" -- 1 (4)
1 (y+l) 2 M2

2(y-l) M1

Equations (l)-(4) will be used in the discussion that follows and refer to

those properties shown in fig. 2.

IV. PARTICLE PARAMETERS AND STAGNATION CONDITIONS

When a particle encounters a shock front as indicated in fig. 2, it

projects ahead of the carrier gas moving behind the discontinuity because

of its inertia and the sharp decrease in gas velocity. This phenomenon sub-

jects the particle to a large drag force behind the shock wave and the par-

ticle motion relaxes to that of the carrier gas.

To predict the drag on the particle behind the shockit is necessary to

define at least two dimensionless groups of the three discussed below. These

particle parameters are expressed in terms of the gas stagnation conditions

of the nozzle and the gas Mach number M upstream of the normal shock.

a. Reynolds Number

The particle Reynolds number which represents the ratio of inertial to

viscous forces acting on the particle is defined in terms of the particle

diameter and its local velocity relative to the ambient gas. The Reynolds

number is a maximum behind the shock front and subsequently approaches zero
'as. .'.

as the particle equilibrates to the gas velocity. Thus behind the shock

wave, one obtains

• "P2 (vl-V2 d"

Re - 1 2  (5)
2

Introducing the gas stagnation conditions into Eq. (5) by writing all
i- :: :,gas properties in the form

02 -I2 ( )

-'..3 2

'-4-.. 32-7 "

, ,', ... :. .'%. ........ . -,.,.:.,.. .. ......... ,...... .. - .



-~~~~~~ - - - - - - - - -S -' -~.U ~ . . - -- -

where the ratios of gas properties are given by Eqs. (l)-(4), one obtains

Re y \k)f 4 (M 1) (6)

where

f4 (M) = 1 M-l (nIT)+ )(.j(7
+ 1 M2] Y-1 [(2 1 - 0(7

2 1
1

k -b/R 1 , R is the specific gas constant, and b u ' (l/T ~ /, +T

Heethe quantity b appears in Sutherland's formula for viscosity where

bT
ii , (8)

T + Te

1 ui (Tr is a reference viscosity and T8 is Sutherland's constant (4).

Numerical solutions to Eq. (7) are plotted in fig. 3 for constant gas

stagnation conditions and particle size. Figure 3 demonstrates that Re in-

creases to a maximum at M 2 and decreases for larger gas Mach numbers as
1

the gas becomes less dense. It is also noted that the parameter dp 0/k

appearing in Eq. (6) is proportional to the ratio of particle diameter to

the gas mean free path in the stagnation reservoir.

b. Knudsen Number

The particle Knudsen number is defined as the ratio of the mean free

path of the gas to the particle diameter. From kinetic theory (5) one ob-

tains

Kn(j Y ~ 2 (9)

32-8-1:2
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"'" ( RT2)1/2

21/2

Kn k2) (#) f 2 (MI) (10)

where

= 2 1T ) 1 + (xii M ]

f (M1) (1-.

Numerical solutions to Eq. (11) are plotted in fig. 4 where the effect of":""

decreasing gas density with larger gas Mach numbers is again demonstrated. ":"
c. Particle Mach number

The particle Mach number is defined as the ratio of the relative veloc-
ity of the particle with respect to the ambient gas to the local speed of
sound. Thus one obtains i -a.o-:

1/2.'.',v
M lv M1  (12)

p c"2 v 1  T 2

4 1/221
where M increases over the limits 0 < M < ((2)')

for 1 < M1 < . From kinetic theory M is not independent of Re and Kn as
- -- p

(21/2
discussed above since M - Kn Re

p I

V. MAXIMUM DRAG

The maximum drag on a particle immediately behind the shock wave is

*: defined as

,? O~ 2 A . (V1 V2) 2-.-
D - CD 2 (13). 2 A P C D 1"

32-10
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where CD is the drag coefficient and A (=nd /4) is the cross sectionallD p

area of the particle. Defininglocal gas properties in terms of the stag-

nation conditions and the gas Mach number M1 upstream from the shock as done

in Sec. IV, one obtains

2 21
" CD 1 21j(14)
P0 D("' 1 M2 2)-1p~ 2 1 M -1 l.--

or

D Cg(M) (15)XD_ CD g (1) i!:
p 0 "

where P is the gas stagnation pressure. Since g o for M o or ,-
am" 1 / 2 /2

g (M ) has a maximum at M (3+2y) (i.e. if y = 1.4 for air, one can show

that g - 0.42 at M1  2.4).

Numerical solutions are now sought for the normalized drag of Eq. (15).

In this report we use the functional form of the drag coefficient proposed
by Crow (6). Contours of C for constant Knudsen number are plotted in

D
fig. 5. Also shown in fig. 5 is the inequality Kn Re < [ ]I. /2 deter-

y -1
mined from the maximum particle Mach number M discussed in the previous

p
section. Since the drag coefficient CD - C(Kn,Re), expressions for Kn

and Re were introduced as defined by Eqs. (6) and (10).

Numerical results for the 2ormalized particle drag are presented in

fig. 6 for contours of constant -- defined by a fixed set of nozzle stag-k
nation conditions and particle size. These results demonstrate that parti-

cles experience the largest-stresses at a gas Mach number in the range

2 < M1 < 2.5 with the maximum value decreasing with increasing particle diameter.

These results proved to be insensitive to the stagnation temperature over

the range 5000 K < T < 35000K and to changes in Sutherland's constant, Te2
0

VI. STRENGTH OF AGGLOMERATES

We assume that large agglomerates consist of small constituent parti-

cles which are uniform spheres of size dD in the following treatment. An

example of an aggomerace is shown in fig. 7. Following the treatment of

32-11
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Rumpf (7), we assume that the force of adhesion between two constituent

particles is F and that each small sphere of size dD. has z contacts (coor-

dination number). If the voidage is 1-0, the number of spheres per unit

f Particle Agglomerate

dD d

Figure 7. Schematic of Particle Agglo-4-'.ce.

cross sectional area of the large agglomerate is

(16)
Srd/4

Thus, the number of contacts per unit cross sectional area becomes

2 2 (17)
dD

The factor of 1/2 is introduced above in Eq. (17) since each contact is

shared by two spheres.

One can now write the total force of adhesion per unit cross sectional

area of the agglomerate as

0P F (18)
A 2
p d;

32-14
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where P is the total force of adhesion. Rumpf (7) demonstrates that

z(l-f)= 3.1 for common coordination numbers so that Eq. (18) simplifies to

P -62 F (19) - -

A 2
p 1-€d;

a. London-Van der Waals Forces

The force of adhesion between clean, dry, uncharged particles and sur-

faces are due to London-Van der Waals attractive forces. Nonpolar, electri-

cally neutral atoms and molecules have momentary dipoles over short periods

of time due to the movement of their electrons. Integrating the attractive

forces between all of the molecules in two small spheres separated by a --.,'

distance "a" gives an attractive force of the form

F (20
vl 2 (20)

a

The distance in the denominator of Eq. (20) is restricted to a <2000 A° and

B1 is typically in the range 10-13 < B < 10-11 ergs (8) depending on the

nature of the material and the media separating the spheres.

For larger separations a >2000 A° , Lifshitz equation (8) between two

spherical particles of equal diameter is

s2 d D!::
F (1
v2 - 3 (21)

where B2 10 20 erg-cm and depends on particle composition and the media

separating the spheres.

It should be noted that the extensive literature available on the

subject of Van der Waals forces demonstrate that the calculations suggested

above are only approximate, at best, as reviewed by Davies (8). Electro-

static charge and adsorbed liquid on particle surfaces can make the simple

calculations above greatly in error. A more complete discussion of experi-

mental results for the crushing strength of metal oxide agglomerates is

given in Forney et. al. (10).
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b. Electrostatic Forces

Suspended particles carry electrostatic charge. There are many mecha-

nisms of charging and these are reviewed by Davies (8). The important mecha-

nisms fall into one of two categories. The particles are either charged during

their formation or are exposed to electrons or ions carried by the ambient gas.

Assuming two spheres with a surface charge density q, separated by a distance

much smaller than the diameter of the spheres dD, the force of attraction is

2 2 2 ":" :

E ir d Dq
F 2 (22)

18 2
where c 9 x 10 dynes-cm /couls is Coulomb's constant.

Electrostatic mechanisms have been shown to have a large effect ex-

perimentally on the magnitude of the force of adhesion between particles.

This effect is much larger than expected assuming normal charge distributions.

This suggests that the details of surface irregularities and nonuniform

charge distributions at the contacting surface are not properly accounted

for in existing theories.

c. Surface Films

When particles are suspended in a condensible vapor, a film of liquid

develops on the surface. If the vapor pressure is near its saturated value,

the force of adhesion between two spheres of equal diameter with smooth

clean surfaces is estimated to be (7)

F 2.2 adD (23)

where a is the surface tension of the liquid film. In practice, the force

of adhesion decreases sharply below the value given by Eq. (23) if the

vapor pressure is below 90Z of its saturated value. Surface contaminants

and the non-submergence of surface irregularities will also reduce the ex-

pected force of adhesion (8).

32-16
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d. Strength of Liquid Droplets

Uniform liquid spherical droplets are held together by surface ten-

sion forces. Surface tension a has units of force per unit length. The

strength of the droplet is thus the product of a and the circumference or

P -awd . (24)

Writing Eq. (24) in the form of Eq. (9), one obtains a strength per unit

cross sectional area of the droplet or

+.+. P 4a ++ .
(25)

A d
p

Caveny and Gany (9) have studied the breakup of molten AL/AL203 droplets in

accelerating flow fields.

VII. CRITERIA FOR PARTICLE BREAKUP

From the f.oregoing, we are now in a position to establish criteria

for particle breakup. The discussion is restricted to the possibility of

breakup behind nozzle generated, normal shocks. We hypothesize that the

onset of particle breakup occurs when the drag force exceeds either the

agglomerate or droplet strength. Thus one obtains the inequality

D > P (26)

where D is given by Eq. (15) and the particle strength P by Eqs. (19) or

(25). In Eq. (19) the constituant particle adhesive force F which appears

in P is given by either Eqs. (20), (21), (22), or (23). Equation (26) is

the same argument used to predict breakup in the definition of a droplet

Weber number (9).

Substituting for particle drag and strength in eq. (26), the following

criteria are established for each of the adhesive mechanisms discussed in

Sec. VI. Thus, particle breakup is expected to occur for the conditions

listed below.

32-17
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Van der Waals:

dD P Dg (Ml)

aD >1(27)

B (h,)

2 0
where B B 1 /a a a<2000 A

3 0B B /a a a>2000 A

and (h , 6.2

electrostatic:

dD Po CD g (Ml) >1J, (28)

e q2 h2 ()

where h2 () 6.2 iT2  L

surface films:

DoD >1,(29)

a h3 ()

where h3 () 13.64 (~
and liquid droplets:

d P CD g (M)
o>D1. >(30)

4 a

It should be noted that Eq. (30), above, represents the Weber number for a

liquid droplet. -
32-18



Equations (27), (28), and (29) indicate that the likelihood of par-

ticle breakup increases significantly as the volume fraction of solids ,

decreases. Larger gas stagnation pressures P or constituent particle sizes
0

dD also contribute to agglomerate breakup. Moreover, the product CD g (MI)

in fig. 6 increases with smaller agglomerate sizes d. Thus, we can con-

clude that larger more closely packed agglomerates made up of smaller con-

stituent particles will have a tendency to resist breakup .for a given set

of gas stagnation conditions and shock Mach number.

VIII. RECOMMENDATIONS

The following recommendations are made for future work from the fore-

going discussion:

1. Conduct controlled experiments with nozzle generated shocks to

determine if the onset of particle breakup occurs as predicted

by Eqs. (27) - (30).

2. Determine in what manner the experimental methods and results may

be used to improve the current understanding of the forces of ad-

hesion between constituent particles of an agglomerate.

3. Determine the effect of the unsteady Basset term on particle re-

laxation behind normal shock waves. The Basset term has been

neglected in this report as is customary but it may be of impor-

tance in large particle acceleration behind normal and oblique

shocks.

V 32-19
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OXYGEN-18 IMPLANTATION

IN GaAs

by

Albert J. Frasca

ABSTRACT

The role of oxygen in the GaAs lattice has been

studied for over a decade. The experimental results

are very dependent on the anneal temperature, dose,

dopant, and implant energy. This paper is concerned

with the further investigation of oxygen in GaAs.

Both electrical and lattice damage measurements were

made. The electrical study was done using C-V

techniques and the lattice damage study was done using

proton backscatter techniques. Results are given for

annealed and as implanted samples.
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I. INTRODUCTION:

During the early 1970's oxygen was one of many elements

implanted in n-type GaAs in order to evaluate its ability

to resistively compensate the material. Implant energies

ranged from 50 to 1000 keV with implant doses ranging

from lxl00 0/cm2 to lxl015 0+/cm2  C-V, C-f, and Hall

probes techniques were used for electrical measurements

and photoluminescence for optical spectra analysis. In

the mid-1970's, the use of SIMS became popular as an

oxygen profiling tool.

The fact that oxygen could compensate n-type GaAs

and could produce highly resistive layers made it a prime

candidate for device isolation. It was found that

compensation occurred because of lattice damage and by

oxygen acting as a "dopant" (double electron trap).1

Also, it was found that implant damage compensation could

be annealed away as it is with hydrogen implantation.

However, the compensation due to the "dopant" contribution

was thermally stable to at least 800 0 C if the implant

exceeded a threshold dose of ixl01 3 0+/cm 2  Further

research with oxygen implants revealed another interesting

characteristic of considerable importance for device

production. It was found that before annealing, the oxygen

formed highly resistive layers centered at the mean range

for defects and at the mean range for ions.2  The fact

33-4
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that two regions exist explains the earlier results of

having two separate resistance regions. .

In the most recent articles, it has been reported

that implanted oxygen redistributes (after anneal) and

seems to be drawn together (cluster) at R thus reducing
p

the width of the implant and increasing the oxygen

concentration of the highly resistive layer. This

characteristic is highly desirable for production of very.,.

thin devices.

II. OBJECTIVES

Many techniques for developing GaAs devices are

presently being studied and developed by research

organizations and electronic companies. One aspect of

this broad research area centers on the role of implanted

oxygen in the GaAs lattice. A desire to more fully

understand how the implanted oxygen is able to develop

highly resistive material is of primary importance.

Obviously the answer lies in knowing its lattice location

and atomic interactions. The objective of this project "

was the further investigation of implanted oxygen in GaAs

using the following techniques:

a) C-V measurements for electrical compensation

b) Rutherford backscatter measurements for lattice

damage analysis.

33-5
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It is further planned to continue this study by

extending the research to nuclear reaction-profiling

of the same oxygen-18 samples.

III. C-V MEASUREMENTS

Capacitance-Voltage measurement is a method for

determining carrier concentrations of doped and implanted

samples without using layer removal techniques. Since

oxygen can compensate n-type GaAs at the mean range for

ions, a rapid change in carrier concentration is expected

as the R is exceeded. Since high dopant level n-type
p

material (3.12x1017/cm3 Si) is being used, the implant

range must be shallow in order to avoid avalanche break-

down as the reverse bias is increased. The depletion

layer width should be about 0.15 Um for 3.12xi017 Si/cm 3  -

material, thus, implant energies of 120 keV were used.

The backside of the samples were coated with Au-Ge

ohmic contacts and the implanted side used aluminum

Schottky contacts. The presence of Schottky contacts

generates a depletion layer which is controlled witn

the reverse bias. Thus the space between the contact and

the n-type material acts as a dielectric sheet between

plates of a capacitor. The capacitance of such a device

is given below:

C - eA A-area of Schottky contact (1)
x £=dielectric constant of GaAs

x-depth of depletion zone.
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As the reverse bias is increased, the value of x can be

determined by measuring C. Thus a profile -can be obtained

as a function of reverse bias. The net carrier concentra-

5
tion is obtained using the capacitance measured above.

-l 3N(x) 2 (d 1 or N(x) C (d dC) (2).A2  .q2 \dV/ : -
eqA dVe qA

where Nx) - carrier concentration

c - dielectric constant

A = area of Schottky contact

C = capacitance

V = applied reverse voltage.

The C-V results are given below:

TABLE I

OXYGEN COMPENSATION DEPTH

14 + 2 15+ 2
Sample 10 0 /cm 1015 0 /cm

as implanted .30um .30um

4000C anneal (20 min.) .34jm .324m

800 0C anneal (20 min.) .45um .75um

As can be seen, the compensation resulting from the

high dose implants has produced compensation far beyond

the implant range (120keVa.15um). The very high anneal

temperatures caused additional diffusion and compensation

well beyond that for the as implanted and 400 0C annealed

samples.

33-7
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IV. RUTHERFORD BACKSCATTER

Rutherford backscatter is a common means for analyzing

damage in crystalline materials. The technique utilized

for this study was bombardment of 3L0keV protons to observe

the channeled and random backscatter spectra. The channeled

vs. random spectra were used to evaluate damage. Both the

<110> and <100> spectra were recorded for the as implanted,

400 0C and 800 0 C annealed samples. Since oxygen is a very

light nucleus compared to gallium or arsenic, very little

information can be obtained concerning its presence, only

the damage can be evaluated. Calibration testing using ."M

argon implants in carbon illustrated the difficulty of

separating the argon backscatter peak from the carbon

spectrum. The energy of the backscattered proton from

carbon and argon differ by less than 20% for a detector

angle of 1700 with 340keV protons. Thus, all the recoil

protons from oxygen backscatter should be in the low

energy end of the GaAs distribution. Likewise, since the

percent abundance of oxygen is small, the oxygen profile

is not observed. t

The actual procedure for analyzing damage utilizing

this technique requires locating the 100 axis and then

recording the backscatter high energy yield and comparing

it to the high energy yield for a random angle. The ratio

of channeling yield to unchanneled yield is referred to

as Xmin'

4
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* channeled yield x 100%
Xmin unchanneled yield

If the channels are clear of displaced atoms then

Xmin will be small which implies low damage. However if

the crystal has a large number of interstitial atoms then

will be large. Typical values for Xmin made on
Xmi- min

unimplanted GaAs range from 3 to 5 percent. The results

obtained from our measurements are given below.

TABLE II

Xmin FOR OXYGEN-18 SAMPLES

14 + 2 1015 O+/cm 2

Samp.Le 1010 /cm 10__0__/_m

as implanted 8.1% 11.3%

400 0C (20 min.) 5.9% 6.7%

8000C (20 min.) 4.9% 5.0%

The small amount of damage is typical of light ion

implants. As can be seen, the 8000C anneal is capable of

removing most of the damage caused by the implantation.

However, this technique does not give any information on

the lattice location of the oxygen.

V. RECOMMENDATIONS

The C-V measurements confirmed the ability of oxygen

to compensate n-type GaAs and to retain the ability after

high temperature annealing. The Rutherford backscatter

study confirmed that low damage profiles result in GaAs
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after oxygen implantation and that annealing removes most

of the damage caused by the implant. -

It is now a question of locating the oxygen both

in depth and in proximity to its lattice neighbors. This

last study can be done using nuclear reaction techniques.

An extensive literature search resulted in finding

several nuclear reactions which could be utilized for

-~ oxygen-18 detection.6

TABLE III
4....

Reaction 018 (p,)N 1 5  018 (d,)N 1 6  018 (d,p)O1 9

Cross-section (mb) 75 5 10

Incident energy (MeV) .6 .6 .9

Particle a a p

Estimated sensitivity 2xlO 12  3x10- 0  2xlO - "
(gm)

Q(MeV) 3.97 4.24 1.7

The oxygen-18 reaction proposed is the first one
listed with a resonance energy of 630keV. The resonance

is very narrow (2.6keV) which allows for a depth resolution
0

of <500A for shallow implants of oxygen-18. Since the

isotope (oxygen-18) is not abundant in nature, the back-

ground from abundant oxygen-16 is not a problem. Also,

protons and not deuterons are used which reduces the

33-10
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probability of neutron generation in the accelerator due

to deuteron-deuteron collisions around the-collimating slits."
'- .

The reaction has a high cross-section and results from

proton absorption and the formation of fluorine-19. The

fluorine is unstable and decays forming nitrogen-15 and

an a particle.

p..

180 +1H 19F +
1 5 N + 4 He Q=3.98Mev (3)

-°..

The nuclear level decay scheme is shown below.7

8 MeV -

6.33MeV

5.31 MeV
5.Z8M.V .

o M.V -+11eV
. 15N

-MeV

F-

33-11
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Since the energy release is large (3.98MeV) and the

recoil nucleus N) is large, the alpha particle immerges
7

with most of the kinetic energy (3.3MeV). Another

beneficial relationship about the reaction is the number

of sharp resonances (35) at low proton energies up to

3.5MeV. The lowest ones are listed for referen8e.

TABLE IV

Proton energy for resonance (keV) Resonance width (keY)

630+2 2.6+1.0

844+6 40+5

1165+1 +5

1399+5 +15

1685+5 +15

1769+2 4.0+1.0

1931+2 1.5+1.0

It should be noted that all the resonances listed

have narrow widths which makes them ideal for profiling

oxygen. The first resonance at 630+2KeV is of primary

concern because of its sharpness and being the lowest

allowed resonance. The yield jumps from about 7mb/ste

to almost 60mb/ste at 630keV. At resonance an increase in

count rate of approximately nine should be experienced.

The emerging a particle will have an energy of about

3.3MeV and will be able to travel through several microns

33-12
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of GaAs. The maximum range is about lOm and the differ-

ential range is dE/dx. .5MeV/Vm. The loss of energy with

depth is a problem in selecting a mylar foil that passes

a's and stops backscattered protons. The 630keV resonance

is sufficently narrow (2.6keV) that good depth resolution

can be obtained. The differential energy loss for protons

in GaAs is about 68keV/pm. Thus, the resonance will only

occur in a thin section of the sample.

2.6keV = .038um 380A (4)
6 keV/iim

- 6
Calculations performed by Ansel and Samuel (1967)

-12 2
imply a sensitivity of lxlO grams/cm to oxygen-18 for

shallow implants. Work performed by Gass and Muller 7 '8 '-

(1973) show depth profiles of oxygen-18 in silicon for thick

(5000A) and thin (70A) specimens.

Thus it is recommended that the study be continued

using the same specimens and their oxygen-18 depth profile

be obtained by using channeling techniques and nuclear

reactions, the oxygen atom locations can be confirmed as

interstitial or substitutional.

33-13
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MODELING OF ACTIVE NEUROMUSCULATURE RESPONSE
TO MECHANICAL STRESS

. ...

by

Dr. Andris Freivalds

and

Mr. Jeffrey L. Harpster

ABSTRACT

The Articulated Total Body (ATB) Model, based on rigid-body dynamics

with Euler equations of motion and Lagrange type constraints,was used to

predict the forces and motions experienced by air crew personnel in typical

flight operations. To provide a more realistic representation of human

dynamics, an active neuromusculature was added to the ATB Model via the

newly developed advanced, harness system. The lumped three parameter

muscle model included a contractile element, a damping element and a

parallel elastic element.

Two validation studies were performed. The first simulated elbow

flexion with one muscle/harness system representing the biceps brachii and

the brachialis. The results indicated that the force velocity effects

produced the greatest changes in force, with significant force changes

due to the damping element and length tension relationship and no force

changes due to the parallel-elastic element. The second study simulated

the whole body response to a 2-G lateral force utilizing trunk musculature.
y

Although the musculature did not completely prevent the lateral deflection

of the body, the response is significantly delayed compared to a control

response, with the head and neck maintaining the upright posture for a

longer period of time.
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I. INTRODUCTION:

The use of biodynamic computer-based models for the prediction of

human body response to mechanical stress has become an extremely useful

and cost-effective research and developmental tool, especially as an

alternative to direct experimentation with humans and animals. These

models attempt to simulate or predict the forces and motions experienced .

by a body in high-acceleration events such as impacts or from sudden .

forces such as wind shear. In particular, the Air Force is interested in

the reactions of aircrew personnel to such forces typically encountered

in various phases of flight operations, including emergency ejections from ,-

high-speed aircraft. Such a hazardous environment is well suited to com-

puter modeling, and with proper execution considerable insight of body

motion and stresses developed in the body can be gained.

The Modeling and Analysis Branch of the Air Force Aerospace Medical

Research Laboratory (AFAMRL) has been using a human body modeling program

known as the Articulated Total Body (ATB) Model for several years. The

model is based on rigid-body dynamics using Euler equations of motion

with Lagrange-type constraints. The specific configuration uses 15 body

segments (head, neck, upper torso, center torso, upper arms, lower arms,
upper legs, lower legs, and feet) and 14 joints between the segments.

Although it was originally developed by the Calspan Corporation for the study

of human- body and anthropometric-dummy dynamics during automobile crashes

for the United States Department of Transportation (Fleck et. al., 1974;

Fleck, 1975), the ATB Model was sufficiently general to allow simulation of

whole-body articulated motion resulting from various impacts or abrupt

accelerations applied to the body. Furthermore, modifications involving

special joint forces, aerodynamic forces and a complex harness system were

added to accommodate specific.Air Force applications (Fleck and Butler, 1975).

The ATB Model, although realistically reflecting human body structure,

-mass distribution and tissue material properties, presently has the serious

limitation of only simulating events with passive internal responses. The

gross, whole-body motion is no different for human aircrew personnel data

than for anthropometric dummy or cadaver data. What is needed is the
implementation of an active neuromusculature to simulate both voluntary and

34-4 -4
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reflex responses of the human subject to externally imposed forces.

II. OBJECTIVES.:

The objective of this Summer Faculty Research Project has been to

define and formulate methodologies for implementing active muscle effects

such as body pretensing and time varying forces into the present ATB

Model. Several considerations were involved: (1) the present model was

not to be altered, (2) basic muscle phenomena such as the length-tension

and force-velocity relationships and passive viscoelastic properties were

to be included, and (3) particular emphasis was to be placed on muscles

acting in the torso and neck region which affect flexion, extension and

lateral motion of the trunk.

The objective was approached as follows: (1) A detailed literature

search on muscle functions and current techniques used was performed.

(2) Based on the results from the literature and theoretical principles,

muscle models were formulated. (3) The new muscle models were implemented

* into the existing ATh model structure. (4) Simulation of available

experimental results were performed.

This final report follows the approach used in fulfilling the

objectives and therefore will be organized in a similar fashion.

III. BACKGROUND:

Skeletal Muscle - Skeletal muscles usually originate on the skeleton,

span one or more joints and insert into a part of the skeleton again. Each

muscle is enclosed in a connective tissue sheath called the epimysium and

is held in its correct position in the body by layers of fascia. The muscle

is attached to the bones via tendons, while the interior is compartmentalized

into longitudinal sections called the fasciculi, each containing many indivi-

dual muscle fibers. The fibers are enveloped by a connective tissue called

the endomysium, which transmits the force of the muscle contraction from

individual fibers to the tendons (Fung, 1981).

The muscle fibers do not always run parallel to the force transmitting

tendons, as they do in fusiform muscles. They can be arranged in unipennate,

bipennate or multipennate form, thus altering the force transmitting charac-
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teristics (Fig. 1).

The muscle fiber, although the basic structural unit, with a diameter

of 10-60 U and length from several millimeters to several centimeters, can

be subdivided further into myofibrils of lp~ diameter. These myofibrils

comprise the hexagonal array of protein filaments that are directly respon-

sible for the contractile process and give rise, with appropriate stains

to the peculiar striations that are characteristic of skeletal muscle

(Fig. 2). A repeating unit known as the sarcomere is defined by the verti-

cal z-disk.. Two types of protein filaments are distinguishable in each

sarcomere, thin ones about 5Uj in diameter and thicker ones about 12yJ

across. The thin filaments contain actin, globular molecules in a triple

helix, while the thick filaments contain myosin, long molecules with

globular heads. The thin filaments are each attached at one end to a z-

disk and are free at the other to interlace with the thick filaments. The

A-band is the region of overlap between thick and thin filaments, the

I-band contains solely the thin filaments, while the H-band is the middle

region of the A-band into which the actin filaments have not penetrated

(Fung, 1981).

The actual contractile process takes place at the junctions between

the myosin and actin in a process known as the sliding filament theory

first presented by H.E. Huxley (1953). The myosin molecules consist of

a long tail piece and a "head". The tails lie parallel in a bundle to form

the core of the thick filament while the heads project laterally from the

filament in pairs, rotated with respect to its neighbors to form a spiral
pattern along the filament. These heads seem to be able to nod; they lie

close to their parent filament in relaxation, but stick out to actin fila-

ments when excited. Thus, during muscle contraction the muscle fiber -

shortens as the filaments slide over each other, forming, breaking and

reforming chemical bonds between the myosin heads and the globular actin

molecules.

IV. STRUCTURAL MODEL OF SKELETAL MUSCLE

If a muscle is not stimulated neurally, its tension, due to the

contractile process, is extremely small. Practically all the tension

observed when stretching the resting muscle will be due to elastic
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structures which lie in parallel to the force-producing sarcomeres: the

sarcolemna (sheath) of the individual fiber and all outer connective tissue

sheaths (fascia, endomysia, perimysia). Thus, a set of parallel elastic

elements (PEs) some of which are to be considered in parallel with each

sarcomere of each fiber and others only in parallel with the whole muscle.

Because these tissues move in fluid, appropriate damping elements (DE) also

need to be included when stimulation takes place. The contractile proteins

produce tension which, via elastic components such as tendons, is transferred

to the end points of the muscle. These components are termed series elastic
-I elements (SEs) Hatze, 1981).

Thus the following model based on Hatze (1981) can be constructed

(Fig. 3). At both ends of each fiber are lightly damped SEs representing

the tendinous parts of the fiber, and for-each sarcomere two lightly damped

SEs representing the elastic structures within the cross bridges (BE ) and

the z-disk (SEi). The parallel elastic elements for each sarcomere (PS i)

do not individually contain the damping components, since the sarcolemna

attached to the z-discs does not allow appreciable movement. The damping

element is contained in the fiber external structure and is thus placed

parallel to the entire fiber. The DE represent the purely contractile

elements of the proteih. Any mass of the sarcomeres is disregarded,

especially when compared to the much larger external mass that the muscle

contraction must move (Hatze, 1981).

Obviously such a distributed modelfor a complete muscle would be much

too complicated to use in a multilink system of the human body such as the

ATB model. Thus, a transition from the distributed system to a simpler

lumped system must be made. One justifiable assumption is that all the

sarcomeres in a fiber are more or less identical and activated at approxi-

mately the same time. It follows then that all the SEis for one fiber can

be replaced by an equivalent single element SE of length )Isi, the same

procedure can be applied to the elements CEi, BEi and PS ,, resulting in

equivalent lumped elements.

A similar process is applied in lumping fibers into motor units. The

nervous system does not control single muscle fibers, but sets of fibers in

the form of a functional unit, the motor unit. Each motor unit consists

of the motor neuron producing the neural input signal to the unit, and all

34-7
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of the fibers that are innervated by branches of the motor neuron. In

general, the motor unit fibers are distributed randomly over a certain volume

of the muscle and all have similar morphological contractile and histo-

chemical profiles (Close, 1972). Also, assuming BU-to be very stiff, as

suggested by Hatze (1981, p. 66), results in the final lumped model (Fig. 4).

For the parallel elastic element, extensive tests on the tensile

properties of resting skeletal muscle carried out by Yamada (1970) indicate

an exponential force-straint function:

PE e

where fPE is the force developed by the PE"normalized with respect to

maximum isometric tension in the muscle, a and 8 are constants and is
the strain:

1-1 (2E - (2) -'
100

where 1 is the ins tananeous muscle length and 10 is the resting length. !.

Fitting Eq. 1 to the data of human sartorius muscle from Yamada (1970,

p. 95) yields values of a - .0016296 and 0 - 7.6616. This typical force-

strain curve is shown in Fig. 5. The SE and PS elements exhibit force-
4.'.

strain functions similar to the PE (Hatze, 1981) and will be discussed in

more detail later.

The velocity dependence of the damping element (DE) can be expressed

as for a simple mechanical dashpot:

f Be (3)

where fDE is the normalized force and B is the viscous damping coefficient.

For the plantaris muscle of the cat, Bawa et.al. (1976) have determined

B - 6.4 g sec/mm which if normalized to the plantaris resting length

(10 - 50 mm) and maximum isometric tension (FMAX - 1000 gr) yields

B - .32 sec. (Fig. 6).

The contractile element is the only active component in the model.

Its behavior is extremely complex and depends nonlinearly on its length,
contractive history, velocity of movement, the degree of stimulation and

its temperature. However, for practical purposes and as discussed later,

only the basic functions will be considered: the length-tension relation-

ship and the force-velocity relationship.
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The length-tension relationship is determined by the number of active

cross links or filamentary overlap and can be adequately expressed from

the data of Gordon et.al. (1966) by the function suggested by Hatze (1981,

p. 42):

fL() .32 + .71e- 1 1 1 2 (E-1) sin (3.722 (E-.656)) (4)

here fL(E) is the normalized force due to length-tension relationships

and = X/X with .58 < 1.8, where X is the instantaneous length of CE

and X is the resting length of CE. This function is shown in Fig. 7.'S'4. The force-velocity relationship is determined by the rate of breaking

and reforming the cross bridges with higher rates producing less effective

bonds. To account for the whole range of negative velocities (shortening

or concentric contractions) as well as positive velocities (lengthening or

eccentric contractions) Hatze (1981, p. 44) has defined the following

expression:

-1.409 sn 32 .)-f (A) .1433 (.1074 + e-  sinh (3.2( + . 6 )} -

4..

where f (v) is the normalized force due to the force-velocity relationship

and

= (6)MAX

where VMAX is the maximum concentric velocity in muscle lengths/sec. and

is the velocity again in muscle lengths/sec. This relationship is shown
in Fig. 8.

Scrutinizing Figs. 5-8, several important conclusions can be drawn.

The passive force-strain property (Fig. 5) shows an exponential increase

with very small values (compared to the maximum isometric tension or

maximum voluntary contraction (MVC)) for strains less than 50% and very

large values for strains greater than 50%. However, strain values of 50%

would not be reached during normal movements and thus the passive force-

strain effect should be negligible in the normal neuromuscular response.

The passive viscous damping forces (Fig. 6) show a linear increase

with strain rate (i). Force values equal to MVC are obtained for c =

3.125/sec. Since the maximum velocity for slow fibers is 2.9 muscle lengths/

sec (Hatze, 1981) fairly substantial viscous damaging forces can be

obtained.

The active length tension relationship (Fig. 7) shows a fairly peaked

34-10
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response with a 20% reduction in force for E + 20%. Therefore, the length

tension relationship shows a significant effect that should be accounted for.

The active force-velocity relationship (Fig. 8) shows a rapid increase

up to an asymptotic value 34% greater than the MVC'for eccentric contractions

and a very rapid decrease in force (down to zero) for concentric contractions.

Therefore, the force-velocity relationship should have a very significant

effect in normal human movements.

Now, combining the model in Fig. 4 with the above-derived Equations

1-6 yield the following overall force equations

f -f + f (7)
SE CE PS

f-f + f + f (8)
SE PE DE

V. INCORPORATION OF THE MUSCLE MODEL INTO THE ATE MODEL:

With the consideration that existing features of the ATB model were to

be used for the incorporation of muscle elements, two possibilities arose:

(1) to use the spring-damper routine or (2) to use the advanced restraint

system of harness and belts. The spring damper routine was quickly discounted

because, as the name implies, only a direct spring force proportional to

displacement were available. Other functions such as the length-tension or

force-velocity relationships could not be accounted for. Furthermore, the

* spring-damper functions were limited to second power polynomials, which would

be insufficient to fit the required forms of the muscle properties.

The harness routines provided a much better alternative. First of all,

the functional form of the harness forces allowed the use of four terms:

NI?(C,i) NY M1 c + NF2 (F.)NF() + NF4 ) (9)

where C strain,'i strain rate and NF - functional form of force.

Secondly, each of the terms could be expressed either as a fifth order

polynomial or as a tabular function for more complex simulations.-

On the other hand, there are still limitations within the harness

routine that restrict the effectiveness of the muscle model. Obviously,

from the functional form of Eq. 9 only three elements can be modeled
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adequately. Furthermore, all three of these have to be in parallel, since

forces add directly only in parallel. Series elements would require complex

integro-differential equations in NP which can not. be replicated with Eq. 9.

Thus, the series elastic element (SE) needed to be eliminated.

The elimination of SE can be rationalized by considering SE to be a

very stiff spring which is supported by Bawa et.al. (1976) who found

S KSE n 380 g/um as opposed to KE " 103 g/mm. Eliminating SE yields four

elements in parallel, two of which are parallel elastic elements. This can

be combined into one parallel elastic element, yielding the final simplified

model in Fig. 9. The functional forms for each of these elements have been

given previously in Eq. 1,3,4, and 5.

Simulation of Elbow Flexion - The simulation of elbow flexion (Fig. 10)

consisted of three segments: the upper arm, the lower arm including the

hand and a mass held at the center of gravity of the hand; and three joints:

the shoulder which is fixed to an inertial reference fLame, the elbow modeled

as a hinge joint and an unconstrained joint acting as the attachment between

the hand and the mass. One muscle was attached to act as the combination of

elbow flexors, the biceps brachii and the brachialis. Anthropometric values

for the segments and centers of gravity were taken from the data of Dempster

(1955). The origin of the elbow flexor was put at the shoulder joint since

the long head of the biceps even crosses the shoulder joint (McMinn and

Hutchings, 1977). The insertion was set at 1.8 inches from the elbow cor-

responding to the biceps data of Wilkie (1950).

