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1979 USAF/SCEEE SUIBR FACULTY RESEARCH PROGRAM

LIST OF PART CITS

NAM/ADDRESS DEGREE, SPECIALTY, & LABORATORY
ASSIGNMENT

Dr. Yelagalawadi V. Acharya Degree: D. Sc., Aeronautics, 1954
Pvoetksor, Mechanical Engineering Dept. Specialty: Fluid Mechanics, Aero-
West Virginia Tech dynamics
Montgomery, WV 25136 Assigned: AFFDL (Wright-Patterson)
(304) 442-3289 

Dr. Adel A. Aly Degree: PhD., Industrial Eng., 1975
Associate Professor Specialty: Applied OR, Math Prog.,
Dept. of Industrial Engineering Facility design and location theory
University of Oklahoma and routing and distribution system
202 W. Boyd, Suite 124 Assigned: AFRADC (Griffiss)
Norman, OK 73019 
(405) 325-3721 

Dr. Clarence A. Bell Degree: PhD., Mechanical Eng., 1971
Associate Professor Specialty: Vibrations, Dynamics,
Dept. of Mechanical Engineering Applied Mathematics
Texas Tech University Assigned: AFWL (Kirtland)
Lubbock, TX 79409 
(806) 742-3563 

Dr. Warren W. Bowden Degree: PhD., Chemical Eng., 1965
Professor of Chemical Engineering Specialty: Physical properties, Phase
Rose-Hulman Institute of Technology equilibrium, Computer utilization
5500 Wabash Avenue Assigned: AFAEDC (Arnold)
Terre Haute, IN 47803 
(812) 877-1511 

Mr. Barry D. Bullard Degree: MS, Electrical Eng., 1977
Instructor Specialty: Electronic Communications-
Dept. of Engineering Technology Antennas and Microwave
University of Central Florida Assigned: SAMTEC (Patrick)
P.O. Box 25000 
Orlando, FL 32816
(305) 275-2710/2268 

Dr. James A Cadzow Degree: PhD., Electrical Eng., 1964
Professor, Dept. of Electrical Engineering Specialty: Communications, Controls
Virginia Polytechnic Institute &-Digital Signal Processing
Blacksburg, VA 24061 Assigned: AFRADC (Griffiss)
(703) 961-5694  

Dr. Malcolm D. Calhoun Degree: PhD., Electrical Eng., 1976
Assistant Professor Specialty: Electronics, Communications
Dept. of Electrical Engineering Assigned: AFAL (Wright-Patterson)
Mississippi State University 
Drawer EE
Mississippi State, MS 39762
(601) 325-3912/3073 
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NAME/ADDRESS DEGREE, SPECIALTY, LABORATORY
ASSIGNMENT

Dr. William R. Carper .* ,7> re PhD., Physical Chemistry, 1963

Professor, Dept. of Chemist %;,I, W S cialt : Kinetics, Molecular

Wichita State University pectroscopy
Wichita, KS 67208 .~Assigned: .AFFJSRL (USAF Academy)
(316) 689-3120  

Dr. Chi~ Hau Chen Degree: PhD., Electrical Eng., 196i
Professor and Chairman . Specialty: Signal Processing, Pattern

Electrical Engineering Dept. Recognition and Communications

Southeastern Massachusetts University Assigned: AFGL (Hanscom)
N. Dartmouth, MA 02747 
(617) 999-8475 

Dr. Donald C. Chiang Degree: PhD., Fluid Mechanics, 1965
Professor Specialty: Fluid Mechanics. Thero-
Division of Civil and Mechanical Engineering dynamics, Heat Transfer, Analog
Rose-Hulman Institute of Technology Computer
5500 Wabash Avenue Assigned: AFFDL (Wright-Patterson)
Terre Haute, IN 47803 
(812) 877-1511, EXT. 323 

Dr. Aaron S. Collins Degree: PhD., Electrical Eng., 1973
Assistant Professor Specialty: Classical and Modern
Electrical Engineering Dept. Control Theory, Computers, Simulation,
Tennessee Technological University Numerical Methods
Box 5004-TTU Assigned: AFAL (Wright-Patterson)

Cookeville, TN 39501 
(615) 528-3352 

Dr. William A. Davis Degree: PhD., Electrical Eng., 1974
Assistant Professor _ecialtY: Electromagnetics
Electrical Engineering Dept. Assigned: AFWL (Kirtland)
Virginia Polytechnic Institute 

and State University
Blacksburg, VA 24061

(703) 961-6307 

Dr. Alan S. Edelstein - Degree: PhD.. Physics, 1963
Associate Professor, Dept. of Physics SPecialty: Solid State Physics,

University of Illinois at Chicago Circle Magnetism, Superconductivity
P.O. Box 4348 Assigned: AFML (Wright-Patterson)
Chicago, IL 60680 

(312) 996-5348/3400 

Mr. Willard R. Fey Degree: MS, Electrical Eng., 1961
Associate Professor Specialty: System Dynamics
Dept. of Industrial and Systems Engineering Assigned: AFESC (Tyndall)
Georgia Institute of Technology 
Atlanta, GA 30332
(404) 894-2359 
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NAME/ADDRESS DEGREE, SPECIALTY, & LABORATORY
ASSIGNMENT

Dr. John T. Foley 2_ygee: PhD., Physics, 1977
Assistant Professor of Physics Dept. Specialty: Optics
Mississippi State University Assigned: AFWL (Kirtland)
Mississippi State, MS 39762 
(601) 325-2806 

Dr. Garabet J. Gabriel Degree: PhD., Electrical Eng., 1964

Associate Professor Specialty: Electromagnetics
Dept. of Electrical Engineering Assigned: AFAPL (Wright-Patterson)

Notre Dame University 

Notre Dame, IN 46556
(219) 283-7531 

Dr. James A. Gessaman Degree: PhD., Zoology, 1968
Associate Professor of Biology Dept. Specialty: Thermoregulation, Ecological'
Utah State University Energetics
UMC 53 Assigned: USAFSAx (Brooks)
Logan, UT 84332 
(801) 752-4100, EXT. 7876 

Dr. Paul K. Grogger Deree: PhD., Geology
Assistant Professor Specialty: Utilization of conservation
Dept. of Geography and Environmental Studies and solar energy, Investigation of
University of Colorado land use planning by remote sensing
Colorado Springs, CO 80907 Assigned: AFESC (Tyndall)
(303) 598-3737, EXT. 273/217 

Dr. William D. Gunther Degree: PhD., Economics, 1969
Professor of Economics Specialty: Regional Economics
University of Alabama Assigned: AFESC (Tyndall)
P.O. Box 650 

University, AL 35486
(205) 348-7842 

Dr. John Hadjilogiou .Deiree: PhD., Electrical Eng., 1970
Associate Professor Specialty: Digital Systems
Electrical Engineering Dept. Assinged: AFHRL/FTE (Williams)
Florida Institute of Technology 
P.O. Box 1150
Melbourne, FL 32901
(305) 723-3701, EXT. 217 

Dr. Keith M. Hagenbuch Pfree: PhD.. Physics, 1967
Assistant Professor of Physics Specialty: Electricity and Magnetism
Behrend College of Assijgned; AFFDL (Wright-Patterson)

Pennsylvania State University 

Station Road
Erie, PA 16563
(814) 898-1511 

I



1979 PARTICIPATS
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NANE/ADDRESS DEGREE, SPECIALTY, & LAJBORATORY
(ASSIGNMNT

Dr. Donald F. Hanson Degree: PhD., Electrical Eng., 1976
Assistant Professor Specialty: Numerical Solution of

Electrcal Engineering Dept. llectroagnetlcs Problems

University of ississppi Assigned: AFWL (Kirtland)

University, MS 38677 
(601) 232-7231 

Dr. Charles Hays Degree: PhD., Metallurgical Eng., 1973

Associate Professor Specialty: Petailurgy. etallography
Dept. of Manufacturing Technology Alloying, Materials requirements

University of Houston A inen: AFtL (Wrisht-Patteron)

Houston, TX 77004 
(713) 749-4652 

Dr. Michael J. Henchman Degree: PhD., Chemistry, 1961

Associate Professor of Chemistry Dept. Specialty: Physical Chemistry,

Brandeis University eacton Kinetics

Waltham, MA 02154 Asigned: AFGL (Hanscom)

(617) 647-2821 

Dr. Fanuel A. Huerta Degree: PhD., Physics, 1970

Associate Professor of Physics Dept. Specialty: Plasma Physics, ED, Fluid

Uiversity of Miami Mechanics, Electromagnetic Wave
Coral Gables, FL 33124 Propagation and Doppler Radar, Acoustics

(305) 26-2323  Tomography

Assigned: AFATL (Eglin)

Dr. Frank . dngels Degree: PhD., Electrical En. 1967

Professor Specialty: Communications, Error

Electrical Engineering Dept. Correcting Codes, Signal Tracking

Misvessippi State University Electronics

Drawer EE Assigned: AFATL (Eglhn)

Mississippi State, MS 39762 
(601) 325-3912/6067 

Dr. Prasad KKadaba Degree: PhD., Physics, 1950

Professor Specialty: Trcroave Absorption &

Electrical En.oneering Dept. Dielectric Relaxation of various

University of Kentucky materials, Microwave 3easurements,

Lexington, Y 40506 agnetic Resonance, Application of

(606) 258-2966/257-1856  new techniques to evaluate toxic
effluents.
Assigned: AFML (Wright-Patterson)

Dr. Madhoo Kanal Degree.: PhD., Physics, 1969

Professor Specialty: Transport Theory

Dept. of Physics Assigned: AFGL (Hanscom)

Clark University 

Worcester, _A 01610

(617) 793-7366 
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NAME/ADDRESS DEGREE, SPECIALTY, & LABORATORY
ASSIGNMENT

Dr. William D. Kane, Jr. Degree: PhD., Organizational Behavior,

Assistant Professor 1977

Dept. of Management and Marketing Specialty: Behavioral Science as it

Western Carolina University applies to Management of Organizations

Cullowhee, NC 28723 Assigned: APHRL/ASR (Wright-Patterson)

(704) 227-7401, EXT. 26  

Dr. Allen E. Kelly Degree: PhD., Civil Eng., 1970

Associate Professor of Civil Engineering Specialty: Structural Eng. &

Oklahoma State University Mechanics

Stillwater, OK 74074 Assigned: AFATL (Eglin)

(405) 624-5206  

Dr. Robert V. Kenyon Degree: PhD., Physiological Optics, 197

Post Doctoral Felloe Specialty: Visual Science, Eye

Dept. of Optometry Movement Control Systems, Information

University of California Processing for Motor Control

Berkeley, CA 94705 Assigned: AFHRL/FTE (Williams)

(415) 642-7196  

Dr. Keith Koenig Degree: PhD., Aeronautics, 1978

Assistant Professor Specialty: Bluff Body Separated Flows,

Dept. of Aerospace Engineering Laser Doppler Velocimetry
Mississippi State University Assigned: AFFJSRL (USAF Academy)

Drawer A 
Mississippi State, MS 39762
(601) 325-3623 

Dr. John R. Lakey Degree: PhD., Phsiological Psychology,

Assistant Professor 1973

Pyschology Dept. Specialty: Sensory Processors

University of Evansville Assigned: USAFSAM (Brooks)

Evansville, IN 47702 
(812) 479-2531 

Dr. Gordon K. Lee Degree: PhD., Electrical Eng., 1975

Assistant Professor Specialty: Multivariable Control

Dept. of Electrical Engineering Systems

Colorado State University Assigned: AFATL (Eglin)

Ft. Collins, CO 80523 
(303) 491-5767 

Dr. Jack C. Lee Degree: PhD., Statistics, 1972

Associate Professor Specialty: Multivariate Analysis and

Mathematics Dept. Application of Statistics to different

Wright State University Disciplines

Dayton, OH 4543 Assiged: AFAMRL (Wright-Patterson)

(513) 873-2433 
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NAME/ADDRESS DEGREE, SPECIALTY, & LABORATORY
ASSIGMENT

Dr. Robert D. Lyng Degree: PhD., Zoology, 1969

Assistant Professor Specialty: Development Biology

Dept. of Biological Sciences Assigned: AFAIL (Wright-Patterson)

Indiana University - Purdue University 

2101 Coliseum Blvd. E.
Ft. Wayne, IN 46805
(219) 482-5798/5271 

Dr. Arlyn J. Melcher Degee: PhD., Industrial Relations,
Professor of Administrative Sciences 1964
Kent State University Specialty: Organizational Analysis
Kent, OH 44242 Assigned: AFBRM[C (Wright-Patterson)
(216) 672-2750 

Dr. Bonita H. Melcher Dj~ree: DBA, Organization Theory &
Assistant Professor of Management Adninistration, 1975
University of Akron Se ciealty: Organization Design
Akron, OH 44325 Assigned: AFBRMC (Wright-Patterson)
(216) 375-7037  

Dr. Andrew U. Meyer Degree: PhD., Electrical Eng., 1961
Professor of Electrical Engineering Specialty: Automatic Control Systems,
New Jersey Institute of Technology Application of System Analysis to
323 High Street Biomedical Engineering
Newark, NY 07102 Assigned: AFAMIRL (Wright-Patterson)
(201) 645-5468/5472  

Dr. Jerrel R. Mitchell Degree: PhD., Electrical Eng., 1972
Associate Professor of Electrical Engineering Specialty: Control Systems
Mississippi State University Assigned: AFWL (Kirtland)
P.O. Drawer EE 
Mississippi State, MS 39762
(601) 325-3912/6064 

Dr. William T. Morris Deree: PhD., Industrial Eng., 1956
Professor Specialty: Industrial Engineering,
Dept. of Industrial and Systems Engineering Engineering Economics, Productivity
Ohio State University Improvement
1971 Neil Avenue Assigned: AFBRMC (Wright-Patterson)
Columbus, OH 43210 
(614) 422-2178 

Dr. Stephen E. Mudrick Degree: PhD., Meteorology, 1973

Assistant Professor Specialty: Dynamic Meteorology,
Dept. of Atmospheric Science Numerical Modeling of Atmosphere

University of Missouri-Columbia Assigned: AFGL (Hanscom)
701 Hitt Street 

Columbia, MO 65211
(314) 882-6591 
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NAME/ADDRESS DEGREE, SPECIALTY, & LABORATORY
ASS I GNMENT

Dr. William C. Mundy Degree: PhD., PhysicR. 1972

Associate Professor of Physics Specialty: Raman Spectroscopy &

Pacific Union College Mie Scattering

Angwin, CA 94508 Assigned: AFRPL (Edwardq)

(707) 965-7269 

Dr. Maurice C. Neveu Degree: PhD., Physicai-Organic

Associate Professor Chemistry, 1959

Dept. of Chemistry Specialty: Physical-Organic Chemistry,

State University of New York Kinetics, Catalysis, Reaction Mechanisms,

Fredonia, NY 14063 Enzyme Chemistry

(716) 673-3285 Assigned: AFATL (Eglin)

Dr. Charles E. Nuckolls De ge: PhD., Mechanical Eng., 1970

Associate Professor Specialty: Engineering Mechanics

Mechanical Engineering and Aerospace Science Assigned: AFAEDC (Arnol6)

University of Central Florida 
P.O. Box 25000
Orlando, FL 32816

(305) 275-2242 

Dr. Nicholas G. Odrey Degree: PhD., Industrial Eng., 1978

Assistant Professor Specialty: Manufacturing Engineering

Industrial Engineering Dept. Assigned: AFML (Wright-Patterson)

University of Rhode Island 

103 Gilbreth Hall
Kingston, RI 02881
(401) 792-2455 

Dr. William J. Ohley Degree: PhD., Electrical Eng., 1976

Assistant Professor Specialty: Biomedical 7ngineering

Dept. of Electrical Engineering Assigned: AFHRL!ASR (Wright-Patterson)

University of Rhode Island 
Kingston, RI 02881
(401) 792-2505 

Dr. John V. Oldfield Degree: PhD., Electrical Eng., 1958
Professor Specalty : Compit r r-ai lec: "I ect ronic

Dept. of Electrical and Computer Engineering Design, Graphical Display

113 Link Hall Assigned: AFRADC (Griffi:;sl

Syracuse, NY 13210 

(315) 423-4443 

Dr. John M. Owens Decree: PhD., Electrical Eng.. 1968

Associate Professor Specialty." Flectricnl i rineering

Electrical Engineering Dept. Assigneu: AFRADC/LT ,l'ancom'

University of Texas 

Arlington, TX 76019
(817) 273-2671 

-viii-
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NAME/ADDRESS DEGREE, SPECIALTY, & LABORATORY
ASSIGNMENT

Dr. Michael J. Pappas Degree: PhD., Mechanical Eng., 1970
Associate Professor of Mechanical Engineering Specialty: Structural Optmization
New Jersey Institute of Technology Assigned: AFFDL (Wright-Patterson)
323 High Street 
Newark, NJ 07102
(201) 645-5367 

Dr. Steven E. Poltrock Degree: PhD., Psychology, 1976
Assistant Professor Specialty: Cognitive Psychology
Dept. of Psychology AslIgned: AFHRL/TTY (Lowry)
University of Denver 
2030 S. York
Denver, CO 80210
(303) 753-2478 

Dr. Douglas Preis Degree: PhD., Electrical Eng., 1969
Assistant Professor of Electrical Engineering Specialty: Electromagnetics, Signal
Tufts University Processing, Acoustics
Medford, MA 02115 Assigned: ESD (Hanscom)
(617) 628-5000, EXT. 287 

Dr. Rangaiya A. Rao Degree: PhD., Electrical Eng., 1966
Associate Professor Secialty: Semiconductor device
Dept. of Electrical Engineering Physics and Technology, Solar
San Jose State University Cells, Semiconductor Crystal Growth,
S. 7th Street III-V Compound Semiconductors,
San Jose, CA 95192 Photodetectors, Microwave Devices,
(408) 277-2459 Characterization of Semiconductors

Assined: AFAL (Wright-Patterson)

Dr. Stephen M. Rappaport Degree: PhD., Environmental Science
Assistant Professor and Eng., 1974
Dept. of Biomedical and Environmental Specialty: Industrial Hygiene

Health Sciences Assigned: USAFSAM (Brooks)
University of California 
Berkeley, CA 94720

Dr. Jane A. Rysberg Degree: PhD., Educational Psychology,
Assistant Professor of Psychology 197 7
Ohio State University Specialty: Educational Psychology,
1680 University Drive Cognitive Develonment
Mansfield, OH 44906 Assin id: AHRL/PE (Brooks)
(419) 755-4277 

Dr. Michael C. Smith Degree: PhD., Industrial Eng., 1977
Assistant Professor Specialty: Operations Analysis,
Dept. of Insutrial Engineering Analysis of Capital Investment, Health
Oregon State University Systems Design
Corvallis, OR 97331 Asgned: AFLC (Wright-Patterson)
(503) 754-2365 

-ix-
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NAME/ADDRESS DEGREE, SPECIALTY, & LABORATORY
ASS IGNMENT

Dr. Walther D. Stanaland Degree: PhD., Electrical Eng., 1979

Assistant Professor Specialty: Electrical Properties of

Dept. of Systems Science Dielectric Materials

University of Western Florida Assigned: AFATL (Eglin)
Pensacola, FL 32504 
(904) 476-9500, EXT. 495 

Dr. Edwin F. Strother Oegree: PhD., Physics, 1971

Associate Professor Specialty: Experimental Physics

Dept. of Physics/Space Science Assigned: AFGL (Hanscom)

Florida Institute of Technology 
Melbourne, FL 32901

(305) 723-3701, EXT. 326/240 

Dr. Edgar C. Tacker Dge: PhD., Electrical Eng., 1964

Professor Specialty: Systems (Decision

Dept. of Electrical Engineering Processes, Estimation, Control, and

University of Houston Modeling)
Houston, TX 77004 Assigned: AFFJSRL (USAF Academy)

(713) 749-4416 

Dr. Richard H. Tipping Degre: PhD., Physics, 1969

Associate Professor Speciarya: Molecular Spectroscopy

Physics Dept. Assigned: AFGL (Hanscom)

University of Nebraska 
Omaha, NB 68182
(402) 554-2510 

Dr. Pramod K. Varshney Degree: PhD., Electrical Eng., 1976

Assistant Professor SPecialty: Communications and
Electrical and Computer Engineering Computers
Syracuse University Assigned: AFRADC (Griffiss)

Link Hall 

Syracuse, NY 13210
(315) 423-4432 

Dr. Ghasi R. Verma Degree: PhD., Mathematics, 1957

Associate Professor Specialty: Mathematics

Dept. of Mathematics Assigned: AFFDL (Wright-Patterson)

University of Rhode Island 

Kingston, RI 02881
(401) 792-2889 

Dr. Ta-hsien Wei Degree: PhD., Physics, 1964

Assistant Professor Specialty: Systems Engineering

Electrical Engineering Dept. Assigned: AFAPL (Wright-Patterson)

North Carolina A & T State University 

Greensboro, NC 27411

(919) 379-7760 

_x1-
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DEGREE, SPECIALTY, & LABORATORY

NAME/ADDRESS ASSIGNMENT

Dr. Herschel Weil Degree: PhD., Applied Math, 1948
Professor Specialty: Electromagnetic Theory
Electrical and Computer Engineering and Applications
University of Michigan Assigned: AFAPL (Wright-Patterson)
4517 East Engineering 

Ann Arbor, MI 48109
(313)764-4329 

Dr. Bronel R. Whelchel Degree: PhD., Education & Business
Associate Professor of Electronic Administration

Data Processing Specialty: Systems Analysis and
Tennessee State University Design, Electronic Data Processing
Nashville, TN 37203 Assigned: AFHRL/PE (Brooks)

(615) 320-3154 

Dr. Charles R. Willis Degree: PhD., Physics, 1957
Professor of Physics Specialty: Theoretical Physics,
Boston University Quantum Optics, Statistical
111 Cummington Street Mechanics
Boston, MA 02215 Assigned: AFRADC/ET (Hanscom)
(617) 353-2600 

Dr. Dennis E. Wilson Degree: PhD., Mezhanical Eng., 1976
Assistant Professor Specialty: Viscous Flow, Analytical
Dept. of Engineering and Approximate Methods
University of South Carolina Assigned: AFAEDC (Arnold)
Columbia, SC 29208 

(803) 777-7118/4185 

Dr. Gerald A. Woelfl Degree: PhD., Civil Eng., 1971
Assistant Professor Specialty: Highway and Construction
Dept. of Civil Engineering Mterials
Marquette University Assigned: AFESC (Tyndall)
1515 W. Wisconsin Avenue 

Milwaukee, WI 53233
(414) 224-7384 

Dr. John C. Wolfe Deree: PhD., Physics, 1974
Assistant Professor S_.cialty: Electrical Engineering
Dept. of Electrical Engineering Materials
University of Houston Assigned: AFAL (Wright-Patterson)
4800 Calhoun 
Houston, TX 77004
(713) 749-2506 

Dr. Richard G. Yalman Degree: PhD., Organic Chemistry, 1949
Professor of Chemistry Specialty: Coordination Chemistry,
Antiock University Organic Chemistry
Yellow Springs Campus Assigned: AFAL (Wright-Patterson)
Yellow Springs, OH 45387 

(513) 767-7331 

-xi- "



PARTICIPANT LABORATORY ASSIGNMENT

1979 USAF/SCEEE SUMMER FACULTY RESEARCH PROGRAM

AFAEDC AIR FORCE ARNOLD ENGINEERING DEVELOPMENT CENTER
(Arnold Air Force Station)

1. Dr. Warren Bowden - Rose-Hulman Institute of Technology
2. Dr. Charles Nuckolls - University of Central Florida
3. Dr. Dennis Wilson - University of South Carolina

AFHRL/PE AIR FORCE HUMAN RESOURCES LABORATORY
(Brooks Air Force Base)

1. Dr. Jane Rysberg - Ohio State University
2. Dr. Bronel Whelchel - Tennessee State University

USAFSAM UNITED STATES AIR FORCE SCHOOL OF AEROSPACE MEDICINE
(Brooks Air Force Base)

1. Dr. James Gessaman - Utah State University
2. Dr. John Lakey - University of Evansville
3. Dr. Stephen Rappaport - University of California

AFRPL AIR FORCE ROCKET PROPULSION LABORATORY
(Edwards Air Force Base)

1. Dr. Bill Mundy - Pacific Union College

AFATL AIR FORCE ARMAMENT DEVELOPMENT AND TEST CENTER
(Eglin Air Force Base)

1. Dr. Manuel Huerta - University of Miami
2. Dr. Frank Ingels - Mississippi State University
3. Dr. Allen Kelly - Oklahoma State University
4. Dr. Gordon Lee - Colorado State University
5. Dr. Maurice Neveu - State University College of Fredonia/NY
6. Dr. Walter Stanaland - University of Western Florida

AFRADC AIR FORCE ROME AIR DEVELOPMENT CENTER
(Griffiss Air Force Base)

1. Dr. Adel Aly - University of Oklahoma
2. Dr. James Cadzow - Virginia Polytechnic Institute/State Univ.
3. Dr. John Oldfield - Syracuse University
4. Dr. Pramod Varshney - Syracuse University

AFGL AIR FORCE GEOPHYSICS LABORATORY
(Hanscom Air Force Base)

1. Dr. Chi Hau Chen - Southeastern Massachusetts University
2. Dr. Michael Henchman - Brandeis University
3. Dr. Madhoo Kanal - Clark University
4. Dr. Steven Mudrick - University of Missouri/Columbia
5. Dr. Edwin Strother - Florida Institute of Technology
6. Dr. Richard Tipping - University of Nebraska/Omaha

AFRADC/ET AIR FORCE ROME AIR DEVELOPMENT CENTER
(Hanscom Air Force Base)

1. Dr. John Owens - University of Texas
2. Dr. Charles Willis - Bos'ton University

ix-

I ~-xii-____



PARTICIPANT LABORATORY ASSIGNMENT (Continued)

ESD ELECTRONICS SYSTEMS DIVISION
(Hanscom Air Force Base)

1. Dr. Douglas Preis - Tufts University

AWL AIR FORCE WEAPONS LABORATORY
(Kirtland Air Force Base)

1. Dr. Clarence Bell - Texas Tech University
2. Dr. William Davis - Virginia Polytechnic Institute/State Univ.
3. Dr. John Foley - Mississippi State University
4. Dr. Donald Hanson - University of Mississippi
5. Dr. Jerrel Mitchell - Mississippi State University

AFHRL/TTY AIR FORCE HUMAN RESOURCES LABORATORY
(Lowey Air Force Base)

1. Dr. Steven Poltrock - University of Denver

SAMTEC/TOEI SPACE AND MISSILE TEST CENTER
(Patrick Air Force Base)

1. Mr. Barry Bullard - University of Central Florida

AFESC AIR FORCE ENGINEERING TECHNOTOGY OFFICE
(Tyndall Air Force Base)

I. Mr. Willard Fey - Georgia Institute of Technology
2. Dr. Paul Grogger - University of Colorado/Colorado Springs
3. Dr. William Gunther - University of Alabama
4. Dr. Gerald Woelfl - Marquette University

AFFJSRL AIR FORCE FRANK J. SEILER RESEARCH LABORATORY
(United States Air Force Academy)

1. Dr. William Carper - Witchita State University
2. Dr. Keith Koenig - Mississippi State University
3. Dr. Edgar Tacker - University of Houston

AFHRL/FTE AIR FORCE HUMAN RESOURCES LABORATORY
(Williams Air Force Base)

I. Dr. John Hadjilogiou - Florida Institute of Technology
2. Dr. Robert Kenyon - University of California

AFAL AIR FORCE AVIONICS LABORATORY
(Wright-Patterson Air Force Base)

1. Dr. Malcolm Calhoun - Mississippi State University
2. Dr. Aaron Collins - Tennessee State University
3. Dr. Rangaiya Rao - San Jose State University
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PLUME PROPERTIES MEASUREMENT RESEARCH

IN A SOLID ROCKET MOTOR EXHAUST

ty

Bill Mundy

ABSTRACT

The objective of this experiment is to characterize the gaseous and

particulate properties of solid rocket motor exhaust plumes. The effort

involves in situ plume measurements using an IR emission/absorption system,

a UV emission system, and a Mie scattering system (which utilizes laser

scattering and transmission instrumentation) 1. The IR measurements con-

tain information about the average gas temperature of the plume, the UV

system investigates the UV signatures of the plume and the Mie data is
related to the size of the particulates in the plume.

This report contains a description of the diagnostic system and its

refinement.
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I. INTRODUCTION:

Improvement in solid rocket motor propellants and characterization

of their plume signatures require information about combustion species

and temperatures to guide propellant formulation efforts. Efforts

to develop low visibility plumes need information about the size, number

density and index of refraction of plume particulates in order to evaluate

candidates for low visibility propellants.

The switch to low visibility propellants results in a plume which

is optically thin, no longer dominated by thick particulate gray body

emission. Hence it is possible to use light scattering and molecular

absorption and emission techniques to help determine combustion efficiency

and to define those species that are responsible for plume signatures.

AFRPL is developing a program to obtain and analyze plume data in

conjunction with propellant evaluation test firings using the Ballistic

Test and Evaluation System (BATES) motor. This program is designed to

determine:

1) size and number density of smoke particulates,

2) species concentrations and temperatures at the motor

exit plane,

3) signatures in the ultraviolet (UV) and infrared (IR)

spectral regions,

Analysis of transmission and Mie scattering data of laser light is

used to determine the numer density and size distribution of particulates

in the exhaust of a solid rocket motor2. Infrared emission/absorption

measurements are used to obtain information about species concentrations

and temperatures in the plume 3 and a UV spectrometer is used to measure

the UV radiance of the plume.

II. OBJECTIVES OF THE RESEARCH EFFORT:
The activities planned for the summer were to:

1) refine and optimize the BATES laser scattering and trans-

mission instrumentation and measurements (including calibrations),

2) obtain preliminary transmission and Mie scattering data for

typical solid propellants,
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3) finalize Mie scattering deconvolutlon code,

4) analyze and assess Mie scattering data and techniques

5) report on the state of the art and developed capabilities

at RPL for particulate size measurements for reduced

visibility solid propellant plumes.

The goals achieved during the summer were primarily related to

the first item above but did include the IR and UV systems as well as

the Mie system.

III. REFINEMENTS:

The Mie scattering and transmission measurement system consists of

an argon laser, a laser power meter for transmission measurements, and

six scattered light detectors placed at various angles in a plane normal

to the plume axis (See Fig. 1). The scattering detector assemblies

incorporate photodetectors in front of which are 0.1 nm interference

filters centered at 514.5 nm to separate the scattered laser light

from plume emitted radiation. A system of electrically actuated polar-

izers and shutters in front of the detector allows data to be obtained

for various polarizations of scattered light.

Refinements of this part of the system included a) verifying that

no thermal focusing of the laser beam occured in the rocket plume by

taking a photograph of a rectangular grid of lines as seen through the

plume (the grid lines were not optically distorted), b) inserting field

stops in front of the detectors to define the plume region from which

scattering data is obtained and cl developing a point light source

technique for aligning the detector optics.

For accurate analysis of the Mie data it ts essential to

have an accurate system calibration. Prior to the efforts of this summer,

several calibration techniques had been tried which were unsuitable primarily

because they did not replicate the geometrical relation between the laser

beam and the detectors. So several alternate calibration schemes were tested

including Rayleigh scattering in air and Rayleigh scattering in water.

Although both of these methods had the potential of yielding calibration

data from the same region from which Mie data were obtained using the

same laser beam and optics,the signals were tooweak to be detected by the

optical system.
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A third approach was to use an argon discharge tube lined up so that

its axis was coincident with the laser path from which Mie data was

obtained. Again the signal was buried in the noise. Finally an 18

inch fluorescent tube was masked so that only a 2 mm strip parallel

to tts axis was exposed. The light intensity was adequate and a suit-

able signal, which appeared to be unpolarized, was obtained after the

60 Hz line signal was suppressed.

Spurious spikes that occured in the signals from the scattering

detectors wereinvestigated. Comparison with signals that occurred when

a Tesla coil was operated in the neighborhood of the detectors indicated

that the spikes were due to RF pulses that occured in the rocket plume.

Except that a unique cam mechanism is employed for rapid

spectral scans, both the IR and UV systems utilize conventional spec-

troscopic techniques.

The IR system consists of a 1273 K black body, chopoer and lens on

one side of the rocket plume and a second lens, chopper and 0,22 m focal

length spectrometer with an InSb detector on the other side (See Fig. 2).

The detector signal is fed to two lock-in amplifiers at the two chopper

frequencies to give signals proportional to plume absorption and emission.

The IR system is calibrated by using N2 purged path between the black

body and the spectrometer. This calibration is repeated with the black

body at the plume centerline location.

Ultraviolet data is obtained using a 0.22 m focal length spectrometer

with a photomultiplier tube. The spectrometer is focused on the centerline

of the rocket plume about 5 cm down stream of the exit plane. Calibration

of the system is performed using a quartz-halogen standard lamp placed

at the focus point.

Refinements of the IR and UV systems consisted primarily of aligning

optics, stabilizing electronic components and verifying calibration

procedures.

IV. MEASUREMENTS:

Figure 3 shows the laser transmission power meter output, together

with motor chamber pressure and the 150 scattering detector output which

was obtained during a typical rocket motor firing.
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The two interruptions of the laser beam which permit plume radiance

measurements are apparent at 0.82 sec and 2.1 sec. The sequence for

inserting the polarization filters and shutter is: vertical polarizer,

no polarizer, horizontal polarizer and shutter.

After corrections for detector calibration, ambient light level,

detector dark current and plume radiance,the angular intensity data

(See Fig. 4) can be used to determine the particle size distribution

using the inversion of angular scattering technique developed by Curry
,4 ,5

Results from the inversion program were not yet available at the time of

this report.

Figs. 5 and 6 show typical IR and UV data. While reduction and

analysis of this data is straight forward it was not a part of the

summer activity reported here.

V. RECOMMENDATIONS:

The calibration procedure for the IR system needs to be refined to

eliminate the spurious signals due to reflections from the calibration

system and it would be desirable to increase the frequencies of both

choppers by a factor of three to insure that chopping periods are shorter

than any signal scan times.

The Mie scattering system is close to the edge of the applied state-

of-the-art and is still in the research and development stage. Initial

measurements already indicate that the system is capable of obtaining

suitable signals. The basic concept and design of the system appears to

be valid, but to obtain data of suitable quality from a well defined

region in the rocket plume, refinements are needed. The scattering detectors

need to be redesigned to provide for flexible but stable alignment and

focus. Field stops need to be included in the design to provide a well

defined field of view. (A two lens system may be necessary to achieve
a sharply defined field.) It would seem to be sensible to redesign one

detector to be thoroughly tested (includtng stress, thermal and shock

exposures) in the lab followed by further tests at the rocket stand

before rebuilding the entire detector system.

Because of the sophistication of the experiment,a high-level tech-

nological support is needed.
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In particular, this experiment needs the assignment of a large fraction

of the time of a qualified electronic test and design engineer and a

spectroscopist, or light scattering scientist. Skilled electro-optical

technicians and experienced datum operators also need to be available.

All of these positions would be benefited by a continuity in assignment.

Because of the complexity of the instrumentation, a reliable system

is essential. This requires careful design work and testing of all

components is important. To verify the feasibility of this measurement

technique quite a complete system is necessary. Because this is yet a

development and not a test effort there continues to be a need to be

flexible in short term (monthly) deadlines. Due to the nature, complexity

and priority of the experiments, it is probably not suitable for summer

research efforts until such time that general feasibility is established.

At that point, certain aspects of the experiment and many aspects of the

data interpretation would be amenable to a summer research program.
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A SEARCH FOR NEW FUEL COMPONENTS

IN NON-IDEAL EXPLOSIVES MIXTURES

by

M.C. Neveu

ABSTRACT

A number of compounds were synthesized and tested

for explosive properties as well as for the formation of

eutectic mixtures with ammonium nitrate. In the class of

nitro-azo compounds studied, one of these, C.I. 12075, was

found to have good explosive characteristics when mixed with

ammonium nitrate. The tetrammonium nitrate of anthraquinone

and its nitro derivative were synthesized. These did not show the

explosive properties that might have been expected on the basisI
of their structures. The tetranitro derivatives of two isomeric

biphenols were synthesized. Their ammonium and potassium salts

showed excellent explosive characteristics. No formation of

eutectic mixtures with ammonium nitrate was observed for any

of the compounds studied.
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I. INTRODUCTION:

In view of the United States' high productive capacity

for the manufacure of ammonium nitrate as well as its low cost and

ease of production, its use as a component in explosive mixtures

seems extremely attractive. Mixtures of ammonium nitrate and other

chemical compounds have been found to have good explosive characteristics

but have not produced the theoretically predicted effect based upon

available thermodynamic data. Thus, these explosive mixtures are

often referred to as non-ideal explosives.

Optimization of the explosive characterisitcs of non-ideal

explosive mixtures can be obtained with effectively small particle

size and high intimacy of the components of these mixtures. Thus,

mixtures whose components form eutectic mixtures, mixed crystals,

or solid solutions can be expected to possess short distances between

particles of the different components which would result in a faster

reaction.

II. OBJECTIVES:

It was decided to test the explosive characteristics and

eutectic properties of aromatic nitro compounds having azo groups.

These azo groups are known to facilitate the detonation of an

explosive and are known as trigger linkages. Another series of

compounds which seemed promising is based on 1,4,5,8-tetramino

anthraquinone (Figure 1) and its derivatives. The rationale behind

the interest in this latter compound as a component in non-ideal

explosives is its resemblance,structurally, to ethylene diamine

(Figure 2) whose dinitrate salt mixed with ammonium nitrate is an
o 1

excellent non-ideal explosive and forms a eutectic melting at 103.8 C.
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H11NON
H2 N-CH2 -CH2_NH 2

0

FIGURE 1 FIGURE 2

1, h, 5,8-TETRAMINOANTHRAQUINONE ETHYLENE DIAMINE

It was also decided to extend this study to nitrated derivatives of

both, o,o'-biphenol (Figure 3) and p,p'-biphenol (Figure h). The

reason for the interest in these nitrated phenolic compounds is

their very close structural resemblance to picric acid (Figure 5),

a well-known explosive.

H0o6110o0 oI 0, 40_
000NO. 0 NO

0,~~NO0, 0,w 0It

FIGURE 3 FIGURE 4

3,3',5,5'-TETRANITRO-o,o'-BIPHENOL 3,3',5,5'-TETRAITRO-p,p'-BIPHENOL

FIGURE 5

PICRIC
ACID
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A great portion of the data desired can be obtained

by Differential Scanning Calorimetry whereby enthalpic changes

such as melting, crystallographic phase transitions, or chemical

changes, explosive or otherwise, can be detected and measured from

the endo- and exothermal bands and peaks that appear on the thermograms.

Additional or corroborating evidence can be obtained by use of

a polarizing microscope equipped with a hot stage assembly whereby

phase transitions can be observed visually. Explosive properties

can be assessed by making use of the drop-hammer sensitivity test.

It might be mentioned at this point that the interest in azo

compounds and the anthraquinone derivatives stems from their

availablity as dyes thus giving them an abundant and relatively

inexpensive source of supply.

III. AROMATIC NITRO COMPOUNDS WITH AZO GROUPS:

A promising compound in this class was a commercially

available dye from American Cyanamid Company having the commercial

name Permanent Red GG or Permaton Orange XL. Consultation of the

j reference work Colour Index showed it to have the following

identification number: 12075 and the structure shown in Figure 6.

0'W - N= W0 0H

FIGURE 6- C.I. 12075

The presence of nitro groups in this compound is expected to lead

to explosive characteristics and the presence of the trigger linkage,

the azo group -N=N- is expected to sensitize the explosive reaction.
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Drop-hammer tests on C.I. 12075 neat were negative.

A mixture with ammonium nitrate (50% by weight) showed good

explosive properties as well as good stability characteristics.

A Differential Scanning Calorimeter (DSC) thrmogram showed a strong

exothermic peak at 3300 C for neat C.I. 12075. The DSC scan of the

mixture with ammonium nitrate did not show eutectic formation.

The mixture showed a strong exothermic peak at 2750C indicating

a destabilization, perhaps caused by the presence of molten

ammonium nitrate (melting point 169.60c). The neat C.I. 12075

had shown a sharp endothermic peak just preceding its exothermic

decomposition peak indicating a melting followed by explosive

decomposition.

C.I. 12075 was subjected to the following nitration

conditions: a) dissolving in concentrated sulfuric acid and then

adding concentrated nitric acid to the resulting solution, stirring

at room temperature overnight followed by quenching in water

b) stirring overnight with 98% nitric acid followed by quenching

in water. In both cases a brownish solid was obtained whose DSC scan

shows no endo or exothermic peaks up to a temperature of 4300 C.

A mixture with ammonium nitrate showed no eutectic formation or

exothermic peak in the DSC scan. An endothermic peak at 280 0 C was

observed corresponding to the lowering of the melting point of the

neat compound.
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Another dye manufactured by American Cyanamid Company

as Diarylide Orange, PermanentOrange G, or Diarylide Yellow

having Colour Index identification number C.I. 21110. This compound

has two -N=N- azo trigger linkages but no nitro groups. A DSC scan

showed an exotherm at 3270C but no endotherm corresponding to

a melting point. A mixture with ammonium nitrate showed no eutectic

formation. The exotherm in this case occurred at 2470C, again

conceivably a decomposition reaction taking place in the molten

ammonium nitrate at a temperature appreciably lower than in the

case of the neat compound. Nitrations were carried out in the methods

a) and b) described for C.I. 12075 to yield a brown solid. The nitration

product's DSC scan showed neither endo- or exothermic peaks up to

a temperature of 3200 C. A mixture with ammonium nitrate did not

result in eutectic formation as shown by DSC scan. Anendotherm was

observed at 2750C, again perhaps indicating a depression of the

melting point of the neat compound caused by ammonium nitrate impurity.

An alternative method of nitration similar to one used by

3Moir was developed during the course of these investigations. In this

method, the compound to be nitrated is dissolved in concentrated sulfuric

acid maintained at 1000C. The resulting solution is stirred for several

hours at that temperature. An excess of concentrated nitric acid is then

added to the solution at a temperature of 700C and stirring is continued

until solid product precipitates out. The solid is then filtered using

sintered glass funnels. The nitration of Fat Red 2B manufactured by

American Hoechst Corporation (C.I. 26105) was carried out in this fashion.

The structure of this compound is given in Figure 7.
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FIGURE 7 - C.I. 26105

The nitration would be expected to place one or several nitro

groups on the naphthalene ring which initially has an -OH group

capable of directing and activating nitration on the ring system to

which it is attached. Thus, with one or several nitro groups

and two azo trigger linkages, the nitration product might be expected

to have explosive properties. The nitrated compound was obtained

in good yield, 2.1 grams from a starting amount of C.I. 26105

of 3.8 grams. Its DSC scan showed no endothermic peaks. There was

no sharp exotherms but only a gradual shift towards the exothermic

side of the chart-paper was observed. A mixture with ammonium nitrate

showed no eutectic formation, an endothermic peak corresponding to

melting of ammonium nitrate appearing at 1700C. This was followed immedi-

ately by a fairly broad exotherm again indicating a reaction in the

molten ammonium nitrate. Drop-hammer tests on the nitrated C.I. 26105,

however, did not reveal any explosive properties for this compound.

Nitrated C.I. 26105 was converted to its ammonium and its

potassium salt by neutralization of the phenolic -OH group. The ammonium

salt was formed by dissolving the compound in an excess of warm

concentrated ammonia, cooling the resulting solution, and filtering

the resulting precipitate. The potassium salt was obtained by
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dissolving the nitrated C.I. 26105 in warm methanol and

exactly neutralizing it with a stock aqueous KOH solution of

known concentration. The amonium salt showed no DSC scan

peaks up to h50 0 C. Mixing the ammonium salt with ammonium

nitrate showed no eutectic formation. An exothermic peak

occurringuat 220 0 C was observed, again indicating a reaction

in molten ammonium nitrate. The potassium salt showed a very

strong and sharp DSC scan exotherm at 3500C. A eutectic did

not form when the potassium salt was mixed with ammonium nitrate.

Neither salt showed explosive properties with the drop-hammer test.

IV. ANTHRAQUINONES

As outlined in section II. OBJECTIVES, an attractive

possibility as a component in a non-ideal explosives mixture

is l,4,5,8-tetramino anthraquinone (Figure 1) or one of its

derivatives. This compound is available as a dye manufactured

by General Aniline and Film Corporation known as Celliton Blue BB

Extra Concentrated for Printing and has a Colour Index identification

number 64500. The tetranitrate salt of C.I. 64500 by dissolving

it in a hundred-fold excess of 1.6 M nitric acid and stirring

at 250C for three hours. About three-fourths of the resulting

solution was allowed to evaporate. Acetonitrile was then added to

the reduced solution until crystals appeardd. These were filtered

with a sintered glass funnel and dried in a vacuum oven to give

a black-blue solid. Drop-hammer tests on this solid showed low

sensitivity in explosive properties. No explosions were obtained

with the 2.5 kg hammer up to a drop-height of 200 cm. Similar
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results were obtained with a mixture of ammonium nitrate and

the tetranitrate salt of C.I. 64500. Change to a 5 kg hammer

resulted in an explosion at a drop-height of 200 cm for both

the neat tetranitrate and for the mixture.

DSC scans were taken of C.I. 64500 and its derivatives

and the mixtures with ammonium nitrate. C.I. 64500 itself showed

no peaks, endothermic or exothermic, up to a temperature of 4200C.

The tetranitrate has a very sharp exothermic peak centered at 155C.

This peak disappears when the scan is run up to 1700 C, the calorimeter

cooled down to 1400C, and then heated back up through 1550C, thus

indicating that the peak is due to the decompostion of the material

under study. A mixture of the tetranitrate and ammonium nitrate

shows the persistence of the ammonium nitrate melting endotherm

followed immediately by an exothermic peak centered around 1720C.

Again here, eutectic formation does not seem to take place. The shift

of the exotherm from 1550C to 172 0C may be due to the poorer

thermal conductivity of the ammonium nitrate. A mixture of ammonium

nitrate and C.I. 64500 gave a DSC scan in which the ammonium nitrate

melting endotherm was missing. No corresponding endotherm below this

temperature of 1690C to indicate eutectic formation was observed.

An exothermic peak centered at 2200C was observed. It is likely

that a reaction occurs between the ammonium nitrate and the

C.I. 64500 in which the ammonium nitrate is converted to ammonia

and the C.I. 64500 is converted to a nitrate salt, not necessarily

the tetranitrate, and that the nitrate salt decomposes at 2200C.
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C.I. 64500 was subjected to various nitration conditions

in order to convert it into a nitro derivative of the tetranitrate

salt. Again methods a) and b) described for C.I. 12075 were used

but product could not bd isolated. The adaptation of the Moir method

described for the nitration of C.I. 21110 produced a good yield

of - brown fluffy crystals after the reaction mixture was quenched

in water, taken up in methanol and then ether, and finally allowed

to stand in the deep-freeze compartment of a refrigerator overnight.

This compound showed a DSC scan endothermic peak at 280°C.

A mixture with ammonium nitrate diminished this peak and gave rise

to a new endothermic peak centered at 3100C, the ammonium

nitrate peak, again, having been removed. Again, this seems to

suggests salt formation of free amino groups which apparently

had not undergone neutralization during the nitration reaction or that it

had reverted back to the free amino group during isolation.

A more detailed study of the structures of these compounds,

particularly by Nuclear Magnetic Resonance Spectroscopy seems

to be needed. Drop-hammer test on this compound proved to be

negative.

V. NI!ROBIPHENOLS

As outlined in II. OBJECTIVES the nitratioh of o,o'-biphenol

and p,p'-biphenol to yield the anticipated nitrobiphenols

(Figures 3 and 4)seemed like an interesting avenue to follow

in the search of a fuel component in non-ideal explosives.
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The nitration conditions suggested by Moir3 described

in section III gave excellent yields of the nitro derivatives.

p,p'-Biphenol under these conditions yielded about 50 percent

of the theoretical amount of yellow crystals melting at 2210 C.

This melting point is in exact agreement with that reported by

Moir for the compound shown in Figure 4 which will be given the

abbreviation p,p'-TNBP. Drop-hammer tests on this compound were

negative. The p,p'-TNBP was converted into the diammonium salt

adding it to an excess of concentrated ammonia. A red solid

was obtained. It was observed that the diammonium salt conversion

could be carried out merely in the presence of ammonia fumes as

shown by the yellow crystals' turning to a red color when a beaker

of concetrated ammonium hydroxide was kept in the vicinity of

the crystals.The diammonium salt gave positive drop-hammer tests

with a 2.5 kg hammer at 150 cm. This data suggests a practical

application in which a non-explosive is converted to an explosive

by a very ready and facile uptake ammonia. It might also be

mentioned in passing that the diammonium salt is listed in the

Colour Index as an Acid Dye known as Palatine Orange with identification

number C.I. 10311.

The p,p'-TNBP gives a DSC scan with three endotherms

occuring at 1620 C, 1890 C, and 2220 C. The first two of these

correspond to phase transitions and the third to melting. This

was confirmed by hot-stage microscopy. The diammonium salt

showed a DSC scan exothermic peak occuring at 2670 C. Mixing
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with ammonium nitrate did not result in the lowering of

the melting point of ammonium nitrate as observed by DSC scans,

thus indicating absence of eutectic formation for both

p,p'-TNBP and its diammonium salt. These results were also

confirmed by hot-stage microscopy. The d-'notassium salt of

p,p'-TNBP was made by neutralization with a stock aqueous

KOH solution of known concentration and also by exchange

between excess potassium nitrate and the diammonium salt.

In both cases, a reddish solid was obtained whose DSC scan

displayed a strong, sharp exotherm at 350 0C. A mixture with

ammonium nitrate showed a sharp exotherm at 2100 C and the

persistence of the ammonium nitrate melting point endotherm,

indicating reaction in the ammonium nitrate melt.

In an analogous manner, nitration of o,o'-biphenol

was carried out to yield a yellow solid, presumably having

the structure shown in Figure 3 which will be given the

abbreviation o,o'-TNBP. Again, in a similar fashion as for

p,p'-TNBP, the diammonium and the dipotassium salts were formed.