The maximum isometric tension of the elbow flexor was calculated from

the data of Wilkie (1950). His subjects maintained a 20kg weight at the

wrist with a lever ratio between muscle insertion distance and the moment

arm of the weight of .15, yielding a maximum isometric tension of 133.3kg
2

or 293 lbs. This result is confirmed using cross-sectional areas of 4.6 cm
2

and 7.0 cm , respectively, for the biceps and brachialis (An et.al., 1981)
2

multiplied by the maximum muscle force of 10 kg/cm (Hatze, 1981) to yield

255 lbs. This value is remarkably close to the more direct value, considering

that other minor flexors which produce additional torque are not accounted

for. As a result, a value of 300 lbs. was selected as the maximum isometric

tension for the elbow flexors.

34-13
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Special modifications needed to fit the four muscle functions to the ATB

model included the following. At present, the ATB model doesn't allow

negative strain which does occur during a concentric contraction, it was

necessary to pretighten both the length-tension function and the muscle-

spring function so that under extreme concentric contractions, the calculated

* strain would still be positive. Strain under pretensioning is calculated as

follows:

1i -l (10)

0

where s -slack (negative if pretensioned). During a resting state when

normal strain C - 0 a pretensioningof s - 1o/2 yields £ C' 1. Then E and
0

• are related by:

" 2e + 1 (11)

Thus for normal strain (-) ranging from -.4 to .8, pretensioned strain

(e') would range from .2 to 2.6.

The velocity dependent functions are calculated based on strain rates.

Thus a strain rate of 1/sec. would be equivalent to a muscle velocity of one

-* muscle lenth per second. For slow twitch fibers, as typically found in the

trunk musculature, the maximum velocity is approximately 2.9 muscle lengths/

sec (Hatze, 1981). Thus Eq. 6 can be used to define n needed for the
force-velocity function in Eq. 5.

The elbow flexor simulations utilized a fixed upper arm, a freely

pivoting elbow joint (i.e. pin joint) a fixed wrist joint and a mass held

in the hand. The upper arm is fixed vertically while the lower arm starts

out horizontally (i.e. elbow angle - 90%). The mass in the hand is varied

and the lower arm is allowed to move under the combined effects of gravity

and the elbow flexor forces. For a large mass, the torque around the elbow

created by the mass exceeds the maximum voluntary torque produced by the

elbow flexors and the lower arm pivots down, lowering the mass. For a

small mass, the maximum voluntary muscle torque exceeds the externally

produced torque and the arm pivots up lifting the mass.

Muscle forces as a function of time for various masses and conditions

are shown in Figs. 11-15. Figs. 11-14 show the effects of isolated muscle

34-15



L~in

w ~w

a. U.

$-9

0 u0

020

z
ow hi

MUCL FORC INMSLEFREi b

I.Z4

34L1



functions (the other functions are replaced by dummy variables) while

Fig. 15 shows the effects rising the complete elbow flexor. More complete

results including the angular displacement and strain at 256 msec, and the

maximum linear muscle velocity and resulting for the various conditions

are sumarized in Table 1.

The conclusions drawn in Section IV from theoretical muscle function

relationships are definitely supported by these simulations. For example,

Fig. 11 shows a constant muscle forceover time for the isolated muscle-

spring function for two different masses (m - 80 and m. 200). In both
cases the lower arm pivots down (390 and 43* respectively) but the resulting

muscle strain is too small to produce any significant increase in muscle

force. In fact for a completely extended forearm, the resulting strain of

13.9% is insufficient to produce a significant muscle-spring force. On the

other hand, the forces produced by the passive damper amount to a significant

30% increase above the maximum isometric tension (Fig. 12), which results in

a substantial slowed descent and reduced angular displacement (Table 1).

The reduction in muscle force due to the length tension relationship

amounts to approximately 16% of the maximum isometric tension at full flexion

as shown for condition m-1 at time - 100 maec in Fig. 13. Full extension

would result in a 10% decrease in force. Since these are the maximum

decrements possible, the length-tension relationship seems less important

than the passive damper effect. This, however, is slightly misleading in

that the present case is not a completely realistic simulation of elbow

flexion. Nearing full extension of the elbow, the biceps tendon tends to be

distended by the capitulum of the humerus (Fig. 10) accentuating the length-

tension relationship.

The active force-velocity relationship produces a 30% increase in force

for a eccentric contraction (m-80) and a 16% reduction for a concentric

contraction with mass- 30 lbs. However, a smaller mass would have resulted

in a much faster contraction and consequently greater force reduction as

shown more clearly in Fig. 15 for the force histories for the complete elbow

flexor. A concentric contraction with mass - 1 lb. at maximum velocity results

in an 84% reduction in muscle force. This predominant dependence of the

muscle force on the velocity of contraction is shown even more distinctly

in Fig. 16 in which the time plots of force strain and strain rate are

34-17
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TABLE 1 - SUMMARY OF ELBOW FLEXION SIMULATIONS

- -

Mass:..-(bs) Parameter Spring Damper Length Velocity Complete

Muscle

Angular Disp. (0) -90.0 -79.0

Strain -.162 -.159
- Muscle Velocity in -27.8 -8.65

Sec

Strain Rate -.805 -.250

* Angular Disp. (0) -12.0 -6.0 -5.9

3 Strain -.031 -.016 -.015
30z Muscle Velocity -in -3.04 -1.05 -1.04

Strain Rate -.088 -.03 -.03

Angular Disp. (0) 1.8

Strain .005
40 Muscle Velocity in .330

sec
Strain Rate .010

Angular Disp. (0) 39.0 26.0 28.4 24.0 20.9

Strain .090 .063 .069 .059 .052
Muscle Velocity -n 6.08 5.39 6.08 4.99 4.36

sec
Strain Rate .176 .156 .176 .144 .126

Angular Disp. (0) 43.0 41.0 43.0 39.0

Strain .097 .0935 .097 .090o 200 i '':

Muscle Velocity s 7.65 7.39 7.65 7.12

Strain Rate .221 .213 .221 .206

d
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superimposed. Force and strain rate follow almost identical curves as

compared to the strain function. Thus, for the present simulations, muscle

force is determined primarily by the strain rate functions.

Simulation of Trunk Musculature - Simulation of the trunk musculature

is a much more difficult undertaking than simulation of the elbow flexors.

First of all, there are many more muscles involved, close to 20 for the lower

back and trunk and equally many for the neck region. Secondly, some of the

muscles, such as the erector spinae, have many attachment sites betwen the

different vertebrae. Thirdly, the lines of action of the muscle forces are

not always in straight line, e.g., the interior and exterior obliques.

Fourthly, the vertebral joints are complicated by the ligaments and their

additional force-bearing capabilities. Another restricting factor was the

limit of five muscle harness systems for the recently added feature on the

ATB model (Butler and Fleck, 1980). Therefore, for the present effort most

of the above complications were avoided and a very simple model of the trunk

musculature was constructed.

The model as shown in Fig. 17 consisted of four muscle-harness systems

representing the major lateral bending muscles. One harness system was used

to restrain the seated operator and since only lateral forces were of concern,

* -all four muscle-harness systems were placed on the same side as the force

being applied. The four major muscle groups used - two for the trunk, two

for the neck - were as follows:

1) Interior and exterior obliques - which tend to curve around the

trunk at the abdomen but act over a fairly short distance verti-

* ."cally.

2) Psoas, erector spinae, quadratus lumborum - which tend to be longer,

originating in the pelvic area and inserting in the thoracic area.
3) Trapezius - originating laterally on the shoulders and inserting on

the skull.

4) Scalenus, levator scapulae, sternocleidomastoid - which originate

closer to the midline than trapezius and insert at various levels

of the cervical spine.

A procedure similar to the elbow flexcr simulation was followed using

cross-sectional areas from Takashima et.al. (1979) to determine maximum

isometric tension for the neck muscle groups, maximum lateral bending forces

34-20

*,:- 9-. .- -. - .. , . . . . , . . . • .. .... -. .. .... . ... - -. 9,. . . . . - .. . . . . . - .



*- A ..f a -'A A. ' ' - .* L'-. . '-. - -
' '
-A - " "- --" "" " . . . . . . .. -.. .. .. .-

7 77

(225 ibs) from McNeil et.al. (1980) proportioned between the two trunk muscle

groups according to Rab (1979) (which is more accurate than using the first

technique) and finding insertions and origins in Takashima et.al. (1979),

Williams and Belytschko (1981) and Rab et.al. (1977). This information is

summarized in Table 2.

The study of trunk musculature simulated the conditions experience by a

95% male air crew personnel in a series of tests run in the Dynamic Environ-

meat Simulator at Wright-Patterson AFB, OH. The full ATB Model with 15 body

segments and 14 joints was used along with the addition of the four muscle

groups described previously. The body segments were arranged in the semi-
reclining posture maintained by air crew personnel in the cockpit (Fig. 18).

The lower trunk was restrained by a lap belt; any other restraints, such as

shoulder pads or hands placed on controls, were eliminated. A 2 Gy lateral

force was applied to the body and the acceleration; velocity and displacement

of various body segments was recorded.

A graphical display of the whole body response to the lateral force

overtime is shown in Fig. 18b. For comparison purposes, the response to

identical conditions except for the lack of musculature is given in Fig. 18a.

Although the musculature does not completely prevent the lateral deflection

of the body the response is significantly delayed with the head and neck

maintaining the upright position for a longer period of time. This result is

better observed in Fig. 19 which plots the angular displacement of the upper

trunk for both conditions. At the end of 256. msec the angular displacement

is reduced by 120 with the use of musculature. Based on the time history,

the response with the musculature lags up to 30 msec behind the control response.

VI. RECOHMMEIDATIONS:
These two series of simulations validate the use of a simple muscle

function to model an active neuromuscular response to dynamic mechanical

stresses. However, for a more accurate simulation three modifications are

recommended:

1) To satisfactorily describe the anatomical placement of muscles,more

$1 than 5 harness (muscle) systems need to be permitted by the current

version of the ATB. A minimum number required for the torso and

neck would be 20, with an additional 20 needed for the limbs.
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I 2) To more accurately describe the muscle performance, features such as

the active state function, force build-up time, delineation of slow

and fast twitch fibers, orderly recruitment patterns, fatigue effects

and reflexes could be eventually included into the muscle model.

4 3) To account for the irregularities of the human body, a more detailed

modeling of joint biomechanics, range of motion of limbs, multiple

muscle insertions and the effects of ligaments should be included

into the ATB Model.

A very important application for a completely muscularized ATB Model,

besides the Air Force pilot simulations, is the simulation of manual material

handling tasks in industrial jobs. The prediction of work strengths during

dynamic job activities is a very desirable employee placement technique and has

been strongly recommended by the National Institute of Occupational Safety

and Health (Chaffin, et.al., 1977). Present results indicate the muscularized

ATB Model to be a very feasible approach with good future potential.
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THE MANUFACTURING CONTROL LANGUAGE FOR ROBOTIC WORK CELLS ':

by

Mark A. Fugelso and Brian 0. Wood

ABSTRACT

Under contract F33615-78-C-5189 within the United States Air Force

ICAN program, the McDonnell Douglas Corporation has developed the

Manufacturing Control Language (MCL) for use with robotic work cells.

An extension of the numerical control language APT, MCL contains control

words for real time decision making and vision processing. These

facilities, along with several other features, make this language a .2

versatile off-line programing tool. This paper gives a basic overview

of MCL's capabilities. Suggestions for further research in this area

are offered.
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PARAFOVEAL VISUAL INFORMATION

PROCESSING AS A SECONDARY TASK LOAD

by

Eugene H. Galluscio

ABSTRACT

Thirteen Air Force pilots were presented with a parafoveal

visuospatial task while "flying" the A-10 version of the Advanced

.1 Simulator for Pilot Training (ASPT). The subjects' primary

task was to maintain optimum bank and pitch control while

attempting, as a secondary task, a figure matching task in the

visual periphery. The results showed a left-visual field (right-

brain) advantage for the visuospatial task. The results are

discussed in terms of lateralized differences in brain function

and the potential application of parafoveal displays for future

instrument arrays. Suggestions for further research in this

area are offered. r
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I. INTRODUCTION:

In an increasingly technical Air Force, man is becoming

the "weak link" in the man/machine interface problem. Many

jobs require heavy visual task loads in increasingly restricted

work space. This is particularly true in fighter aircraft where

the primary cockpit space (space in front of the pilot) is critical-

ly small and the need for visually displayed information is great.

Visual displays for flight control, navigation, aircraft support

systems, weapons control, radar warning and comunications all

require their share of the visual work space so as to insure rapid

and accurate detection and interpretation.
.J.

Presenting usable information in the periphery of the visual
4.'.

work space to be processed parafoveally (without requiring direct

foveation) presents an attractive alternative for providing

.4 additional visual displays without taxing the primary visual

work space. There are, however, two problems associated with

parafoveal information processing. The peripheral retinae

are specialized for motion detection and therefore, have an

extremely high convergence ratio between receptor cells and

ganglion (output) cells. The convergence ratio increases rapidly

Swith deviation from the fovea resulting in a precepitous loss in

visual acuity beyond a few degrees from the foveal center.

Secondly, the number of cones deciease rapidly with divergence

:. from the fovea resulting in the loss of color vision (see

Haber, 1980 and Ogle, 1962 for a review of these visual

'-;
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characteristics). Additionally, the visual neuroanatomy in

man is such that the visual pathways for each eye hemidecussate

at the optic chiasma. This results in complete lateralization of

the visual fields for each eye. That is, the optic fibers for .j !

the temporal retina of the left eye and the nasal retina of the

right eye (both of which receive light from the right visual

field) project to the left hemisphere of the brain. The

reverse condition is true for the complimentary half retinae

which receive light from the left visual field and project to the

right hemisphere (Risse, et al., 1978). Following projection to

the primary visual cortex of one hemisphere the information from

a visual field can be shared with homologous areas of the contra-

lateral visual cortex via the neo-cortical commissures (Meyers,

1956; Meyers and Sperry, 1958; Risse, et al., 1978).

The lateralization of visual pathways is an important con-

sideration in parafoveal information processing. Recent studies

have demonstrated that the two sides of the brain do not share

identical functions (see Bogen, 1969a; Bogen, 1969b; Dimond and

Blizard 1977 for extensive reviews). Generally, it appears that

the left brain is more analytical and superior for the inter-

pretation and production of language while the right brain is

more intuitive and is superior for the perception of space and form. ""

There is some evidencehowever,(Bagnara, et al., 1980) that these

relationships are less clearly defined in females and in familial

left-handers. The partially separated visual pathways have in
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fact, been used as a means to help define differences in brain

function. By presenting stimuli tachistoscopically in either the

left or right visual field while the individual attends to

a central fixation point, the information is received exclusively

by one hemisphere and can be shared with the contralateral

hemisphere only via transcallosal transmission. Using reaction

*times and error scores as dependent variables, it may be

assumed that increased latencies and errors reflect the

>. € additional neuronal processing required when the visual

*. information is received by the "incorrect" hemisphere first and

-% must be transferred to the contralateral hemisphere for processing

(Moscovitch, 1976). Using this technique it has been demonstrated,

for example, that the left brain is able to process verbal

material better than the right and that the right brain can

process spatial material better than the left (Moscovitch, 1976;

White, 1969).

II. OBJECTIVES:

The research which has been done to evaluate parafoveal

information processing has taken place in rigorously controlled

laboratory conditions where the lateralized input task was the

only task load for the subjects. If parafoveal vision is to be

useful in real world environments it must be demonstrated that the

relationships which have been found in the laboratory persist

under more applied conditions. It is reasonable to question

36-5
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whether or not parafoveal stimuli can be usefully interpreted when

attention must be divided between two or more tasks when one of

the tasks requires processing stimuli in the visual periphery.

Additionally, it is reasonable to question whether or not the

lateralized differences in brain function observed under controlled

laboratory conditions remain constant under additional task loading.

The objective 'of this study was to evaluate a spatial task 1

that has demonstrated a clear left field advantage as a primary

task (Cohen, 1973; Galluscio, 1980; Geffen, et al., 1972) under

secondary task load conditions. The primary task selected was

a visuospatial tracking task to provide maximum task loading on

spatial information processing (Wickens, Mountford and Schreiner,

1981).

III. METHODOLOGY:

Equipment: The A-10 version of the Advanced Simulator for

Pilot Training (ASPT) was used as the flight simulation platform.

A detailed description of the ASPT computer image generation (CIG),

visual display characteristics and operator console may be found "

in Gum, Albery and Basinger (1975). The CIG provided a dynamic

display of the terrain features of the Davis-Monthan airfield

area and the peripheral test stimuli. The stimuli were computer

generated, simple geometric figures; squares, triangles

and circles (the circles were composed of 16 outside edges)

20 of arc in height and width with central edges displaced 20

- 36-6
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of arc to the left or right of a dot in the center of the

attitude indicator on the A-10 heads-up display (HUD). In

addition to the attitude indicator the HUD provided digital

displays for aircraft heading, G load and vertical ladder scales

for airspeed and altitude.

Subjects: Thirteen male T-37 and T-38 pilots served as

subjects for this study. They had a mean of 864 hrs. total flying

time with a mean of 291 hrs. in the last six months. The mean

age of the pilots was 25.6 yrs. with a range of 23 to 30 yrs.

The subjects were given a modified handedness questionnaire

(Swiercinsky, 1978) and determined to be strongly dextral with

no significant familial sinistrality. None of the subjects

had previous experience with the A-10 aircraft or the ASPT.

Approach: The subjects were brought to the simulator

facility briefed on the purpose of the study, and were told that

the primary task in the study was to control aircraft bank and

pitch using the attitude indicator on the A-l0 HUD. The

secondary task was to respond to figures presented in their visual

periphery by depressing the cannon trigger on the control stick.

Emphasis was placed on sacrificing the secondary task for

aircraft attitude control.

The figures were presented in pairs with each pair preceded

by a .5 sec. 2030 hz. tone. The stimuli were presented tachisto- *I

scopically at 66 msec. duration with a 1 sec. delay between the

figures of each pair and a 5 sec. delay separated each stimulus
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pair. The subject held the control stick with both hands and

responded by depressing the cannon trigger with the left or

right index finger only when the second figure of each pair was

the same as the first. The subjects were given 5 practice trials

in each visual field followed by 60 test trials in each field for

a total of 130 figure pairs. Half of the pairs in each field

were matches. The order of presentation by visual field and hand

response was counterbalanced.

IV. RESULTS:

The mean correct reaction times for each subject and the

combined subject means are shown in Table 1. The error scores

were too small to permit meaningful analyses. Analyses of the

reaction times for left- and right-hand responses showed that

there was a right-hand advantage in both the left-field condition

(t 12 3.854, p(.005) and for the right-field condition

(-t 12 " 3.704, p(.005). A comparison of left- and right-field

reaction times with left-hand responses indicated a left-field
.- v.

(right-brain) advantage (t 12 - 2.367, p(.025). The field effect

for right-handed responses also evidenced a right hemisphere

superiority (_t 12 = 2.543, p(.025).

V. DISCUSSION:

The results of this study show that the reaction times for

responses made with the right hand were faster than those made with

36-8
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Table 1. Mean Correct Reaction Times

(in msec.) as a Function of Visual Field
and Response Hand

Left Field Right Field

Left Hand Right Hand Left Hand Right Hand

SUBJECT

1 561 502 626 528

2 795 743 815 700

3 470 410 601 514

4 496 471 533 487

5 444 476 473 485

6 551- 530 645 575

7 481 486 556 527

8 519 462 456 457

9 502 491 507 504

10 759 672 744 651

11 820 706 874 765

12 516 478 567 555

13 460 431 430 515

X 567.2 527.5 602.0 558.7
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the left. A preferred hand advantage has not been reported in

other brain lateralitv studies (Cohen, 1972; Galluscio, 1980;

Ceffen, et al., 1972; Moscovitch, 1976) and probably reflects

the previous experience of the subjects for making flight control

input with the right hand. The left-field (right-brain) advantage

found with both left- and right-hand responses is consistant with

earlier studies that have shown a right-hemisphere advantage for

spatial matching tasks.

Moscovitch (1976) noted that the reaction time delays

resulting from lateralized stimulus input varied depending on the

complexity of the stimuli and the nature of the task. Delays for

the recognition of simple stimuli were in the range of 2 to 20

msec. while delays for more complex stimuli which required same-

different judgements ranged from 20 to 50 msec. Moscovitch

hypothesized that the shorter delays reflected transcallosal

transmission from the receiving, inferior hemisphere to the '

processing hemisphere while the longer delays reflected the

additional encoding and analyses required by the dominant

hemisphere following transmission across the cerebral commissures

(Moscovitch, 1976, pp 61-62).

The delays resulting from right-field presentations in this

study averaged 33 msec. (34.8 msec. for left-hand responses and

31.2 msec. for right-hand responses)'suggesting that independent

of which hand was used to make the responses, the actual processing

of the visuospatial task was accomplished by the right cerebral

36-10 2
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hemisphere. Of importance to the key issue of this study, the

right-brain advantage for the visuospatial task, which has been

frequently reported under highly controlled laboratory

conditions persisted even as a secondary task in a more applied

setting. These results suggest that visual information presented

in the peripheral work space may be of potential utility in the

design of instrument displays and may be an important consideration

in the design'of future display systems.

VI. RECOMMENDATIONS:

This study should be viewed as a preliminary investigation

for a systematic program to evaluate parafoveal information

processing. Specifically, research efforts should be considered

along the following lines:

1. This study demonstrated that right-brain functions

hold up as a secondary task. A logical follow-on study could

evaluate the persistance of the lateralized verbal functions of

the left brain under secondary task load conditions. This could

*be done at the Human Resources Laboratory as a close replication

of the present study or at the Clemson University Laboratories

using a bench type tachistoscope modified to present a tracking

task through one channel.

2. A second area of study should evaluate parafoveal

information processing as a means of improving performance in

complex multitask environments while not sacrificing mission
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requirements. If the central processing operations for verbal

and spatial material draw upon separate neuronal resourcesj

(Moscovitch, 1977) it may be possible to increase visual

-. information processing by simultaneous hemifield presentations of

-7

S..

the brain while using contralateral manual responses to maintain

-'..

hemispheic-mteas inerity (pnseparaten netroal 1981,ce pp..112)
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THREE-DIMENSIONAL VISUAL INFORMATION PROCESSING WITH

BINOCULAR HELMET-MOUNTED DISPLAYS

by

Eugene H. Galluscio

ABSTRACT

The efficacy of a binocular helmet-mounted display (HMD) to

provide usable stereopsis in a dynamic, simulated aerial refueling

environment was examined. Twelve pilots made distance judgments from

a computer image-generated (CIG) model of a KC-135 tanker in the A-10

version of the Advanced Simulator for Pilot Training (ASPT). Half of
the subjects viewed the tanker with a biocular display and half viewed

the tanker with a binocular display that provided the perception of

depth by stereopsis. Retinal image disparity in the binocular viewing
condition was provided by presenting two independent CIG displays

separated 76.9 mm in perspective. The results show that pilots in the

binocular condition were able to Judge distance more accurately. The

results are discussed in terms of the additive effect of pictorial,

kinetic, and stereoscopic depth cues. Suggestions for further

research in this area are offered.
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I. INTRODUCTION:

A major Air Force need for existing and future operational and

training systems is to present visual information in a manner that

provides operators with accurate data about three-dimensional space.

This is especially true in flight operations and flying training

environments where the perception of depth is particularly critical.

Existing aircraft visual systems such as head-up displays (HUDs),

helmet-mounted displays (HMDs), and the visual displays of flight

simulation training devices are totally dependent on the use of

pictorial cues to present the perception of depth (Harker, 1980).

Pictorial cues are those attributes of depth in a visual scene

that may be presented in a two-dimensional drawing or still

photograph. An extensive review of these monocular depth cues may be

found in Haber (1980) and in Ogle (1962). The ability to use these

two-dimensional representations of depth is apparently not innate and

requires experience with the environment.

A special class of pictcrial depth cues is the kinetic cues of

motion parallax and streaming. The kinetic depth cues reflect changes

in the perspective of objects in the visual scene as the observer

moves in relation to the scene. These cues obviously require dynamic

computer image generation (CIS) or motion pictures. As is true with

static pictorial depth cues, the kinetic cues seem to require

experience with the environment, may be represented on a

*two-dimensional surface, and may effectively present the perception of

depth when viewed with Just one eye.
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There are two categories of depth cues which are not used

effectively in existing visual display systems. These are: the

intrinsic and extrinsic oculomotor cues for accommodation of the lens

and convergence of the eyes and the binocular depth cues. Most

displays use either a projected or cathode ray tube (CRT) real image

or a collimated, virtual image. In either case, the actual points of

focus and vergence are always at the plane of the image (the CRT

faceplate or infinity for collimated images) and may not be in concert

with the pictorial depth cues presented on the display. In a mix of

visual depth cues where the physiological cues are contraindicative to

the pictorial cues, the pictorial cues appear to be dominant in the

interpretation of depth (Ittelson, 1960). Additionally, these

displays present identical images to each eye. Since the eyes are

displaced laterally by approximately 65 m, they do not share

identical points of reference. In normal binocular viewing of -

three-dimensional space, objects located in front or behind the point

of vergence are displaced laterally on the retinae in relation to

objects on the horopter (Tyler, 1979). The resultant retinal image

disparity provides an exceptionally sensitive form of depth

information. Lateral displacements on the retina of each eye of just

5-10 arc sec are sufficient for the detection of depth (Tyler & Scott,

1979; Tyler, 1977; Ogle, 1952).

It has been known since Wheatstone's early experiments with

stereoscopic Images (1852) that the fusion of two slightly disparate

figures presented independently to each eye can produce the illusion
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of depth. It is now known that this phenomenon is under the control

of hypercomplex cells in the visual cortex which require simultaneous

input from homologous visual fields of each eye (see Tyler and Scott,

1979, for a review). These cells appear to be "tuned" to detect very

small, horizontal retinal image disparities (5 to 10 arc sec) and are

clearly functional in processing stereoscopic depth information

(Mitchell, 1972). Therefore, when two complex images presented from

binocular perspective are fused through the vergence mechanism, the

resultant retinal image disparities simulate the disparities which

normally result from viewing objects in three-dimensional space. This

activates the hypercomplex cells in the visual cortex which are

responsible for detecting and interpreting disparate images on the

retinae and presumably produces the illusion of depth. Whether or not

this illusion of depth can be effectively used to aid in making

accurate depth judgments is still in question.

II. OBJECTIVES:

New technological developments have made it feasible to utilize

retinal image disparity to present usable depth information in dynamic

visual displays (Roark and French, 1982). These displays can provide

integrated pictorial, kinetic, and binocular depth cues. The Human

Resources Laboratory/Operations Training Division has developed an IHtD1

system which is capable of presenting CIG video independently to each

eye through two Honeywell 40" field of view (FOV) displays.

The helmet is equipped with a magnetic sensor developed by Polhemus

37-6V .-.-,7 .



Navigation Sciences which continuously detects head position.

The output from the magnetic sensor is used to ali.gn the CIG so as to

correspond with head position.

The purpose of this study was to evaluate the effectiveness of

this HMD in providing usable binocular depth information. A simulated

aerial refueling task was selected for the study. Harker (1980)

determined that this type task would be likely to benefit from

stereoscopic displays because binocular depth cues become effective at

distances under 580 m and because the mid-line point of reference of

the tanker aircraft would tend to emphasize-stereopsis in a mix of

pictorial, kinetic, and binocular depth cues. Thus, although the FOV

is only 400, the wearer is able to look at almost any point by

moving his head.

11I. METHODOLOGY:

Equipment: The A-10 version of the Advanced Simulator for Pilot

Training (ASPT) was used as the simulator platform. A detailed

description of ASPT may be found in Gum, Albery, and Basinger (1975).

The KC-135 imagery for ASPT was modified to permit either identical

perspectives for each eye (blocular condition) or imagery presented

from two points of reference separated by 76.9 mm (binocular

condition). The two viewing conditions were presented through the

Honeywell 400 FOV HMD, and the Polhemus magnetic sensor was used to
align the CIG with head position. For a detailed description of the

tanker model, see Woodruff, Longridge, Irish, and Jeffreys (1979).
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A dynamic program was prerecorded depicting closure on the

tanker at a constant rate and at a fixed vertical separation that was

level with the end of the extended boom. Points were established at

25, 50, 100, and 200 ft from the end of the boom, to be used as target

distances for the study. (Metric displays were not available at the

experimenter console.)

Subjects: Twelve pilots (five F-16 student pilots, four T-37,

and three T-38 instructor pilots) served as subjects for this study.

-~They had a mean of 795 hours total flying time and a mean of 150 hours

in the last six months. Only two of the subjects had previous

experience with aerial refueling - one in the back seat of F-4s, the

second in the back seat of F-16s.

Approach: The subjects were assigned to either the binocular or

biocular group but were not informed of their viewing condition. Some

attempt was made to balance the two groups by type of aircraft and

aerial refueling experience. Each subject was tested for his ability

to fuse independent images using a stereoscope. The subject was first

shown a stereoscopic view of a natural scene and then a random dot

stereogram which, when fused, produced a central square surface in

depth (Julesz, 1971). The subjects were then briefed on the alignment

procedures for the HMD and were fitted to the helmet.

Subjects were shown static displays of the tanker model at 200, 2
100, 50, and 25 ft. The simulator was then placed at an initial point

440 ft from the tanker. For each trial, the CIG closed on the tanker

and the subject reported verbally at one of the four test distances.
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No control inputs to the simulator were required of the subject.

After each trial, the subject was informed of the -actual distance at

which he responded and was shown the static display of the correct

distance. Each subject received seven such trials with feedback, at

each test distance. The order of trials was randomized within each

group and counterbalanced between groups. After all 28 trials were

*completed, the subject completed a brief questionnaire dealing with

the comfort of the helmet, the usability of the display, and his

subjective assessment of the depth cues used at each test distance.

IV. RESULTS:

The mean absolute error scores of the biocular group for each of

the test distances are plotted by trials in Figure 1. The equivalent

data points for the binocular group are shown in Figure 2. These data

show that for both viewing conditions, the absolute error scores drop

off rapidly over the first three trials and the perfo~iance of both

groups becomes relatively stable over the last thrke trials. The mean

.- 4

absolute error for the last three trials for each distance was

computed. The overall means for each group, are show in Table 1.

Table 1. Cwoarson of Mean Absolute Error for the
LachestdstThee als for Each Distance frm tTane - J

Ditanelin Biocular Direction of Binocular
Feet wu e oifterence Grouip

200 17.1 >13.8

100 11.0 >9.8

s0 7.2 5.7

25 5.4 1.5
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Figure 1. Biocular Group Mean Absolute Error for Each Trial.
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Figure 2. Binocular Group Mean Absolute Error for Each Trial.
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Examination of Table 1 shows that the error scores for the binocular

viewing condition were smaller than those of the biocular conditioned

for each test distance. The between-subjects test for significance,

however, failed to reach significance at the .05 level 10

1.348; p = .2723). The within-subjects F test was significant (F3

accuracy of distance judgments varied with distance from the tanker.

The interaction between viewing condition and distance was not

significant (F3, 30 = .018; p = .971). Tuckey pair-wise comparisons..-:

were made at the .05 significance level. These show that the combined

group mean absolute scores at the 25 ft distance were significantly

smaller than the 100 and 200 ft distances. sone of the other

pair-wise comparisons were significant. s t""

Since observation of the data showed that all binocular mean error'-..'

i scores were smaller than the biocular group scores, post-hoc

Mann-Whitney U tests were performed between groups at each distance. .Z-'

The comparison at the 25 ft point was significant (U = 0; p4. 0 l)."

The U test is a conservative test as compared to the t test,

especially with a small sample. Nonetheless, thea of this•--

comparison should be dealt with cautiously, since the overall ::::

between-groups F test was not significant.
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V. DISCUSSION:

The data clearly show that the subjects were able to learn to

make accurate judgments about depth in a simulated aerial refueling

task using both biocular and binocular viewing conditions. This can

be attributed to the pictorial and kinetic depth cues provided by the

-' dynamic tanker model. Harker (1980) found that pilots who had aerial

refueling experience tended to use pictorial cues such as the size of

the tanker, details on the tanker aircraft, relative position of the

tanker, and kinetic cues related to the relative motion of the tanker

to make distance judgments. The responses of the subjects in this

study on the questionnaire clearly indicate that pictorial and kinetic

cues were primary, independent of viewing condition. Additionally,

the edge of the 400 FOV display provided another reference for

Judging size and motion cues. This cue was reported as the best

distance cue more often than any other by both groups. Only two

subjects in the binocular group indicated that the stereopsis provided

by the display was useful.

The smaller absolute errors attained by the binocular group

suggests that the perception of depth provided by stereopsis adds to

the pictorial and kinetic depth cues which were available in both

viewing conditions. That the differences between the two viewing

conditions were significant only at the 25 ft point is not

surprising. The tanker model was presented against a homogeneous

background; therefore, the only available disparate images were from

points on the tanker itself. Harker (1980) has suggested that in a

37-12

4- . , .



mix of monocular and binocular depth cues, the binocular cues may not

be useful much beyond 20 ft, as subjects tend to rely more on the

monocular pictorial and kinetic cues at greater distances. Finally,

although the subjects ini the binocular group were informed of the

stereoscopic nature of their display, they were not alerted to attend

to the depth cues provided by stereopsis. It seems quite possible

that with directed training in the use of binocular displays,

performance could be improved.

VI. RECOW'ENDATIONS:

* This study demonstrated that stereoscopic displays can provide

usable depth information in a simulated aerial refueling task. This

should be viewed as the first step in the systematic investigation of

the potential application of three-dimensional imaging for future

operational and training display systems. The prototype 1140 used in

*this study had some severe limitations. Physically, the HMD was heavy

and cumbersome, and the housing restricted peripheral vision. The 1140

had a virtual, collimated image; therefore, the effective horopter was

a plane at infinite distance and thus did not necessarily correspond

to the pictorial depth cues displayed. Even with these limitations,

* this 1140 did provide useful depth information and in that respect may

be a harbinger of more effective three-dimensional displays.7?
Continued research along the following lines appears to be

warranted:

N 1. The 400 FOY display should be used to evaluate the

effect of stereopsis in aiding pilots to control airspeed and maintain
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contact during aerial refueling. Woodruff, Longridge, Irish, and

Jeffreys (1979) found that experienced pilots had great difficulty

controlling airspeed during simulated aerial refueling in ASPT. Their

findings may well be attributed to problems in judging depth.

Accurate feedback concerning distance is critical for throttle control

in this task.

2. The edge of the 400 FOV HMD in this study served as a

powerful pictorial depth cue. HRL has contracted for the development

of a wide angle binocular HMD which should be used to evaluate

stereoscopic imaging. The 1350 horizontal FOV of this display would

provide a more accurate assessment of the effectiveness of binocular

stereo displays.

3. Other techniques of providing stereopsis should be

investigated, particularly lenticular screens and pulse synchronized

lead lanthanum zirconate tetante (PLZT) wafer lenses (see Roark and

French, 1982). The latter have the advantages of providing color and

high luminance, and they can present both CIG and video displays.

The PLZT system holds much promise, but there are some perceptual

questions relevant to this system which require investigation;

specifically, the effect of pulsed images on retinal image rivalry

(Tyler and Scott, 1979; Hershberger and Guerin, 1975) and the effect

of horizontal raster alignment on stereoacuity (Mitchell, 1970).
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Shallow Donor and Exciton Binding Energies

in Quantum Wells

by

Ronald L. Greene

ABSTRACT

We examine the theory of shallow donors and excitons trapped in

quantum wells formed by sandwiching one semiconductor between layers of

another with a larger band gap (e.g., GaAs between Al Ga As). The
x 1-x

anisotropy of the valence bands is taken into account for the exciton.

Using a variational calculation, we investigate the dependence of the

ground state binding energy of the shallow donor and exciton upon the

width and height of the quantum well, and compare with results obtained

using an infinitely deep well. We also consider the behavior of the

n-2 states (in the hydrogenic limit) as a function of the width of the

4quantum well.
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I. Introduction

Recent advances in crystal growth techniques such as molecular beam

epitaxy have made it possible to grow materials consisting of alternate

layers of two different semiconductors. The thicknesses"of these layers

and the sharpness of the interfaces can be controlled sufficiently well

that these "superlattices" show quantum behavior due to one-dimensional

periodicity.

One of the most common superlattices consists of alternating layers

of GaAs and Al Ga As, with the GaAs widths in the range of about 40-500 .x l-x

For small to moderate Al fractions (xj0.4), Al Ga As is a direct gap
x l-x

semiconductor with a band gap larger than that of GaAs. Thus, at the

interfaces between the two semiconductors, band discontinuities of order

several hundred meV occur, depending on x. The conduction band disconti-

nuity is about 85%, and the valence band discontinuity about 15%, of the

total band gap difference between the two materials.2 Because of the

band discontinuity, conduction electrons preferentially move from the

Al Ga1 As layers to the GaAs- (The holes behave in a similar way.)

This fact has been used with "modulation doping" 3 , 4 to produce very high

5mobilities in GaAs which hold promise of high speed devices.

Because of the conduction and valence band discontinuities at the

GaAs-Al xGa l_xAs interfaces, the electrons and holes move in quantum wells

with barrier heights determined by the band discontinuities. For good

quality superlattices these wells can be described within experimental

accuracy by one-dimensional square well potentials, resulting in the

breaking of the normal bulk band structure into sub-bands.
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The study of atomic-like systems such as shallow donors and excitons,

which play an important role in bulk semiconductors, is just beginning in

6superlattices. Bastard has recently calculated the binding energy of a

shallow donor associated with the lowest conduction sub-band. This cal-

culation assumed the electron to be totally confined to the GaAs layer by

an infinite square well potential. The binding energy of a donor in the

well was found to increase monotonically with decreasing well size, L,

from the three-dimensional (bulk) hydrogenic limit for large L to the

two-dimensional limit at L=O. A similar kind of calculation has been
7

made for an exciton trapped in an infinite well by Miller, et al.,.

although their calculation is limited to small well sizes because of the

choice of variational wave function.

II. Objectives of the Research

The primary objective of this research was to study the dependence

of the binding energy of shallow donors and excitons confined by quantum

wells such as are formed in superlattices. We were particularly interested

in determining the sensitivity of the binding energies to the height of

the potential barriers, and to calculate binding energies as a function

of well size for realistic barrier heights. Additionally, we wished to

study the behaviour of some of the excited states of such systems.

III. The Shallow Donor in a Quantum Well

A. Theoretical Approach

For simplicity the donor impurity is assumed to be at the center of

!7" the well. The effective mass Hamiltonian is then given by

38-5
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The potential V (z) is taken to be a square well of height V and width L:
w 0

V~(i) .0 3< ~(2)

2.-

The electron effective mass, m , and the dielectric constant, 40, vary

across the interfaces between the two semiconductors. However, since the

barrier height is generally much larger than the donor binding energy,

the bound electron is largely confined to the GaAs layer. Thus it should

be a reasonably good approximation to use the GaAs values for m and E..
e

It is convenient to recast the Hamiltonian in a dimensionless form.

For this purpose we use the effective Bohr radius

. ' e (3)-*e

as our unit of length, and effective Rydberg

e

*

as our unit of energy. For GaAs (E= 12.5, m = .067 me ) these quantities
e e

* • *

are a = 98.7 A and R = 5.83 meV.
0

We calculate the total energy variationally, approximating the elec-

tron wave function in terms of cylindrical coordinates by the following:

Aj

The function

~Ok (6)

k
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is an approximate solution to the ground state of an electron in the one-

dimensional square-well potential V (z). The parameters a and % are

determined by minimizing the square-well energy

The basis functions gij are of the form

.~Y % ..

where m is the usual azimuthal quantum number, and m+q (q=0,1) determines

the parity of the function. Since we consider the case of the donor im-

purity in the center of the well, parity is conserved. For a 'general

location a linear combination of q=0 and q=l functions would be required.

The variational parameters Ji' Y.j and bij are obtained from minimi-

zation of the total energy,

-2J

~(9)

The basis functions of Eq. (8) are slight modification of the set

8used by Aldrich and Greene to calculate the binding energy of hydrogenic

systems in a magnetic field. In that work the basis set was shown to

give good results for the ground state and a number of excited states over

the complete range from spherical symmetry (zero field) to the quasi-one-

dimensional case (large field). Our investigations show that this basis

set also has the versatility to handle the quasi-two-dimensional case

which occurs in the present problem for large V and small L. Consequently,
0

the hydrogenic part of the problem should be adequately handled by the

functions gi J ,z,+). We tried various numbers of . and V parameters,

and finally settled on seven values of pi (geometrically spaced) and two

38-7
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values of r. as a reasonable compromise between accuracy and computer
time. Seven values of ,i are sufficient to give results for the two and

three dimensional hydrogenic limits (with Y=O and ''-1, Y -0
1 1 3#1

respectively) accurate to a few ten-thousandths of an effective Rydberg.

The major limitation in the accuracy of our energies is set by the

function f(z). However, since the exact solution to the one-dimensional

9
square-well problem is known, it is easy to determine how well Eq. (6)

approximates the correct result. We have chosen the number of terms in

the right side of Eq. (6) by requiring our variational solution to the

one-dimensional square-well problem to be accurate to within 0.005

effective Rydbergs. For the- cases considered this requires ten or fewer

Gaussians for f(z).

Once the eigenvalues of H are determined, the binding energy of the

electron to the donor is obtained by subtracting the ground state energy

of the electron in the well. This energy is determined by numerically

solving the transendental equation9

Cos (10)

for E. This procedure results in our variational binding energies being

rigorous upper bounds for the true binding energies. .

B. Results and Discussion

We have calculated the binding energies of the ground state and the - -'

first four excited states of the shallow donor at the center of the quantum-A

well. The dependence of the ground state binding energy upon the width ".

of the well, L, is shown in Fig. 1. Two barrier heights, V =25 and V =50
0L 0

effective Rydbergs are shown. For large L the binding energy approaches

38-8
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WELL SIZE& (L)

Fig. 1. Donor Ground State Binding Energy as a Function of the Well Size.
All Energies are in terms of the effective Rydberg, and L is in units of

the effective Bohr radius.
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that of the isolated donor in GaAs. For small L, the binding energypreaches a peak and then begins to drop again. This -is a result of the

finite potential barrier and thus was not seen in Bastard's calculation.

In our model the binding energy should drop back to one effective Rydberg

at L-0; however, this is not physically correct because for very small

L the effective mass and dielectric constant of Al Ga As would be more
x 1-x

appropriate than the GaAs values that we have used.I

.4 Figure 2 shows the dependence of the ground state binding energyI

upon the well height, V , for a width of one effective Bohr radius. The
0

V-11
binding energy varies linearly with V0 2  Extrapolating to infinite V0

yields a result of about 2.36 effective Rydbergs for the binding energy

of the donor in the infinite well. This is larger than that found by

Bastard which indicates that our basis is better suited to the donor..

problem than his simple one-parameter function. The figure also shows

that for typical well heights, V-25-50 R ,the binding energy of the
0

donor in the finite well is significantly lower than that in the infinite

well.

The behavior of the n-2 (hydrogenic limit) excited states as a

function of the size of the well is shown in Fig. 3. For this figure the

well height is 50 R*. Notice that the degeneracy of the level is split

* by the quantum~ well (except for m-*l). The "2s" and "2p:, states become

more strongly bound with decreasing L, while the binding energy of the

"2p " state decreases, and actually vanishes near 6.5 a . This behaviour .
0 0

occurs because the "2p " state has lobes along the z-axis (normal to the
0

layers) and so is most strongly affected by the barriers at the interfaces.

This state, in fact, has no two-dimensional analog, whereas the "2s" and

2p states do. For very small L M~.25 a0) the binding energy of the
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"2s" and "2p." states begin to decrease as L decreases, and at still-*
u*

smaller L (# .01 ao ) the "2po" state again becomes bound. These effects
o00

are due to significant spillover into the Al Ga As layers. However,
*

for these small values of L our approximation of the GaAs values for m -"e
-. and 4 are no longer valid. Moreover, the effective mass theory itself

should probably be modified. Consequently, we do not show binding

energies for L<0.5 a° (-50 A) in Fig. 3.

IV. Exciton in a Quantum Well

A. Theoretical Approach

Because of the complex nature of the degenerate valence bands of GaAs

and Al Ga As, the correct Hamiltonian must be written in terms of 4 x 4

matrix operators. It may be simplified in our case with some reasonable

assumptions. First, since GaAs-Al Ga As superlattices are most commonly . -
x l-x

1,2
grown on (100) GaAs .substrates, our z-axis is along a [1001 axis. The

electron-hole reduced effective masses of the diagonal terms of the Hamil-

tonian are then cylindrically symmetric. In terms of the Luttinger para-

meters and r. and the free electron mass, m they are given by0
0

.-.i (11)

and

I-Wi ± .(Y~~ (12)

The upper sign in these equations refers to the J= *3/2 (heavy hole) band,

zz. and the lower-°sign to the J - ±1/2 (light hole) band. The off-diagonal ,-.

2 2elements of the Hamiltonian involve px and py operators which for typical

38-12
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well sizes are significantly maler than p because of the relatively
S.!!

large kinetic energy of the hole in thq quantum well. We will henceforth

neglect the off-diagonal terms. Physically this corresponds to the

assumption that the superlattice potential splits the valence band

degeneracy enough that they may be treated as isolated bands with respect

to the exciton binding energy. This seems to be empirically justified.1 '7

With this approximation the exciton effective mass Hamiltonian

(in cylindrical coordiates) is given by

0 !L

1 (13)2,,,: + V.1.): + V h

In writing this expression we have not included the center-of-mass energy

in the P-direction since it forum a continuum. The reduced-mass is
4L

given in Eq. (11), and the effective hole mass along the z-axis is obtained

from Eq. (12),

, (Y T Y2Y . (14)

The well potentials V and Vhw are the same as used in the donor problem,
Eq. (2), except that the well heights are V and Vh for the electron and

eh

hole, respectively. They are determined by the Al fraction in AlxGlxAs.

Typically, the conduction band discontinuity (Ve) is about 85%, and the

valence band discontinuity (Vh) about 15%, of the total band discontinuity

between the two semiconductors.

To solve this problem variationally, we assume that the wave function

can be written as a product of f(zezh) , the solution to the electron and

:,L%38-13
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hole one-dimensional square-well problem, and a function of the relative

coordinates between the electron and hole. As seen earlier, this approach

gives good results for the donor. We first attempted to approximate

f(zez h) by a series of Gaussians, as for the donor; however, since about

ten Gaussians are required for each square-well solution, f (ze,Z h ) requires

about 100 Gaussians. This results in 104 terms in each matrix element

evaluation. The advantage of being able to perform all the integrals

analytically with Gaussians is lost because of the very large number of

terms. In addition, this large number of terms tends to cause numerical

round-off problems.

To avoid the above problems, we took the following form for the

variational ground state:

where p, z, and4 are relative cylindrical coordinates. The functions

fe(Ze) and fh(zh) are the exact (unnormalized) solutions to the finite

square-well problem. For example,9

{Cos k4% Ial < -"-

= ~ ~j*.i ~(16)

The parameter k is determined by the energy, and B and 7 are obtainede e 'e

from k by requiring continuity of f and its derivative at the interface.e e

A similar result is obtained for f With the trial function given in
h'

Eq. (15) the variational energy is found to be
... p--,. "
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The se f te eactfuntios fr fand fh means that the z and zhThe~ ~ hs fteeatfntosfrf e h.;'

.integrals can no longer be performed analytically for realistic functions

}.: glpz,10 However, this weakness is overcome by the fact that a good"'".

choice for g( P ,z, ) needs many fewer terms and fewer matrix elements than-

ii I would be required with Gaussians. To find-the binding energy of the ground

state we choose "

The parameters a and Ot are determined by minimizing the variational energy "''

\44

as for the donor. The addition of a z term to Eq. (18) results in an

insignificant improvement in the energy. In order to obtain good excited .i; i

state energies g(p"z, ) would have to be modified slightly. For example,

the addition of a term proportmonal to P and a factor rql ei m  as ins

Eq. (8) should significantly improve its ability to handle excited states. .:!

Thus far, however, we have calculated only the ground state energies.

B. Results and Discussion f ee ml t

For our calculation of the ground state binding energy of the exciton
whepe Lutter paramteers i and y to give .45 m and .08 mvaritioal eerg

41

for the heavy and light holes along the to00] direction. [See.Eq. 14).]

This choice gives Y - 7.36 and )&- 2.57. We calculated both the heavy-.,..""

and light-hole binding energies for three cases: x-0.15, x0.30, and an

infinite well The total band dicontinuity between GaAs and AlxGa l_ As

was obtained from

+ .37X' (19)""

SThe conduction and valence band discontinuities were assumed to be 85

"....

138-15
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and 15% of Arespectively.

our results are shown in Figs. 4 and 5. Probably the most important

result that can be seen in these figures is that the assumption of an

infinite well gives much too large values for the binding energy for

small to moderate well sizes (L *300 A). As for the the donor, the

infinite-well binding energy increases monotonically to the two-dimensional

limit as L decreases, while all the finite-well results reach a peak and -

then begin to decrease.

There is another qualitative difference between the infinite-well

and finite-well results. For all values of L the infinite-well calcula-

tion predicts the light-hole exciton to be more strongly bound than the

heavy-hole exciton. This is also seen in the calculatior-~ Miller, et al.7

However, for small well sizes (i.e., for LS 100 A, depending on x) the

finite-well results suggest that ,in fact, the heavy-hole binding is

larger. This is what is expected physically because the light hole is

much more difficult to confine in a small quantum well.

Again we note that our results become less accurate at very small .

L where the wave function has a large probability of being in the Al Ga As.
x l-x

These errors should not be large, however, because the parameters of the

two semiconductors are fairly close, particularly for small x. More

serious is the possible breakdown of effective mass theory for small L

and large well heights.
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V. Recommendations

Thus far there are very few experimental checks of the atomic-like

systems studied in this report. Superlattices are relatively new systems

because only in recent years has the technology been developed for

producing sharp interfaces between semiconductors. If the theoretical

results of this work are verified by experimental investigations of

shallow states in quantum wells, the calculations could then be used

as an aid in characterization of the quality of superlattice materials.

Some of our theoretical results will be very difficult to verify

experimentally. In particular, it is very difficult to measure properties

of excited states of hydrogenic systems except in the presence of a mag-

netic field. Because of this the logical follow-up to this work is the

calculation of the energy and line strengths of these same systems in

the presence of a magnetic field. Experiments capable of measuring

properties of the ground and excited states of hydrogenic systems in a

magnetic field can be performed at the Avionics Laboratory, among other

places,

Further down the road is a more careful investigation of the effective

mass approximation in the region near the interfaces of the two semiconductors.

Also, the problem of screening by a quasi-two-dimensional electron gas..

needs to be solved if systems in modulation-doped superlattices are to be

studied with success. Such studies are important in understanding the

behavior of any device produced using superlattice technology.

a.o381
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NITRO ORGANIC COMPOUNDS: A SYNTHETIC STUDY

by

Keith C. Hansen

ABSTRACT

Laboratory investigations directed toward the synthesis

of hexanitrotolane (HNT) and trinitrophenylacetylene (TNPA)

are described. Several intermediate compounds, including

hexanitrostilbene (HNS), hexanitrobibenzyl (HNBB), trinitro-

ethylbenzene, and trinitroacetophenone, were synthesized, and

attempts to convert these into the desired compound are described.

All attempts were unsuccessful.

The synthesis of three nitro butenes are described. These

compounds are of interest as model compounds in the study of the

mechanism of the thermal decomposition of trinitrotoluene (TNT).

(E)-2-nltro-2-butene was prepared by the addition of nitryl iodide

(from AgNO2 and 12) to cis-2-butene followed by the elimination

of HI with base. Both l-nitro-2-methylpropene and 3-nitro-2-

methylpropene were synthesized by a base catalyzed condensation

of nitromethane and acetone to give a nitrm alcohol, conversion

of the alcohol into its acetate, and then elimination of acetic

acid with base. The isomeric-nitro isobutenes were separated

by fractional distillation.
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I. INTRODUCTION

The Energetic Materials Division of the Frank J. Seiler Research

Laboratory is interested in the synthesis and properties of new,

potentially explosive materials, and in the study of the properties of

known explosive materials. Many polynitro organic compounds are

used as explosive materials, and of these, polynitro aromatic compounds

are some of the more commonly used. These include trinitrotoluene (TNT),S(
hexanitrostilbene (HNS) and hexanitrobibenzl (HNBB). Several potentially

explosive compounds of structure analogous to the above mentioned

materials have never been prepared. The synthesis of these new compounds

and the investigation of their properties is of interest.

Thermal stability is one of several properties of energetic

materials which is important in determining the potential of materials

as an explosive. An investigation into the mechanism of the thermal

decomposition of TNT .,ill possibly help determine the relationship be-

tween structure and thermal stability of explosive material. This study

will include both theoretical calculations and experimental laboratory

work, and small nitroalkenes of specific geometry are needed to serve

as model compounds for laboratory work that is to be correlated with

theoretically calculated data.

II. OBJECTIVES

The objectives of this project were to initiate laboratory studies

directed toward the synthesis of two types compounds of interest to the

Energetic Materials Division of the FJSRL. In the first area of interest,
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the goal was to synthesize two nitroaryl acetylenic compounds which

have not been previously prepared. These compounds are hexanitrotolane

(HNT) and trinitrophenylacetylene (TNPA). These compounds are

analogous in structure to several other known explosive materials,

and would be expected to have properties which would make them useful

as explosives.

As support for ongoing investigations into the mechanism of the

thermal decomposition of TNT, the synthesis of some nitrobutenes of

specific geometry was also an objective of this project. These nitro-

butenes, which are of relatively low molecules weight, are needed to

serve as model compounds for experimental work to be correlated with

theoretical calculations.

III. Synthesis of Nitro Aryl Acetylenic Compounds

The synthesis of hexanitrotolane, (PiC-CPI where Pi - 2,4,6-trini-

trophenyl) is of interest in that it would complete the homologous

series consisting of hexanitrobibenzyl (PiCH2-CH2Pi), hexanitrostilbene

(PiCH=CHPI), and hexanitrotolane (HNT). Both of the first two compounds

are known1  and their thermal stability increases from HNBB to HNS. It

is possible then that HNT would have both good explosive properties

as well as good thermal stability. The synthesis of trinitrophenyl-

acetylene (PCCH) is of interest both as a potentially explosive

material, and also as a possible intermediate in the synthesis of HNT.

The synthesis of HNT can be approached in two basic ways. One

would be to start with known compounds in which the basic carbon structure .. -. -

of 14 atoms is already in place, and to effect transformations in those

39-5
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molecules to generate the proper functionality of HNT. Hexanitrobi-
benzyl and hexanitrostilbene, both easily prepared from TNT1  could

z

serve as the desired starting compounds. Both of these compounds are

relatively unreactive in the aliphatic portion of the molecule. HNBB

has been shown not to react with NaOCl2 and HNS was unreactive toward

Br2 under several sets of conditions2 . Due to the greater reactivity of

chlorine over that of bromine, it was deemed worthwhile to attempt

the :addition of of chlorine to HNS to give a vicinal dichloride (1)

which could be transformed into HNT by dehydrochlorination. No reaction

was observed. The reaction was repeated (2) with the addition of a

DMF (1)
PiCH=CHPi + Cl2 -40°  PiCHCI-CHCIPi

catalytic amount of the Lewis acid, ferric chloride. Again the starting

PiCH=CHPi + Cl2  + FeCl3  PICHCl-CHCIPi (2)

compound was recovered unchanged.

Another approach to the synthesis of HNT would be to join two

compounds together giving the proper carbon structure and functionality

of HNT simultaneously. The reaction of cuprous acetylides with aryl

3
iodides has been shown to be a good route to diaryl acetylenes

ArC-C-Cu + Ar-I )o ArC=CAr (3)

To apply this method to the synthesis of HNT, trinitrophenylacetylene

4
and picryl iodide are required (4). Picryl iodide is readily prepared

PIC-CH + PI u PICECPi (4)

44-
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but trinitrophenylacetylene (TNPA) has not been reported. Synthetic

work was therefore directed toward the synthesis of this compound.
'..4'

The first approach considered for the preparation of TNPA was

the reaction of a picryl halide with a metal acetylide (5). This

PIX + MCCH - > PiC-CH (5)

reaction required the use of a non-basic solvent and also consideration

of the possibility that the metal acetylide would react with the nitro

groups in the picryl halide. Three reactions were attempted (6) using

tetrahydrofuran (THF) as the solvent and employing low temperature to

PIX + MCCH T (6)

X = Cl, I M Li, Na

attempt to minimize reaction with the nitro group. In all cases, the

reaction mixture immediately turned very dark and no characterizable

material could be obtained. It is assumed that even at -78, the

nitro groups are interacting with the organometallic.

Two other methods 5,6 to prepare monoaryl acetylenes were consider-

ed as possible routes to the synthesis of trinitrophenylacetylene. In

order to apply either of these reaction paths to the synthesis of

-HClArCOCH3  + PCl 5  ) ArCCl-CH2  - ) ArC-CH (7)

NNHCONH2
ArCCH3  + SeO2  ,2,3-selenadiazole ArC-CH (8)
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trinitrophenylacetylene, 2,4,6-trinitroacetophenone must be prepared

as an intermediate. Equations 9 and 10 outline the sequence by

which trinitroacetophenone was prepared. All attempts to convert the

PhCH2CH3 + H2S04  + HN03  > (N02 )3PhCH 2CH3  (9)

Na23207 32202 7(NO 2 )3PhCOCH3  (10)

trinitroacetophenone into trinitrophenylacetylene by either of the

routes shown in equations 8 or 9 were unsuccessful. Trinitroacetophenone

was recovered unchanged when heated to 1400 for 3.5 hrs. with PCI5. All

attempts to convert the ketone into its semicarbazone derivative were

unsuccessful. Solvent, temperature, reaction time, and catalyst were

all varied in many attempts to produce the semicarbazone, but no reaction

was ever observed.
.4-S.

IV. Synthesis of Nitrobutenes

Studies of the mechanism of the thermal decomposition of TNT have

resulted in the postulate that the loss of OH as a result of interaction

between a methyl hydrogen and an ortho nitro group may be an important

step. In order to compare theoretical calculations with experimental

data, small compounds which contain the components of TNT involved in

the loss of OH are needed. This would be an alkene with a cis arrange-

ment of a methyl group and NO2 group. The smallest molecule with these

features would be cis-l-propene. Work in this laboratory has not as

yet resulted in the synthesis of a pure sample compound since it is

thermodynamically less stable than the corresponding trans isomer.

39-8
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The synthesis of (Z)-2-nitro-2-butene was contemplated in that the

additional methyl group may result in increased stability of the desired

geometric isomer. 2-Nltro-2-butene was synthesized according to the

scheme in eq. 11. The addition of NO21 to an alkene has been shown to

AgNOpriin
CH CH-CHCH3  - >* CH CH(N02)CH(I)CH3  CH CH=C(N02)CH3  (1

be an anti addition7 and the reaction of the nitro iodide should proceed

by an E2 mechanism in which an anti-periplanar elimination5 is favored.

If the sterochemistry of reactions described above is applicable, the

desired (Z)-2-nitro-2-butene would be obtained by starting with cis-2-

butene. Reaction of cis-2-butene with AgNO2 and 12 followed by treatment

with pyridine, however, resulted in the formation of the other geometric

isomer, (E)-2-nltro-2-butene, in low yield along with the nitro iodide - -

and higher molecular weight material. Analysis of the. material by pmr,

gas chromatography, and mass spectrometry showed no evidence that any

of the (Z) isomer has been produced. Again the desired isomer is less

thermodynamically stable and the more stable (E) isomer is formed by a

less favored syn-periplanar E2 reaction8. This is analogous to results

reported in the formation of nitroalkenes by nitro mercuration8.

The nitrobutene, 1-nitro-2-methylpropene, would have the desired

orientation of the rethyl and nitro group with no geometric isomers.

This compound was synthesized as shown in eq. 12, 13, 14.

CH3C(O)CH3 + CH3NO2 + CH3ONa - 4 (CH3)2C(OH)CH2NO2  (12)

39-9
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(CH3)2C(OH)CH2NO2 + (CH3 )20 - > (CH3)2C(OCH3 )CH2NO2  (13)

0
(CH3)2C(OCCH3 )CH2NO2 + NaOCCH3  > (CH3 )2C-CH(NO 2) (14) -K

CH2=C(CH3 )CH2NO2

The desired compound, 1-nitro-2-methylpropene was contaminated ith 20%

of its non-conjugated isomer, 3-nitro-2-methylpropene. A pure sample of

* -",the 1-nitro-2-methylpropene was obtained by repeated fractionation under

reduced pressure.

Some support for the postulated loss of OH in TNT as part of the

mechanism of the thermal decomposition of TNT is obtained from the mass

spectra of the nitroalkenes synthesized. l-Nitro-2-methylpropene, which

has a cis orientation of the methyl and the nitro group, shows the loss

of OH as a major fragmentation pathway in its mass spectrum as does

TNT2 . The compounds trans-l-nitropropene and (E)-2-nitro-2-butene,

which do not have a cis alignment of a methyl and a nitro group, do not

show loss of OH as a fragmentation pattern in the mass spectra.

V. EXPERIMENTAL DETAILS

2,4,6-Trinitrotoluene - 40.8 g of 90% nitric acid was added to

152 g of 15% fuming sulfuric acid. When the addition was complete,

35.3 g (0.2 mole) of 2,4-dinitrotoluene (MCB) was added. The reaction

mixture was heated slowly with stirring to 900C, at which point an

exothermic reaction ensued. The reaction was controlled with an ice

bath and, after the reaction had subsided, the reaction mixture was
a.-

maintained at 90-1000 with stirring for 2 hrs. The mixture was cooled
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and allowed to stand overnight at room temperature. The reaction mixture

was extracted with three 200 mL portion of CH2Cl2 , and the combined

CH2CH 2 extracts were washed with NaHCO3 solution and water. The CH2 CI2

extract was then dried with anhydrous Na2SO4, stripped of CH2CI2 under

vacuum and the residue recrystalized from ethanol yielding 32.2 g (73%),

" m.p. 83-84C, lit. m.p. 82-83*C.

Hexanitrostlibene - TNT (10 g, 0.044 mole) was dissolved in 100 mL

of THF and 50 mL of CH OH and the solution cooled to OC. This solution3

was then poured rapidly with stirring into 100 mL of 5% NaOCl (chlorox)

which was also at 0C. The solution turned immediately dark red. The

reaction mixture was stirred and cooled for 1 min, then allowed to stand

at room temperature for 2 hrs. during which time a solid precipitated.

The solid was collected by filtration, washed with CH3OH, and recrystalized
from IMF to yield 4.2 g (42%), m.p. 315-3170C. lit.1  m.p. 316C.

2,4,6-Trinitroethylbenzene - Fuming HNO3 (108 mL) was added slowly

with stirring and cooling to 500 mL of 15% fuming H2So4 . This mixture

was cooled to below 200C and 40 g (0.38 mole) of ethylbenzene was added
dropwise with stirring. The reaction mixture was heated at 450C for 3 hrs.,

at 85C for 4 hrs, and then allowed to stand at room temperature overnight.

The mixture was poured onto ice and the crude product collected by

filtration, washed with NaHCO3 solution and H20, and recrystallized

from CH3OH yielding 40.3 g (44%), m.p. 38-40C, lit.10  38.50C.

2.4,6-Trinitroacetophenone - 2,4,6-Trinitroethylbenzene (30.3 g,

0.13 mole) was mixed with 128.8 g Na2Cr2 O7 "2H20 and 322 mL of 90% HNO3.

The mixture was cooled with an ice bath and 62 mL of 15% fuming H2So4

2. 4
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was added dropwise with stirring. The reaction mixture was then stirred

at room temperature for 5 hrs. and then poured onto crushed ice. The

crude product was collected by filtration, washed with NaHCO3 solution

and water, then air dried. Recrystallization from CHC13 gave 14.3 g

(43%), m.p. 134-1360C, lit.11 m.p. 135-136-C.

Picryl iodide (l-iodo-2,4,6-trinitrobenzene) - Sodium iodide

02.0 g, 0.08 mole) was dissolved in 50 mL dry acetone and added to a

mixture of 10 g (0.04 mole) picryl chloride (MCB), 5 mL glacial acetic

acid, and 25 mL dry acetone. Reaction mixture turned dark red immediately

and was stirred at room temperature for 30 min. The mixture was then

poured into 350 mL of H20 containing-0.3 g of NaHSO3. Crude product was

collected by filtration and recrystallized from CHC13 yielding 7.1 g

(52%), m.p. 159-1620C, lit.4 m.p. 161-163*C.

Reaction of Hexanitrostilbene with Chlorine - Hexanitrostilbene

(.0 g) was dissolved in 50 mL of DMF at 60*C and Cl2 was passed through

the solution for 3 hrs. Upon cooling, a solid crystallized which was

identified by m.p. (315-318 0C) and pmr to be hexanitrostilbene (starting

compound). The reaction was repeated at 1000 with a small amount of

anhydrous FeCl3 added. 80% of starting compound was recovered unchanged.

Reaction of picryl chloride with lithium acetylide - Lithium '-1
acetylide was prepared at -780C in THF according to the method of

Midland12 . Picryl chloride (2.0 g) in 25 mL dry THF was added to the

lithium acetylide at -780 over a period of 30 min. The reaction ..

mixture immediately turned dark upon addition of first portion of

picryl chloride. Mixture allowed to warm to room temperature and to

-3 -1

3g-12 .
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stand overnight. The dark mixture was stripped of solvent under vacuum

and poured into 2N HCl. This mixture was extracted with ether, ether

extracts dried, and solvent removed under vacuum to give a dark reddish-

brown amorphous solid which could not be recrystallized. IR did not

indicate any acetylenic bond in the solid. The reaction was repeated

with the mode of addition reversed (lithium acetylide added to picryl

chloride). This reaction resulted in the same brown amorphous solid.

Reaction of picryl iodide with sodium acetylide - Picryl iodide

(2.0 g.) dissolved in 50 mL THF (dried over CaH2 ) was cooled to O°C

with an ice bath. To this solution was added 0.46 g. sodium acetylide

(mineral oil suspension, Alfa) with stirring. Solution immediately

turned very dark. Reaction mixture was allowed to warm to room tempera-

ture and stirred for 1 hr. Mixture was poured into dilute HCI resulting

1< in the separation of black intracable tar.

Reaction of trinitroacetophenone with PCl5 - 2,4,6-Trinitroacetophenone

(5.0 g.), 6.25 g. PC15, and 2 mL of POC13 were mixed under N2 and heated ..

with stirring to 140% for 3.5 hrs. Mixture turned progressively

darker with time. The reaction mixture was poured onto ice, and the

resulting mixture was stirred for 2 hrs. The crude product was collected

by filtration and recrystallized from ethanol yielding 3.8 g of material

melting at 134-135*c. Mixed m.p. and pmr identified the material as

unreacted tri ni troacetophenone.

Reaction of trinitroacetophenone with semicarbazide- 2,4-trinitro-

acetophenone (0.5 g.) was reacted with 0.8 g. of semicarbazide hydrochloride

39-13



in refluxing ethanol -H20 with a small amount of sodium acetate. The

solution became a wine-red color. After 1 hr. the mixture was allowed

to cool resulting in the crystallization of a solid which was identified

by m.p. and pmr to be unreacted trinitroacetophenone. The reaction was

repeated several times varying reaction time (up to 6 hrs.), solvent

THF/H20, and base (pyridine). In all cases the starting compound was

recovered unchanged.

Reaction of cis-2-butene with silver nitrite - iodine - Silver

nitrite (5.9 g.) and 19.5 g. of iodine were stirred together in 75 mL

of anhydrous ether under nitrogen for 30 min. The flask was fitted with

a dry ice-acetone condenser and the flask cooled with an ice bath.

2.2 g. of cis-2-butene was added and the mixture stirred for 4 hrs. and

then warmed to room temperature and allowed to stand overnight. The

mixture was filtered, the ether filtrate was washed with NaHSO3

solution and NaCl solution, and dried with anhydrous Na2SO4. 10 mL of

pyridine was added resulting in an exothermic reaction and the formation

of a solid. The mixture was stirred for 2 hrs. The mixture was extracted

with pentane and water, the pentane extracts were washed with NaHSO3

solution, dried, and vacuum distilled yielding a dark fraction, b.p.

50-600C @ 18 mm Hg. Proton magnetic resonance spectrum showed material

to be a mixture, but the presence of (E)-2-nitro-2-butene was confirmed

(absence of vinyl absorption at 6 = 6.2 ppm ruled out possibility of

13
presence of (Z)-2-nitro-2-butene) . Analysis of the fraction by gas

chromatography - mass spectrometry revealed at least five components

5 39-14 -:
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including pyridine (13%), 2-nitro-2-butene (19%), 2-iodo-3-nitro-butane

(58%), and two higher molecular 
weight iodine containing 

compounds.

I-Nitro-2-methyl-2-propanol - Sodium methoxide (4.5 g.) dissolved

in 30 mL. of methanol was added to 53.5 mLs (1 mole) nitromethane and

300 mL of acetone. The mixture was stirred for 3 days at room temperature.

The mixture was neutralized with concentrated HCl, dried with MgSO4,

filtered, and vacuum distilled yielding 27.8 g. (23.4%), b.p. 72-74°C

at 8 torr, lit. b.p. 76-77*C at 10 torr.

Nitro-t-butyl acetate - Acetic anhydride (28.3 g, 0.28 mole)

was added dropwise with stirring to a mixture of 27.6 g. (0.23 mole)

l-nitro-2-methyl-2-propanol and 4 drops concentrated H2SO4 at such a2 2rate as to keep the temperature at 600C. After the addition, the mixture

was heated at 800 for 0.5 hr. and then vacuum distilled yielding 35.7 g.

(97%), b.p. 87-900 at 10 torr, lit.14 b.p. 86-88 at 13 torr.

1-Nitro-2-methylpropene - Anhydrous sodium acetate (1.8 g, 0.002

mole) was mixed with 35.7 g. (0.22 mole) of nitro-t-butyl acetate and

heated to 110C for 30 min. The reaction mixture was the vacuum

distilled collecting material boiling between 350 and 500 at 11 torr.

The distillate was diluted with ether, washed with NaHCO3 solution
3.

and NaCl solution, dried over MgSO 4 , and vacuum distilled to give 16.4 g.

(74%) of nitrolsobutene, b.p. 50-580C and 10 torr. Analysis by pmr, and

gas chromatography - mass spectrometry showed the material to be a

mixture of 3-nitro-2-methyl-propene (20%) and l-nitro-2-methylpropene. .4

Fractionation three times through a 24 cm vacuum-jacketed vigreaux

column yielded about 5 g. (b.p. 740 at 28 torr.) of l-nitro-2-methylpropene

whtch pmr and GC-MS showed to contain less than 1% of the 3-nitro-2-methyl-

propene.
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VI. RECOMMENDATIONS

It is recommended that work be continued in both of the synthetic

areas in which investigations were initiated. Attempts to synthesize

hexanitrotolane and trinitrophenylacetylene should be pursued. Due

to time constraints, several promising synthetic routes were not

attempted and should be investigated. Also, several of the reactions

found to be unsuccessful for the preparation of the desired compounds

should be more fully investigated in that they may be useful under

different reaction conditions.

Additional synthetic work is also needed in the area of nitroalkenes.

The model compound, 1-nitro-2-methylpropene, was prepared, and is avail-

able for a laboratory investigation of its thermal decomposition. As part

of this project, isotopically labeled samples of l-nitro-2-methylpropene

are needed to complete the study. The synthetic route developed to

synthesize l-nitro-2-methylpropene can be utilized to prepare deuterium

labeled samples and 15N labeled samples.
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THE EFFECT OF CERTAIN IMAGE

DATA REDUCTION TECHNIQUES

ON EDGE QUALITY

BY

DONALD J. HEALY

ABSTRACT

The purpose of this research is to ascertain ways in which

preliminary feature extracting calculations can be reduced and evaluate .

the effect of these reductions on pertinent feature information.

Techniques are implemented which map an original intensity image into a

smaller image before applying edge detecting (e.g. Kirsch) operators.

The effect on edge content is quantitatively evaluated. It is shown

that straightforward application of standard edge detectors to reduced

images does not fully extract the edge information that is available.

Suggested areas for further research include:

1. Design of edge detectors which incorporate knowledge of the

image reducing technique used; and

t ".

2. Implementation of feature extracting algorithms using table

look-up of pre-calculated output feature information.
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I. INTRODUCTION:

The development of algorithms to extract infornational features from

imagery is an area of active research. These algorithms enable

computerized devices to automatically identify objects in the field of

view of a sensor. The Air Force Armament Laboratory (AFATL) is

interested in automatic target identification and weapon guidance. An

important commercial application is controlling robot arms on assembly

lines.

Practical implementation of feature extracting algorithms is

constrained by size, weight, power, and data throughput requirements

imposed by the particular application. These constraints limit the

amount of computation that can be accomplished on the input image data.

In order to allow more of the available computational time and hardware

to be devoted to sophisticated and computationally intensive feature

classification routines, it is desirable to minimize the preliminary

feature extracting calculations. The purpose of this research is to

ascertain ways in which these preliminary calculations can be reduced

and evaluate the effect of these reductions on pertinent feature

information.

The approach to the problem of reducing calculations considered here

would map the original image into a smaller image before applying -;.-'

feature extracting algorithms. Since edges in an image contain much of

the information necessary to classify objects, edge detectability and

edge quality are used in this work as measures of feature information

loss.
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II. OBJECTIVES:

1. To develop techniques for reducing the computational load

required to implement feature extracting algorithms; and

2. To implement quantitative methods for evaluating spatial

degredation caused by these image reducing techniques.

III. IMAGE REDUCTION TECHNIQUES IMPLEMENTED:

Several algorithms were implemented to reduce the number of image

pixels (picture elements) on which feature extracting algorithms

(specifically, edge detectors) might operate. In this work the

techniques used achieve a 4:1 reduction in image data by effectively

mapping each 4x4 block into a 2x2 block as depicted in Figure 1 and

described below:

Method 1:

Sample odd-numbered columns in odd-numbered rows.

A-X11 ; B5X13; C-X31; D-X33

Method 2:

Sample the four corners of each 4x4 block.

40-4

* a+ *. * ' .- . . , ' ." .. . . .* - . . . ." - - - . ' ." -.. .. .-. .- . .
'eiii -,s+' . -. *-. + ..* +. +, . + *-. . *- *'+ ." *. . . *- , , • . - . • • . - .. S



On %ig I

4. A, ~As- 14

OrKI vaIC-

F/#or .z.4 QI'-- 1

A,

440-



A-XI 1 ; B-X14 ; CX4 1; D-X4 4

Method 3:

Average non-overlapping 2x2 subblocks to get a single pixel for ii
each.