The ammonium salt showed a DSC scan endotherm centered at 2590 C

and the potassium salt showed a very strong and sharp exotherm

at 350 0C. In both cases no eutecticformation was observed

in mixtures with ammonium nitrate.

Preliminary drop-hammer tests showed excellent explosive

properties for the potassium salts of o,o'-TNBP and of

p,p'-TNBP. The ammonium salt of o,o'-TNBP also had some

explosive properties and that of p,p'-TNBP also had excellent

properties as noted previously.
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VI. RECOMMENDATIONS

As mentioned in the previous section, the ammonium

and potassium salts of the isomeric tetranitrobiphenols

showed excellent explosive properties. The tetranitrobiphenols

themselves were found to be non-explosive but reacted extremely

readily with gaseous ammonia to form theexplosive ammonium

salts. The process was accompanied with a color change from

yellow to red. A possible application of th.'s set of facts may

involve in situ explosive mixtures, that is, txplosive mixtures

formed at the site of use from non-explosive materials. An

example of this is a mixture of ethylene diamine and ammonium

nitrate, both non-explosives which, upon heating, converts

into ethylene diamine dinitrate and ammonia. If an excess of

ammonium nitrate is used, an explosive mixture of ethylene diamine

dinitrate and unreacted ammonium nitrate results. However,

the ammonia gas liberated interferes with the explosive properties

of this mixture. If non-explosive tetranitrobiphenol were to be

added to this system, it could scavenge the ammonia as it is

liberated and convert to its explosive ammonium salt. Thus,

the removal of the interfering ammonia and the formation of

the explosive compound in the same operation would be expected

to lead to enhanced explosive properties for this system. In addition,

the color change occuring at the same time might be helpful

in indicating whether all of the tetranitrobiphenol had been

converted to the ammonium salt.
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Possible follow-on research might include the

following projects. Expansion in the area of the search for

explosives forming eutectics with aamonium nitrate. This could

involve the study of a collection of about forty dyes at hand

which have either nitro and azo functions or a polyamino anthra-

quinone structure. Conversion ofthese into a variety of salts

could be carried out and DSC scans carried out to detect any

eutectic formation. Further nitration ofsome of these dyes by

the methods developed in this work might also be carried out

and eutectic formation of the various salts of the nitrated

products investigated.

An interesting extension of the investigation of the

explosive properties of nitrated biphenol salts would be an

attempt to make a hexanitrobiphenol, 2,2',4,4',6,6'-hexanitro-

m,m'-biphenol (Figure 8) by the nitration of m,m'-biphenol

(Figure 9). m,m'-Biphenol, however, is not comercially available

as were o,o'- and p,p'-biphenol and must be made by a five-step

synthesis starting with o-anisidine (Figure 10)2

0 N H

FIGURE 8 FIGURE 9 FIGURE 10

The hexanitrobiphenol has a structure has a structure very similar

to that of picric acid (Figure 5, section II), There are two
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picric acid molecules joined together by the bond between the

two benzene rings. Its ammonium salt would be expected to have

as good or better explosive properties as amnonium picrate,

a known explosive. The hexanitrobiphenol might further be

investigated relative the the in situ explosives and eutectic

formation with ammonium nitrate.

Another important avenue to pursue is the verification

of the various nitrated derivatives as to structure. It is an

urgent matter to determine whether the derivatives do indeed

have the structures imputed to them. A very important tool in

this respect is the Nuclear Magnetic Resonance Spectrometer(NMR).

This instrument which was not available at Eglin AFB but is available

at my academic institution at State Unilersity College, Fredonia, N.Y.

could be usee for this elucidation of structure. Another measurement

that might establish the extent of nitration would be elemental

analysis to give percent carbon and hydrogen. Such analyses might

be conducted at State University of N.Y. at Buffalo.

Finally, it might be advantageous to carry out a theoretical

study which would give the desired parameters of size and structure

for success in eutectic formation with ammonium nitrate. Such a study

might start out by looking at the various parameters possessed by

ethylene diamine dinitrate and extrapolating from there. The question

of the nature of eutectic formation and the reasons underlying its

existence should also be delved into.
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VIBRATION DIAGNOSTICS FOR

TURBOFAN ENGINES

by

C. E. Nuckolls

ABSTRACT

The feasibility of gas turbine engine condition assessment by

analysis of the signal from a case mounted accelerometer is discussed.

Case responses due to other excitations, such as multiple pure tones

due to blade passage, overwhelm and obscure that due to the distressed

component, such as a rotor bearing. Techniques for extraction of a

periodic signal from noise are discussed. Recommendations are made

with regard to a experimental program to verify feasibility of the

technique and other possible schemes for condition monitoring.
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I. INTRODUCTION:

The use of vibration measurements as a diagnostic tool has been

well established in several engineering disciplines. The nonobtru-

sive techniques are generally referred to as Mechanical Signature

Analysis. When successfully applied, information may be obtained

about subsystems which is otherwise inaccessible. Furthermore, this

information can be obtained during normal operation. If properly

interpreted, this information can provide early warning of an incipi-

ent failure. Such a diagnostic system would obviously be of assist-

ance to AEDC/ETF in its mission of test and evaluation of turbine

engines for the USAP. The object of this research effort has been

to investigate the feasibility of developing an on-line automated

vibration monitoring and out-of-tolerance warning system.

A vast amount of literature exists in the area of Mechanical

Signature Analysis. An excellent review has been written by Volin

[1]. Most of these record experiences and successes in the petro-

chemical industry based on simple surveillance of the overall vibra-

tion level or the frequency spectrum. An excellent four-part series

by Mitchell [2] discusses the design of such systems.

For more complex systems such as the turbofan engine, the con-

cept of a Symptom Fault Matrix [3] is needed. This is shown sche-

matically in Figure 1. A system utilizing this scheme has recently

been installed at Oklahoma City--Air Logistics Center [4]. It was

designed primarily to assist with trim balancing of rebuilt engines

and detects such faults as rotor unbalance or misalignment and seal

rub.
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FIGURE 1 - SYMPTOM FAULT MATRIX

This study is directed toward development of a more comprehensive

system, capable of detecting other faults, including bearing, gear or

blade failure. When dealing with a system as complex as the turbofan

engine, it is essential that one have a complete understanding of the

engine vibration characteristics and of the failure mechanism before

attempting to establish the discriminators in the Symptom Fault Matrix.

The situation seems to be comparable to that of the helicopter,

at least in complexity. A great amount of work has been done on the

helicopter diagnostics system problem. Houser and Drosjack [5] sum-

marized the work done prior to 1973 in a most comprehensive report

for the USAAMRDL. Each of the potential diagnostic discriminants

shown in Figure 2 were discussed and evaluated. Much of that inform-

ation is relevant to the task undertaken here in that a great deal of

experience with various diagnostic schemes is available. Houser con-

cluded that a workable diagnostic system for helicopter use was

several years away.
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In 1978, Murphy from Bell Helicopter [6] concluded that a cost

effective diagnostic system for helicopter propulsion systems is cur-

rently feasible, using engine "coast down" to indicate tip rub or

defective bearings, engine overall rms vibration level to indicate

foreign object damage or rotor unbalance, bearing temperature to

indicate failure in tail rotor drive shaft bearings, and spectro-

metric oil analysis together with oil pressure and temperature

measurements for the transmission and gearbox. Vibration signal

analysis techniques for the transmission still require development,

II. OBJECTIVES:

The objectives of this project were:

(1) Recommend the proper instrumentation to measure the

vibration environment as determined to exist for a typical aircraft

gas turbine engine operating at a high power setting,

(2) Determine the amount of instrumentation (number of trans-

ducers) required and their placement on the test engine to affect

measurement of critical component vibrations with minimum cost and

complexity in mounting and placement.

(3) Determine proper analysis techniques. Analyze engine

component vibration characteristics. Specify any improvement required

to present ETF or AEDC procedures or equipment to aid analysis.

(4) Investigate the feasibility of developing an on-line auto-

mated vibration monitoring and out-of-tolerance warning system.

III. MEASURABLE PARAMETERS:

It may be assumed that the only data available are dynamic para-

meters measured on the engine case. Some engines are equiped with

bill-of-material motion (velocity) transducers, but this cannot be

assumed. Further, only external attachment of transducers is per-

mitted. Only piezoelectric accelerometers are considered to be suit-

able because of their much advanced state of development, light

weight, ease of mounting, wide dynamic range, extended frequency

response, and emphasis of high frequency components within the signal.

Transducer location is as important as the transducer itself. In

general, the transducer should be as close as possible to the part or
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parts being monitored. Consider the signal generated by a bearing

defect, for example.

Defect induced vibration is usually attributed to an impulse

generated by the passing of a rolling element over the localized

defect. At constant rotational speed, these impacts generate a

periodic sequence of wavelets as depicted in Figure 3.

FIGURE 3 - TYPICAL BEARING SIGNATURE

Each wavelet is represented as the free damped response of some

structural mode excited by the impacts of the rolling element pass-

ing over the defect, of the form

wherein

T - period of repetition

U - unit step function

A - amplitude parameter

- damping parameter

) - characteristic frequency of structural resonance

This is modified by the path of propagation from the vibration source

(bearing) to the transducer so that the actual signal might be of the

form
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where in

h(t) - impulse response of the propagation path

X - convolution operator

The summation on i is included because there are many sources of

vibration in addition to the bearings, or perhaps several propaga-

tion paths. The hi are very complex frequency sensitive functions in

general and are virtually impossible to predict analytically. If

needed, they should be determined experimentally. They are introduced

here only to emphasize the importance of transducer location and to

point out that the signal will be complex and most likely will con-

tain periodic components or noise which overwhelms the signal of

interest. As a rule of thumb, there is a loss in signal level of 6

to 14 dB across any interface between the source and transducers.

Other than that, the signal due to a bearing should propagate through-

out the structure.

It may be that the amplitude of the signal as described by equa-

tion (1) is not strongly dependent upon speed of operation, but at

the point of transducer attachment (equation (2) ) it is. Therefore,

any discriminators which are ultimately selected can only be used at

given speeds for both rotors. Since the speed ratio between rotors

depends upon the inlet conditions, this also requires that the inlet

conditions are identical.

Vibration spectra are presented in Figures 4 and 5 for two

operating conditions. The accelerometer was mounted on the front

flange of the engine, sensing in the radial direction. Note in

Figure 4 the presence of virtually every harmonic of the speed of the

fan or low pressure rotor (N1 ). Since there are 38 blades and 60

blades in the first and second stage fans respectively, it is not

surprising that there exist peaks in the spectrum at 38N 1 and 60N1

and their harmonics. The presence of the other multiple pure tones

(MPT) are discussed extensively in the literature [7, 8, 9]. They

are due to interaction between shock waves generated at supersonic

tip speed. It is not the purpose of this study to investigate this

phenomena, but its existence as a complicating feature must be con-

sidered. Even though N1 was small enough that blade tip speed was
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subsonic for the case of Figure 5, the harmonics of N1 are still pre-

sent.

It would be ideal if only one transducer were required to diag-

nose various failure modes. But in view of the behavior described

in equation (2), and illustrated in Figures 4 and 5, this is highly

doubtful. The number required will depend upon the number and level

of faults desired to be detected.

IV. CRITICAL FAILURES OR FAULTS:

The most prevalent failure modes and their relative importance

are not known to this author. It is assumed that a symptom fault

matrix with ability to identify the following conditions should

ultimately be developed.

Unbalance

High speed rotor

Low speed rotor

Bearing failure

Spalling/pitting/fretting

Brinelling

Corrosion

Gear failure

Wear

Pitting/spalling/scoring

Fracture

Blade failure

Foreign object damage

Fatigue

Stress rupture

Blade tip rub
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V. PHYSICAL PHENOMENA

Bearing Failure

Vibration based methods for the detection of localized or surface

defects such as spalls, corrosion spots and brinelling are considered

here; other techniques based on temperature measurements or the check-

ing of lubrication contamination are not.

The repetition rates for roller/ball bearings are given by the

following equations (see Appendix A for their derivation) for defects

on the outer race, inner race and roller, respectively.

7 -

CA"

wherein

n = number of rollers/balls

d - ball diameter

D - pitch diameter

fr - relative rotational speed between inner and outer race

W contact angle

For the main engine bearings of the 100 engine these repetition

rates are tabulated in Table 1.
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Bearing No. 1 2 3 4 5

D 4.728 5.5118 7.4804 7.75 4.055

d 0.5512 0.750 0.90625 0.62992 0.4331

n 20 18 20 32 22

0 240 230 0 0

fr N1/60 N1/60 N2/60 N2/60 N1/60

fo/fr 8.834 7.881 14.803 14.699 9.825

ft/fr 11.166 10.118 17.197 17.30 12.175

fb/fr 8.461 7.920 13.291 12.22 9.256

TABLE 1 - P100 MAIN ENGINE BEARING ORDERS

It is hypothesized that a periodic sequence of wavelets will be

generated with these repetition rates, as discussed in the section on

Measurable Parameters.

Early work in this area by Babkin and Anderson [10] was based on

changes in the frequency spectrum as damage progressed. It was reported

that the presence of localized defects would be manifested in the spec-

trum at those frequencies given by equations (3), (4), and (5). As

pointed out by Braun and Datner [11] and Badgley [12], there are com-

plications which require sophisticated signal conditioning circuitry.

These are that there may be multiple defects, the defect signal will be

altered by the propagation path between the defect and the accelero-

meter, many other signatures from other parts of the machinery exist

(and are of uch greater amplitude than those due to bearing defects).

Even if the signal were as shown in Figure 3, it should be thought of

as vibration at the characteristic frequency of the wavelet which is

amplitude modulated at the defect repetition rate-only the character-

istic frequency, not the modulating frequency, appears in the frequency

spectrum. Simple spectral analysis is unsuitable as a diagnostic

technique without further processing. A processing technique is

desired such that the conclusion would be unaffected by the presence

of other periodic signals or random signals and which would be

unaffected by sensor location.
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One well-known technique for extracting a periodic signal from

a noisy waveform is Time Domain Averaging j 13]. Assuming that this

can be accomplished, Braun and Datner [11] suggest that the RMS value

of the averaged signal be computed whereas Badgley [12] recomends

demodulation--generation of an enveloping waveform-followed by spec-

tral analysis.

Another approach proposed by Dyer and Stewart [14] should be men-

tioned. They report that the vibration signal generated by a healthy

bearing is a stationary random process whose probability density

function is Normal/Gaussian. With incipient damage, changes occur in

the tails of the distribution. By monitoring the fourth moment

(Kurtoris), the defect can be detected at an earlier stage than by

monitoring the RMS value or peak value or crest factor. Use of this

technique requires that the waveform not be contaminated by other

signatures which means that the sensor must be located on the bearing
housing. Since this sensor location requirement cannot be met, this

technique was not seriously considered.

When using the concept of time domain averaging, two questions

i-mediately arise. The first deals with how many sections of waveform

must be averaged and the second with a proper repetition rate. At

first glance, it seems that the repetition rate should be exactly one

of those given by equations (3), (4), (5). But the contact angle

varies slightly with thrust load and slippage might occur between the

balls and races; consequently, the repetition rate is not known with

precision a priori and the averaging process must be repeated several

times with repetition rates in the vicinity of the nominal values. So

the question reduces to one of closeness of spacing of the search fre-

quencies.

A reasonable spacing for use with the above frequency search is

recommended by Braun and Datner [11] as:

C 45
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wherein

N - number of averages used

C - factor between 2 and 20

fi - repetition rate

fc a characteristic frequency of wavelet

With regard to zhe number of averages which must be used, Braun [13]

recommends

- Tc7LC7-)

wherein

- desired attenuation of fundamental component of periodic

signal to be rejected

F - f/fi - K

f - fundamental frequency of periodic signal to be rejected

K - , 1, 2, 3, . . . such that F 1.0

Serious difficulties with use of this technique are foreseen. First,

the required attenuation G ) is not known but could easily be as

great as 100. The frequency difference F is not known either; but

for example, if F - 0.01 and,< - 100, then N > 1000. Further, if

fi - 3000 HZ , fc 30,000 HZ (and N - 1000), then f - 0.15 HZ

Nevertheless, it is recommended that this technique be tried-that is,

an iterative frequency search by use of time averaging with frequencies

(averaging repetition rates) spaced according to (6), centered around

nominal frequencies given by (3), (4), and (5), plotting the overall

RMS value of the averaged waveform vs frequency.

Gear Failure

The primary frequency associated with geared systems is the gear

mesh frequency--the product of the number of teeth and the rotational

speed. This is because there are small deviations from the true

involute profile as a result of tooth deflection--resulting in tooth

engagement shocks or dynamic loads. The vibratory portion of this mesh

dynamic force may be viewed as a periodic phenomena whose frequency

spectrum consists of lines at the gear mesh frequency and its harmonics.
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Any periodic meshing error leads to a cyclic load pattern with a

maximum and a minimum mesh force occuring once per revolution. Such

amplitude modulation can be represented in the frequency domain by

sidebands as shown in Figure 6.

& excitation force without errors

00

Order of Rotation

FIGURE 6

Note that the sidebands are symetrical about the harmonics of the

tooth mesh frequency. Also note that the amplitudes at the harmonics

of the mesh frequency are smaller than for the case of no errors [15].

Periodic meshing errors might be due to

(1) eccentric gears

(2) tooth spacing errors
(3) shaft vibration-vhich usually takes place at the same fre-

quency as the rotational speed--having the same effect as eccentricity.

On the other hand, for gear pairs with arbitrary tooth spacing

errors or defects, the fundamental period of the periodic mesh force

must be the number of tooth intervals required to reestablish contact

for a given tooth pair-which may take several revolutions. This

introduces spectral lines of very low order; and if the tooth spacing

errors are random, the symmetry of the sidebands is destroyed [15].

Signals due to gear meshing errors must be transmitted through

the shafting and bearings into the structure before detection by the

accelerometer. Consequently, all comments with regard to time averag-

ing apply-with the exception that the repetition rate is known pre-

cisely.
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Gear meshing orders for all meshing pairs in the F100 series I
engine are given in Table II. These are all referred to the high

pressure rotor (N2 /60).

GEAR PAIR ORDER

I and II 73

III and IV 55.7

A and B 9.2

C and D 39.6

E and F 55.6

F and G 55.6

H and J 19.7

K and L 29.6

M and N 18.2

P and R 63.1

S and T 38.3

U and V 14.9

X and Y 14.9

TABLE II - GEAR MESH ORDERS, F100 ENGIN

Rotor Unbalance

The most commonly encountered forces which cause vibration of a

gas turbine engine rotor are those produced by mass uabalance which

may be distributed along and about the rotor axis. Rotation of the

unbalanced masses at the speed of the rotor cause eff ctive forces

acting radially outward from the rotors axis--proport onal to the

mass of the unbalance and the square of the rotor ape d. They may
be oriented at any angle, circumferentially. As a re ilt, the

rotor whirls about the bearing axis. This is a synchr xous motion--

in the direction of rotation and at the speed of rotat on. If the

distribution of the unbalanced forces were similar to bne of the

mode shapes, extremely large amplitudes would result at the cor-

responding critical speeds.
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The third critical speed is frequently within the operating

speed range and the first two must be traversed in startup and shut-

down, but the rotor responds to lesser extent to the unbalanced

forces at any speed of operation. An excellent description of this

phenomena and a complete rotor dynamic evaluation of eight turbine

engines in the Air Force inventory is presented in a report by MTI,

January, 1978 [16]. The F100 was not included in that study but

apparently will be in a follow-on project. A diagnostic system

similar to the one presently in use at OC-ALC, as mentioned earlier

[4], might be incorporated at AEDC to detect unbalance.

Antifriction bearings comuonly used in aircraft turbine engines

have low damping characteristics. Consequently, squeeze film

dampers are usually incorporated in series with the bearings. They

are quite effective in controlling shaft whirl, whether synchronous

or nonsynchronous, and the resulting orbital motion of the damper

journal is circular [17]. For this reason the very subtle subject

of whirl due to causes other than unbalance will not be discussed.

Turbine Blade Tip Contact

Only one paper was discovered which dealt with tip rub, It had

to do with modeling of blade tip contact from a wear point of view

motion or chatter and that some of the extensive literature that

exists in the machine tool area might be relevant, but this was not

pursued. It is also possible that the tip contact might not be uni-

form and could lead to a nonsynchronous whirl of the rotor as dis-

cussed by Den Hartog (19]. Such whirl occurs in a direction opposite

that of rotation, at the critical frequency rather than at the speed

of operation--usually about 40 to 50 percent of rotation speed. This

is in contrast to whirl due to aerodynamic effects (which is synchronous)

such as that due to circumferential variation of blade tip clearance [20].

The diagnostic system at OC-AL reports the symptom of seal rub

to be broad band vibration in the frequency range 1 KHZ to 10 KHZ [4].
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It has been reported [21] that blade irregularities can be

observed either directly in the time domain, using digital averaging

techniques or in the frequency domain by comparing the shape of the

spectrum with that of a mechanically perfect rotor. The example given,

however, is for the case of a blade which is completely missing rather

than just being bent or damaged.

As discussed earlier [7], it has been reported that multiple pure

combination tones are generated as a direct result of small amplitude

variations in the blade-attached shocks, due to normal manufacturing

tolerances. These shocks propagate at different speeds creating shock

interval variations forward of the fan, and the power spectrum depends

critically upon variations of the intervals between shocks. Since fan

irregularities due to manufacturing tolerances are not duplicated

from fan-to-fan, the MPT noise spectra will vary from fan-to-fan.

This suggests that minor blade damage might be detected if a

custom baseline is used rather than a generic one. The spectral shape

of the MPT will be modified by structural resonance if an accelerometer

is used--therefore, comparisons must be made based upon exactly the

same rotor speed as that from which the custom baseline was generated.

Use of a pressure transducer might circumvent this problem, however,

especially if averaging in the frequency domain is performed on ratio

spectra (order expressed relative to N1 ).

Combined Effects

It has been reported that failure in a bearing increases the

energy content of gear sidebands [5]. No quantitative explanation

for this phenomenon is available and it is not clear how advanced the

bearing degradation actually was. The possibility of interaction

between failure modes exists and can complicate the use of a parti-

cular failure discriminant. Extensive experience with known defects

present will be required before these combined effects can be eva-

luated.

VI. RECOMMENDATIONS

The nature of the signal which might be expected from various

defects within an engine have been discussed. In principle, these

can be detected by use of case mounted transducers, with appropriate
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signal conditioning and choice of discriminators. An extensive experi-

mental program will be required to verify this, however, a program

which should include implantation of known defective components. With

this general conclusion in mind, recoumndations are made with respect

to implementation of specific techniques which are presently available

and to future developmental effort.

Failure Mode Analysis

The order of importance of various failure modes should be deter-

mined. No known information is available which describes the fre-

quency of occurrence or severity of failure modes of interest to

AEDC/ETF. This information is needed because the sensitivity of

diagnostic technique varies between failure modes.

Data File

It is virtually impossible to make a decision as to the effective-

ness of application of a given technique without actual testing. Some

have recomnded that a file of tape recorded data be developed. More

failure implant data is definitely needed, but until the type and

location of transducer have been standardized, the accumulation of a

data file would be of little benefit.

Instrumentation

The data reduction capabilities available through use of the

SD360 Digital Signal Processor and PDPl1 appear to be adequate at the

present time.

The BBN accelerometer model 506, presently in use at AEDC/ETF,

appears to be ideal for this application. This endorsement, however,

is based only upon perusal of the specification sheet and not on

successful use of the accelerometer. The main advantage of the BBN-506

is that a charge amplifier is not required. It is very lightweight

(mass of 2gm) and its mounted resonant frequency is 55 KHZ, but neither

is an overwhelming factor. For the F100 engine the highest gear mesh

frequency is 73 N2 which is approximately 15 KHZ, and blade pass fre-

quency could be as high as 20 KHZ, but most gear, bearing and blade

pass frequencies are much lower. Most piezoelectric accelerometers
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have resonant frequencies in the range 35 to 50 KHZ which should be

acceptable. Sensitivity of 10 mv/g is typical.

Acoustic sensitivity is not mentioned in the BBN specification

sheet but is worthy of investigation, particularly since the acoustic

environment depends upon the test cell being used. This can be

checked by suspending an accelerometer in the test cell very close

to the case mounted one and evaluating either the cross correlation

function or the coherence function between the two.

Accelerometer failure has been experienced in each test of this

summer research program; no data in which we have genuine confidence

was taken. It is recommended that if accelerometer failure again

occurs a change be made to Endevco accelerometers, even though

charge amplifiers are required and cost per channel might be greater.

Structural Dynamics

Any dynamic signal originating in a machine will be affected by

structural characteristics before reaching a transducer. Knowledge

of these characteristics might be helpful in selecting transducer

placement and mounting. Determination of such structural character-

istics would involve analytical procedures such as finite element or

other lumped parameter techniques and experimental procedures such

as shaker or pulse excitation to validate the analytical model. With

a model available, one could optimize transducer placement and deter-

mine signal path transfer functions. It is felt, however, that deve-

lopment of an analytical model is not justified, that transducer

location can be selected by trial and error. Recommended locations

are flanges near the struts which support the bearing housings.

Mounting of the accelerometer is of equal importance. There is

no point in having a large accelerometer natural frequency if high

frequencies cannot be transmitted through the mount. Still thinking

in terms of case mounting, it would be best if the accelerometer

could be bonded directly to an exterior flange. This not being pos-

sible, a small solid accelerometer block which is bolted to the flange

should be used. Aluminum is recommended since the modulus to weight

ratio is about the same as that for steel and rigidity, not strength,
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mine signal path transfer functions. It is felt, however, that deve-

lopment of an analytical model is not justified, that transducer

location can be selected by trial and error. Recommended locations

are flanges near the struts which support the bearing housings.

Mounting of the accelerometer is of equal importance. There is

no point in having a large accelerometer natural frequency if high

frequencies cannot be transmitted through the mount. Still thinking

in terms of case mounting, it would be best if the accelerometer

could be bonded directly to an exterior flange. This not being pos-

sible, a small solid accelerometer block which is bolted to the flange

should be used. Aluminum is recommended since the modulus to weight

ratio is about the same as that for steel and rigidity, not strength,
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is the important factor. Calculation of the mount natural frequency

is difficult because effective lengths are not known and the boundary

conditions are less than ideal--block dimensions should simply be kept

as small as possible.

Operating Conditions

Operating conditions are bound to have a significant influence

on the monitored vibration. Sensitivity of the various discriminators

to operating conditions must be determined. Use of a data file might

be helpful in this regard, if it existed.

Implant Program

This author remains skeptical about the possibility of detecting

a main engine bearing defect through case acceleration monitoring.

Nevertheless, the scheme discussed in the Bearing section of this

report should be tried. Such data manipulation, however, would be

useless unless a defect was present. It is recommended that a

cooperative project with either OC-ALC or SA-ALC be undertaken. A

defective bearing should be implanted and test data gathered under

whatever operating conditions are available at the Air Logistics

Center. The presence of a known defect justifies experimentation

with accelerometer location and orientation in an attempt to isolate

the signal. Use of both radial and longitudinal accelerometer

orientations, mounted on various flanges at which the structure

between the bearing and transducer is as stiff as possible should
be investigated. Without a more complete set of engine drawings than

what has been made available, a more specific recommendation for

accelerometer location cannot be made.

Multiple Pure Tone/Blade Damage

Statements have been made in the literature that the spectral

shape of the MPT is , ritically dependent upon the uniformity of

blade spacing. If theze statements are correct, this suggests that

the MPT spectrum might be of use in detection of minor blade damage.

Experimental data should be collected to substantiate this. In

particular, it should be determined whether or not the MPT spectrum
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is repeatable for a given engine under identical operating conditions.

If it is repeatable, then its sensitivy to changes in operating con-

ditions should be investigated and defects must be implanted to deter-

mine their effect on the MPT spectra. If their effect is significant,

then variation in MPT spectra between engines should be investigated

to determine whether a generic baseline may be established or custom

baselines are required.

Development of Specific Techniques

The following ideas are not in keeping with the original intent

of this study, i.e. use of non-obstrusive diagnostic techniques, but

appear to merit further development.

Resonant rechnique/Dipstick

In the event of failure of the recommended scheme to detect a

bearing defect, use of a "dipsick" to provide a direcL mechanical

path between the bearing and thie external transducer should be con-

sidered. This would require engine modification but nay not be so

extensive that it could not be accommodated, particularly at the design

stage. A piinwTry advantage of such a scheme is that it would be

insenisitive to other sources of excitation. It might then be possible

to take advantage of 2iscrimlnators based on probability density

functions, such as Kurtosis, rather than just the spectrum. Further,

it has been observed that speed variations have not caused large

changes in distressed bearing signal magnitudes (refer to equation

(I) ). Once the information carrying resonance has been determined,

it might be used over the entire operating speed range. Some pre-

liminary calculations are included in Appendix B.

Perturbation

Torsional oscillations are rarely discussed in terms of diag-

'lostics. This is probably because angular acceleration is difficult

to measure and the defects of interest provide little torsional

,x I tat ion. Nvertheless, It would seem that defc-cts such as fatigue

cracks In a turbine disk or perhaps even In a blade would change the

torsional frequency response and impulse response.

IfI
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It is well known that when a linear system is subjected to white

noise excitation, the cross correlation function between the input

and response is the same as the impulse response. The difficulty

with this idea is providing a continuous torsional perturbation as

input. A recent article by Cottington [22] discusses the successful

use of pseudo-random binary noise (PRBN) as a small continuous per-

turbation in fuel flow to measure various engine dynamic response

parameters. These parameters have involved control systems and the

corresponding frequency response was limited to very low frequencies

(110 HZ). It is recommended that an analytical model of the engine

be developed to display its torsional response and determine the

range of excitation frequencies required for use of this technique.

Also, the use of a PRBN perturbation in fuel flow should be investi-

gated to determine whether its spectrum can be extended to cover the

required range. Other means of inducing a continuous random

torsional disturbance should be sought.

Cross-Correlation with Stored Version of Si!nal

Other well known techniques exist for the extraction of a periodic

signal buried in extraneous noise, namely auto correlation. This tech-

nique was not suggested because other periodic components are present

besides the one of interest. However, if the signal of interest is

known, then cross-correlation is an even more powerful tool. The

total waveform consisting of the desired signal plus noise is cross-

correlated with a stored version of the signal. An implant program would

be required to determine a proper version of the signal to be stored.

Perhaps all fan, compressor and turbine blades can be removed and the

rotor driven externally with a defective bearing in place. Without the

blade, the MPT (and the case resonance they excite) will not be present

and a reasonable stored version of the signal can be recorded. Likely

a family of such signals will be required but the number of different

signals to be stored should not be prohibitive. It is recommended that

feasibility of this scheme be investigated.
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Appendix A

Bearing Pass Frequencies

Each of the references [7, 8, 9, 11] present formulae for the

repetition rate of impacts resulting from a defect in the inner race,

outer race or roller. Comparison of these formulae reveal the pre-

sence of several confusing discrepancies due to typographical errors.

For that reason, their derivation is presented here.

Assuming no slipping at the point of contact of the ball with

the races, a ball or roller bearing can be analyzed kinematically

like an epicyclic gear train. Figure A-1 defines the symbology used

in the following analysis. The angular velocities are first expressed

relative to the ball carrier

W, W i/c + Wc

0 O + c

/I//

FIGURE A-i

wherein

D = pitch diameter

d - ball diameter

= contact angle
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C - point of contact

w - angular velocity of outer race

W i - angular velocity of inner race

Wc - angular velocity of ball carrier

Transposing w and dividing the first equation by the second equationc

leads to

W - W c W i/ W i
i c i/c i

W 0 WC WO/C WO

The reason for performing this manipulation was so that the right-hand

side, RHS, can now be evaluated as if it were a simple gear train. The

effective ball diameter is now d cos 8.

Wj_ D + d cos 8
D - d cos 8

The negative sign means that the inner and outer races rotate in opposite

sense relative to the carrier.

Now define w r = w/- g to be the angle velocity of the innerNo dfie r i/o i o

race relative to the outer race.
(W + W)- (W + )

0 c/o a RHS

W 0-(Wc/a a

C- In terms of w and w the angular velocity of the outer race w does
r C/a 0

not appear and it is helpful for purposes of visualization to let the

outer ring be fixed. Thus,

W r - c/o D + d cos

- Wc/a D- d cosB

Solving for the angular velocity of the ball set (carrier) relative to the

outer race

bc/o r d---j- (l---cos 8)
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A localized defect in the outer race would be impacted by each of the N

balls in every revolution of the ball set relative to the outer race.

Frequency associated with an OUTER RACE DEFECT would be

-- N d

0 2 r ( c - Cos B) (A-i)

wherein f RPMi - RPMf i o
r 60

Frequencies associated with a defect in the inner race can be expressed

in a similar way except that the angular velocity of the carrier relative

to the inner race is needed.

c = c/i + i/o a

W c/ W -W (A W A / + Wr

c/i co W r

Wr (I- d cos $) -
c/i D r

Wc/i = r (I + A cos 0)
2

Disregard the negative sign. Each of the N balls impacts a defect in the

inner race once per relative revolution, therefore

f _ N f (I + d cos 8) (A-2)
2 r

For frequencies associated with a ball defect, compute the angular velocity

of the ball relative to the ball carrier. For each such revolution the

defect will have contacted both inner and outer races. For this we need the

arcs of contact described during unit time. Refer to Figure A-2.

FIGURE A-2
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Since the arc lengths are equal,

(D + d cos 8) C/o = (d cos ) %/c

Solving for the angular velocity of the ball relative to the carrier.

wb/c w 2 d D _" (1 - ( d o2 B)

Therefore frequencies associated with a ball defect are
P £ d)2 2

dcos r (1- (d) cos 8) (A-3)

It should be noted that the cos 8 factor in the denominator of equation

(A-3) is not present in any of the cited articles. Contact angles are

nominally in the neighborhood of 20* so this error leads to more confusion

than anything else. It should be pointed out that contact angle depends upon

the bearing geometry but that only its initial value is known, its actual

value being dependent upon assembly methods and thrust loads as well. The

same formulas hold for roller bearings with 8 - o.
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Appendix B

Resonant Structure/Dipstick

Vibration at the bearing as depicted in Figure 3 and equation (1)

consists of the ringing of some structural mode - perhaps the outer race

of the bearing itself. A study of the natural modes and frequencies of

various bearings used in helicopters has been made by MTI [23]. The cal-

culated resonant frequencies ranged from 1 KHZ to 30 KHZ. Good correlation

was achieved between theoretical and experimental values of natural frequency.

They were unable to predict, however, which mode would be excited by the

distressed bearing. It is not yet well understood why some resonances are

excited and others are not. Experimentally, the stronger resonances appeared

to have frequencies in the range 12 KHZ - 24 KHZ. The characteristic

frequency w of equation (1) can therefore be expected to be of this range.

Feasibility of design of a "dipstick" to provide a direct mechanical

path from the bearing to an external transducer is investigated here. It

would be ideal for the dipstick/bearing/bearing housing to have a character-

istic frequency in the same range as before because it has been observed

that speed variations have not caused large changes in defect signal magni-

tudes and once the information carrying resonance has been determined, it

could be used over the entire operating speed range. Since the dipstick

length must be 16" to 18" this may or may nct be possible. A combined

theoretical and experimental study would be required to verify the feasibility.

It is felt that a resonant structure which can be excited by the defect

signal should be used because it would be least sensitive to an unwanted

signal. It might be necessary to tune the resonant frequency of the

dipstick system to the bearing pass frequency and admit that it can be

used only at discrete rotor speed.

If the dipstick could be modeled as a uniform rod which is fixed at

one end (the bearing) and free at the other (the transducer), then its

natural frequency for longitudinal vibration will be [19]

2L -l, 3, 5 (B-l)
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wherein w - circular natural frequency
E - modulus of elasticity
L - dipstick length
p - mass density

Assuming that the material is steel this reduces to fL - 50.66 (10 ). If

L - 18", then f - 2814 HZ. The greatest bearing pass frequency for the

FlOO engine is 17.3 N2/60. Thus, if N2 - 9761 rpm, the bearing pass fre-

quency will coincide with the resonant frequency of the dipstick. The

minimum bearing pass frequency for bearings on the high speed rotor is

12.22 N2/60, which would require that N2 = 13839 rpm. These speeds can

be reduced by attaching a concentrated mass at the free end of the dipstick,

still remaining within the operating range.

For the low speed rotor, the maximum and minimum bearing pass frequencies

are 12.175 N1/60 and 7.881 N1/60 respectively and a concentrated mass at

the free end of the dipstick would definitely be required to reduce the

first natural frequency to the operating range. Assuming that N1 maximum

is 9000 rpm, then the dipstick frequency should be

f -(7.881)(9000)/60 = 1182 HZ

The rotor speed required at the other bearing pass frequency would be

1 5825 rpm., which is well within the operating range.
The characteristic equation in this case is

B tan = rod
Md, Mconcentrated

wherein

For a frequency of 1182 HZ, dipstick length of 18" and weight of 0.25

pounds a concentrated weight of 0.488 pounds is required.

Just on the basis of providing a mechanical path for the distressed

bearing signal, use of a dipstick appears to be feasible, but requires

further theoretical and experlmet tal study and investigation of compatibility

with spatial neighbors.
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GOAL PROGRAMMING: FUNCTIONAL DECOMPOSITION AND

CONSIDERATION WITHIN AN INTEGRATED COMPUTER-AIDED

MANUFACTURING DECISION SUPPORT SYSTEM (IDSS)

by

Nicholas G. Odrey

ABSTRACT

Intrinsic to the Integrated Computer-Aided Manufacturing

(ICAM) Air Force program is the incorporation of various analytical

techniques to the architectures derived for manufacturing from

developed methodologies. This report presents the methodology of

the mathematical programming technique termed goal programming and

illustrates a tutorial example of the technique using accepted

ICAM Definition (IDEF) methodology. Consideration is given to the

implementation of the goal programming technique to the ICAM

Decision Support System (IDSS). A general functional model decom-

position is also presented for the goal programming technique.
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I. ITRODUCTION:

The problems addressed in this project report pertain to the

Air Force program on Integrated Computer - Aided Manufacturing

(ICAM). The ICAM program incorporates elements of design,

Information systems, manufacturing technology, logistics management,

and hunan factors into an integrated computer based system. Speci-

fically, ten major thrust areas exist for the ICAM program. These

thrust areas range from the architecture or model of manufacturing,

to the data base-data automation systems, to systems for planning

and group technology, to the simulation, modeling, operation research

aspects, and to the shop-floor syftems and support activities (30).

Various benefits are expected to be derived from the ICAM program.

Pay - offs will not only be in the "hard" technical areas of

manufacturing technology but also in aspects such as organizational

management. Significant beneficial contributions are expected for

the nation, its defense and security, higher education institutions,

and in overall national productivity gains with a strengthening of

the nation's international competitive position.

Intrinsic to the ICAM program is the definition and implementation

of various analytical techniques to the architectures derived for

manufacturing from developed methodolosies. Suqh methodologies are

based on ICAM Definiti6n(TDEFY Hethodolo ies which are

currently in the developed, redesign or developmental stages (1,

26). The analytical techniques are a part of the ICAM Decision

Support System (IDSS) (2,3,4), an ongoing project with needs to

Incorporate additional techiqueslfurther expand (decompose)

existing analytical techniqus following IDEF methodologies, build

composite models (with a goal to reach a level of oomonality

betveen models), and integrate the techniques with shop-floor (manu-

facturing) operations. The primary problem addressed in this

project report is to introduce the methodology of the mathematical

prograing technique termed goal programming and to illustrate

a working model of the technique using accepted IDEF functional

methodology.
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In traditional mathematical programing, the assumptions are

such that a function is clearly an objective relationship or a

contraint relationship. In reality, it is very difficult to

sake such a dichotomous distinction. Typically,in reality,a

decision maker attempts to achieve a set of goals to the fullest

possible extent while subjected to conflicting goals, limited

resources, substandard or incomplete information, and constrained

personal ability to analyze the complex environment. This report

on goal programming presents the fundamental mathematical structure

of goal prograing, and an IDEF Version 0 (IDEF ) model of the

goal programfing methodology.

The mathematical technique of goal programming is a procedure

that allows simultaneous solution to a system of complex multiple

objectives, whether the problem deals with a single goal or with

multiple subgoals. Priorities are placed on higher-order goals

and lower-ordered goals with lower ordered goal considered only

after the higher-order goals are satisfied or have reached their

desired limit.

The concept of goal programing was first introduce in 1961

in an investigation of unsolvable linear programming problem.

As stated then by Charnes and Cooper (13).

Closely related to the analysis of contradictions
in unsolvable problems is the issue which will be called
"goal attainment". Management sometimes sets such goals
even when they are unattainable within the limits of
available, resources, for a variety of reasons. For
example, such goals may be established to provide incen-
tives or to judge accomplishments, or they may be used
as a safeguard to ensure that long-run considerations
are not obliterated by lmediatily attainable objectives,
etc. Any constraint incorporated in the functional will
be called a "goal". Whether goals are attainable or
not, an objective may then be stated in which optimiza-
tion gives a result which comes "as closely as possible"
to the indicated goals.
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In goal programming, one approach is to refer to objectives

as being the result of three classes: (1) decision-maker desires

(or aspirations), (2) limited resources, and (3) "legal" restric-

tions i.e. any other explicit or implicit restrictions placed on

the choice of the decision variables. The third class of "legal"

restrictions typically would include restrictions such as a physical

requirement that certain variable(s) be nonnegative, or a contractual

requirement(s) that specifies that certain variables equal or exceed

a certain minimum value.

Various authors have contributed to the developement of goal

programming and studies have shown the mathematical feasibility

of stochastic goal programming (14). A brief sampling of refer-

ences in the field are given at the end of this report. To identity

just a few applications, goal programming has been considered in

capital budgeting (17), manpower planning (10), multiple-response

simulation (8), aggregate planning of production and workforce (15),

Input-Output modeling (9), and curve and response surface fitting

(21). The reader is reffered to two excellent reviews of goal

programing by Ignizio (19) in 1978 and by Charnes and Cooper in

1977 (12). Lee's text (23) presents cases of goal programing

applications, with the production planning study being of paticular

interest from the ICAM viewpoint.

II. OBJECTIVES OF THE RESEARCH EFFORT

The objectives of this project were:

(1) To develop a functional model via the Structured

Analytical Design Technique (SADT) for the

methodology of goal programing within the ICAM

program.

(2) To investigate procedures for implementation of

the goal programming methodology to the

manufacturing engineering area.

(3) To aid in the review of Industrial efforts in

functional modeling pertaining to Croup Tech-

nology Classification and Coding (CTCC) systems.
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(4) To aid In the development of a description

dynamics model and a performance dynamics

(simulation) model.

(5) To initialize a literature review on Lionieff
Input-output modeling techniques and to initiate

investigation to Its feasibility as a hierarchical

structure manufacturing econometric technique

within ICAM.

(6) To initiate development of a composite statistical

decomposition with emphasis on experJitental design

techniques to drive simulation models of the ICAN

Decision Support System (IDSS).

Due to space limitations and for consistency, the first two objec-

tives are the subject of this report. The latter two objectives

are still in initial research and developmental stages and have

been recommended by the ICAM program office for continuing in-

vestigation.

III BASIC CONCEPTS OF GOAL PROGRAMMING

Goal programming has been viewed as an "extension" of linear

programming (LP) and as a general framework from which traditionalIsingle-objective models such as LP appear as special cases. Since

goal programming notation has not been standarized, the notation

and format presented it in this report will follow the work of

Ignizio (18). The following tutorial example is used to illustrate

the "common" linear prograoking formulation which then serves as

a basis to introduce the basic concepts of goal programing:

Example Problem: A company manufacturing two types of
products. The profit of product 1 Is $5/unit and of
product 2 Is $4/unit. The maximum weekly demand is
estimated to be 3000 parts of product 1 and 2000 parts
of product 2. Both products have material requirements
which can be satisfied "in - house" at a maximum rate
of 4000 parts/week, Irrespective of the specific product.
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A linear programing formulation would typically state

a single objective: maxizlation of profit. Decision variables

(Xi, 2) could be specified a; a I number of units produced

of -product 1 per week; x2 o mmber of units produced of product

2 per week where, for simplicity, xI and x2 are assumed to be

continuous variables. A linear programing model would then

be:

soc IC * 'dooo C V,,A# 1 re,=) (
KJ 4I000 (J.fieo J JC~.aJ)

x o. Eoo (Pro.oy f JenadJ)

X' X

As an introduction to goal programing formulation, the problem

can be considered from a different point of view. Instead of

stating a single objective to maximtze profit, suppose that

the company has two goals: (1) Obtain a profit of $10,000/

week, (2) To minimize the purchase of materials from outside

the company. An alternative linear programing model for this

example could be formulated to find x1 , and x2 (defined as

previous) to

M o I IL, If +

s~c~-tikL4 : 'x, yZq¥ + n, -pn o000

x,9 x,,+ n,,-f'. 4 j00 c )

X. t7- 0 (1-,2i,, ) I 0

Note that in this formulation the first two contraints represent

the company's two goals. By minimizing n1, we are effectively

attempting to minimize the mount by which we fail to achieve

the profit goal. Similarly, by snmliing p2' we are attmpting
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to minimize the amount of materials purchased from outside the

company. The above model was chosen to demonstrate an error

that would occur in subsequet formulation of 8 goal

programming approach If the em objective function is retained.

This point will be more fully elaborated upon later in this

section of the report.

To develop the example from a goal programming viewpoint,

the goal programming functional relationships for product demand

must also be specified and formulated, prioritized objectives

considered, and an achievement function formulated. These concepts

are more fully developed and presented in the following paragraphs.

Typically, with goal programing formulation, the functional

relationships are of the form

where the goals or objectives, G1 , are expressed as a function of

the decision variables, i.e., G ( for i - 1,...m goals.

Thus, for our example, x - (xi, x2) and the goal G1 - profit per

week (the first objective function) is expressed as follows:

IL, 5 * 4 )2 )

In goal programming, it is important to note that every

objective function must have an associated value on the right-

hand side, i.e. the b 's (ia-1,.. .m). The associated b value

for tne goal Gi reflects the value that fLi ) must satisfy,

exceed, or be less than (ft ) " b )" To reflect thei i
underachievement or overachievement of an objective function,

negative (nj and positive (pi deviation variables are introduced.

For any choice of decision varables (xlx 2), the value of ni

reflects the negative deviation from bi, whereas the value of

Pi reflects the positive deviation. Thus, the first objective

function (equation 4) for our example is fully expressed as

S'.-tq 4 t2, - OOOO00 (6)

where b, a 10,000. Similarly, to obtain the functional relationship

format of equation 3, the second objective function is expressed as
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X, + X4 + v -P qooo (& )

Following this format, the last two demand constraints for

products I and 2 of the ezample problem are expressed respectively

as -

X8 + 'ii - - 20'o00 c8)

In many cases, objectives must be satisfied. Such objectives

are termed absolute objectives. In such cases, either pI or n1

must equal zero. Consider, for example, the second objective

function for material requirements given by equation (6). If

the decision were to set (Xlz 2) - (2500,2000), then we would

produce 4500 units of products I and 2 per week and the positive

deviation would be p2 - 500: If only "in - house" material can

be used (no supplier materials avaiable to make the products),

such that it was not feasible to produce more than 4000 products

per week, then the above solution would not be implementable.

Thus, the only feasible solution must have P2 - 0, and in this

case the objective is an absolute objective.

An additional concept is the determination of a "target

value" for a given b As an example, consider the profit

per week goal, G1, represented by equation (4). The question

that can arise is what value of b1 should be placed on the

right-hand-side of the equation. Naturally, from a strict

mathematical sense, unlimited profits would be desirable,

but from a realistic decision-making vievpoint, the value

should reflect an upper bound (or target value) for theI
objective under consideration. Thus, if in the opinion of the

decision-maker, it would be impossible to expect a weekly profit

greater than $10,000 for the example problem considered, then

this value would serve as the right-hand-side value, b such that

Xt 10000
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or, In goal programming formt, and as previously expressed

by equation CS).

+ic + K +t,10000

Values of (x,,! 2 ) would then be selected so as to minimize

the value of a2 , the underachievement for this goal.

iPundnmental to the goal programing approach is the

concept of prioritized levels for the objective functions.

The destinction Is made betveen prioritized absolute objectives

which must be assigned priority level one, and.the remaining

monabsolute objectives sets vhith are grftped and assigned

respective priority levels. Of Importance to note is that

within, any given priority level the objective must be

eomensurable, i.e. have a camon unit of measure. Additionally,

a key assumption vithin goal programing is that preemtive

priorities, P , can be established for each objective or groups

of objectives by the decisions maker(s) and the analyst(s).

The highest priority is denoted as Pl. the next as P 2 Q 1 P2

reqardless of any multiplier associated vith P "

The preentive priority concept has served as a point of

contention of investigators of the goal programing approach (which

need not Include the concept of preentive priorities). It seems

that other approaches are both encumbered by more restrictive

assumptions and are less efficient. One such other approach is

an effort to find the "nondominated solution set" (i.e. most

efficient set, etc.). As noted by Ignizio (18),

.... hile the author (Ignizio) does not personally believe that
such mathods (nondenomitated solution set) are as practical
or efficient as the goal programing approach...it is still

of Interest to consider... this related field of multiple
objective decision analysis (it should be noted that multiple
objective methods that do not employ preemptive priorities
are not, in the strict sense of the term, goal programming)..

As previously noted, the preentIve priority concept assms that

objectives my be arranged in prioritized ordered sets vith
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priority assignments such that Pk0Pk+l" It should be noted that

premative priorities do not represent numbers, are never replaced

by ambers, and the attainment of objectives at any specific

priority level is imaurable prefferred 0')) to the attainment

of an objective set at any lower priority level. The assumption

of preemptive priorities, although it may not always be a valid

assumption, has been found to be applicable to a significantly

large number of real world cases. Methodology does exist for

objective rankings, weighing factor aseigments to objectives

within priority levels, etc., but are beyond the scope of this

report

Important to the practical implementation of the goal

Programing methodology is the determination, structuring

and prioritization of input goals. Current ICAM contractual

efforts (3) on decision - alternatives and their relation to

the ICAM architecture of manufacturing have noted (to identify

just two) activity X Goal matrices and Goals X Performance Measures

matrices as a means of determinin how accurate goals are met,

etc. Such Implementation considerations are beyond the scope

of this report. One possible suggested framework is that of

the Interpretive Structural Modeling (ISM) (25) technique.