A-. 25(X 1l+Xl2+X2 1+X22 ) I
B-. 25(X 1 3+XI4+X2 3+X24 )

etc.

* Method 4:

Replace each 4x4 block with I of 9 overlapping contiguous 2x2

subblocks. For example, three possibilities are:

or....

A- 12 3; B-X24; C-X33; D-X34
,4.--..

or

A-X 3 3; B-X34; C-I4 3; D-X4 4.

40-6
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The 2x2 subblock Is chosen which maximizes the sun of gradient

magnitudes defined by

0SUNRAD -A-Bj + IC-DI- + A + IB-Dj + JA-Dj + JB-C(.

Method 5: i

Replace each 4x4 block by the corners of 1 of 4 overlapping

contiguous 3x3 subblocks. For example, two possibilities are: L.4

AXl; l-Xl3; C-X3 1; DX 33

or

A-X2 2; l-X24 ; C-X4 2 ; D-X44.

The 3x3 subblock is chosen whose corners maximize the resulting sun

of gradient magnitudes as defined for Method 4.

Method 6:

Represent each of the four 2x2 quadrants of a 4x4 block by a single

pixel. For each quadrant the representative pixel value is obtained by

selectively averaging only those pixels in the quadrant that are on the

same side of the dominant detected edge (passing through the 4x4 block)

as the corner pixel in that quadrant. Here the dominant edge is traced

and defined as follows:

40-7
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The edge enters the 4x4 block along the boundary between 2 of the 12

put.otr pixels which has the largest gradient magnitude. For example, if

j 124-X341 Is larger than (x34-X44 ILX44-X44 etc, then

the edge enters horizontally going from right to left between pixels

X24 and X34. The edge then continues to grow along a path which

crosses the largest gradient magnitudes at each intersection, excluding

growth In a dlirection which would cross itself. Continuing the above

example, the edge might be traced downward between X33 and X34, then

left between X33 ad 143, then upward between X32 and 133. At that

- -point the edge would be forced to continue upward or left, excluding the

direction right which would cross Itself, and excluding the downward

direction which retrace itself. Eventually the edge exits the 4x4 block

and the dominant edge is completely defined.

Methods 1-3 contain no overt effort to retain edge Information while

Methods 4-6 are Intended to do so. Methods 1 and 2 simply sample I out

.4 of 4 of the available pixels, Ignoring the information contained in the
.-

other 3/4 of the pixels. Methods 4. and 5 selectively smaple pixels so

a to preserve the dominant gradient Information in a 404 block. Method

3partially incorporates the Information from all pixels by

systematically averaging 2x blocks of pixels; this tends to blur and

weaken edges that run through a Wx averaged block. Method 6 tries to

prevent averaging across dominant edges.

IV. THE EDGE DETECTORS:

Two edge detectors were Implemented for this study:
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1. Kirsch operator: Determines a pixel's edge value based on a

3x3 neighborhood [1. 2]. The specific implementation used here is

defined using Figure 2 as

77.
X= 1-1.7x 3(Ai+Ai+I+Ai+2+Ai+3+Ai+4) - 5(Ai+5+Ai+6+Ai+7) -

Where the subscripts are evaluated modulo 8. For each pixel this

operator calculates gradients in 8 different directions and sets the

pixel equal to the largest gradient magnitude. For an ideal edge this

implementation results in a Kirsch output magnitude equal to the edge

height.

2. Robert's operator: Determines a pixel's edge value based on a

2x2 neighborhood The specific Implementation used here is

defined using the notation of Figure 1 as

For each pixel this operator estimates the maximum diagonal gradient

magnitude at a point a half unit to the right and a half unit down.

The Kirsch operator is generally considered superior to the Robert's

operator.. For this reason most of the work contained herein is based on

the Kirsch edge detector using 3x3 neighborhoods.

40-9
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V. EDGE EVALUATION METHODS:

It is difficult to find edge evaluation techniques applicable to

real-world imagery. This is due in part to the inability to clearly

define the actual location of edges in an image and thus form a reliable -*-

basis for comparison. However, a recent paper by Kitchen and Rosenfeld

LI4I proposes an edge quality evaluation based on edge coherence

Incorporating connectedness, thinness, and gradient directions as seen

by 3x3 neighborhoods. Their edge evaluation technique Is used here In

two ways:

1. To evaluate the coherence of edges detected using the Kirsch

edge detector; and

2. As a basis for thresholding of an edge Image to estimate edge

locations.

The local edge coherence evaluation technique described in (4)

requires two types of input data:

1. A binary edge image obtained by globally thresholding an edge

image such that pixels below the threshold are set to zero and the

others are set to some convenient positive value (in this case the

Kirsch operator generates the edge image); and

2. The gradient direction resulting In the Kirsch output value for

each pixel.
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Each non-zero pixel in the binary image is considered to be an edge

pixel, and the corresponding 3x3 neighborhood surrounding an edge pixel

is called an edge neighborhood. The edge evaluating calculations for an

edge pixel will be illustrated by the following example using Figure 3.

Let dx be the gradient direction resulting in the Kirsch output

value for the edge pixel being evaluated. Similarly let-d o, d1 ,

. .. d7 be the gradient directions for the 8 neighbors of X. For

this example assume dx = PI/2 radians (i.e. the gradient is positive

going upward). To evaluate edge connectedness, the best continuations

to the left and right of the gradient are sought from neighbors 3,4,5

and 1,0,7, respectively. The quality of the left and right

continuations for neighbor K are defined by

a(dx,dk)- a(f, dx+ if neighbor K is an edge

• pixel,

0 otherwise

a(dxdk) d if neighbor K is an edge

L(K) = pixel,

0 otherwise

where as ,'t.,

40-11
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with angles a and t defined such that 8s-tl -< PI.

The above definitions result in values for L(K) and (K) in the range
...

[Ol3. Of the three neighbors (3,4,5) left of the.gradient, the one

with the highest value of L is chosen as the left edge continuation.
I.-

Similarly the best right continuation is chosen from neighbors 1, 0, and

7. Ideally, in this example, neighbors 4 and 0 would be chosen and

would have Kirsch output directions d4-dO-d1 , resulting in

L(4) - L(O) - 1. A continuation measure C for the neighborhood is then

defined as the average of the highest values of L and R. II

From (4): "The thinness measure T for the neighborhood is computed

as that fraction of the remaining six pixels of the neighborhood which 4

are non-edge pixels. This will range from one for a perfectly thin

edge, down to zero for a very blurred edge."

The overall edge coherence value for the edge pixel being evaluated

is defined as

EinwC + (1-)T

where w is a weighting factor in the interval 00,. In E0 -0.8 was

selected as the best compromise between thinness and continuity. In

this implementation the above definition of E is modified slightly by

setting E-0 if C-0. This forces 9 to be zero for isolated edge pixels.

For an ideal edge pixel on an edge one pixel wide with good left and

right continuity and consistent gradient directions E-I.

40-12
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In addition to providing an edge quality measure, the edge coherence

value E for each pixel in an edge image can itself be thresholded to

give a binary image. Pixels %iith value E greater than the threshold

are considered edge pixels. This global thresholding of the "E image"

is equivalent to locally thresholding the edge detector output image to

estimate edge locations. Having thus extracted edge locations allows edge

output comparisons which separately treat edge and non-edge pixels.

One such technique used here is a selective mean-square error

comparison which calculates the mean-square difference between a

reference and test edge image averaged only over those edge pixels

identified by thresholding E in the reference image. Global mean-square

error comparisons based on all output pixels generated by the edge

detector. are also used.

The last edge comparison technique implemented uses an approach from

signal theory which calculates the probabilities of edge detection PD

and false-alarm PF. These calculations use binary reference and test

images generated by globally thresholding the edge detector output

images. The resulting edge pixels are compared to give PD and PF

where:

PD is the fraction of edge pixels in the reference image that are

correctly classified as edge pixels in the test image:

and

PF is the fraction of non-edge pixels in the reference image that are

incorrectly classified as edge pixels in the test image.

40-13



- - - - o V-o -

VI. EVALUATION OF IMAGE REDUCING TECHNIQUES:

The techniques described in Section III were evaluated using passive

forward-looking infrared (FLIR) image data. The original image size is

112 lines with 120 pixels per line. Intensity resolution is 6-bit

(0-63).

Figure 4 was obtained by implementing image reducing Methods 1-6 and

duplicating each reduced image pixel (each pixel becomes a 2x2 block) to

expand the reduced image to its original size for comparison with the

original image. Table 1 shows the result of a simple mean-square error

(MSE) comparison. The minimum MSE in the intensity domain is achieved

using Method 3. This result is theoretically guaranteed since Method 3

represents each 2x2 block by its local (conditional) mean [5, p. 216 .

However, as shown below, there is no theoretical guarantee that lower

MSE in the intensity domain guarantees lower MSE or better edges in the

edge output domain.

Figure 5 was obtained by performing Kirsch edge detection on the

reduced images and expanding the result. Alternatively, Figure 6 was

obtained by performing Kirsch edge detection on the expanded images of

Figure 4. Figure 5 is representative of the loss of resolution that

occurs by simply applying the Kirsch edge detector to a reduced image.

Since the number of pixels operated on by the Kirsch operator is

reduced, this technique has the desired quality of reducing the number .1

of calculations used to extract edges. However, since the resolution in

Figure 6 seems generally superior to that in Figure 5 (especially in

areas where edges are close together), the edge information available in

40-14
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TABLE 1

QUANTITY
CALCULATED METHOD NUMBER

1 2 3 .4 5 6
Intensity MSE: 1.23 1.36 0.78 2.03 1.54 1.11

Global Edge MSE:

Figure 5: 1.90 2.10 1.38 1.95 2.43 1.79

Figure 6: 1.03 1.28 0.75 1.42 1.47. 0.99

Figure 7: 2.41 2.76 1.81 3.27 3.53 2.40

Selective Edge MSE:

Figure 5: 3.65 4.91 2.91 3.21 4.45 4.02

Figure 6: 2.78 4.21 2.12 3.73" -3.62 3.00

PD:

Figure 5: .800 .793 .777 .820 .888 .804

Figure 6: .762 .657 .700 .719 .812 .706

,7,:

Figure 5: .165 .162 .139 .177 .214 .154

Figure 6: .074 .070 .038 .106 .124 .055
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the reduced image does not seem to be fully extracted by applying the

Kirsch operator to the reduced image. One reason for this is that the

Kirsch operator generates edge outputs that are two pixels wide,

yielding edge outputs that are four pixels wide after expanding the

Kirsch output. This tends to smear close edges so they are

indistinguishable. The superiority of Figure 6 Is especially evident

using Methods 1 and 3. One possible explanation is that the technique-

of duplicating pixels to obtain Figure 4 may be a nearly optimal inverse

to Methods 1 and 3 for reconstructing the original intensity image so as

to preserve edges. If so, then the results for Methods 1 and 3 in- -

Figure 6 in effect incorporate knowledge of the reducihg technique which

the results in Figure 5 do not. These subjective comparisons of edge

quality will be quantitatively supported later in this sec-ton.

Because of the wide edge outputs generated using the Kirsch

operator, the Robert's operator was applied to the reduced images. The

expanded edge outputs are shown in Figure 7. The thinner Robert's edge

outputs of Figure 7 are visually more pleasing than the Kirsch outputs

of Figure 5. The reported superiority of the Kirsch versus the Robert's

detector is not evident in the original edge output images.

Global MSE calculationi for the edge Iages in Figures 5-7 are also ...

given in Table 1. Comparisons for Figures 5 and 6 are based on the

Kirsch output for the original image in those figures. Similarly the

J Robert's output is the reference used in Figure 7. The non-

representative high valued border edge output pixels are excluded from

all comparisons. As seen in Table 1, the best global edge MSE results

are obtained by Methods 3 and 6 which tend to reduce noise since they
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are averaging techniques. The worst results are obtained by the more

computationally complex Methods 2, 4, and 5. Methods 4 and 5 tend to

emphasize noise since they preserve the largest gradients. Methods 1

and 2 are simply periodic sampling techniques.

Selective MSE comparisons for the Kirsch outputs In Figures 5 and 6

are also accomplished as described in Section V. However, rather than

generate a single edge coherence value I for each pixel based on a

single thresholded Kirsch output image, visually better results were

obtained by calculating E for Kirsch images using global thresholds from

3 through 9, and retaining the largest value of E achieved for each edge

pixel. This "maximum E image" was then globally thresh6lded at 0.47 to

yield an edge location mask. This maximum E image mask along with E image

masks basd on single Uirsch thresholds are shown in Figure 9 for v-0.4.

Figure 8 shows the thresholded Kirsch images upon which E values are

based. The thresholded maximum E image (shown in Figure 9) based on Kirsch

thresholds 3-9 appears superior to any individual Kirsch thresholded mask

in Figure 8. Selective edge MSE calculations based on this mask are given

-In Table 1.

Figure 10 shows the result of thresholding the Kirsch outputs

(thresh - 3) shown1 in Figure 6. These binary images were used to

calculate PD and PF as described in Section V. Similar calculations

were done on the Kirsch outputs shown in Figure 5. Results are included

In Table 1.

As described in Section V, the edge coherence criterion of Kitchen

and Rosenfeld ('] was used to evaluate the quality of Kirsch edge

40-21 -"
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outputs. The quality of the Kirsch output for a given image is

calculated as the average value of E averaged over all edge pixels in

the image. The number of edge pixels depends on tbe- threshold used on

the Kirsch output (See Section V). From Figure 8, Kirsch thresholds of

3 and 4 were selected as reasonably good. The resulting average edge

quality values are given in Table 2 for w-0.4 and w-0.8. The edge

quality of the original exceeds that of the processed images, lending

creedence to this evaluation technique.

Overall, the best results were obtained using the simple averaging -.

of Method 3. As mentioned in Section III, this does tend to weaken

edges which run through averaged blocks. This effect can be seen in

Figure 10 by comparing Methods 1, 3, and 6 at the rightmost edge of the

runway portion of the image. Selective averaging (Method 6) has a

stronger edge response than Method 3, while Method 1 (which does not

average) has the strongest response.

Method 3, which minimizes MSE in the intensity domain, achieved the

best overall performance. However, lower MSE in the intensity domain

does not guarantee better edges. For example, Method 4 has a much

higher MSE than Method 5 in the intensity domain, but overall Method 4

performed better than Method 5 in the edge domain.

VII. CONCLUSIONS AND RECOMMENDATIONS:

The primary emphasis of this work has been to implement techniques

for reducing 4x4 blocks of image pixels to 2x2 blocks, and to

quantitatively evaluate the effect on edge content. It is evident thatI
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TABLE 2

Average Edge Coherence Value (E)

Kirsch Threshold -w value

3-.4 4-.4 3-.8 4-.8

Original: .617 .642 .762 .768

Kirsch of Reduced Images:

Method 1: .590 .609 .741 .727

Method 2: .563 .594 .731 .718

Method 3: .607 .641 .755 .746

Method 4: .558 .604 .692 .700

Method 5: .559 .603 .728 .725

Method 6: .594 .628 .747 .736

Kirsch of Expanded Images:

Method 1: .550 .573 .730 .730

Method 2: .563 .590 .719 .736

Method 3: .565 .574 .749 .732

Method 4: .524 .555 .690 .681

Method 5: .544 .577 .731 .736

Method 6: .560 .599 .722 .741
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the straightforward application of standard edge detectors to the

reduced images does not fully extract the edge information that is

available. This is demonstrated by the substantially better results

achieved by applying the Kirsch operator to re-expanded versions of

reduced Images. Therefore it would seem appropriate to expand the scope

of image reducing research efforts to include the design of edge

detectors which incorporate knowledge of the image reducing technique

used. The crux of this design problem will be to design such edge

detectors without increasing the number of calculations per pixel

(compared to standard adge detectors) to the point where the advantage

of reducing the image is lost.

A second research area worth pursuing is the implementation of

feature extracting algorithms using table look-up of pre-calculated

output feature (e.g. edge) information. The idea is to reduce the

number of calculations done in real time by fitting the pixel values

used to calculate feature output values to one of a manageable number of

patterns, and simply looking up the stored output for that pattern.

Mapping a set of pixel values into a pattern could be accomplished as in

[61 by normalizing each set to yield values from 0 to 1, and choosing

the pattern with the least normalized mean-square difference. Some
S.

preliminary work on this Idea has been accomplished in this research

effort. The indications are that more patterns would be required to

achieve good edge detection than were needed for the vehicle guidance

work in [6j. Two possible implementations are:

1. Look up Kirsch outputs for each individual pixel based on the

pattern of its 8 neighbors; or
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2. Look up the Kirsch output for a 3x3 block of pixels baued on the

pattern formed by a 5x5 block of pixels surrounding-it.

More generally, the Kirsch output for an NxN block of pixels could be

based on a pattern of (N+2)x(N+2) pixels.

40-28
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EVALUATION OF GAS CHRCKATOGRAPHIC METHODS FOR

DETERMINING TRACE LEVELS OF TRICHLOROETHYLENE IN WATER

by

Ervin Hindin

ABSTRACT

An evaluation is made of gas chromatographic methods for the analysis

of trichloroethylene in water. It is shown that eleetron capture detec-

tion is more sensitive than flame ionization detection. Either method of

detection requires prior sample enrichment and cleanup. Static head

space and purge and trap techniques can be used for enrichment and clean-

up. A gas-liquid chromatographic phase of 1% SP-1000 on Carbopack-B

shows excellent partitioning characteristics for trichloroethylene in the

presence of other volatile organic compounds. Based on the evaluation,

sample enrichment, cleanup, and gas-liquid chromatographic systems are

recommended. Aqueous trichloroethylene standards and a stock solution of

trichloroethylene dissolved in methanol at 4°C showed no change in con-

centration for up to 20 days of storage. An automated gas chromatograph

with semiautomated purge and trap sampler and microprocessor data system

Is recommended for use by operators with limited training.
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INTRODUCTION

Volatile synthetic organic compounds, termed VOC, of which 1, 1,

2-trichloroethylene is a member, do not occur naturally. The organic

compound cited, more commonly referred to as trichloroethylene, has been

used as an industrial and commercial metal degreaser, dry cleaning agent,

and as a cleaner and dryer for electronic parts. Being"a synthetic

organic compound, it is not found naturally in surface and groundwaters.

Rather it is one of the spent products of anthropogenic activities. All

sites where trichloroethylene is used or stored become potential sources

of ground and surface water contamination. Contamination of the water

resource occurs through the accidential spill or intentional release of

solutions containing trichloroethylene. Petura 1 cites five states where

trichloroethylene has created serious problems in the groundwater

resource. One of the states mentioned is Michigan. At Wurtsmith Air

Force Base, located in northeastern Michigan, contamination of an

aquifer occurred when a solution leaked from a waste storage tank, from

landfills, from seepage lagoons, and from the wastewater treatment plant

effluent according to an administrative report prepared by the U.S.

Geological Survey 2 . In order to prevent the contaminant from reaching

other aquifers and bodies of surface water, water was pumped out of the

affected aquifer and treated by removal of the trichloroethylene.

Trichloroethylene is classified as a contaminant because of its

carcinogenic nature. The U.S. Environmental Protection Agency, in a

recent issue of an advance notice of proposed rule making of the National

Revised Primary Drinking Water Regulation3 , cites volatile synthetic
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organic chemicals in drinking water as biohazardous substances. It is

proposed in the revised regulation that the potential maximum contaminant

level for trichloroethylene be between 5-500 ug/L.

In order to remove trichloroethylene from water and to meet the

maximum contaminant level concentration, some type of water treatment -

process is required. In the course of the water treatient process it

becomes necessary to evaluate the efficiency of the process by

determining the trichloroethylene level in the treated water. Thus, an

analytical method is required in order to quantitatively determine the

trichloroethylene content in the presence of other substances dissolved
.4-

or suspended in the water. If other organic compounds are present in the

water, sophisticated analytical instrumental methods must be used and the

analysis performed by skilled personnel. The personnel must not only be

able to correctly operate the instrument and provide routine maintenance,

but also be able to interpret the generated information. The most

commonly used chemical analytical method for determining volatile organic

compounds is gas-liquid chromatography. When the organic compounds, such
as trichloroethylene, are present in the water in the parts per billion

range, the chromatographic method must be preceeded by cleanup and

enrichment steps. Several cleanup and enrichment approaches can be used
.9.o

for volatile organics in water. A survey of a half dozen of the more

commonly used techniques for low level multicomponent cleanup and

enrichment techniques is presented by Mieure4 . The nature of the water,
-4-..

estimated level of components of interest, the magnititude and type of

interfering substances, and personal preference of one method over

another enter in selecting the procedures to be used.

* 41-52
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II OBJECTIVES

The principal goals of this study are to recommend cost-effective

sample enrichment and cleanup methods and gas-liquid chromatographic

systems for the analysis of trichloroethylene in aqueous systems by

personnel having a minimal amount of training and technical knowledge of

chromatography. These goals are to be reached by evaluating current
a. .. °

sample enrichment and cleanup techniques and gas chromatographic systems.

The specific objectives are the evaluation of:

a. Detector types and detector response.

b. Enrichment and sample cleanup by static head space and by purge .

and trap methods.

c. Stability of stock and standard trichloroethylene solutions

stored at 40C.

III APPARATUS AND MATERIALS

a. Perkin-Elmer model 900 Gas Chromatograph with flame ionization

and electron capture detectors.

b. Tracor model 222 Gas Chromatograph with a flame ionization

detector.

c. Tekar Liquid Sample Concentrator, Model LSC-2.
.1-

d. One percent SP-1000 on Carbopack B 60/80 mesh.

e. Ten percent SP-1000 on Supelcoport 100/120 mesh.

f. Sodium sulfate, anhydrous ACS grade.

g. Mthanol, HPLC grade.

h. Pentane, HPLC grade.

i. Trichloroethylene, ACS grade.

J. Microsyringes, 5, 10, 50 and 100 uL.

a)a 41-6



k. Syringes, one and 5 eL.

1. Vials, 32 mL capacity with caps and teflon liners.

m. Volumetric flasks, ground glass stoppered, 50, 200 and 1000 mL.

n. Volumetric pipets, 5, 10 and 50 mL.

IV STANDARD SOLUTIONS

Stock and standard trichloroethylene solutions werd'.prepared using a

modification of the method found in the EPA Guidelines Establishing

Test Procedures for the Analysis of Pollutants 5. The method was modified

in step 5.5.2.1 of the aforementioned procedure by dispensing a weighed

amount of trichloroethylene, weighed to the nearest O.1mg, into a ground

glass stoppered volumetric flask containing an appropriate solvent. The

solvents used were pentane and methanol.

a. Strong stock solution, 1000 mg/L trichloroethylene in pentane.

b. M
b. Woderate stock solution, 100 mg/L trichloroethylene in pentane.

c. Weak stock solution, 10 mg/L trichloroethylene in pentane..-

d. Strong stock solution, 1000 mg/L trchoroethylene in methanol. "

e. Weak stock solution, 100 g/L trichloroethylene in methanol.

f. Strong standard solution, 100 ug/L trichloroethylene in water.

g. Weak standard solution, 10 ug/L trichloroethylene in water

V EXPERIMENTAL PLAN

a. Detector Response. A Perkin-Elmer model 900 Gas Chromatograph

equipped with a flame ionization detector (FID) and an electron capture

detector (ECD) was used to evaluate the sensitivity of each detector for

trichloroethylene. Table 1 lists the operating conditions used to

determine trichloroethylene by each detector.

.41-
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Table 1. Trichloroethylene Analysis by FID and ECD Gas
Chromatography Perkin-Elmer Model 900

GC Conditions
Column: 10% SP-1000 coated on 100/120 mesh Supelcoport packed

in a 10 ft. X 1/8 in. stainless steel column.

Detector - FID
Carrier Gas Nitrogen at a flow rate of 55 mL/min
Temperatures: Injector 150C. Column isothermal
at 95°C. Detector 225°C. Attenuation 16xi0 and
Ix I.

Detector ECD -

Source: Tritium.
Carrier Gas: Agron-Methane (5%)

Temperature: Injector 140*C, Column isothermal
at 95*C. Attenuation 16x10.

In determining the FID and ECD response, one uL of a trichloro-

-. ethylene in pentane stock was injected into the chromatograph.

A comparison was made of the trichloroethylene response between

.. flame ionization detectors installed in a Perkin-Elmer Model 900 and in a

Tracor 222 gas chromatograph. The operating conditions used for the

Perkin-Elmer model 900 are the same as those found in Table 1. Table 2

. lists the parameters used in operating the Tracor model 222 gas

chromatograph.

Table 2. Trichloroethylene Analysis by FID Gas Chromatography-
Tracor Model 222

Column: 10% SP-1000 coated on 100/120 mesh Supelcoport packed in
a 10 ft x 1/8 in. stainless steel column.

Carrier Gas: Nitrogen at a flow rate of 40 mL/min

. Temperature: Injector 150 0C. Column 90 0 C. Detector 210°C

Attenuation: 1 x 10 and 2 x 1
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In the comparison study, one ml samples of a solution containing

100mg/L of trichloroethylene in a pentane stock solution were injected

into each gas chromatograph.

b. Column Comparison. In studying the chromatographic separation of

trichloroethylene, two different solid phase supports coated with SP-1000

were investigated. One such support was Supelcoport, a fluxed calcined

diatomaceous earth material. The other support was Carbopack-B, a

graphitized carbon having a surface area of appoximately 100 m2/g. The

percent of SP-1000 coated on 100/120 mesh Supelcoport and on 60/80 mesh

Carbopack-B was 10% and 1% respectively. EPA method 601, found in the

EPA Guidelines Establishing Test Procedures for the Analysis of

Pollutants5 , uses the 1% SP-1000 on 60/80 mesh Carbopack-B for the

analysis of purgable hydrocarbons such as trichloroethylene. The 10%

SP-1000 on 100/120 mesh Supelcoport is suggested by Supelco Inc 6 for use

in separating components in complex solvent mixtures. The packed columns

were individually installed in a Tracor model 222 gas chromatograph. The

operational parameters used for isothermal temperature operation of the

Tracor instrument for both columns were the same as those found in Table

.N1

2. Table 3 lists the conditions used for temperature program operation

for both columns.
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Table 3. Operational Parameters for Tracor Model 222 G.C. Using
Temperature Programming

Columns: 1% SP-1000 on 60/80 mesh CarbQpack-B"packed in a 6
ft. x 1/8 in. stainless steel column.

10% SP-1000 on 100/120 mesh Supelcoport packed in a
10 ft. 1/8 in. stainless steel column.

Carrier Gas: Nitrogen at a flow rate of 40 mL/min.

Column Temperature: 3 min. isothermal at 80°C then programmed to
1600C at 8°C/min. Cooldown to 80*C in 8 minutes.

Attenuation: 1 x 10
'-.-

One uL of a 1.0 mL - 100 mg trichloroethylene in methanol solution

was injected into the gas chromatograph.

c. Static Head Space. Headspace sampling is one of the two most

commonly used methods for the cleanup and enrichment of trichloroethylene

from aqueous solution. Temperature, electrolyte content, and liquid/gas

volume ratio are among the factors which seriously affect the trichloro-

ethylene content of the gas phase. Electrolyte and temperature effects

were studied simultaneously, while the liquid/gas volume ratio was inves-

tigated independently. The electrolyte-temperature study was carried out

with duplicate samples. Twelve pairs of solutions were used. After

placing the liquid into the 32 mL vials, the vials were sealed with

teflon faced septa and capped. The contents of the vials were shaken

for 5 minutes and allowed to equilibrate for one hour. Three pairs of

vials filled with 15 mg of glass distilled water constituted the blank. V

One pair was refrigerated at 4°C, another pair held at ambient tempera-

ture (approximately 25°C), and the final pair incubated at. 70°C. To

another three pairs of vials, 10 grams of sodium sulfate were added

followed by 15 grams of water. One pair was held at 4°C, another pair at

41-10
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25"C, and the final pair at 70"C. The final set of six vials contained

10 grams sodium sulfate and 15 grams of an aqueous trichloroethylene

solution. One pair of each set of vials was held at 4C, 25*C, and 70°C
-9.-

respectively.

The liquid/gas volume ratio effect was studied using the same basic

approach as that used to study the temperature-electrolyte relationship.

Ten grams of sodium sulfate were added to a 32 mL vial followed by either

a weighed amount of trichloroethylene standard or glass distilled water.

The vials were then sealed with teflon lined septa and capped. The

blanks and standard vial solutions were shaken for 5 minutes and allowed

to equilibrate for one hour. All vials were kept at ambient temperature,

approximately 25°C. Twelve sets of duplicates were analyzed. One set

contained 10 grams of glass distilled water plus 10 grams of sodium

sulfate, another set contained 15 grams of water plus 10 grams of sodium

sulfate, and the third set contained 20 grams of glass distilled water

and 10 grams of sodium sulfate. The same sequence was repeated except

that a 10 ug/L aqueous trichloroethylene solution was substituted for the

glass distilled water.

One mL of headspace gas was injected into a Tracor model 222 gas

chromatograph containing a column of 1% SP-1000 coated on 60/80 mesh

Carbopack-B. The same operating conditions as appear in Table 3 were

used except that the column temperature was maintained isothermally at

125"C.

d. Purge and Trap. The purge and trap technique is another method

commonly used for the removal and enrichment of volatile organic

compounds from water. The purge and trap procedure involves the strip-

ping of the volatile organics from the water phase with an inert gas.

41-11
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The partitioned organics are continously trapped from the gas stream on a

short chromatographic column consisting mainly of Tenax. Purging is

essentially a dynamic sampling process requiring the- control of more

instrumental operating steps than simple static headspace sampling.

Desorption of the adsorbed volatile organic compounds from the Tenax

adsorbent requires the determination of optimum operating conditions.

Thus, the purge time and temperature and the desorption time and tempera-

ture will vary depending on the nature of the volatile organic compounds

being analyzed. The previously mentioned operational variables were

investigated in order to optimize the gas stripping of trichloroethylene

from water and the subsequent desorption of the chloro-organic from the

Tenaic adsorbent. The sampling procedures used are the same as those

found on page 69470 of the EPA publication, Guidelines Establishing Test-

Procedures for the Analysis of Pollutants5. A Tracor model 222 gas

chromatograph operating under the same conditions as those described in

the headspace analysis study was used. In the purge and trap method,

five mL samples of an aqueous 10 ug/L trichloroethylene standard solution

were introduced in the purge unit of a Tekmar Liquid Sample Concentrator

LSC-2. Two purge temperatures, 50C and .&0°C, and purge times ranging

from two to eleven minutes were investigated. In addition, the tempera-

ture for desorbing trichloroethylene from the Tenax adsorbent was

studied.

A comparison between the sensitivity of trichloroethylene detection

using the static headspace and the purge and trap methods was made.

e. Stock/standard stability. In order for any analytical method to

be applicable for field use, preparation of solutions in the field must
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be held to a minimum, if not totally eliminated. This restriction

prompted a study to determine the stability of a methanolic stock and

aqueous standard trichloroethylene solutions. Stock and standard

solutions were dispensed into 10 mL ampules and sealed. The following

solutions were used: 100 mg/L of trichloroethylene in methanol stock and

a 10 ug/L aqueous trichloroethylene standard. One set of stock and two

sets of aqueous standard solutions were prepared. The sequence at which

the solutions were sampled was: initially, 1, 3, 5, 7, 10, and 20 days.

_ All ampules were stored at 4C. A Tracor model 222 gas chromatograph was

-" used. The operational parameters used were the same as previously

described for the static headspace and purge and trap studies. Two one

mL quantities of the stock solution were randomly selected from the

ampules and injected into the gas chromatograph. One set of aqueous

standards was subjected to purge and trap sampling, while the other was

analyzed using the static headspace method. Duplicate analyses were

performed using the aqueous standards.

VI RESULTS AND DISCUSSION

a. Detector response. The response of a gas chromatographic

detector towards a specific organic compound is dependent on the detector

type, its age and condition, as well as the condition of its amplifier.

The two types of detectors employed in this phase of the study were a

,. flame ionization detector and an electron capture detector. The electron

capture detector is capable of sensing electronegative organic compounds.

The stronger the electronegativity, the greater the relative response.

Electroneutral compounds show very little response. The flame ionization

detector, a universal detector for most organic compounds, does not

possess the sensitivity equal to that of an electron capture detector.

41-13



The Perkin-Elmer mndel 900 gas chromatograph used in this study was

about 14 years old and in fair condition. The tritium source of the

electron capture detector had been replaced once. Using the Perkin-Elmer

chroumatograph with the colum packing material and operating conditions

specified in section V part A, the electron capture detector had an

absolute sensitivity of two picograms of trichioroethylene. This amount,

translated in terms of concentration, would be equivalent to a 'one uL

injection of a solution containing 2 ug/L of trichloroethylene. The

amplifier attentuation for determining the absolute amount and relative

concentration was 16 x 10. A lower attenuation is theoretically obtain-

able, however, the noise level would be too great for an accurate evalua-

tion. Work by Kolb and Auer7 with trichloromethane showed that packed

columns, including those containing SP-1000, had a relatively high bleed

rate. The high bleed rate required that the electron capture detector be

operated at a sensitivity which did not achieve the theoretical detection

limit.

The flame ionization detector amplifier was capable of operating at a

much lower attenuation, 160 times lower, than that used for the electron

capture detector. The sensitivity of the flame ionization detector for

, • • . ..

trichloroethylene was one ng or 1000 pg of trichloroethylene. In terms

of concentration, this would be equivalent to a one uL injection of 1000 h
ug/L of trichloroethylene.

The Perkin-Elmer model 900 gas chromatograph using electron capture

detection showed a sensitivity 500 times greater than that of the same

instrument using flame ionization detection. This value is less than

that anticipated by the author. The rule of thumb is that a properly

* . . -* - .- *.- *41-14J
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operating electron capture detector using a Ni-63 source should be 1000

times more sensitive to trichloro compounds than a flame detector. The

age and condition of the detectors is probably the -reason for the ,,,

discrepancy.

Detector response can vary substantially between flame ionization

detectors in two different gas chromatographs. The Tracor model 222 gas

chromatograph using the same column and operating conditions as found

in Table 3 had an absolute sensitivity of 800 pg of trichloroethylene.

The Tracor instrument gave a 12 percent greater response than the

Perkin-Elmer gas chromatograph.

b. Column comparison. The separation characteristics of a gas

liquid chromatographic (GLC) stationary phase is dependent on the parti-

tion of a specific organic compound between the carrier gas and the

-' stationary phase-liquid coated solid support. Where the same liquid por-

tion of the stationary phase is used, the nature of the solid support and

the percent of liquid on the solid support will influence the separation

characteristics of the column packing. Other external conditions such as

temperature of the column, type and flow rate of the carrier gas, and

length and diameter of the packed column are also important.

The liquid coating SP-1000 is a moderately polar polyglycolester

resin, according to Supelco Inc8. The Supelcoport solid support is a

fluxed calcined diatomaceous earth material of 100/120 mesh. The surface

area and the surface characteristics of Supelcoport would require a

greater percent coating to cover the surface area than would a 60/80 mesh

- Carbopack-B support. In addition, Carbopack-B by itself has certain

separation properties according to Supelco Inc. Bulletin 7476.

41-15
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In the isothermal temperature operation of the Tracor model 222 gas

chromatograph under identical operating conditions, the retention time

for trichloroethylene using the 1% SP-1000 column wa-s 6.2 minutes; when

using the 10 SP-1000 column it was 3.5 minutes. The column temperature

for both was 90*C. The difference in retention time indicates that solid

support, Carbopack-B, takes an active part in the separation. The role of

solid support, Carbopack-B, is further reinforced by the fact that the

* sequence of elution for trichloroethylene benzene mixtures is reversed

from that obtained using a Supelcoport solid support.

In order to decrease the retention time for trichloroethylene eluting

from the 1% SP-1000 column, the temperature was increased to 125"C,

giving a retention time to 5.3 minutes. A retention time of 5.3 minutes

has certain advantages in multicomponent systems as a better separation

of the components can be achieved.

In order to achieve a better separation of the constituents of a

multicomponent system, temperature programming can be used. Various

temperature schemes were investigated. The scheme which gave the best

separation of trichloroethylene from a multicomponent system containing

methanol, benzene and pentane was: initial temperature of 80"C for 3

minutes followed by programming at 8"C/min to a temperature of 160"C.

Under these conditions methanol, trichloroethylene, benzene, and pentane

had retention times of 2.0, 9.6, 10.2, and 14.5 minutes respectively.

c. Static Headspace. It is recognized that the water solubility of

most gases and volatile organic compounds having high to moderate vapor

pressure decreases with an increase in electrolyte concentration. Also,

as the temperature increases, the solubility of the gases and volatile

41-1
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organics decrease. Thus, an investigation was undertaken to determine

the effect of temperature and electrolyte content on trichloroethylene

concentration in the head space of a sealed container. Tables 4 and 5

are a compliation of the data obtained at ambient temperature, 25°C, and

at 700C.

Table 4. Effect of Electrolyte Addition on TCE LeVels at 25*C

Sample Composition H20 H20 10 ugTCE/L 10 ugTCE/L

Sodium Sulfate added 0 10 0 10

Absolute Amt. of
TCE in the headspace, ng 0 0 75.3 200

Table 5. Effect of Electrolyte Addition on TCE Levels at 70°C

Sample Composition H20 H20 10 ugTCF/L 10 ugTCE/L

Sodium Sulfate Added 0 10 0 10

Absolute mt. of TCE
in the headspace, ng 0 0 163 192

Studies carried out at 40C gave inconclusive results due to the

precipitation of sodium sulfate from solution.

A comparison of the data showed no significant difference in the

amount of trichloroethylene in the headspace with added electrolyte at

ambient 25"C and at 70*C. About 801 of the amount of trichloroethylene

found in the headspace when electrolyte was added at 250C or 700C was

found in the headspace of samples containing no electrolyte stored at

70C.

41-17
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The last phase of the study was to determine the effect of the volume

occupied by the sample to that occupied by the headspace. Ratios of

headspace volume to sample volume of 2:1, 1:1 and 1:2 gave, after volume

normalization, absolute amounts of 55.6, 60.7 and 56.5 ng of .

trichloroethylene. This experiment shows that a 1:1 ratio gave the

greatest response for a trichloroethylene concentratioii.at 10*ug/L

d. Purge and trap (Dynamic headspace). The optimum conditions for

purging trichloroethylene from an aqueous solution and trapping it on a

column of Tenax housed in a Tekuar liquid sample concentrator were:

purge at 400C for 5 minutes, desorb at 180"C for 4 minutes and bake the

Tenax at 200"C for 7 minutes. Aqueous solutions of trichloroethylene

purged at a temperature of 500C for greater than four minutes gave a

lower recovery than those purged for three to four minutes. Purge time

at 40"C had no effect on the recovery. The purge and trap conditions

used were different than those used in the EPA Guidelines Establishing

Test Procedures for the Analysis of Pollutants.5

A series of 5 mL volumes of aqueous trichloroethylene standards were

purged under the optimum conditions with isothermal gas chromatographic

separation. The results of the experiments shoved the purge and trap

method to have a sensitivity of 1.0 ug/L or an absolute amount of 5 ng

of trichloroethylene. However, when the gas chromatograph was tempera-

ture programmed a sensitivity of 0.7 ug/L of trichloroethylene or an

absolute value of 3.5 ng was observed.

e. Stock/standard stability. In examining the sealed vials of

trichloroethylene stock and standard solutions over a period of 20 days,

no significant changes in the trichloroethylene concentration were

observed, as shown in Table 6.

41-18
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Table 6. Concentration of Trichloroethylene at Various Times

Stock/Std. DAY

0 1 3 5 7 10 20
Conc. of TCE in Stock
Solution, mg/L 102 105 109 102 102 103 103

Conc. of TCE in Standard
Solution ug/L by purge
and trap method 3.4 3.3 3.3 3.2 3.2 3.3 3.4

An attempt was made to directly sample the headspace of the vials

containing an aqueous trichloroethylene standard solution. Headspace

sampling was not found feasible as the integrity of the headepace volume

was lost once the stem of the vial was broken.

f. Gas chromatographic sZstems-background. The research work

described thus far was undertaken to justify the approach to be used in

recommending an analytical instrumental system for the volatile organics.

In presenting the several gas chromatographic systems, the following

assumptions and conditions are made:

(1) The organic compounds of interest are the volatile synthetic

organics, trihalomethanes, and certain volatile aromatic organic

compounds.

(2) Gas chromatography is the analytical approach to be used.

"! (3) The gas chromatographic detector must be responsive to all

organic compounds regardless of electronegativity.

- (4) The techniques used for the analysis of specific organic

- , compounds must be a method recognized by federal and state agencies.

(5) A permanent record must be kept of the operational

parameters and the resulting data.

41-19
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(6) The analysis should require as little operator interaction

with the gas chromatographic system as possible. The operator should not

be required to know either the theory-of chromatography or the principles

* and detailed operation of each component of the system. The operator

will have had minimal training in use of the gas chromatographic system.

Thus, the ideal analytical system would be one where the operator

introduces a sample or qtandard into the chromatographic system,

activates the system, and reads the results as finished data which

*includes the concentration of specific compounds of interest. In order

*to accomplish this goal and control the capital cost of such a system,

several instrumental options are presented.

g. Gas chromatographic systems-options. The three basic parts of a

-~ gas chromatographic system are the enrichment-sample cleanup unit, the

gas chromatograph, and the data readout system. By applying the above

mentioned restrictions and assumptions to each part of the system, the

- instrumental component can be defined in greater detail. The enrichment-

* sample cleanup unit can be either a static headspace or a purge and trap

(dynamic headspace) apparatus. Because purge and trap and liquid-liquid

extraction are the only methods recognized by EPA5 , the only automated

- method to be considered is the purge and trap. However, the automated

and semi-automated static headspace systems have been shown to have

*0comparable or, in certain instances, better accuracy than the purge and

* trap method. A variance can be obtained from federal and imost state

* agencies for use of this method as a substitute for purge and trap. .

- Therefore, this method will be considered in several of the options.

..................................
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The liquid-liquid extraction method is a manual procedure and is

effort intensive. Therefore, this approach is not-an acceptable option.'

The gas chromatograph should have temperature programming capabilities.

This capability is essential in separating individual compounds in

multicomponent mixtures. The more complex the mixture, the greater the

need for temperature programming. Chromatographic separation can be

accomplished through the use of a 1% SP-1000 liquid phase coated on a

Carbopack-B solid support. A column packing having equivalent or similar

chromatographic separating capability could be substituted.

The gas chromatograph detector signal output can be processed in

either of two ways: by a strip chart recorder or by a'microcomputerized

data system. The recorder is a relatively simple instrument which

graphically shows the detector output signal. Manual interpretation of

the graphical information is required. The data system is essentially a

microcomputer which will-accept the detector signal and process the data.

The information can appear in the form of a complete report of the

analysis or it may be stored in the memory of the data system. Some data

systems have the capability of serving as the controller for the gas

chromatograph. The controller can be capable not only of setting the

operating conditions, but also monitoring these conditions.

Prior to considering the costs of various gas chromatographic

systems it should be recognized that as the degree of automation

increases, so does the complexity and capital equipment costs. In manual t771

operation, human error is always a possibility. With automation, once

the system is corrected for any inaccuracy, errors will not occur.
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h. Gas chromatographic systems-cost evaluation. The information

which appears in Table 7 are costs of components of a gas chromatographic.

analytical system based on June 1982 prices. All prices are rounded off

to the nearest $100 and do not include shipping or installation charges.

Table 7. Estimated Cost of Components for Gas Chromatographic System

Type of Unit Code Costs (Dollars)

Automated gas chromatograph with automatic 1 12,700
flow rate control

Automated gas chromatograph with manual 2 10,300
flow rate control

Manual gas chromatograph 3 8,000

Automated purge and trap sampler 4 7,000

Semi automated purge and trap sampler 5 5,000

*Semi automated headspace sampler 6 1,000

Microprocessor data system 7 9,000

**One way data system 8 6,000

Recorder 9 900

* Accessory to a Perkin-Elmer gas chromatograph.

** Can not be used as a gas chromatograph controller

A variety of possible gas chromatographic systems are possible. Only

eight are presented in the following figure. Other combinations area

possible.

41-2
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Table 8. Possible Gas Chromatographic Systems

Type of System Item Nos. Cost (Dollars)

Totally automated 4,1,7 28,700

Automated except for manual flow rate 4,2,7 26,300

Semi automated 5,2,7 24,300 _4g

Automated with semi automated headspace 5,2,7 27;700

Automated with semi automated purge
and trap 5,1,7 20,300

Semi automated with one way muicroprocessor 6,2,8 26,700

Manual system with one way microprocessor 5,3,8 17,000

Manual system with recorder 5,3,9 11,000
.o

VII CONCLUSIONS

a. Gas chromatography using electron capture detection is capable

of detecting 2 pg of trichloroethylene, while flame ionization detection

has a sensitivity of 800-1000 pg towards the chloro-organic compound.

b. Response by the same type of gas chromatographic detector is

dependent on the condition and make of the detector.

c. A gas chromatographic stationary phase of 1% SP-1000 on 60/80
4.

mesh Carbopack-B gave good separation of trichloroethylene from other

volatile organic compounds when temperature programming was utilized.

d. The addition of a strong inert electrolyte and an elevated

temperature causes higher trichloroethylene concent'ration in the

headspace.

e. The purge and trap method is essentially a cleanup and

enrichment method capable of causing a gas chromatographic response for

one ug/L of trichloroethylene.

41-23 -. '
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f. In sealed vials, methanolic stock and aqueous standard

solutions are stable for at least 20 days. . -

g. An automated gas chromatographic system consisting of a semi-

automated purge and trap unit, computerized operated gas chromatograph

with flame ionization detector, and an automated input/output information

system is recommend for use by personnel with a minimal" amount of train-

ing in gas chromatography for use in trichloroethylene and other volatile

synthetic organic compound analyses.

VIII RECOMMENDATIONS

a. A gas chromatograph utilizing a stationary phase of 1% SP-1000

coated onto a Carbopack-B solid support for separation-and equipped with

a flame ionization detector should be used for the analysis of volatile

organic compounds such as trichloroethylene.

b. The purge and trap, also known as dynamic headspace, should be

the method used for enrichment and cleanup of aqueous samples containing

volatile organic compounds such as trichloroethylene.

c. A microprocessor data system should be used for raw data input,

interpretation, and reporting of the analytical information.

d. An automated gas chromatographic system consisting of a semi-

automated purge and trap sampling apparatus, automated gas chromatograph

with an automated flow rate controller, and a microprocessor data system

should be used when operators with a limited knowledge of the practice of

chromatography and a minimal amount of training are employed. Other gas

chromatographic systems are available but should be considered only after

due evaluation of the operator and instrumental limitations.

e. If a program of monitoring volatile organic compounds is

instituted at various Air Force bases, a well managed quality control

program should be instituted.
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BASIC RESEARCH ISSUES IN ELECTROMAGNETIC RAIL LAUNCHERS

WITH PLASMA DRIVEN PROJECTILES

By

Dr. Manuel A. Huerta

ABSTRACT

A one dimensional steady model of the arc plasma is extended to. include

time varying currents. The breech voltage-current relation for the rail

gun as a circuit element is obtained. The muzzle voltage measures the

resistive drop at the plasma arc. The plasma is subject to the flute

instability which is analogous to the Rayleigh-Taylor instability in

fluids. Recommendations for future theoretical and experimental research

are given.
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I. INTRODUCTION

The successful demonstration of an inductively driven electromag-

netic rail gun by S.C. Rashleigh and R.A. Marshall, Ref. 1, at the

Australian National University in Canberra has spurred a great deal of

interest in these devices. During the period from 1968 to 1977 the

above authors, together with Marshall's s;tudent, John Barber, launched

Lexan cubes with masses of about 3 grams to speeds of about 6 km/sec.

Their best results were obtained using an arc plasma as an armature to

push the projectile. Westinghouse Corp. has built a gun using a solid

armature that has launched a 317 gin. projectile with a speed of 4.2

km/sec. General descriptions of the history and recent-work on rail

launchers and related devices have been given by B.M. Schwarzschild,

Ref. 2, and by H. Koijn and P. Morgenat, Ref. 3.

The ANU gun used the largest homopolar generator in the world to

generate the current required (in the order of 500,000.amps). This was

a large and very heavy device. The possibility of developing a rail

gun that might be a weapon of interest to the USAF has been strongly put

forward by J. Barber et al, Ref. 4. Their system concept is based on

a fast-start turbine combined with a small DC homopolar generator and

inductive energy storage. Important mass savings are achieved with this

concept leading to a total system mass around 4,000 kg. for a gun capable

of launching 50 Sm. projectiles, with a speed of 3 km/sec, with a 20 Hz.

firing frequency, in bursts with a duration of 5 sec.

There are various primary energy sources and switching schemes;

these will not be discussed here. We concentrate on how the projectile

is accelerated down the gun barrel. A schematic of the barrel is shown

in Fig. 1.

42-3
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Fig. I Schematic of rail gun barrel. In the ANU gun

d=19.1 m, w-12.7 m, and 4=3.2 mm

The current goes in one rail, across a plasma (ionized gas) arc or a

solid armature, and out the other rail. Before the ANU work, it was

thought that the melting of the armature would be the limiting factor

in rail guns. The ANU researchers established that plasma arc armatures

work well. The properties of this plasma are the main subject of this

study.

The plasma is generated by providing the rear of the nonconducting

projectiles with a metallic foil that makes the initial contact between

the rails. The heat produced by the enormous current vaporizes the foil

and ionizes the vapor producing a conducting plasma. The rail currents

produce a magnetic field Br at the plasma. This field acts on the cur-

rent through the plasma to produce a driving force F given by

This equation may be rewritten in terms of the rail inductance per unit

length L' as
1.2

For the ANU gun L'=0.42xlO-6 henry/meter. With their current of about

300 kA the force is 1.9xlO 4 Newton. This force imparts anacceleration

of 6x106 m/s2 to a 3 gm projectile . For their projectile with a rear

area of 161 mm2 this corresponds to a plasma pressure of l.1xlO 8 N/r2 or

1,095 atmospheres.

S'i 42-4
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II. OBJECTIVES OF THE RESEARCH EFFORT

1. To study and improve the models for the properties of the arc

plasma produced in the rail gun.

2. To identify the basic research issues associated with the plasma.

42-
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III. GENERAL PLASMA EQUATIONS

The principal theoretical studies of the plasma properties have

been done by J. McNab, Ref. S, and by J.D. Powell and J.H. Batteh, Ref. 6.

Their model uses the Euler equations of magnetohydrodynamics for a fluid

of density ,velocity "u, pressure p, energy per unit mass 6 , current

density J, magnetic field B, electric field E, conductivity o-,. and no

viscosity. Since the mass of the electrons is negligible, the density

is

where mo and xTare the mass and the density respectively of the atoms.

The density na is given by

.) (+T2)

where n0 is the density of neutral atoms, n, is the density of once

ionized atoms, n2 is the density of twice ionized atoms, etc. The

electron density n is given.by

' X : b"

The pressure is given by

At equilibrium the densities are related by the Saha equations

where Z is the electronic partition function of the jth ion (often Zj

is merely a number of order one), Isis the energy to ionize a neutral

atom, 12 is the energy to produce a twice ionized atom by removing an

electron from a once ionized atom, etc., m is the mass of the electron,

and h and k are Planck's and Boltzmann's constants.
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The energy per unit mass . is given by

~'E ~ (4 l'l~TTjImT,, Z (Y'atV)kT, ()

where Qm=Ii+12+..+Is (m=l,2,...) is the energy required to remove m elec-

trons from an atom and Wm (m=O,i,2,...) is the electronic excitation

energy of an m-atom. The radiation energy and pressure have been neglec-

ted at these relatively low temperatures.

The governing equations are Maxwell 's equations in a good conductor

(where the charge density and the displacement current are neglected)

0 " Vi

In the gun plasma the electron density nx10 26/m3 . The plasma frequency

is then around 1014/sec. All frequencies of interest in the

gun are well below ., We then take J as given by Ohm's Law in a moving

medim
p ---

S' U, X . C1

The conductivity of the plasma is taken to be the Spitzer conductivity,

given in Ref. 7, as

where all quantities are in MKS units. The factor is given by "40.6833.

The fluid properties are governed by the equation of mass conservation

the momentum equation
-+ -Z ...

and the energy equation

• .

o r

42-7

,'~. -.-. ...-...-. . .. . .. - .. . -.. .• ,. - . • • .-.• . •..



The second term in the right hand side of Eq. (14) is the Joule heat
* i"

while the heat flux vector q is given by

( Os-)
Here KT is the coefficient of heat conduction, given in Ref. 7 as

-. . T h

KR is the coefficient of heat conduction by radiation. It is given by

S(''17)

where % =5.67xi0-8 Joule/m 2deg4sec. is the Stefan-Boltzmann constant,

and Ais the radiation mean free path which is given in Ref. 6, Eq. (3.17).

The expression for q given in Eq. (1S) is valid provided the plasma is

optically thick. That is, provided A is much smaller than the dimensions

- of the plasma. In the gun plasma this is well satisfied because 2- is

. of the order of 10-4 m. Typical gun conditions calculated in Ref. 6 give

* *..T- S.6xlO4deg K. Then KR/KT^.lS so radiation heat transport dominates.

J.?'

.4
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IV. CONSTANT CURRENT, ONE DIMENSIONAL MODEL

The authors of Ref. 6 apply the equations of Section III to a one

dimensional model of a plasma arc undergoing constant acceleration, in

which all quantities are steady in the frame of the plasma. The rear

edge of the plasma is located at xo(t) where

with constant. They change variable from x to g where

where Lis the length of the plasma.

For any function f(x,t), one has

Dividing by d and keeping t constant (dt=O), one has

SO .-'-+).T

so
9., . (_ d..-.

Dividing Eq. (20) by dt and keeping constant, one has

~:'c';c2

A--

but "#  ) --.:"
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Introducing a velocity

the main equations are rewritten in terms of the variable as

+ vs- .

Oi-t

i! ++

o 
•- -o. P S ( 2 -7

where E and B are the fields measured in the laboratory frame of

reference. The authors of Ref. 6 found a solution where the accelera-

tion Uz and the externally controlled current i are constant.

Furthermore, their quantities are steady in the frame of the accelera-

ting plasma and depend only on the variable g , so At=0, Y( ) .
J, 3= and E= Eys(s For the current density J and

the field B they found

with

A- A.

while

and

42-10'
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B(;) decreases from its maximum at the left of the plasma to zero at the

back of the projectile. The electric field in the plasma was found to

be

,( a)

with no field given in the space to the left of the plasma. To the right

of the plasma the field E --JtO)/Uco). The voltage at the muzzle Vo isy
then simply given by the resistive drop at the plasma. The pressure in

the plasma is found to be

This pressure rises from zero at =O to large values near the back of

the projectile at 1=1. At the back of the projectile, p( =l)wd=Mo.,

where M is the mass of the projectile. Combining this with Eq. (34) one

gets

GCWci /60~ - j- O21c 3~5~)

where mp is the mass of the plasma given by

The interpretation of Eq. (35) is that the mass of the plasma and the

projectile is accelerated by a magnetic pressure /2 acting over the

rear area wd. The approximate equality in Eq. (35) is obtained by

neglecting the mass of the plasma compared to the mass of the projec-

tile. Eq. (35) shows that the detailed properties of the plasma do not

matter very much in determining the acceleration. This is as it should

be. So long as the plasma is not disrupted and is able to carry the

current across the rails, the acceleration will be given by Eq. (35).

The temperature is found by solving Eq. (26), which reduces to

42-11



in combination with the equations for q, T, p, ni, and Eq. (29). The

boundary conditions are that

AT4 
4-

Due to the T dependence of and a-this equation is solved numerically.

In Ref. 6, an analytic solution is found under the approximation that

T-is constant and - is independent of T and inversely proportional to

the pressure p. Valuable results are then obtained for the scaling of

the important quantities in terms of the current per unit rail height

j=i/d. Some of these are _j-16/11, v.j2, pij2,fs j16/11, Tj 6/11 .

The work of Ref. 6 gives interesting values for the quantities in the

Rashleigh-Marshall experiments of Ref. 1. Some of these are c.=1.48xl0 7

m/s2, C=9.2cm, Vo=47 volts, T=5.61xI04 deg K, n=9.8x10 25 /m3 .

421
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V. VARYING CURRENT MODEL

The previous model has the strong restriction that the current is

constant. The operation of the gun can be made much more efficient if

the current is allowed to drop to a low value as the projectile exits

the muzzle. The rails are connected to a storage inductor and/or other

driving components. To understand the behavior of the rails as. a cir-

cuit element, the problem of time varying fields has been attacked. To

the left of the plasma Maxwell's equations neglecting displacement cur-

rents are applied to the rails and to the nonconducting space between

them. The fields in the rails are Er=ErxCY,t x and Br=BrzCY,tY, with

and similarly for Brz. The solutions are found in terms of the Fourier

components of the current

e d01 (a()a))

as

t%(J0 EA e e Ato
and

where
C %_- l 0- .+ .

and
Ofti-: *.i' C'-"a.)

Similar expressions hold for the field in the other rail at y4O.

Here & is the skin depth given by

In the space between the rails for x<x o there is an EXV ,

. . ..,i., ~42-13 .-
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where

There is also an EYv ,

LiLa-

where
L' Ad +Ofj o (.+(j :s) -:-

and there is a constant magnetic field

7[

The voltage Vb at the breech (x=O) is found from Eyv(O,y,t) to be

where V(xo,t) is the voltage at the left edge of the plasma. In the

general case we cannot express Vb(t) in terms of i(t) because of the ..

dependence of . However, if the rail thickness A is much smaller than

the rail separation a simplification is possible. There is a frequency

(3 for which S(Ca)& .A.Then A )-1p.4q for(z *>, and ,

fortwv<). Because of this the rail resistance per unit length /It(M) is
s,09) =. fort0> 14 and letw) - forflW11. We note that the skin reac-

¢ MA

tance &vf=retw)forWui.J,. Since'*-i,. we have '-LWtZ)' . We can then

take I a  for all a) because this is true for AXcs3, while for W'> C:.'c-.

is negligible anyway even though it is greater than ... We also see

that J'(& is negligible at all w. We are then able to simplify the

breech voltage Vb to get

with L":/z¢_* .)

We may neglect skin effects to compute voltages and currents. After

-..calculating the current i~t), one could take the skin depth into account

as a function of w in order to compute the power dissipated in the rails.

42-14
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To obtain the breech voltage, we still need to calculate V(xo,t)

which is the voltage at the left side of the plasma. So far we have not

made any assumptions about the state of the plasma. We will take J=J( 3 ,t)"y

and BB(jt)4z with

For the electric field we have

The plasma surely obeys u<<Vo. Then Faraday's law give s
C). 

")00

The plasma satisfies the condition that the skin depth in the plasma -

is much greater than the plasma thickness L. Then Eq. (52) can be

approximated as
_ o

This gives the same solutions as Eqs. (29) - (32) but now i is a func-

tion of time. Therefore

":' 0"r(o,1*),.•

We then get for the voltage at the breech side of the plasma

"' V ~O~, r + ' 'L? (s)".

where the plasma resistance R is

and L" is given in Eq. (49). Combining Eq. (54) with Eq. (48) we

obtain for the breech voltage
: V, k)- t) R + ± (L: (st):,

where

and

with r' and L' given in Eq. (49).
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Eq. (56) is combined with

to define the rail gun as a circuit element. The electric field to the

* right of the plasma has the constant value J(c,t)/~-.(o,t) so the muzzle

voltage is again Vo=J(o,t)w/a(O,t) as in Sec. IV.

The above discussion shows that the time dependent fields in the

plasma obey the same equations as the static ones in Sec. IV. Further-

more, provided that the time variations of i(t) are slow, as they are

in the rail gun, the plasma pressure, density and temperature obey the

same equations as in Sec. IV neglecting *otand L. In effect the

plasma constantly adjusts its "static" state to follow the current

variations. This section justifies applying the work of Ref. 6 even

when there is a variable current.

42..16

.1.

. . .. °

- . -..-..

*-~t..........
S . -... . . . . . . . .



VI. PLASMA STABILITY

It is well known, Refs. 8 and 9, that when the direction of B is

everywhere the same, a static plasma as in Sec. IV, accelerated by a B

field, as in our case, or a plasma supported against gravity by a B field,

is unstable. The instability leads to a corrugation or fluting of the

plasma surface, hence the name flute instability. It is.analogous to the

Rayleigh-Taylor instability of a heavy fluid supported against gravity

by a light fluid. For the case where the plasma density is constant,

surface waves of the form eiky elt grow with

F0- -

as shown in Refs. 8 and 9. In the gun case, the instability is more

complicated because of the density variation. I have obtained the

required eigenvalue equation that must be solved to study the instabil-

ity. The equation is too long to write here. The state of the plasma

after the development of the instability is unknown. There are three

possibilities. The first is that the growth of the instability is so

slow that it has little effect by the time the projectile exits the gun.

In this case the solution of Secs. IV and V would be very accurate. The

second is that the instability is not terribly disruptive. Rather it

merely establishes a steady flow in the plasma. Most likely this flow

would involve a vortex near each rail. The third possibility is that

the instability completely disrupts the plasma. Since the gun is known

to work, it would then have to be true that the plasma constantly

replenishes itself by working against the rails and the back of the pro-

jectile. I believe the second possibility is the most likely. As the

plasma edge breaks up due to the instability, pieces of current free

plasma are left behind. These plasma blobs would expand and touch the

rails. A large current would then flow that would slam the plasma blob

42-17
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back against the rear of the projectile. This indicates that a new,

more complicated steady state, one with flow, is reached by the arc

plasma. This state is not well described by the model of Sec. IV. Yet,

the scaling laws found in Ref. 4, given at the end of Sec. IV, remain as

an important guide on the variation of plasma parameters with rail

current.
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VII. RECOMENDATIONS ON RESEARCH ISSUES

A good amount of theoretical and experimental work needs to be done

to understand the properties of the plasma arc and its effect on the

operation of the rail gun.

Theoretical Work .--.

1. Study the behavior of the plasma as a circuit element using

Eqs. (56) - (58). This work is not too complicated since it only involves

a couple of nonlinear o.d.e.'s. It can be of significance in improving

the efficiency of the gun.

2. Study the influence of the plasma sheaths at the plasma-solid

interfaces upon the operation of the gun.

3. Study the effect on the plasma of propellant gases that may be

used to inject the projectile into the rails.

4. Study the initial stages of vaporization and ionization of the

metallic foil.

5. Do the stability calculation discussed in Sec. VI.

6. Find a stable solution that better describes the plasma state.

7. There are a variety of practical questions that should be

addressed. For example, whether one could impart spin to the projec-

tile by magnetic means in rails with round bores.

Experimental Work

1. The ANU gun design is wasteful of energy. As the projectile

leaves the gun, the barrel is filled with a strong B field. This repre-

sents a magnetic energy about equal to the kinetic energy imparted to

the projectile. This magnetic energy is wastefully dissipated by an arc

at the muzzle with attendant heat dissipation problems. A capacitor cut

into the rail circuit as the projectile leaves the muzzle is an elemen-

tary way to recover this energy. This or other energy recovery schemes

should be studied.
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2. Up to now the only properties that have been measured are the

projectile velocity and various voltages and currents. The plasma

temperature, size , composition, and other properties are only inferred.

These quantities can be measured optically and used to verify the

theoretical plasma models. A barrel with several transparent slits

can be used. The duration of the light flash through a slit gives .

Since the plasma is optically thick, its spectrum will be a continuous

background close to that of a black body with absorption lines. The

temperature and composition can be obtained from the spectrum.

'p.°-...
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OPERATIONAL SAFETY REVIEW METHODOLOGY

Dr. Francis J. Jankowski, P.E.

ABSTRACT

Methods of making safety reviews of hazardous operations, with an

emphasis on human factors, were reviewed. Several methods exist. A
comprehensive review procedure was not found. For a human factors review

of tasks, Swain's Man-Machine System Analysis (MMSA) is recommended. For

human error analysis, his Technique for Human Error Rate Prediction (THERP)

is good; this subject is being actively worked on by others. Safety is

strongly dependent on the organization, on attitudes, and on the system

in which the operation is performed. Factors important in the review of

*/ each of these areas are discussed; specific review procedures are to be

developed.

A study of safety records of several countries shows a number better

than that of the USA. The safer countries also have a high Quality of

Life Index, suggesting that safety may be improved through selection of
individuals for high risk tasks.

The biorhythm based on birthdate has been shown not valid. Biological

cycles determined on other basis may provide a means of making task assign- ...

ments to minimize risk of human error. ."'.
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PREFACE

This is a short summary report based on the report prepared for the

Air Force Weapons Laboratory. The original report consists of 44 pages

of text, 21 pages of appendices and 6 pages of references, abstract, title

page and acknowledgements. This summary report retains the reference

. numbering of the original report, but omits those not referred to directly.

I. INTRODUCTION

A planned, coordinated effort is required to maintain and improve

safety in a hazardous operation. A first step is a design review of equip-

ment and facilities. A further step is to include human factors and human

engineering principles in the design review. However, as important as

these steps are, they only represent about half of the safety problem.

The operations themselves, the planning of the procedures, the job aids,

the performance of individuals and organizations, and the control of

operations represent the other half of the safety problem. In the past,

most efforts have been directed toward safety review of hardware and toward

selection and training of personnel. More recently, methods have been

developed7 '8 ,9 to expand these safety reviews to include all phases of

operations. A human factors-system approach is needed. That is what this

report attempts.

Safety should be considered another component of engineering design

and of operations planning, along with energy balance, stability, control

and other factors. Since most practicing engineers and administrators have

not been formally educated into the importance, principles, and implementa-

tion of safety, other means of promoting safety have evolved. One such

means is the safety review. Several excellent review techniques have been
11developed. Some good examples are Swain (NRC), and System Safety Develop-

10,12ment Center efforts. All of these point out the necessity of applying

human factors or human engineering principles.

Safety efforts have progressed from making machines safe to making

the machines safe and operable (application of human factors). Future gains

I3
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in safety of operations are likely to be made by giving attention to the

management of the operation, the system in which the-operations are per-

formed, and the attitude and support toward safety.

II. OBJECTIVES

A heirarchy of objectives governs this investigation. These are:

1. Improve the safety in hazardous Air Force operatlons.

2. To produce a method for reviewing and evaluating operations in

regard to human factors.

3. To continue exploration of other possible factors which may

produce greater safety in hazardous operations.

III. FACTORS IN DESIGN AND MANAGEMENT TO PROMOTE SAFETY

In operations, methods of minimizing hazards can geiDerally be categorized

as engineering design or as management control. Engineering design methods

include: 1) redundancy, 2) coincidence, requiring two or more independent

' signals to initiate an action, 3) variety to minimize common cause/common

mode failures, 4) interlocks, to insure necessary steps are satisfactorily

completed before proceeding, 5) failsafe, which may not be possible in

complex systems, 6) perfection in design, to uncover and correct all

potential accident causes, 7) fault-tolerant design, so that component

failure or human error will not cause an accident, and 8) cultural consis-

tent design, which meets the expectation of the operator.

To the extent that the safety of operations depends on the human operators

following specific instructions, one has management control of safety. Maxi-

mum safety is attained by a combination of engineered and managed safety

systems.

Some management control principles are: 1) redundancy of personnel,

2) control of over-rides, such as control of keys to switches and tagging

procedures, 3) check lists and other job aids, 4) internal inspections and

audits, and 5) selection, training and retraining programs.

IV. THE SAFETY REVIEW OF OPERATIONS

The method outlined here for the safety review of operations is presented

as a comprehensive review. An attempt has been made to outline a method which
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will have logic and will be workable at many levels.

A. The Method. This section outlines the approach and the steps in-

volved in a safety review of operations. Further discussion and details

are given in other sections below.

1. Assumptions and Limits. The safety review method presented

here is developed around principles and concepts. Detailed

procedures may be obtained by:

a. Reference to review methods now in use.

* "b. Developed by the review team.

c. Developed through further research into methods of review.

2. Application. As a comprehensive review, this is likely to be

performed on an infrequent basis, possibly biennially. The

principles also may be applied to more limit6d reviews.

3. Organization of the Review Method. To make this review method

comprehensive and workable, the effort has been divided into

phases. Each phase represents an area of professional

expertise. The areas are common to most operations. The

areas are separable. To prevent overlooking deficiencies

which may be present in the overall system but not detectable

on limited reviews, coordination and integration of the phase

reviews are required.

4. Steps in the Safety Review Process. The steps are:

>4 a. Plan the overall review. Specify what is to be included,

excluded, identify sources of information, and set a

schedule.

b. Select and assign personnel to do the safety review.

c. Develop specific plans, involving the people who will do

the review.

d. Perform the review.

e. Coordinate and integrate the results; specify additional
steps or data needed.

f. Document the review and the recommendations.

g. Provide feedback to those who can use the review recom-

mendations.
.4
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B. Principles of Safety Reviews. There are a number of techniques

and ideas applicable to performing safety reviews. A few of these are:

1. Operations Diagrams. Block diagrams, flow diagrams, PERT

charts and similar devices.

12,162. Tree Diagrams, including fault trees event trees,
13 17 12probability trees , information trees , risk trees 2 , and

13
cause/consequence diagrams

3. Forward - Reverse Analysis. It will be noted that event trees

start with an initiating event and move forward in time. Fault

trees start with a result and work backward in time, identifying

various possible causes. Conditional events are included in both.

4. Field Techniques, include audit, observation, interview, walk-

through inspections, and investigations.

C. Concepts Important to Operational Reviews. Certain concepts and

principles are applicable to all phases of the review. These will be well

known to human factors engineers, and are covered in various texts18'19'20

and handbooks 1 3  Some of these human factors concepts and some engineering

concepts will be outlined briefly here.

1. Stimulus - Organism - Response (S-O-R). Stimulus represents the

cues; Organism is the individuals who are supposed to act;

Response is the action, or inaction, taken as a result of the

stimulus and the mental processes generated.

The S-O-R analysis is central to the review of operations and to

human factors engineering.

2. Work Load Levels and Task Enrichment. The demands on the operator

in respect to skills and speed of performance should be within the

capabilities of the individual, and must be great enough to gain

his attention and interest.

3. Performance Shaping Factors (PSF), include the psychological and

physiological characteristics of the operator, the organizational

and physical environment, and the design of the task and of the

equipment. These have been summarized neatly by Swain8 '13.
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4. Human Error Probabilities (HEP). Quantitative probabilities

of errors permit estimates of consequences and costs of accidents.

5. Man-Machine Interface Design is the province of the human factors

engineer.

6. Value Engineering emphasizes function rather than hardware, to

produce optimum value/cost ratios. These concepts may be applied

to operations evaluations. -

7. Systems Engineering (or Systems Analysis). The central principle

in the systems approach to a problem is the unitary concept. The

objective is to optimize the satisfying of specified criteria

within the constraints imposed on the system.

D. Planning the Safety Review. The plan will include:

1. Defining the operation to be reviewed.

2. Identifying the professional areas of expertise needed.

3. Establishing a time schedule.

4. Organizing for the review.

5. Formulating detailed plans, with input from the reviewers.

E. Review Personnel. The review process, as proposed here, has two

major dimensional axes. These are the professional areas covered in the

operations and the phases into which the operation is divided. Review

personnel need to include experts in the professional areas covered who have
experience in the type of operations. -

V. PHASES OF THE REVIEW

The phases of the review represent areas of the operation which can be

separated and examined independently; these phases might be looked upon as

tasks for the review team to complete. The suggested phases are:

A. History, Experience, Documentation. If the operation is one which

has been in existence for some period of time, the records of past perfor-

manices should be examined. Note should be made of the completeness of the

records. From the records it should be possible to analyze and reconstruct

accidents, incidents and events that may have a safety implication.
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B. Written Instructions. All written instructions should be identi-

fied and evaluated. These will include Operation Manuals, Operating

Instructions, Tech Orders, Maintenance Manuals, Job Guides, Job Aids,

Check Lists, and others.

A first step is to verify the technical accuracy of the written

instructions.

Next, the instructions are reviewed in relation to application of

human factors and engineering principles. In this process, the instruc-

tions can be evaluated on the basis of many of the concepts presented above.
7 1

A check list has been developed by Brune and Weinstein . Swain and Guttmann13

point out the importance of well prepared written instructions. They cite
23results by Haney which found that columnar instructions produce one-third

fewer errors relative to narrative instructions.

A further evaluation of written instru.ctions is that of readability.

There are many indexes for readability. One of the more common Readability
25

Indexes is the Fog Index. A similar one is in use by the military

C. Task Analysis. Many methods have been developed for industrial,

office, and other tasks. Only a few give instructions for applying human

factors in the review of and analysis of tasks.

Possibly the best technique for task analysis including human

factors is the Man-Machine Systems Analysis (MMSA) developed and described
8 13

by Swain'. The steps are:

1. Describe the system goals and functioams of interest.

2. Describe the situational characteristics.

3. Describe the characteristics of the personnel.

4. Describe the jobs and tasks performed by the personnel.

5. Analyze the jobs and tasks to identify error-likely situations.

6. Estimate the likelihood of each potential error.
7. Estimate the likelihood that each error will be undetected (or

uncorrected). '1

8. Estimate the consequences of each detected (or uncorrected)

-error.
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9. Suggest changes to the system.

10. Evaluate the suggested changes (repeat Steps 1 through 9).

8,13In addition to MMSA and THERP (which uses probability

trees), fault trees, and other techniques can be applied to

task analysis.

D. Inspection, Audits and Reviews. A safety review of an operation

will include an evaluation of internal inspections, audits-and reviews.

E. Organization and Management. Review of organizational structure

and functioninrg in regard to safety of operations is a field that has not

received much attention. However, the Kemeny Report 15calls deficiencies

in the organization of the utility and of the NRC a major contributor to

the THI nuclear accident. Clearly, the organization can be a positive

factor, or a neutral, or even a negative factor in promoting safety.

A procedure for a safety review of the organization involved in

the operation was not found in the literature. Some of the factors which

should be evaluated include:

1. Technical Understanding of the operation by upper levels of

management.

2. Communication Channels, vertically and horizontally.

3. A Safety Group or Office within the organization.

4. Communication Links, external, for emergencies.

5.Standards, Procedures, and Policies of the company, established
and available to those having need.

6. A Method for Learning from experiences of other groups.

7. Responsibility and Decision-Making Authority defined.

8. Adequacy of Staff for the operation as a whole and for safety.

9. Procedures should exist for modifying operating and mainten-

ance instructions, updating drawings, and controlling the

distribution of instructions and drawings (so that outdated

ones are not in use).