Such a technique has considered a hierachical structure for

decision analysis (28). Requirements, some accomplishments,

and the basic mathematics of the technique have been given in

the text by Sage(27).

The final step in the #oal programing modeling formulation
is the attainment of the achievement function. In general,

the achievement function (or vector) has the following form (18)*

V p~nh a.;. P (t9)O~o*PPJ K '

where gj (...) a• a linear functional of the deviation variables,

P is thepriorityassociated with g8 , and J-1,2,..., KM, i.e.
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I-27

the total number of objectives equals H and are greater than

or equal to the umber of preemptive priorities. Thus, the

achievement vector, i, has a dimension equal to the number

of preemptive priority levels among the objectives and is

an ordered vector since the subscripts, J, of Sj associate

the respective priority levels.

Alternately, the preceeding general form for the

achievement function can also be expressed as

tvhUR *I Ift ix - )I C/(o)

"or

where aJ = J (,P), j - 1,2 .... K. Such expressions are sometimes

preferred so that there is no misunderstanding associated with the

interpretation of the priorities, P , associated with the goals,
9Igj"

To formulate the achievement function, three possiblities are

available to minimize a linear function of the deviation variables.

It is desired to select the decision variables, x, such that f (G):

(1) is equal or greater than the value of bi, or

(2) equal or less than the value of bi. or

(3) exactly equal to the value ofbI

For a typical goal programming objectives function i.e., f (x)

+ n - p I b the procedure to obtain the first possibility listed of

f I(x) ) b is to minimize the deviation variable, n . For the

second case of fi (i)-4 big we wish to minimize p and for the

third possibility of f1 () - big the linear function of the deviation

variables, ni+ Pi Is minimized. Thus, for any type of goal or

constraint, we wish to minimize the nonachievement of the goal

contraint by minimizing specific deviation variables or their

linear combination.

To properly formulate an achievement function for the example

problem given, consider as absolute the objectives (Priority one by
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definition) of never exceeding demand. To satisfy such absolute

objectives, p3 and p4 , the positive deviation variables associated

with the objectives are uinimized. The second priority is taken

to msximise profit (i.e. minimize al), and the third priority

is taken as minimizing material purchases outside the company

(i.e. minimize p2). The example goal programing model with the

achievement function for such a priority structure Is expressed as

follows:

suckMIV IO .4-&x . P I-n., -pC, - oooC

X, -+ wt-Ps 700 6

7e. TL * 0

It should be noted that the formulation of the goal programing

model, particularly the prioritization and achievement function

formulation, is intrinsically dependent on the analyst's knowledge

and understanding of the problem. Such attributes are prerequiste

to the proper structuring of the model.

For the original introduction to goal programing formulation

as stated by the model given by equation(s) (2), it was pointed out

that an error existed in the achievement function formulation.

Consider again the original two objectives of the example problem.

(1) Obtain a profit of $10,000 week, i.e.,

S t-t 7, P W 0oo

(2) To minimize the purchase of materials from outside the

company, i.e..

XXL 'ooco
X -t X -'/ t & 0C

If we interpret the first objective as not rigid, i.e. we aspire
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to obtain a level of profit of $10,000 per week, rather than

maximizing profit, we can then minimize nl, the negative devi-

ation from goal 1. In essence, the amount by which we underachieve

the profit goal is then minimized. Similarly, for the second goal,

minimization of p2 Is an attempt to minimize the amount of purchased

materials from outside the company. Thus, the model would have

(if we considered the goals separately):

4 d ,mini r e P nfl,

on v te m 0 7e T. P2

Por the example as given by equation (2), deviation variables

were taken from both goals and the linear sum, n1 + P2' minimized.

As previously noted the deviation variables associated with different

goals must be commensurable, i.e. it must be possible to find weigh-

ting factors such that a meaningful summation is possible. The

example given is a case of noncomnensurable deviation variables and

as such is not implementable.

In summary, a linear goal programing model has the following

general formulation:

F .xsx ) x)

So Q-6 +

M1 rvI M Ir"11iCe

cz' -t - Pz F., '..1

r)L ~P' 0

whesr Cis the coefficient of decision variable xj in the ith

objective
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The analyst currently has available models and solution

techniques for not only linear goal programs (LRP), but also for

nonlinear goal program (OLP), linear integer goal programs (LIGP).

and linear, aero one, goal programs. As noted by Iginilio (19),

and particulary for linear goal programing problems,..."all the

tools required for sensitivity analysis are available as veil

as a concept.. .of duality...."Algorithms and computerized codes

do exist and are available for the various types of goal programming

formulations.

IV GOAL PROCRAMINr' FUNCTIONAL MODEL DECOMPOSITION

A decomposition for the goal programming methodology following

the IDEF functional decompostion technique has been given in Appendix

A. The vevpoint taken is that goal programming can serve as a

general framework from which traditional single-objective models

such as linear programming, non-linear programing, etc. appear

as special cases. The decomposition given in Appendix A includes

a nodal diagram and the functional activity boxes with data flows

(arrows) indicated as controls, inputs, outputs, and mechanisms.

Given below are the specific nodes of the decomposition and their

respective activity definitions. As an illustration of the goal

programing functional decomposition methodology, the previous

* example problem is embedded within the following nodal breakdown.

Statements or equations of the example as they pertain to a

specific node are given within brackets immediately following

the node identification and description. For convenience, the

example problem is repeated as follows:

Example Problem: A company manufactures two types of products.
The profit of product 1 is $ 5/unit and of product 2 is $4/unit.
The maximum weekly demand is estimated to be 3000 parts of
product 1 and 2000 parts of product 2. Both products have
material requirements which can be statisfied "in - house" at
maxlmm rate of 4000 parts/week, irrespective of the specific
product.
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The goal programming decomposition is as follows:

AO: Do Goal Programing

Al: Formulated Program Objectives

All: Determine Decision Variables

[x1 : number of units produced of product 1 per week]

[x2: number of units produced of product 2 per week]

A12: Formulate Program Objective Function(s)

A121: List Project Objectives

(a) (Obtain a profit of $10,000/week]

(b) [Minimize the purchase of materials

from outside the company]

(c) [To never exceed demand]

A122 : List Project Restrictions

A1221: List Resource Restrictions

(4000 parts/wk "in - house"

material availability]

A1222: List Variable Restrictions

(a) 104x (parts/week))

(b) [0< x2(parts/week)]

A1223: List Legal Restrictions

(n/a (not applicable)]

Note: A1222 and A1223 are sometimes combined as one node entitled
Legal restrictions. With the decomposition as given it is intended
to seperate the decisionlvariables that satisfy a physical require-
ment of nonegativity from contractual "Legal" restrictions.

Note: The purpose of node A123 and subsequent subnode is to attempt
to minimize the total number of objectives and to mathematically
formulate the left - hand - side of the objective functions. A
ainimizable solution may exist if one objective dominates another,
or objectives considered of minor or negligible importance are
eliminated to reduce the number of objectives.
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A123: Quantify Minimal Subsystem Objectives

A1231: Identify Subsystems

a) [Profit: (Obtain a profit of $10,000/vk)

b) (Mat'l requirements: (minimize th purchase

of mat'ls from outside the company)]

c) [Demand: (To never exceed demand)]

.A1232: Formulate Subsystem(s) Objectives(s) Function(s)

a) [G1 - 5x1 + 4x2 (profit/veek)]

b) [G2 - x1 + x 2  (Mat'l requirements)]

c) [G3 - X2  (Product 1)]

d) IG4  x2 (Product 2)]

A1233: Minimize Objectives within Subsystems

[same as A1232 example with G3 and G4

within Demand Subsystem)

A2: Determine Goal Programming

A21: Assign Priority Level(s) to Objective Function(s)

A211: List Minimal Subsyptem Objective

[The output list obtained from A1233 is used)

A2111: State Absolute Objectives

[To never exceed demand]

A2112: State Lower - Level Objectives

a) [Obtain a profit of $10,O00/vk]

b) (Minimize the purchase of material
from outside the company]

A212: Assign Priorities to Subsystem(s) Objective(s)

A2121: Assign absolute priorities

[P1: To never exceed demand]

A2122: Group nonabsolute objectives

a) [Group 1: Obtain a profit of $10,000/week]

b) [Group 2: Minimize the purchase of materials

from outside the company]

A2123: Assign nonabsolute priorities

a) [P2 Obtain a profit of $10,000/week]

b) (P3? inimie'the purchase of materials

from outside the company]
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Continuous, identify as linear goal programing model]

i.e.

X, +fl 3 -P 3 53000

A32: Solve Specific Model

[Use existing computer package to obtain solution

and do sensitivity analysis]

V CONCLUSIONS

This brief report has attempted to demonstrate via a tutorial

example feasibility of the multiple objective function decision

analysis technique known as goal programming within the ICAM

Decision Support System (IDSS). Some basic conclusions are as

follows:

1. The capability does currently exist to handle multiple

objective decision analysis.

2. The concept of prioritized objectives would seem to be

a valuable aid in Implementation of goal programming

to manufacturing scene.

3. The goal programming methodology has been shown applicable

to many real - world problems.

4. The goal programing formulation is amenable to the

Structured Analysis Design Technique (SADT) methodology.

5. Indications are that the goal programing approach

would be of benefit to a Decision Support System.

VI RECOMMENDATIONS

aecomendations for future research and development efforts for

integration of goal programming to the integrated computer - aided
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manufacturing scene are as follows:

1. To develop an information model (IDEF1) for the programming

methodology.

2. To develop tutorial uodels including basic graphical

solution techniques as instructional aids in presenting

the goal programing methodology.

3. To further the literature review and build up examples

(case studies) of increasing complexity; reiterate on

the Functional and Informational models for further

definition and decomposition.

4. To investigate the applicability of Interpretive Struc-

turing Methodology (ISM) or similar techniques as a

means of possible implementation of prioritized objectives

input.

5. To further develop and refine computer packages of goal

programing and tailor them for ICAM.

6. To incorporate the goal programing methodology at various

hierarchical levels for industrial decision - makers.

7. To investigate within the IDEF methodology feasibilityo

of goal programming as a global mathematical programming

model.

8. To investigate the applicability of goal programming

to the engineering design function and to the engineering

design/manufacturing engineering interface.

Recommendations pertaining to other investigations initialized but

not developed sufficiently enough to be a part of this report are

as follows:

1. To investigate the feasibility of Liontieff Input-Output

modeling techniques as a basis for overall ICAM hierarchical

manufacturing econometric modeling.

2. To develop a composite statisitcal model with the viewpoint

of "driving" simulation models of the manufacturing scene.
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APPENDIX A

Included within this appendix are the nodal diagram and

the corresponding functional decomposition diagrams for the

goal prograing methodology. The lay-out and syntax of the

figures are given following the methodology of the ICAM program.
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A COMPUTER MODEL OF SACCADIC SUPPRESSION

by

William J. Obley

ABSTRACT

Suppression of vision during the course of voluntary saccadtic eye

movements has been well documented. However, the mechanisms which result
in these observations are not clear. Moreover, the amount and types
of visual suppression reported differ widely. It is not preseitly

possible to accurately predict the efficacy of stippreqston for an Indi-
vidual in a given situation. However, the exploitation of

suppression has been suggested for visual displav systems.
Thus, based on currently available data, this report provides a pre-
liminary model for quantitative prediction of saccadic suppression.
The model relies on the use of the line spread function, modulation trans-

fer function, and temporal transfer function in conjunction with con-
volution mathematics and a postulated psychophysical detection process.

Results are shown which facilitate explanation of typical suppression
experiments. This is done by considering the visual system to be at
least two-dimensional in time and space. The effects of visual stimula-

tion during saccades are then seen to be a combination of the interaction
between the time-space properties of the stimulus, those of the visual
system, and a psychophystcal detector. Since the model is composed
entirely of software, it should be possible to examine a larger and
more complex number of visual situations than would be experimentally

feasible. In this way, baseline engineering design requirements can

be specified. Furthermore if initial development oF hardware proves dif-

ficult, the model, with suitable refinements, could provide an effective

means for exploring alternative solutions. Suggestions for further

research are also given.
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I. INTRODUCTION

9ye movements play an enormous part in how we pprcieve the vis-
ual vorld. When described by velocity ond duration, there are several
ty0ps of eye motion. As one particular type, saccadeR can he calsified
by their high velocity (1000 - 4000 /ec) and macro movement (In - 80).
While frequently voluntary, they can also occur involomtarily (I.e.
duriflg high velocity tracking of a moving object).

Voluntary saccades occur when one switches RZe From some portion
of the visual field to another, for example, returning to the begin-
ning of a line uhile reading. During thnt time, the reader in usually
not AVate df the page blurring past in the opposite dtrection. Thus
the retinal image i said to be suppressod. Late during the last
century, experiments on suppression in visual perception during sac-
cadic movements were reported. Since that time, there has evolved
a large body of literature dealing directly with the phenomemon of
sateadic suppression.

tfi a typical experiment designed to measure Suppression, the
subjlet is presented with a visual stimulus (i.e. a test flash) that
is ttisuetod to nocur either itamediately before, during
or after a baccade. The visibility of the flash when compared to
fixati6n thresholds is usually reported ns reduced. The reduction
in visibility begins before eye movement and continues until after
the eye comes to rest again. However, whei visibility is graphed
versus the time of stimulug occurance, it in found to be a minimum
only during a portion of the saccadic movement.

The problem addressed by this investigation is motivated by Air
?6rce requirements in advanced visual display systems for flight
simulation. Recently it has been suggested that snf-cadic suppression
can be exploited by allowing reduction ii display resolution during
times of suppreslon. In order to implement a system which relies
on aecadid suppression for its success, it is desirnble that the
characteristics of this type of human visual procesging be predictnhle. A
computer based mathematical model of saccadic suppre-sion will make
it possible to examine a larger and more complex number of vinunl
situations than would be experimentally feasible. Furthermore, in
the event of system hardware problems this analysis could pro-
vide an effective means for methodically exploring ,lternative design
solutions.

II. OBJECTIVES

The objectives of this project were:

1. To review the research literature applicable to monfdllng thn
process of saccadic suppression.
2. To develop a mathematical description of the process that could
predict for example, how much suppression may occur in a given situna-
tion.
3. To implement the model and evaluate its preliminary results.
4. To make recommendntions concerning the use of ancendir suippression
in visual display systems.
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11i. BACKGROUND

Matin (18) has extensively reviewed both the historic and modern
work on saccadic suppression. Carpenter's text (65) deals with more
recent investigations as well as the general area of eye movements.
In terms of the development of the model discussed in this report,
the pertinent literature may be divided into four areas. 1. Saccadic
suppression. 2. Spatial and temporal properties. 3. Eye movements
4. Visual processing.

1. Saccadic Suppression.

While the reference list contains several papers (19 - 22) prior
to Matin's review, this report will deal primarily with subsequent
work. Brooks et al (15) demonstrated, for stroboscopic test flashes,
on various backgrounds, that similar time courses
of suppression could be produced by "normal" saccadlc eye movement
and by "saccading" the visual image across the retina during eye
fixation. Thus it was indicated that a large amount of suppressive
effects may be due to retinal stimulation alone. Mitrani et al (16)
also suggested that a significant amount of visual deterioration
results from the movement of contours over the retinal field. Matin
(14) considered the response of the visual system when eye muscles
are paralyzed. lie suggested a hybrid theory in which both actual.
eye movement and retinal stimulation can cause suppression. In related
work, Shebilske (13) supported an "in flow" over an "out flow" theory
of visual direction constancy during saccades. That is, the visual
system relies on feedback from actual eye movement and position to
interpret retinal stimulation.

While most suppression work has centered on stationary test flash

visibility, Stark et al (12) experimentally showed suppression of
image displacement. Furthermore, under static eye stimulus couditions,
Sakitt (11) suggested that visual information may be available to
the brain even though the observer indicates that the stimulus was

4not seen.
Bridgeman (10) criticized Brooks et al (15) by arguing in favor of

an "extra retinal signal" arising during saccades to cause threshold
elevations. Brooks et al (9) argued against this theory - maintaining

that the primary source of suppression was due to the pattern of
retinal stimulation.

Volkman et al (8) demonstrated elevation in contrast sensitivity

during saccades. They conclude that both optical and neural effects
combined to produce suppression. However, a larger amount of sup-
pression appeared due to retinal stimulation than any extra-retinal
signal.

The most recent work in saccadic suppression is represented in
abstract form (I - 7). Brldgeman et al has demonstrated saccadic
suppression psychophysically in the cat (I), Brooks et al investi-
gated perception of image motion during saccades (2),Impelman et al
(3) and White et al (4) showed masking effects. Cohn et a] (5)
suggest that suppression may be due entirely to "uncertainity in
the frame of reference." In addition Volkman et al (6) separate

the effects of contrast sensitivity and retinal smear, while Wurtz
et al (7) were concerned with retinal smear suppression.

Based on the literature, the following general conclusions can

k47-5
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be drawn: Suppression occurs for a varlety of visual discrimination

tasks i.e., contrast sensitivity, threshold, and perceived direction.

Suppression can be obtained by "saccadlng" an image across a fixated
eye. While stronger suppression occurs when the stimulus is more
complex than simple flashes, it also occurs to a lesser extent during

saccades over a low detail visual field. Although not tested experi-
mentally, it has been suggested that the apparent large amount of
suppression in the real world Is due primarily to the complexity
of the visual image.

Given the Intended application, there appears to be a lack of
data on saccadic suppression in several areas: (1) suppression In
the presence of a coexisting stimulus or task, as might occur in a
simulator cockpit; (2) quantitative results of suppression in a multi-
colored environment. In any event, there have been no attempts to
quantitatively predict the results of a suppression experiment
either for simple test flashes or for more complex situations.

2. Spatial and Temporal Properties.

Because the saccadic suppression literature Indicates the impor-
tance of retinal stimulation in obtaning elevated thrcsholds, litera-
ture pertaining to the visual system's spatial and teml,oral properties
was investigated. The static spatlal properties of (he visual
system have generally been described by several investigators in
either or two ways'(l) By using some t(-ot of visibility

such as threshold sensitivity, the reiptose to a series of spatial
frequency sine waveforms has been obtrined. This yields a transier
characteristic of the system in the fr-wiency domain: the Modulation

Transfer Function (MTF) (Leggo 29, 4c, itirchner et al (3) Graham
(31), Carlson et al (32), Spitzberg -. u ,i (43), Kelley et al (44).)
The results obtained depend on the sf i v:1us intensity and wavelength
as well as such factors as retinal 1 at ion. (2) The inverse

Fourier transform of the MTF (assumti, a linear system) yields
the Line Spread Function (1,SF) (also alled the Receptive Field

Sensitivity Function). This functiov h-; recently been measured
psychophysically by obtaining the vi.,ui, response to two thin spatial
lines, one 70% the intensity of the other. The visibility of the

irighter line is found to be a functl,,n )f how close the two lines
are in space. By appropriate analysin.;, the LSF can be deduced.
(Wilson et al (33), Wilson (25), Gel.:,r -t al (26), Limb et al (34),
Illnes (39).

It has also recently been shown ih,! the spectral and spatial

properties of the system can be mod1'(-, by the temporal properties
of the stimulus. Wilson, (25). In oHi, ion to a series of spatial
Fourier filters, there is evidence tiit !,oth temporal "transient"
and "sustained" channeLq exist as we I (Mezrich (24), Arend (38),
Spitzberg et al (43), Wilson (25).) H ,,,ld be said that the vis-
ual system filters In both space anti tin:. - and that these processes
appear to interact. Spitzberg et al (4P demonstrate relationships

between sustained-transient and higl, o patlal frequency responses.
The temporal properties have bt,, i :!,,died extensively in the

past (using test flashes etc) to ob In 1lie "temporal modulation
transfer function" (71). Recently }[lng mijth et al (33) have employed
a stabilization apparatus to investl iitt visual time response.

47-6
V

- I I I- 'Ii - - 'v' : -- '-



However, there does not appear to be an experiment in which both the
time response and line spread functions are simultaneously derived.
The closest work in this area is Wilson (35) and Arend (38).

3. Eye Movements

There have been a number of investigations concerning the inter-
action of visual perception and saccadic eye movements. Prablanc et
al (63) reported on the dependency of corrective sacc,,Jes on retinal
reafferext signals. Corrective saccades are small and immediately
follow large saccades so that a target can be brought into the central
fovea. They found that target stimulation must be available to the
retina at certain times during the large primary saccade in order
for the correction saccade to be accurate. Furthermore, latency in
corrective saccadtc response may be modified by appropriate timing of
the stimulus. Coren et al (62) studied perception of the size of a
circle inscribed by a circularly moving target. They showed that for
high target velocity, the initiation of saccades to keep up with the
object also resulted in more accurate perception of the circle size.
In the smooth tracking phase, the circle appears to shrink as the

angular velocity of the object Increases.
Lisberger et al (61) investigated the number of corrective saccades

a, a function of total saccadic length. It was found that the longer
primary saccade exhibited more corrective saccades than the shorter
ones. However, results were also a function of target conditions and
subjects. Hallett (60) demonstrated that "important visual stimulation
can occur during saccades, . . . " This was observed in an experi-
mental situation which altered the target position during an initial
saccade. Hallett et al (59) presented additional evidence that
saccades are "goal directed towards the phy-ical location of the
target . . . this is possible only if retinal image position and eye
position information are correlated." Becker (57) suggests that visual

information is not necessary for corrective saccades to occur. How-
ever he contends this disagreement with Prablanc et al (63) is most
likely due to experimental conditions. Dimitrov et al (58) examined
saccadic eye movement in terms of a stereoscopic image (Bela Julesz'
Figure). They conclude that despite the unusual experimental conditions,

the dependence of the maximum velocity and duration of the saccades on
amplitude was not altered. Viviani et al (54) showed that for volun-
tary and optokenetic oblique saccades, a curved rather than straight
path is followed. Furthermore there was a systematic dominance of
the horizontal over the vertical component.

Komoda et al (53) investigated the accuracy of two dimensional
saccades in the absence of retinal stimulation. They concluded,
because of the relatively high accuracy, that the saccades are pro-
grammed on the basis of memory. Hansen et al (52) reiterated this finding
by examining the accuracy of eye position information for motor control.

They concluded that large errors in controlling eye position in the dark
are due to poor spatial memory.

In further experiments, Prablanc et al (50) suggest that if extra-
retinal signals do play a part in saccadic positional error, then they
are not very sensitive, and in "normal" situations visual feedback is
the dominating factor. Henson (47, 49) altered the visual feedback
to the occulomotor system during large saccades to eliminate the need
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for a "correction" saccade. The saccadic system was found to learn after
a few minutes to undershoot the target as before. This result demon-
strates the "corrective" saccadic mechanism to be a deliberate one.

Despite the substantial number of investigations that have examined
the relationship of saccadic eye movements and vision it is not
entirely clear how the systems interact. There is apparently a
combination of both retinal and extra retinal signals that effect
resulting eye motion. The exact effects seem to be functions of both
the situation and the individual.

4. Visual Processing

This section of the literature review is not well developed. The
papers included here only scratch the surface of what may prove to be
valuable information in modeling saccadic suppression. Several papers
on meta contrast may have impact on perception during saccades (66, 70)
since a meta contrast masking effect can be observed - apparent suppres-
sion occurring before eye movement. However, it may also be possible
to explain this on the basis on time delays. For those familiar with
system theory, a non-causal (meta contrast) system can be made causal
with a sufficient time shift. Other types of masking have been investi-
gated recently by Mateeff et al (69), Grunau (68), and King-Smith (68).
It can also be noted here that Cornsweet (71) provides a wealth of
information on visual perception in terms of linear and non-linear systems.

IV. MODEL DEVELOPMENT AND PRELIMINARY RESULTS

The model developed in this investigation is an attempt to combine
information from the several areas of vision literature reviewed in sec-
tion Il. It is assumed to have the following form:

Individual Characteristics

and What is visually

Environmental Stimulus 

p

The input to the model are an individual's visual characteristics and
the environmental stimulus. The output desired is a prediction of
what was visually perceived.

First the individual'scharacteristics are considered, and the fol-
lowing general assumptions are made:
1. Visual acuity is "normal". 2. Range of illumination level and
contrast is small. 3. Visual characteristics don't change duri g the

saccadic time interval. 4. Model is restricted to black and white
illumination. 5. Most suppression is due to retinal stimulation,
extra retinal factors are secondary. These assumptions allow the
consideration of a lumped linear time invariant system. It is recognized
that the eye and brain are probably non-linear,time varying, and non-
causal as well. However, alinear analysis initially can provide some
insight into a complex problem. Furthermore, it is quite likely
that much of the stocastic, non-linear, or time varying,
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effects are a result of plychophyslcal procosses. Thus It is useful
to divide the model Into two parts: 1. Seilsor, andu 2. Psycho-
physical detector.

To characterize the sznsor portion of tile model, data from the
literature on line spread functions (LSF), moduhlatlin transfer func-
tions (ITF) and temporal transfer functions (TTF) it; utilized. The
LSF or MTF describe the spatial properties of the system while the
tha temporal properties are derived from the TTF. To make predictive
use of this data, the concepts of impulse response and convolution
integrals must be considered. Using the well known convolution Integral,
for a linear time invariant system In the time domain:

9(t). a k () f(t-l) dt 41)
-0

where g(t) is the output, f(t) the input and h(t) the Impulse response,
or system function. If only one spatial direction, i.e. the hori-
zontal, is considered in conjunction with time, the system function Is
in general, a function of time and space:

-at)J '-dlf L~-~~d 2

Thus if one knows the, time-space properties of the system, h(xt), the
resulting time space 'unction, g(x,t), can be derived from any input
function f(x.t). Let I(x,t) represent the intensity of illumination
at some horizontal position x on the retina at some time t. Then
g(xt) can be the representation of that 111timinntion pattern arriving
at the visual cortex as modified by h(x,t).

Next it is assumed that:

,op4 I A& (3)

This implies that h(x,t) is separable - or symmetric to both the time
and space axis. Then functional forms for hi(x) and h2(t) can he
obtained from LSF, MTF and TTF data. Since the 1SF is simply the
Fourier transform of the MTF (assuming linearity), L.SF data from Wilson
(25) was used to describe hi(x);va -, " e'(

Wherers'.-04 $ fig.Iq93 Ot *90 and x is eccentricity in degrees. Recent
investigations have shown that the LSF is a function not only of hori-
zontal position x, but of where on the retina It Is measured. The above
numbers are for 00 eccentricity (at the foven). WhIle the Form of ISF

remains double gausslan, the constants ,e a VY j K change

significantly as one moves several degrees on the retina. Furthermore,
it is also shown by Wilson and others (25, 38) that the temporal pattern
of the stimulus affects its spatial perception.

These effects were not included in the model at this time. The
retina is considered to be horizontally homogeneous and described by
equation (4). However, several different values for 4lWj.nd K were
examined to estimate how important they are to the system. The form

of h2(t) was then estimated. Here from the data in (71) and (33):

t 1.0 atilt.
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Again several values of % were also examined.
By combining (3) and (4):

h(x,t) is shown graphed in figure (1).
In order to predict g(x,t), it remains now to describe f(x,t), the

space-time course of retinal stimulation during a saccadic eye movement.
If it is assumed that stimulus is a spot of light that is turned on

and then off as it is swept across the retina at constant velocity, in
the space time plane f(x,t) would look like Figure (2). Ilere it runs
essentially diagonal across the plane-for each new instant, a new

spatial location is stimulated. If, on the other hand, the movement
in the x direction is stopped while the light remains on, then at that
point the pulses would run parallel to the t axis. This is shown
occurring in Figure (2) starting at t - 25 msec.

In naturally occurring saccades, a straight line relationship does
not exist between the horizontal angle and time. Yarbus (64) gives
it as a cosine relation:

Where t is time in seconds, x is the rotation angle in degrees, T is
total saccade duration time, and x. is the final angle at the end of
the saccade. For a light spot of Intensity To turned on at t=O and
off at tft1 , Equation (7) yields: x I t) i

fcXt)O ft. , o ' t J AW Xe E 0' -

Lo 1 OTNepwlsk
Using equation (6) and (8), the resulting g(x, t) can be predicted for
a given experimental condition. It is useful to examine a particular
saccadic suppression experiment (Matin(21)). The subject warn required
to make voluntary left to right 40 horizontal saccades between two fix-

ation points. At the 1° position, detected by occnlometer, a slit of
light located beneath the right fixation point was then turned on.

The slit was left on for varying times during the course of the
saccade. The subject then compared the apparent length of the slit
(it was often seen as a blur in the visual field) to a comparison line

displayed 500 msec after the saccade ended. (Figure 3a). Th results
for various illumination levels are shown in Figure 3b. The ordinate
is perceived slit length and the abcissa Is duration of slIt Ulltml-
nation. Essentially, the blur was only perceived when the sl it was turned
off during the saccade. When left on past end of eve movement:
(t730 msec), the length of the blur decreased until only the slit
itself was perceived. The blur was said to be suppressed.

To simulate this experiment, results were obtained from the model
for two basic conditions: 1. Slit turned off before the end of the
saccade and 2. Slit left on past the end of the saccade.

Applying the model consisted of solving equation (2). In order
to obtain solutions to the convolution integral several methods were
considered - one cotild use an FFT (Fast Fotirler Transform) and work the
solution in the frequency domain. However, this algorithm was not
available in the 1IRI, Stars system. Thus, a direct dierr<,te snloten
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to the two-dimensional convolution was then implemented. Because
of memory and system execution time limitations, a 30 X 30 array
was chosen to represent the space-time plane (t-0-30 msec; x - 0-3.0
degrees). Each 3 dimensional plot is the result of 15 minutes
execution and plotting time; the computer program is in Appendix 1.

Figure 4 shows the input f(xt) with the saccade ending at t-15
msec but with the slit illuminated during the post saccadic period
(t-15-25 msec). Not shown but used as an input wave form was an
f(x,t) that was identical to figure 4 with the exception that
f(x,t) - 0 at t-15 msec - simulating the slit turning off before the
saccade end. The resulting g(xt) for both stimulus conditions are
shown in figures 5 and 6. The output of the model at this point consists
only of the g(x,t) function. To complete the model, a psychophysical
detection process must be postulated to predict what was seen. This
portion of the model was not computer implemented during this phase of
the work. However, a number of possibilities for the detector are
suggested by comparing g(x,t) to experimental results. These are
presented in the following discussion section.

IV. DISCUSSION

The two response functions, g(xt), in figures 5 and 6 are substan-
tially different. This is to be expected since two different input
functions were used. If a simple detector is postulated in which
a shape is seen only if its overall intensity is sufficiently different
from the background, (contrast detection); then it is possible to draw
some conclusions.

I& figure 6, all of the Peaks produced by the stimulus are essen-
tially the same amplitude until the saccade end-- here the final
peak is somewhat higher. But since the stimulus had been turned off at

this point, all that is seen in g(x,t) is an exponential decay in
both time and space. A contrast detector should perceive each
peak equally well, hence a spatial blur is seen. (The peaks really
should be more continuous, however the time and space numerical
integration increments were made large to conserve computation time.)
It is easy to explain the large peak at the saccade end by recalling
the cosine function relating space to time (Equation 7). This
relation implies that the eye slows down towards the saccade end.
As the eye slows down, for the same stimulus intensity, there is
more temporal and less spatial integration taking place. Thus a
brighter but spatially smaller light source is perceived. If
f(x,t) - o at some time sooner than in figure 5, (before the eye
slows down) the peaks in g(x,t) would be even more similar in size.
This interpretation compares favorably to observations noted by
Matin in his slit experiment; long blurs were seen when the slit
was extinguished before the end of the saccade, but the blur became
shorter and the slit at the end of the blur became increasingly
more pronounced as the light duration increased past the saccade
end.

In Figure 6, the slit is left on after horizontal motion
ceases. The eye continues to respond temporally at a single
spatial position. Thus g(x,t) develops a substantial peak in its
response. The same type of detector as previously postulated would
then dictate perception of only this peak - since it is much
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larger than any other disttirhance in g(x.t). Th .;rr rip,,jlfj
the perception of only a slit - no blur, and a high degrroP of slip-

pression. Simply stated, suppression is postulated to ocrur pri-

marily because the temporal integration for a point on the retina

is mu.ch greater when the eye is slow or fixating than while In

a saccade. The resulting blurred image will be masked (or ignored)

if there is, due to the system response, a more intense signal
reaching the visual cortex at the saccade end. The question remaining

is: How close in time or space must two signals be in order for
suppression to occur?

This process can be represented mathematically as a detector.

A type of detection has been postulated for the time domain by other

investigators - it is essentially a finite time integrator:
(36, 37) Ift j ct)t4 kK g ()

VX " AO 0446C.

It is likely that spatial detectors of similar form are at work

as well. The scope of this work has left formal investigation of

the detector part of the model to a follow up study. However, it
is expected that the detection process will be grounded in stocastic

mathematics.

VI. CONCLUSIONS

The model presented in this investigation attempts to integrate
spgtlal and temporal properties of the visual system, eye movements,
and psychophysical processes. By doing this, it appears possible

to understand some of the mechanisms that result in saccadic suppreq-
sion.

The results of this report, while laying some ground work for
a model also provide a few general conclusions.

1. Saccadic suppression is rarely 100%. It is both a function of
stimulus pattern and psychophysical interpretation.
2. Based on the line spread function, temporal modulation transfer
function and a suitable detection scheme, it should be possible
to predict suppression magnitude for a number of situations.
3. The model could suggest the conditions for maximizing and

minimizing suppression.

V. RECOMMEPATIONS

Recommendations from this work can be classified into three

areas: I. Implications of current literature and model results.

2. Suggestions for specific experiments. 3. Proposal to improve
the effectiveness of the model.
1. Implications of Literature and Model

a. Suppression is a relative phenomenon measured by percentage.
It is not likely to achieve 1002 suppression 100% of the
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time. A more fundnmentnl question to nsk is: Whlat wil 
be tolerable in a visual dlsplav system? i.e.. 50% suppression /5%
of the time. Seeing Is a question of perctpt Ion. A stimlus
may be presented that enhances the chances 0l suppression -

but there is no guarantee that the sbject will or will
not perceive the stimulus.

b. It should be possible to predict average suppression in
a large nuimber of situations.

c. The model indicates that a combination of the visual system's
spatial and temporal properties, and retinal stimulation
are important determinants for predicting suppression
during saccades.

2. Suggestions for Experiments
a. Individuals should be tested for line spread function

(LSF) and temporal transfer function (TTF) and then tested
for saccadic suppression. The expected pay off would be
a data set that directly relates some fundamental visual
properties to suppression. It would also enable validation
of the model's structure. Furthermore, information about

"the psychophysical detection process could be extracted.

b. Most all saccadic suppression literature is derived from
experiments that test vision without any coexisting task.
Because of possible exploitation of suppression in a
multi-sensory environment (i.e. a cockpit simulator),
interactive effects should be studied. It is not possible
at present to predict whether there would be more, less
or the same suppression effects.

c. Color and its effect on saccadic suppression is yet another
area that has received little attention. At least a "base
line" experiment is suggested.

3. Proposal to Improve Model

a. The model presented in this report is quite cr'ide and has
resulted in only general statements about vision durinp
saccadic movements. Steps to be taken to Improve the model
will be detailed in a "mini-grant" application. Only an
outline is given here.

I. Mathematical representation of detectors will be derived
for the time-space domain

2. Model out put will be generated to enab,, comparison
with psychophysical experiments

3. Convolution Algebra will he more precise
4. Time course of eye accelerative effects will be included
5. Retinal inhomogeneous spatial effects will be added

47-19
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MULTPU? ZMAX*ZMIN

N X.NY .20

1 Ha*(3AMefi0

list!

CALL THREIOKNM!NAVM!NDZINjXMAKDYMAXDZMAXDPTIII#
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A COMPUTER MODEL OF SACCADIC SUPPRESSION

by

William J. Ohley

ABSTRACT

Suppression of vision during the course of volutary saccadiLc eye
movements has been well documented. However, the mechanisms which result
in these observations are not clear. Moreover, the amount and types
of visual suppression reported differ widely. It is not presently
possible to accurately predict the efficacy of supprv.ssion for an indi-
vidual in a given situation. However, the exploitation of

suppression han been suggested for visual disvlav systems.
Thus, based on currently available data, this report provides a pre-
liminary model for quantitative prcdtctton of saccadic suppression.

The model relies on the use of the line spread function, modulation trans-
fer function, and temporal transfer function in conjunction with con-
volution mathematics and a postulated ppychophysical detection process.
Results are shown which facilitate explanation of typical suppression

experiments. This is done by considering the visual system to be at
least two-dimensional in time and space. The effects of visual stimula-

tion during saccades are then seen to be a combination of the interaction
between the time-space properties of the stimulus, those of the visual
system, and a psychophysical detector. Since the model is composed
entirely of software, it should be possible to exaine a larger and
more complex number of visual situations than would be experimentally
feasible. In this way, baseline engineering design requirements can
be specified. Furthermore if initial development of hardware proves dif-
ficult, the model, with suitable refinements, could provide an effective
means for exploring alternative solutions. Suggestions for further

research are also given.
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I. INTRODUCTION

2ye movements play an enormous part in how we percieve the vis-
ual world. When described by velocity ond duration, there are several
types of eye motion. As one particular type, saccades cal, be calssified
by their high velocity (100o - 4000/sec) and macro movement (1n - R0°).
While frequently voluntary, they can so occur Involumtarily (i.e.
during high velocity tracking of a moving object).

Voluntary saccades occur when one switches gate from some portion
of the visual field to another, for example, returning to the begin-
ning of a line while reading. During thnt time, the reader in usually
bot frate df the page blurring past in the opposite direction. Thux
the retinal image is said to be Auppressed. Late during the last
century, etperiments on suppression in visual perception during sac-
cadid movements were reported. Since that time, there has evolved
a large body of literature dealing directly with the phenomemon of
saecadle suppression.

N A typical expl.rifent daeign.d to measure Suppression, the
mubJifet is presented with a visual stimulus (i.e. a test flash) that
is ttige ed ko occur either immediately before, during
or after 4 baceido. The visibility of the flash when compared to
fixati6 thresholds is usually reported ns reduced. The reduction
in visibility begins before eye movement and continues until after
the eye comes to rest again. However, wheti visibility in graphed
versus the time of stimulus occurance, it is found to he a minimum
only during a portion of the saccadic movement.

The problem addreosed by this investtgation is motivated by Air
FOrce requirements in advanced visual dinplay syntems for flight
simulation. Recently it has been nuggested that snr'cadic suppression
can be exploited by allowing reduction iu display rpqolution durinp
times of suppression. In order to implement a system which relies
on saccadie suppression for its surces, it is desirable that the
characteristics of this type of human visual procescsIng be predictnhle. A
computer bsed mathematical model of saccadic suppression will make
it possible to examine a larger and more complex nimber of 'Visual
situations than would be experimentally feasible. Furthermore, in
the event of system hardware problems thin analyst. could pro-
vide an effective means for methodically exploring nlternative design
solutions.

IT. OBJECTtVES

The objeetives of this project were:

1. To review the research literature applicable to modeling the
process of saccadic suppression.
2. To develop a mathematical descriptioii of the process that could
predict for example, how much suppression may occur in a given situa-
tion.
3. To implement the model and evaluate its preliminary results.
4. To make recommendations concerning the use of sac'cndic suppression
in visual display Ryitems.

' 47-4I•Z.J



III. BACKGROUND

Matin (18) has extensively reviewed both the historic and modern
work on saccadic suppression. Carpenter's text (65) deals with more
recent investigations as well as the general area of eye movements.
In terms of the development of the model discussed in this report,
the pertitent literature may be divided into four areas. 1. Saccadic
suppression. 2. Spatial and temporal properties. 3. Eye movements
4. Visual processing.

1. Saccadic Suppression.

While the reference list contains several papers (19 - 22) prior
to Matin's review, this report will deal primarily with subsequent
work. Brooks et al (15) demonstrated, for stroboscopic test flashes,
on various backgrounds, that similar time courses
of suppression could be produced by "normal" saccadic eye movement
and by "saccading" the visual image across the retina during eye
fixation. Thus it was indicated that a large amount of suppressive
effects may be due to retinal stimulation alone. Mitrani et al (16)
also suggested that a significant amount of visual deterioration
results from the movement of contours over the retinal field. Matin
(14) considered the response of the visual system when eye muscles
are paralyzed. lie suggested a hybrid theory in which both actual
eye movement and retinal stimulation can cause suppression. In related
work, Shebilske (13) supported an "In flow" over an "out flow" theory
of visual direction constancy during saccades. That is, the visual
system relies on feedback from actual eye movement and position to
interpret retinal stimulation.

While most suppression work has centered on stationary test flash
visibility, Stark et al (12) experimentally showed suppression of
image displacement. Furthermore, under static eye stimulus couditions,
Sakitt (11) suggested that visual information may be available to
the brain even though the observer indicates that the stimulus was
not seen.

Bridgeman (10) criticized Brooks et al (15) by arguing in favor of
an "extra retinal signal" arising during saccades to cause threshold
elevations. Brooks et al (9) argued against this theory - maintaining

that the primary source of suppression was due to the pattern of
retinal stimulation.

Volkman et al (8) demonstrated elevation in contrast sensitivity

during saccades. They conclude that both optical and neural effects

combined to produce suppression. However, a larger amount of sup-

pression appeared due to retinal stimulation than any extra-retinal

signal.
The most recent work in saccadic suppression Is represented in

abstract form (I - 7). Brldgeman et al has demonstrated saccadic

suppression psychophysically In the cat (1), Brooks et al investi-
gated perception of image motion during saccades (2).Impelman et al

(3) and White et al (4) showed masking effects. Cohn et a] (5)
suggest that suppression may be due entirely to "uncertainity in
the frame of reference." In addition Volkinan et al (6) separate

the effects of contrast sensitivity and retinal smear, while Wurtz

et al (7) were concerned with retinal smear suppression.
Based on the literature, the following general conclusions can
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be drawn: Suppression occurs for a variety of visual discrimination

tasks I.e., contrast sensitivity, threshold, and perceived direction.

Suppression can be obtained by "saccadlng" ait image across a fixated

eye. While stronger suppression occurs when the stimulus is more

complex than simple flashes, it also occurs to a lesser extent during

saccades over a low detail visual field. Although not tested experi-

mentally, it has been suggested that the apparent large amount of
suppression in the real world Is due primarily to the complexity

of the visual image.
Given the Intended application, there appears to be a lack of

data on saccadlic suppression in several ireas: (1) suppression in
:'ie presence of a coexisting stimulus or task, as might occur in a
Amulator cockpit; (2) quantitative results of supireseion in a multi-
colored environment. In any event, there have been no attempts to
quantitatively predict the results of a suppression expLrlment

either for simple test flashes or for more complex situations.

2. Spatial and Temporal Proprties.

Because the sacewt', ste5) ress ,!i !itt. rattire indicates the Impor-
tance of retinal st limulatlin in ,,b inleg elevated thresholds, litcr,,-

ture pertaining to the ,'Astual isystc i' patial and temI,,oral propertie.
was investigatted. The i ta ti, - pat :i I pr perties of the visial
system have generally be-in doscribed bv several investigators In
either or two wavs:(I) By nsliig some of visibility

such as threshold siensitivity, the r, ise to a series of spatial
frequency sine waveforms has been ob d. This yields a transter

characteristic of the system in the ency domain: the Modulation
Transfer Function (MTF) (laegge 29, 4 irchner et al (3) Graham
(31), Carlson et al (32), Spitzberg (43), Kelley et al (44).)
The results obtained depend on the is intensity and wavelength

as well as such factors as retinal I Jn. (2) The Inverse

Fourier transform of the MTF (assuml. linear system) yields
the Line Spread Function (LSF) (also ed the Receptive Field
Sensitivity Function). This functio recently been measured
psychophysically by obtaining the vi response to two thin spatial

lines, one 70% the intensity of the ' . The visibility of the

brighter line is found to be a funct . f how close the two lines
are in space. By appropriate analys., he LSF can be deduced.
(Wilson et al (33), Wilson (25), Gel t al (26), Limb et al (34),
Hines (39).

It has also recently been show the spectral and spatial

properties of the system can be mod !)y the temporal properties
of the stimulus. Wilson, (25). In ton to a series of spatial
Fourier filters, there Is evidence : th temporal "transient"
and "sustained" channelsexist as we, (Mezrlch (24), Arend (3R),

Spitzberg et al (43), Wilson (25).) ild be said that the vis-

ual system filters In both space an - and that these processes
appear to interact. Spitzberg et a demonstrate relationships

between sustained-transient and hi patIal frequency responses.
The temporal properties have l died extensively in the

past (uSing test flashes etc) to oi e "temporal modulation

transfer function" (71). Recently i Ith et al (33) have employed
a stabilization apparatus to invest ': isual time response.
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However, there does not appear to be an experiment in which both the
time response and line spread functions are simultaneously derived.
The closest work in this area is Wilson (35) and Arend (38).

3. Eye Movements

There have been a number of investigations concerning the inter-
action of visual perception and saccadic eye movements. Prablanc et

at (63) reported on the dependency of corrective saccades on retinal
reafferent signals. Corrective saccades are small and immediately

follow large saccades so that a target can be brought into the central
fovea. They found that target stimulation must be available to the

retina at certain times during the large primary saccade in order
for the correction saccade to be accurate. Furthermore, latency in
corrective saccadic response may be modified by appropriate timing of
the stimulus. Coren et al (62) studied perception of the size of a

circle inscribed by a circularly moving target. They showed that for
high target velocity, the initiation of saccades to keep up with the
object also resulted in more accurate perception of the circle size.

In the smooth tracking phase, the circle appears to shrink as the
angular velocity of the object increases.

Lisberger et al (61) investigated the number of corrective saccades

as a function of total saccadic length. It was found that the longer
primary saccade exhibited more corrective saccades than the shorter

ones. However, results were also a function of target conditions and
subjects. Hallett (60) demonstrated that "important visual stimulation

can occur during saccades, . . . " This was observed in an experi-

mental situation which altered the target position during an initial
saccade. Hallett et al (59) presented additional evidence that
saccades are "goal directed towards the phy-ical location of the

target . . . this is possible only if retinal image position and eye
position information are correlated." Becker (57) suggests that visual

information is not necessary for corrective saccades to occur. How-
ever lie contends this disagreement with Prablanc et at (63) is most
likely due to experimental conditions. Dimitrov et al (58) examined
saccadic eye movement in terms of a stereoscopic image (Bela Julesz'

Figure). They conclude that despite the unusual experimental conditions,

the dependence of the maximum velocity and duration of the saccades on
amplitude was not altered. Viviani et al (54) showed that for volun-
tary and optokenetic oblique saccades, a curved rather than straight
path is followed. Furthermore there was a systematic dominance of

the horizontal over the vertical component.
Komoda et al (53) investigated the accuracy of two dimensional

saccades in the absence of retinal stimulation. They concluded,

because of the relatively high accuracy, that the saccades are pro-
grammed on the basis of memory. Hansen et al (52) reiterated this finding

by examining the accuracy of eye position information for motor control.

They concluded that large errors in controlling eye position in the dark

are due to poor spatial memory.
In further experiments, Prablanc et al (50) suggest that if extra-

retinal signals do play a part in saccadic positional error, then they

are not very sensitive, and In "normal" situations visual feedback is
the dominating factor. Henson (47, 49) altered the visual feedback
to the occulomotor system during large saccades to eliminate the need
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for a "correction" saccade. The saccadic system was found to learn after
a few minutes to undershoot the target as before. This result demon-
strates the "corrective" saccadic mechanism to be a deliberate one.

Despite the substantial number of investigations that have examined
the relationship of saccadic eye movements and vision it is not
entirely clear how the systems interact. There is apparently a
combination of both retinal and extra retinal signals that effect
resulting eye motion. The exact effects seem to be functions of both
the situation and the individual.

4. Visual Processing

This section of the literature review is not well developed. The
papers included here only scratch the surface of what may prove to be
valuable information in modeling saccadic suppression. Several papers
on meta contrast may have impact on perception during saccades (66, 70)
since a meta contrast masking effect can be observed - apparent suppres-
sion occurring before eye movement. However, it may also be possible
to explain this on the basis on time delays. For those familiar with
system theory, a non-causal (meta contrast) system can be made causal
with a sufficient time shift. Other types of masking have been investi-
gated recently by Mateeff et al (69), Grunau (68), and King-Smith (68).
It can also be noted here that Cornsweet (71) provides a wealth of
information on visual perception in terms of linear and non-linear systems.

IV. MODEL DEVELOPMENT AND PRELIMINARY RESULTS

The model developed in this investigation is an attempt to combine
information from the several areas of vision literature reviewed in sec-
tion III. It is assumed to have the following form:

Individual Characteristics

and Model What is visually
perceived

Environmental Stimulus 

pcv

The input to the model are an individual's visual characteristics and
the environmental stimulus. The output desired is a prediction of
what was visually perceived.

First the individual'scharacteristics are considered, and the fol-

lowing generalassumptions are made:
1. Visual acuity is "normal". 2. Range of illumination level and
contrast is small. 3. Visual characteristics don't change duripLhg.._

saccadic time interval. 4. Model is restricted to black and white
illumination. 5. Most suppression is due to retinal stimulation,
extra retinal factors are secondary. These assumptions allow the
consideration of a lumped linear time iivariant system. It is recognized
that the eye and brain are probably non-linear,time varying, and non-
causal as well. However, alinear analysis initially can provide some
insight into a complex problem. Furthermore, it is quite likely
that much of the stocastic, non-linear, or time varying,
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effects are a result of psychophysical Irocosses. Thus it is useful

to divide the model into two parts: 1. Seosor, ,ni! 2. Psycho-
physical detector.

To characterize the sensor portion of the model, data from the
literature on line spread functions (LSF), modulatifn transfer func-
tions (MrF) and temporal transfer functions (TTF) I.; utilized. The
LSF or MTF describe the spatial properties of the system while the
tha temporal properties are derived from the TTF. To make predictive
use of this data, the concepts of impulse response and convolution
integrals must be considered. Using the well known convolution integral,
for a linear time Invariant system in the time domain:

9t fo k(' f)-)

where g(t) is the output, f(t) the input and h(t) the Impulse response,
or system function. If only one spatial direction, i.e. the hori-
zontal, is considered in conjunction witih time, the system function is

in general, a function of time and space:

9(XM~t - I f k ( 1 0 )f~st- F0 1-t)J t (2)

Thus if one knows the, time-space properties of the system, h(x,t), the

resulting time space function, g(x,t), can be derived from any input
function f(x.t). Let f(x,t) represent the intensity of illumination
at some horizontal position x on the retina at some time t. Then
g(x,t) can be the representation of that illuminition pattern arriving
at the visual cortex as modified by h(x,t).

Next it is assumed that:

This implies that h(x,t) is separable - or symmetric to both the time
and apace axis. Then functional forms for hi(x) and h2(t) can le
obtained from LSF, MTF and TTF data. Since rihe ],SF Is simply the
Fourier transform of the MTF (assuming linearity), 1SF data from Wilson
(25) was used to describe h1(x):

Where Ve',9.044 W .'.-M~l$ At . and x is eccontricIty in degrees. Reent
investigations have shown that the LSF is a function not only of hori-

zontal position x, but of where on the retina It Is measored. The above
numbers are for 00 eccentricity (at the foveR). While rite form of I1SF
renm+ins double gaussian, the constants re , Iri , K change
significantly as one moves several degrees on tile retina. Furthermore,
it is also shown by Wilson and others (25, 3R) that the temporal pattern
of the stimulus affects its spatial perception.

These effects were not included in the model at tlhs time. The

retina Is considered to be horizontally homogeneous and described by
equation (4). However, several different values for Te.iand K were
examined to estimate how Important they are to the system. The form

of h2(t) was then estimated. Here from the data in (71) and (33):
At~e) •ejtp~e/t) ($)

ta 2.0 smie.
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Again several values ()f 7 were also examined,.

By combining (3) and (4):

(e(340) .~ exeO-1L)1(6ri

h(x,t) is shown graphed in figure (1).
In order to predict g(x,t), it remains now to describe f(x,t), the

space-time course of retinal stimulation during a sacradic eye movement.
If it is assumed that stimulus is a spot of light that is turned on
and then off as it is swept across the retina at constant velocity, in
the space time plane f(x,t) would look like Figure (2). 11pre it runs
essentially diagonal across the plane-for each new Instant, a new
spatial location is stimulated. If, on the other hand, the movement
in the x direction is stopped while the light remains on, then at that
point the pulses would run parallel to the t axis. This is shown
occurring in Figure (2) starting at t - 25 msec.

In naturally occurring saccades, a straight line relationship does
not exist between the horizontal angle and time. Ynrbus (64) gives
it as a cosine relation:

Where t is time In seconds, x is the rotation angle in degrees, T Is
total saccade duration time, and xo is the final angle at the end of

the saccade. For a light spot of Intensity 1o turned on at t=O and
off at t=t l , Equation (7) yields:

o04t~t, AND i

10 , OT#EIw ill

Using equation (6) and (8), the resulting g(x, t) can be predicted for
a given experimental condition. It is useful to e.amine a particular
snccadic suppression experiment (Matin(21)). The subject was required
to make voluntary left to right 40 horizontal saccades between two fix-
ation points. At the 10 position, detected by occulometpr, a slit of
light located beneath the right fixation point was then turned on.
The slit was left on for varying times during the course of the
saccade. The subject then compared the apparent length of the slit -

(it was often seen as a blur in the visual field) to a comparison line
displayed 500 msec after the saccade ended. (Figiure 3a). Tli results
for various illumination levels are shown in Figure 3h. The ordinate
Is perceived slit length and the abcissa is duration of slit illumi-
nation. Essentially, the blur was only perceived when the slit was turned
off during the saccade. When left on past end of eve movement
(t130 meec), the length of the blur decreased until only the slit
itself was perceived. The blur was said to be suippre.sevd.

To simulate this experiment, results were obtained from the modhl
for two basic conditions: 1. Slit turned off before Ihe end of the
saccade and 2. Slit left on past the end of the saccnde.

Applying the model consisted of solving eqtation (2). lI order
to obtain solutions to the convolution integral sever;il methods were
considered - one could use an FFT (Fast Fourler Transform) and work the
solution in the frequency domain. However, this algorithm wast not
available in the I1RI, Stars system. Thus, a direct diocrte solution
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to the two-dimensional convolution was then implemented. Because
of memory and system execution time limitations, a 30 X 30 array
was chosen to represent the space-time plane (t=0-30 msec; x - 0-3.0
degrees). Each 3 dimensional plot is the result of 15 minutes
execution and plotting time; the computer program is in Appendix 1.

Figure 4 shows the input f(xt) with the saccade ending at t=15
msec but with the slit illuminated during the post saccadic period
(t-15-25 msec). Not shown but used as an input wave form was an
f(x,t) that was identical to figure 4 with the exception that
f(x,t) - 0 at t-15 msec - simulating the slit turning off before the
saccade end. The resulting g(x,t) for both stimulus conditions are
shown in figures 5 and 6. The output of the model at this point consists
only of the g(x,t) function. To complete the model, a psychophysical
detection process must be postulated to predict what was seen. This
portion of the model was not computer implemented during this phase of
the work. However, a number of possibilities for the detector are
suggested by comparing g(x,t) to experimental results. These are
presented in the following discussion section.

IV. DISCUSSION

The two response functions, g(x,t), in figures 5 and 6 are substan-

tially different. This is to be expected since two different input
functions were used. If a simple detector is postulated in which
a shape is seen only if its overall intensity is sufficiently different
from the background, (contrast detection); then it is possible to draw

some conclusions.
I& figure 6, all of the peaks produced by the stimulus are essen-

tially the same amplitude until the saccade end-- here the final
peak is somewhat higher. But since the stimulus had been turned off at

this point, all that is seen in g(x,t) is an exponential decay in
both time and space. A contrast detector should perceive each
peak equally well, hence a spatial blur is seen. (The peaks really
should be more continuous, however the time and space numerical
integration increments were made large to conserve computation time.)

It is easy to explain the large peak at the saccade end by recalling
the cosine function relating space to time (Equation 7). This
relation implies that the eye slows down towards the saccade end.
As the eye slows down, for the same stimulus intensity, there is
more temporal and less spatial integration taking place. Thus a
brighter but spatially smaller light source is perceived. If
f(xt) - o at some time sooner than in figure 5, (before the eye
slows down) the peaks in g(x,t) would be even more similar in size.
This interpretation compares favorably to observations noted by
Matin in his slit experiment; long blurs were seen when the slit
was extinguished before the end of the saccade, but the blur became
shorter and the slit at the end of the blur became increasingly
more pronounced as the light duration increased past the saccade
end.

In Figure 6, the slit is left on after horizontal motion
ceases. The eye continues to respond temporally at a single
spatial position. Thus g(x,t) develops a substantial peak in its
response. The same type of detector as previously postulated would
then dictate perception of only this peak - since it is much
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larger than any other disturbance in g(x~t). This .crr gp,,nds Cn
the perception of only a slit - no blur, and a high degree of sup-
pression. Simply stated, suppression is post||lated to occtir pri-
marily because the temporal Integration for a point on the retina
is much greater when the eye is slow or fixating than while in
a saccade. The resulting blurred image will be masked (or ignored)
if there in, due to the system response, a more intense signal
reaching the visual cortex at the saccade end. The question remaining
is: How close in time or space must two signals be in order for
suppression to occur?

This process can be represented mathematically as a detector.
A type of detection has been postulated for the time domain by other
investigators - it is essentially a finite time integrator:
(36, 37) t

,,., f jt~~~K~~ltb i

It is likely that spatial detectors of similar form are at work
as well. The scope of this work has left formal investigation of
the detector part of the model to a follow up study. However, it
is expected that the detection process will he grounded in stocastic
mathematics.

VI. CONCUSIONS

The model presented in this investigation attempts to integrate
spatial and temporal properties of the visual system, eye movements,
and psychophysical processes. By doing this, it appears possible
to understand some of the mechanisms that result in saccadic suippreq-
sion.

The results of this report, while laying some ground work for
a model also provide a few general conclusions.

1. Saccadic suppression is rarely 100%. It is both a function of
stimulus pattern and psychophysical interpretation.
2. Based on the line spread function, temporal modulation transfer
function and a suitable detection scheme, it should be possible
to predict suppression magnitude for a number of situations.
3. The model could suggest the conditions for m.ximizing and
minimizing suppression.

V. RECOMMENDATI ONS

Recommendations from this work can be classified Into three
areas: I. Implications of current literature and model results.
2. Suggestions for specific experiments. 3. Proposal to improvo
the effectiveness of the model.
1. Implications of Literature and Model

a. Suppression is a relative phenomenon measured by percentage.
It is not likely to achieve 100% suppressinn 100% of the
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time. A more fundamental question t)n sk is: Wt;irt wi1l
be tolerable in a visual display system? i.e.. 50% suppre.sion 757
of the time. Seeing is a question of perc'pIt-on. A stimulus
may be presented that enhances the chances of suppression -

but there Is no guarantee that the subject will or will

not perceive the stimulus.

b. It should be possible to predict average suppression in
a large ntimber of situations.

c. The model indicates that a combination of the visual system's
spatial and temporal properties, and retinal stimulation
are important determinants for predicting suppression
during saccades.

2. Suggestions for Experiments
a. Individuals should be tested for line spread function

(LSF) and temporal transfer function (TTF) and then tested
for saccadic suppression. The expected pay off would be
a data set that directly relates some fundamental visual

properties to suppression. It would also enable validation
of the model's structure. Furthermore, information about
the psychophysical detection process could be extracted.

b. Most all Raccadic suppression literature is derived from
experiments that test vision without any coexisting task.
Because of possible exploitation of suppression in a
multi-sensory environment (i.e. a cockpit simulator),
interactive effects should be studied. It is not possible
at present to predict whether there would be more, less
or the same suppression effects.

c. Color and its effect on saccadic suppression is yet another

area that has received little attention. At least a "base
line" experiment is suggested.

3. Proposal to Tmprove Model

a. The model presented in this report is quite crude and has
resulted in only general. statements about vision during
saccadic movements. Steps to be taken to Improve the model

will be detailed in a "mini-grant" application. Only an
outline9is given here.

1. Mathematical representation of detectors wilj be derived
for the time-space domain

2. Model out put will. be generated to enabl, comparison
with psychophysical experiments

3. Convolution Algebra will be more precise
4. Time course of eye accelerative effects will be included

5. Retinal inhomogeneous spatial effects will be added
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SPECIAL-PURPOSE PROCESSORS

FOR THE IMAGE-PROCESSING REQUIREMENTS

OF AUTOMATIC FEATURE EXTRACTION SYSTEMS

by

J.V. Oldfield

ABSTRACT

Image processing systems for feature extraction require complex

operations on large quantities of image data. After considering

these requirements in detail, the author has proposed a

special-purpose computer system (PXP) for pixel processing and

display. This employs vector operations on up to 9 pixels

simultaneously, and should result in much faster execution of

many feature extraction tasks, particularly those which affect

the interactive user. The paper includes an outline of the system

architecture and informal descriptions of typical algorithms. It

discusses implementation possibilities using widely-available

microprocessor components, and recomnds that further

development be undertaken with the aid of a high-level hardware

description language (SMITE) and emulation system (QM-1), both of

which will be available at Rome Air Development Center.
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I. INTRODUCTION

Map making has traditionally been a complex, time-consuming

activity, involving ground-level surveying now supplemented or

replaced by aerial and satellite imagery, followed by stages of

analysis, map layout and the elaborate processes of high-quality

multi-color printing. Sensor performance has improved

dramatically in recent years and now covers wide spectral bands

from infra-red to ultra-violet. This type of data is produced in

such large volumes that only a small percentage can be processed

extensively. At the other end of the map-making process,

high-quality color printers are now available for both film and

paper copy. The in-between stages of data analysis and map

layout now form a serious bottleneck in map production.

A map has symbolic as well as metric aspects, and sometimes

these are in conflict. For example in representing a highway and

a railway track passing through a narrow valley, it may be

necessary to displace either or both conventional symbols from

their true position so as to clearly distinguish them. It is

difficult to automate this in the design process. Again, the

map-maker needs to bring together a variety of data in different

forms to aid his analysis - previous maps, aerial and ground

survey data, and more general intelligence information.

The Defense Mapping Agency is coordinating an effort to map

the major part of the Earth's land surface, in the form of the

Digital Landmass Simulation Data Base (1). The IRRE Branch of

Rome Air Development Center is one of the collaborating agencies

in this effort, and is particularly concerned with Feature

Extraction Systems. These are computer-based image-processing

and display systems which aid the map-maker by providing

automatic and interactive means of classifying image data. For

example, landscape features such as roads, forests, lakes, etc.

can be distinguished automatically from their multi-band spectral
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image data, due to characteristic spectral "signatures" i.e.

the relative responses at different spectral frequencies. But it

is virtually impossible to carry out such classifications

automatically for images in general, especially when they contain

many cultural features. Instead, the image analyst can design a

classification scheme for a particular image or restricted set of

images which will identify features of interest. Feature

extraction systems make this possible by providing the following

aids:

1. image input and output facilities for both optical and

computer storage media.

2. pre-processing facilities e.g. contrast enhancement, picture

noise reduction etc.

3. image statistics evaluation e.g. finding the mean intensity

around each pixel.

4. classification scheme design, with transformations which

make it easier to distinguish a small set of known objects

selected by the analyst.

5. application of a classification scheme to a whole image or

set of images.

The author has been extensively involved with interactive

display systems for a number of years, particularly for
computer-aided design of electronic systems. The Summer Faculty

Research Program provided an excellent opportunity to explore a

new but related area in which display technology was a limiting

factor.

Image processing systems for feature extraction have extensive

computing requirements, ranging from large data bases to

advanced interaction with displays. This study is concerned with

the algorithms employed in image processing for display, and how

they may be speeded up with special-purpose computer hardware. In

view of the dominance of rester-scan display technology, in which
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picture element (pixel) data is stored in extensive semicinductor

memory, it is now possible to consider a closely-coupled pixel

processor (PXP) accessing pixels at high data rates.

It is interesting to observe the evolution in image storage

for the experimental feature extraction system developed by

RADC:

1. disc-based systems which allowed TV-compatible data rates,

but were subject to serious latency handicaps (2),

2. the PDPII/20 - Comtal system (3) in which the display memory

is separate from computer memory. While computer access to

pixel storage is at high speed, the method is very

restrictive and so considerable buffering must be used,

3. the PDPLI/34A - De Anza system (4,5), in which the display

memory is directly accessible by the computer, but only in

selected portions at a time i.e. by virtual addressing. The

buffering requirements are much reduced. This is the display

subsystem of the Automatic Feature Extraction System (AYES)

being developed by the Pattern Analysis and Recognition

Corporation under contract to RADC.

In this latest system, the role of the display processor is

restricted to image generation from the refresh memory. The

De Anza unit has a digital video processor capable of image

processing operations as distinct from display, e.g. image

differencing, spatial convolution etc. but advantage will not be

taken of such facilities in the present system.

II. OBJECTIVES OF THE RESEARCH EFFORT

The dedication of a computer such as the PDPII/34A to an

individual work station indicates the importance of fast response

for the AFES user and I was encouraged to look for further means

of improving response. At the same time consideration had to be
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given to the overall cost of the work station, and here

developments in microprocessor technology are very significant,

since they give the systems designer of a

special-purpose,low-volume computer system such more freedom of

choice than previously. In summary, the objectives were as

follows:

1. to become familiar with the image-processing and feature

extraction methods currently employed,

2. to explore any possibilities of improving the real-time

performance, in particular with novel forms of computer

architecture.

III. DISPLAY AND PIXEL PROCESSING REQUIREIENTS

It is clear that the display requires extensive RAM storage,

of the order of a megabyte e.g. for 4 512x51 2 8-bit color images

as in the AFES display subsystem (De Anza IP5532). Future

systems could well have even higher resolution and indeed the

present system allows for a pair of 10 2 4x1024 monochrome images.

The algorithms employed in image processing access the same data,

and once the decision has been made to store image data in

semiconductor RAMs, it becomes feasible to consider dedicated

processors for algorithm execution. The PDP11/34A-De Anza system

is restricted by the 56k byte instruction address space and 256k

byte bus address limitation of PDPII systems and consequently

memory mapping techniques are employed. With recent

microprocessors a larger address space is available e.g. the 1

megabyte bus limit of the Intel 8086 (6). While such an address

space is insufficient to contain the image memory (2 megabytes),

the latter can be configured as four 512x512 8-byte images, with

any one of the four selected as in the address space at any

instant. Switching between images would be virtually
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simultaneous, and would be little handicap to either display or

image processing requirements.

Image processing algorithms require two-dimensional access to

pixel data, and when implemented on conventional computers suffer

some overhead in mesory address computation i.e. forming a single

store address from an x-y pixel address. Moreover they frequently

require access to the immediate neighbors of a given pixel. The

following are examples:

1. in collecting statistics for pixel classification it is

common to evaluate an n x n box around a given pixel.

Typically n is 3 or 5. Statistics include: average

intensity,standard deviation, lowest, highest,range and mean.

2. in resion-arowing, the neighbors of a given seed pixel

already labelled as belonging to a region are considered for

inclusion in the same region, based on a threshold level.

Other algorithms include edge detection, thinning , line

following and noise-point fill-in.

IV. ALTERNATIVE COMPUTER CONFIGURATIONS

In the search for improved performance, there are a nuber of

alternative computer configurations to consider (7,8)

IV.1 Multi-microprocessor comuters

It is now feasible to construct such a system, typically with

8 or 16 processors sharing a common memory as well as having

individual private memories. The major problem is to organize a

computing task into parallel activities. Some AFES tasks e.g.

collection of pixel classification statistics, can be subdivided

on a rectangular area basis, and allocated to separate processors

operating in parallel. Others, such as region-growing, cannot be

readily subdivided due to overlap of the regions as they develop.
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Considerable overhead would be involved in inter-process

coumunication. It would also be necessary to provide memory

protection, allowing one processor read/write access to its area,

while neighboring processors are allowed read-only access, or

even at times no access at all while a critical marking operation

takes place. These difficulties and complications, coupled with

the limited speed of typical microprocessors, would probably

restrict the overall performance to less than that of a single

powerful minicomputer equipped with cache memory and

comprehensive hardware arithmetic facilities. Moreover the high

data rates required for display generation would call for a

special-purpose display processor, with further complications

such as memory subdivision, control and timing.

IV.2 Vector arithmetic computers

These fall in the general classification as single-instruction

path, multiple-data path (SIMD) computers (9). Examples include

the Illiac IV, designed for floating-point operations on large

matrices, and the STARAN with its 256 processors each obeying

the same elementary instruction simultaneously. The general

concept is relevant to image processing, since many operations

involve identical computations for the 4 or 8 immediate neighbors

of a pixel. Reference (10) discusses such applications further.

The STARAN itself could be employed for some AYES functions, such

as clustering in hyperspaces of large dimension, but in view of

its cost it could obviously only serve as a central facility

rather than as part of a work station. An important problem is

the overhead in setting up a problem for STARAN from a

conventional computer and the time required for array input and

output.

It is interesting to apply the SIMD concept on a uch smeller

scale i.e. as an adjunct to a conventional central processor,
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paying particular attention to the two-dimensional character of

images. I have proposed a SIMD computer with a vector arithmetic

unit of 9 elements. This number is sufficient for simultaneous

pixel statistic evaluation with 3x3 boxes, and it appears very

suitable for some otherwise time-consuming operations of

region-growing. In proposing a novel computer configuration, one

needs to evaluate its computational gains against drawbacks such

as added programming complexity and the need for special system

software. A useful example in which the payoff is worthwhile is

an array processor as an adjunct to a minicomputer, e.g. the

Floating Point Systems API20B. While the array processor is

difficult to program, the resulting speed-up in matrix operations

may well justify the hardware cost and reorganization required.

For AFES, the parallel example is a special-purpose computer for

both display refresh and certain standard operations which

require access to the same display data.

Subsequent sections of this paper consider the organization of

a SIMD system for pixel processing (PXP) and its possible

advantages as part of an AFES work station.

IV.2.1 Outline of Pixel Processor (PXP) Organization

The PXP would operate in close association with the host

processor of an AFES work station. Figure 1 shows the overall

arrangement. The PXP would drive the display monitor(s) and also

carry out specialized functions such as statistics evaluation or

region-labelling, at the command of the host processor. The PXP

operates within the address space of the host, the latter having

access to all the image memories. The console input devices

(keyboard,tracker balls etc) would be serviced directly by the

host computer. In designing the PXP, particular attention is

required to the following aspects:

1. rapid access to image memory for both display and pixel

I
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processing,

2. means of controlling the individual elements of the

arithmetic vector unit and the logical operations required,

3. automatic provision for image boundaries.

V. PXP MEMORY ORGANIZATION

PXP requires high-speed memory access to:

1. drive the display monitors at TV rates i.e. retrieving the

red,green and blue components for each pixel on a TV line at

very high speed (e.g. 39 microseconds for all 1024 elements

of a raster line of a 10 24xi0 24 element scan)

2. to load or store the 9-element arithmetic vector

simultaneously.

I have developed a suitable scheme which requires that the image

memory be divided up into 16 separate modules numbered 0-15. For

present purposes I have assumed that the image memory is the same

size as in the De Anza IP5532 viz. 4 images of 5 12x512 8-bit

pixels, but the idea could readily be extended to larger image

memories. Each of the 16 modules would hold 16k 32-bit words,

each word subdivided into 4 8-bit bytes, i.e. one byte for each

of the 4 image "planes". The 16 modules operate simultaneously

and thus allow any set of 16 sequential pixels to be read across

a horizontal line viz:

0 1 2 3 12 13 14 15 0 1 2 3

By staggering the arrangement for successive image lines,

simultaneous access can be obtained to any 4x4 group of pixels:
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0 1 2 3 ..... 12 13 14 15 0 1 2 3 ......

4 5 6 7 ..... 0 1 2 3 4 5 6 7 ......

8 9 10 11 ..... 4 5 6 7 8 9 10 11 ......

12 13 14 15 ..... 8 9 10 11 12 13 14 15 ......

0 1 2 3 ..... 12 13 14 15 0 1 2 3 ......

etc

A simple address transformation is obtained, which allows one to

transform a specified x(row), y(columun) address into image memory

module(m) and word(w) address. This can be described in FORTRAN

as:

n mod(4*mod(x,4) + mod(y,16),16)

w - 32*x + int(y/16)

or more significantly as the logical operations shown in

Figure 2. Thus the address transformation is simple, fast and

economic. As a result, the vector processor described in section

(VI) can have simultaneous access to any set of 9 elements in a

row or any set of 3x3 pixels. Note that simultaneous access does

not extend to columns, but this does not seem a serious drawback.

There are 4 distinct access modes, allowing simultaneous loading

of all vector elements from the game pixel, from the sequence of

nine to the right, nine to the left, and the 3x3 array around a

given pixel. A scheme with fewer memory modules is feasible, but

the address arithmetic is more complex and in any event the

16-way interleaving is desirable for TV data rates.

To simplify operations on boundary pizels, either at absolute

boundaries or prescribed ones within an image, a 9-bit status

register, the nixel access reaister (par), is associated with

memory control. In reading, each bit is set to 1 or 0, depending
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on whether the pixel data is valid or not. On writing to memory,

the register not only prevents writing to non-existent memory,

but also allows selective write operations to be carried out,

depending on arithmetic results. The pixel access register is set

up only when the pixel x,y address is changed, and not when the

particular byte (of the 4 stored for a given coordinate) is

changed. The address logic uses limits xlow,ylow,xhigh,yhigh

which can be changed by the PiP to suit requirements. Figure 3

shows the general arrangement. The address logic can be

implemented by hardware or microprogram operations, depending on

the speed required.

It is useful to carry out the same operation, stepping along

rows and down columns, and so indexed addressing is provided,

with separate x and y index registers associated with an

instruction. This is discussed further in section (VIII).

VI. VECTOR ARITUKETIC UNIT

This unit can carry out 9 simultaneous arithmetic or logical

operations on a 9-element vector, each element being 8-bits long.

Figure 4 shows the general arrangement. The

vector control reuister (vcr) allows individual elements to be

disabled (0) or enabled (1) . It is automatically loaded from the

pixel access register when reading to disable operation for

non-existent memory. It can also be changed directly by program,

and it is important to see this as distinct from the pixel access

register association •

There is a set of condition bits (zerominus,carry) associated

with each element of the array, reflecting the result of the

latest vector arithmetic or logical operation. These are similar

to the condition bits of a typical microprocessor, but are

available collectively as 9-bit words. It is envisaged that most

Li. 48-15
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operations would be on unsigned integers, and so an overflow

register has not been included. However, signed arithmetic (ones

or twos complement) would still be feasible by software.

A fairly restricted set of arithmetic and logical operations

is proposed:

1. Load vector from:

image memory / main memory / gp register /

instruction (literal)

2. Store vector in image memory/main memory/gp register

3. add/subtract element contents to/from:

image memory / main memory / gp register / literal

4. shift element contents up/down 1 place

5. shift element contents to neighbor left/right (note

lbyte, rbyte)

6. swop element contents with neighbor left/right

7. add neighbor left/right to element contents

8. subtract element contents from neighbor left/right

9. compare element contents with neighbor left/right

10. zero, set to 1 or complement vector contents.

Note that these functions, and others, are readily available in

chip form e.g. the 74181 4-bit arithmetic/logic unit chip. Most

of the arithmetic operations will be distinct i.e. the data from

one element will not affect another, but it will still be

possible to carry out multi-byte arithmetic, or even say two

pairs of multi-byte operations with the aid of the accumulator

control register.

VII. CONVENTIONAL ARITHMETIC UNIT

As well as the vector arithmetic unit, a more conventional

unit is required which provides for index arithmetic, logical

operations to set up the accumulator control register, counting,
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etc. This has been organized as a set of 32 16-bit registers, of

which 16 have specific purposes, and the remainder are general.

Not all the special-purpose registers hold the full 16 bits. The

general purpose registers are numbered from 0 to 15, with

register 0 always containing the constant zero.

special-purpose rexisters

accumulator vector (9 x 8 bits)

lbyte, rbyte (1 x 16 )

vector control(vcr) (1 x 9 )

vector zero(vz) (1 x 9 )

vector inus(va) (1 x 9 )

vector carry(vc) (I x 9 )

pixel access(par) (I x 9 )

stack pointer (1 x 16 )

The following facilities are provided for all registers, whether

special-purpose or general:

load from main memory/instruction (literal)

store to main memory

shift left/right (circular/logical)

special shifts (8-bit circular, 9-bit etc.)

logical (and/or/exclusive or/complement)

increment/decrement

add/subtract

Again, these facilities are readily available in chip fora.

Note that as well as the 32 registers described here, other

specific registers e.g. zlow,xhigh can be set by PXP program.

Other registers include code, data and stack segment registers

(16 bit), maintained by the host processor and not available to

PXP program. The 32 registers can be individually tested and

there are condition bits (zero,minus,carry) indicating the result

of the latest arithmetic or logical operation.
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VIII. CONTROL UNIT

The control unit takes instructions from the main =mery

(shared with the host) and arranges for the associated memory or

arithmetic/logical operations to be carried out in sequence. In

view of available microprocessor technology, and for ease of

adjustment, it would be advantageous to use microprogramming

techniques. The memory reference instructions will allow separate

index registers to be specified for row (x) and column (y)

coordinates. It is not proposed to specify the instruction format

in detail at this stage. Note that it may be an advantage to

use a pipeline for instruction fetch, since the time for each

instruction will vary e.g. vector and register operations will be

faster than memory reference instructions. An advantage of the

SIND architecture in this context should be the relative

infrequency of conditional jump instructions, which would require

the pipeline to be purged and re-loaded. A stack will be

maintained for subroutine linkage, and it will also be used to

save and retrieve data using POP/PUSH instructions.

To avoid inessential complexity, it is not proposed to include

interrupt facilities in the PXP itself, although it may well be

useful for it to be able to interrupt the host. It might be

feasible to be able to time-share the PXP between display refresh

and image processing, but it is assumed that users would be

content with a blank display while image processing is in

progress.

IX. APPLICATION OF PXP TO SOME TYPICAL TASKS

It is important to evaluate the computational advantage of the

PIP by estimating the time it would take to perform some of the

pixel processing tasks associated with feature extraction which
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are presently time-consuming. Since the instruction set has not

been completely specified and detailed aspects of implementation

have yet to be considered, only rough estimates can be made at

this stage. Another uncertainty is the allocation of tasks

between the PXP and the host. However it is hoped that the

examples will give sufficient indication to merit further study.

In the absence of a formal instruction set, PXP programs will

be described informally in English.

IX.I Pixel statistics - 3x3 box

Assume that the pixel intensity data is already stored in an

image memory. Also assume that the following analysis is

required, and that it is to be sent to the host computer:

1. mean intensity

2. standard deviation

3. lowest intensity

4. highest intensity

5. range

6. median intensity.

The following procedure seems to be most efficient:

1. sort the pixel intensities in descending order

2. send lowest, highest and median to the host

3. use median as an approximation to the mean and refine it.

Find differences between each pixel and the median, then sum

them, divide by 9 and add result to median

4. find differences between each pixel and the mean and square

them

5. sum the squares of the differences, divide by 9 and take the

square root to give the standard deviation.

The PIP organization is highly suitable for fast sorting since

every pixel can be compared with its neighbor simultaneously, and

then swopped if necessary. Appendix A.I discusses the choice of
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algorithm and shows how it can be turned into a PIP program.

Procedure steps (3) and (4) exploit vector arithmetic and in (5)

the 9-element sumsation can be comenced as 4 simultaneous pairs,

then 2 pairs etc. Appendix A.2 shows that this is roughly twice

as fast as a cyclic method.

IX.2 Pixel statistics for larner boxes

The vector arithmetic unit allows the PIP to be used

effectively for boxes up to 9 pixels wide. This is more than

required for a typical feature extraction system.

IX.3 Reaion growing

This is a process which is clearly required for APES, but

which is still at an experimental stage. A region is a contiguous

area of an image in which all the pixels are associated by some

common rule, typically that immediate-neighbor intensity

differences lie within a threshold. Regions are grown from a

single "seed" pixel and there may be considerable intensity

differences between extreme pixels of a region. The work

described here is based on studies at the PAR Corporation

undertaken by Taenzer (11) and Marks (12). The algorithm is

divided into 3 main stages:

1. grow regions, labelling pixels as region or edge. If the

region is too small, its pixels are re-labelled as "reject"

2. grow regions out of reject pixels, so adjacent reject

regions may be merged and become viable regions

3. assign any remaining reject regions to the neighboring

region of nearest average intensity.

Stage 1 is particularly time-consuming. It involves examining

each of the 8 neighbors of a seed (i.e. already labelled) pixel

to see if the intensity difference is within a given threshold.

If not, the neighbor is labelled as an edge pixel. If so and
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neither of its immediate neighbors (in a circular sense) are

already edge pixels, it will be labelled as being in the same

region and then added to the seed list. Already-labelled pixels

are not re-labelled.

The PXP is ideally suited to this task since it can handle all

8 neighboring cells simultaneously. Appendix A.3 outlines a

suitable algorithm.

X. IMPLEKENTATION

An experimental prototype of the pixel processor could be

implemented in a variety of forms, depending on the speed

required and cost limitations. Important aspects are the display

processor timing to keep up with high-resolution TV rates, color

look-up tables, etc., and the speed advantage of vector, as

distinct from single-accumulator arithmetic, in view of the

novelty of the architecture, the instruction set should be easily

alterable.

These requirements appear to be satisfied by the following

choices:

I. The image memory should be in MOS form and follow trends in

raster scan display systems generally e.g. using the largest

capacity dynamic RAMs available (64-kilobit presently) with

cycle times of the order of 400 nS.

2. The vector itself should comprise pairs of 4-bit

arithmetic/logical chips such as the 74181, which provides

all of the functions required. It would not be necessary to

use carry-look-ahead logic, since the word length is only 8

bits. The SN74S181 Schottky version can perform an 8-bit add

in only 18 nS. It is important that data transfers to and

from the vector elements can take place in parallel i.e.

simultaneously.
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3. Some of the general-purpose registers should be distinct

e.g. the general-purpose register vector used to save the

contents of the accumulator vector. This would permit

high-speed multi-byte copying.

4. The remaining registers could be implemented with 4-bit

bi-polar bit-slice logic, such as the Am2901, which contains

a 16-word RAM as well as being able to perform arithmetic

and logical functions. Reference (13) gives an interesting

example of an 8080 microprocessor emulated in this way.

5. The control part of the PXP could also use bit-slice logic

using a "wide" type micro-instruction format. Again

reference (13) gives a useful example with a 56-bit

micro-instruct ion word.

All the above devices could be readily modelled in the SMITE

language. In summary, the design should be evaluated for

readily-obtainable standard components, and this should be

entirely feasible.

Some consideration must be given to software. In view of the

novel architecture, good debugging aids are essential. Since the

system includes a host processor and a display, it would be easy

to show the state of the PXP in terms of the current instruction

and register contents.

XI. RECOMENDATIONS

This study has shown that the real-time performance of a

feature extraction system could be improved by exploiting

concurrent computer operations in the form of a

single-instruction multiple-data path (SIND) image processor.

This could combine both image-processing and display functions. I

recommend that this concept be investigated further.
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An overall evaluation of the effectiveness of the proposed PXP

system requires answers to the following questions:

I. How fast could typical feature extraction algorithms be

executed, in comparison with the existing system ?

2. How easily could such algorithms be implemented e.g. would

the complexities of vector processing be serious obstacles,

would PXP programs be difficult to debug, how easily could

tasks be divided between host processor and PXP, etc. ?

3. How complex would the PXP hardware be, and what would it

cost to produce a prototype system ?

Answers to these questions could be obtained by defining the

system in high-level terms i.e. using standard MSI and LSI

components, with known cost and performance, and by emulating

actual programs with the aid of suitable software. SMITE (14,15)

is a computer description language for specifying . digital

system (the target system) at a register-transfer level,

including component timing information. It can represent systems

in which activities take place in parallel, and which need to be

synchronized with one another. The formal specification can be

compiled on a host computer system such as MULTICS and used to

set up the Nanodata QM-1 computer emulation system. This is a

very flexible high-speed computer which can be microprogrammed at

both the "nano-instruction" (80 nS per operation) level, using

360-bit wide nano-instructions which control register-to-register

transfers, ALU operations etc., as well as at a more conventional

micro-instruction level. It is an excellent tool for emulating

proposed computers, since it can emulate a system both

realistically and efficiently. The SMITE emulation facility has

execution-time mnitoring, statement-level stepping, symbol

display and other aids for debugging target computer programs.

In summary, SMITE would demand a sufficiently-detailed

description of the PXP system to answer question 3 (cost),
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provide accurate timing estimates for question I (speed) and a

test bed for somewhat subjective answers to question 2

(software). The vector arithmetic facilities of the proposed
system would represent a significant step forward in AFE8
processing power. The ability to carry out up to nine

simultaneous arithmetic or logical operations, coupled with the

availability of data in high-speed registers, should lead to

speed ups of at least an order of magnitude over the PDPlI/34 - I

De Anza system, for those tasks which can exploit vector

arithmetic. The increase in facilities and speed of

microprocessors such as the Intel 8086, along with the

availability of standard bit-sliced processors and LSI components

should result in a powerful overall system at lower cost. The

development of improved operating systems and high-level

languages for microprocessors should make it easier to implement

complex system software such as a feature extraction system

during the timescale of any hardware development of PXP.

While these benefits seem evident, it is important to get more

accurate estimates, along with the possible drawbacks, euch as

added programming complexity. The SMITE system would provide an

excellent vehicle for this purpose.

48-26
dV



REFERENCES

1. N.B. Faintich "DyA Concept of Image Analysis for Feature
Extraction", unpublished maw, Defense Mapping Agency,
December 1978.

2. Operations and maintenance manual for 5400 series Parallel

Disc Memory, Data Disc Inc., 1973.

3. J.C. Lietz et al "Advanced Multi-spectral Image Descriptor
System (AMIDS)", Final Report RADC -TR-74-346, February
1975.

4. "Mapping, Charting and Geodetic Features", PAR Report No.
78-50, Contract F30602-78-C-0080, December 1978.

5. "AFES Design Plan", P.A.R., Contract F30602-78-C-0080,
April/May 1978.

6. MCS - 80 User's Manual, Intel Corp., July 1978.

7. D.J. Kuck "A Survey of Parallel Machine Organization and
Programming", Computing Surveys, Vol. 9, no. 1, March
1977,p. 29-59.

8. H.J. Siegel et al "A SIND/MIMD multiprocessor system for
image processing and pattern recognition", IEEE Computer
Society Conference on Pattern Recognition and Image
Processing, Chicago 1979, p.2 14- 22 4 .

9. M.J. Flynn "Soma computer organizations and their
effectiveness", IEEE Trans. on Computers, C-21, no. 9,
September 1972, p. 9 4 8 - 9 6 0 .

10. N.S. Ramesh, K.S. Fu "A Survey of Computer Architectures
* for Image Processing and Pattern Recognition", Report

TR-EE77-38, Purdue University, Contract AFOSR 74-2661,
October 1977.

11. D.B. Taenzer "Interim Report on Region Growing", Technical
Memorandum (unpublished), P.A.R., Contract F30602-78-C-0017,
April 1978.

12. D. Marks (PAR Corporation), Private Communication. June
1979.

13. M. Shavit "An Emulation of the Am9O80A: an example of a

microprogrammed machine", Advanced Micro Systems, Sunnyvale
1978.

14. "SMITE Reference Manual" (TRW Defense and Space Systems

Group), RADC-TR-77-364, November 1977.

48-27



15. B. PresL.A. Prentice "SMITE Installation and Analysis",
(TRW), RADC-TR-78-212, December 1978.

I 48-28



APPEDIX

A.1 Sorting 9 sixel intensities

The sorting algorithm proposed here exploit the elemnt pair
swop instruction of the PIP. They assume the pixel intensities
are already loaded to the accumlator vector.

AI.1 Simple sort

instruction Comment

1. lbyte<- 255 for comparison later
2. rbyte<- 0of f to f
3. select aO - a8 activate whole vector
4. comp~are right
5. examine vm check result of (4)
6. if (-0) -> 14
7. gp, reg <- vm
8. coqpl. vm
9. shift va left

10. vm <- va & gp reg
11. vcr <- vm activate some elements
12. swop right vector swop,
13. -> 3 repeat till ordered
14. (finished) pixels ordered

13 instructions
167 instruction times (worst-case)

A 1.2 Faster sortI This has a few more instructions but is faster.

1. lbyte <- 255
2. rbyte <- 0
3. select aO - a8
4. compare right
5. examine vu
6. if (-0) -> 18
7. gp regi <- vu
8. gp reg2 <- va
9. shift gp2 right

10. coqpl. gp2
11. gp2 <- gpl & gp2
12. if (-0) -> 3
13. vcr <- gp2
14. swop right
15. shift gp2 right for further swops
16. gp2 <- gpl & gp2
17. -> 11 till no more swops
18. (finished) pixels ordered
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instruction comment

A.2 Summation of vector elements

A 2.1 Cyclic method

1. gp reg <- 8 counter
2. rbyte <- 0 to hold m.s. result
3. select a0 activate a0 only
4. add left aO<- a0 + al etc
5. examine vc look at carry
6. if (-0) -> 8 Jump,.if no carry
7. rbyte<-rbyte + 1
8. gp <- gp -1 decrement count
9. if (-0) -> 13

10. select a2 - a8 ready to shift
11. shift right shift elements
12. -> 3 loop back
13. (finished)

12 instructions
71 instruction times (worst-case)

A 2.2 Pairwise method

1. select al,a3,a5,a7
2. add left 4 pair adds (8bit)
3. shift vc left deal with carry
4. gp reg <- vc save carries
5. select a2,a4,a6,a8
6. clear vector ready for carries
7. examine gp reg
8. if (-0) -> 11
9. vcr <- gp reg ready the vector

10. add 1 to vector
11. select al - a8
12. gp reg vec <- vector save vector
13. shift vector right
14. shift vector right
15. select al,a2,a5,a6
16. add gp reg vector 2 pair adds (16 bit)
17. shift vc left
18. gp reg n <- vc save vc register
19. if (-0) ->22 check carry
20. acr <- gp reg n set up vector
21. add I to vector
22. gp reg vector <- vector
23. shift vector right
24. shift vector right
25. shift vector right
26. shift vector right
27. select el,a2
28. add Sp reg vector pair add (16-bit)
29. examine vc check carry
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instruction coment

30. if (no carry) -> 32
31. a2 <- a2 + 1
32. &1 <- al + aO
33. if (no carry) -> 35
34. a2 <- a2 + 1
35. (finished) result in a2, al

35 instructions
35 instruction times (worst-case)

A 3. Region-labellina alaoriths

1. select label image i.e. region name
2. load (around) vector pixel labels to vector

3. select aO - a8  activate all elements
4. compare all: %*nlabelled" unlabelled pixels
5. gp reg <- vz vz : unlabelled
6. vz0 <- 1 set vz bit 0 to 1

7. par <- vz set up pixel access
8. select intensity image pixel image proper
9. load(around) vector unlab. pix. inten.

10. subtract center pixel a0 available as gp reg
11. vcr <- vm set up vec. cntrl.
12. compl. vector moduli of Int diffs.
13. vcr <- par unlab. pix. & cent.
14. subtract threshold
15. par <- vm ready for edge labels
16. select label image
17. load vector with "edge"
18. store vector to image label edge pixels
19. select al - a8

20. load (around) vector labels
21. compare "edge" vz-I for edge
22. compl. vz
23. gpl <- gpl & vz is for potential seeds
24. gp2 <- vz
25. 8-type circ shift left on vz
26. gp2 <- gp 2 or vz
27. 8-type circ shift left on vz
28. gp2 <- gp2 or vz
29. 8-type circ shift right on vz
30. ditto
31. ditto
32. gp2 <- gp2 or vz
33. 8-type circ shift right on vz
34. gp2 <- gp2 or vz Os for new seeds
35. cowl. gp2
36. gp2 <- gpl & gp2 new seeds
37. par <- gp 2  set up pixel access
38. parO <- 1 set center pixel
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39. load(around)vector got reg. label
40. store vector label now needs
41. (finished)

40 instructions
40 instruction times
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MAGNETOSTATIC WAVE DECAY AND FILTER DEVICES

J.M. Owens

ABSTRACT

Magnetostatic waves (iSW) propagating in epitaxial yttrium iron

garnet have been under serious Investigation as complex signal processing

elements for the past 3 years. This report presents the results of a

study In two areas of MSW signal processing technology. First, the

use of MSW delay lines as electronically variable time devices, with

possible application in phased array antennas. Second, evaluation of

element weighting techniques applicable to transversal filter Implement

tation In NSW..The first area of study has yielded a number of simple

I'SW delay lines with delays adjustable from < 10 n sec to >100 n sac,

insertion losses of less than 4 dB and bandwidth of >200 MHz. The

second area of study has shown that width weighting is an effective

transversal filter weighting technique.
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I. INTRODUCTION

A military need exists for a microwave (1-20 GHz) analog signal

processing technology with processing capabilities complementary to

those developed over the past ten years with surface acoustic waves

(SAW) at VHF/UHF frequencies. In particular tunable, matched filters

and adjustable dispersive and non dispersive delay lines would find

significant applications in military microwave systems. A new tech-

nology, with the potential to realize these requirements, has been

developing over the past 3 years. This technology is based on

magnetostatic wave (MSW) propagation in epitaxial YIG (yttrium iron -

garnet) and utilizes the concept of transversal filtering which has

been so effectively utilized in SAW devices.

The object of this AFOSR Summer Faculty Research Program is the

mutual Interaction, of research efforts in the area of magnetostatic

wave signal processing between the University of Texas at Arlington

and Rome Air Development Center, Hanscom AFB. In particular two

areas will be Investigated, first the use of MSW delay lines as

variable phase shifters for S-Band Phaded Array Antennas, and second,

the evaluation 6f weighting techniques applicable to MSW filters.

II. OBJECTIVES

The objectives of the project were:

(1) To evaluate MSW delay lines for possible use in phased

array antenna systems as electronically variable time delay elements.

(2) To evaluate "width weighting" as a technique to provide

amplitude weighting for MSW transducer transversal filters.

III. PHASED ARRAY ANTENNAS

Electronically scanned phased array antennas have been finding

wider and wider application in military systems. For a pair of
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radiating elements such a system (see Fig. 1) with element spacing d,

maximum scan angle e, and wavelength A the required phase shift between

elements f Is (1);

i t n-l-2 d sin e

A beamwidth of 10 would require, as an example, 60 such elements spaced

by .9A. For a 600 scan the required interelement phase shift *n-fn-I

is = 2800. As long as the signal being processed Is constant and of long

duration the phase shifters need only provide a variable differential

phase shift of from - (fh 4fn-1) to + (fn" fn-l). But, If the signal

is not constant then, In order to preserve proper time relations appro-

priate group delay must also be present in the phase shifters and in

this case the phase shift for the nth element must be n(Wnn-l) which

would be a maximum of 14,4000 of phase shift or 13.2 nsec. at 3 GHz.

The first type of phase shift is readily provided by ferrite, or diode

phase shifters. Group delay shifts are at present provided by electron-

ically switched sections of coaxial cable. This technique limits the

effectiveness of scanned array systems due to significant cable and

switch losses and the finite step size of discrete delay lines used.

What Is desired, ideally, is a transmission media which has an electron-

ically adjustable propagation velocity, low loss, and is non dispersive

over a significant bandwidth. At present, no devices satisfying all

these requirements exist, but magnetostatic waves propagating in yttrium

iron garnet offer an excellent possibility of ultimately satisfying these

requi rements.

IV. MAGNETOSTATIC WAVES

Magnetostatic waves are slow, magnetically dominated electro-

magnetic waves propagating in a magnetically biased ferrite (2).

Figure 2 shts the bias field orientation and dispersion diagram for
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the 3 principle magnetostatic modes, propagating in a free yig slab.

The addition of ground planes In proximity of the yig slab alters the

dispersion characteristics somewhat but the basic form of the modes

remain the same. (3)

Of the three basic modes, two are forward modes (vgroupin the same

direction as vphase) and one backward mode (Vgroup opposite to V phase)-

All are dispersive, and all have a finite pass band, whose position is

adjustable by the D.C. bias field Ho (3). The waves are easily coupled

to (from an electromagnetic source) through the use of shorted fine

wire couplers. (3) Propagation losses of as low as 12 dB/V sec at X-band

have been achieved, (4) and thus low insertion loss variable delay lines

are feasible. Figure 3 shows theoretical and experimental response

characteristics of an MSSW surface wave delay line formed from a 30 um

thick epitaxial YIG layer with I cm between 50 um wide 5 pm thick shorted

aluminum microstrip couplers (5). The sample was 3 mm wide. The minimum

insertion loss for this line was 9 dB at 3.0 GHz.

V. VARIABLE PHASE SHIFTERS FROM SIMPLE MSSW DELAY LINES

From the preceeding section it can be seen that the basic require-

ment of a low loss, adjustable time delay element can be provided by

a simple MSSW delay line. The variable delay can be provided at a single

frequency by bias field adjustment. While the delay is adjustable at

a single frequency, It is dispersive, that is the delay is a function

of frequency. This kind of device would allow the fabrication of phased

arrays with the appropriate adjustable "real time" delays but with narrow

Instantaneous bandwidths (of the order of a few MHz).

In order to demonstrate the delay characteristics of MSSW lines,

4 delay lines were fabricated, three of different lengths, and a fourth

was matched at Input and output to minimize insertion loss. Figure 4

49-6 _ _



shows the construction of the lines. An epitaxial ylg film Is flipped

on an A4203 microstrip substrate on which the microstrip couplers are

defined. Input and output are provided through OSM co-nectors, and a

permanent magnet below provides the D.C. bias field. All devices are

fabricated utilizing 30 um yig films grown on 250 um Gadolinium Gallium

Garnet substrates, 3mm wide. The couplers defined on 250 Um A1203 substrates

were 50um wide formed In 4 pm At with spacing between the transducers of

.25, .5 and I cm. The amplitude and phase response as measured with an

HP 8410 network analyzer are shown in Figs. 3,5 and 6. As can be seen

from these figures a wide range of delays can be achieved by choice of

sample length and magnetic bias field. Figure 7 shows the response

characteristics of a delay line with a parallel resonant matching network

on both the Input and output couplers. This line is optimized for a

lower center frequency than those shown in Figs. 3 and 5, but, is still

tunable over a 1 GHz bandwidth with a minimum Insertion loss of 4 dB.

In order to demonstrate the tunable of these delay lines, a line

identical to that shown in Fig. 3 had a 40 turn tuning coil added as

shown in Figure 8. At 3.0 GHz this coil produced phase tuning of

*.75 0 /MA or 810 MA/nsec. The power required was .22 W/nsec.

Vi. ADJUSTABLE NON DISPERSIVE TIME DELAY SYSTEM

Figure 9 shows a system which has been conceived and tested to

provide a non dispersive adjustable time delay system. It utilizes two

MSW waves-with opposite dispersion characteristics (MSSW and MSBVW)

In series to realize this device. The system utilizes a 1 cm MSSW delay

line with fixed bias (see Fig. 3) and a 1.25 cm MSBVW delay line with

adjustable bias. (See Fig. 10). The amplitude and time delay responses

are shown in Figure II. Both lines are unmatched and thus the insertion

loss is high (35 dB). As can be seen a 25 gauss adjustment of bias field

produces a 15 nsec differential time delay with an approximately 200 MHz
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bandwidth. The accuracy of the time delay measurement is limited by the

measurement system to 4 I nsee, and clearly must be Improved before the

total applicability of the system can be Judged, and Improved as required.