F. Attitude and Support of Safety. Safety must be important to the

individuals in an organization. It must be supported by upper management;

if not important to upper management it is not likely to be given high
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priority at lover level and by the workers.

Likewise, safety must have the support of the working crew. If pro-

cedures are not workable or reasonable, or if instructions are obscure or

not readily available, workers will give low priority to safety. Even

when threatened with severe penalties workers can find ways to evade or

give nominal attention to safety.

This is an area that has not received much attention .in safety reviews.

Swain' 1  includes "attitude" as one of 62 Performance Shaping Factors.

However, no procedure was found for measuring attitude or for correcting

deficiencies. Some factors which measure attitude include:

1. Safety budgets.

2. Recognition of good safety records.

3. Availability and currency of written procedures and standards.

4. Use of written procedures and standards.

5. Priority of safety in decision making,

G. Systems Engineering Analysis. Methods for reviewing safety of an

operation generally concentrated on task analysis. A method for evaluating

the effects of system design and functioning on operational safety does not

appear to be available.

Some measures of system safety effectiveness are:

1. Goals should be consistent throughout all units.

2. The Performance of equipment should optimize safety and system

goal attainment, not to optimize limited local goals.

3. Coneunication between human units, between machine elements,

and between humans and machines should be adequate in content,

timing, clarity, recall and the other factors which are

essential to safe operations.

4. Support with information and materials in sufficient quantity,

type, and timing would be a measure of the functioning of a

system.

* VI * CONCLUDING THE SAFETY REVIEW

A. Integration. Some of the likely causes of safety degradation are

deficiencies in attitudes, organization, procedures, instructions, and
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systems iteratives. To maximize the probability of detecting deficiencies,

" the team members making the safety review should meet periodically to discuss

their findings. They should examine the possible implications to safety in

their phase from the results in the other phases. This integration process

is a continuing one. It is also an interactive process.

B. Documentation. Documentation should start with the plan of review

and its objectives. During the review, discoveries, data, analysis, and

results should be documented. A final report can include: 1) organization

and objectives of the review, 2) description of review process (brief),

3) findings as to safety of the operations, and 4) recommendations for

improving safety.

C. Implementation. A final safety review report usually goes to the

manager of the operation reviewed, and to one or more management levels

above the operation. The recommendations may be compulsary or may be

optional. If optional, the operating crew and management may have to

explain any action of not adopting a recommendation.

If recommendations are made and implemented, continuing observations

and evaluations will determine whether the changes are effective.

VII. SOME FACTORS AFFECTING OPERATIONAL SAFETY

In large, complex, hazardous operations, the cost of an accident can

be great. It is worthwhile investigating all possible means of reducing

errors and accidents. Some thoughts on two factors which might lead to

better safety are discussed briefly below.

A. Cultural and Nationalistic Factors. Looking at accident statistics

from various countries, one notes that the USA is frequently in fourth or

fifth place, rarely in first or second, in safety ratings. Comparing

industrial accident rates in Japan and the USA, Japan had a better safety

record than the USA in nine of ten areas of activity, with an average of 40

percent fewer loss time accidents per million worker-hours.

Japan's superior performance in industrial production and safety

records can be partially explained by several factors in their culture:
1. Quality Circles provide worker participation..

2. The worker is a company's most important asset.
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3. Primary goals of industry are continuity and service.

Explaining why countries other than Japan have better safety

records than the USA is not as easily done. One possible explanation

emerges from a comparison of the ranking of countries by Quality of Life3

with their rankings on safety. It is noted that Holland, the Scandinavian

countries, and Australia often rank above the USA in safety. These

countries also rank above the USA in Quality of Life, as does Japan.

Possibly peoples enjoying a higher Quality of Life may .be less

aggressive and less prone to risk-taking. This line of reasoning could

* lead to new measures for selecting individuals for responsible positions

in hazardous operations.

B. Biological Cycles and Safety. Individuals have their ups and

downs, their good days and their bad days. Many safety engineers and

managers have reasoned that if the bad days could be predicted, then either

* by cautioning the individual or assigning the person to a less risky task,

accidents could be reduced.

The biorhythm based on date of birth theory has not been supported

by any careful test.0 41 4

An interesting study would be to observe the nature and stability

of physical, emotional, and intellectual cycles, and try to correlate

those with variations in physiological parameters. If results were =
positive, this could lead to a factor in making work assignments which

- % could reduce the risks of human error and accidents.

VIII. SUMMARY AN4D CONCLUSIONS

From a study of safety review methods it is concluded that good

methods exist for:

1. Review of tasks and jobs, with application of human factors.

2., Review of machine and facility design, including human factors

applications.

3. Review of written instructions.

Methods and quantitative probability values for the occurrence of

human error are available for a limited number of cases. Efforts are
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continuing to expand these data, and to determine effective ways to apply

them.

Methods of safety review and standards are being developed for

S computer control of operations. Both hardware and software reliability

and safety are being studied. There are no generally accepted methods or

standards at this time.

Methods are generally lacking for the safety revieFof operations in

regard to:

1. Organization and management.

2. Attitudes and support.

3. Systems operations

These are areas that strongly impact the safety of large, complex operations.

They are also areas which are difficult to measure quant1ttatively.

* Certain other countries frequently have better safety records than the

* USA. These include Japan, Holland, Australia and the Scandinavian countries.

These countries also have a higher Quality of Life Index. This leads to a

hypothesis that the nature of a society may be the ultimate determinant of

the degree of safety which might be expected.

Biological cycles may provide a means for making task assignments in

hazardous operations. The simple biorhythm based on date of birth has been

* shown not to be valid.

IX. RECOMMENDATIONS

The following recommendations are the author's recommendations for the

continuation of this study. Recommendations on the needs for the general

field of safety reviews would be broader.

The recommendations are:

1. Choose an Air Force Operation; to it apply the review method in

Sections IV, V, and VI above.

2. Proceed to develop techniques for safety review of the three

following phases of an operation:

a. Attitudes and support -

b. Organization and management

c. System safety
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This study would have to identify elements within each phase

that would affect safety, quantities which could be observed or -

measured, means of relating these measures to the safety of the

operation. The emphasis would be to detect situations which if

modified or corrected, would reduce the probability of error or

accident.

3. Continue the study of international safety records. Attempt to

explain differences in the records of various countries. Seek

to identify cultural practices or other factors which might be

adapted to USA practices to improve safety.

4. Study biological cycles. Look for correlations between biological

states of physical, emotional or intellectual levels with the

physiological measures of quantities such as heart beat, blood

pressure, skin electro-potential, or brain wavqs potential. If

any correlations are found beyond the one-day cycles, a combina-

tion measurement-analysis device might be developed to aid in

task assignment with reduced accident risk.
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Modeling Localized Stress Fields in

Composite Laminates -

by

Eric Raymond Johnson

An approximate theory is developed to analyze stress concentration
and stress gradient problems in composite laminates, It includes inter-
laminar stresses. The theory features a global-local modeling scheme,
similar to the one developed by Pagano, which results in a more tract-
able mathematical model for thicker laminates. The global region is
modeled by classical lamination theory. In the local region the field
equations are obtained from the variational method using Reissner's
functional with assumed stresses.
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I. Introduction:

Classical lamination theory 1,2 ignores the th-ickness stress compo-

nents with respect to the in-plane stress components, and models a lam-

inate as an equivalent single layer with the familiar A, B, and D stiff-

ness matrices. It is a direct extension of classical plate theory based

on the Kirchhoff hypothesis. This theory is adequate for many engineer-

ing problems. However, there are problems where thlckn'ss effects are

"'*., important and, consequently, classical lamination theory is inadequate.

Laminated plates manufactured from advanced filamentary composite

materials, like graphite-epoxy, are susceptible to thickness effects be-

cause their effective transverse shear moduli are significantly smaller

than the effective elastic modulus along the fiber direction. The con-

4. cept of a "thin" plate, based solely on geometric parameters obtained

from analyses of homogeneous metallic plates, must be crefully consid-

ered for these materials. The higher order plate theory of Whitney and

Sun, 3 for example, is based on accounting for thickness shear and thick-

ness normal deformations, although the laminate is treated as an equiva-

lent single layer.

Refined plate theories which integrate the lamina properties

through the plate thickness into an equivalent single layer theory pro-

vide improved global response estimates for deflections, vibration fre-

quencies, and buckling loads in this class of materials. However,

thickness stress response in localized regions of geometric, load, and

material discontinuity require more detailed analysis. For example, in-

terlaminar stresses which are significant near the straight free edge of

, tensile coupons,4 near cutouts,5 and near supported edges,6 are ne-

glected in the formulation of equivalent single layer theories. Al-

though interlaminar stresses may be small with respect to in-plane

stress components, so is the thickness strength of advanced composite

laminates significantly smaller than their in-plane fiber direction

strength. Hence, a theory which incorporates interlaminar stress re-
sponse is necessary to implement a rational delamination failure cri-

teria. A minimum requirement of such a theory would be a ply-by-ply

analysis. Such theories have been developed by Seide,7 Srinivas,8 and -
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Pagano.9 Of course, the more detailed the theory the more difficult

and/or cumbersone it is to obtain solutions to specific problems. Elas-

ticity solutions, which model each ply as a homogeneous anisotropic ma-

terial with effective moduli, are intractable for practical laminates,
*and are fraught with difficult issues such as the existence of stress

singularities and, if they exist, how to effectively incorporate-them

into the analysis. The approximate ply-by-ply structural theories are

more tractable with respect to elasticity, but obliterate singularities.

Nevertheless, such approximate theories should prQvide improved estim-

ates of interlaminar stresses for delamination studies. Finally, the

level of detail which a ply-by-ply theory contains is not needed for the

entire domain of the laminate, but is needed only in regions of stress

concentration or where large stress gradients exist. Outside of these

localized regions an equivalent single layer theory is sufficient.

II. OBJECTIVES OF RESEARCH EFFORT:

The objective of this research effort is to examine a practical

means of determining improved estimates of laminate stress response in

localized regions of stress concentration and/or large stress gradients.

It will be necessary to account for all six stress components on a

layer-by-layer basis in the vicinity of the discontinuity. Away from

the discontinuity, an equivalent single layer theory is sufficient.

Thus, matching a localized theory to a simpler far field theory is an

essential element of the objective to achieve a tractable overall

mathematical model.

III. PAGANO'S GLOBAL-LOCAL MODEL:

Pagano established three criteria required of a new theory to

realistically model stress concentrations and large stress gradient re-

gions in composite laminates. These are: (1) All six stress components

are nonzero in general. (2) Traction and displacement continuity condi-

tions at interfaces between adjacent layers are to be satisfied. (3)

"Layer equilibrium" for each layer is to be satisfied; i.e., internally .
computed stresses acting on the layer and any externally prescribed

44-5
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boundary tractions acting on it satisfy the conditions of vanishing re-

sultant force and moment. In addition, Pagano discusses the deficien-

cies of various refined plate theories with respect to modeling stress

concentrations in composite laminates. He develops a new theory satis-

fying the three criteria using Reissner's functional in the variational

principle. The theory results in a mathematical model of 23N partial
differential equations in the laminate's midsurface coordinates x and y

and 7N edge boundary conditions, where N is number layers in the lamin-

ate or number of mathematical subdivisions through the thickness.

Pagano1 0 applies this theory to predict the interlaminar stress compo-

nents near the straight free edge of a symmetric balanced laminate sub-

ject to uniform extension (tensile coupon). The mechanics of this clas-

sic free edge problem permit a mathematical reduction of the general

theory equations to ordinary differential equations applicable in a

cross section perpendicular to the load axis. Hence, because of the

symmetry in this problem, only two of the four layers are modeled. For

this simplified example, Pagano obtains very good agreement between his

theory and existing solutions for N = 6. Numerical difficulties were

encountered for larger values of N, leaving open the question of the

tractability of the theory for thicker laminates.

Subsequently Pagano and Soni 11 developed a global-local model to

provoide a more manageable theory for thicker laminates. This model in-

corporates the detail of Pagano's previous theory in an arbitrarily se-

lected number of parallel layers (local model). The remaining portions

of the laminate are modeled using a simpler theory3 smeared over many

lamina thicknesses (global model). The variational principle is em-

ployed using Reissner's functional with assumed stress fields in the

local region, and using the strain energy with assumed displacement

fields in the global region. Proper matching conditions between the

global and local regions are a consequence of the variational principle.

It should be noted that the local regions are confined to being parallel

with the layers in the laminate. The-efficacy of the model is examined

using the previous test problem of a symmetric laminate subject to uni-

form extension. The stress fields obtained from the global-local fornu-

44-6
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lation compared well with those obtained by other approaches.

Soni and Pagano12 further examined the global-local model for the

free-edge boundary value problem. It is concluded that a local layer

should be retained on each side of the interface to be examined, and

that small values of the interlaminar normal stress are sensitive to the

mode of the global-local modeling. In addition, the model is used in

combination with the average stress failure criterion of Whitney and

Nuismer 13 to define the range where the interlaminar normal stress ex-

erts a significant influence on the free-edge failure for a class of

T300-5208 laminates. At the delamination failure load for these partic-

ular laminates, this criterion predicted a reasonably consistent value

of the average interlaminar normal stress. This result lends support to

using integrated stress values, rather than point stresses, as a criter-

ion. Apparently it justifies a ply-by-ply approximate model for stress -.

field computations In composite laminates, as opposed to an elasticity

approach.

IV. DEVELOPMENT OF THEORY:

A variant of the global-local theory formulated by Pagano, which

was discussed in the previous section, is developed in this section.

The theory is simpler than Pagano's in two respects: (1) The local re-

gion requirs one, versus three, displacement quantities in the thickness

direction within each layer, while retaining the independence of the in-

terlaminar stress components. (2) The global region Is modeled with

classical lamination theory as opposed to the more sophisticated theory

of Whitney and Sun. 3  In addition the local region Is defined perpendic-

ular to the laminae rather than parallel to them. This latter feature

is attractive for stress boundary layers confined to narrow edge zones

through the laminate thickness; i.e., at holes and near supported edges.

The field equations for the theory are developed for a specific

class of boundary value problems to illustrate the methodology. The ex-

tension to a wider class of problems Is evident. The boundary value

problems considered are symmetric bidirectional laminates subject to

uniform extension along the load axis, or x-axis. The boundary condi-

44-7
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tions on the lateral surfaces are assumed spatially uniform along the

load axis, symmetric across the width, but otherwise are arbitrary. The

situation is depicted in Fig. 1. The rectangular coordinate system

(x,y,z) is also shown. The laminate occupies the region

lxi 4 a, Iyl 4 b, and IzI 4 h, where 2a is the length, 2b the width, and
2h is the thickness of the laminate.. 

The laminae are parallel to the x-y midplane, have thickness t, and

are assumed to be filamentary composite materials with the fiber direc-

tion indicated by the 1-axis in Fig. 1. The angle between the x-axis

and 1-axis is 9. For symmetric laminate e(z) = 8(-z), and for a bidir-

ectional laminate 6 is limited to either 00 or 900. The lamina are num-

bered sequentially from one at the bottom (z = -h) of the laminate to N

at the top (z = h). Fig. 2 shows further notation for the kth lamina.

A local thickness coordinate zk, IzkI 4 t/2, is defined as zk = Z-hk,

where 6k = (hk + hk-)/ 2, and hk designates the z-coordinate of the in-

terface between the k and k + 1 laminae. Each lamina is treated as a

homogeneous, linear elastic orthotropic material with principal axes

parallel to the laminate coordinate axes. Consequently, the constitu-

tive equations can be written as

(k) (k) (k)

e xi s 1s12 s 13 0 0 0

Ly 12 22 23 0
ez s1 s2 533 0 0 0 (1)
Y 0 0 0 s 0 0yz 44 yz
Yx 0 0 0 0 s 0,xzI  o5 o5 oz

0 0 0 0 0 s66

in wich (k) (k) (k)__in which are the engineering strains in the kth lam-

ra,, ok),..., ) are the corresponding stress components, and the

S ij = 1,2,..,6 are the compliances of the kth lamina.ij

For the boundary value problems under consideration the displace-

ment fields have the special form4

u = £x, v= v(y,z), w = w(y,z), (2)
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where u, v, and w are the displacements of a material point originally

located at (x,y,z) in the directions of the x-, y-, and z-coordinate

axes, respectively, and e is the spatially constant applied strain.x

Mathematically the problem reduces to a two-dimensional one, and from

the strain-displacement relations of linear elasticity we have

Yxz = 0 0. Hence, from Eq. 1 T t 0. T 0.XZ x y -" :

Fig. 3 shows the global-local scheme in a half of the laminate

cross-section. The z-axis is an axis of symmetry. The local region is

confined to c < y < b and izi < h, and the individual lamina areas are

designated A(k) , k = 1,2,...,N. (In Fig. 3, N equals four only for con-1
venience of illustration.) The global region occupies 0 < y < c and Izi

< h, and its area is designated Ag. Individual laminae are not identi-

fied in Ag since a smeared theory is assumed to apply here. If the edge

y = b is traction-free, then very large interlaminar stress gradients

are known to exist within a distance of one laminate thickness of the
4edge. This is the motivation for putting the local region at the edge.

Following Pagano and Soni, we use the same variational approach,

but applied to the section shown in Fig. 3. Consider the functional

ir=(1/2) f (Oxc + a C + o E + T y )dA
Ax x y y z z yz yz g

N

k=l Ak[u,xax+ V,yay+ W,zaz (V,z* W, )Tyz - w c(1)]dk) (3)

fs (TY v + T w)ds

in which partial differentiation with respect to a coordinate is indica-

ted by a comma followed by the coordinate as a subscript, and W (a) isc
the complementary strain energy density. The external surface traction

components prescribed on portion L' of the lateral edge are

' T %n +t Tnz, = T n +zn . (4),(5)y yy zz z yy z z

The tilde designates a prescribed quantity, and (ny, nz) are the compo-

nents of the unit outward .normal to the lateral edge line in the x = 0
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cross-section. It is assumed T xis zero. The integral in Eq. 3 over

the global region Ag is the strain energy per unit x-direction length.
The integrals over the local region (k) mnear h esse uc
tionals per unit x-direction length. The field equations and boundary
conditions governing equilibrium are obtained from the vanishing of the
first variation of wi; i.e., Swr 0. In the global region only-the dis-
placements are varied. In the local region both the stresses and dis-
placements are permitted to vary in the Reissner functionals. After

using Green's theorem and some manipulations the first variation of nt is

6i fA [-(a + T )6v -T + a )6w]dAg y 'y zy,z yz,y z,z g
N

+ s. a (las 2 ys 2 z)k )6a k)6,k

+ (so1e +Slcx S12y3 y3z

+ [W - ( '12ax + 2a +5 Z3
+ y~+Wi Ty yz

+a ]wz sa(k) 6 ,(k)](k
- ~ 1 yx + rzyaz + yz3' y z~z()6~A

+ [(aV,+Tz T y)v~~d

-h +y yzy44- y yyz yzy

+a~ +b [(0(N) l ),v) + T) yz ) z6z]N)6wkdy~ k

c

Nib[(Cy1 -o)6 + (T ) - ~)6v] ]~hd

k- c zyZkt/ zy k~ t/2

+ f [a k+)T6 w] dz ~~*- b f [cy a- 6 + 6w dzki -t/2 yy y k- h) yz y=
(6

+ f [a(N) 64N) (,(N-10d

c z z , 
Z 

.



Recall that e is a prescribd strain so that in the process of obtainingX

Eq. 6 6c = 0. Also in Eq. 6 the difference in a quantity between two
x

coordinate values is described symbolically by

z=h ,1.:-::h[" z=-h = ['z=h " ']z=-h" "--

We are now in a position to introduce the approximate theories in

each region. Following the usual procedure in structure theories, ex-

plicit assumptions on the dependence of the field variables in the

thickness coordinate z are made. The displacement fields are assumed to

have the form

v(y,z) = V(y) - z W, (y) 0 < y < c (7)
.5 y

V(y) - z W, (y) + v(k)(y,zk) c y < b

w(y,z) = W(y), 0 < y < c (8)

W(y) + w~k( c < y < b
In the global region the dlplacement fields have the form consistent

with Kirchhoff's hypothesis. In the local region the additional dis-

placements v(k) and w(k) with respect to the global displacements are

left arbitrary. This rationale is adopted from Pagano's9 discussion .-

about the objectional features of assuming displacement fields for lam-

inate stress concentration problems. Instead, we assume the in-plane

stresses in the local region are of the form

* '.°(k) = N - (12M( )zk  (9)
x x k(9

(k) (~
y = N . - (12M( 3)zk  (10)*y y y kwhere

+t/2 --N(k, k  = -t2 ° (k"1,-zk~dZk ; = x,y . (11)

Eq. 10 is substituted into the equilibrium equations of linear elastici-

ty. These are integrated to determine the explicit functional depen-
(k) (k)

dence in zk of the stress components ryz and a This process intro-
44-11
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duces an arbitrary function of y in each stress component. These two

functions are determined in terms of the interlaminar stress components

at the top and bottom of the layer using the definitions

(k) 5(k)
0(k) (y,±t12) 2 ~ T (kly,+tI2) = 2  

. (12)
z (k) zy -.(k)

p1:.._..-

In addition equilibrium of an element in the kth layer, as shown in Fig.

4, is used to eliminate derivatives of the resultants in terms of inter-

laminar stress components. In the limit as Ay 0 0, equilibrium of the

element in Fig. 4 requires

(k) (k) (k)
N + S - 0  (13)
y,y 

.1

v(k) (k) (kiyy 2 k) P2 -,0 (14)

(k) (k) 2  (k) + 5(k)) +S (15)
y'y y 1 2

in which V k) Sf T zk. (16)

As anticipated, Eqs. 13 to 15 will be recovered at the completion of the

variational procedure. Finally, the explicit form of the stress compo-

nents are

y(kz) = (s2 - s k) ) + (Sl+ s2k) 4
• (12 zk/t-

(17)

+(3/2)v~k/t(1 - 4z2/t 2 ), c < y < b

O(k) =(P + P2)(k )/
2 + (3/2)(P " pl)(k)(zk/t " (4/3)z 3/t3 )

*z 1 2 (2zk/ k

+ (t/8)(s2 - S),y(1 4Z/t 2)

- (t/8)(s2 + s1)k)(2Z/t2 - 8z3/t 3 ). c < y < b (18)

It should be noted that the assumed shear stress, Eq. 17, is the same as

in Pagano's 9 work, but that the normal stress component, Eq. 18, is not.
The displacement field assumptions, Eqs. 7 and 8, and the stress

44-12
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field assumptions, Eqs. 9, 10, 17, and 18, are substituted into the

variational principle Eq. 6. Integration with respect to the z-

coordinate is performed. In this process weighted displacement

components defined by

+1/2 "
(ff*,f) 1 f (1,Z z3/t2 )d(zk/t) (19)

-1/2 k k:k.

occur naturally in the local region. Also, in the local region the

displacement components at the top of the kth layer are denoted
by vk) and w and at the bottom by v k and wk) The steps

2,2 1 T

described are lengthy, and involve many integrations by parts. Upon

completion the first variation is

C

61 = o {-[N + S I ] 6 V  [-Myyy+ h( '2+ -l),y+ - p 6W dy
y'y 2 s1] - 'y 2 [-2M

c N N
(k)+ rv-)k

+I{_[X Nk)+s k11V. 1 y,yy. kNy,y
b k=1 y y " k21 .-u:-

+ h(s2 + 1),y + ' ]6WIdyN b -k[ 2,y+P-P

+ I f{6N )[¢ x - Si1Nx/t- S1 2 Ny/t- s 1 3 [(p + p2 )/2
k=1 c 

-123

+ (t/12)(s2- Sl)'y]](k)2 6M~k)[ /t+t2
"F [SllM x/+ S12My/2 sI3[(P2"Pl)/10lo -:

- (t/120)(sI + s23 ,y]] (k)

+ 6 N(k)[V, -IW + y s1 2 N/t - s 22 Ny/t -
yy k 'yy 12 x 22

s 2 3 [(Pl+ P2 )/2 + (t/12)(S2- S1 ),y]](k)

2 SM(k)[_ It1+ * /- t'- y Wyyt/1 2 + Vy+ s12Mx/t 2 + s22My/tZ -

S23[(P2- Pl)/10 - (t/120)(sl+ S2 ),y]](k)
3 (k) (k

+ 6Vy k [8v*/t + (w - 4w) - S )/15 + (12/15)Vy/t].

+T . 2 )[2w2- 3(w- 4w) - S13X2t - s 2 3Y2t- s 3 3t R2 ](k)

44-13
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+ ~ ~ ~ ~ ~ ~ '3 .~ ~[.w+3i -4)-S 2371t - S33t R11 k

+ sy (W)~+* 12w)/4 s s13X2t/12 -s 23Y2t/12 -s 3 - u2 ().

tOy[Vw* + (w -12w)/4 + s13X~t/12 + s23Ylt/12 + S3 3 g U1 ](k

2 t~ [v2/t -~t -6~t +w ~ 12w, )/4 - T
y y y 4

+ [_lt6s 1 [-v/t - 6*t- w,* ( 12w, ) /4 sk

* 6 ~ ( k ) [ + s 2 - 1 ] ( k ) 2 6 v j k ) [t - s 1  ~ l k

-(3/2)(6wi- 46W) k [v Yl + -2 (k) Idy

2 2b(N )64')+ 2~) S2 2 1 1 1 61) dy
c

f[(MY, +V -h ( 2 + 1))6w]yy=O

N
(M N- )k -h( 2

[(NYd- -i)6V +(M y iy)&w, + (v - vy),Jly

N ,k N N[N- I N~k16V +[(M (M(k)_Nk) 6  +[ V(k)]6w}

+ J[ IN(k)_ R y]6V +[ (M kN y)(k) ]6w, + ~V(k)_ ]6W}k=l Y k=1 ky y k=j Y y Y~b A4

N
I f N 6 - 12M ft]6v* + [-(s + s) + 3V/(6-4wt

k=1 Y y 12) y /]S 6)
+N - 2M -+ (se s1)t6w*}(k)
+ I U) " - 12[ /ty]v* 2

k=1 lyy
+ S + 3V /t + +~ Vt(~-4w

+ - -(S2 1)16w*t(k (20)
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In Eq. 20 we defined (The superscript (k) is omitted, but is implied.)

R2~~~~ = -3 ( s:'RI 1 (p1 +'P2 )/2 
+ 17(P 2  pl)/70 + 72 2 sl)y 9 T + s2)9

1 (21)
U2

2 .t t

I = P+ P2)/3 ; 4(P 2 - pl)/105 + (s 2 - ( ± 1 Sl + S

(22)

T4 = (4s2 - Sl)/30- Vy/(lot) . (23)
i 4 4s 2 1 ..

0 (4s s )/30- V /(lOt) (24)

4 1 2 y
X N M Y N M
2 X 6X+ 6_ (25)X1} +5t2 Y1 t2 "'

~t2 (26)_ My
2 N (27) -1.x2t 5-I= !X T:>-l- (7

I+ t2l t 5 t2

t 1t (28)
For consistency, the prescribed edge tractions at y = b for each layer

are assumed to have the form of Eqs. 10 and 17. To obtain Eq. 20, it

was assumed that interlaminar continuity is satisfied. These conditions -.

are
(k)= (k+1) (k)= (k+1) (k) (k+1) (k) (k+l)

p - p s sI  v v ,w wI  ; k=1,2,..,N=1.

(29)

Therefore the interlaminar stress components in Eq. 20 cannot be varied

independently. Taking Eq. 29 into account reduces the number of inde-

pendent interlaminar stress components per interface from four to two.

Also, it is necessary to integrate by parts the terms in Eq. 20 involv-

ing derivatives of the interlaminar shear stress. Examination of Eq. 20

reveals that independent equilibrium equations do not result for 6w 
jk)

and 6w(k) with respect to the equations associated with 6;(k) Hence,

w~k) and wA(k), k1,2...N, are specified to be zero for all y. This in-

sures an equal number of unknown variables and field equations.

If the first variation as expressed in Eq. 20 is modified to ac-

count for the considerations detailed above, and then set equal to zero,

the following theory results:

0 <y < c
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Constitutive law

NY A 12 c + A 22 V,y - (30)

M D0 W (31)
Equilibrium equations

N + s2 l 0 (32)

-M Y YY + h(s 1 + S2),y + P2 - = 0 (33)

c <(y < b
Constitutive law

Cx= Ns1 ,~t /1 Nt +s 13 ( 1  /2 12 + (t/12)(-s) (k (34)

0={11Mxt + 12MY/t -s 13[(Pl+ P2)/10 -(t/120)(s 1+ 52),I](k
- (35)

VY k Wyy+ V-(k I s12Nx/t-+ s22Ny/t + S23[(PI+ P2)/2

+ (/1)(s- ]l(k) (36)

yy Y,, v'i{ 12Mxt + 22My/t 2 -S 23[(P2-Pl)/l0

-(t/120)(sl+ 2),] (k) (37)

T~k) 44) k)2''1 + (12/15)(v ./t)](k), k=1,2,.&.,N
t W~y= 54 s~'5 y.(38)

Equilibrium equations
(k) (k) (k) (9

2N~ + S s =0 (9

M4 k + V() (t/2)(s1 + ) (k) =0 (40)

+ 4kp pfk 0 ,k =1929*.,N (41)

NN
~ M~-i N) + S + (2

k=1 Y k yy +~ 12) (43

Interlaminar continuity
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(k) (k+1) (k) (k+1)(4)45"""'

P2 = Pl ,s2 sI  (44)(4

{3wt +s13X2 + s23 Y2 + s33R2}(k)
3l sX (k+1) (46)
3;/t - s R

13 1 -23 1 S33
A + v/t2 + 6v*/t 2 - s1312 y/12 - s23Y2,/12+ s33U2,/8

+s44T4/t} (k) L::

+ {(1/2t)w,y - /t2 + 6v*/t2 + s13X1,y/12 + s23Y1,/12 + s33U,y/8((47

+ s 4 4 Q!/tl(k+l)= 0 (47)

At the top surface of the Nth layer there are two conditions.

Either
(N) or) _ "(48
p2  p2 or s3 + S13X2 + S23Y2 + s33R2}(N) 2w/t. (48)

Either t
(N) ~
2 s2 or {Wy/2t + v/t2 + 6v*/t 2 - s13X2,y/12 (49)

23- s33U2,y/8 + s44T4/tJ(N) v2/t2

* At the bottom surface of the first layer there are two conditions.

Either
=Pl or - s13 1 - s23' 1 - .aaR 1}(1 )  2wl/t (50)

Either

(1) = or {-Wy/2t + ;/t 2 - 6v/t 2 
- l3Xl,y 51)

1 1 1 1U

Edge Conditions 12 231,y 8 33U1 'y - 44Q4 1 1/t

At y = 0 and y =b:

Either V v or Ny Ny (52)

Either W =W or M =-V + h[ + Sl] (53)

Either W,y =W,y or My =M (54)
y y

Continuity at y =c:

44-17
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N N ''NN(k
N(k) ,M = M [ . '.( M N k) - .

(55),(56),(57)

(k) :0 vk) :0 ;(k) = 0 (58),(59),(60)

At y c and y =b:

Either sk) is prescribed or

{ /(4t) - T s 13 X2  1 1 (k)
3 2 SZ23Y2  ~ s33U21

+ {w/(4t) +T2 X +1 sY +  11(k+1 )  0T~s13X1 +2 ~ 23Y1 +8. s33 J} =0

k 1, 2,..., N-1

Either sN) =S or {w/(4t) l X - sY - sU}(N)=21 2 1232 1 23 2-8 3321

Either s I  = s I or {;/(4t) + - S 3 XI + s 2 3YI + Sz3 UI}(1) = 0o".:IIM "

At y = b one term in each of the following three products is prescribed

for each layer.

(;(k) N (k)), (vk),M(k)), (;(k),(Sl + s2 ) (k)/4- 3/2 Vy :k"

y y
(62), (63), (64)

The constitutive Eqs. (30) and 31 do not result directly from the varia-

tional principle, but are clearly classical lamination theory results

obtained in a straightforward manner.

The theory summarized above consists of four dependent variables in

the global region and 12A + 2 in the local region. An equal number of

equations are provided. There are three edge conditions at y 0 0, and

4N + 4 at c and b. The choice of c Is arbitrary, and would have to be

selected by engineering judgement to solve a problem. Finally, Pagano's '
local theory would have 2N more variables and equations than the present

one.
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V. RECOMMENDATIONS:

The merit of the present theory is its relative simplicity for an-

alyzing stress concentrations and stress gradients in composite lamin-

ates including the interlaminar stress components. Clearly, as an ap-

proximate theory, it must be examined with respect to previous results

on pertinent problems. Therefore, it is recommended to solve the prob-

lem of uniform extension of a symmetric bidirectional lIminatewith

stress-free edges using the field equations summarized in Sec.-IV.

It is recognized that the plausibility of this approximate theory

depends upon the initial assumptions for the stress fields. Other

choices are possible since we are free to choose the stresses in

Reissner's functional. The question of what to select is a difficult

one. It should be examined in the light of experiences, gained from pre- '

vious results, and the results obtained by exercising the present

theory. As a long term recommendation, then, the choice on the form of

the assumed stress fields should be scrutinized.
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SYNTHESIS OF ACETYLENE TERMINATED

SULFONE (ATS) CANDIDATES

by

James J. Kane

and -

Brenda G. Evans

ABSTRACT

Certain acetylene terminated sulfone (ATS) systems are of interest

as possible replacements for epoxy resins. The beneficial feature which

the ATS systems are expected to offeris their insensitivity to moisture.

Reaction schemes for their synthesis are outlined and discussed. Fin-

ally, the synthesis of certain of the intermediates required for the

ATS candidates are reported and discussed and recomendations for fut-

ure work in this area are presented.

Z4"
45- -A

. ,

:, : 45-2 '



Acknowledgement

The authors would like to express their sincere appreciation to

the Air Force Systems Command, the Air Force Office of Scientific
I..

Research and the Southeastern Center for Electrical Engineering Educa-

tion for their support and for the opportunity to spend a rewarding and

interesting summer at the Air Force Materials Laboratory, Wright

* Patterson Air Force Base, Ohio. We would like to thank the people of

the Polymer Branch in particular for their friendliness and their

generosity in sharing their space, equipment, facilitis-and ideas so

openly.

Finally, we would like to thank Dr. Fred E. Arnold for suggesting

this area of research and for his helpful collaboration and guidance,

and we would like to acknowledge the helpful discussions with Dr. Fred

Hedberg, Lt. Patricia Lindley and Mr. Bruce Reinhardt.

45-

-Z

*:"2-:
:: :,!.

45-3 ...



-.

o .

1. INTRODUCTION

Previous workers''2, 3 in the Materials Laboratory synthesized and

characterized acetylene terminated (AT) oligomers for use as addition

curable, moisture resistant, thermoset systems. The cure process of

the tetrafunctional AT system has. been shown by kinetic studies4 to

involve a thermally induced free-radical chain mechanism resulting in

a cross-linked conjugated polyene network. Subsequent higher tempera-

ture reactions are believed to occur by cyclization reactions which con-

vert the polyene system to a variety of aromatic structures.

Early workers' ,2 demonstrated that acetylene terminated phenylquin-

oxaline (ATQ) oligomers exhibit excellent properties for application as

adhesives' and fiber reinforced composites. 6

More recent 3 work was directed toward application of the AT chemis-

try to overcome the problem of moisture sensitivity common to epoxy

matrix systems. Thus it was expected that certain AT resins would pro-

vide an epoxy substitute having all of the processing, handling and

performance characteristics of epoxies combined with the characteristic

moisture insensitivity of AT systems. This work resulted in the

synthesis of the first AT system which incorporates a phenylsulfone.

This compound, 4,4'-di-(3-ethynylphenoxy)-diphenylsulfone (ATS) (I) has

H ic - -~s DH

4,. 45-4
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thermal properties (after cure) described as .quite good. Further, it

met all the processing criteria for a 350F matrix material. Composites

retained their strength properties after being saturated with moisture

at 1650F.7 However, the values for elongation to break and energy to

fracture were marginal. 8 Thus it was considered desirable to 'introduce

structural modifications into the ATS system which would be expected to

improve these marginal properties and provide a more flexible material.

Cross-link density is one of the structural features in a cured

material which contributes to brittleness. Thus the decision was made

to synthesize ATS systems expected to have modified or-decreased cross-

link densities after cure. A straightforward route to this end is to

synthesize ATS oligomers with greater distance between the reactive end

groups than in the original ATS (1). Two compounds chosen for evalua-

tion of this approach are the ATS systems II and III which incorporate in

their backbone the rigid 4,4'-diphenyl and 1,4-phenylene segments

respectively.

HCRC 0 CH
cII

- "-
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II. OBJECTIVES

The objective of this proj'ect was to synthesfze compounds II and

III. The general synthetic routes are based on the bis-phenols (hydro-

quinone and p,p'-biphenol),m-dibromobenzene and 4,4'-dichlorodiphenylsul-

one, all readily available materials. 7

A series of reaction schemes are outlined below (Reactions 1-12).

It is appropriate at this point to comment on some specific aspects of

certain of these reactions.