ViI. WEIGHTED ARRAY TRANSDUCER RESPONSE

Arrays of shorted microstrip transducer elements have been shown

to provide limited control of the band pass characteristics of MSW delay

lines. (6) This control is essential to realization of high quality MSW

transversal filters. Essential to the realization of these filters is the

development of techniques for amplitude weighting of transducer elements.

One technique which shows promise for realizing weighting is that of varying

the width of the transducer elements. As a step toward evaluating this

technique, three devices have been fabricated, tested and compared with

a super-position theory (7). The devices utilize two transducers I cm ;

apart with 15 parallel bars In each. The Individual bars are spaced 300 Prm

apart. The first device Is a uniform width structure with 150Pm wide bars.

The second has bars which vary linearly from 30 um.in width for the end

bars to 240 um in width at the center of the transducer. The third device

has outside bars 240 am in width with a linear variation to 30 um for the

center bar. The theoretical and experimental amplitude responses for these

devices are shown in Figures 12, 13 and 14 respectively. As can be seen,

the position of the primary filter response at ' 3.1 GHz is well predicted.

The uniform structure shows near in side lobe levels In reasonable agreement

with theory, and Fig. 13 shows significant suppression of near in sidelobes.

The theory, however, based on the superposition of Independent conducting

strips, does not predict the low frequency responses. Refinement of the

theory to account for interating bars and metal loading should prove useful

in this respect. The weighting technique shows promise for control of the

fundamental passband.
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VIII. CONCLUSIONS/RECOMMENDATIONS

This study has demonstrated that magnetostatic wave delay lines offer,

what is at present, the only continuously electronically variable low loss,

microwave frequency time delay system applicable to phased array antenna

systems. Simple delay lines with adjustable delays of from a few to > 100

n sec and insertion losses at 3 GHz of less than 4 dB have been demonstrated.

A non-dispersive variable delay system with a 200 MHz bandwidth at 3GHz

and time delay variation of 15 N sec has also been demonstrated. W tile

these devices do not meet all the performance requirements detired by

systems engineers, they do offer the only system available which meet the

electronically variable time delay requirements. Considering the very

limited time devoted to exploring these devices the results are most

encourag4ng. Further work in the areas of input/output matching, dispersion

control and optimization and the improvement of measurement techniques

should result in significant improvement In device performance.

Initial evaluation of width weighting has shown the need for an

improved theoretical model and further experiments to verify these improve-

ments. Initial results are encouraging.

r!
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Figure 8 -One Centimeter MSSW Delay Line with a 40 Turn

Tuning Coil.
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IMPROVED METHODS FOR LARGE SCALE STRUCTURAL SYNTHESIS

by

M. Pappas

ABSTRACT

The report describes two potential improvements in techniques for

large scale structural synthesis; methods for control of oscillation found

to occur in many optimality criteria procedures and a primal mathematical

programming algorithm. The central idea for oscillation control is the

use of the gradients of a potentially active constraint set to prevent

serious violation of one of the set when a move is made on the basis of

only the active constraints. The mathematical programming procedure uses

a modified feasible directions method.

Results of numerical experiments using these methods on two classical

ten bar truss examples are very encouraging. Serious oscillations using

earlier optimality criteria procedures were eliminated in all cases. The

mathematical programming method was found to be comparable in effectiveness

to the optimality criteria procedures.

Further research is required to refine these methods and substantiate

the initial successes.
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I. INTRODUCTION

The structural optimization problem may be posed by the following: I

Find

min f(xi) I - 1,2...1 (1)

subject to the conditions

g (xi ) <0 j - 1,2...J (2)

and IIx, <x, <x (3)

For the minimum weight design of structures modeled by bar and membrane2[
plate elements the equations may be given by:2

n

f(x) - E A x, (4)

n
gj(x iU / EUij/x <0 . (5)

Optimality criteria (OC) methods resize the structure based on a solution

of the problem

f'i +  : A g 9 0 (6)

by methods of successive substitutions where

S 1X " xr S (nIL) A jJ• (7)

Here n is "resizing parameter" and JA is a set of "active" constraints.

For this report the meaning of the n parameter is that of the similar

symbol of Ref. 5. Procedures which compute the values of the X set con-

sidering the equations for X as coupled will be referred to as "generalized"

OC methods3 '4 and those where the A are assumed uncoupled as "simple" OC

methods2.

II. OBJECTIVES

There are two distinct projects associated with this research. These

are:

1. A preliminary investigation of the effectiveness of a strategy

t reduce divergence and oscillation in Optimality Criteria

structural synthesis procedures.
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2. The development of a primal Mathematical Programming (HP) pro-

cedure suitable for large scale structural synthesis.

III. OSCILLATION AND DIVERGENCE CONTROL

111.1 Background. All Optimality Criteria based methods require the

selection of a constraint set for inclusion into the resizing problem of

Eq. (6). This is usually done by including all those constraints where
2 ,3,5

.>-eJ (8)

Here eJ will be referred to as the constraint 'band width". The inclusion

of too many constraints in the general OC procedures, result in an un-

necessary increase in the computational effort required for the solution

of the resizing problem. This effort can be substantial and may greatly
6

exceed the reanalysis effort . Excess constraints in simple OC procedures
7

"overconstrain" the problem producing heavier designs

On the otherhand selection of band widths that are too small may lead

to the major violation of a constraint that was not included in the re-
2sizing problem resulting in an increase in weight after scaling

A major difficulty with OC procedures is that no rigorous or even

reasonably reliable efficient procedure has been formulated for band width

selection. The desire to reduce the computational effort in generalized

OC procedures and the avoidance of the overconstraint problem in simple

OC procedures usually results in selection of narrow band widths and thus

in occasional, or even frequent, problems with oscillation or divergence
S5 8

Oscillation or divergence resulting from such problems will be referred

to here as "primary oscillation". In addition to this mode oscillation

can result from too large a value of the resizing parameter . Such

oscillation will be referred to as "secondary oscillation".

111.2 Procedure for dealing with primary oscillation. The basic concept

here is to introduce a potentially active constraint set J where JCJ ifP P
-0eli >! 9J > -2j (9)

S2J > eOj (10)

These constraints are not included directly in the resizing problem.

However, if after resizing it appears, based on the gradient information

associated with these constraints, that any of them may be violated the

resizing step is shortened in an attempt to avoid this violation.

50-5
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Where
r T+l rAxi =x, - xI  (1

the estimated value of g4l is given by
r+1  r z r r

a + X g AX (12)

If any

9 V >0 (13)
i1

compute a step shortening quantity K such that a move would produce a

value of g - 0 for these constraints. Thus

K,, -g/, . (14)

Call the smallest of these K* and redefine xi " as

x K+l- K(x- + Ax (15)

111.3 Procedure for dealing with secondary oscillation. If a weight in-

crease results after resizing and the sets J 1l and J I-" contain no con-
r r A cotiPocnstraints that were not in either JA or J then it is assumed that the

resizing parameter is too large. Design r + 1 then discarded and a new

resizing move made where
r+l r (16)

I III.4 Termination Procedure. The resizing process is terminated if

If(x 1) - f(xr)lf(xr  C (17)

where C is a convergence criteria or if
1

n C 2  (18)

where C2 is the minimum resizing parameter size.

111.5 Added Storage Requirements and Computational Effort. Once a step

reduction value K 1 is computed all the gradient information associated

with that constraint may be discarded. Thus it is only necessary to store

one set of constraint gradient components rather than the gradients of

all constraints in the potentially active set. Furthermore, in most

procedures once the quantities associated the determination of A set are

computed the gradients of the active set are no longer needed. Some part

of the active constraint gradient storage may therefore be used for the

particular potentially active constraint being considered. Thus, no

additional storage is required for the primary oscillation control procedure.
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In the case of the secondary oscillation control procedure if one is

to formulate, a new resizing problem at a point xr using a smaller n one
ii

can save computational effort if some information associated with the former

resizing problem, that was destroyed during its solution, is saved. This

information is derived from the gradients of the active constraint set.

Since active set gradient storage usually requires much more space than

the resizing problem information it may be stored in place of the active

set gradient data along with the gradient components of one of the po-

tentially active set. Thus, with appropriate information storage these

procedures should normally not require any significant increase storage

capacity.

The calculation of the additional potentially active constraint gradients

requires additional computational effort at each redesign cycle. This

additional effort is however usually small compared to the total compu-"

tational effort and much smaller than-the effort wasted by bad moves re-

sulting from failure to consider, at all, these potentially active con-

straints.

IV. MATHEMATICAL PROGRAMMING (MP) AiGORITHM

IV.l Background. Mathematical procedures are considered to be the most

general and easily applied of the various optimization procedures. They

avoid many of the difficulties associated with OC procedures 9 . MP pro-

cedures are however generally considered to be poorly suited to large

structural synthesis problems without use of approximation techniques,

at least in their primal form, due to the relatively large number of

reanalysis typically required for most procedures4.

It has been the feeling of this writer that although the view that

HP procedures are too inefficient for large scale structural synthesis

may have some justification in the case of most existing methods it should

be relatively easy to construct a procedure based on the method of

feasible directions10 which will on the basis of total computational

effort be competative with OC procedures while still providing the flexi-

bility to treat problems poorly suited to OC methods9 . An attempt at

such a procedure is presented here.

IV.2 The Feasbile Direction (FD) HP Procedure. The feasible direction

problem is usually formulated:1 Find Si and a so as to

Maximize a (19)
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where

sT f(x +a 0 (20)

and
sT sj (xi) +U ja < 0 JCJ A  (21)

-1 < S 1i (22)

where S consisting of components S is the "feasible direction" of move-

ment. 

Equations (19) and (20) state that on the basis of the linearized

functions the solution to this problem will produce a maximum possible im-

provement in f(xi). Equations (19) and (21) state for W - 0 that there

will be no movement toward constraint violation and where W > 0 there

will be movement away from violation. Equation (22) is used to eliminate

unbounded solutions. This is a linear programming problem and may

efficiently be solved by one of many.well developed procedures.

Resizing is accomplished by letting

x - x[ +r + a r (23)

where a r is selected arbitrarily. Here again one has the problem of

dtermining an appropriate active set to include in Eqn. (21). Too large

a band width will overconstrain the problem by forcing movement essentially

parallel or away from a constraint that may not be critical. Too small

a band width may produce serious violation of a constraint that was not

considered in the direction finding problem Eqns. (19-22).

The overconstraining effect of too large a band width can be elim-

inated by replacing the U J a term in (21) with a term producing movement

toward the constraint. Thus replace Eq. (21) by

ar sTv& (xi) < Li (24)

It may be seen that left hand side will produce an estimated change at

most equal to the constraint value. Thus after resizing the value of

the constraint will move toward zero or even near zero if the constraint

is critical. In otherwords, if movement toward violation of the constraint

improves the design, Eq. (74) will limit that movement only to the extent

required to avoid violating the constraint. Thus, the redesign move

will be influenced only by constraints expected to be critical.
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It should be noted this procedure will also produce oscillation or

divergence resulting from deficiencies is band width or ri selection and

that the same procedures for control of oscillation and divergence may be

used here.

The value for a T for this study is given by

ar - rl sr-lIvfr (25)

where Is I - /Tand no is arbitrarily selected. Such a value of n will

tend to produce a change in the objective function of approximately 
100 ,

percent if an S move, similar to S r - l , is made in the Vf direction. Thus

- .5 would tend to produce about a 50Z change in weight if one moved

in the Vf direction. Since such a move would be deflected by the con-

straints the change after an actual move would be substantially less than

that produced by a move in the Vf direction particularly during the later

stages of the search were the design Is highly constrained.

If a redesign move fails to produce a weight reduction nr is reduced

and design x is discarded as in Section 111.3. A new design is then

generated using

r+l r /2. (26)

When this occurs the band width are also narrowed by setting

r+l 0 1e/2 (27)
0 j j

The e are arbitrarily selected. Similarly these cuts are made if S - 0
1 10f is the solution.

The design is scaled as in Ref. 2 after the move and reanalysis to

produce a critical but feasible design.

Termination is accomplished by the procedure of Section 111.4.

V. EXAMPLES

V.1 Problems. The two ten bar truss problems posed by Venkayya et al2

are repeated in this preliminary study using the parameters of Ref. 5.

The stress "constrained" problem involves the minimum weight design of

the indeterminate structure under a single loading condition where the

stress in all members must be held at or below one of two specified values.

The optimal design in this structure weighs 1,497.60 lbs. In the dis-

placement constrained problem two additional constraints are placed on

the deflection of two joints. Side constraints (eqn (3)) are used for

all variables.
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The stresses and deflections are determined by a finite element

analysis the results of which may be used to develop the constraint

gradient information by means of the virtual unit load method2 .

These are now classic benchwork problems and represent a moderately

difficult challenge for any proposed structural optimization scheme. The

stress constrained problem has 9 (of 10) active stress constraints in

addition to several active side constraints. The displacement constrained

problem has.two local minima one of which is constrained by the two dis-

placement constraints (this design weighs 5,077.6 lbs) and one by a stress

and one displacement constraint (this design weighs 5,061 lbs). Several

side constraints are critical in both local optima.

V.2. Procedures. The generalized OC procedures described by Khot et al
5

as the exponential [eq (7) of Ref. 5], and linear [eq (9) of Ref. 5] recursion

forms was modified to use the oscillation control techniques described

here in. In addition this procedure was also adapted to use the multiple

iteration Newton Raphson procedure described by Khot et al in Ref. 8.

The procedure from Ref. 8 is remarkably similar in that of Ref. 4 except

for the method of solution of the A problem. The oscillation control

methods were added to the experimental program used to obtain the results

given in Ref. 5 and 8 to generate the results contained herein.

The HP program used here was also developed from this same experimental

program by replacing the resizing portions of the program.

VI. RESULTS OF USE OF OSCILLATION AND DIVERGENCE CONTROL PROCEDURE

VI.l Primary Oscillation Control. Table 1 illustrates the application

of this procedure to two cases where serious oscillation was experienced
5,8

using earlier OC procedures . Both involve the stress constrained

problem. In the first case the exponential recursion form with multiple

iterations solution for the X set was employed and in the other the ex-

ponential form with single solution for the X set is used. It may be

seen that the use of this procedure did infact control primary oscillation.

Two other test cases were used in which OC the procedures described

in Ref. 5 and 8 were induced to oscillate badly by use of an excessively

large resizing parameter (n - 1). The use of the primary oscillation

control again suppressed this oscillation mode.

50-10
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TABLE 1. Design Sequence, Stress Constrained 10 Bar Truss Problem With
and Without Primary Oscillation Control. n - 0,5, Weight in lbs.

Linear Form Exponential Form
Multiple A Iterations Single X Solution

Design No. No. Control Control No. Control Control

1 3,435 3,435 3,435 3,435

2 4,452 2,059 3,118 2,169

3 2,342 1,959 4,870 1,991

4 7,221 1,801 2,809 2,292

5 8,576 1,664 2,746 1,838

6 2,689 1,654 4,854 1,876

7 1,662 1,540 2,840 1,683

8 2,229 1,532 2,169 1,656

9 1,704 1,526 2,219 1,597

10 1,626 1,52i 2,976 1.574

11 23,992 1,516 3,871 1,558

12 11,185 1,512 2,969 1,548

13 4,694 1,508 3,370 1,539

14 9,542 1,505 2,796 1,532

15 4,948 1,502 4,340 1,525

16 14,146 1,499 2,496 1,520

17 6,914 1,498 3,880 1,515

18 6,998 1,532 2,701 1,510

19 10,665 1,497.60 4,125 1,507

20 5,667 1,498 2,3122 1,504

21 1,497.60 1,501

22 1,498 1,678

23 1,497.60 1,595

24 1,497.62 1,640

25 1,497.60 1,674
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TABLE 2. Design Sequence, Stress Constrained 10 Bar Truss Problem Single

Solution, Linear Form n - 0.5 at Start, Weight in lbs.

Design No. Primary Control Only Both Controls

1 3,435 3.435

2 2,444 2,444

3 1,836 1,836

4 2,294 2,294*

5 1,863 1,726

6 2,061 1,653

7 1,727 1,586

8 1,718 1,556

9 1,569 1,539

10 1,541 1,529

11 1,524 1,523

12 1,518 1,518

13 1,513 1,513

14 1,509 1,093

15 1,506 1,506

16 1,503 1,523

17 1,501 1,501

18 1,499 1,499

19 1,497.6 1,497.74

20 1,656 1,656*

21 1,685 1,572*

22 1,681 1,534*

23 1,677 1,516

24 1,677 1,497.67

25 1,678 1,506*

26 1,497.63

27 1,502*

28 1,497.61*

*Halved resizing parameter at this redesign cycle.
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VI.2 Secondary Oscillation Control. Table 2 illustrates the application

of the secondary procedure. With only primary control one sees here

secondary oscillation at design number 4-6 and divergence at design number 20.

It may be seen that the reduction in the resizing parameter produces con-

vergence to the optimal design.

This procedure was found satisfactory only with the linear recursion

forms. It was found unsatisfactory for the exponential form since the

assumption that the A problem formulated on the basis of the linear re-

cursion relation may be used with the exponential form was not valid at

small X values. Because of this all subsequent numerical experiments are

based on the linear recursion forms.

All runs used e2j = 2 elj to define the potentially active constraints.

The quantities elj for the active constraints are defined by the procedure

of Ref. 5. Termination constraints used for all runs were C1 . 10-6. C2 - 0.01.

VI.3 Use of a Large Initial Resizing-Parameter. Since the early experiments

indicated that these controls would inhibit oscillation that would usually

occur with excessive value of n an experiment was performed to investigate

the possibility of using a large initial value of this parameter so as to

speed convergence. The result is shown in Tables 3 and 4. These results

fail to support the hypothosis that a large initial n is advantageous.

VI.4 Convergence of Multiple and Single X Problem Solutions Procedures. It

may also ben seen from Tables 3 and 4 that the multiple X iteration procedure

possesses much better convergence properties than the single A solution pro-

cedure. In fact the single A solution procedure fails on the displacement

constrained problem. It also fails on this problem when no oscillation controls

are used.

An oscillation control procedure is important in allowing exploita-

tion of the multiple X iteration approach because of the oscillation

problems with this method encountered in earlier studies. It is interest-

ing to note that although Ref. 8 mentions the potential of this procedure

it is not used in the later study of OC methods5 .

VI.5 Comparison of Ordinary and Inverse Variables. The results of this

study are shown in Table 5. There is no apparent advantage associated with

the use of inverse variables.
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TABLE 3. Comparison of Design Sequences Using Different Initial Resizing
Parameters, Stress Constraints 10 Bar Truss, Weight in lbs.

Multiple ) Iterations Single X Solution
Design No. "l- at Start n-0.5 at Start i-i at Start n-0.5 at Start

1 3,435 3,435 3,435 3.435

2 2,128 2,059 2,740 2,444

3 1,915 1,959 1,825 1,836

4 .1,772 1,801 1,719 2.294*

5 1,638 1,664 1,628 1,726

6 1,593 1,654 1,580 1,653
7 1,532 1,540 1,548 1,586

8 1,527 1,532 1,531 1,555

9 1,521 1,526 1,519 1,539

10 1,512 1,521 1,509 1,529

11 1,508 1,516. 1,499 1,523
12 1,505 1,512 1,517* 1,518

13 1,502 1,508 1,638* 1,513

14 1,500 1,505 1,497.9 1,509

15 1,558* 1,502 1,572* 1,506

16 1,497.62 1,499 1,502 1,503

17 1,497.60 1,498 1,497.7 1,501

18 1,497.60t 1,532* 1,516* 1,499

19 1,497.63 1,506** 1,498
20 1,497.60 1,656*

21 1,497.60t 1,572*

22 1,534*

23 1,516*

24 1,497.67

25 1,506*

(28)1,497.61t
*Halved resizing parameter.

tTerminated by convergence specification.

**Terminated by minimum resizing parameter specification.
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TABLE 4. Comparison of Design Sequences Using Different Initial Resizing
Parameters, Displacement Constrained 10 Bar Truss, Weight in lbs.

multiple X Iterationa Single X Solution
Design No. n-1 at Start ri-Os5 at Start n-1 at Start n-0.5 at Start

1 8,266 8,266 8,266 8,266.

2 6,893 6,646 7,146 6,667

3 5,816 5,824 6,932 6,196

4 C5,593 5,703 6,641 5,947

5 5,466 5,597 5,376 5,759

6 5,327 5,471 5,221 5,628

7 5,358 5,353 5,216 5,516

8 5,505* 5,195 5,162 5,401

9 5,200 5,079.6 5,179 5,280

10 5,094 5,078.9 5,129 5,187

11 5,076 5,084.4 5,118 5,143

12 5,066 5,077.0" 5,115 5,115

13 5,061.0 5,076.7 5,113 5,108

14 5,060.87 5,076.7 5,112 5,090.4

15 5,060.85 5,117 5,104.4*

16 5,060.85 5,111.5 5,094.2

17 5,111.35 5,089.4

18 5,111.31 5,088.0

19 5,111.253 5,086.9

20 5,111.247 5,086.0

25 5,098.7* 5,083.6*

30 5,094.6 5,082.9t

35 5,093.4

50 5,093.3

*Halved resizing parameter.

trerminated by convergence specification.
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TABLE 5. Comparison of Inverse and Ordinary Vartables Using Multiple

Iteration Linear Foru Procedure, 1 - 0.5 at Start, Weight in lbs.

10 Bar Truss

RgDe -o. Inverse -o. Inverse Ordinary

1 3.435 3,435 8,266 8,266

2 2,098 2,059 6,912 6,645

3 1,903 1.959 6,438 5,824

4 1,662 1,801 6,194 5,703

5 1,624 1,664 6,019 5,597

6 1,537 1,654 5,877 5,471

7 1,518 1,540 5,750 5,353

8 1,513 1,532 5,628 5,195

9 1,509 1,526 5,511 5,080

10 1,503 1,521 5,402 5,078.9

11 1,501 1,516 5,307 5,084*

12 1,593* 1,512 5,182 5,077.0

13 1,497.67 1,508 5,101 5,076.7

14 1,497.60 1,505 5,094 5,076.7

15 1,565* 1,502 5,081

16 1,497.60 1,498.8 5,094

17 1,497.9 5,081

18 1,532* 5,0770

19 1,497.63 5,076.7

20 1,497.60 5,107*

21 1,497.60 5,076.7

*Halved resizing parameter.

' i50-16



TABLE 6. Design Sequences for Feasible Directions Algorithm Using Different'

Resizing Parameters, Weight in lbs. 10 Bar Truss.

Stress Constrained Dtro~aemflnt Cnntnr&Ind

Design No. 0.1 0.2 0.5 0.1 0.2 0.5 0.5

1 3,435 3,435 3,435 8,266 8,266 8,266 8,266

2 3,166 2,885 2,224 7,770 7,394 7,006 7,006

3 2,884 2,455 2,722 7,040 6,837 7,642 6,610

4 2,641 2,096 1,818 6,801 6,629 7,608 6,385

5 2,448 1,817 2,300 6,615 6,402 6,331 6,171

6 2,279 2,006 1,787 6,466 6,097 6,217 5,976

7 2,125 1,703 1,677 6,309 5,826 5,796 5,854

8 1,854 1,693 1,604 6,150 5,668 5,492 5,564

9 1,736 1,623 1,557 6,002 6,358 5,225 5,398

10 1,792 1,571 1,528 5,827 5,512 5,164 5,176

11 1,671 1,535 1,507.6 5,637 5,172 5,281 5,115

12 1,644 1,516 1,501.4 5,396 5,114 6,225 5,739

13 1,624 1,742 1,737 5,178 5,090 5,175 5,066.9

14 1,606 1,506 1,498.3 5,112 5,088 5,125 5,126

15 1,585 1,737- 1,498.4 5,169 5,090 5,108 5,091

16 1,567 1,501 1,497.9 5,082 5,081 5,099 5,067.6

17 1,549 1,725 1,498.5 5,079 5,084 5,095

s 18 1,524 1,498 1,497.7 5,077 5,079.6 5,088

19 1,515 1,725 1,498.4 5,078 5,079.6 5,085

20 1,505 1,549 1,497.6 5,077.0 5,079.4 5,081

25 1,506 1,497.6 5,077.6 5,078.6 5,077.1

30 1,497.6 5,076.7 5,077.9 5,076.7

35 5,077.6

50 5,076.7

t odified Algorithm.
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VII. PERFORMANCE OF THE FEASIBLE DIRECTIONS ALGORITHM

The results of this algorithm on the example problems using various

values of n° are shown in Table 6. In all cases e - 0.5. A small n0

produces small changes in the initial designs. A large n° on the other-

hand produces early oscillation associated with the need for step size

reduction. This of course is similar to the situation in OC procedures.

Further development can undoubtably substantially improve performance.

For example the algorithm described in section V was modified such that;

1) the equations (21) and (28) are invoked (step size is reduced) after

the change in weight on scaling is greater than the net decrease in weight

after redesign and scaling; 2) the Sr - 1 in eq. (25) replaced by S* where

S* is obtained after iterative solution of the feasible direction problem

[eqns. (19-25)1 until IS*I!-JSrl. This modification produced a dramatic

improvement in performance (see Table 6) on the sole problem on which it

was tested.

VIII. COMPARISON OF THE OC AND FD PROCEDURES

On the basis of this limited study if one uses similar values of the

resizing parameter it appears that the P procedure requires fewer

iterations for convergence than the single A solution OC procedure even

after the oscillation control improvements are made to the latter. The

multiple A iteration approach seems to possess superior convergence prop-

erties when these controls are used. It appears, however, that it may be

relatively simple to greatly improve the performance of the HP procedure

to the point where it is comparable to the multiple A iteration OC pro-

cedure.

On the basis of computational effort required for convergence the

picture is somewhat different. Analaysis and resizing times are shown

in Table 7. The analysis time is the CPU time required to do the finite

element analysis. The resizing time includes the time required to compute

the necessary derivatives and set up and solve either the A or the feasible

direction problem.

It may be seen that the resizing time required for the HP procedure

is similar to the single X solution OC method which is much less than the

multiple X iteration approach. Furthermore, it is the resizing effort

that dominates. On larger problems one would expect a similar situation.

50-18
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TABLE 7. Typical Analysis and Resizing Times, CPU See CYBER 74

Multiple A Iteration Single A Solution Feasible Direction
Analysis Resizing Analysis Resizing Analysis Resizing

Ten Bar Truss
Stress Constrained .022 1.996 .022 .1330 .073 .274

Ten Bar Truss
Displacement
Constrained .021 .379 .022 .071 .022 .112

Two Hundred Bar
Truss 2.351 17.44 .2.341 .708
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Furthermore, on large problems a more efficient but more complex linear

programming procedure which ignores zero matrix entries rather than the

simple procedure used here should substantially reduce the resizing

effort making the MP procedure more attractive.

IX. CONCLUSION

Much more work needs to be done to verify the preliminary results

developed here after further refinement of the concepts presented. The

results of this work, however, supports the initial assumptions that os-

cillation problems associated with OC methods may easily be greatly reduced.

Further the hypothesis that a simple primal MP procedure without approxi-

mations can be competitive with OC procedures for finite element based

structural synthesis is also reinforced.

On the bais of this preliminary study the MP procedure seems more

attractive than the OC procedures on large problems with many active

constraints due to the large effort required to set up the A problem

On problems with very few active constraints the ability of the OC pro-

cedures to produce very large initial weight reductions makes these

procedures attractive. Additional work needs to be done however to re-

duce the resizing computation effort of the multiple A iteration approach

to allow exploitation of its superior convergence properties.

The importance of these preliminary findings justifies expanded re-

search in the area.

X. RECOMMENDATIONS

The preliminary results of this early research are quite encouraging

and justify further study since these methods, if successful, represent

major advances. The following additional research is therefore recommend-

ed:

1. Application of the oscillation control techniques to a simple

OC procedure.

2. Refinement of the techniques. For example the development or

improvement in the methods of band width and step size deter-

mination or specification.

3. Treatment of additional static problem examples.

4. Treatment of dynamic problem examples.

5. Treatment of example problems with local buckling constraints.
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6. Comparison of the procedures developed as the result of this

research with important large scale synthesis capabilities such

as the ACCESS3 and OPTSTAT codes.

7. If justified, the incorporation of successful new methods into

a formal structural synthesis program for general distribution.

I
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EDUCATIONAL IMPLICATIONS OF COGNITIVE RESEARCH ON IMAGERY

by

Steven E. Poltrock

ABSTRACT

The current research and goals of the Human Resources LaboratoTy

Technical Training Division are reviewed. Mental imagery is identified

as an area of research with potential contributions to these goals. The

cognitive research on mental imagery is extensively reviewed, with emphasis

on three questions: (1) How does imagery function? (2) What situations

are appropriate for imagery strategies? (3) Who can effectively use im-

agery in learning situations? The effectiveness of mental imagery as a

strategy for learning is established. The report concludes with recom-

mendations for applications of mental imagery in educational or training

situations and recommendations for further research.
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I. INTRODUCTION:

The goal of the Technical Training Division of the Human Resources

Laboratory is to improve technical training in the Air Force. This goal

is addressed by donducting research on all aspects of the training process.

Thus, to appreciate the directions of current research it is helpful to

consider the nature and demands of technical training in the Air Force.

Group training is primarily conducted at Lowry Air Force Base under

the control of the Air Training Command, which is the customer for the

Human Resources Laboratory. The technical training courses at Lowry are

intensive, requiring a full time effort for a period of weeks or months.

Ideally, students should complete their courses as quickly as possible with

competency in their technical field. Thus, the goals of the Air Training

Command are twofold: (1) to reach a required level of competency, and (2) to

reach this level in the minimum amount of time. Thus, much of the research

sponsored by the Technical Training Division is intended to (1) improve

the procedures for assessment of student progress, and (2) accelerate the

learning process. Only the second of these two goals is considered here.

Acceleration of the learning process is a very broad goal, permitting

a wide range of approaches. The most direct approach would be to conduct

research leading to improved training procedures. Alternatively, the re-

search could focus on the student rather than the teacher, and develop

methods of improving the student's preparation for the course. A third

approach would combine these two areas of focus by developing alternative

training procedures that match characteristics of the students. In fact,

research has been done or is in progress in each of these areas. A brief

review of this research is presented.

Improvements in Training Procedures

A large literature exists on alternative training procedures and their

efficacy. The research strategy is generally to compare a traditional

classroom environment with an alternative approach. Alternatives that have

been investigated include programmed instruction, computer-assisted instruc-

tion, and alternative instructional modalities. Currently, the Advanced

Instructional System , developed by the Human Resources Laboratory, uses

progra med texts, video terminals, film stips, slides, taped audio presenta

tions, as well as lectures and technical manuals. The system includes the

capability to conduct computer-assisted instruction, but this capability is

not currently utilized.
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Huch of the recent research in the Human Resources Laboratory has

been directed toward improving training procedures. Several projects have

focused on computer-assisted instruction (CAI). Procedures for authoring

a CAI course were developed for implementation in the Advanced Instructional

System. In an earlier project, CAI lessons were compared with both lecture

and self-paced methods of instruction in Air Force medical courses. The

CAI lessons were found to be more efficient than the lectures, and slightly

more efficient than self-paced instruction. Other research has investigated

the use of knowledge-based intelligent CAI systems. These systems are

capable of interacting with the student regarding the subject matter. The

student can query the computer or receive hints during a problem-solving

task, and the computer will develop a model of the student's strategies.

Preparatory Student Training

The development of improved training procedures requires attention to

the learning stimulus. This work has been influenced by Behaviorism and its

emphasis on the stimulus. Indeed, the programmed texts originated from

considerations of behaviorist principles. Cognitive psychology has shifted

the emphasis to the student. The cognitive psychologist is interested in

the relationship between environmental variables and the strategies and pro-

cesses available to the student. This section describes some approaches

to developing these strategies.

The procedure for assigning students to courses followed at Lowry AFB

ensures that all but a few students will be prepared for the course material.

Those few who are not prepared may benefit from remedial courses designed

to correct their particular deficiency. However, even those students who

have the necessary abilities and aptitudes may benefit from instruction and

practice with efficient methods for reading and studying. The Human Re-

sources Laboratory is conducting research relevant to these problems.

A project has been completed to develop reading material for reading-

improvement courses. A self-paced workbook based on job-related technical

material was written to teach the use of imagery, paraphrasing, flowchart-

ing, and methods for improving reading speed. Current research has explored

the literacy gap (ie., the difference between the reading level of Airmen

and the material they are required to read).

Study skills have been, and are currently, the object of research at

the Human Resources Laboratory. In previous research, the effectiveness

of several comprehension strategies was tested.6'7 The students who were

51-5

.. . . . . . . . .. ,

n ] ... . . . . ._.. ] .._l ,;: ... . . .... - . .. "



taught strategies achieved a higher level of performance and reported

reduced test anxiety and better attitudes toward study. Current research

is directed toward identifying student requirements through analysis of the

Advanced Instructional System preassessment test battery, and devising skill

training materials suitable for the individual student. This research seems

particularly promising in the computer-managed environment of the Advanced

Instuctional System. The preassessment test battery provides an opportun-

ity to obtain a description of the cognitive skills of a student, and this

description can be the basis for a prescription of matching study skills.

Training Adapted to Students

The relation between a student's cognitive skills and the material to

be learned continues to be important after the course has begun. The Ad-

vanced Instructional System was designed to recognize and respond to this

relationship. Courses in the system include alternative modules designed

to fit the needs of students with different learning strategies and abilities.

The assignment of students to modules can be based on a number of criteria

such as student preferance, test performance, or the decision of an instruct-

or. So far, little has been done to explore the relationship between a

particular choice of criteria and performance in the modules.

Conceptually, matching training procedures to student characteristics

seems promising. However, research in the area has not been promising.

Perhaps the failures of this research stem from inappropriate choices of

characteristics or training procedures. Much of this research has used

personality variables such as learning style or psychometrically measured

apgitude as the characteristic of interest. These measures are generally

theoretically vacuous. A view of individual learning characteristics based

on a cognitive model may provide a clearer rationale for selecting learning

strategies. In fact, some limited success has been achieved by considering

cognitive strategies. For example, instructions to use imagery as a learn-

ing aid have been found to be most effective with individuals who have dev

veloped imagery skills.
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II. OBJECTIVES:

The objectives of this project were:

(1) To identify an area of cognitive psychblogy with potential

application to technical training.

(2) To survey the research literature in the identified area,

with particular attention to 6ducational and training implications.

(3) To develop a tutorial review of this area, identifying both

potential applications to education and areas requiring additional research.

Due to space limitations, this report condenses a review which is
28

furnished as a separate report.

III. MENTAL IMAGERY:

The criteria that guided selection of an area for further research

were (1) demonstrated applicability to training, and (9) active cognitive

research in the area. Mental imagery satisfies both criteria. Research

sponsored by the Technical Training Division of the Human Resources Labora-

tory has demonstrated the effectiveness of imagery as a learning aid.
6'7

Furthermore, the use of imagery as a learning aid has been recognized and

studiad by psychologists for many years. Currently, psychologists are in-

vestigating the mechanisms underlying Imagery and Individual differences in

imagery ability. Theoretical developments in these areas offer promise for

techniques to further enhance the positive effects of imagery on learning.

IV. REVIEW OF MENTAL IMAGERY RESEARCH:
The development of effective imagery stratigies for educational settings

is analogous to an engineering problem. Engineering solutions are derived

by creatively applying scientific principles induced from research. How-

ever, the principles which have guided educational research on imagery

are those specified by the ancient Greeks. Indeed, much of the recent psy-

chological research has investigated the validity of those ancient principles.

However, recent research has moved in several directions that hold promise

for development of new principles. These researchers are addressing three

questions: (1) how imagery functions, (2) what situations are appropriate

for the use of imagery, and (3) who will benefit most from imagery strategies.

Each of these directions is elaborated below.
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How Imagery Functions

Semantic-Image Theory

Perhaps the broadest definition of mental imagery was suggested

by Hunt, 14 who states that an image is "an amalgamation of inputs from

external perception and aroused memories " Thus, the image is not restrict-

ed to any one sensory modality. Indeed, it can include all modalities,

emotional responses, and beliefs. Hunt proposed a semantic-image theory of

thought in which pattern recognizers operate on both images and sensory in-

puts to activate a new set of memories and thereby generate a new image.

This theory is relatively rigorous and is demonstrated to acoount for some

qualitative aspects of human cognition. For the present purposes the most

interesting aspects of the theory are the broad definition of an image and

the central role images play in thought. Within this theory verbal process-

es, such as rehearsal, produce another form of imagery, ie., verbal im-

agery. With this broad definition one can quickly see that allconscious

thought can be conceptualized as imagery in one or more modalities.

Kosslyn's Model of Visual Imagery

Stephen Kosslyn has systematically studied the functional properties

of visual imagery and developed a model of the visual imagery

processes. 16 '17 ,18' 19' 20' 2 1'2 7 The model of imagery has been instantiated

in a computer simulation. According to this model, images are represented

on a two-dimensional surface such as a cathode ray tube (CRT). This CRT

has fine resolution in the center, and becomes increasingly coarse as the

boundaries are approached. Images are generated on the CRT and manipulated

by means of some basic processes. These processes can rotate, scan, shrink,

or expand an image or part of an image. Other processes find particular

parts of an image and add additional detail.

Kosslyn's model differs from Hunt's theory in several ways. First,

Kosslyn is working only with visual imagery. Second, images are generated

according to a plan in Kosslyn's model, whereas Hunt suggests that images

are the result of memory activations caused by input stimuli. The other

differences are less interesting than some of the similarities. In both

theories pattern recognition processes operate on images to interpret the

generated image. Kosslyn's theory requires additional processes which

transform the image by shrinking, expanding, rotating, or scanning it.

Hunt's theory includes a class of change operations that can manipulate

images, but does not specify the nature of these operations.
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Kosslyn has pursued an active program of research to test and expand

his theory and model. The CRT model was motivated by findings that more

time is required to answer detailed questions about small images than big
16

images. In addition, subjectively larger images take longer to generate
16

than small images. Differential resolution on the CRT was motivated by

findings that enlarging an image causes it to become too big to be seen,

and the point at which the image becomes too big depends on the subject's

criterion. 18 The role of pattern recognition processes operating on images

was confirmed by the finding that the time required to verify that an ani-

mal has a certain body part increases as the size of the part decreases.

Furthermore, this finding holds only if subjects use an imagery strategy.

When subjects were not instructed to use an imagery strategy the size of

the body part did not influence response time, but the strength of the

association between the animal and body part did influence response time.1
7

Paivio's Dual-Coding Theory

Allan Paivio deserves much of the credit for the current interest in

imagery. He is primarily interested in the facilitative effects of imagery

on memory, and has just briefly addressed how images are generated or man-

ipulated. Paivio has extensively investigated the kinds of situations in

which imagery is effective.25 This issue will be addressed in the next

section.

According to Paivio's dual-coding theory a timulus may be encoded both

verbally and as an image, yielding two independent memory codes. The ex-

istence of two codes increases the probability that the stimulus will be

remembered. The quality of a code influences the probability that particu-

lar code will be remembered.

Paivio's theory has motivated a great deal of research attempting to

test the dual-coding explanation of the facilitative effects of imagery.

For example, Wittrock and Lumsdaine37 cite several studies supporting the

dual-coding theory. However, the theory remains controversial, and other

explanations are frequently offered.

Effective Use of Imagery

The theoretical positions reviewed above suggest several factors that

may influence the effectiveness of imagery as a learning aid. Some of these

factors have been explored experimlatally; eohers have not.

Interactive images. First, when imagery is used to associate two or

more objects, the objects should be imaged as interacting with one another.
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Indeed, Bower4 found that interactive images are much more effective than

noninteractive images in a paired-associate learning task. Considerable

research remains to be done in this area. It is not clear how one part

of an image redintegrates the remainder or what kinds of interactions are

helpful. For example, will an image of a man looking at a ball be as

effective as an image of a man hitting a bill? Should the interactions

be visible or dynamic? These issues have both practical and theoretical

significance.

Multi-modal images. Hunt's theory asserts that images can be composed

of many sensory modalities, emotions, and beliefs. Perhpps more memorabi&

images can be created by including other modalities in the image. Indeed,

in Hunt's theory dual-doding arises from generating both verbal and visual

aspects of the image. To my knowledge, the effect on memory of adding mod-

alities to an image has not been explored. However, some research has ex-

plored imagery in other modalities. Cartwright, Marks, and Durrent5 distin-

guished between three types of imagery, one of which included attitudes or

feelings associated with the stimulus. Furthermore, AylwinI instructed sub-

jects to use kinesthetic imagery and obtained systematic results suggesting

that subjects could readily follow these instructions.

Bizarre images. The ancient Creeks stated that bizarre images are more
38

memorable, and this advice has been followed by professional mnemonists.

Research on the effectiveness of bizarre images has produced equivocal results.

Much of this research is reviewed by Weber and Marshall35 who concluded that

most studies do not find an effect of bizarreness. Weber and Marshill

investigated bizarreness by presenting bizarre or common pictures and test-

ing memory in immediate and delayed tests. Bizarre pictures facilitated

memory slightly in the delayed test but not in the immediate test. Thus,

if bizarreness has an effect, it is small and is manifested over a delay. It

is probably not helpful to instruct students to create bizarre images. How-

ever, the effect of bizarreness on memory may be different for created images

than for memory images such as those studied by Weber and Marshall.

Dynamic images. Images can be constructed that involve movement that occurs

in time. In a dynamic image an interaction between elements can be greatly

elaborated and may increase the memorability and redintegrative powers of

the image.
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Host researchers have treated images as static, like a snapshot. Indeed, I

know of no research investigating the effects of this dimension. However,

the reseauch by A~lwin suggests that dynamic images can be readily constructed.

Situations Appropriate for Imagery Strategies

Despite the effectiveness of imagery as a learning aid, it is rarely re-

commended or taught in educational or training environments. Perhaps imagery

is not recommended because it is not considered an effective strategy

for the material to be learned. This section addresses the problems

associated with applying imagery to a variety of learning tasks. First,

those situations are considered for which imagery is well-suited. Then

mnemonic devices which extend the usefulness of imagery are examined. Fin-

ally, the obstacles to development of new mnemonic devices are considered.

Imageful Ideas

One of Palvio's major contributions was to establish that memory

performance for a word is largely determined by how easily the word's
25

referent can be imaged . Concrete words are more easily represented in

an image than are abstract words, and concrete words are remembered'better

than abstract words. Furthermore, abstract words which readily elicit an

image (eg., religion) are more memorable than words which are difficult to

image (eg., quality). Pictures are remembered even better than concrete

words, presumably because pictures are the best possible stimulus for

generating a visual image. These findings have been extended to show that

more complex stimuli such as word triads, 6 . sentences,8 and connected dis-
39

course are more memorable if the ideas represented are more concrete.

Thus imagery is an effective learning strategy when the material to be

learned involves concrete objects, and if the relationships between ob-

jects are concrete. It would probably not be effective in a philosophy

course dealing with abstract issues. However, it could be very helpful in

engineering, physical sciences, or technical courses which teach relation-

ships among concrete objects. Even the abstract ideas in a physics course

can often be translated into concrete examples. These examples do not

trivialize the material; they make it more memorable.

Concrete ideas often are expressed in the form Actor-Action-Object,

and this form is rarely appropriate for abstract ideas. Thus, imagery is

an appropriate strategy for learning material expressed in this form.

However, this form cannot express all concrete ideas. For example, the
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spatial relationships among objects are concrete and are readily learned

through imagery. Thus, imagery is an effective strategy for learning a map.

Futhermore, the transformational properties of images permit cognitve

manipulations that are very helpful in using a map.

Much of the psychological research has examined the effectiveness of
25

imagery in paired-associate learning. This research has confirmed the

importance of concreteness in this task also. Interestingly, the concrete-

ness of the elimulus term is much more important than the concreteness of

the response. Apparently, presentation of the stimulus term during a test

elicits retrieval of an image when the stimulus is concrete. When an image

is retrieved, the response term can be obtained by examination of the image.

Mnemonic Devices

Some of the limitations of imagery have been overcome by the develop-

ment of mnemonic devices. These methods take advantage of the effective-

ness of imagery for associating concrete stimuli. The mnemonic devices

combine imagery with a memory structure to facilitate learning relation-

ships which are not readily imaged. For example, suppose an ordered list

of words is to be remembered. One could attempt to image the objects

represented by the words standing in a line. However, this is not an

interactive image and may not be readily learned. Alternatively, one

could generate an image associating the first and second words, then another

image to associate the second and third words, and so on. In fact this

strategy is effective, but not as effective as the pegword system or the

method of loci. These two methods are similar, so only the method of

loci is considered here.

Before using the method of loci, a mnemonist must learn a sequence

of locations that, preferably, are near one another and are easily imagined.

For example, the rooms in one's home would be appropriate. As each word is

presented, the mnemonist simply imagines the second object in a room, then

advances to the next room. The words can be recalled in order by simply

imagining a walk from room to room, recalling the objects from the image

of the room.

This mnemonic technique deserves more careful examination to discover

how it works. Imagery is used to associate two or more items; in this case,

the rooms and objects. The mnemonic device provides a structure that is

well known and is analogous to the structure to be learned. In this in-

stance, the mnemonist wants to learn an ordered list of words, so a linear
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ordering of rooms is connected to the words in the corresponding order.

Development of New Mnemonics

An imagery mnemonic is a means for learning an organization among

elements that cannot be easily imaged, The mnemonic requires a known

structure that is analogous to the organization to be learned. When this

structure is established, imagery can be readily used to link the elements of

the two structures.

In many cases a mnemonic is unnecessary. When the organization in-

volves concrete relationships among elements, the entire organization can

be learned via imagery. Thus, mnemonic devices are most appropriate for

abstract relationships such as linear orderings or corporate organizations.

Even in these situations the development of a mnemonic is valuable only

if similar structures are frequently learned. Otherwise, the time and effort

required to create an artificial structure may not be repaid.

When a mnemonic device is created it is important to construct a mem-

orable structure of distinct, imageable elements. Other suggestions were

offered by the Greek mnemonists.They recommended creating elements that are

neither very big nor very small, well lit so the objects san be seen, and in

a place where there is not much traffic.38  The reason for the last suggestion

is unknown.

Who Benefits from Imagery Stuategies?

What aspects of imagery ability influence the effectiveness of an imagery

learning strategy? This section briefly reviews current literature relevant

to this question. Thoughtful and extensive reviews of this area have recently
36 9been prepared by White, Sheehan, and Ashton36 and by Ernest.

Self-Report Measures

Questionnaires remain the most frequently used method of assessing

individual differences in imagery ability. These questionnaires have been

designed to assess imagery vividness, imagery contro3 or preferance to use

visual versus Verbal strategies. Numerous studies have verified the validity
36

and reliability of these tests. However, psychometric studies have question-

ed whether tests of vividness and tests of control reAlty measure different

processes. The correlations of these tests with learning measures presented

below suggest that vividness and control really are distinct.
9

Vividness measures. Betts 3 introduced the Questionnaire upon Mental Im-

agery which included 15 questions. This test was later shortened to 35
31

questions by Sheehan,
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and is known in this shortened form as the QMI. The QMI remains the most

widely used measure of imagery vividness. It measures vividness in seven

sensory modalities, and factor analyses suggest these measures are partly

independent.3 1 Recently, Marks2 3 devised a 16 item questionnaire of visual

vividness called the Vividness of Visual Imagery Questionnaire (VVIQ).

The VVIQ has received wide usage only for the last few yeats.

Self ratings on these tests of vividness have been compared with per-

formance in paired-associate learning, recognition memory, free recall,

the speed to generate an image, speed to mentally rotate a figure, and

speed to discriminate between two slightly different pictures. For the

most part, vividness is unrelated to performance in these tasks. Vividness

is apparently miated to memory performance for verbal stimuli only when the

memory test is unexpected. 15,32 Perhaps individuals with vivid imagery

are more likely to encode the stimuli in images when no test is expected.

Marks23 found a relationship between vividness measured with the VVIQ

and recall of pictures, but no relationship was found with 
the QMI.3 3

Gur and Hilgard 13 found that vividness measured with the VVIQ corrilated

with the speed to discriminate between pictures, but Berger and 
Gaunitz 2

disconfirmed this finding and attributed the original result to demand

characteristics. Finally, Snyder 3 4 found no relation between speed of

mental rotation and vividness.

In contrast to these negative findings, Ernest and Paivio10 found

that people with vivid fragery are quicker to generate an image, particular-

ly for abstract words. However, the research relevant to learning con-

sistently finds little or no relationship to vividness.

Imagery control. The test used in virtufilv all studies of ii'apery control is the
Gordon Test of Visual Imagery Control (TVIC). This test was modified

slightly by Richardson29 to include 12 questions. The brevity of this test

and the low variability in ratings prompted Lane2 2 to develop a new question-

naire which has not been widely used thus far.

Imagery control, as measured by the TVIC, and vividness have been

compared with many of the same measures. However, much stronger relation-

ships were found with imagery control. Control was correlated with paired-

associate learning,2 4 speed of mentalrotation, speed of spatial problkm
34

solving, and performance on other spatial tasks. The TVIC has not been

widely used in studies of learning or memory, but the existing research

appears promising.
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Viesal preference. Palvio 25 developed a test to discriminate between visualizers
and verbalizers called the Individual Differences Questionnaire (IDQ). Re-

cently, Richardson 30 has modified the IDQ to produce a shorter test con-

taining 15 questions called the Verbalizer-Visualizer Questionnaire. The

tests have not been widely used, and most studies with theset tests have

examined their psychometric properties.

ObJective Measures

The use of questionnaires and self ratings is troubling to many

experimntal psychologists who have searched for an objective means for

assessing imagery ability. Tests of spatial ability have frequently

been adopted as an objective assessment. Tests that are frequently used

include Flags, the Minnesota Paper Form Board, Space Relations, and the

Primary Mental Abilities Space Test. Interestingly, these objective

tests appear related to Gordon's test of imagery control.9 Spatial

test scores were correlated with performance in each task that correlated

with imagery control. In addition, spatial test scores are correlated with
9

learning performance under many conditions. However, performance is

unrelated to spatial test scores when stimuli are verbal and subjects use

a verbal strategy.