III. DISCUSSION OF REACTIONS

Three reaction types are proposed in these syntheses. All involve

displacement of aromatic halides. In those reactions where nucleophilic

aromatic substitution is involved, (Reactions 1, 6, 10) it is first

necessary to convert the bisphenol to its potassium salt with KOH. The

resulting water is then removed by azeotropic distillation with benzene -

before reaction of the phenoxide with dichlorodiphenylsulfone in sulfo-

lane. The other ether forming reactions (Reactions 2, 5, 7, 8, 12) are

of the classical Ullman ether synthesis type. The mechanism of this

reaction is still the subject of study.9 The active catalyst appears

b "+1
to be and it is necessary to do the reaction in inert atmosphere

to avoid oxidation to Cu++. However, it has been reported" ° that aryl

halides react with cuprous ion to reduce the halide and form cupric ion.

The final displacement reaction was recently developed" and is

effective for displacement of aromatic and vinylic bromides and iodides

with an acetylene using the catalyst combination of cuprous iodide and

bis-triphenylphosphine palladium dichloride in a tertiary amine solvent

(Reaction 3). In a final step, the protective group is removed from the

45-6
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KOH
HO-AR-OH + Cl\ Owj'.'C SULFOLANE

HO0EA R-O -O S Od-~~O )A R-0 H REACTION I

IV

PYRIDINE

REACTION 2

9B 0O(A R-O--S 2 O 0ARO}

V

CH3
V + HO-6.-CRC.H ct( 3 ) dI

(C H3CH2 3N

3H

RECIO

H, C1

~~ F.
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VI + KOH

REACTI[ON 4
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terminal butynol functions by base catalyzed reversed addition to pro-

duce the AT product (Reaction 4).

Those condensation reactions in which the reactants are difunctional

can lead to an array of oligomeric products. Use of an excess of bis-

phenol in Reaction I assures hydroxyl end-capping. However, the distri-

bution of oligomers (Compound IV, values of n) is related to the relative

rates of the competing reactions. Similarly Reaction 2 produces oligom-

ers. In this case an excess of m-dibromobenzene assures m-bromophenyl

end-caps and, as above, the distribution of oligomers (Compound V, values

of m) is related to competing reaction rates.

Production of higher molecular weight oligomers may be useful to

the overall goal of this project since values of n and/or m greater than

one puts even greater distance between functional end groups. Alternative-

ly, a reaction scheme assuring formation of oligomer in which the values

of n and m are one is shown in Reaction 5. This reaction yields, among

other products, the "half-product," VIII which when reacted with dichloro- -

diphenylsulfone yields V. Carrying V through the sequence of Reactions 3

and 4 yields compounds II and III as the lowest molecular weight oligomers

(n=l, m=l).

Reaction 5 is complicated since the desired product, VIII, will

react with starting materials to yield IX and X. IX and X can then go on

to higher molecular weight products. Consideration of the various compet-

ing reactions suggests that an excess of m-dibromobenzene should suppress

formation of X and higher molecular weight products while favoring forma-

tion of "half-product" VIII and "di-product" IX. It would be necessary

to do an optimization study to determine the factors which favor

45-10
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production of "half-product" VIII over "di-product," IX.

An alternate approach which might be expected to provide over-all

high yields of "half-product"VIII involves blocking or protection of one Ii
of the phenol functions (Reaction 7) before its condensation with an

excess of m-dibromobenzene to yield XII (Reaction 8) which after removal

of the protecting groups provides "half-product" VIII.

Examples of protecting groups are methyl ether, dihydropyran and

esters. All of these groups are relatively easily removed. However, of

the three, an ester function would be least likely to survive the basic

conditions of the Ullman ether synthesis.

IV.- RESULTS

The synthetic sequences outlined in Section II represent a long range

synthetic undertaking. During the term of this project a relatively small A. -Am

number of the reactions were accomplished. In some cases a sufficient

quantity of a desired intermediate was prepared for future workers to

carry on to the next step. In other cases, only small quantities were

isolated and the reaction was evaluated and described for future workers

to repeat and prepare sufficient quantities for subsequent synthetic

steps.

In the following paragraphs the results of these synthetic experiments

are reported.

A. Compound VIIa (Ar * p,p'-biphenylene)

45-11
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This compound was prepared in 26 percent. yield by the Ullman ether

synthesis (Reaction 5) using 4,4'-dlhydroxybiphenyl and m-dibromobenzene.

The reaction was repeated a number of times and the yields were found

to be not reproducible although a total of 10 grams was prepared.

B. Compound IVa (Ar =.p,p'-biphenylene) I

H ~~OH :"-

This oligomeric material was prepared in 88 percent yield by reac-

tion of 4,4'-dihydroxybiphenyl with 4,4'-dichlorodiphenylsulfone

(Reaction 1).

The lower molecular weight oligomers were separated from the mix-

ture by base extraction.

C. Compound VIIIb (Ar= p-phenylene)

This "half-product" was prepared in very poor yield (traces only)

by reaction of hydroquinone and m-dibromobenzene (Reaction 5). The

appearance of the reaction mixture suggested extensive oxidation of the

hydroquinone occurred despite the inert reaction atmosphere. Presumably -1

the oxidizing agent is cupric ion which results from interaction of

m-dibromobenzene and cuprous ion." °

45-12
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Compound Vlllb was more successfully prepared by_a two step sequence

involving first the preparation of Compound XIIb (Ar = p-phenylene; B=

CHs), 4-methoxy-4'-bromodiphenylether. XIIb was made in 43 percent yield

by Reaction 8 with hydroquinone monomethyl ether and m-dibromobenzene.

Cleavage of the methyl group with refluxing aqueous HBr gave the desired

product, 4-hydroxy-4'bromnodiphenylether (VIlIb). Although the yield of

this step was under 10 percent, it was observed that a large amount of

the methyl ether (XIIb) was unreacted. This observation suggests that

another reagent (e.g. pyridine hydrochloride see paragraph D below) would

be expected to cleave the ether more efficiently. .

D. Compound IVb (Ar = p-phenylene, n=l)

Compound IVb was prepared by a two-step synthesis involving first

the reaction of hydroquinone monomethyl ether with 4,4-dichlorodiphenyl-

sulfone (Reaction 10). The resulting dimethyl ether, XIVb (Ar = p-phen-

ylene; B=CH3) was obtained in 68 percent yield. Cleavage of the methyl-

ether functions was done with pyridine hydrochloride and gave the

desired bisphenol, IVb, in 46 percent yield. .

E. Compound Vb (Ar = p-phenylene; n=l)

Compound Vb was prepared in 80 percent yield by reaction of the

bisphenol IVb with m-dibromobenzene. The product obtained was a viscous

clear material which is probably oligomeric (rn>l).

V. RECOMMENDAT IONS
The synthetic sequences outlined in Section II offer several areas

for concentration of effort. These may be classified into two categor-

les. The one leads to ATS products whicn are monocmeric (n=l, m=l) and

the other leads to ATS products which are oligomeric. I
45-13
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On the basis of initial experimental work carried out in the term

of this project, it appears that synthetic yields obtained with the

Ullman ether synthesis are not reproducible. When applied to reactions

which form oligomeric products, it wi]l be extremely difficult to obtain

product with similar molecular weight distribution from..batch to batch.

Thus post cure properties of such oligomeric products will be difficult

to evaluate and to reproduce. It would probably be necessary to deter-

mine the factors necessary for better control of the Ullman ether syn-

thesis before this problem could be simplified.

On the other hand, synthesis of the monomeric products II and III

would provide, after cure, materials which would be of use in evaluating

the effect of decreasing cross-link density by curing ATS materials of

known structure. It is recommended that initial effort go into synthesis

of the monomeric compounds.

The "half-product" VIIIa, 4-hydroxy-4'-(3-bromophenoxy)biphenyl

was prepared in a sufficient quantity to take on through the next steps

(Reactions 6, 3 and 4) to provide the required amount of the desired

, compound II. It is suggested that this be the first synthesis to be

carried out. However, for future synthesis of this compound, it is

*. strongly suggested that "half-product" be synthesized by first protect-

Ing one of the hydroxyl functions of the bis-phenol with either a methyl

or a tetrahydropyranyl group (Reaction 7, Compound XI, Ar = p,p'-
1 -

biphenylene; B=CH3 or THP) as discussed in Section III.

The synthesis of the ATS III should be approached in the same

general way using the reactions reported in this project for synthesis

of 4-methoxy-4'-broodiphenyl ether, and its subsequent cleavage with

45-14
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pyrldine-hydrochloride to form the "half-product" 4-hydrooxy-4'-bromo-

diphenyl ether.
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MATHEMATICAL FORMULATION OF THE

SHEAR LAYER OVER AN

OPEN CAVITY

By

Samuel G. Kelly, III

ABSTRACT

The problem of shear layer oscillations over .an

open cavity is investigated including the effects of

shear layer thickness. The Navier-Stokes equations

are used to derive governing equations for the unsteady

pressure distributions in the cavity, the shear layer,

and the external flow. Boundary conditions are written

for these equations with a discussion of the boundary

condition at the trailing edge included. The problem

results in a set of partial differential equations with

boundary conditions applied over an oscillating bound-

ary. Possible solution techniques are discussed as

well as suggestions for future work.
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7.7

I. Introduction

The analysis of the shear layer over an open cavity

is a problem of great practical importance. An example

of beneficial use of this analysis to the Air Force is

in analyzing the acoustic environment inside weapons

bays on aircraft. Bartel and McAvoy (1) note that

sound pressure levels can reach as high as 170 d B

inside weapons bay like cavities. Effects of high

sound pressure levels include structural failure and

extreme personnel discomfort. Other applications of

the present work include aircraft wheel wells and

instrumentation crevices on aircraft.

There have been many experimental investigations

of the problem including those by Karamcheti (2),

Bartel, and McAvoy (1), and Heller and Bliss (3).

There have also been many analytical attempts at the

solution of the problem. These will be reviewed here.

The first strong analytical work on cavity

oscillations was performed by Plumble , Gibson, and

Lassiter (4). Their model was based upon the assump-

tion that pressure distributions inside the cavity were

caused by boundary layer turbulence. It was later dis-

covered that their model works best for cavities with
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length to depth ratios less than unity IUD ~I

Rossiter (5) proposed a feedback mechanism to ex- 2i
plain the physical phenomena observed in his experi-

ments. He postulated that vortices are shed periodically

from the leading edge of the cavity and are convected

downstream until they reach the trailing edge. TheI

interaction of the shed vortices with the trailing edge

generates acoustic waves inside the cavity which then

propagate upstream affecting the shear layer -at the

leading edge. Rossiter's model works best for Mach

numbers in the range 0.4 4M 1. 2

Bilanin and Covert (6) modeled the shear layer as

a thin vortex sheet. They modeled the phenomenon at

the trailing edge by an acoustic monopole. Their

model agrees well with experimental data only for

Mach numbers, M1> 2.0

Heller and Bliss (3) suggested that the appropriate

model at the trailing edge should be based upon an

* entrainment concept. Hence they used a pseudo piston

* analogy to model the behavior of the trailing edge.

They then analyzed the problem assuming an infinite-

simally thin shear layer. They obtained good correla-

* tion with experimental data, but note that their

results do not agree well for low Mach number external
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flows. Heller and Bliss attribute this to the model

overestimating the amplification of a wave propagating

downstream in the absence of shear layer thickness

effects.

Tam and Block (7) also performed both experimental

and mathematical studies of the shear layer problem.

They analyzed the problem both by including thickness

effects in the shear layer and by not including it.

To include thickness effects they assumed that the

shear layer can be characterized by a mean momentum

"* thickness, which was determined in the course of the

analysis. They modeled the behavior at the trailing

edge with a feedback mechanism. Their model compares

favorably with their own data for Mach numbers in the

range 0. 2 - M 0. . Tam and Block note that

inclusion of shear layer thickness is an important

effect and should be considered to yield favorable

results. .

R~ockwell and Naudscher- (8) present an excellent

review of related work on self-sustaining oscillations

on flow part cavities. They present the results of

some of the investigators mentioned as well as showing

extensions of the work to nonrectangular cavities.
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II. Objectives
,...

The main objective of this project was to analyti- -

cally investigate shear layer oscillations over an open

cavity. In particular it was desired to arfive at a

mathematical formulation of the shear layer that can be

used in finite element programs to completely describe

the flow field in an open cavity. The specific

objectives were:

(1) To survey the literature on shear iayer

oscillations over an open cavity focusing an analytical

techniques and to classify these attempts.

(2) To use the literature survey to identify

research areas in cavity oscillations which, when

pursued, would add significantly to current knowledge in

the field. -

(3) To mathematically formulate such a problem in-j

volving shear layer oscillations and to attempt its

solution.

(4) To access the feasibility of using a mathe-

matical formulation of the shear layer over an open

cavity as input in a general finite element analysis

of the overall cavity problem.
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II. Shear Layer Modeling

A survey of the literature revealed that many

analytical studies by reputable investigators have been

performed on a free shear layer over an opefi cavity.

The author noted that:

(1) Most models are valid only for some limited

range of the Mach number. Tam and Block (7) obtained

results that are good for M O- , which is well

within their range of interest as they were. studying

landing gear wheel well noise. The model of Heller

and Bliss (6), on the other hand works best for

M>2.O

(2) Most investigators acknowledge that the in-

clusion of thickness effects in their shear layer model

would increase its usefulness. However, only Tam and *..OA

Block (7) include thickness effects of any kind in their

model.

(3) There is some question as to the handling of

the boundary condition at the trailing edge of the

cavity. Heller and Bliss (3) proposed an entrainment

mechanism to model the physical phenomenon while .,

Rossiter (5) and Bilanin and Covert (6) proposed a

feedback mechanism.

46-8
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(4) Many investigators used empiriedl data to build

a semi-empirical analytical model. This seems to be

necessary in many cases due to the complex nature of the

problem and the complete lack of understanding of phy-

sical mechanisms.

In view of the above, the author decided that

the state of the art of shear layer oscillation over

an open cavity could best be advanced by a comprehensive

study of thickness effects on shear layer oscillations.

It was hoped that such a study could be conducted to

yield results valid for all ranges of Mach numbers and
• * -.'..

all L/D ratios. This proved to be a formidable challenge.

The preliminary work toward this goal will be summarized

here. The author intends to continue the work started ,

at the Flight Dynamics Lab to meet this goal.

There are three regions which must be considered

when modeling flow over an open cavity. These are the

region above the shear layer, the shear layer itself,

and the region below the shear layer, as shown in Figure

1. The fluid mechanics must be adequately modeled based

upon a consistent set of assumptions in each layer.

Each layer should be analyzed independently with

boundary conditions providing the coupling between the

regions. The Navier-Sto es equations, White (10), were

46-9
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used as a starting point for the derivaiion of the

equations of motion in each region. They are

D 11-O-A div (1)

MC_ + da' 0 ....P a: (.2)

wheree is the fluid dengity, V is the velocity vector,

p is the fluid pressure, is the body force vector, and

/. and A are the first and second coefficients of

viscosity respectively. A repeated subscript in-

dicates summation over that particular index in equation

(1). Equation (1) is a statement of momentum con-

servation while equation (2) states mass conservation.
To analyze the flow inside the cavity the follow- ..

ing assumptions are made: 71
(a) The cavity is free of any mean flow. A

cavity mean flow could be added later as a second

order effect.

(b) The fluid is inviscid.

(c) The flow is two-dimensional with only a

volocity component in the x direction.

(d) The body forces can be neglected. The above

46-10
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assumptions can be used to simplify equa-tions (1) .g,...-

.. * .-- .-- * . - -I . - - -,

and (2). Indeed after algebraic manipulation 
one

obtains

,C - Lp. (3)2 )" -c---d:,

+ 0 (4)

where a subscript I denotes fluid quantities inside the

cavity.

To analyze the flow above the shear layer it is

assumed that a mean flow of velocity Ut and

Mach number M exists. Assumptions (bY(8) are

also used in this region. Flow quantities are then

written in terms of pertulation quantities.
+A

L 1 : U ± -,- (5)

~ :~;.~.2: - -* -'. -.. , . .
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P - Pga+P (6)

V (7)

where a subSCriptOOiefers to a mean flow quantity and

a subscript 2 refers to a quantity above the shear

layer. Equations (5) -*(7) are then substituted into

equations (1) and (2) to yield

*. - + -(8)

:o ~~V U -', .-

t~.ax- 1  (9)

In obtaining (8) and (9) nonlinear convective terms

have been neglected. These terms are products of the

perturbation quantities and will be small in comparison

to other terms in the equation. Their effect could be

included in a later analysis of the problem.

Finally the shear layer is considered. The shear

layer is bounded by an upper surface and a lower surface

defined by(1) and tyeld " respectively. The values

of 71,(, )0 and -n (vit) are initially unknown and

must be solved for as part of the solution process.

The thickness of the shear layer is given as

(10)
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To analyze the shear layer it is best to define

a new set of coordinates. The shear layer thickness

!N should be small in comparison to other dimensions

in the problem. Thus to adequately describe the

variation of fluid quantities in the vertical direction

it is convenient of stretch the vertical variable.

To this end, define

I = /@(11).''--:

The vertical component of velocity v will also be

small within the shear layer. Thus one defines

*= (12)

The fluid in the shear layer is assumed to have

a mean velocity profile U y) . As noted by Tam

and Bloc]c (7) the mean profile of a shear layer has

not been adequately measured. Thus following Tam and

Block (7) it is perhaps best to use the profile of

a two dimensional frec turbulent mixing layer at the * ____

trailing edge of a thin flat plate. This is given by

Perturbation quantities for the variable in the

shar layer are introduced by
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T(x,y*.t) ULy* t~ L' (X),~ t) (14)
*6). +. -:(.y

Equations (,)-(15) are introduced in equations (1) and

(2). An asynptotic analysis is also used to yield the

following equation for the shear layer varialbes.

- - .- k -

Y~". -1 it2

X~+ (16)

'at

The boundary conditions are next formulated. These

I are

(a) The fluid velocity is zero one the walls of

the cavity. Thus

+- V, L + y' ..

LL (17)

(9)- .- I(
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(b) The flow must approach that oif the free

stream away from the cavity.

t 0 as 00 (20)

* (x)y))-"O a y-" (21)

(xyas y- (22)

(c) The pressure and velocity components must

remain continuous across the surfaces of the shear

layer.

V.S,
0+ y')7,%'t)(23)

Va'Vlu. ____(24)

(d) Finally, a condition must be applied at the

trailing edge of the cavity to model the observed phy-

sical phenomenon. It has not been decided the correct

method to model the trailing edge phenomenon when''"'....

shear layer thickness effects are included. Tam and --

Bloch (7) model the trailing edge phenomenon by a line

vartex. Research is continuing into this area.

A successful solution has not yet been obtained

for the equations and boundary conditions presented

above. Work is continuing toward this goal.
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IV. Recommendations-

Due to time limitations and prior lack of exper-

ience of the principal investigator in this research

area, not as much progress was made on the project as

originally projected. Thus, there are obvious follow

up projects to the work already performed. It is the

opinion of the principal investigator that a major

contribution to the area of cavity flows would be a

comprehensive analytical study of shear layer oscilla-

tions over open cavities including the effects of shear

layer thickness. Indeed most of the good analytical

work in the area has assumed infinitessimally thin vartex

sheets modeling the shear layer ( 7 ) or an average

shear layer thickness across the length of the cavity

( 7 ). In fact, Heller and Bliss ( 3 ) state that

their model can best be improved upon by adding shear

layer thickness effects to it. Inclusion of thickness

effects presents a formidable research problem. The

problem is one of solving for unsteady pressure

distributions in three regions with the exact location

of the boundaries of the middle region to be solved

for as part of the solution process. Classical solu-

tions were attempted as part of this project but,
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as expected, did not work. It is recommended that

asymptotic techniques next be employed in an attempt

to yield an approximate analytical solution. An appro-

priate small parameter in the problem should first

be identified with which a perturbation expansion

can be performed. The problem would first be examined

for a wave of a single frequency followed by the

analysis of a group of waves of different frequencies.

It is hoped that this technique would predict the

acoustic resonances of the cavity for all L./D ratios

and Mach numbers.

If analytical solutions are unsuccessful, then it

is proposed that rumerical solutions be employed. Per-

haps a finite difference procedure or a numerical

form of the method of characteristics would work best.

A second recommendation is to analytically examine

the method of appliction of applying a boundary condition

at the trailing edge of the cavity. There has been

significant discussion in the literature concerning

the dominant physical mechanism at the trailing edge.

Bilanin and Covert () modeled the process at the

trailing edge by an acoustic monopole. Their results

seem valid only for M>I.O. Heller and Bliss ( 3 )

used a pseudo-piston analog)' to model the mass addition
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and subtraction process at the trailing edge. Their

model, however, did not include shear layer thickness

effctswhich would complicate the solution Procedure.

It appears that the method of application ofth

boundary conditions at the trailing edge significantly

*4~limits the application of the results of the study. Thus,

it is recommended that a detailed analysis of this

phenomenon be performed.

Finite element techniques are powerful.numerical

techniques that can be used to solve a wide variety

of problems. These techniques are now in vogue for

solving fluid mechanics problems. Indeed finite

element techniques have been used in the cavity oscilla-

tion problem (i.e. Hankey and Shang (9 .However,

-9 a complete finite element analysis of the cavity problem

seems extremely involved. Instead it has been suggested,

Wolfe ( lo), that a mathematical formulation of the

shear layer be used as input for a general finite element

cavity model. The author feels that while this idea

has a great deal of merit, it is extremely optimistic

at this time: There are several reasons for this; (1)

The equations governing the shear layer are coupled

by the boundary conditions with those governing the

fluid motion inside the cavity and outside of the cavity.
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Experimental studies have shown that the-shear layer

is involved in a feedback process. The anlysis of this

feedback process is crucial in modeling the shear

layer. (2) The exact location of the shear layer

is dependent upon the external flow. Thus placement of

elements in the flow field would be very difficult.

In short the author feels that at this time it is .

not possible to simply substitute a mathematical

formulation of the shear layer in a finite element

code. However the idea is a good one and research

should continue toward its development.

In summary, the author recommends a comprehensive

study of the problem of an oscillating shear layer over

an open cavity including thickness effects. The authors

feel that such a study is viable analytically and will -

yield favorable comparisons with experimental data. It

is felt that an analysis can be developed that will

be valid for all L/D ratios as well as all Mach numbers.

It is also hoped that valid solutions can be obtained

for both laminar and turbulent external flows.

The author intends to continue this study and work -"

towards such a theory. .:-

. . . . . ........
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AUTOMATING THE NUMERICAL STEREO CAMERA
r

by

Dennis M. Kern

ABSTRACT

A Numerical Stereo Camera (NSC) has been set up in the lab; The

image acquisition portion of the NSC has been automated and takes

approximately 4 seconds. Seyeral sets of points have been collected

using different objects. This data has been checked for reasonableness,

but a complete evaluation of the output remains to be done.

I-°..--.

47-2

. . . ".



a-.-

oi~~~ 17Z1 , "-

Acknowledgement iii""

The author would like to thank the Air Force Systems Command, the

Air Force Office of Scientific Research and the Southeastern Center for

Electrical Engineering Education for providing him with the opportunity 'I

to spend a very worthwhile and interesting summer at the School of Aero-

space Medicine, Brooks AFB, TX. He would like to acknowledge the school,

in particular the Dental Investigation Service, for its hospitality and .

excellent Working conditions.

Finally, he would like to thank Dr. Bruce R. Altschuler for his

collaboration and guidance and he would like to acknowledge many helpful

discussions with Dr. Walter Kuklinski.

* I.0'1 u

,,. ...,.-

,'. , ,

1~- . ., a

-IN

47-3

, . .-w ., ,--:... .,.*.. .
-.

- - - .. ~ . *.. ..... ....-.-.....-.......-... _.,.- ....-....-...- .-.-. . - ... . .- ..-



I. INTRODUCTION:

The concept of computer or robotic vision has potential application
2,3,45in many areas from medicine2'' to manufacturing. Before "vision" can

be achieved, however, an "eye" must be built. To be compatible with a

digital computer such an "eye" would need to output digital data which

the computer could then manipulate to produce vision.

It is the problem of building such an "eye" that we address here.

The technique chosen here is the Numerical Stereo Camera (NSC) . This

technique uses a laser beam array generator as the active camera and a

standard TV camera as the passive camera in a stereo pair. With the

relative positions of the two cameras known and fixed, a sequence of TV

images are acquired. A sequence is required so that each of the beams

in the array that is striking the object and that is visible to the TV

camera can be identified.

In order to minimize the number of images required to identify then

beams striking the object, binary coding is used on the rows and columns

of the beam array. Binary coding requires 1 + 1og2M + 10g2N images for

an MxN array where M and N are both powers of two. Thus for the

128 x 128 array we will be using, 1+ 7 +7 =15 images will be required.

A shutter placed between the beam array generator and the object can

control which beams are allowed to strike the object in each image.

The shutters we will be using are of the electro-optical type.5'6

The TV images are digitized and, from the sequence of images, we

can obtain, corresponding to the beams, a set of points (X y ,n)

where x* and y* are the location in the sequence of images of the beam

and n is the numeric label of the beam. From the geometry of the
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cameras, the points (x*, y , n) can be transformed to (x, y, z), a set of

points in three-dimensional space which lie on the surface of the object.

A more detailed discussion of the transformation is available in the

literature.5,7

II. OBJECTIVE

The NSC has previously been set up and exercised manually, but no

real digitized data has been acquired. The current research effort is

the development of an automated NSC. Thus, our research objective is to

develop the appropriate computer controls and interfaces necessary to

obtain the images automatically and to create a computer file containing

the set of points.

III. HARDWARE SETUP

The master controller for the system is a Digital Equipment Corpo-,...-

ration PDP 11 model 23. Using the DRV11J interface board, the 11/23

was programmed to control the shutter or programmable spatial light

modulator (PSLM). This allows us to control, at any time, which of

the laser beams in the array are projected onto the object.

The Two different types of shutters were available for use in the lab.

The first or slow shutter takes approximately 500 millseconds to change

patterns. The slow shutter also produces only rows or columns of beams.

Thus two of these shutters must be placed in front of the generator to

provide horizontal and vertical control. The second or fast shutter

takes approximately 30 microseconds to change patterns and allows control

of both the horizontal and vertical simultaneously.
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1 The video digitization and image storage are handled by a Gould

de Anza 8500 Image Processor (IP) which-is fed by a Cohu low-light

, (surveilance type) video camera. Additional processing power is avail-

able through the Floating Point Systems Array Processor (AP). Both the

IP and AP are connected to the 11/23 unibus for high-speed data transfer ...9
and control by the 11/23

To operate the NSC we first acquire the space coded data using the -"

IP. Second, we use the all on image to create a mask or template for ,

determining the beams in the image. Third, we use this mask to obtain

the regions of the image which contain valid data. Fourth, we compute,

display and store to disk the x ,y and space code of each of the beams

found in the image.

IV. ACQUIRING THE DATA

The IP and shutter are first programed to obtain the image with

all the laser beams on. The IP and shutter are next programed to ob-

tain the image in which alternating columns of beams are on and off,

* respectively. Next the IP and shutter are programed to average the

previous (on-off) image with the image where the columns are alternately

off and on respectively, This average image is called the threshold

image and is used to determine the presence or absence 
of a beam in the :7

following images. .,. .. '.

The concept of the threshold is to set a value on a pixel by pixel

basis against which we could compare succeeding images to determine if

a beam is striking the object. The average mentioned above is a

straight arithmetic average on a pixel by pixel basis with a small

47-6
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areas where no beams are visible in either image t~e-threshold will be

higher than the image value. For other areas of the image the threshold

is slightly above the average of the value when a beam is providing

illumination and when a beam is not providing illumination.

The all on and threshold images each require one whole 512-x 512 x 8

bit IP memory channel to store. The information for our binary coding,

however, requires only knowledge of presence or absence of a beam, i.e. 4

1 bit, for each of the 15 images. Thus we next program the IP and

N*shutter to cycle through the 15 patterns for our 128 x 128 shutter and

store the data in 2 IP memory channels (16 bits) one bit at a time.

*The images for coding are first all on then 1/2 of the columns (64)

on and 1/2 off. The next image has 1/4 of the columns (32) on, 1/4 off,

1/4 on and 1/4 off. This continues until we have alternating 1/128's or i

one column on and one column off. This sequence of fractions is then

repeated for the rows. The choice of doing columns first and using -

them for the-threshold is completely arbitrary.

Thus, the data acquired consists of four images or IP channels.

These are all beams on, the threshold image, the horizontal coding and

the vertical coding. Using the fast shutter this entire phase of the

-process runs automatically and currently takes approximately 4 seconds.

This speed does not represent what is capable with state of the art,

but only what we are currently obtaining with present equipment.

V. OBTAINING THE POINTS

Once the image data is acquired, the problem of obtaining the
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-, centers and codes for the visible beams remains. The signal to noise

ratio is small, however, and so a fair amount of post-acquisition pro-

cessing is required. Problems with the AP also make the current pro-

cessing time quite lengthy.

The first step is to use the all on image to establoish where beams

can occur. This is done by sliding a weighting function in the-form of

an array across the entire image. The output of this operation is an

image containing the number 255 (8 ones) where recognizable beams can r

occur and zero elsewhere.

The size of the weighting function is dependent on-the size of a

typical beam. It is designed to find values that are greater than those

surrounding it. Thus it is designed to find the peak values or beam

0; centers.

Once this mask has been created the IP is used to AND the mask with

the coded images. This process delineates the beams and allows us to

proceed with the determination of the points. The reported values

x and y are the average of all the horizontal and vertical locations

of the pixels comprising the beam. The other item output for each beam

is its code value or label.

5: VI. RECOMMENDATIONS

Acquiring the images has now been automated and sets of points

(x*, y , n) have been collected for several objects. The sets of points

have been checked for reasonableness and consistency. The output has

. not, however, been evaluated in detail for its accuracy. This evalua-

tion, then, must be the next effort undertaken. The results of this
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evaluation will determine where following efforts will need to be

directed.

Once it has been verified that the output has an acceptable accuracy,

the data can be transformed to standard three-dimensional points. . From__

these sample points a mathematical description or model of the surface r

can be obtained. Other efforts that can then also proceed are the

automation and speed up of the entire NSC, and the correlation of multiple

* views obtained with multiple NSC's.
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MEMORY AND PROCESSING LIMITS IN DECISION MAKING

by

Stuart T. Klapp

ABSTRACT

The demands of command and control decision making seem to approach

and often exceed the limits of human information processing. A

literature review indicated that much of the potentially relevant

research may not generalize from the laboratory to decision making.

However, transfer appropriate learning and a multiple store view of

short-term memory and resource limits are ideas worth exploring from the

standpoint of decision making. A model task was developed to permit

efficient study of these and other issues within a decision making .1

context. This task, involving trucking and transportation, appears to be

suitable for use with a large subject population because it involves only

general knowledge. Several optional auxillary features were built into

the model task in order to address specific research issues. Experiments

are suggested which address principles raised by the literature review

and other relevant issues.

'-2.

1-248-22

.............. ,-



ACKNOWL EDGEME NT

The author would like to thank the Air Force Systems Cormmand, the Air
Force Office of Scientific Research and the Southeastern Center for

Electrical Engineering Education for providing him with the opportunity

to spend a very worthwhile summner at the Air Force Human ResourcesI

Laboratory at Wright Patterson Air Force Base, Ohio. He would like
especially to thank Dr. Larry Reed for suggestions, advice., collaboration

and encouragement throughout this project and to express his appreciation

to Mr. Bert Cream and Dr. George Frekany for helpful discussions and

encouragement.

4,IN

48-



I. INTRODUCTION

The study of tactical decision making has been undertaken by

AFHRL/LRLG based on the need to measure, assess, and possibly improve,

decision making performance in command and control (C2). In

particular, interest has centered on the generation of the Air Tasking

Order for "tomorrow's" war. To handle this problem, the C2 decision

maker must allocate scarce resources including aircraft, ordnance, fuel,

etc. against specified targets [1].

The generation of these decisions requires that the decision maker

keep track of and process an enormous amount of information.

Psychologists have long been interested in the theoretical analysis of

problems of information overload including how people cope with the

overload and how overload reduces performance. The problem addressed in

this investigation is to review the previous literature on the theory of -i

information overload from the perspective of its applicablTity to C
2

decision making. Emphasis was to be on gaining an understanding of what

is known and how it might be applied, and on identifying ways in which

additional research might focus on applications to C2 decision making.

My interest in this problem is an outgrowth of previous work in the

study of limits in human information processing [2,3].

II. OBJECTIVES OF THE RESEARCH EFFORT

The following specific subgoals were established in conjuction with

the above problem statemeL.:

A. Become familiar with C2 decision making.

B. Conduct a theoretical analysis and literature search on limits in

human information processing and memory from the perspective of C
2

decision making.

C. Develop a simplified model task to facilitate future research in

areas identified by the literature review.

D. Prepare a report including the above and suggestions for

follow-on research as appropriate.

Section III to follow presents the theoretical analysis and

literature review from the C2 perspective (subgoals A and B above).

. . .-.-.-.-.. . . ." ' " -t:'; ,
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Section IV outlines the model task (subgoal C) which is detailed in a

supplement available from the Air Force Human Resources Laboratory at
WPAFB. Section V describes recommnended research with the model task and

ibased, in part, on insights from the literature review. Section VI

sunmmarizes the recommnendations from the research effort.

111. LITERATURE REVIEW AND THEORETICAL ANALYSIS

A. ORIENTATION

This review considers the following potential limits in human
2

information processing from the perspective of C decision making:
1. Memory limits

a. Retrieval problems involving long-term memory

b. Capacity problems involving short-term (working) memory

2. Processing resource limits

B. RETRIEVAL FROM LONG-TERM MEMORY

Long-term memory is generally assumed to be unlimited in capacity,

but subject to forgetting. An important viewpoint, attributed to Craik

and Lockhart £4]9 holds that material which is processed more "deeply"-in

the sense that it is made more meaningful will be remembered for a longer

time. Although the concept of "depth" is only vaguely defined [5], this

*perspective on memory research has become the dominant viewpoint in

current textbooks. Recently, however, a modification known as transfer

appropriate learning [6] and the related but older notion of encoding

specificity £7] have tended to replace the original "depth" formulation.

In this view, the probability of retrieving an item from long-term memory

depends upon the match between input processing and output requirements.

Usually, but not always, that match will be better when input processing
is deeper.- Thus, depth of processing is a special case within the more

general framework of transfer appropriate learning.

The several illustrative experiments all tend to seem rather

artificial. For example, words to be remembered were presented together

with questions which ask about the meaning (does it play music?), or

about which letter is capitalized out of context (raDio, does it have a

capital D?). According to depth of processing, the first question should

h.-4
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lead to better memory than the secod. However, the results are that the

first question at input leads to better recognition of the target "raDio"

from a context of other words, but (and this is critical) the second

question leads to better recognition in a context of raDio, rAdio, etc.

This is clearly contrary to depth of processing which predicts better Z

memory when the input processing is "deeper" i.e., more meaningful. The

result is consistent with the transfer appropriate learning viewpoint.

The-experimental situations used to demonstrate transfer appropriate 4
* learning have tended to employ rather "wierd" tasks such at rhyme

acquisition or capital letters out of context. For these cases, subjects

recall more if they are induced to concentrate upon the sounds,

appearance, etc. of the words rather than upon the meaning. One wonders,

therefore, if the concept of transfer appropriate learning really applies

to more relevant situations. In particular, is it possible to present

* material to decision makers in such a way as to maximize performance by

making the input processing more "appropriate" to this form of output?-

One approach to a more realistic assessment of the applicability of the

notion of transfer appropriate learning appears in Section V-B below.

If transfer appropriate learning is found to hold for decision
making, two recommnendations would follow:

1. Display of information should be "appropriate" to decision

making. Unfortunately, the notion of "appropriate" is not defined in a

way that would permit application of this principle in other than general

terms.

2. A clearer implication is that experiments conducted to

assess the merits of various modalities of information presentation to

decision makers should use decision making performance rather than
performance on tests of memory in standard recall and recognition

contexts as the criterion measure. This is because the most appropriate

input for one context may not be the most appropriate for another.

C. SHORT-TERM (WORKING) MEMORY LIMITS

1. Working Memory Concept. Whereas long-term memory is assumed

to be unlimited in capacity, short-term memory is assumed to. be limited

to about 7 "chunks" [8). A recent survey [3) indicates that most
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textbooks in cognitive psychology proclaim that this limit reflects the

limit in capacity of the working space for all mental operations. This

view appears to have its origins in the classical notions of William

James [9) who distinguished "primary" or short-term memory from secondary

or long-term memory on the grounds that primary memory is the current

contents of awareness. (Secondary memory is that memory which has left

awareness, but which can be recalled into awareness). A little leap of

logic leads to the standard proclamation that we have a working -memory

(awareness?) which is limited to 7 chunks. This is the limit of our

thinking space which, when filled, cannot accept any new information

without loss of the old.

2. Problems With This View. Several problems with the working

memory viewpoint can be identified:

a. People with very poor short-term span memory often have
normal capability for processing information [10,11].

b. Rather than a unitary short-term memory, we actually

seem to have several unrelated systems for immediate memory. The
following evidence is relevant:

(1) The missing digit task [12], in which subjects

report which digit did not appear in a random string of.. 8 digits,

exhibits properties which are quite unlike the properties of ordered

recall. Missing digit does not show carry-over between trials with '-

identical sequences like is the case for ordered recall [13]. It is also

insensitive to irrelevant articulation at input and to grouping of items

at input [3].

(2) Whereas holding a load of letters for ordered

recall interferes with an imbedded task involving ordered recall of

digits, a load of letters for ordered recall does not interfere with an

imbedded Sternberg scanning task. Therefore, ordered recall and

Sternberg scanning must involve different memory systems.

c. The interference often attributed to overfilling memory

load actually can best be attributed to interference between rehearsal

and subsequent action rather than between retention and subsequent

action, as proposed by the working memory formulation.
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3. Detailed Findings. Elaboration of the evidence relevant to
points b-2 and c above is considered in this section. The experimental - :

paradigm [3] involved presentation of a variable number of letters for

subsequent ordered recall, with an intervening task between presentation

and recall of these letters. The two critical conditions differ with

respect to the presence or absence of a delay between presentation of the

memory letters and presentation of the intervening task.

According to the working memory viewpoint, filling up-working memory

with letters should interfere with the intervening task regardless of the
presence or absence of this delay. In this view, there is but one

working memory system, and that system would be filled by the letters and

hence unavailable for the intervening task. Contrary to this prediction

of the working memory viewpoint, interference occured only when there was

no delay between memory letter input and intervening task. No

interference occurred when the delay was present.

This result can be interpreted by considering that rehearsal is

needed.only early but not late in the retention interval of ordered

recall. The relevant evidence is discussed in detail in the formal

report of this work [3]. When the delay is present, the obligatory

rehearsal can be completed during the delay. When no delay is present,

rehearsal must be done either before the intervening task (causing an

increase in the reaction time for the intervening task), or during that

task (causing interference).

The above pattern of results (no interference with delay,

interference with no delay) was obtained for numerical reasoning and

Sternberg scanning as intervening tasks. Presumably these tasks involve

memory systems distinct from that used for ordered recall so that

retention (without rehearsal) of a memory load for ordered recall does

not interfere with these intervening tasks. By contrast, when ordered

recall of digits was used as an intervening task, mutual interference

occurred either with or without a delay. This result shows that a

short-term memory system for ordered recall can be filled up (by the

initial memory letters) and then rendered unavailable for processing the

intervening task (ordered recall of numbers) even with a delay. Thus,
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tested with question of the farm NA=?. After the subject responded to a

test item, the fact was changed, e.g., "A07.11 This new pair was

presented for 3 sec. and on 75% of the trials a probe-appeared during

presentation of the changed fact. The probe was a visual pattern to

which any key was to be pressed. The probe appeared at delays up to 1.5

Ssec. after the pair first appeared. Reaction time (RT) to respond to the
probe stimulus increased as a function of the number of pairs being

retained even at the longest (1.5 sec.) delay.

Before we conclude that this study shows a pattern of results which

differs from that found for ordered recall, several points should be

considered:

(a) Perhaps the delay (1.5 sec.) was not long enough

N to permit sufficient rehearsal to be completed.

4: (b) There has been a failure to replicate[25]. -

(c) The simple RT task may be sensitive to effects

that would not be a problem in decision making. Thus, even if the effect

41 of memory load on probe RT is real, it may be of no practical

significance.
* These possibilities could be tested in an experiment involving memory

loads and decision making (see Section V-B). Perhaps decision making

requires the same system of short-term memory as does the associative

memory load so that the capacity overloads will occur even with a delay

for rehearsal. Or perhaps when the experiment is repeated with

sufficient delay and with a realisitic intervening task, interference
.4: will occur only when no rehearsal delay is provided.

4. Conclusion. As things now stand, the following conclusions

appear to be correct:
a. Rather than a unitary working memory, people have

several immnediate memory systems. Any of these can be filledi to

capacity, but filling one leaves the others available. Thus, in looking

for limits in short-term memory which are applicable to C decision

*making, one should look in detail for overfilling of some particular type

of memory.
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b. Rehearsal (and possibly other processes of memory

consolidation) can interfere with tasks unless a time interval is

available for memory consolidation prior to starting the next event.

This effect has often been incorrectly interpreted as reflecting capacity -

limits in a unitary working memory. It suggests the possibility of

interference if events occur in rapid succession in C2 decision making.

0. PROCESSING LIMITS

According to theories such as that of Kahneman [26], all cognitive

tasks draw from the limited pool of attentional "resources," the.precise

nature of which remains vague. This framework has lead to a great deal

of research, which I will not venture to summarize. Rather, I shall ,. -

inject a note of caution.

One paradigm within this tradition uses a "secondary task" to measure .-"-"-:

the resource demands of some "primary task." For example, reaction time

(RT) to some "probe" stimulus is used to assess the resources demanded by

a letter recognition task as a function of time or of some experimental

variable. The same pattern of results (resources demanded as a function

of time or other factors) should be obtained regardless of what task

happens to be used as the probe. Unfortunately, reality is considerably

different from this simplified view. The pattern of probe RT differs

depending on whether a visual or auditory signal is used [27] and

depending on whether a vocal or manual response is used [28]. We

conclude that any inferences about the resources demanded by a primary

task apply only with respect to a particular secondary task.

These studies show that small changes in the secondary (probe) task

can alter the pattern of results for a given primary task. The converse

is also true. A given probe task can "pick up" processing demands of one - -4

primary task but not another. For example, performance on holding a *'-"-

constant position against a constant pressure as a secondary task changes --

as a function of the primary task of solving Raven matrices, but not upon

a primary task of reading perception [25].

In conclusion, the notion of a single limited pool of resources which

is tapped by all tasks does not fit the data. Rather it appears that

people have multiple pools of resources, just as we have multiple systems

..-.. .
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A

of short-term memoryJI (2,33 Therefore, understanding of limited

resources in C2 decision making requires detailed analysis of decision

making itself. Generalizations from unrelated laboratory situations are

questionable.

One salient point in the literature review is the inherent difficulty

of generalizing from simple laboratory tasks involving recall, reaction

* time, etc., to decision making. The concept of transfer appropriate

learning suggests that conclusions regarding optimum methods of

information input will be highly dependent upon the way that information p
* is subsequently used, so that conclusions from memory experiments are ~

* likely not to generalize to decision making. The notions of multiple

short-term memory stores and multiple resource pools indicate the need

for detailed analysis of the forms of memory and resources in particular

situations.

This conclusion indicates the appropriateness of current efforts by

4; AFHRL to study C2 decision making in a realistic simulation [1]. A
realistic simulation is by nature complex, and only those very few

persons who are familiar with the decision task are able to serve as

subjects. Therefore, I recommend that this effort be paralleled with

.4research using a simplified model task which would tap the same sort of

decision making processes as are present in C2 decision making, but

which would permit testing of a wide subject population and a wider range

of hypotheses at relatively lower cost and with less elapsed time.

Relaxation of stringent requirements for realism to the C2 situation,

would also permit the introduction of features to permit simplified

control and outcome interpretation.

4The essential features of C2 decision making to be captured in the

model task are allocation of scarce resources among competing missions in

a situation involving risks of unexpected events. Both initial planning

of "tomorrow's" action, and in-course corrections in the plan are to be

simulated. The recormended simplified model task involves scheduling of
trucking transportation mission in order to place the situations within
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the common knowledge of a wide population of subjects who do not have

expertise concerning aircraft mission requirements.

Although I have discussed trucking operations with the president of a

local trucking firm in order to increase my understanding of how things

are done, the model task developed does not follow actual practice in the

trucking industry. Rather, the emphasis was on duplicating the cognitive

processes required in C2 decision making in a context which permits

experimental manipulations. Different modalities of information.

presentation and plan decision output are provided and "probe" events are

available to permit specialized experimental tests. These "probe" events

are unrelated to the decision task itself, and are used for measurement

purposes only.

A detailed description of the model task and specifications for an

implementing computer program have been generated as part of this

research effort, and can be obtained from the Technical Documents Center

of the Air Force Human Resources Laboratory at Wright-Patterson Air Force

Base. Only the general outline of the model task is presented here.

The goal of the task game, from the subject's viewpoint, is to

schedule "missions" involving the delivery of loads from point A to point

B. He must allocate a trailer, a tractor and a driver to each mission

and plan the routes to take. The subject attempts to maximize the

profit, i.e., payments for deliveries less costs. The costs include

hourly fees for tractors and drivers and overtime pay for drivers

stranded away from "home base." Often it may be necessary to get a

trailer, driver or tractor from another location in order to carry out a

mission. "Enemy" activity (road repair crews, police) introduce an

element of risk.

The three modes for display of information to the subject are:

1. Serial interactive, in which the subject makes keyboard entries

to call for the information.

2. Serial noninteractive, in which information Is displayed in fixed

sequence without the necessity of entries on the keyboard.

3. Parallel noninteractive, in which the information is. presented in

one unitary table ra. ,r than one piece at a time as in the other options.

48-13
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The two modes of plan input are:

1. Serial, in which the decisions are entered one unit at a time.

2. Parallel in which the overall plan outline remains visible as a

.dl, 01table in which the blank spaces are to be filled in.

Auxiliary or probe events include introduction of memory loads

(ordered and associative) and tests of memory concerning resources

currently available at each "location." K'Z

..nV. REPRESENTATIVE RESEARCH EMPLOYING THE MODEL TASK

This section sketches some research problems which could be addressed ~ -

using the model task. The problems are organized into phases which could

overlap to some extent, although some of the information developed in

early phases would be useful in detailing subsequent phases.

A. PILOT AND OBSERVATIONAL
1. The model task would be tried, its parameters adjusted and

- other changes made as needed.

2. Acquisition of skill would be observed informally and the

*subjects interviewed to generate and refine hypotheses for subsequent

formal investigation. Some specific behaviors which would be considered

include:
a. "Opportunity solution" [31] in which subjects set up

*small portions of the solution without regard for overall implications.

b. Generation of tentative plan fragments which are later

* changed.

c. Note taking.

d. Order'of input in serial coemmand mode. Do any

strategies develop?
B. FOLLOW-UP OF ISSUES RAISED IN THE LITERATURE REVIEW

1. Transfer appropriate learning. Transfer appropriate

learning holds that memory performance is best when the input to memory

is in a format which is appropriate for the demands of output from

memory. Laboratory demonstrations of this prinicipal have involved

artificial situations. The model task would permit two tests of the
applicability of this view to decision making:
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a. In two by two factorial design, two types of stimulus

Input (serial vs. parallel) would be crossed with two types of response

output (serial vs. parallel). Transfer appropriate learning predicts

that serial input leads to better performance than parallel with serial

output but parallel input is better than serial with parallel output. A

weaker prediction of transfer appropriate learning would be an

interaction of input and output formats of the sense described, but

without the "cross over." . 4
b. The probe feature of the model task permits a test of a

more radical prediction of transfer appropriate learning. If probes

occur infrequently (and do not pay-off in the reward system), memory

storage strategies should favor the problem solution task. It is

predicted that information would be missing in probed recall which

appears in the problem solution (as assessed from lack of a second

retrieval of the information). Similarly, if probes are'frequent (and

• rewarded) information should appear in probed recall which is not used in

decision making.

2. Short-Term Memory Capacity Limits. The literature review

concluded that the commonly held notion of a unitary short-term working

memory should be replaced with a multi-store model. In this view,

interference between memory load and intervening memory tasks should

occur only if either: (a) all items enter the same memory sub-system, " -

or (b) rehearsal or other information processing associated with memory

.1 consolidation interferes with another task.

* The mode! task would permit a test of the applicability of this

conclusion to decision making. Ordered memory span, as measured in the

laboratory, does not seem to be needed in decision making because order

Information Is irrelevant to the task. Therefore, we predict that an

auxiliary span memory load will not interfere with decision making if a

memory consolidation delay Is provided between memory load input and

subsequent decision task demands. This experiment is a more ecologically

relevant version of the paradigm used previously by the author [3].

In contrast to the lack of loading predicted for the ordered span

auxiliary memory load, an associative load (A3, B=7, etc.) would seem to
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tap the same type of memory used to keep track of information such as

"how may trailers are available at location B?" In this case, the

auxiliary memory load should interfere with decision making even when a

consolidation interval is provided.

A further issue related to short-term memory limits could be

investigated by use of two "covers" for the presentation of probes in

which the probe is presented as irrelevant or relevant to the decision

making task. For example, digits could be presented as ap extraneous .

memory task, or as part of the problem (as a telephone number to be

called). Similar covers could be developed with regard to the

associative memory probe. The question to be addressed concerns the

difference in memory loading and overloading when the probe material is

presented within the decision making context, and outside of that context.

C. COMPUTER AIDS

It has been observed by members of AFHRL that the initial version of

computer aids have been unpopular among C2 decision makers during

exercises. The model task would provide an opportunity to explore the

*following possible interpretations of this observation:

1. Perhaps these aids are unpopular because the decision makers

have more experience with the "grease board" display than with the

newly-introduced menu-based computer retrieval system. To test this with

the model task independent groups of subjects would receive training with

either a simulated computer retrieval system (serial interactive mode) or

with a simulated grease board sjstem (parallel noninteractive mode).

Then subjects would be shifted to the other condition after training is

complete. According to the experience hypothesis, all subjects would

prefer the display modality under which they had been trained initially.

2. If the experience hypothesis (#I above) is not supported,

" the model task could next be used to assess a hypothesis from the working

" memory viewpoint. Bralnerd [32] has suggested that implicit in the

working memory viewpoint is the idea that rules (such as those for

operating the menu-based retrieval system) compete with other information

in the limited-capacity working memory. A test of this notion would " -

compare performance in the serial interactive versus serial
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noninteractive modes of information input. First, we would need to know

the order in which trained subjects retrieve information in the serial

interactive modality. Each subject would be run in this modality until a -.

pattern of retrieval order had been obtained. Then half of the subjects

would be shifted to serial noninteractive input using their

-,q individualized order of presentation. The remaining subjects would

continue with serial interactive input. After post-shift performance

stabilizes, performance of the two groups could be compared. If t

retrieval rules produce interference, then performance should be lokier in

the serial interactive mode (which requires rule based action from the

subject).

If neither of the above hypotheses receive support, it would appear

that the parallel and continuous display of the grease board is

essentially preferable to sequential displays such as are involved in

current computer aids. Therefore, it may be desirable td explore
developing multiple display computer aids which would make a large amount

of data available continuously.

D. TRAINING

Insights from previous phases could be applied to training issues

during this phase. In addition to these yet-to-be-developed hypotheses,

some other issues are:
1. Is it best to train with simplified tasks involving few

resources and missions, and then to progress to the more complex - -

situation? Or is it best to start out with the fully complex situation

,, so that strategies which are not appropriate to complex situations do not

2 develop during training?

2. If subjects develop consistent strategies for the order in

which information is retrieved from the serial-interactive mode of

* information input, then one could ask whether these strategies can be

trained. Are there Lettor strategies than those developed by the

subjects? Is training more efficient than allowing subjects to discover

the appropriate strategy on their own, or does the discovery process have

benefits worth the cost in extra learning time?
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3. A question similar to #2 above can be asked about the output

of the plan. Do subjects develop strategies of withholding tentative

solutions until the "big picture" is formulated? Do they learn increased

willingness to change tentative plans as they gain more understanding of

the particular situation? Can strategies of withholding or changing

tentative solutions be trained?

VI. RECOMMENDATIONS

This section briefly summarizes some of the recommendations presented

in detail in the body of this report.

A. The literature review documents a recommendation that memory and

human resource limitations should be investigated within a decision

making context because of inherent problems in generalizing from existing

laboratory data to decision making.
B. A simplified decision making task was developed and is

reco6nended as a supplement to investigating of actual C2 decision

making. This model task was designed to permit efficient experimental

manipulation and control, and to be accessible to experimental subjects

who are not technically qualified to deal with actual C2 problems.

C. Some issues to be addressed with this model task are recommended

in Section V. These include:

1. Observation of partial solutions, solution shifts, note

taking, input order strategies, etc.

2. Study of transfer appropriate learning and short-term memory

limits within a decision making context.

3. Investigation of why computer aids have not been popular.

4. Study at alternative approaches to training.
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ANALYSIS AND MODELING OF A REAL-TIME HOLOGRAPHY SYSTEM

by

Jerome Knopp

and

Jeffrey M. Swindle

ABSTRACT

The real-time holography system was studied in some detail using
a generic model. It is shown that aberrations are introduced by
wavelength rescaling. Further errors are generated by the very
nature of phase recording a hologram plus the non-linearities in
the recording media. Resolution requirements and MTF limitations
show that present day phase recording devices are just barely
adequate to correct low level turbulence.

A study of the system using dimensional analysis showed that the
Fresnel approximation may be used to construct a scale model based
on Arkadiew's Law.
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I. INTRODUCTION

At the present, DARPA has considerable interest in the application-

of optical phase conjugation techniques to visible laser communication.

In principle, phase conjugation can be used to compensate for most of

the optical phase distortions along the beam path of a propagating

laser. In cases of practical interest, the aberrations are due

- primarily to the atmosphere; however, phase conjugation"can be used to

correct other aberrations' such as those due to errors in optical

components or within a laser cavity.

At the present there are several different methods of phase

conjugation which are being considered including adaptive mirrors,

nonlinear optics and real-time holography.

Adaptive mirrors represent conventional technology and have been

under active development for more than 14 years. In order to employ

mirrors for phase conjugation, a wavefront sensor is required that can

determine the aberrated wave .profile and then apply a best estimate of

the profile conjugate to the adaptive mirror surface by distorting the

surface with an array of actuators. The practical problems of

constructing such systems are considerable. In order to apply these

mirrors to total atmospheric compensation would require mirrors better

than those presently available off the shelf. Atmospheric compensation

requires a fast time response (i.e., in the millisecond range) and large

. numbers of actuators (on the order of 10 to 0 ). While it is

possible to build adaptive mirrors meeting the required performance

criteria, the costs are high. For this reason, other approaches to

phase conjugation are being investigated.

Nonlinear optics refers to a collection of methods that use

'7 wavefront reversal (i.e., phase conjugation) caused by elastic photon

scattering or stimulated interactions of inelastic photon scattering.

Both three wave and four wave mixing techniques are described in the

literature. It appears that these techniques are the leading

technologies for future work In phase conjugation; however, they are not
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available in the near term because most mixing schemes are very

inefficient. In most practical schemes that implement phase

conjugation, the conjugate must be produced from a very weak aberration

sensing beacon that is not strong enough to produce a clean conjugate - -,

wave.

The most promising near term prospect for phase conjugation is

real-time holography. A hologram is made of the aberrated wavefront

from which a conjugate wavefront is produced. Real-time holography

requires a fast recording medium in which to form the phase correcting _

holograms. Devices, such as the Ediphor, Ruticons, photo-TITUS and the

PROM which employ fast (real-time) media, are possible candidates for

real-time holography. The cost versus risks for developing a workable

phase conjugation system based on real-time holography appear

reasonable; it is this particular approach which is the subject of this

report.

The fundamental propagation problem to be analyzed is shown in Fig

1. It is desired to direct the energy from a laser source of wavelength

,8 to a target aperture of diameter Dr  from a telescope with a

diameter O$. It is assumed that a pointing and tracking system keeps

the beam boresighted on the target aperture. Mounted at the center of

the target aperture is a beacon source of wavelength A, . The beacon

propagates a wave from the target. The wave travels through the

aberrated atmosphere and is used to form a hologram of an aberrated

wavefront at the source. The hologram is usee to produce a conjugate

wavefront that is propagated back through the atmosphere. In principle, .

this conjugate would precisely cancel the wavefront aberrations of the

atmosphere. This corrected wavefront could deliver energy very

L-p efficiently from the source to the target provided the target aperture

was large enough to collect the energy from an ideal diffraction limited

spot. In practice, the implementation of a real-time holography system

presents many problems that will prevent ideal correction of a

wavefront. An attempt will be made here to analyze some of these

problems and to examine the possibility of studying a real-time
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holography system using a scale model.

11. OBJECTIVES AND OUTLINE OF THE APPROACH-

The objectives of this report are to conduct a systems level study

of the real-time holographic approach and to discuss the possibility of

constructing scale model experiments. The systems study will be

conducted by defining a generic model and applying scalar diffraction

theory to examine certain problems associated with a working system.

Scale modeling will be discussed using dimensional analysis to construct

a group of dimensionless parameters to model a working system. Using

this group, certain scaling effects will be examined.

III. GENERIC MODEL OF A REAL-TIME HOLOGRAPHY SYSTEM

The system model for real-time holography will be broken into two

parts: hologram formation as shown in Fig 2(a) and conjugate playback

as shown in Fig 2(b). In Fig 2(a) a hologram is formed of an aberrating -

atmosphere using a beacon wavef ront at wavelength ),.The beacon is

received by the pointer telescope end the received beam cross section is

reduced by the telescope expans.ion ratio M. The 'reduced beam is
directed to a beam splitter fs-om which a reference wave is derived. In
general, the reference may be formed in one of several ways; no

generally accepted s cheme is available yet. (Some comments on this

issue are included in the conclusions.) For the purpose of the model, it

will be assumed that a spherical'or plane reference wave is produced.

* The interference of the reference wave with the aberrated beam produces

a hologram of the aberration. The hologram will be assumed to be a
phase hologram, since most of the materials being considered at present
for real-time holography depend on index changes, surface relief or

birefringence to encode the wavefront. In the model, the material is
-, assumed non-linear, with a band limited modulation transfer function.

The playback system used In Fig 2(b) produces a conjugate wavefront

that would in principle be perfect; however, In most practical systems

* the conjugate would be reconstructed at a different wavelength, A.,

49. j.* -7.. .. *~***.
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than the beacon wavelength. (This is done in part to assure good

separation between outgoing scatter and the weaker beacon.) The "laser

power amplifier" is used to strengthen the reclonstructed conjugate.

Strictly speaking, the power amplifier may in practice upshift or

downshift the conjugate wavelength; however, this model will not include

that effect. It will also ignore atmospheric effects due to wavelength

differences between the beacon and the conjugate wave as well as the

pointing and statlonkeeping problems of a beacon in geosynchronous

orbit. These issues are addressed elsewhere.

IV. ANALYSIS OF THE GENERIC MODEL

In the analysis that follows, the generic model will be used to

examine the following issues:

i) Aberrations introduced by the rescaling of wavelengths

between the beacon and conjugate waves. 4.

ii) Reconstruction errors in phase recording the aberrated

wavefront.

iii) The effects of non-linearities in the recording media.

iv) Resolution requirements and MTF limitations.

A. Wavelength Rescaling

The problem of reconstructing holograms with a reference wave

different from the reference used in forming the hologram has been

studied extensively In the past; however, most of these studies are

concerned primarily with image aberrations rather than wavefront '

reconstruction. The concern here is with reproduction of an exact

conjugate Consider the most general situation, a beacon wavefront

tIB (x,y,z) to be recorded with a reference LTR(x,y,Z). Note that

underlined quantities represent clockwise phasors. Assume that a

hologram is formed with an exposure range that is in a linear region of
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the field amplitude transmittance-exposure curve for the recording media

that encodes the hologram. Then the following field amplitude

transmittance will result:

where Co  is a constant and the asterick indicates conjugation. -

Expanding Eq. (1)

Rewriting the phasor quantities explicitly gives -.K

L , TB U " "J C , .-'.

and

SJe 9JR 0XY)UR~Ue
Substituting into Eq. (2) and using Euler's identity gives

UlCO(U U +URJa COS(Ofe-9R)) ()
In equation (3) the first two terms represents the intensities of the

*waves used to record the hologram while the last term encodes the phase
difference in a fringe structure. From a conmmunication viewpoint the

last term represents encoding of the beacon information on a reference
carrier. In order to retrieve the information the carrier must be
known. In order to accurately retrieve the conjugate wave, the
conjugate of the reference must be used to reconstruct the hologram. If

* the reconstructed field is designated as UH, then

or from (2)

., i:!:!* -:.:* :
TJH AtU, U 2+L C u _ U~4) 4
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The last term in euation (4) represents the reconstructed conjugate
provided that UJ is relatively uniform in amplitude. This term is of

special interest and will be designated as U_ , t'herefore .

The first two terms represent low frequency bias terms- due to the
intensities associated with and They are a source of noise

in the reconstruction. The third term in general, U, represents a

distorted version of LIB since _ is not necessarily a constant
- -phasor. Usually , is chosen as an easily reproducible wavefront.

Failure to accurately reproduce results in errors.

For the applications of interest here, a plane wive or a spherical

reference wave is of interest. For the case of a plane wave the

reference can be defined as:
Jk, ( x+3 + )

!! R  C P.: ' ,

where o " ,4, r are direction cosines with respect to the x, y and z

axes, respectively. If a wavelength of A, is used -in recording the
hologram then k, = 21r/A. The only term of interest in reconstruction

is E.Tr Assuming the conjugate is used in reconstruction,then,

substituting the plane wave conjugate into (5) gives 9a = Ca iTs and ,-
an exact duplicate of the beacon is produced; however, if a different

wavelength, \., is used in the reconstruction then

tic =a s - (6)
-5;'

where ka =2 t/;k2 . Equation (6) shows two types of error; one is a
tilt term represented by the exponential, the second error is an error

in the optical path. The tilt term is not a problem since it is a fixed

pointing error. The path error is more of a problem. The U-term is
the correct phase at the wrong wavelength. Therefore, a path error of
(I- 2/), ). 0is produced. The path error can not be eliminated

easily. It could be approximately corrected using an Arnulf lens, a
device that approximately multiplies the phase at each point by a
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constant without changing the lateral dimensions of the beam. Since the

resolution requirements for atmospheric correction are quite low (to be

discussed later) such a lens is workable if the wavelength ratio between

?,, and X2 becomes a significant problem.

If a spherical reference is used and a change in wavelength is

involved, then for an off-axis reference point located at (x, ,Yc ,z )

then -.j k, r

UJRS r
where Cs is a constant and

Reconstructing the conjugate at a Aifferent wavelength gives

Uc = Cs r "'8 ()-"S-_* ( k,1 - "k

Equation (7) shows that a spherical error is introduced that presents no

problems since it can be corrected with a fixed lens and the path length

error is identical to the one previously discussed.

Therefore provided a plane or spherical reference is used,

reconstruction phase errors should be determined by (I-.a/;l) • -

B. Reconstruction Error in Phase Holograms

As previously mentioned, real-time holography is based primarily on

phase holograms. Phase holograms encode the holographic fringe

structure as a phase change that is directly proportional to exposure.

Unfortunately, they are inherently more noisy than amplitude
transmission holograms. This can be seen by rewriting the exposure, E,

directly in terms of a phase shift and using a second order

approximation to the phasor exponential to describe the field amplitude

transmittance t In phasor form

-- = (8) "...-

7-o.
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where g is a constant. Now expanding the exponential term gives

2

if
. 'I

EYU + UZ4UU+~

Then equation (9) describes a phase hologram for the beacon. The only

terms of interest in reconstructing the phase hologram are the ones

containing U. all other terms are ignored. It will be assumed that

E .4y U _ *_..-::!.

the angle between the beacon wave and the reference wave is large enough

to provide adequate angular separation between these -other terms and

Therefore

4A2 ) TJ* o+Aer +er.s (10)

Since is assumed uniform, the first set of parentheses in Eq

(10) yields only a quadrature component. The second set of parentheses
contains U. T2which Is not uniform and is in fact highly speckled in the

case of atmospheric recordings. This term Is intermodulation noise and

is referred to as "flare light" or "halo". This halo, in general, may :-

not be easily removed. Therefore, by its very nature a phase hologram

will have noise. The only way to reduce the noise is to keep )( small

and accept very low diffraction efficiencies.

It should be pointed out that in devices used for real-time

holography, the intermodulatlon will be worse than that normally

observed in bleached photographic emulsions. In emulsions, both relief

and Index changes occur at low frequencies and they tend to cancel out

and compensate for the low frequency speckle.

49-13 L ad
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C. The Effects of Non-Linearities in the Recording Media

In the previous section, only linear phase recording was

considered. The recording media in general will not record the phase in

a linear fashion. Therefore, this section will concern itself to the

effect of a quadratic approximation to the non-linear recording. The

previous hologram transmittance Eq (8) now becomes:

""_ To -']  E  (ii) K>:"

T. 0 ")

where ,LU and 4A are constants and E(x,y) is as previously described. P.

Expanding the exponential yields:

Considering, a -- *.*-J ., ('-2) ",-

Considering, as before, only terms containing .

UR +,;'-+ 2•LT it

_2 - U, -:
42 2+ ro 4 d U:+ U, )2 (Us 4 rU, g'Ur + 6TJR)

-2 !.!R U; +o+Ar -, -J. (13) -term

Comparing Eq. (13) to Eq. (10), it is seen that the non-linear' ,~..;. ,..x,

recording makes matters worse; it increases the number of

intermodulatlon terms. These terms cannot be filtered out by angular

separation like the terms that are not shown. Therefore, maintaining

linearity is very important since there is no way to compensate for the

non-linearities. It might be hoped that nonlinearities in the media

could be played against the inherent non-linearity of phase recording;

unfortunately, if equation (13) is examined closely, It will be observed

ethese non-linearites terms are at quadrature with respect to one ...

A another.
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D. Resolution Requirements and MTF Limitations

The best of the present devices being considered for real-time

holography use a crystalline material that have modulation transfer

functions that roll off at spatial frequencies on the order of the

crystal thickness. Typically, these devices depend on materials that

are difficult to fabricate much thinner than about 100- microns. This

suggests that, at present, spatial frequencies are limited to about 10

lines/mm. For correction of atmospheric disturbances in "good" seeing

the angular spectrum extends to about 10 prads. Under the best

turbulence conditions, given a -receiving telescope with a beam expansion

ratio of M, the received angular spectrum at the hologram will extend to

about lOMprads. Since the angular spectrum interprets the aberrated

wavefront in terms of plane waves, it is only necessary-to determine the

highest spatial frequency needed for an off-axis recording of the plane

wave making the largest angle with respect to the reference. For two

plane waves at angles e, and on either side of a normal to a thin

hologram, the spatial frequency"S of the recording is given by

Se G,, , + S,',., (1I4)":

where 2 is the recording wavelength. For small angles

A . - .

Since the minimum reference angle for adequate separation of the
7

conjugate must be at least three times the atmospheric bandwidth then

the minimum spatial frequency Smi; n  is given by
S 4 .0 X 10 - 6 ,m .... -40 Xn -- . M cycles/meter.

For an expected demagnification on the order of 100 this means

resolution requirements of about Sm;h = 8 lines/mm which is just

about the state-of-the-art. Therefore, we may expect that there is
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adequate resolution in presently available materials to make turbulence
corrections in good seeing. For extreme levels of high turbulence, it

will be necessary to reduce M and increase the hologram surface. This

inot clear what the limitations are here, but such devices are not

V. SCALE MODELING OF THE REAL-TIME HOLOGRAPHY SYSTEM

The only exact way to evaluate any real system is to construct a

prototype to make measurements on; however, for system development it is

often reasonable to consider building a scale model in cases where the
P.- ~model is economical. Unfortunately, it is not always possible to

fabricate a scale model in such a way that useful informa-tion can be

extracted from it. In order to be of value, a direct 'relationship must

be established between measurements made on the model and measurements

made on the prototype. If a scale model is possible, a set of linear

scales can be used to establish a correspondence or Nsimilarity" between

the systems. In what follows, the theoretical question of a scale model

will be examined using techniques from dimensional analysis. From this

analysis certain dimensionless groups will be established. These groups

will define a set of dimensionless variables and parameters through

which model and prototype measurements can be related. It will also

provide a complete system description using a minimum number of
variables and parameters. This is useful in reducing the amount of data

and the number of experiments needed by a considerable amount.

Consider rescaling the generic model. In practice the beacon will

be essentially at infinity. Therefore, the fundamental problem is that

A of a plane wave *on an atmospheric "slab" that has an index of

refraction, n (x,y,z,t), that varies randomly from point to point. For
Y the purposes of this analysis, the atmosphere will be examined at a

specific instant of time; all of the index variations will be frozen in

place. If index variations are small then it can be rewritten as

ti (x,y,z) r) + h (x.,z)
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where 1). is an average value and r) (x,y,z) is a perturbation about

the average. If the perturbation is small, then-the diffracted field

from the slab can be approximated by examining only first order

di ffracti on.

Consider a plane wave propagating in the z direction impinging

normally on the atmospheric slab at z=O and through the"randomly varying

index until it reaches a receiving aperture at z - z0 . The problem is

to model accurately the field in the z = z o  plane using a three

dimensional scale model of the atmosphere. This can be done for the

first order diffracted part of the field. The first order effects are

estimated by dividing the slab into a thin stack of lamina; each
thick, then the field from a single lamina at z is given -approximately

by""j m6 e I k no

A~ Ae( n'AZ

Here A represents the amplitude of a plane wave that passes through the

slab with negligible loss. The diffracted field from each lamina is

assumed to reach z without further diffraction by other laminae. This

represents first order effects only and ignores the "diffraction of the

diffraction". Using the Fresnel approximatlon 7 and ignoring the

undiffracted part of the field, the diffracted field _TD at Z, is

given by integrating over all lamlnae:
A k h*1 krir

D -~~4 dcy 4aI5

By defining a set of dimensionless variables equation (15) can be

redefined in dimensionless form. One particularly useful set is:

- (7)

S - e U (Ib8) :: a
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x. :99)"
.%.

% = oxT.. ~(20) ..-.;-

,* -. .,(2-)

Rewriting (15) gives the normalized diffracted field at = 1 as [-}.]_.

UD =f n5 , (-.f) c/ Y d7 d (22)

The normalized equation represents a generalized form through which a

relationship can be established between model and prototype variables

since this equation represents both systems. Letting primed and double

primed variables represent model and prototype systems respectively the "::---=

scale relations between the model and prototype can be derived directly

from equations (16) through (21-). They are
Uc, Ap n" Ua A 2

e . ,-2

kk A-l A

€P

"."(24)

57 (25)

-- (26)

- , - - ..(27)

'%1 " -'
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These relations establish a linear scale between the diffracted fields
in the model and prototype systems, hence, measurements of the

diffracted field from the model can be directly related to those in the

prototype. Therefore a scale model is possible at least as far as first

order diffraction effects.

These equations also determine how the scale model is to be

constructed in order to keep a linear relation between' the diffracted

fields in the model and prototype systems. The scaling of refractive

index coordinates is a key point in the modeling. The index coordinates

in equation (22) must be scaled in normalized coordinates. Index

coordinates will follow the scale relations given by equation (23)

through (28). This means that if the thickness z. is reduced by a

factor p in the model, then the lateral index variatioos-in x and y are

scaled by the 4 provided the wavelength remains unchinged. This scale

relation is not new, it was discussed by Arkadiew9 in 1913; however, his

presentation was highly intuitive, based on Fresnel zone construction,

while the results given are rigorous. It should also be pointed out

that only the diffracted field was discussed here. In general, it is

not possible to scale the total field including the undiffracted part.

It can be shown that the ratio of the diffracted to the undiffracted

part of the field does not scale linearly. Fortunately, the effect is

not critical since the net effect is to lower the contrast in the

intensity variations. This effect is easy to account for since the . -*..

undiffracted part is an additive constant.

It should be pointed out that the non-dimensional parameters given

in equations (16) through (21) are the most compact representation .of

the atmospheric slab possible. They are ideal for milnimizing parameters

needed for either experimental or computer simulation. If two

particular parameters such (e.g., wavelength and thickness) are in the

same dimensionless group, then varying one is equivalent to varying the

other as far as making measurements are concerned. Therefore, using

non-dimensional variables and parameters reduces the number of parameter

changes needed for investigation. This often means orders of magnitude
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reduction in the amount of effort needed in experimental or computer

simulation.
.4

VI. CONCLUSIONS

From the results of the analysis using the generic model the following

conclusions have been reached:

1. Phase aberrations introduced by rescaling the wavelengths will

depend only on the ratio of the wavelengths used in forming and playing

back the hologram if spherical aberration and tilt are accounted for. t.4

This assumes that a perfectly plane or spherical reference can be

derived from a beam split off from the beacon wave. This is highly

debateable. Since adequate filtering of the reference means that a

small portion of the angular spectrum from the derived-beam is used and _

therefore a small portion of the energy from it. This means a weak

reference beam and requires a weak or attenuated object wave to form a

proper hologram. This represents a great waste of photons.

Furthermore, some suggested schemes for deriving a refer.ence, filter out

the reference using a pinhole filter in conjunction with a lens to carry

* out optical Fourier transform filtering. Considering the very speckled - ]

nature of the return wave impulse repsonse, the pinhole filter will be a

very hit and miss operation that will provide a reference with large

dynamic variations. This issue definitely needs more thought.

2. The problems of phase reconstruction errors in phase holograms are

two fold,

I. Inherent errors due to the non-linearities in phase

recording

Ii. Additional errors due to non-linearities in the mapping

of intensity into phase.

These problems are inescapable and lead to intermodulation noise in the

reconstructed wave. The first is avoided by accepting low diffraction

efficiency, the second by making sure the phase recurding nave adequate
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dynamic range, this may be a difficult problem considering the intensity

variations inherent in the speckled beacon return.

3. The resolution requirements of present materials appears adequate

for correction in loss turbulence. Correction in high turbulence may

require devices with larger surface areas than are presently available

off-the-shelf to accomodate the higher space bandwidth product required.

4. Modeling the effects of the atmosphere appears to be practical. It ,4
is possible in principle to construct a small model atmosphere, if the

index variations can be properly scaled using Arkadiew's scaling laws

for the diffracted field.

VII. RECOMMENDATIONS

In order to further reduce risks in developing a orking real-time 4
holography system it is recommended that in future work the following ."

issues be examined:

1. The effects of speckleon a reference wave derived from the

incomi.ng beam.

2. Alternate techniques for deriving a reference wave to avoid

wasting photons.

3. Dynamic range effects of present real-time media and trade- ".

offs that can be made between dynamic range and signal-to-noise

ratios.

4. Applications of scale modeling to reducing development cost and

improving laboratory simulations, presently being considered.

i -4
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