Models and Theories

The study of individual differences in imagery ability has a long

4history, but not a particularly glorious one. Despite the volume of

research, few interesting relationships have been observed. Researchers

remain strongly interested in imagery vividness despite consistant fail-

ures to find significant correlations with vividness. Indeed, why should

vividness be related to any cognitive processes involving imagery? To

assume such a relationship exists is to assume a certain class of theories,

and these theories consistently have been refuted, Marks23 found that

people who report little or no imagery can effectively use imagery mnemonic

strategies. Thus, imagery vividness is not an important part of the func-.-

tion of imagery. This aspect of imagery may represent an epiphenomenon.

The theories and models presented in a previous section are the

natural source for hypotheses regarding individual differences in imagery

ability. In particular, Kosslyn's theory provides the level of description

required to generate hypotheses. His theory emphasizes the role of image

generation, scanning,rotation, shrinking, and enlarging. Furthermore, Kosslyn
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distinguishes between transformations of an entire image and part of an

image. These processes are reasonable candidates for the sourcof import-

ant individual differences. Indeed, the relationships found with imagery

control and spatial ability are a partial confirmation of these hypotheses.

Obviously, both imagery control and spatial ability depend on the ability to

generate and manipulate parts or all of an image.

V. RECOMMENDATIONS:

Implications for Education

Imagery could serve as a very effective learning strategy, but it must

be taught. Many puople have little or no experience of imagery and, therefore,

doubt that imagery will be effective. In fact, imagery mnemonic devices work

for people who report no experience of imagery. Vividness is not related to

memory performance.

Ability to control and manipulate mental images is related to learning.

Thus, a program to teach imagery should emphasize exercises requiring mental

transformations. Of course, it is unknown at present whether these skills

are trainable, and a reasonable first step would be to examine this issue.

An exclusive emphasis on visual imagery is clearly unwarranted. Students

should be encouraged to experience an image in several modalities. Even the

usual verbal processes such as rote rehearsal may be considered a form of

imagery.

It is particularly important that students learn to construct dynamic,

interactive images. The interactions in the image will permit one portion of

the image to redintegrate the entire image. The dynamic quality may assist

in involving kinesthesis in the imagery and thereby add to its memorability.

Imagery is not effective for abstract material. Thus, students must

learn when it is appropriate and when it is not. In many cases the abstract

material can be expressed in concrete examples that are memorable and can be

used to infer the abstract idea. When translation to a concrete idea is

difficult the student must rely on the verbal strategies we all know and love.

Implications for Research

Several of the educational implications suggested above call for research.

In particular, the effect on memory of generating multi-modal images or dynam-

ic images requires investigation. In addition, the stability of individual

differences deserves investigation. Can people be trained to improve their

imagery? Dansereau's work clearly indicates that people can learn to use

imagery more effectively, but whether imagery can be improved is unknown.
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The current theories of imagery have important implications for re-

search on individual differences. These theories suggest that individual

differences in the effectiveness of imagery could be due to facility in

generating or transforming images. Kosslyn's theory suggests specific

transformations which deserve investigation. Alternatively, the important

individual differences may exist at a mew-evel that involves selecting an

appropriate transformation.
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ADAPTIVE SIGNAL PROCESSING ?OR ARRAY ANTENNAS

by

D. Preis

ABSTRACT

This report presents an overview of signal processing for array

antennas. Included is a convenient chronological literature survey.

These references are discussed by category. The following topics are

considered: introductory review and survey articles, adaptive filtering,

array antennas, benchmark papers and fundamental contributions in the

field, algorithms, optimal and suboptimal processing, partially adaptive

arrays, experimental studies and sensitivity considerations. The

generalized adaptive array is discussed as a multivariable system and

basic processing architectures are suunarized. Key features, research

trends, and deficiencies are discussed. Also included are recommenda-

tions for future research and development.
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I. INTRODUCTION

An adaptive receiving array is a system capable of a certain

combination of spatial, spectral, statistical and temporal discrimina-

tion of incoming signals which depends on the total signal environment.

This selectivity is attained first by processing individual received

signals from members of the array and then combining them to form an

output signal which meets some prescribed performance criteria.

Conceptually, an adaptive array is either a generalized antenna or a

generalized filter which has signal-dependent parameters. When fully

adapted or adjusted the complete receiving system is linear, however,

during adaptation the system generally is nonlinear. Combined and

adjustable diversity in space, time, and frequency coupled with parallel

processing of received signals are, in theory, distinct advantages of

the adaptive array. In practice, a decision in favor of an adaptive

array subsequently confronts the system designer with a large number

of difficult and interactive choices, each of which requires consider-

able expertise in disciplines as diverse as: electromagnetics and

antenna array theory, modern spectral analysis, optimal filtering and

control, adaptive signal processing, statistical communication theory,

as well as many practical aspects of the capabilities, limitations and

costs of both hardware and software.

II. OBJECTIVES

The first research objective was to review the open technical

literature indicating significant developments in adaptive array signal

processing during the past twenty years. A secondary goal was to provide

a chronological list of technical publications (papers, books, technical

reports and conference proceedings) on the subject and briefly discuss

its contents by category. Assessment of the present state of the art,

including identification of trends and deficiencies within the disci-

pline, was the third research objective. The fourth research goal was

to consider both advantages and disadvantages of adaptive signal

processing when used in conjunction with array antennas.

The final objective was to provide recommendations for future

research and development in the general field of adaptive array signal

processing.
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III. LITERATURE SURVEY

Several authors have written perceptively on the subject of

adaptive antennas. There are quite a few worthwhile introductory and

survey works available. CHAPMAN's article in the Microwave Journal [63]

gives a good but not overly technical introduction to the many facets of

this technology. In March 1964 and September 1976, special issues of the

IEEE Transactions on Antennas and Propagation were devoted to adaptive

antennas, the former edited by HANSEN [2] and the latter by GABRIEL (51].

GABRIEL [47] also has presented a comprehensive tutorial introduction to

the subject. The books edited by GRIFFITHS [26] and TACCONI [39],

containing the 1973 and 1976 NATO Conference papers, provide an excellent

overview of array signal processing. Current reports by WIDROW et al.

[59,74] include brief summaries of their pioneering works as well as new

results and ideas from contemporary research. VURAL [61] has provided a

comparative study of adaptive array processors. Very recently, WIDROW

[80] has presented a concise review which intercompares popular adaptive

array algorithms.

Trends in conventional (i.e. non-adaptive) array antenna research

have been summarized and reviewed by MAILLOUX [621. Mathematical

procedures for array antenna "null steering" and "gain maximization" are

tgiven, for example, in DAVIES [7], chapter 10 of HARRINGTON [12], and

DRANE and McILVENNA [15,17] where further references are available.

HILDEBRAND's book [38] contains the necessary matrix theory background

for this general approach. Recently, KRAFT et al. [83] have applied

methods of digital filter design to the minimax optimization of arrays.

Fundamental to the study of adaptive antennas is the subject of

adaptive filtering. Three works by WIDROW et al. [6,19,60], published

at 5 year intervals, provide tutorial information and smmaries of

significant advances in adaptive filtering. Important issues on con-

vergence properties of adaptive filters have been investigated by

UNGERBOECK [18] and, recently, by MAZO [78]. Adaptive noise subtracting

and noise cancelling studies are available in KAUNITZ and WIDROW [25]

and in the comprehensive review by WIDROW et al. [37]. Statistical

aspects of adaptive filtering are considered by WIDROW et al. [50].

Time-domain and frequency-domain studies are reported by GAURINO [77]

and DENTINO et al. [73], respectively.
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About twenty years ago the technology of adaptive signal processing

for array antennas began with studies of techniques for antenna sidelobe

cancellation. In US Patent 3,202,990 filed in 1959, HOWELLS proposed a

novel scheme to cancel an array sidelobe which was receiving an inter-

fering signal. This was accomplished by subtracting the output of a

small secondary beam, positioned near the undesired sidelobe, from the

array output. Superposition of array beams was used to modify the

existing sidelobe structure of an array antenna. Some extension of this

fundamental idea is embodied in most contemporary work on adaptive arrays.

In 1962 BYRN considered the problem of optimum signal processing

for a sonar array designed to detect low intensity plane wave signals

contaminated with noise and found that it was necessary to apply

frequency-dependent complex weighting networks to the outputs of the

array elements. Properties of these networks were determined by

evaluating certain correlation matrices. The concept of separately

filtering the output of each array element for optimal utilization of

the array was proposed by MERMOZ [3]. The fundamental notion was that

the signal-to-noise ratio of the array could be improved if the noise

received by one element was correlated with that received by another.

In 1964, SHOR [41 extended this idea by proposing and demonstrating

the efficacy of an adaptive technique to adjust the filters, known as

the method of steepest descent, in order to discriminate against coherent

4 noise in a receiving array. In a significant report, APPLEBAUM [5]

presented a systematic method for adaptively optimizing the signal-to-

noise ratio of an array antenna and showed how this optimization was

related to the earlier concept of sidelobe cancellation. WIDROW et al.

[8,10] applied their own early work on adaptive filtering to the array

problem by proposing an adptive processor, connected to the array

elements, for combined filtering in the spatial and frequency domains.

The variable weights of the adaptive signal processor were adjusted

using a least-mean-squares algorithm and an external pilot signal was

required to "train" the processor. LACOSS [11] has intercompared

adaptive processors in connection with seismic array processing. WIDROW

et al. (16] have considered both analysis and synthesis of adaptive

array processors comprised of tapped delay lines. A significant advance
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was made in 1972 by FROST [20] who suggested that the adaptive array

processor also satisfy certain linear constraints. With such constraints,

fixed frequency response and directivity can be maintained for desired

incoming signals while total noise power is minimized. OWSLEY [31] and

APPLEBAUM and CHAPMAN [57] have presented further developments in

constrained adaptation. BRENNAN and REED [21] have applied adaptive

processing to radar systems to maximize the probability of detection.

ZARM [23] investigated the possibility of using an adaptive array to

acquire a weak, desired signal in the presence of strong interference and

found that the original signal-to-noise ratio could be inverted with

adaptive processing. This notion of signal-to-noise inversion was an

unforeseen but very useful processing advantage. REED et al. [35] have

considered important questions on convergence rates for array adaptation

and generally prefer direct matrix inversion to iterative techniques.

Matrix processing is recommended by MEXMOZ [43] also. GRIFFITHS [45]

suggested implementing constraints using a conventional array in con-

junction with an adaptive array. APPLEBAUM and KAPLAN [49] have considered

array sidelobe suppression using sum and difference beams. GRIFFITHS [53]

studied time-domain adaptive beamforming and reported a 10-15 dB signal-

to-noise improvement with adaptive processing. WHITE [58] recommended

the use of adaptive preprocessing networks to improve convergence rates

of conventional adaptive processors. MAYHAN [66] has discussed a

*- variety of techniques to improve the dynamic performance of adaptive

multibeam antennas. PELLETIER et al. 188] proposed adaptive processing

using a nonlinear control loop. Applications of adaptive arrays to

spread spectrum and broadband communications have been discussed by

COMPTON [68] and AUTREY [29]. WHITE [69,70] has proposed improved

adaptive processing using artificial white noise and suggested the use

of cascaded networks for deep nulling.

In more recent research, MAYHAN [76,85] evaluated effective

bandwidth of adaptive nulling systems, MOLES and ANDREWS [81] have

devised a novel array optimization technique which selectively excludes

array elements. HODGKISS considered tradeoffs between time and frequency

domain array processing. BURROWS [89] investigated element placement

tradeoffs for adaptive arrays. GABRIEL [87] applied maximum entropy

spectral analysis to the general study of adaptive array processing.
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Algorithms for adaptive array processing have been investigated by

GRIFFITHS [9,14], FROST [20], GITLIN et al. [22], WIDROW et al. [36],

LUNDE [41], WIDROW and McCOOL [58] and AL KHATIB and COMPTON [67].

Results from experimental studies are available. RIEGLER and

COMPTON [24] studied a two-element adaptive array. COMPTON [54]

reported results on a four-element adaptive array. Recently, HOROWITZ

et al. [79] implemented the sample matrix inversion algorithm for adaptive

processing.

Questions of optimal versus sub-optimal processing and partial

adaptivity have been considered by GIRAUDON 128,40], BANGS and

SCHULTHEISS [30], BIENVENU and VERNET [32], CHAPMAN 155], MORGAN [72]

and MENDELOVITZ and OESTREICH [86].

Several workers have addressed important issues on sensitivity and

limitations of adaptive arrays. GILCHRIST [27] investigated practical

limitations of time-processing for sonar arrays. COX [33] has provided a

general mathematical sensitivity analysis for adaptive beamforming.

HUDSON [42] has studied the effects of weight quantization in adaptive

array processors. McCOOL [44] reported results on a constrained adaptive

beamformer which was tolerant of gain and phase errors. NITZBERG [48]

investigated the effects of errors on adaptive weights. TAHERI and

STEINBERG [52] studied tolerances in adaptive arrays. BLUESTEIN [65]

and RAU [64] have considered some practical aspects of adaptive arrays.

QUAZI and NUTALL [84] investigated effects of errors and element

failures on beampatterns.

IV. SIGNAL PROCESSING ARCHITECTURES FOR ADAPTIVE ARRAY ANTENNAS

Figure 1 is a block diagram of a generalized adaptive array

which is represented as a multivariable system. Input signals to this

system are either outputs from individual array sensing elements or

outputs from a number of fixed antenna beams (performed from the sensing

elements). These input signals are filtered separated but simultaneously

(i.e. parallel processed) before being weighted and combined to form the

processed output signal(s). At any instant in time, the processed

output is a linear combination of these specially filtered input signals.

The filters themselves are either tapped delay lines or spectrum
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analyzers. In the former case, a section in time of each input signal

(equal to delay line length) is continuously available. In the latter

case, spectral estimates (in contiguous bands) of each input are con-

tinuously available. In this way, input signals appear in a form suitable

for signal analysis (e.g. correlation, cross-power estimates). The out-

puts from each of these filters are also fed to a linear combiner where

each output is weighted, as prescribed by the adjustment algorithm, then

added (combined) to form the adaptive array output signal(s). The

specific weighting used depends on an analysis of each filter's outputs,

the error signal produced by comparing the processed output to a reference

signal or performance criteria, imposed constraints, and the chosen

adjustment algorithm.

It is convenient to define two spaces and two processing domains.

Since inputs are signals from either spatially deployed elements or

signals from a number of preformed beams fixed in space, the correspon-

ding space external to the processor is termed element-space or beam-

space. Filtering is considered to be performed either in the time domain

(tapped delay line) or frequency domain (spectrum analyzers). With this

terminology there are four separate combinations or choices of space

and processing domain for an adaptive antenna system. Older system

classifications were simply either narrow-band or broad-band.

In Figure 1, the signal analysis and adjustment algorithm blocks

constitute the central and most complicated parts of the system. In

practice, it is in these two areas that most diversity occurs. A major
issue is the choice between gradient methods for optimization (which

require frequent updating and can converge slowly but are implemer*ed

easily) and matrix inversion techniques (which require very accurate

signal analysis of inputs and are more complicated to implement).

Common processing constraints are maintenance of a specified

mainbeam and frequency response. The usual processing criteria are

minimization of noise power or minimization of square-error between

the output signal and a known reference signal.
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V. CURRENT TRENDS

Adaptive signal processing for array antennas was proposed and

developed originally as a means to prevent performance degradation in

communication systems by suppressing directional interference and

in-iing ambient noise. Ephasis has been placed on eliminating all

signals that were uncorrelated with the desired signal. To this end,

processing has become increasingly sophisticated and control very elaborate.

Owing to the diminishing returns in system performance associated with

extremely complex processing and the high costs of such processing, two

current trends are: partial adaptivity and sub-optimal processing.

A related concept is use of a small, auxiliary adaptive array in combina-

tion with a conventional array. Another trend is the search for methods

to Increase adaptation speeds for the entire system so that the overall

transient response is faster. Preprocessing element or beam signals

prior to adaptation is popular also. This is a form of data conditioning

that can improve the performance of the control algorithm. Multiple

constraints are currently a high priority. Some flexibility (or adapta-

bility) is exchanged for better beamforming and frequency response, for

example. The implication of such constraints is that, while good

signal-to-noise ratio is important, it should not be obtained at the

expense of signal distortion. There is considerable interest in

applying modern spectral analysis, specifically, estimation theory

to the signal analysis portion of an adaptive array processor. A

tnumber of workers are concerned with the sensitivity of an adaptive
array to element failures, tolerances and processing errors.

VI. DEFICIENCIES

The theory of adaptive signal processing for array antennas is

extensive. There is not, however, a commensurate amount of experimental

work on its practical implementation available in the open literature.

In this connection, it is difficult to assess the current state of the

art for practical systems. Generally, there has been a disproportionate

interest in eliminating signal uncorrelated interference (e.g. directional

noise) and little attention given to reduction of signal-correlated

interference (e.g. multipath, scattering, reflections, clutter) which
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also can corrupt desired signals. In analyses, array sensing elements

(or beaus) are assumed ideal, identical and accurate. Calculated

processing advantages are based on this assumption which itself is

subject to question. Signal-processing analysts prefer to form an

antenna array using ideal isotropic elements which yield accurate samples

of the ,spatial field for subsequent elaborate filtering and processing.

They generally do not avail themselves of current antenna technology. On

the other hand, antenna analysts design sophisticated arrays comprised of

state-of-the-art elements but use only the most rudimentary signal

processing intthe form of phase shifters and weights. More interaction

between these two communities is required for optimum system design.

No attention has been given to modeling the actual in situ

performance of adaptive array systems where there may be nearby

metallic objects or scatterers as well as an interface between two media,

for example, an air-sea or air-earth interface. The proximity of such

materials may degrade the performance of an adaptive antenna system

significantly.

VII. RECOMMENDATIONS

A major advantage of signal processing for array antennas is the

capability of parallel processing array element or beam signals. This

advantage should be exploited not only for directional noise reduction

but also for equalization of desired incoming signals which my be

corrupted by multipath and proximity effects of metallic scatters or

material interfaces. Matrix inversion optimization techniques are

becoming the method of choice for small-scale adaptive processing

because they are fast and do not require frequent updating. It seems

reasonable to develop standardized hardware for matrix processing.

More research is needed on efficient acquisition of accurate statistical

estimates of incoming signals. A coordinated effort between specialists

in signal processing and specialists in antenna array theory would be

mutually advantageous and should be encouraged. There is a need for

more experimental work. Prom their inception, future array antenna

systems should be designed with some provisions for adaptive processing.

Current research trends in the direction of simplified processing,
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including partial adaptivity and sub-optimal processing, should be

supported. More research is needed in modeling and measuring in situ

performance proposed adaptive systems. Research in sensitivity to

element failures, tolerances, and errors should continue.
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DEEP LEVELS IN Al xGa1X As

by

Dr. Rangalya A. Rao

ABSTRACT

Deep levels in Fe-doped Al xGaIx As layers were investigated by using

the photoluminescence and the Deep Level Transient Spectroscopy techniques.

Sharp photoluminescence bands around 0.37 eV were measured in Al2Ga1_As:Fe

samples grown on undoped and Cr-doped GaAs Substrates. The x-values ranged

from 0.06 to 0.47. The 0.37 eV emission was very weak or absent in

Al xGa xAs:Fe layers grown on GaAs:Te substrates. These layers showed

broad bands near the band edge. DLTS peaks were observed in three samples

15 16 -3
with carrier densities in the range 10 - 10 cm-

. One such peak

for Al 0.71Ga .29As:Fe has been analyzed and is found to be a hole trap at

0.75 eV above the valence band edge.
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I. INTRODUCTION

The Al xGa lxAs/GaAs system has important applications in solar cells,

heterojunction lasers and field effect transistors. AlxGa lXAs/GaAs solar

cells have been operated at 1735 suns with 19% efficiency and a power

output of 240 KW/m2 of cell area. The Al Gal, As/GaAs heterojunction laserX l-X

is one of the important components of the emerging field of optical com-

munications. GaAs FETs operate at x-band and GaAs Integrated Circuits

have been demonstrated. GaAs microwave devices have cornered a large

share of the low to medium power microwave oscillator market.

Deep levels are energy levels in the band gap which are at least a

few kT away from the bandedges. They could be dae to

a. Chemical impurities (Au in Si; Cr in GaAs)

b. Native defects (vacancies etc., caused by crystal growth,

processing steps and radiation.

c. Complexes (Te-VGa Complex in GaAs)

d. Surfaces and interfaces.

They affect device performance in many ways.

(i) Device gain and speed are affected by carrier lifetime,

carrier compensation, and carrier mobility which depend on deep levels.

(ii) The wavelength and the efficiency of optical emitters

are affected gainfully and adversely by the presence of deep defect levels.

(iii) Device degradation and failure can often be traced

to the presence of certain deep levels. Deep levels like those due to

Cr are essential in obtaining semi-insulating substrates for device

fabrication.
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In this project deep levels in Al XGa1 -xAs:Fe were investigated. We

wish to give a brief background of the work done by others in this field.

Iron is a transitional metal with a ground state configuration 
of 3d6492

with stable charge states of +3(3d 5) and +2(3d 6). Iron enters Ga sites

in GaAs and is a deep acceptor with a relatively large capture cross-

section for holes. Available data on GaAs:Fe indicate relatively high

solid solubility of Fe in GaAs for LPE layers grown at 850*C, iron deep

level concentration of 5 x 1014cm 3 are typical. The thermal activation

energy of the deep levels of iron in GaAs around room temperature is

0.52 eV from Hall measurements [1] and also from DLTS measurements on LPE

GaAs:Fe [2]. DLTS measurements of Al XGalx As:Fe for a limited range of

values of x (x = 0 to x - 0.2) have been reported by Lang et al [2]. They

found that the thermal activation energy increases from 0.52 eV for x - 0

to about 0.61 eV for x = 0.2 around room temperature while the bandgap

varies from 1.42 eV to 1.65 eV. The deep level of Fe in Al xGa1 -xAs main-

tains the same relative position in the bandgap as x is varied.

A 0.37 eV level when measured from the valence band has been reported

from resistivity measurements on GaAs:Fe around 300*K (3]. The zero phonon

photoluminescence line of Fe in GaAs is 0.37 eV when measured at 60K [4].

It has been attributed to the crystal field transitions from the 5T2 excited

state to the 5E ground state of Fe2 + in the tetrahedral coordination. On

the basis of this explanation, the 0.37 eV photoluminescence line of Fe in

AlxGa1 -xAs:Fe should be nearly independent of aluminun composition x.

II. OBJECTIVES OF THE RESEARCH EFFORT

We set out to study the optical and thermal activation energies of

Fe and some native defects in Al xGalx As:Fe as a function of aluminum com-

position x by photoluminescence and by DLTS techniques.
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III. PREVIOUS WORK BY AUTHOR

Some AlxGa 1xAs:Fe LPE layers were grown on Te-doped, Cr-doped, and

undoped substrates. The layer thicknesses were determined by cleaving

and staining in PA solution to range from 3 Um to 10 Um. Aluminum Composi-

tion was determined for x < 0.4 by bandedge photoluminescence and for

x > 0.4 by microprobe analysis. Ohmic contacts were made on p-AlxGalx As:Fe/

n+GaAs:Te heterojunctions by evaporating and alloying Au-Zn on the p-side

and Au-Ge on the n+-side.

IV. PRESENT WORK

The diodes were scribed to approximately 1 mm x 1 mm in area, mounted

on TO-5 headers and wire bonded. I-V characteristics were measured to

determine forward drop and to breakdown voltage. C-V characteristics were

measured to determine the carrier concentration.

a. DLTS Measurements (with Dr. Elward Rodine)

A schematic of the DLTS experiment is shown in Fig. 1. A

typical quiescent reverse bias on the diode was 1 volt for 150 ms with a

+2 volt, 500 ps pulse bringing the diode briefly into forward bias to load

the traps with holes. The typical DLTS spectrum for diode 706x-1 (x = 0.71)

and the capacitance transient (see inset) signal are shown in Fig. 2.

Fig. 3 shows the high temperature peak (cetered around 350*K) obtained

at rate windows ranging from 17.3 sec-1 to 115.5 sec - 1 (top to bottom).

Fig. 14 shows a plot of ln (emission rate) Vs l/kT. The thermal activa-

tion energy measured this way is 0.75 eV.

DLTS data were taken on several other samples and will be

analyzed in the future.

b. Photoluminescence Measurements (with Dr. Phil WcnYu)

Photoluminescence measurements were made on several samples
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at liquid He temperature. A photomultiplier detection system was used for

near bandedge measurements (Fig. 5) and a cooled PbS detector was used for

near infrared measurements up to 3.5 Um (Fig. 6). Layers grown on undoped

or Cr-doped GaAs substrates showed the sharp photoluminescence peak at

about 0.37 eV which is believed to be characteristic of Fe in GaAs. Layers

grown on Te-doped GaAs substrates did not show the 0.37 eV band. However
0

these samples showed broad peaks in the range of 8000 to 11,000 A.

V. CONCLUSIONS

The results obtained so far are preliminary results. A large bulk

of the data still remains to be analyzed and some more data needs to be

taken before final conclusions can be drawn. Suffice is to say that the

results are interesting and the project should be continued.

VI. RECOMENDATIONS

(i) Recommendations for improving the DLTS system have been given in

a oral conversation with the acting director of the laboratory, Dr. D. W.

Langer.

(ii) The project should be continued with the immediate emphasis on

analysis of the data already obtained. The author will apply for a mini-

grant to do this.

(iii) Samples that showed interesting results should be re-analyzed

by microprobe analysis to be certain of the composition. If possible

experiments should be done on samples which showed strong 0.37 eV peaks

to determine if the luminescence observed is indeed from the layer and not

from the substrate.

(iv) The author will try to obtain funding to grow Al xGa lxAs layers

more suitable for DLTS and photoluminescence studies.
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DEVELOPMENT OF AIR-SAMPLING AND ANALYTICAL METHOD

FOR DIISOCYANATES

ABSTRACT

Stephen M. Rappaport

A method has been developed for the collection and analysis of diiso-

cyanates in air. Air is drawn through a filter impregnated with 1-naph-

thylenemethylamine (NMA) which reacts with the diisocyanate to produce a

stable urea. The method should be suitable for the collection of diiso-

cyanates in either vapor or aerosol form. The urea is dissolved in meth-

anol and analyzed by high performance liquid chromatography (HPLC). The

method was evaluated with 1,6-hexamethylene diisocyanate (HDI). Results

indicated HDI vapor to be efficiently trapped by the filter. Analysis

gave a quantitation limit of ~2ng/ injection which allows airborne HDI to

be measured at 0.002ppm in a 1O-L air sample. Additional development should

reduce the limit of quantitation and simplify the analysis.

jf
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I. INTRODUCTION

Dilisocyanates are used in the production of polyurethane products.

They are extremely toxic compounds, producing lung effects and respira-

tory sensitization in man at air concentrations below 1 ppm. The Air

Force uses large quantities of diisocyanates in two operations, aircraft

painting (polyurethane paint) and in-place packaging (polyurethane foam).

In both operations, diisocyanates are mixed with alcohols to form the

polyurethane products as needed; thus, the possibility exists that un-

reacted diisocyanates will enter the worker's breathing zones.

The purpose of this research project has been the development of

an air-sampling and analytical procedure which can be used by Air Force

personnel in evaluating airborne exposures to diisocyanates. This method

is needed since existing procedures are subject to numerous errors in both

air sampling and analysis. A brief discussion of these procedures and

their shortcomings follows.

Several methods are based upon conversion of aromatic diisocyanates

to the corresponding diamines in a fritted bubbler (1-4). The diamines are

diazotized, coupled with a chromaphore, and the products measured spectro-

photometrically. These methods do not measure aliphatic diisocyanates be-

cause of lower reactivities of these compounds. Since many polyurethane

paints employ aliphatic diisocyanates, this is a serious shortcoming.

Furthermore, the use of a fritted bubbler for sampling is undesirable be-

cause it has capricious collection characteristics for aerosols, a physi-

cal form often encountered with airborne diisocyanates, and it is subject

to breakage and spillage of the liquid contents. The analytical procedure

cannot differentiate among the diamines produced during sampling, the

amines already present from the reaction of the diisocyanate and water va-

por (prior to sampling), and the other amines present in the air (Amines

are often used in polyurethane systems as catalysts.).
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More recent methods react diisocyanates with chromaphore-containing

amines in a bubbler followed by chromatographic analysis of the ureas pro-

duced (5-7). These procedures measure aliphatic as well as aromatic di-

isocyanates and, because a separation step is included, the product ureas

can be differentiated from amines and other potentially interfering com-

pounds. However, since bubblers are still used to collect the diisocya-

nates, these methods are subject to the sampling pitfalls listed above.

The research problem, as envisioned, has four components. First, a

method must be developed which can collect either aromatic or aliphatic di-

isocyanates. Second, the sampler must efficiently collect either aerosols

(produced by dispersion processes such as paint spraying, foam injection,

etc.) or vapors (generated by vaporization or sublimation of diisocyanates

from uncured systems). Third, the analytical method must be extremely sen-

sitive since exposure must be measured at low levels (<0.01 ppm as vapors).

Finally, the analysis must be specific for the diisocyanates investigated,

i.e., not subject to interfering compounds.

The proposed collection method draws air through a high-efficiency

filter which has been impregnated with a chromaphore-containing amine. Di-

isocyanate vapors react with the amine to produce a nonvolatile, unreactive

urea. Diisocyanate aerosols are efficiently trapped by the filter. Any

vapors released from trapped particles also react with the amine.

The proposed analytical method employs high performance liquid chroma-

tography (HPLC) to separate the product urea from the amine used as the rea-

gent and from other potentially interfering compounds. Detection employs

UV photometry at the absorption maximum of the urea to ensure sensitive ana-

lysis.
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II. OBJECTIVES

Clearly, it was impossible to develop and evaluate a method for all

of the dilsocyanates used by the Air Force In 10 weeks. Thus, one compound,

1,6-hexamethylene diisocyanate (RDI) was selected for study. This diisocya-

nate is used by the Air Force in the largest quantity (paint systems).

Furthermore, because it is an aliphatic diisocyanate, a successful method

would also be applicable to aromatic diisocyanates which are much more re-

active, and therefore easier to collect by the proposed sampling procedure.

The objectives of this project were:

1) To select a chromaphore-containing amine(s) which reacts rapidly

with HDI at room temperature and produces a urea which can be

sensitively detected by UV photometry,

2) To characterize the urea(s) produced by reaction between HDI and

the amine(s),

3) To develop a HPLC procedure which separates the urea from the

amine and impurities,

4) To collect HDI vapors from an airstream by an amine-impregnated

filter and recover the product urea in high yield.

III. SELECTION OF THE REAGENT AMINE

In order to collect diisocyanate vapors from air successfully, the

reagent amine must react very rapidly with these compounds. Whereas secon-

dary amines will react with aromatic diisocyanates, only primary amines re-

act rapidly with aliphatic diisocyanates (8-10). For instance, the reaction

between SDI and nitro reagent, a secondary amine (N-4-nitrobenzyl-N-n-propyl-

amine), required over 40 mtn. in liquid solution to go to completion (10).
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Reactions between nitro reagent and several aromatic amines were virtually

instantaneous (10). The reaction rate is also influenced by steric effects;

thus, the carbon adjacent to the amino group should not contain substituent

groups (8,9). In addition, the amine molecule must contain a strong UV

chromaphore (c > l0') to allow detection of small amounts of the urea.
mnax

Two amines were selected for study, l-naphthalenemethylamine (NMA)

previously used by Levine et al. for collecting airborne diisocyanates in

bubblers (7), and N-l-naphthyl-ethylenediamine (NED). Structures of these

compounds and the product ureas are shown in the following reactions:

0 0
,JLiC 4 NL* I4 2. Il

Both of these ames absorb very strongly in the LIV. Absorption

spectra are shown in Figures 1 and 2. The maximum absorbance for NMA is

at 223 nm. (cma = 8.8 x l0) while the maximum absorbance for NED is at
210 Cfm (Cax N5.0 x 0).
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IV. PREPARATION AND CHARACTERIZATION OF UREAS

Ureas were prepared by reacting HDI with either NMA or NED in methy-

lene chloride solution. 1.2 mmoles of NMA and 0.31 muoles of NED were dis-

solved in 2 ml of methylene chloride in separate test tubes. HDI was injec-

ted directly into these solutions with a microliter syringe; 0.43 Umoles were

added to the NMA and 0.13 pmoles were added to the NED. White precipitates

were formed immediately. After standing for five minutes at 600C, the methy-

lene chloride was removed by evaporation under nitrogen. The products were

filtered with glass-fiber filters, washed with methylene chloride to remove

the excess amine, dried in a vacuum oven at 50*C and weighed. Recoveries were

0.40 pmoles of HDI-NMA (92% yield) and 0.10 pmoles of HDI-NED (77% yield).

The ureas were dissolved in methanol and the UV absorption spectra

obtained. These compounds were soluble only at concentrations < 'VlO-6M

in methanol. Solubilities in other solvents (hexane, methylene chloride,

acetonitrile, ethanol, water) were even lower. The absorption spectra are

shown in Figures 1 and 2. They are qualitatively identical to the spectra

of NMA and NED. However, the molar extinction coefficients (HDI-NMA c
2 23nm

- 1.7 x 105; HDI-NED E - 9.7 x l0 ) are twice the values of the corres-
210n

m

ponding amines. This indicates that each molecule of the product does, in-

deed, contain two chromaphore groups.

The melting points of the ureas were also measured. The melting

range of HDI-NMA was from 245-248*C and of HDI-NED was from 189-191.5*C.

V. HPLC of HDI-NMA

Aliquots of HDI-NMA solutions were injected into an HPLC system, em-

ploying a variable-wavelength detector at the absorption maximum of 223 nm.

The column was 30 cm x 4 mi-i.d. uBondapak-C (Waters Assoc.) with a guard18
column containing Corasil-C (Waters Assoc.). The mobile phase, consisting

18

of 25% water/methanol, flowed through the column at 1.0 mL/min. Injections

of 50 PL were made with a loop injector.

54-10

V



Typical chromatograms are shown in Figure 3. HDI-NMA eluted at

6.2 min, well before NHA which eluted at 40 min. When the detector was

operated at a range of 0.05 AUFS, the minimum amount of HDI-NMA which

could be quantitated was ^ 2 ng corresponding to a solution concentration

of 0.04 pg/mL .

VI. COLLECTION OF HDI IN AIR BY FILTERS IMPREGNATED WITH NMA

A. Impregnation of Filters

Glass-fiber filters (Millipore Type AP, 37 mm) were dipped into a

0.396 mg/mL solution of NMA in methylene chloride. Preliminary trials showed

that 1 mL was absorbed; thus, each filter contained 396 pg of NMA. Filters

were hung by metal clips to dry and stored at OOC prior to use.

B. Challenge of Filters with HDI Vapor

Impregnated filters were placed in standard 37-mm plastic, in-line

holders. A glass tube was connected to the inlet of each holder so that

air did not come in contact with the plastic as it entered. The outlet of

the holder was connected to the inlet of a standard glass midget impinger
i i containing 10 mL of 10-4 M NMA in methylene chloride. Air was drawn through

each sampling train at 0.3-0.4 L/min.

The experiment involved the addition of 6.13 Ug of HDI in methylene

chloride solution to the interior of the glass inlet tubes of three samplers

as air was drawn through them. Two control samplers were not spiked with

HDI. Air was drawn through each train for 10 min. Subsequent analysis of

the filters and impinger solutions for HDI-NMA would Lhow whether or not all

of the HDI had been trapped by the filter.

C. Analysis of Filters and Impinger Solutions

Filters were removed from the holders and placed in 10-mL glass

test tubes to which were added 6 mL of methylene chloride. Impinger
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Figure 3. HPLC Chromatograms of HDI-NMA

Conditions:
Pump - Altex Model 100; Column - Waters pBondapak C 8

Detector - Altex/Hitachi Model 100-10 at 223 un, O.O AUPS
Mobile Phase - 25Z H (0/CH3OH at 1.0 L/in
Injection Volume - 50 PL; Solvent - CH3OH
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solutions were also placed in test tubes. The solvent was removed from

all samples at 40C under nitrogen. Eight mL of methanol were added to

each tube which was then capped and placed in an ultrasonic bath for 2 hr

to dissolve the HDI-NMA. Aliquots of each sample were injected into the

HPLC as previously described at a detector range of 0.05 AUFS.

D. Results

Data are shown in Table 1. HDI-NMA was found on the filters only;

none was observed in downstream impingers. The mean recovery from the three

filters in the experimental group was 18.0 pg. Since 6.13 pg of HDI produces

17.6 pg of HDI-NMA (6.13 pg HDI x 482.6 - H.W. of HDI-NMA )upon reaction with
168.2 - M.W. of HDI

NMA, the mean recovery was 102%. This indicates that the filters quantitative-

ly trapped the HDI vapors and that the urea was subsequently recovered with-

out loss.

The quantitation limit at a detector range of 0.05 AUFS was 2 ng of

HDI-NMA. If the HDI-NMA was dissolved in 4 mL of methanol, then the sensi-

tivity of the method would be 0.16 jg/sample. This corresponds to an air

concentration of 0.016 mg/m 3 or 0.0023 ppm in a 10 L air sample. This is

well below the 1978 Threshold Limit Value for 2,4-toluene diisocyanate (TDI),

the most toxic of the diisocyanates, which is 0.02 ppm. Relatively straight-

forward improvements in analytical procedures should further reduce the

quantitation limit by a factor of 10.

VIZ. RECOMMENDATIONS

This research has clearly shown the viability of the proposed sampling

technique for diisocyanates. With additional development a valuable moni-

toring method should emerge which allows the evaluation of airborne exposures

to personnel working with diisocyanates. To reiterate, the advantages of

the proposed technique with respect to existing methods are:
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TABLE 1

HDI-NMA RECOVERED FROM IMPREGNATED FILTERS

AND IMPINGER SOLUTIONS (ND - not detected, <0.1 wg)

No Sample Type HDI-NMA Found (ig) % Recovery

1 Filter 19.3 110

Impinger ND

2 Filter 17.8 101

Impinger ND

3 Filter 17.0 96.6

Impinger ND

4* Filter ND

Impinger ND

5* Filter ND

Impinger ND

*Control
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1) The method should be appropriate for either aliphatic or aro-

matic diisocyanates,

2) The method should collect the airborne diisocyanates as either

aerosols or vapors,

3) The method can differentiate the urea formed in the sampler

from amines and other potentially interfering compounds, and

4) The sampler is simple, employs no liquids and is compatible

with existing personal sampling equipment.

Additional research should be performed to validate the proposed me-

thod for HDI and other isocyanates used by the Air Force. Points which

should be included in this validation program are:

1) Further evaluation of the method with HDI:

a) Test the sampling method with dynamic test atmospheres of

HDI for both long and short-term sampling intervals,

b) Determine whether humidity influences the collection charac-

teristics of the sampler,

c) Determine the storage stability of the samplers and the ureas

after collection,

d) Determine the absolute sensitivity of the analytical procedure,

e) Streamline the chromatographic analysis to reduce the time

required to elute NMA from the column, and

f) Collect samples during actual exposures to ensure that com-

pounds present in the environment do not interfere with the

method.

2) Evaluation of the method for other diisocyanates:

a) Synthesize and characterize the ureas produced upon reaction

of the diisocyanates with NMA,

b) Evaluate the procedure with each compound as suggested for

HDI (above), and

c) Determine whether those diisocyanates which are predominantly

present as aerosols behave as predicted upon collection.
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CIVILIAN APPRAISAL SYSTEM

BY

JANE A. RYSBERG

ABSTRACT

The Civilian Appraisal System was conceived by the Civil Service

Reform Act of 1978. Its birth place for the Air Force's Civil Service

population is the Human Resources Laboratory, Brooks AFB. Appraisal

has come to mean an objective description of performance which can be

used for evaluations promotion actions, and recommendations for bonuses

or specialized training. The creation of the Appraisal System requires

the combined talents of educators, psychologists and human factors

engineers, as well as the support and technical expertise of mathematicians,

and computer and media specialists. The labors of this diverse population

have been divided into modules based on the purpose of a specific aspect

of the System. As the Civilian Appraisal project is ongoing, the following

report is composed of a brief introduction to the need for the project,

its present structure, and a specific look at the integrated work of the

Appraisal personnel as it provided a basis for work done under the Summer

Fellowship.
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I. INTRODUCTION:

The Civil Service Reform Act of 1978 mandated a change in the

philosophy and methodology of the evaluation of civilian job

performance. The need for change in Civil Service job appraisals

was multiply determined, but the major impetuses appear to be:

a) a failure of past systems of evaluation to discriminate
good and poor employees.

b) a general inflation of evaluations caused by/due to the
lack of discriminability.

c) a reliance on subjective judgements in the evaluation
process.

The new system of evaluation will provide an abcurate assessment

of job performance which can be used as a referent for both positive

and negative personnel actions. This new system will be implemented

on a staggered basis, with divisions based on purpose. First to be

on line will be job appraisals for the Senior Executive Service (GS

16 to 18 and Executive levels IV and V), in October 1979. October

1981, performance appraisals will be workable for all other Civil

Service employees. The system of monetary rewards, Merit Pay, will

be implemented in the evaluation mode six to tweleve months prior

to the latter date.

The Human Resources Laboratory (HRL), Brooks Air Force Base was

charged with the creation of this system for civil servants employed

by the Air Force. The project was divided into four modules, EBO,

POT, OT and E, and Merit Pay.

EBO (Evaluation By Objectives)

Module one dealt with the creation of the performance appraisal

system. The underlying assumptions of the appraisal system were

defined by the Reform Act. The embodiment of the demand for

objectivity and interaction was called a work plan. A work plan
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would result from a meeting between an individual and his/her supervisor

to establish on-the-job-objectives. This would begin a rating cycle. The

termination of the cycle would marked by a performance appraisal based

on work plans, and supported by an interview and possibly a written

evaluation. As this work plan was more than a new rating form, the

appraisal module also included planning for training to use the system.

POT (Potential and Promotion)

Another aspect of a work situation is vertical movement. How could

the new kind of information about job performance be used in promotion

decisions? As the work plan system is an ipsative one, what other types

of information must be gathered to predict performance in a higher level

job? What weightings should be given to these various types of information?

Would a single promotion formula be appropriate across the job families,

and levels of Civil Service or would different variables describe promotion

potentials for file clerks as opposed to middle level managers? These

were the types of questions addressed under module two.

OT and E (Operational Testing and Evaluation)

1Module three was charged with measuring the impact and the validity of
the entire appraisal system on the Civil Service population. As the system

will be implemented in layers, OT and E will be the last module to be

activated. It is still unsettled as to whether testing should occur on a

modular basis, or on the basis of the whole implemented system, or should

proceed using simulation techniques.

Merit Pay

The system of distributing monetary bonuses based on performance

evaluations will be called Merit Pay. This bonus system is faced with

some definitional problems, a major one being what level of work plan

evaluation should be considered "meritorious"? Module four also appears

to be facing problems with the receptivity of the target population.
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Under past methods of dispensing incentives, significant percentages of

individuals received bonuses. This is unlikely to continue under the

Merit Pay System. How can the possible problem of denotivation be

handled?
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11. OBJECTIVES:

During the pre-summer visit it was determined that I would work on

the statistical analyses of data from a pilot study. The study had used

as stimuli the Job-Worker-Characteristic Survey. This would have placed

me in the POT module.

By the time of my arrival at Brooks Air Force Base for my summer

tenure, there had been a large increase in the share of the responsibility

for implementation of the Civilian Appraisal System to be borne by HRL.

It was therefore decided that I would rotate through the modules. The

objectives were unique within each module.

Module One

1) to suggest methods of evaluating the performance appraisal
system as it applied to the Senior Executive Service (SES)

2) to develop a set of questions addressing the impact of
implementing the workplan system for non-SES civil servants

Module Two

1) to broaden the data base concerning the acceptance of certain
possible measures of potential by the Civil Service population.

Module Three

1) to consider the possible impact of presently uncontrolled
variables after full implementation of the appraisal system

Module Four

1) to suggest techniques for evaluating the impact of the new
bonus system
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III. Module One - A

There are several problems implicit in an assignment to evaluate the

Senior Executive Service. First, what is the definition of "to evaluate"?

A multiple definition of evaluation was adopted. This necessitated a

research package which would measure the impact of the new appraisal

system, as well as the accuracy of the use of the system.

Second, who is the target population of this attempt to evaluate the

appraisal system? Although the workers supervisor dyad is the focus of the

creation and usage of a work plan, a Review Board will also be involved in

the evaluation process. A plan to evaluate the usage of the appraisal system

for SES, must assay the participation of workers, supervisors and members

of the Review Board. When attempting to measure the impact of the system

one assumption must be kept in mind; work performance of a target

individual is likely to be modified due to two by-products of the work plan

system. These by-products are clarification of responsibility and

presentation of a method of self-collecting job performance data. Will

modifications in performance be obvious to supervisors? Will work relations

between a worker and supervisor, or a supervisor and his/her peer be

altered? Will the output of an executive's organization change in

association with hypothesized changes in work style? In view of these

possibilities, measures must be taken of the Senior Executives themselves,

their supervisors and their work force.

The research package as It was finally envisioned included a series

of questionnaires tapping creation and use of the work plan as well as

assessment of the work climate. Specific questionnaires were written

for the Senior Executives, their staff members and members of the Review

Boards. In addition, it was suggested that pre- and post- output be

collected. The draft questionnaires, a list of possible variables of

interest, and a suggested analysis plan for the questionnaires can be
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found in Attachment I.

Nodule I - B

A member of the EBO work group once declared that one 9f his goals was

to create "the perfect appraisal system". This did suarize the focus of

the group - the system.

A system, must however, interface is some areas with the population it

is to serve. A set of pilot studies were needed which could point to aspects

of system implementation which might be problematic. My reading of work to

the summer indicated that needed areas of investigation were:

1) a test of non-theoretical aspects of the system, for example,
the time to be allowed if completed work plans are to be
mailed into a central grading site.

2) a collection of validity variables against which to grade the

final evaluations

3) a method of grading work plans

4) a method of assessing system acceptance prior to Implementation
as a strongly negative attitude among the target population would
imply a need for a public relations campaign prior to training

5) a method of evaluating the effectiveness of training, where
effectiveness was defined both as retention of facts for a
specified amount of time, and the ability to use this information
as shown by creation of a work plan

6) a method of assessing the necessity of training all user of the

system

Item One could be completed competently only by an economic analyst.

Due to the diversity of jobs within the job families of Air Force Civil

Service, data in response to Item Two should be gathered by job analysts.

A prototype method of grading work plans was created as a partial

response to Item Three. Mildly trained graders found the work plan score

sheet easy to use. Transfer of data to computer cards could also be

smoothly accomplished using the prototype.

The question of acceptability was refined into questions on

acceptabilities of the philosophy of the system, of the use of the
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system, and of training to use the system. These points were addressed

in a series of questionnaires designed to be administered at different

points in the implementation process.

Items Five and Six were collapsed, and addressed in a single experiment

al design. The questionnaires, work plan score sheet and proposed research

strategies are found in Attachment a.

IV. Module Two

In the POT module, one goal is creation of an algorithm predicting

promotibility. This algorithm would be a regression formula which

captured the relative importance given to specific variables by a promotion

panel composed of experts from a particular job series. Prior to summoning

job experts together, a flock of variables of possible interest are being

collected. "Variables of Interest" are operationally defined as a source

of information about job-relevent skills which is acceptable to members

of the Civil Service community. For example, it might be discovered that

personality trait x is very predictive of success in a particular job,

however, if most workers objected to providing this personality data, trait

x would not be considered as a variable of interest.

One method of gathering variables is to interview samples from the

Civil Service population. This can be an efficient methodology, as

workers are assumed to have simultaneous knowledge of job skills, and of

their willingness to provide certain types of information.

Interviews were carried out at McClelland, Norton, and Patrick Air

Force Bases. Most interviewees also took a pilot version of a job

knowledge test (Civilian Personnel Exam, CPE) and a survey of job-related

attitudes (Job Worker Characteristics Survey).

I was asked to go to Patrick AFB, as one of two interviewers. The

use of two interviewers, one of them female was only the first of a set

of changes made in this data gathering as opposed to previous attempts.
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All changes reflect a desire for more rigorous quantification of the data.

Other changes in the methodology were:

1) a structured interview; open-ended interviews had been used
previously

2) an attempt to control for possible age, sex, and status
effects

3) a different technique for creating the subject groups

Also novel was the use of numerical presentations for the results of the

interviews, and the comparisons of present to previous data. The trip

report from the Patrick effort is Attachment 3. This researcher was

responsible for the Methods, Discussion and Attachment sections.

V. Module Three

Operational Testing and Evaluation, and Merit Pay are the two modules

which have received the least energy. In the case of OT & E this is

partly due to its place in the chronology of implementation. Also, both

OT & E and Merit Pay are awaiting certain policy decisions from within the

Air Force hierarchy which will effect the structure of these two modules

when implemented.

Although the physical labor on OT & E has been slowed, there is still

some activity in the module. As in the beginning of any research project,

this is the "activity of initiation", or a review of the literature. It is

safe to assume that there have been no job performance appraisal systems as

large as the Civil Service Appraisal System, much less an evaluation and

testing of such a system. However, other large measurement systems exist

which could serve as models both in methods of evaluation as well as in

impact of the system on its target population. The problem was to select

measurement systems with analogies in form or function to the Civilian

Appraisal System, and to study the planned and unplanned changes in these

existing systems. It was then possible to speculate on the future of the

implemented Civil Service evaluation system, by looking at the
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longitudinal changes in the models. The possible outcomes, as suggested

by this investigation, are described in Attachment 4.

VI. Module Four

Whereas the previous modules were significant opportunities to

manipulate research designs, the Merit Pay module is the greatest

intellectual challenge. Modules one through three used skills possessed

by psychologists, but module four is what psychologists do. Psychology

is a science which treats organisms and their activities, especially in

relation to a physical and social environment. Merit Pay has the

potential to change the work environment of the managers/supervisors in

the Civil Service population. This environmental change would not be

the result of physical manipulations, but of modifications of the work

attitudes and perceptions of the target individuals.

Merit Pay could be used as a motivational system by making the tie

between performance and reinforcement more apparent. This more strengthened

linkage is all but built into the Civilian Appraisal System due to the

ipsative nature of the work plans. Further, subject anticipation could be

gained by active involvement in creation of a reinforcement selection plan.

This would be an expedient use of a bonus distribution plan, as Merit Pay

is, as it could serve two purposes.

1) Motivational.Work by Premack and associates (1969) has
demonstrated increased motivation, as measured by, for
example, increases in total numbers of completed work
products, when Ss were allowed to select reinforcers
and/or the reinforcement schedule.

2) Perceptual. Some research has demonstrated changes in
perceptions of the work place, such that workers see
themselves as having more control over their environment.
Correlational analyses suggested a relationship between
a perception of control and active participation at
work (white, 1960).

This perceptual-motivational combination could hallmark a change in

the profile of Civil Servants' work attitudes. However, the focus of a
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Merit Pay process has not been determined. Merit Pay could be used as a

measurement system, similar to other aspects of the Civilian Appraisal

System. In Attachment five the measurement vs. motivational prospects

of Merit Pay are briefly described; different evaluation of impact studies

methodologies are also sketched.

VII. Recommendations

My research designs and analogies for modules one through three are

basically completed; they await modifications necessitated by the particular

point in the Civilian Appraisal System at which they are used. Module

four is still in a sufficient state of flux that more input is possible

here than in the previous modules. My major recommendation must be to

define the purpose of the Merit Pay System according to a consciously

selected outcome among the population. Once the purpose has been described

the structure of the Merit Pay System can be created based on literature

available in areas such as work attitudes, and reinforcement and motivational

theory, and pilot research designed specifically for the unique position of

the Air Forces Civil Servants. A mini-grant proposal will shortly be

submitted to AFOSR that addresses the motivational possibilities of subject

involvement in an incentive system, which Merit Pay is.

My second major recommendation must be for the continued support and

even enlargement of the Summer Fellowship program because of the tremendous

enrichment received by this summer Fellow by her experiences at the Human

Resources Laboratory.
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Combined I of committee appointments
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Obtained funding/approval for a now program
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id. .
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VOUS' QUESTIONNAIRE

Ih rating scale to be used in responding -

never selden sometimes - usually alwAys

I. Ny supervisor makes work goals clear to the staff.
a. never
b. seldom
C. sometimee
d. usually
e. always

My supervisor does not criticise poor work (i.e. work not up to set standard@;
work not conforming with work plane).

3. My supervisor assigns staff members to particular task@.

4. N. supervisor works without a plan.

S. My supervisor does not maintain definite standards of (acceptable) performamce,

6. My supervisor emphasizes the meeting of deadlines.

7. My supervisor encourages the use of uniform standards (of performance).

6. My supervisor presents work plans whith are difficult to understand.

9.1 My supervisor makes sure that my part in the organization is understood by all
mmbers.

10. My supervisor asks that staff ambers follow standard rules and regulations.

11. My supervisor does not let staff members know what is expected of them.

12. My supervisor sces to it that staff members are 'worktng up to capacity.

13. My supervisor refuses to explain the work plan.

14. My supervisor sees to it that the work of "taff members Is coordinated.

15. It is unpleasant to, be a mber of this staff.

Demographics -
'Ieex ..

age - blocked yorker X supervisor
*race wre prio

yres in CS I

yes in this job
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SRS QUESIONNAIRS PART I 0

AGRIEIDISAGRzE FORMAT

1o I make york goals clear to the staff.

2. 1 have been penalized by inadequate training in be uas of SESAP.

3. I criticize poor work (work not up to met standards; not conforming with

work plans).

4. 1 ask that staff members follow standard rules and regulations.

5. I do not asaign staff membirs to particular tasks.

6. 'Use of the work plan system has made visualization of my job requirements
easier.

7. 1 let staff members know what Is expected of them.

8. I emphasize the meeting of deadlines.

9. The scoring of the SZSPA would be more subject to peFsonal biases than
other appraisal systems.

10. The format of the SESPA made it easy to describe my job.

11. It is unlikely that everyone's part in Liso organizatos to understood by
all members,

12. I encourage the use of uniform standards.

13. The system of work plans is a better method of performance appraisal than
past methods.

14. 1 maintain definite standards of (accepinble) performance.

15. I see to it that the work of staff members Is.coordinated.

55-19
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SAt Ca CimeL I

su QUESTIoNNAIRZ PART 11 - BEHAVIOCAL

omat - check thosn that apply

Iscluded on my SESPA were my'

1) Name
2) Title
3) Rating official
4) ss
5) Organizat ion

I On the (unction/proarem performance subsect ion of my SESPA there was.
1) a priority weight assigned
2) at least one performance requirement

On the individual performance subsection of my SESPA there wi
1) a priority weight asrigned
2) at leant one performance requirment

Yes/No
Do the priority weight@ of the three areas sim to 100?
Have you assigned at least one critical element?
Does each performance requirement contain.a

1) quantifier
2) action
3); date

II

A,'
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WM IrOtMAIN - UVflE BOARD - GEMNRAL
IGUZ/DISAGRI FORMT

1. The format of the SESPA makes it easy to read.

2. There has not been a great difference in the quality of the work

plans I have read.

3. 1 could envision a superior method of job apprtisal than the work

plan system.

4. The SESA is a good vehicle for comparing the performance of one

executive with another.

5. Usae of the SESPA makes it easy to visualize jobs with which I amII unfamiliar.

6. The format of the SESPA makes it easy to score.

7. The scoring of the SESPA is less subject to personal biases then
other rating forms I have used.

S. Individuals vith poor writing skills but good Job performance may
be penalized by the use of SESPA.

9. The SESAP is not suitable for setting future pay rates.

10. The use of the SESPA has not made it easy to visualize jobs with
vhich I am unfamiliar.

11. Errors in Completion of the SESPA result from the inadequate training
'the writer received.

12.' The SESAP is a time efficient method of performance appraisal.

13. The SESAP is not a suitable basis for initiating personal actions.

14. The SESAP would be an efficient method of performance appraisal if

1, as a reviever had received more (better?) training In the use of
the system.

15. The SESAP provides a vehicle for the expression of management performance
goals.

16. The system of work plans is a better method of performnce appraisal
thn pat methods.

3, "-'V.-
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QUSTIONNAIRE- REVIEW OARD - SPECI IC

1. This individual's score on the SESPA corroborated other available
,evidence.

2. This individual used quantified terms in the job description.

3. This Individual's work plan appeared attainablo yet challenging.

4. This individual's score on the SESPA corroborated my general
impression of this person's performance.

S. This Individual's SESAP does not provide the information seeded
to initiate a personnel action.

6. It was easy for the Review board to achieve consensus on this
indilidual's performance appraisal.

7. This work plan did not describe the job as I know it.

. This individual's work plan provided the necessary information to
compare this performance with that of another execdtive.

9. The performance appraisals take place at too infrequent intervals
to be a good job evaluation/feedback system.

10. The individual's SESAP provided the type of information needed to

set future pay rates.

l. tThie individual's SESAP did not epress management perfermnece goals.

12. A fokus on organizational results il not a valid method of esJessing
1in eRecutivas individual performance.

13.11 Thconstruction of this work plat indicated that the executive fully

understood the new appraisal system.

55-2

-- 55-22,



• . iTTA .ENT 2

. PILOT TESTS

To accomplish:

1) Test of system: i.e., cost, goodness of forms used. type of

snags/questions likely to occur, D of personnel needed, time

consumption body movements...

2) To Evaluate Kethod of Grading Work Plans: time consumption,

goodness of proposed grading method, 9 of persons needed,

amount of time needed to echeive desired level of inter-rater

reliability, ease of data transfer to computer storage

!? Collection of Validity Variables: for eventual "grading" of

system check existence of proposed variables, feasibility

of collecting same

4) Acceptance of System: Casual data from pre-test situations

suggested that initial acceptance of the appraisal system

was low. These negative sentiments were apparently spread

throughout the ranks of supervisors and employees. A new

aspect of the project must be "selling the system". Need

to judge the impact of this huckstering

5) Training of employees: The question has arisen; as creation

of work plans is a joint supervisor-worker venture, is the

supervisor a trainer for his/her group of workers, making

the training of these employees redundant? Test.

6) Efficiency of Training: Is transmission of desired/central

information being accomplished with present training techniques?

Introduction

Employees outnumber supervisors by an estimated 15 to 1.

This mans that the training of the employee population is
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comparatively more expensive than that of the supervisor population

in terms of real oney brk hours and fringe educational costs

(duplicating, etc.) In addition, it Is possible that employess will

transfer a reliance on a supervisor from the work place to the

educational situation making their attention to training in the

appraisal system cursory. If this is the case, training of

employees Is expensive indeed.

A lautre main, if training of both an employee and supervisor

produces ore than an additive effect (i.e., a trained supervisor-

wp.xker pair produces a work plan which is more than twice as good

as that produced by an untrained pair), then measures should be

taken to maximize the opportunity for all supervisors and employees

to attend all aspects of training.

In addition to the question of relevance to specific subpopulations,

there is the issue of the efficiency of the training for all

populations. Efficiency will be defined as the transmission of

desired/central information as measured by use and/or testing.

Information pertinent to both questions can be addressed by a et

of two interlocking studies.

Subjects

Experiment I

A representive sample of WG and CS employees will be assigned in

a predetermined random order to one of four experimental groups.

Equal age and sex distributions among groups probably cannot be

acheived, but the distributions will be noted for possible statistical

partialling.

The groups created will be:
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Group n Time I Time 2

TT 100 received training tested
NT 100 did not receive training tested
NN 100 did not receive training not tested
TN 100 received training not tested

The dependent measure for all groups will be the goodness of the york

plane created. In addition, all employee subjects viii be asked to fill

out a personal description checklist upon handing in the completed

vorkplan (i.e., time on job, time under present supervisor, desire for

promotion).

Experiment 11

Two representative groups of supervisors will be assembled, Including

a variety of CS levels. Each group (n 75) will be self-contained on

non-adjacent bases.

Group I will receive a knowledge questionnaire on the appraisal system

two weeks prior to the training session. A knowledge test will also be

administered at the close of training, prior to the creation of a work

plan.

Group II will receive the pre- and post-questionnaire on the same

time schedule as Group I. No training will be given.

Materials

To create the questionnaire, a large pool of recognition items tapping

knowledge of the appraisal system will be created. The items will be

divided into four equal sized groups, so that two alternate forms of both

pre and post test result. The split-half technique or KR-20 will be used

to assess reliability of alternate forms.

The alternate forms of both pre and post tests will be given to randomly

predetermined halves of Group I and 11. The alternate forms of the post
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test will also be administered to randomly predetermined halves of

groups TT, and MT, experiment I.

Analyses

An ANOVA viii be computed on the group means from experiment I as

the a priori masure. The Scheffe' will be used a postariori.

The relative mean performance@ of trained vs. untrained employees

Is the comparison of major interest, however, other variables may

effect the creation of a suitable work plan. For example, the ability

of individuals to benefit from any training, or the supervisor-employee

relationship are possible variables of interest. Therefore, groups

will be collasped and a Pearson-Product Moment will be run between

work plan scores, and the personal description measures.

To examine the efficiency of training, the mean knowledge test

performances of groups TT and NT, experiment I will be examined, as

well as the mean difference scores of groups I and 11, experiment 11.

Knowledge test scores will not be compared between experiments I and

11, although identical testiog and training procedures were used, as

different standards of knowledge might be regarded as adequate for

employees and for supervisors.

Comments

It may seem that this design has been constructed on a philosophy

of needless expense, particulary if one ponders the inclusion of

group NT, experiment I. The strong suggestion from mathemagenic

literature, however, is that testing, is a learning experience. In

a situation in which the efficiency of training will ultimately be

measured in a life situation, it would seem prudent to "err" on the

side of design conservatism
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IWYKODUCTION

Every postal person knows that over-coming rain, snow and dead of

night does not ensure swift completion of the appointed route. There

are also angry dogs, cracks in the sidewalk and aiogous housewives.

Analogously, the perfect Civilian Appraisal System (CAS) is not enough;

one must consider the perceptions of the system as held by the designated

population. Particulary important to the successful implementation of

the CAS might be its acceptability and credibility among potential users.

Acceptability will be defined as an attitude indicating willingness to

use the system as it stands. Credibility will define an attitude of
..

trust in the system; do workers and supervisors believe the CAS to be

capable of accomplishing its goals and only its goals (i.e., no hidden

uses). Not to be forewarned of the direction or these attitudes prior

to implementation might result in a Rosenthal and Jacobson-type (1968)

"expectini effect" (the acting out of certain preconceptions to the

detriment of the process).

Investigations in this area have specializea requirements:

t 1) objective scoring of subjective events (attitudes)

2) sampling techniques which will give as broad a'n opinion base as

possible

3) capability of longitudinal usage, so trends can be detected

4) capacity for comparing responses of various subpopulations

5) simplicity of collection, tabulation and amlyses. These

requirements ere best met by the use of a questionnaire. A

further refinement on the solution would be use of a series

of questionnaires, as this would shorten the length of forms

encountered by a simple S, and would ease the collection of
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comparative date.

AccAtence

Acceptance could refer to either acceptance of content or acceptance

of structure ( "WellS/he's got a great personality "vs. S/he's beautiful

but dumb"). We are interested in both aspects.

Sublects

Representative samples of UG end CS employees will be identified.

Diversity in age and sex viii be sought in the samples. Self-contained

samples should be on non-adjacent bases. Samples will be divided into

tWp groups based on past experience with CAS. One group vii be composed

of naive So, while group two will consist of individuals who received CAS

training.

Materials

Both groups one and two will receive questionnaire B. CAS acceptance

and credibility. Only group two will receive questionnaire A, CAS training

acceptance.

Analyses

Frequencies will be run for the responses to both questionnaires A

and B. Questions from questionnaire A will be grouped according to area

(i.e., course effectiveness, media effectiveness, dtudy environment etc.)

and a multiple R calculated between each cluster and the omnibus acceptance

score. Omnibus accpetance scores will also lie compared for subpopulations

(ex. workers vs. supervisors, males vs. females, etc.).

For each individual receiving questionnaire B, a mean attitude score

will be created. A negative number will indhate a basically negative

attitude, whereas a positive score will indicate a positive attitude.

The relative weight of scores will not be 'omiiiidered (i.e.' a +3 will,
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Dot be one ers more positive than a score of +2) as no attempt viii be

made to ensure that the agree-disagree response format is CoSnitively

anchored to ad absoulte sero point. The ratio of number of negative

scores to the number of positive scores will, be compared betveen the

previously trained, end the naive groups. This will. of course, settle

the debate as to the veracity of the adages, "To know him is to love

him" "vs." Absence makes the heart grov fonder" in relation to CAM

I1C.f. &" p .C 1 , .
4vsaia ng.

A comnent section will be included on questionnaire a. Three

Independent raters, blind to the purpose of the survey vill categorize

the free comments. If inter-rater agreement is less than 2/3. coment

category placement will be settled by a fourth, non-blind rater.
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COURSE ACCEPTANCE

Agree - Disagree Format

1. 'During the course, I learned everything about the civilian appraisal
system that I will need to know.

2. The materials used in the course were so simple that they were an
insult to my intelligence.

3. Too many technical (unexplained) terms were used In the course.

4. 1 have no understanding of why I should use the civilian appraisal
system.

5. I think others of my general background will benefit from taking
this course.

6. --The objectives of the course were clearly stated.

7. The language used in instruction was so difficult that I was unable
to understand much of the course.

8. The learning strategy used in this course (rule-example-practice?) Is

a good way to teach about the civilian appraisal system.

9. This course was given at a bad time of day.

10. The classroom ventilation was about right.

11. 1 found the slide presentations (films, video tape presentations, etc)
entertaining and enjoyable.

12. The way the instructional content was presented was not appropriate for
fthis kind of subject matter.

13. 1 do not feel that the course achieved its objectives.

14. This course made me feel confident about using the civilian appraisal
system.

15. This course was full of useless details.

16. The course objectives were appropriate.

17. Seating arrangements allowed me an unobstructed view of the instructor.

18. 1 think the course was a waste of time.

19. The slide presentations (films, video tape presentations, etc) used in this
course were effective in getting the material across.
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20. The noise level around the classroom distracted w from the program.

21. 1 liked the type of presentation used In this course.

22. The roo was not dark enough for audio-visual presentations.
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COURSE ACCEPTANCE (Continued)

1). The amount of time provided for responding to practice work plans was

a. Far too short

b. Too short
,1

c. Just about right

d. Too long

a. Far too long

2) The depth of coverage in this course was

a.. Far too little

b. Too little

c. Just about right

d. Too much

a. Far too much

3) The number of concrete examples given during Instruction was

a. Far too few

b. Too few

c. Just about right

d. Too many

a. Far too many

4) The amount of time spent covering the mterial was

a. Far too short

b. Too short

c. Just about right

d. Too long

e. Far too long
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5) The amount of material covered in the tin period was

a. 'Far too short

b. Too short

C.just about right

d. Too long

a. Far too long
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Rating aianst a scale

THE INSTRUCTOR

Effective Ineffective

Knowledgeable Ignorant

Boring - - - Interesting

Organized Disorganized

Unsure Confident

Convincing - Unconvincing

Unprepared - Prepared

Encouraged Discouraged

Criticized Praised

Patient Impatient

Considerate Inconsiderate

Hinders Helps

Friendly Unfriendly

Fair Unfair

Humorless Humorous
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(Handouts& A-V Presentations, Books taken as's whole) ;

COURSE MATERIALS

Ineffective Effective.

Boring Interesting

Concise Repetitious

Organized -Disorganized,

Convincing Unconvincing

Hinders Helps- .

'Poo Clear unclear

Efficient Inefficient

Understandable - Confusing

Comprehensive -- - - - Scanty
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ACCEPTANCE: CREDIBILITY.

Select 3 items which you feel are most descriptive of the writing of
work plans; Place a check mark (4o before these 3 items.
The writing of work plans will:

* ,_ generate a new paperwork burden

______take up little time

be unfair if there is no work unit
to which tO charge the time

I,0 have to be done/revised infrequently
,be im: sstble for jobs with no clear prod~ltt I

_________be difficult for supervisors and workers who do not have.j'
close relationship.

_ be easy $ecause workers and supervisors arq well. trained tn
the-system

Select*4 iteup which you feel are most descriptive of the use of work plans
in ratiig eployees; place a check mark (.4 before these r-Ttms.
The use of wr pns for rating:

will be difficult as the system can be "gamed" quickly
(substantially)

________will assist in the removal of poor workers

____does not provide advantages over past evaluation systems

will assist in the reward of good workers

will probably not be acceptable to unions.

_ is less subject to supervisor biases than other appraisal
systems

will stifle good workers

is unnecessary as adequate means exit to reward superior workers

________will necessitate record keeping by both supervisors and workers

W1S ?AGE IS BEST QUALITj UTiXn iT c o
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CIVILIAN APPRAISAL SYSTEM - CAS

Agree - Disagree -format

1. 1 do not understand the CAS.

2. The CAS is a fair system of promotion and rating.

3. A supervisor will give workers feedback about their job performance
under dAS.

4. The performance ratings in the CAS cannot be influenced by personal-
ity factors.

5 It is not possible for supervisors to know how well workers are

performing their job.

4 6:'Te CAS is not acceptable to me.0.

7,. I.had the opportunity to become informed about the CAS and its uses.

8. The CAS can be used by supervisors to produce accurate.ratings of
performance.

9. 1 supervisor can use the CAS to show favoritism for certain employees.

10. The use of CAS will make it more difficult to obtain a promotion.

11. Under CAS, supervisors will be held accountable for their ratings.

12. The use of CAS will make it easier to obtain a transfer to a different

job.

13. The CAS will provide more objective criteria for evaluating job per-
formance.

14. Under CAS, outstanding performance ratings will only be given to the
;',, 1 most deserving employees.

* 15. The CAS will not reduce the emphasis on subjective supervisory
S-, Judgments.

disagree disiagree agree agree
strongly no opinion strongly

a. disagree strongly
c. NA and/or no opinion

d. agree
J agree strongly ?A 6 qUAL1? G
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a structured interview; second, the addition of a questionnaire (both
attempts at more rigorous quantification); and third, an attempt was
made to control for possible sex or status effect, on s willingness to
respond in the interview. A female E was introduced to condt,-t 501 of
the worker sessions. This was done as 062 ,f the female So were workers.
The sale E conducted all supervisor sessions to ensure ascribed status to
the group leader. Fourthly, aware of the effects of a set to respond.
the Es were careful to request personal opinions and experiences, as
opposed to indicating that Ss were to respond an spokespersons for their
occupational group. That S adopted the set' to respond as individuals is
evidenced by the frequency of personal versus collective statements.
Statements of the form "a worker..." occured less than 13Z of the time,
from a total of 774 statements.

Before proceeding to a discussion of data, some comments on the sample
itsAlf must be ndted.. The mean age of Civil Spvice employees at Patrick
AFB is 49.4 years; therefore, the present attitudes might not be represen-
tative of Air Forc Base populations, but are representative of the
atETtudes' of civil sdrvants of a particular age and seniority. Also, the
original experimental design called ifor analyses by quatrads (worker,
isupervisor; co-worker, associatee). However, a non-random loss of subjects
frotd co-worker and associate groups precluded this type of analyses.
Therefore, only group-by-group comparisons will be described..

Information from this study can be divided into two types: (a)
produced'by comparison to previous work in the area (Norton and McClellan
studies), and (b) unique to this study.

The Norton and McClellan studies were basically descriptive, rather
than quantitative, and these descriptions were basically negative. Group
sentiments expressed In the McClellan trip report include 29 negative
statements, as opposed to eight positive statements. From Norton, a total
of 130 statements were collected; twenty-one of these were positive, 33
neutral. If the Patrick AFB data is examined only on negative-positive-
neutral splits, in a total of 25 statement areas, (collapsing across So)
three negative attitudes, nine neutral, and 13 ponitive were expresse.
Could it be that in allowing Norton and McCleLlan So to perceive themselves
as spokespersons, they expressed all permutations of possible problems,
not their own attitudes, toward the system?

Although the McClellan data can be considered neutral to positive, in
comparison ot earlier investigations, the negative attitudes must be
scrutinized as possible hinderances to system Implementation in the Civil
Service population. Examination of comments given with negative responses
suggests that problems with the system lie in credibility, not acceptance;
acceptance refers to a belief tiat the system tan work, that an individual
can use the system. Credibility refers to the helief that all Individuals
can/will use the system. Consider the difrereices in workers' responses to
the question, "Can co-workers accurately rate performance?" versus "Can you
accurately rate performance?' The responses were, respectively. 561 Yes,
32Z No, 12% no response; 88% Yes, 5% No, 7% no response.

.,S PACE 9 PI
J

.
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In p .rusing the data as provided in Atchs 5 - 7, one observation
should be kept in mind: although the opening briefing stressed the use
of the appraisal system in promotion, selection for training/retraining,

and transfer, Ss overwhelmingly responded to the queintionnaire and in the
lntc,-views on the promotion aspect. Out of 168 verbal responses across
all niterview sessions, three not-promotion references were made. Four
flon-)romotion responses were made out of the 744 statements made on thie
ques.-onnnires. Further research .hould be conducted to isolate attitudes
via a via the system and attitudes toward nelction for training, etc.

[V. RECOMMENDATIONS

The recoumendatlons in this report are based on evaluation of the tat
program at Patrick AFB and should be considured for inclusion in any
follow-or, studies oq implementatlun of an operational system;

I A. An advanced publicity campaign should precede any future test
pro'gram, Articles should he placed,in the command and base newspapers
citing tne ,need for the research program and an explanation of how
• :er.o;'inc] uelected to partiuipate in the test wilt be affected.

B. Sample lettqrs, such as the one used at Patrick AFB, should be

iruished the Civilian Personnel Office to notity people of their selection
and intruct them in their acttvitles.

C. The daily hbilletin should be used to remind participants of dead-
lines and strengthen efforts to have Lest materials returned to the .rogram
manager.

D. Additional auiouncements from key personnel in tipper levels of

Air Force management would assist in participat.t cooperation.

E. lutre interviews should be constructed In a formal format with
oppoctuniLy given for both oral and written re .onses. The feedback
mechanism should permit statistical compilation of the data to clearly
establish firm trends in acceptan-e/rejectlen (if the instruments under sttudy

F. The Patrick AFIB test suggests that apprximately one manhour of CPO
time was needed for oaoh iltvs stbject invf)lved in the experiment. Thfs
Includes clerical ,Aod administrative time. Thi:; figure should be used it
helping estimate mauhorijs for CPO's Involved 4 n future testing.

G. This piece of reosearch specifically addressed 'acceptance of the new
system. Inferences from the data point to pro-,lens in credibility. A new
research plan could be created to examine this.; ptleunttial problem, as weil
as other Inferential area (i.e., employee ;wve effects and non-promotion
acceptance).
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AITACHRENT 3

Aseasment of Attitides
Toward Proposed

Civillan" ppraisaJ.1Syutein

Major John C. quebC
Dr. Jane A. Ryabe&g

I. INTP4)DUCTION

Background

Under Work Unit 7719 14 08, a pilot test program of the instruments
under study for. a revision of the Civil Service Promotion Potential
.Module, was conducted at Patyick.AFB, Florida. in %h' s test program, a

Civilian Personnel Exam (CPE) was administered to 110 Civil S6qice
workers. A Job-Worker Characteristic Rating was completed on each worker

by his supervisor, tis supervisor's associate, ind a co-worker.

Group intervipws were held in the Civilian .Personnel Offices at
Patrick AFB, Florida, on 23 and 24 July 1979 to obtait "[eedback fOom the
subjects involved in the test program. Major John Quebe (PES) and Dr. Jane
Rysberg (PEP) conducted the Interviews.

II. METHODS

Subject

The subjects in this study numbered 89, 45 of which were male. The
iean age of the Patrick AFB Civil Service popilatloiit is 49.4 years. As
this was an unencumbered random sample, the meaii age of the group should
approximate this statistic. The subjects were divided into four unequal
size groups (workers, co-workers, supervtsore, and associates) based orn

position in the work force. The size and sex distribution of each group
is described In Atche 1 - 4.

Materials

Individuals were interviewed in same rank grouups of berweer si;, ant
ten persons. All sessions followed a standard format. A brief hisrory
of the Civil Service Reform Act and resultant programs Tn AFithL were
given in a slide presentation. A questionnaire was adminitotered and a
structured interview conducted. The quearltroniirv Is available In
Atchs I - 4. The data collected were writtei qied;tionnalres and tran-
scrIptions of the interviews.

III. DISCUSSION

Two previous data-gathering ventures for the Promotion Potential
Module used free-form interviews. The Patritk AFR project was init!ally
conceived as another attempt to broaden the data base. Changes were
made in the method of the data gathering, which has changed the type of
data obtained. Tihese changes were, first, movement from a free-form to

J!HIS PAGE LD bz-S QUAL12Y
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In perusing the data aa provided in Atch S - 7, one observation
should be kept in mind: although the opening b'ilefing stressed the use
of tiie appraisal system in protioeion, selection for training/retraining,
and transfer, Ss overwhelmingly responded to the quetionnaire and in the
interviews on the promotion aspect. Out of 168 verbal responses across
all Interview sessions, three non-promotion references were made. Four
non-promorion responses were made out of th- 744 statements made on the
questionnaires. Further research 9hould be coti0kcted to iisolate attitudes
via a via the system and attitudes toward :;v1,cth,'n for training, etc.

IV. RECOK9ENDATIONS

The reconmendations In this report are based on evaluation of the te¢.t
program at Patrick AFB and should be considered for Incluqion in any
follow-on stkidiea oq implementation of an operational sycetm:

S A. An advanced publicity c.iupaign shoild precede an-,, future test
pro'gram, Articles should le placed ,in the comrind and t!1e newapapers
citing the need for the teaearch program aind nn explanation of how
personnel selected to partitipate in the test will be affo.ctced.

B. Sample let'tqrs, such as the one used at Patrick A113, shoild be
furpished the Civilian Personnel Office to notity people of their selection
and instruct them in the I, act1Iv4,tle8.

C. The daily bulletin should be used to re0ind participants of dead-
lines and 3trengthen efforts to have tost materials returned to the program
manager.

D. Additional announcernenti from key p,.r.-onlo1 in unper levels of
Air Force management would assist in participant cooperation.

E. Fucure Interviews shoould . con3tt tf2 d iii a for, rmat with

opportunit y given for both oral :;- writtuii ror', - ' -edbnct
mechanism should permit stdtistttl comptl.it ,on f t !., c.c~y
establish firm trend.,, in acceptan-e/rejectlon if 'li, instrrnierts under 3rt;;.

F. Th,, Patrick ARl t est susygstc, that. app i -r ,'tel T ne manhour of CFt
time was needed for each isL subject invCt tro he c-pe V I ment this

includes clerical aind administrative tinw. I icure shoild be kised in
helping estimate mauhours fur CP0'., Invol-( , in iitt'oe tos ing.

5. This p1eco of r.sood r(hstcc-I J1.al1. <,. -;, acr'prance of the new
system. Inferences fron the data point to probldofw in credibility. A new
research plan could be created (r v xmlne thi,. po,:tntal problem, as well
as other inferential area (i.e., employe, ,%,c' effcts and non-promotion
acceptance).

.- . •-
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a structured interview; second, the addition-of a questionnaire (both
attempts at more rigorous quantification); and third, an attempt was
mdde to control for possible sex or status effects on Ss willingness to
respond in the interview. A female E was introduced to condr-t 50% of
the worker sessions. T1hin was done as 86% (f the female Ss wt-re workers.
ITe male E conducted all supervisor sessions to ensure ascribed status to
the group leader. Fourthly, aware of the effects of a set to respond,
the Es were careful to request personal opfiiois and experiences, as
opposed to indicating that Ss were to respond as pokespersons for their
occupational group. That S adopted the set to respond as individuals is
evidenced by the frequency of personal versus colLective statements.
Statements of the form "a worker..." occured less than 13% of the time,
from a total of 774 statements.

Before proceeding to a discussion of data, some comments on the sample
itself must be noted. The mean age of Civil Stvice employees at Patrick
AFB Is 49.4 years; therefore, the present attitudes might not be represen-
tative of Air Forc Base populations, but are representative of the
atfitudes of civil sdrvants of a particular age and seniority. Also, the
original experimental design calledifor analyses by quatrads (worker,
supervisor, co-worker, associate). However, a non-random loss of subjects
fror co-worker and associate groups precluded this type of analyses.
Therefore, only group-by-group comparisons will be described.

Information from this study can be divided into two types: (a)
produced'by comparison to previous work in the area (Norton and McClellan
studies), and (b) unique to this study.

The Norton and McClellan studies were basically descriptive, rather
than quantitative, and these descriptions were basically negative. Group
sentiments expressed in the McClellan trip report include 29 negative
statements, as opposed to eight positive statements. From Norton, a total
of 130 statements were collected; twenty-one of these were positive, 33
neutral. If the Patrick AFB data is examined only on negative-positive-
neutral splits, in a total of 25 statement are..:;, (collapsing across Ss)
three negative attitudes, nine neutral, and 13 positive were expressed.
Could it be that In allowing Norton and McClellan Ss to perceive themselves
as spokespersons, they expressed all permutations of possible problems,
not their own attitudes, toward the system?

Although the McClellan data can be considerd neutral to positive, in
comparison ot earlier investigations, the negative attitudes must be
,crutinized as possible hinderances to system implementation in the Civil
'Service population. Examination of commuents given with negative responses
suiggests that problems with the system lie in credibility, not acceptance;
s t pranc,. refers to a belief that the system ati work, that an individLil
.4% e the system. Credibility refers to the helief that all individuals

w. il use the system. Consider the difl''eivces in workers' responses to
j'.~,,I on, "Gin co-workers accurately rate performance?" versus "Can you
mt.i rate performance?" 'rise responses wcre, respectively, 56% Yes,

14, :' no response; 88% Yes, 5% No, 7% no response.
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-- ..... , . . . .. I, II I _ _-_ _

Participant Follow-up Questionnaire
(Ratee)

"V

YOUR xMwI Rep.tht to thib Q5UtOfiaiA.e bg p.eAt

I YOULR RATER'S HM Sampee a43M-16Fa24? .
(SUPERVISOR) i

1. Do you feel co-workers would accuratcly rate you.if pl;gmotionai
selectlone were based in part on these ratings?

Yes No (Circleb one)
561 321 No 4wUponhe In1

Conment;

2. Would you accurately rate your co-workers ,inder the same circumstances
in Question 1?

Yes No (Circle one)
8%51 No Agponsr. 11

Commen t:

3. Who would be more able to nacurately rnte yom?

Ycur Supervisor't; Yosir : ;upervisor's
Alterr.ate A..oociate (Circle one)

61S 23% No 'ce~pone 161
Commnt:

4. Is your superv'isor'u associate capable" o r:.ILng you?

Yes No (Circl, oii)
41390; No A~eI.e11

Comment:

THIS PAGE IS SST UALIit
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1$j ,Would the Civilian Personnel lma (C!E) help to accurately distlasultah
w.Iho ini your shop would be mot qualified for advancempatt

Yes No (Circle one)
411 47% NO A pO K6e l

'Yes f  No (Circle one)

i 631 301 No kuponae 7t
'hComment:

7. Were there any questions in the exam you found offensive?

Yes No o (Circle one)
91 891 No kepons: 21

If yes, list the question number and why:

8. Which subtests from this examination are relevant to your job?

9. Are there any other methods that should be used to select workers
for advancement?

Yes No
601 121 No, htiw'wse. 28

Comment:

THIS FACX1E IS 3L31 QUAjIT'I PQCULA.AJJ,

5-4M 5Y [Ui.5iiD 10 D-)
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10. From the methods used in this experiment (nupervLsor, Associate,
co-worker ratings, and CPR), are there any you vould glialmage
if this became an operational system?

Yes No (Circle one)
f 41 401 No iePox Oe IftIf' yes, hich? T"i...

I'

11. If only the supervisor's ratings In the teat booklet and the Civilin
Personnel Exam were added to the present system, do you think the new
system would be an improvement over the carrent system?

Yes No (Circle one)
611 301 No AW6pon 917

C' oment•
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Participant Follow-up Qtentlunnaire
(Supervisors)

RATI INDIVIDUAL'SPRANE _, .. l. l  It I r A r ,4

1. Would you expot the Civillan' Personel Exam (CPS) test 0ere on
, orkar under yaw supervision to accurately reflfet thel &&se- I
na potential?

Yes Mil (Clule one)

Comat: sot

2. If the CPE test score' wire. combined with an effectiveness ratin,
vowald you expect this total to accurately reflect promotion/
performance potential of 'your workers?

Yes No (Circle niie)
57% 35% No Ahxtt

Comment:

3. Is there another evaluation/measureftent toot you would li.ce to aee
used In selecting which of your employees should be selected for
advancement?

Yes No (Circle (me)
84% 121 No te4jpwnse. 4t

Comment:

4. Do you feel your associate(a) could accirttc:ly rate your employees?

Yes NU (Circle ote)
54% 46%

Comment:

55-4 7
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.5. I your alternate capable of accurately rating your workers?

I"e No (ircle'..)
7719 No A PO 41 II

Comment 3

. Which do you feel would mre accurately rate your employee? s?

Your alternate Your associate (Circle one)
699 II eNo Wz6poe #I

Commnt:t

0

73.. Was there any section of the rating booklet you found dia-iiult to
complete?

yes No (Circle on)i'501, 5ot

Cose t:

S. Did the rating booklet give you a tool to accurately rate the
promotion potential of your vorkera?

Yes No (Circle one)
541 461

Comment:

9. Would you be able to objectively and accurately discuss your ratinga
from this booklet with your vorkera face to face?

Yea No (Circle Onte's
691 311

Coment:

10. How many people do you supervise and rate? Rante - 19

-, A" I lL " 79.3

Sjfrij4"jila TO DWC
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Participant Follow-up qus.iLotinAre

(Co-worker)

rOUR NANE ReApg&~t to th OWAU pCIcC* I
,ATSD INDIVIDUAL'S ME NPfe M • 0 M 6

1. ra you aware that these car-worker ra:Jns were 9 rjerch tool
ly and would not be used tn any cusr.nt promotion or belecti~n

*yates?

Yes No (Circ I I's,.e)10e0%

Commt:

2. With this urtaerutanding, were you able to give an accurate rating
of your co-worker?

'Yes No (Ct:'cle one)
70% 30%

Comnt

3. If you answered no, why?

4. Would you be able to gtve an accurate co-wnrker rating if you knew
it would be used, along with their 'rating of yonl, In a Promotion/
selection system?

Yes No (Circle on,.)601 401
Comment :
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If co-workers We* U0ed for eelectIOlp/roiotion, do you feel Other
o-workers would rate ye accurately?

" lea No (Circle -one)' 60t 3~, No A po~we 101

cment:li

W ere there ORY Sections Ln~ the booklet you f(usd difttcult to
complete?

YesIj, (Circlo onc

If yest A'at were they?

V.

'IC
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particLpant Follow-up Questionnaire
(Associate)

yOUaRbB M KCAERBAu to *~A j2A14URWI~AC bag eftimt

BATID INDIVIDUAL'S RAM SlN - a-I0 M.8 F-1 _ -l

1. Did you know the rates and his job performance well esough to give

what you feel Is an accurate rating?

Yes No (Circle one)

Comment : 701 301

2: Would inter-shop rivalry hinder your giving an accurate rating?

Yea No (Circle Ote)

Comment: 100

3. Based on your personal experience, how frequently would ssocistas
be able to accurately rate workers?

10% of the 251 of the 502 of the 75% of the 90Zof the
'A time time time time time

fo0 Qot tot 401 0%
(Circle one)'

Comment:

4. How many people do you rate? RintAt 1-13

Mode 6
X 6.5

5. Were there any sections of the rating book.let you found difficult
to complete?

Yea No (Circle ogle)
401 501 No AeaAione. 10t

If yes, het section and why?
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Comparison of Identified Concerns Acrous Groups

Concerns with the usC of the CPS in a promotional selection formula.

Supervisors Worke rt,

1. Objection to test as only source of 1. Obje ction to test as only source of
information In f rmation

2. Concern that CPE will not be job 2. Concern that CPE will not be job
relevant relevant

1. Concern that test score vil most 3. Concern that test score will most
strongly reflect test-taking ability strongly reflect test-taking ability

4. Desire for tests to identify additional 4. Demand for practice tests
variables, such as motivation, N Ach

Concern with the use of co-worker ratings in a promotlon-selection formula

Co-Workers Workers

3. Objectivity clouded by personality 1. Objectivity clouded by personality
factors factorti

2. Objectivity clouded by intra-offtce 2. Objectivity clouded by Intro-office
competition compet J.t ion

3. Accuracy of rating effected by 3. Accuracy of rating effected by
knowledge of job/length of knowledge of job/length of
acquaintance acquaintance

4. Individual variation In ability to rate 4. Individual variation in ability to rate
5. PossibiLity of a sex effect
6. Deslre for rating training and us

of h lined standards
7. Desire for input in co-worker rater

se Io t tion

.:onrerns with the use of a supervisor's associate as t rater

, ,-sor Associate 'orker

1.. Lack of access to data 1. Lack of access to data 1. Lack of access to data
due to time or geographic due to time or geographic due to time or geographic
constraints constraints constraints

2. No associate exists 2. No associate exists
3. Not seen as responsi-

bility
'4. Objection to asociate

as only rating source
Possibility of timing

such a system
4. Individual variation In " 91 PAEi ULT

ability to rate % MPY 1.- 1)1_ ,
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' Werns with the use of the supervisor's alternat .s .a rater

-Supervisor Work,.r. ..

j. Lack of access to data due to time or 1. Lack of access to data due to tim or

geographic constraints geor.t1ihLc constraints

2. An alternate does not exist 2. An ,l ttroate does not exist
3. Not seen as responsibility of an 3. Not Recm as responsibility of an

alternate e1 c rt"tt

4. Alternate is the associate 4. Individual variation in ability to

Concerns with the use of the Job-Worker-Characterlstic flookilet

,uerv i5o7 'Asoociate Co-Worker

1..bifficlc to rate areas 1. Difficult to rate areas I. Difficult to rate areas

which were not job which were not Job: which were not Job
appropriate appropriate appropriate

.0. uSjection to booklet as
only source of Infvrma-
tion

j. Not detailed enough
. Too detailed

,. Forces a ranking of

employees
,,. System more difficult to

use than present syatem

5
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One hundred years ago, tradition tells us, an anonymous minister of the

French government had a conversation with Alfred Sinet..

"What does your test do?"

"It measures Intel~igence."

"Well, what is intelligence!*

"What my test measures." responded 81net. If the historical. Impetus to

the construction of the'original test Is examined,. it aan be een'that the

function of the Simon-binet was to quantify and validate teachers" opInions

of their students, partiflerly their less ecademtcallf able. sudents, -Stu4y

of the uses of the Stanford-Binet, from the first form.In 1906 to its most

recent norming in 1978, suggests that the test has acquired a life of its ownj

Studies (Good & Brophy, 1974; Risk, 1970) show that teachers use classroom9

observations to validate the omnibus Intelligence score. Also, the test itself

has been sued in the courts of San Francisco County (1975) by a group of non-

native speaking children. The charge-mistreatment at the hands (pages?) of

the Stanford-Binet.

This implied organicity is not unique to systems evaluating intelligence.

Think of the power yielded by measurement systems such as the MMPI, the GRE,

even the lowly report card. When a system is large, automated, produces

an evaluation on a delayed basis from the evaluated behavior, and has "conse-

quences" (i.e.. pay, placement, etc.), the involved individuals may cease to

view the evaluation system as a reflection of their own behavior. They may

react to it as having the power to direct their behavior, rather than their

behavior directing it.

It is not enough then to create an evaluation system, such as work plans,

and monitor It for accuracy of usage. The question must be considered, "What

4; 55-55



• will be the relation between the system of evaluation, and the evaluated in

five, ten or fifty years?"

Various scenarios can be envisioned.

1) Standardization - Group basis.

After a number of rating cycles, a certain consistency is observed

in work plans by occupational groups. In the interest of efficiency of creating

plans, equity of work distribution, ease of training supervisors in observing

to-be-rated behaviors and/or universality of expectancy about particular Job

classes, standardization is demanded. This could be a rigid program of a

previously determined group of dominant elements (OELS) and performance

standards (PS) for every Job much as P0s exist today. A flexible type of

star dardization is also possible; a"menu" of possible DELs and PS is accumulated

for earh job. A worker-,supervisor pair selects In appropriate subgroup of

task descriptions for a particular rating cycle.

2) Standardization - Individual Basis

The first type of standardization is imposed from above. It is

possible that a more informal, but equally pervasive type of standardization

could grow from "below", rooted in either worker or supervisor.

a) An individual working holding a specific job for X number of

rating cycles, choses to recycle his/her work plan unchanged.
I

b) A supervisor develops a work plan and simply provides it,

perhaps with minor modifications, to employees who successively fill a particular

work slot. While these uncharted changes might be desirable in terms of

efficiency, they are undesirable in terms of the original philosophy of the

Civilian Appraisal System.

1) Loss of worker-supervisor interaction. Standardization of either

a formal or informal sort will mean a failure to maintain the interactive,

55-56
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aspects of the system. The face-to-face exchange mandated by the Civil

Service Reform Act of 1978 will become a rubber stamping of previously created

work plans. This supervisor-worker discussion might be a particularly vulnerable

component, in the face of attempts at standardization, and many person's initial

unwillingness to engage in novel, possibly stressful behaviors.

2) Normative approaches.

As the end product of the Civilian Appraisal Systhm is an evaluation of

a worker's performance a move toward some standardization of work plans might

be seen as a step toward a more eliable end; all Ss in the'same job could

be rated on the same DELs and PS. Would this produce normalized data? The

argument could be made that whereas jobs may be standardized people seldom are.

a) People start jobs at different points in time. It has

often been observed that behavior changes as a result of exposure to a particular

stimulus, otherwise known as practice, subjective fatigue, etc. What about

accounting for the variance implicit In a time effect? Couldn't an S who

has occupied job V for six years be expected to be performing the job differently

than an S who has held the Job for six months? This performance differential

might be observed both on the job, and on the work plan.

b) People bring different backgrounds to the Job. Is the

job of clerk-typist performed Identically by a former librarian and a former

lumberjack? Is the job of file clerk performed Identically by an individual

who is a philatelist and one who plays scrum-half for a rugby team in his/her

free time? Interview subjects from a recent data gathering foray to Patrick

AFI indicated a desire for information about personal development (i.e.,

courses, hobbies, etc.) and kinds (as opposed to durations) of work experiences.

In situations in which employees must be compared, greater rating accuracy,
5
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might be obtained by blocking candidates on experiential factors, both on

the job and off. Category weighting systems tould be devised to provide

job comparisons across disparate work plans.

In summary:

1. Creation of the Civilian Appraisal System, (fCAS) will continue

after its implementation to guard against its becoming an tdio-system.

2. At the heart of the CAS is individual performance. Jobs,

as represented by work plans probably cannot be standardized. Creation of

uniform work plans would violate the interactive components described by

the'Clvil Service Reform Act of 1978, would ultimately stagnate the system,

and would likely be Impossible in the face of an almost infinite variation

in work climates, worker-supervisor relations, unexpected job demands, etc.

3. The CAS in relation to individuals is an ipsative system;

however, there are levels in the system when individuals must be compared

(i.e., the "best" individual for a new Job; the "most outstinding performer.*)

This calls for groups of Ss to be rated in the face of diverse work plans.

An equitable approach might be to create behavior categories for the partic-

ular job. Score the dissimilar work plans for the presence/absence of the

categories. Compare work plans of Ss, grouped according to similarity of

external factors.

4. The most appropriate place for the commingling of work plans

and other sources of information would be at the level of the performance

review board.

IbIS'
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ATTACHMENT 5

" - Essay: If there was a merit pay system, "at could be done to

evaluate It?

[Experts disagree. There are those who say that It Is impolite to
respond to a question with a question. These nay-sayers are primarily
of the Emily Post-persuation. There are, however, those individuals who
claim that to begin a piece of prose with a query heightens the reader's
Interest. The proponents are primarily confined to the English 101
TA-type].

What does one mean by evaluation of merit pay? Does one wish to
examine the degree ,of discrimination within the system, such that the
concern Is that "good" workers always receive the reward. and "poor"
workers never do? Three types of investigations exist here.

1) Examination of the Merit Pay instrument.
Pretend that this Instrument is a questionnaire. Is this

questionnaire structured so that all good workers will respond "yes"
'to items to which poor workers will respond "no" and vice versa. The
fly in the instrumental ointment Is whereas everyone claims to recog-
nize good work, no one has yet defined it.

2) Reliability.
Skipping rapidly away from topic I, one could make a different

assumption: that qualifies are fairly stable entities. Therefore, a
Merit Pay System is identifying good workers if the same persons are
offered the increments each year.

3) Longitudinal data collection.
An assumption, related to #2, would be that good and poor

workers are mutually exclusive groups; the consequences which befall
poor workers do not befall good workers. A set of "poor worker
consequences" might be compiled, and compared to the activities of
good workers. A Merit Pay system might be evaluated positively if it
never predicted an increment for an individual who was fired within
ten days of the award, for example.

There are several problems with the above methods of evalua-
tion.
1) They are based on a circular definition. "Merit Pay is awarded to
good workers. A good worker is someone who receives Merit Pay."

2) The analyses of the evaluation techniques are only correlational.

3) It is assumed that Merit Pay is an end product of something known
as good work. What happens to the evaluation system If Merit Pay is
viewed as a beginning - if the terminology becomes "reinforced" not
reqarded. By definition, a reinforcer has the power to drive behavior.
An evaluation of the Merit Pay system could be built on detecting

THIS PAGA IS .. ,,' . ,
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,' motivated changes in behavior and/or attitudes. For eximple,

1) Work plan change.
Pre-Merit Pay dispersal, all eligible Individuals must write

work plans describing activities during a defined period. Post reinforce-
met, samples of Ss receiving Merft Pay, and those not awarded would
be asked to complete new work plans, those receiving Merit Pay might be
expected to write second work plans reflecting Increased motivational
levels (i.e. greater number of work items, higher standards for old
items, etc.)

2) Use of trained observers.
It is possible that a second writing of work plans would load

more heavily on memory than motivation. To counteract this possibility,
work plans might be written for Ss by trained observers. Blocks of
behavior would be observed by theOs in the same format as #l(pre-post;
award receivers vs. non-receivers), but also balancing location, dura-
tion,etc. of initial and secondary observations. (if one is in a fault-
f-rding mood. it is obvious that the success or failure of this evaluation
method would hinge on the skill of the observer. There are few completely
housebroken Os walking around loose, and the cost of training a feral 0
would be prohibitive).

3) Use of subordinates as observers.
Untrained Os might be used to take observations of behavior if

they were provided with a clear format for gathering information. This
format could be as simple as journal pages. divided into categories of
behavior with instructions for scoring for durations or discrete instan-
ces of previously specified events. This type of data could be collected
based on the assumption that the behavior change of an S with a signifi-
cant responsibility in the area of management would be reflected in
the directed activities of his/her subordinates. (Format pre-post;
award receivers vs. non-receivers).

4) Use of S and/or associates as observers.
An attempt to broaden the data base of #3 might include the

use of a behavioral check list by Merit Pay possibles, and their associates.
The behavior check list might be created by simple arm-chairing, factor
analysis of earlier work plans, or a brief use of trained Os. Again,
increased motivation post-receipt of a Merit Pay goodie might be
reflected in changes in numbers of behaviors, or behavior topography,
while non-reinforced Ss could be expected to be more consistent.

5) Attitude questionnaires.

It has been found (in areas too unrelated to mention) that
attitude changes are associated with behavior changes. A questionnaire
might be composed to tap attitudes toward work. Items would cover
attitudes (I derive much satisfaction from my work) as well as
behavioral estimates ( would be willing to put in hours of
overtime on a particularly important project). If data was measured
on an ordinal scale, attitude change could be shown by unit movement.

; 1 55-60
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(Notice that the direction of movement Is-not predicted. Whe would
want to predict In the face of data that duggests

a. Previously high frequency behaviors decline in the face of
reinforcement.

b. Strong attitudes became less strongly held In the face of
reinforcement.

c. Freely choosen activities became less novel/creative when
reinforced.

d. Correctly Choosen tangible extrinsic reinforcement Isassociated with Increases In Intangible intrinsic reinforcement.]

!fiIS PAGE IS BEST rQALzflMrla L
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A STUDY OF OPPORTUNISTIC MAINTENANCE
POLICIES FOR THE FlOOPW100 AIRCRAFT ENGINE

BY

MICHAEL C. SMITH, Ph.D.

ABSTRACT

Application of carefully selected part level screening

intervals to components of the FIOOPW100 engine can result

in substantial economic and tactical benefits without

introducing complex base level maintenance procedures.

This report describes three approaches to developing an

optimal screening policy: (1) single screens, (2) a
computed screen, and (3) multiple screens. The multiple

screen approach which uses base and depot level part
screens is recommended as a short run maintenance policy

while further refinement of the computed screen approach

and a supporting information system are recommended for
long run consideration. Examples of each approach are

presented using data available at the time the research was

done. Recommendations for future investigations are
included.
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I. INTRODUCTION:

The United States Air Force is currently engaged in a

program through which a fleet of fighter aircraft will be

procured over a period of several years. The aircraft

comprising this fleet are known as the F-15 Eagle, built by

McDonnell Douglas, and the F-16, built by General Dynamics.

Both of these aircraft are powered by the FlOOPW100 engine

manufactured by Pratt and Whitney.

The maintenance concept employed in the design and

manufacture of the FlOOPWl00 engine has been labeled On

Condition Maintenance (OCM). An OCM policy allows engine

maintenance actions only when the condition of the engine

requires such action. Under this policy no scheduled

inspections or overhauls based solely on time based criteria

are performed. Maintenance actions are initiated for one of

two reasons: (1) the maximum operating time (MOT) on a life

limited component is reached, or (2) an engine component fails

prematurely. A strict OCM policy allows only repair or

replacement of the affected component(s) with no action taken

on other engine components at the time of engine removal.

In August of 1976, the Directorate of Propulsion Systems,

AFLC/LOP, requested a study concerning maintenance procedures

for the FlOOPW100 engine. The motivation for this request was

the desire to identify a maintenance policy which minimizes the

long run maintenance cost of these engines. The project was

undertaken by the Directorate of Management Sciences, AFLC/XRS

and, under the direction of Mr. John L. Madden, has resulted in

the development of a comprehensive and detailed computer

simulation model of the FlOOPWl00 life cycle. This model is

currently being used to investigate the effects of various

maintenance policy decisions on the life cycle cost of the

FIOOPWl00 engine.
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The maintenance concepts now under study are called "oppor-

tunistic" maintenance policies. The term "opportunistic" is

used because the policies direct that certain maintenance

actions take place at times when the engine is out of service

for the other repairs. This approach is designed to minimize

the number of times the engine must be removed from the air-

craft. The nature of the FlOOPWl00 engine makes this approach

particularly attractive. This engine employs a modular design

concept in which the major engine components are classified

into one of several relatively independent modules. This

relationship can best be illustrated by the diagram in Figure

1. The engine consists of several modules which each contain

several different parts. Maintenance actions can take place at

the part, module, or engine level.

The opportunistic maintenance policies which have been

investigated consider all levels of the engine heirarchy. The

approaches used so far have centered on two primary decision

criteria. The first criterion is a screening policy expressed

in either flying hours, cycles, or operating hours. Screens

are assigned to each module and applied to each part in the

module. The effect of the screening policy is that a given

part is replaced whenever the engine has been removed for

maintenance and the remaining life on the part is less than the

screening interval specified for all parts in the module in

which the part of interest is located. The second criterion is

a rule which specifies the conditions under which the entire

engine should be s.Ut to a higher level maintenance facility.

This rule is used to determine whether individual modules are

sent from the base, where they are removed, to the depot, where

they are repaired or the entire engine with modules intact is

sent to the depot for repair. This rule is intended to provide

base maintenance personnel with a specific criterion for

determining the appropriate disposition of engines requirinq

maintenance actions.
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Although application of an opportunistic maintenance

policy using these criteria appears to offer substantial

reductions in life cycle maintenance cost, the investigators

believed that further reductions in this cost might be achieved

by developing and applying individual screens at the part level

rather than at the module level only. This report documents

the approach, the results, the current status, and remaining

questions related to identifying and evaluating a part level

screening policy. Following this introduction is a specific

statement of the objectives of this project; next, a variety of

approaches are described and the result of each is presented;

recommendations for both short run and long run policies are

presented in the following section; and, last, several areas

requiring further research are identified and discussed.

II. OBJECTIVES:

The objectives of this project were:

A. To study and understand the mechanics of the

computer model used to simulate maintenance actions on the

FlOOPWI00 engine and to develop an alternative model with

similar logic but which would accommodate a screening policy in

which individual part screens are applied.

B. To develop an optimization procedure in which

individual part screens can be identified which minimize life

cycle maintenance cost for the FlOOPW100 engine.

C. To generalize the optimization procedure developed

in response to objective (B) above so that appropriate part

level screens can be identified in an environment of changing

operating characteristics and changing costs.
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This report focuses primarily on these objectives but,

where appropriate, identifies other products of the investi-

gation which proved useful in the larger study concerned with

the FlOOPW100 maintenance policy. 1

III. MODEL FORMULATION:

In order to adequately address the problem of identifying

an optimal set of screens at the part level, a computer model

which could be used to assess alternative part level screening

policies was developed. The logic of this model mirrored that

of the model used to apply module level screens except for the

screening policy itself. (See reference 1 for a description of

the original model).

The objective function of both models includes cost

related to (1) parts replacement, (2) base and depot module

maintenance activities, (3) base and depot engine maintenance

activities, (4) transportation cost for both module and engine

shipments to depot, and (5) base and depot pipeline (spares)

cost for both the engine and individual modules. The objective

function can be expressed as a linear combination of the events

that cause these costs to be incurred and the costs themselves.
The objective of the modeling process, then, is to identify a

screening policy which minimizes the following function:

Z a a, EI + bjk Mjk + Ci Pi + dB (')
Kai jai
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Where Z - total life cycle maintenance cost

El the number of base reparable engines

E2  the number of depot reparable engines

Mjl the number of times module j is base reparable

Mj2 - the number of times module j is sent to the depot

alone for repair

Mj3 - the number of times module j is sent to the depot

with the engine for repair

Pi - the number of times part i is replaced

B - the number of base manhours required for removing

and replacing engines

The parameters a1, bjk, ci and d are cost coefficients

which include all of the maintenance cost described previously.

As this objective function indicates, the life cycle mainten-

ance cost is a function of the number of base and depot engine

removals, the number of base and depot module removaI3, and the

number of parts replaced. The number of base manhcurs required

is listed as a separate output variable because it is affected

by the specific combination of modules removed from an engine

and is therefore affected by the screening policy in effect.
Different versions of the model are designed to accommodate

several types of screening policies and to operate under

several different initialization procedures. The types of

screening polices are:

A. A single but unique screen set for each part

prior to running the model and not changed throughout the

simulation run;

B. A screening policy which allows part screens to

be computed at each removal based on the specific condition of

the engine at the time of removal;
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C. Separate base and depot level screens for each

part set prior to running the model and not changed throughout

the simulation run.

The initialization procedures incorporated into the model

versions are:

A. A "warm up" procedure in which the time to life

limit and time to failure for each part are set randomly based

on input parameters and the engine is not reinitialized
throughout the entire simulation run;

B. A "no warm up" procedure in which the time to life

limit and time to failure for each part are set at their

initial values and the engine is reinitialized by this proce-

dure at the end of each life cycle until the simulation run is

completed;

C. A "modified warm up" procedure in which the time

to life limit and time to failure is set similar to (A) above

but the engine is reinitialized by this procedure at the end of

each life cycle until the simulation run is completed.

The various versions of this model allow all nine combina-

tions of these patterns to be explored so that the appropriate
screening policy for each initialization procedure can be

identified. The result of experiments with these approaches is

described in the remainder of this paper.

IV. SINGLE SCREEN APPROACHES:

Screening policies in which a screening interval is

assigned to each part prior to the simulation run and not

changed throughout the run are labeled single screen

approaches. Three different single screen approaches as well
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as some slight variations of these were investigated under the

different initialization procedures. The three basic

approaches are (1) a constant screen across all parts

expressed in the natural operating units of each part, (2)

individual part screens set inversely proportional to the

replacement cost of the parts but limited to a specified
proportion of part life, and (3) individual part screens set

inversely proportional to the cost per unit time of the parts
but limited to some proportion of the part life. The latter

two types of screens discourage early replacement of parts
which have high replacement cost or which have high cost per
unit of part life.

Each of these approaches was tested under the "warm up"
initialization procedure and an assumed fifteen year engine

life cycle. The results of these experiments showed that,
under the assumptions of the model, the minimum life cycle

maintenance cost for each of the three single screening

approaches is approximately equal. The minimum cost policy

using a constant screening approach lies around 400 in the
natural operating units of each part. This result was

determined in the original study (see ref. 2) and is used as a

benchmark for other policies. Table 1 provides typical results

from a constant screening policy of 400 applied to all modules

and parts. Since constant screens are much easier to apply
than screens based on cost, one would tend to choose the

constant screen over either approach involving part costs.

When the constant screening approach is used under the "no
warm up" initialization procedure several of the output

variables are changed. In general, compared to the "warm up"

approach, engine and module removal rates are reduced, the

number of manhours per base engine removal is reduced, and the

maintenance cost per engine flying hour is reduced. Table 2

provides typical results for this policy using a constant
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screen of 400. The reason for the reduction in these measures

is that the engine is assumed to be equipped with new (zero

time) parts at the beginning of each life cycle and, therefore,

requires maintenance actions later in the life cycle than in

the pure *warm upo approach.

The "modified warm up" policy randomly assigns part life

remaining at the beginning of each new life cycle and produces

the results shown in Table 3 when a constant screen of 400 is

used. Under this assumption, measures of interest have

slightly higher values than under either of the other initial-

ization procedures. This occurs because the engine has neither

new parts at the beginning of the life cycle (as in the wno

warm up" model) nor does it start in the condition of the pure

"warm up" model. Hence, the condition of the engine in this

model does not reflect either a new engine or an engine in

which the screening policy has been applied over a number of

life cycles.

The conclusion which can be drawn from investigating

single screen approaches is that, if a single screen for each

part is to be employed, a constant screen across all parts will

probably produce results as good as other policies which use
single screens for each part. Furthermore, previous studies

(ref.2) have shown that the screening constant selected is

relatively insensitive to reasonable changes in the model

assumptions and that the optimal screening interval under this

policy is actually an optimal range and can be adjusted

somewhat at the discretion of maintenance personnel.

V. COMPUTED SCREEN APPROACH:

The computed screen approach operates under the premise

that the optimal screening decision (i.e., minimum cost

decision) is a function of the condition of an engine when it
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is removed from the aircraft. This approach involves comparing

the cost of replacing a particular part to the expected cost of

not replacing the part given that the engine has been removed

for some other cause. The approach is motivated by the fact

that screening decisions have an immediate economic impact and
if this impact can be adequately described, a screening policy

which optimizes the impact can be identified. This screening

policy assumes that the optimal screening policy is dynamic in

nature rather than a static policy which remains fixed through-

out the engine life cycle. This process can best be charac-

terized by the schematic model shown in Figure 2.

In order to implement the computed screen approach both the

cost replacing a part and the expected cost of not replacing a

part must be known at the time of engine removal. The proce-
dure used in the model developed in this study computes the

cost of replacing as the sum of module maintenance cost

incurred due to replacing the part and the value of the

remaining life of the part at the time it is replaced. The

expected cost of not replacing the part is dependent upon the

probability that the part in question will cause the next

removal of the module in which the part resides and the cost of

such removal. If a module is likely to be removed prior to

reaching the life limit of the part in question then replace-
ment of the part should be delayed. This economic trade-off
can be expressed as follows:

Replace part i when

fj(M')+Li(Pi/Ti)< (E+Mj)Pr(tj> Li) C?)

Where
W- 1/nj for nj> 0

- 0, otherwise
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number of parts screened in module j when no

nj MOT's or failures occur in module j;

.0, otherwise
Li - time until life limit for part i

Pi - replacement cost of part i

Ti - maximum operating time of part i

E - base engine removal cost

Mj total depot cost for module j including maintenance,

transportation, and pipeline
(- (Mj - (total base module maintenance cost))

when module j is base reparable;

SMj, otherwise

tj = time until next removal of module j

Pr(tj*> Li) = probability that the time until the next removal
of module j is greater than the remaining life on

part i

Since Pr (tj> Li) is actually the survival probability for

module j and is computed from the distribution of the time

until the next removal, it is affected by the screening policy

decision. This probability is also a part of the replacement

rule which determines whether or not a part should be replaced.
Since one quantity must be known before the other can be
obtained, an iterative approach must be used in order to
identify the appropriate survivor probabilities. That is, a

distribution is first assumed, then the rule is applied; the

resulting module removal distribution is observed, the module

survival probabilities are adjusted and the process is

repeated. When the actual module removal distributions are

approximately the same as those used in the decision rules,
then the interative process stops and the final survival

probabilities are accepted.

56-14

V



One exception to this process exist. If a module has only

one part and it has a life limit which is much less than the
expected time to failure, the removal distribution generated by

the above process does not adequately describe the module

removal process. This is true because the single part MOT

must, in this case, drive all or most of the module removals.
Therefore, any assumed distribution with non-zero variance
which is derived from the module removal distribution will bias

the replacement rule toward early replacement. This bias can

be overcome by determining Pr (tj> Li) from the engine removal

distribution rather than from the module distribution when the

module has one part only.

In order to test the computed screen approach a set of

module time until removal distributions was assumed. The exact

probability that a module removal will occur later than some

time Li is, of course, dependent upon part i. That is, since

module removals are caused by part failures and life limits,

the next removal must be caused some part. As the number of

parts in a module increases, the effect of the particular part

in question on the module removal distribution decreases. In

testing this part replacement policy, the removal distribution

of the module was assumed to be independent of the replacement

decision for the part in question. The module removal distri-

bution was further assumed to take the form of a two parameter
Weibull distribution (location parameter set at zero) with

shape and scale parameters derived from the observed removal

distribution. The survival probabilities were computed from

the complementary cumulative of the time until removal

distribution as follows:

Pr(tj> Li)-l-F(Li)-l-fl-expt-(Li/bj )aj}
-exp[-(Li/bj) aj
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Where aj - shape parameter for module j

bj - scale parameter for module j

The Weibull parameters, aj and bj, were computed from the

mean and variance of the time until removal distribution using

the following relationships:

E(tj)-bj 'r(l+i/aj)

Where E(tj) - mean time until module removal

V(tj) - variance of time until module removal

T4( -) = Gamma function

The results of testing this model using the Weibull

assumption and the three different model initialization

procedures are shown in Tables 4, 5 and 6. The pattern of the

results among the initialization procedures is identical to

that of the single screening approach. The results themselves,

however, are considerably different. In every case, the factor

of interest is improved using computed screens over that of any

of the single screen approaches tested. The cost per engine

flying hour is about 10% lower in the warm up and modified warm

up models and the engine removal rate is about 10% lower in all

three models. The major reason for these reductions is the

fact that the computed screen approach discourages sending a

module to depot (i.e., replacing parts) when the sole cause for

module removal is a single part being screened. The computed

screen approach sets much lower screens when a module has no

MOT's or failures than when these events occur. Consequently,
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part replacements are encouraged when the module has other

causes for removal and discouraged when no other cause exists.

The impact of this policy on the percentage of module removals

for only one part screened is shown in Tables 1 through 6.

A major disadvantage of the computed screen approach is

that decision must be made in a dynamic fashion. The decision

maker must know the condition of the engine and, with this

information, compute costs for replacing and not replacing each

part. To assist in this procedure, a FORTRAN program was

developed to determine the optimal screening intervals for each

part under the assumptions mentioned previously. For a given

set of costs and module removal distributions these optimal

part screens were computed for a variety of module removal

conditions. Table 7 provides a typical set of these screens

computed using cost and removal data presently available.

Table 7 is divided into three sections: (1) NRTS screens (for

parts in depot bound modules), (2) RTS screens (for parts in

modules with base repairable usage failures), and (3) No cause

screens (for parts in modules with no MOT's or failures). The
table is used by entering the section which describes the

module in question, locating the rows which identify the parts
in that module, and applying the appropriate screens to these

parts. When the module is NRTS (non repairable this station),

a single set of screens applies. When the module is RTS

f (repairable this station) or has no cause for removal, the set

of applicable screens depends on the number of parts screened.

The application of these screens is recursive in nature in

that, first, the number of parts screened is assumed and the

screens in the column under this assumed number are applied.
If the actual number of parts screened equals the assumed

number of parts screened, stop the process and send the module

to depot where the NRTS screens are applied to all parts. If

the actual number does not equal the assumed number, set the

assumed number at the actual number and repeat the process.
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If, at any point, the actual number screened equals zero (i.e.,

no parts screened), stop the process and do not send the module

to depot unless the entire engine is sent to depot. If for any

reason (MOT, failure, screening, or engine NRTS) the module
goes to depot, the NRTS screens are applied.

Although this process can be applied manually it is quite
complex and is likely to create confusion unless it is auto-

mated to the extent that the base level decision process is

simplified. Consequently, unless data processing support is

available or can be justified, a less complex screening rule

must be provided. The section which follows provides a

screening policy which capitalizes on the economic benefit of

this model but retains the simplicity of the single screen

approaches.

VI. MULTIPLE SCREEN APPROACH:

The multiple screen approach is similar to the computed

screen approach because part screens are chosen based on the

condition of the module. It is like the single screen approach

because base level maintenance personnel have only to deal with

a single set of part screens. Each part is assigned a pair of

part screens, one applicable at the base level, the other
applicable at the depot level. If a module has no cause for
removal or is repairable at the base level, the base level

screens are applied; if the module must go to the depot for any
reason, the depot level screens are applied. Reasons for

sending a module to depot include engine NRTS, MOTs, failures,

and the fact that one or more parts meet the base level screen.

This approach has the built in capability of setting base

and depot level part screens such that part replacements in

modules which have no cause for removal is delayed while part
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replacement in dipot bound modules is done earlier than base

screen would allow. This feature is the major economic benefit

of the computed screens discussed earlier. The problem now

becomes that of identifying the optimal combination of base and

depot level screens.

The computed screen approach and the table of conditional

part level screens (Table 7) provide the necessary information

for selecting optimal base and depot level screens. The infor-

mation provided by the computed screen models includes for each

module, the distribution of the number of parts screened when
no MOTs or useage failures occurs. From this information, the

expected number of parts screened when no MOTs or failures

occur can be obtained. Base level part screens can be selected

from Table 7 which represent the screens applied when the

expected number of parts is screened. Depot level screens

should be identical to those computed (in Table 7) for NRTS

modules. Further simplification of the screen can be achieved

by grouping screens which are approximately equal (e.g.,

optimal depot level screens for core module parts are all

approximately 1000 engine flying hours or 2200 cycles).

The multiple screen approach was tested under the three

initialization procedures using the base and depot level

screens shown in Table 8. The results of these tests are shown

in Tables 9, 10 and 11. Again, considerable improvement over

the single screen approaches was experienced. Cost and engine

removal rates were approximately equal to that resulting from

the computed screen approach. Evidently, maintenance policy

costs are no more sensitive to the base/depot level screen
simplification than to the Weibull removal distribution

assumptions of the computed screen approach. In fact, as
Tables 9, 10, and 11 show, the base/depot level screens

produced better results than the computed screens in some

cases.
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The multiple screen approach is very attractive for

several reasons:

A. It is simple because it requires only one set of

screens at the base level and one set of screens at the depot

level;

B. It can be applied manually -- no need for

computer-aided decision logic;

C. It achieves the economic benefits of the optimal

screening policy determined through the computed screen

approach;

D. The large depot level screens applied to most

parts at the depot provide a large "guarantee" for the

remaining life of the module;

E. The average number of base manhours required per

base engine removal is much less than that experienced under

single screen approaches; and

F. Modules are, in general, sent to depot less

frequently, and, when they are sent to depot, are eligible for

a greater number of maintenance actions thus delaying the time

until the next module removal is required.

VII. RECOMMENDATIONS:

The results of this investigation have both short and

long run implications. For the short run (three to five years)

the results of the study lead to the following recommendations:
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Use the computed screen logic to assist in developing

a near optimal set of base and depot level screens.

Provide these screening rules to base and depot level

maintenance personnel for use until such time as the

long range recommendation can be implemented. Base

and depot level screens will require updating as

operating conditions and relevant costs change.

The long run recommendation resulting from this project

is:

Continue to refine the computed screen approach

particularly in the area of determining the appro-

priate module removal distribution. Investigate the

possibility of implementing an on-line, real-time,

base level maintenance information system which can

compute screens based on engine status at the time of

removal and provide immediate feedback to base

personnel regarding appropriate part and module

disposition. If the economic and tactical benefits

: of such a system justify its cost, then work toward

implementation of such a system.

VIII. RECOMMENDED FURTHER RESEARCH:

In addition to the research implications of the long run

recommendations, several specific areas merit further investi-

gation.

A. What is the impact of a parts (module) inventory

in which parts (modules) have a known age distribution? How

can parts (modules) be selected from such an inventory and

matched to modules (engines) in a manner which minimizes

maintenance cost over a fleet of engines?
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B. Is a module (engine) inspection plan desirable?

What is the tactical and economic impact of such inspections

and how should they be conducted (i.e., scheduled or oppor-

tunistic)?

C. What is the impact of an opportunistic

maintenance policy at the fleet level? Will rules which

minimize costs for a single engine also minimize costs for a

fleet of engines?

IX. CONCLUSION:

The research effort described in this report provides

guidance for developing maintenance policies for the FlOOPW100

engine. One word of caution must be offered: The specific

results presented here are based on a particular combination of

MOTs, failure parameters, and cost data and will change as

these data change. Fortunately, the base/depot screening

policy is relatively insensitive to small changes in these

factors and should result in screens which are applicable over

a broad range of model input values. The approaches presented

and the results achieved provide a basis for both short run and

long run maintenance policy decisions and suggest areas where

further research is needed or may prove fruitful.
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TABLE 1

MAINTENANCE SYSTEM RESULT FOR

A CONSTANT PART SCREENING POLICY

Screening Constant: 400 part operating unit

Engine Life Cycle: 15 years

Simulation Length: 2000 years (133 life cycles)

Initialization Procedure: Warm-Up

% Removal With One

Component Removals/KFH* Part Screened Only

Engine 6.84 -

Module 1 1.09 0%
Module 2 3.73 45%

Module 3 2.61 57%

Module 4 3.34 39%

Module 5 2.03 15%

Module 6 1.73 69%

Module 7 .91 92%

Module 8 3.08 0%

*KFH = 1000 engine flying hours

Base manhours per engine removal: 178 hours

Cost per 15 year life cycle: $661,319

Cost per engine flying hour: $216
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TABLE 2

MAINTENANCE SYSTEM RESULT FOR

A CONSTANT PART SCREENING POLICY

Screening Constant: 400 part operating unit

Engine Life Cycle: 20 years

Simulation Length: 2000 years (100 life cycles)

Initialization Procedures: No Warm-Up

% Removals With One

Component Removals/RFH* Part Screened Only

Engine 5.85 -

Module 1 .98 0%

Module 2 3.06 46%

Module 3 1.38 53%

Module 4 1.24 26%

Module 5 1.59 7%

Module 6 1.21 69%

Module 7 .75 87%

Module 8 2.96 0%

*KFH - 1000 engine flying hours

Base manhours per engine removal: 140 hours

Cost per 20 year life cycle: $579,890

Cost per engine flying hour: $142
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TABLE 3

MAINTENANCE SYSTEM RESULT FOR

A CONSTANT PART SCREENING POLICY

Screening Constant: 400 part operating units

Engine Life Cycle: 20 years

Simulation Length: 2000 years (100 life cycles)

Initialization Procedure: Modified Warm-Up

% Removals With One

Component Removals/KFH* Part Screened Only

Engine 7.11 -

Module 1 1.08 0%

Module 2 4.04 50%

Module 3 2.66 59%

Module 4 3.40 48%

Module 5 3.36 47%

Modu]p 6 1.66 69%

Mo a±e .90 94%

Module 8 3.12 0%

*KFH - 1000 engine flying hours

Base manhours per engine removal: 185 hours
Cost per 20 year life cycle: $890,246

Cost per engine flying hour: $218
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TABLE 4

MAINTENANCE SYSTEM RESULTS FOR

A COMPUTED SCREEN POLICY

Engine Life Cycle: 15 years

Simulation Length: 2000 years (133 life cycles)

Initialization Procedure: Warm-Up

% Removals With One 4

Component Removals/KFH* Part Screened Only

Engine 6.08 -

Module 1 1.10 0%

Module 2 3.16 17%

Module 3 1.69 17%

Module 4 1.44 1%

Module 5 2.61 19%

Module 6 1.14 5%

Module 7 1.05 97%

Module 8 3.13 0%

*KFH = 1000 engine flying hours

Base manhours per engine removal: 155 hours

Cost per 15 year life cycle: $604,056

Cost per engine flying hour: $197
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TABLE 5

MAINTENANCE SYSTEM RESULTS FOR

A COMPUTED SCREEN POLICY

Engine Life Cycle: 20 years

Simulation Length: 2000 years (100 life cycles)

Initialization Procedure: No Warm-Up

% Removals With One

Component Removals/KFH* Part Screened Only

Engine 5.34 -

Module 1 0.99 0%

Module 2 2.69 11%
Module 3 0.88 2%

Module 4 0.84 2%

Module 5 2.08 17%
Module 6 0.79 1%

Module 7 0.81 96%

Module 8 3.10 0%

*KFH - 1000 engine flying hours

Base manhours per engine removal: 133 hours

Cost per 20 year life cycle: $573,473

Cost per engine flying hour: $141
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TABLE 6

MAINTENANCE SYSTEM RESULTS FOR

A COMPUTED SCREEN POLICY

Engine Life Cycle: 20 years

Simulation Length: 2000 years (100 life cycles)

Initialization Procedure: Modified Warm-Up

% Removals With One

Components Removals/KFH* Part Screened Only

Engine 6.08 -

Module 1 1.11 0%

Module 2 3.27 20%

Module 3 1.75 18%

Module 4 1.53 4%

Module 5 2.65 19%

Module 6 1.27 17%

Module 7 0.86 79%

Module 8 3.16 0%

*KFH = 1000 engine flying hours

Base manhours per engine removal: 154 hours

Cost per 20 year life cycle: $798,584

Cost per engine flying hour: $196
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TABLE 7

BREAKEVEN PART SCREENS BY MODULE CONDITIONS

PART NITS RTS NO CAUSE
NO4 SCRN 1 2 3 4 5 6 1 2 3 4 5 61 ) 0 0 0 0 0 0 0 0 0 0- 0 0

2 0 0 0 0 0 0 0 0 0 0 0 0 0
3 280 279 280 280 280 280 280 236 258 265 269 271 273
4 23:7 236 237 237 237 237 237 200 219 225 228 230 231
5 308 306 307 307 308 308 308 258 283 291 295 298 299
6 481 477 479 479 480 480 480 369 417 436 446 453 457
7 0 0 0 0 0 0 0 0 0 0 0 0 0
8 591 390 487 521 538 548 555 331 458 500 522 536 545
9 62L 407 510 545 563 575 582 346 478 523 547 561 571

1D 638 417 522 559 578 590 597 354 489 536 561 575 585
11 997 532 694 765 808 836 857 449 639 720 769 802 826
12 1.069 540 708 785 832 864 888 455 650 736 789 825 853
13 104:1 537 704 778 824 855 878 453 647 731 782 817 844
14 1122 544 716 796 845 880 906 459 656 745 800 838 867
15 9a2 530 690 761 802 830 850 448 636 716 764 796 820
16 0 0 0 0 0 0 0 0 0 0 0 0 0
17 :1242 393 646 753 819 865 901 315 602 717 787 836 873
18 1305 395 649 758 825 873 910 316 605 :721 792 842 881
19 1185 391 642 747 811 856 890 313 599 711 780 827 863
20 1255 394 647 754 820 867 903 315 603 718 788 837 875
21 1.098 386 632 733 793 835 865 309 590 699 764 808 841
22 1165 390 640 744 807 852 885 312 597 709 777 823 859
23: 998 376 613 707 761 798 824 300 574 676 735 775 803
24 997 376 613 707 761 797 824 300 574 676 735 774 803
25 994 3:76 612 706 760 796 822 300 573 675 734 773 802
26 1079 384 629 729 788 829 858 307 588 696 75? 803 835
27 L097 386 632 733 793 834 865 309 590 699 763 808 841
239 1104 386 633 734 795 836 867 309 591 700 765 810 843
29 1064 383 627 725 784 824 853 306 585 693 756 798 830
30 872 354 576 658 703 732 752 281 540 631 681 714 736
31 996 376 613 707 761 797 823 300 573 676 735 774 803
32 903 361 587 672 720 750 772 287 550 644 697 731 755
33 1111 397 634 735 796 838 869 309 592 701 767 811 845
34 993 375 612 706 760 796 822 299 573 675 734 773 801
35 :1043 381 623 720 778 816 845 305 582 688 750 792 822
36 987 375 611 704 757 793 819 299 571 673 731 770 798
37 986 374 611 703 757 792 818 299 571 673 731 770 798
38 0 0 0 0 0 0 0 0 0 0 0 0 0
39 418 316 364 381 390 395 399 267 337 363 376 384 389
40 456 337 392 412 422 429 433 284 362 390 406 415 422
41 277 216 246 256 261 264 266 182 230 245 25:3 258 261
42 391 299 343 359 367 372 375 254 319 342 354 361 366
43 490 354 414 437 449 456 462 297 380 412 429 440 448

49 0 o 0 0 0 0 0 0 0 0 0 0 0
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TABLE 8

TYPICAL "GOOD" BASE AND DEPOT LEVEL

PART SCREENS FOR USE ON MULTIPLE

SCREEN MAINTENANCE POLICY

(All Screens in Engine Flying Hours)

Base Depot Base Depot
Part No. Screen Screen Part No. Screen Screen

1 0 0 26 300 1000

2 0 0 27 300 1000

3 250 250 28 300 1000

4 250 250 29 300 1000

5 250 250 30 300 1000

6 450 450 31 300 1000

7 0 0 32 300 1000

8 350 600 33 300 1000
9 350 600 34 300 1000

10 350 600 35 300 1000

11 450 1000 36 300 1000
12 450 1000 37 300 1000
13 450 1000 38 0 0

14 450 1000 39 400 400
15 450 1000 40 400 400
16 0 0 41 275 275

r 17 300 1000 42 350 350
18 300 1000 43 500 750
19 300 1000 44 0 0
20 300 1000 45 400 750
21 300 1000 46 400 750

22 300 1000 47 450 850
23 300 1000 48 400 620
24 300 1000 49 0 0
25 300 1000
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TABLE 9

MAINTENANCE SYSTEM RESULTS FOR

A MULTIPLE SCREEN POLICY

Engine Life Cycle: 15 years

Simulation Lenght: 2000 years (133 life cycles)

Initialization Procedure: Warm-Up

% Removals With One

Component Removals/KFH* Part Screened Only

Engine 5.94 -

Module 1 1.08 0%

Module 2 3.66 36%

Module 3 1.36 12%

Module 4 1.22 2%

Module 5 3.46 17%

Module 6 1.12 3%

Module 7 1.03 96%

Module 8 3.13 0%

*KFH = 1000 engine flying hours

Base manhours per engine removals: 164 hours

Cost per 15 year life cycle: $602,406

Cost per engine flying hour: $197

NOTE: Base and depot screens are given in Table 8.
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TABLE 10

MAINTENANCE SYSTEM RESULTS FOR

A MULTIPLE SCREEN POLICY

Engine Life Cycle: 20 years

Simulation Length: 2000 years (100 life cycles)

Initialization Procedure: No Warm-Up

% Removals With One

Component Removals/KFH* Part Screened Only

Engine 5.41 -

Module 1 1.00 0%

Module 2 3.26 35%

Module 3 0.88 1%

Module 4 0.79 1%

Module 5 2.97 26%

Module 6 0.81 0%

Module 7 0.81 97%

Module 8 3.07 0%

*KFH = 1000 engine flying hours

Base manhours per engine removal: 147 hours

Cost per 20 year life cycle: $592,397

Cost per engine flying hours: $145

NOTE: Base and depot screens are given in Table 8.
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TABLE 11

MAINTENANCE SYSTEM RESULTS FOR

A MULTIPLE SCREEN APPROACH

Engine Life Cycle: 20 years

Simulation Length: 2000 years (100 life cycle)

Initialization Procedure: Modified Warm-Up

% Removals Witn One

Component Removals/KFH* Part Screened Only

Engine 6.14 -

Module 1.13 0%

Module 2 3.93 41%

Module 3 1.57 15%

Module 4 1.34 3%

Module 5 3.45 40%

Module 6 1.08 14%

Module 7 1.00 95%

Module 8 3.23 0%

*KFH = 1000 engine flying hours

Base manhours per engine removals: 163 hours

Cost per 20 year life cycle: $773,820

Cost per engine flying hours: $190

NOTE: Base and depot screens are given in Table 8.
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FIGURE 1.

FlOOPW100 ENGINE/MODULE/PART RELATIONSHIPS
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Each box represents an engine removal. The vector Xn repre-

sents the condition of engine parts when a removal occurs. The

vector dn(Xn) is the decision vector and depends on the con-

dition of the parts, Xn. The function tn(Xndn) transforms the

condition of the engine at removal n into the condition of the

engine at removal n+l and depends on the condition of the

engine when removal n occurs, Xn, and the decisions made at the

removal, dn. The return function rn(Xn,dn) determines the

economic impact of decisions made at removal n given the con-

dition of the engine at removal n. The objective of a dynamic

maintenance policy is to make decisions at each removal which

optimize the sum of the return functions at each removal.

FIGURE 2.

SCHEMATIC REPRESENTATION OF A

DYNAMIC MAINTENANCE POLICY
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ERROR ANALYSIS FOR A RADIO-FREQUENCY SYSTEMS SIMULATION FACILITY

by

(Walter D. Stanaland)

ABSTRACT

Error analysis associated with radio-frequency simulation facilities
must consider error determination methods as well as error reduction
designs. This study effort is devoted to both considerations. For error
identification, the mean-square error, which occurs between transmitter
and receiver detector output, is identified and computer modeling has been
started. For design improvements, a time domain sensitivity comparison
function has been defined for the first time.

The mean-square error definition includes a computer program which
defines the input auto-correlation function, output auto-correlation
function, crosscorrelation function, and convolution integral. The summa-
tion of terms remains unfinished.
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I. INTRODUCTION

The problems addressed in this report are related to operations of simulated
radio-frequency systems. The simulations require very special analysis to assure
their proper calibration and operational performance. In particular, systems
such as pulsed radar have repeated transmissions and return signals. In addition,
noise is usually present in the signals. To obtain signal information from
composite noise/signal waveforms special waveform processing is required. From
the 1930's to the present time many authors have addressed this problem. Some of
the important authors are Weiner (1), Rice (2, 3, 4) North (5) and others.

In 1943 North defined the matched filter which is usually associated with
radar receivers. In 1949 Weiner defined a filter which minimizes the mean-square
error in the output from the filter. In most cases the authors have used the
characteristics of stationary random processes as a basis for analysis of wave-
forms. And in general, the mean-square error was used as a performance indicator.
Hence, finding filters or systems which minimize the effect of the mean-square
error was the objective of most design problems.

Because the pulse repetition rate of pulsed radar is normally much greater
than the dynamic frequencies of desired returned signals, stationary statistics
are a natural assumption for the pulsed radar analysis problem. To utilize
previously defined methods, such as the mean-square error, the mechanics of
convolution integrals, auto-correlation functions, and crosscorrelation functions
must be defined and computerized. This computer definition has been a major part
of my summer effort at the Armament Laboratory at Eglin AFB.

Although analysis methods are required for proper calibration and operations
of equipment, such methods do not provide a capability to reduce the effects of
system parameter changes. Historically, the effects of system parameter changes
have been reduced by feedback methods. In fact, sensitivity comparison functions
have been defined in the frequency domain by Cruz and Perkins (6). The functions
compare the open-loop errors to the closed-loop errors and provide a functional
matrix for feedback system mechanization. However, the time domain sensitivity
comparison function has never been defined. A large part of my summer effort has
been to define a time domain sensitivity comparison function.

II OBJECTIVES

The objectives of this project are:

(1) Begin computerization of the functions required to define the mean-square
error. This included convolution integral, input auto-correlation function, output
auto-correlation function and crosscorrelation function.

(2) Define the form of a time domain sensitivity comparison function. This
function is the relationship between output error for open and closed-loop systems.

III Mean-Square Error Equation

57-4
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A facility which simulates rf signals is usually involved in repetitive
transmissions of a specific signal. If such a signal does not change in
amplitude, phase, polarization or frequency with time, it will appear to
be stationary in time to an observer who is observing at the transmission
repetition frequency. Most repetitive natural signals vary with time, but
if the change is relatively small over several repeated transmissions, the
signals may appear stationary for observations over several transmission
cycles. Therefore, it is worthwhile to investigate measurement errors
involved with stationary random processes.

Simulation of rf signals requires apriori knowledge of the characteristics
of the signal to be simulated. Hence, the input signal to a receiver system,
which detects a simulated transmission, is known. Let the input to a receiver
be fi(t). The output from the receiver can be computed if the receiver
response characteristics are known. If the input simulation is perfect and the
receiver is operating properly, the receiver output is the desired signal
fd(t). In general, the receiver output is not fd(t), but instead is a signal
fo(t). The differencl between fd(t) and fo(t) is the output error. The mean-
square output error e is given by,

(1) g2 = LIM 1 T [fo(t)-fd(tl]2dt

T-. .c 2T T

But fo(t) can be defined in terms of the convolution integral as,

(2) fo(t) = ,fh(T)fi(t-T)dt

By substituting equation (2) into equation (1) and expanding the square
term one has(t ff,

(3) j2 = LIM I T ,,o 60

-2fd(t)j'h(T)fi(t-)dT + fd2(t

The variable a is used in the second integrand of the first term of the
expansion simply to denote that a variable of integration other than T
is used.
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If the order of integration and the processes of integrating and taking
limits are interchanged L J, the expression for 12 can be written as,

(4) i2 f h()dT h(a)da LiM -I fi(t.T)fM(tl')dt

T-*m-'~d LI I T (t- r)fd(t)dt

a -T'- rT-T.

1 T
+LIM If f d2 (t)dt

Inspection of equation (4) reveals that the input signal function fi(t)
and the desired output signal f (t) enter the mean-square-error
expression only in the form of in averaging of the product of two time
functions. The significance of this is made clearer as a function *ab(T)
is defined.

(5) fa(T) =LIM T  )dt

By substituting for (t) in equation (4), the mean-error-squared equation
can be written as,

(6) j2 = f T)dT f(*C)da~ll(T.a)

40 0

-2Jh(T)drTid(T) +$dd(O)

The function e(T) Is the correlation function of statistics. Oli(T)

is the autocorrelation function of the input signal, fi(t). d(T)
is the autocorrelation function of the desired output, and * d(T
is the crosscorrelation function between the input signal and the desired
output. This means the mean-square-error can be determined entirely by
the system characteristics described by the unit-impulse response h(t)
and by the correlation functions of the input and desired output. Hence,
it is important to identify the input, desired output, and input-output
correlation functions.

In Equation (6) the mean-square error will be zero if h(1-) is exactly
the designed impulse response function so that fo(t) = fd(t). Hence for
i to be other than zero h(t) cannot be the designed value. In fact, the
actual impulse response function with perturbed system parameters is not
known and the actual impulse response cannot be computeo. Therefore, it is
important to work with design values.
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Let the desired output be, -<

Then substitute into Equation (1) and expand as accomplished for Equation (3).

Then T [f'

LIM [ Vf-c-

ly completing the manipulations required for definition of Equation (6) one
has

to

This equation allows use of online computation of 0..(0) and .(1')
and at the same time using the designed value of unit impulse response g(+).
This equation can be mechanized online.

57-7
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The system being considered is specified in Figure (1). There are three
basic parts

EA~taL - L - I I-

F((S)

i -rss)

140

! fl Dc. -] C -6' It 4ll
'A. .. . .. .. II -- ...... ..

Figure (1) Radio frequency simulator with receiving
system and possible feedback path

to the diagram. They are simulated transmission system, receiving system, and
feedback system. It should be mentioned that the feedback system will not be
implemented unless it is justified. However, the simulated transmission system
is real, along with many possible receiver systems.

To apply Equation (3) to this system, the impulse response function h( ) must
be defined. By proper selection of h(T) the input auto-correlation function can
be simplified. Let the impulse response function represent the system between
transmitter input and receiving system detector output. Then

(7) H(S)! GI(s)G2(s)G3(s)G4(s)G5 (s)

Equation (7) represents transfer function provided the blocks in Figure (1) are
isolatable and laplace transformable. Then by taking the inverse laplace transform
h(r) is defined. Then with

(8) _S L sj
-
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II

h(7-) known the output of the receiver detector is given as:.+

(9) Y(4)

The variable x(t-t) is the folded and shifted input signal which is the. amplitudo
modulation waveform directed from the environmental definition. Then the output
waveform is known, h(t) is known and the output can be solved by convolution. In
addition, the auto-correlation function can be determined, the output auto-
correlation function can be determined and the crosscorrelation function can be
determined. The computer program for determining the correlation functions and
the convolution integral results has been developed during this summer project.
These are all required before the mean-square error can be determined.

IV Time Domain Sensitivity Comparison Function

The time domain sensitivity comparison was first defined by Cruz and Perkins
(6). This function compares the system output errors caused by system plant
parameter changes for open and closed-loop conditions. The system used to define
the sensitivity comparison function is shown in Figure (2).

PL S, at

Figure (2) Closed-loop system with plant transfer
function P (s a), feedback transfer
function M(s) and forward path transfer
function G(s)

To compare open and closed-loop conditions the following constraints are imposed:

(1) The plant parameters (ai) are nominally the designed values and are
prespecified.

(2) For nominal values of a the control function U (s,c) the output function
Yc(S,a) and the input function R(S) must be equal whetheF the feedback path (H(s))
is closed or not. This implies that the value of G(S) is different for open and
closed loop systems. When the values of ci depart from their nominal values, for
unknown or unrecognized conditions, the errors produced in the output will generally
be different for the open and closed-loop system. Cruz and Perkins developed the
sensitivity comparison function which compares these different sets of errors pro-
vided the changes in the parameters, a , are sufficiently small to maintain linearity.
The error comparison is defined by Equation (10). The sensitivity comparison

(10) G :

-I
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where: Ec = output errors in closed-loop system

Eo = output errors in open-loop system

Pn = nominal plant transfer function - Pn(si)

GH z G(s) H(s)

function S(s) is basically a complex plane function and can be related to the
frequency domain (6).

With time domain waveforms it would be convenient to work with a sensitivity
comparison function in the time domain. However, such a function does not exist
in the literature. For this reason, the remainder of this discussion is devoted
to developing a time domain sensitivity comparison function.

To begin development of the time domain sensitivity comparison function,
consider Figure (3). The important Equations are:

(11) ---F X .(f) +-PLA' () nxl vector, state differentiated
with respect to time
control vector qxl

40 output vector pxl

- ~ G~c~ifj- ~ a) .(+)-~'~ X r Yo

Figure (3) Open-Loop Diagram of System With Plant
Matrix) F

The control variable Uo(t) can be eliminated from Equations (11) and the result
is Equations (12).

(12) FK, '4-~ -r J 6j iYr(4

A closed-loop diagram can also represent the system as shown in Figure (4)

Figure (4) Closed-loop diagram of system with plant
matrix, F

57-10
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The important equations of the system defined in Figure (4) are:

(13) F X ) ( -4 L (t plant equation nxl

G¢ [ L C control vector qxl

r Z( c- output vector pxl
A

)(c CtJ -- (fj . • State observation vector nxl

By eliminating Zj(t) and the control vector, the equations become,

(14) (t)- 1F I1'Ce +J~it 'T7G 1

N/cJ -= C (* f)

The zero state solutions for the state vector in Equations (12) and (14) are,

(15) Xs 4F)414 +~

where: c (€,' = state transition matrix for the closed-loop system between I' and t.

[ ,-i = state transition matrix for the open-loop system between lP and t.

and the outputs are:

(16) YC: CX
If the outputs for the open and closed-loop systems are to be nominally equal, then:

(17) /,-Y

For Equation (17) to be satisfied for arbitrary C, then "X, murt be zero. Or

(18)

Since the variables of integration and the limits of integration are the same in
Equation (18), a single integral can be used.

(19)

For Equation (19) to be satisfied for arbitrary )p), the terms inside the bracket

must have a rank of zero. Then

57-11
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(20) V

By solving for one has,

(21) = 06 (1. , ')c ((')i -.)

Equation (21) is a well known equivalence relationship [ J.

When the plant parameters are perturbed, the state, output and derivatives
are also perturbed. Since superposition holds for linear systems, Equation (12)
can be written for the perturbed plant parameter condition as,

(22) - ;h: r+ 3 (_&. - S.-) +-'.(; r60
where: = perturbed open-loop state derivative

= nominal open-loop state derivative.

tsF = perturbed plant matrix

sx, = perturbed open-loop state

& O = nominal open-loop state.

By rearranging Equation (22) one has,
&- 6

(23) L 'P"'! -Y+, sx =1 .~141~ 4tP~ FF- 6F] 6XG

The bracketed term on the left side of Equation (23) is a null vector, according
to Equation (12). Then

(24) t. F) F S)%

The solution to Equation (24) is given from linear system theory as,- -)( e~
(25) a e(- -

Assuming that the initial error in % a is equal to zero, one has

(26) X'1 - e a)c F o( )d
This is the error in the open-loop system at t caused by system plant parameter
changes, .

An equivalent equation for errors can be written for the closed-loop system.
It is given as, "" r- - ) )

The state error can be compared by use of Equations (26) and (27). Let

(28) S' x4
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where: St = Time domain sensitivity comparison function.
!t

By substitution into Equation (28) one has, f

(29) -. S C , - Ct( a Ju

Now _',(!) because of the nominally equivalent condition between
the open and closed-loop system. To further simplify Equation (29), assume
that St is not a function of t so that it can be brought under the integral.
This assumption must be justified later. Then Equation (29) can be rearranged
to become,

(30) S [- X (n) C/

For arbitrary 4F"and LK as) the integral is null if and only if the bracketed
terms in the integral have rank of zero. Then the bracketed terms can be set
equal to the null matrix, and by rearrangement the solution for the time domain
sensitivity comparison function is,

Equation (31) can be rewritten as,

(32) S[-_ 
.

From Equation (32) it is obvious that St is only a function of (t-t) and not 1
by itself. Hence, the previous assumption is justified.

i The sensitivity comparison function defined by Equations (31) and (32) is

valid for all values of 6F provided the system remains linear. However, the
actual values of 6F are unknown and Equation (31) and (32) are not computable.
But when O, approaches a null matrix St approaches a computable form. Define,

The values of Oe ()) and Ch (' () can be computed and used to relate open
and closed-loop state-errors as described by Equation (28). Then,

The last two terms on the right side of Equation (34) has the form,
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Then the closed-loop error at t is equal to,

Hence, the time domain sensitivity comparison function for small perturbations
assumes that SX_) - X (Xd). Therefore, the closer 4 is to t the smaller
the difference between closed and open-loop errors. This realization of the
time domain sensitivity comparison function and the fact that , @0 (ii)
leads to another comparison function.

(37) [X,(4 a4(j7 fcO oi,)-~ C,~J Xil)

In general, one is interested in a criteria for deciding whether a closed-
loop system reduces errors due to plant parameter chances. Historically,
performance indices, such as least square error, have been used. Since it
is desired to keep closed-loop errors smaller than open-loop error, the
difference between their squared errors can indicate the desirability of a
specific system. Consider Equations (35) and (36) and the resulting square
errors. N

(38) Y, b(X*)) 11
A: I

T

From Equations (38). the difference betwee:. the sum of errors squared is,

If the left side of Equation (39) is negative, the matrix within the brackets
on the right must be negative definite. This is a criteria which can be used
to test the validity for using feedback.

To obtain an elementary concept of the meaning of the criteria, consider a system
plant matrix, F, which has all distinct elgen values A., -A,- ' -. - A
and uncoupled equations. Then the state transition matrix ((,)) for the
open-loop system is,

(40)

Since the states of o%1 are uncoupled one can write Equation (40) as,
(41) ) "

and by premultiplying (ii) by its transpose, one has,
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(42) )
A corresponding matrix can also be written for the closed-loop system.

(43) C

Observe that the eigen values of 0IM()OA1%re the square of the values
for those associated with the 0(4,-p) matrix. Since the eigen values of
V, 4',1) and Gd ,P) are all greater than zero, the matrices are positive
definite. The closer the eigen values are to zero the smaller the positive
value will become when evaluate using a quadratic form. Hence, the smaller
or more negative (in the complex plane) the eigen values of the closed-loop
system become the smaller the squared errors. Hence, the objective of the
closed-loop system Is to change the eigen values as defined by the open-loop
system so that they have more negative real parts. If the feedback system
can accomplish this, the closed-loop system can reduce the squared error.

V. Recommendations

The methods and concepts discussed in the preceeding sections were defined
to improve analysis capability of an operational radio-frequency simulation and
test facility. Such analysis should identify problems related to the operational
facility. The basic areas of interest were identification of mean-square errors
of unknown source and reduction of error caused by unknown changes in system
parameters. The effort needed in both of these areas is not complete.
Therefore, I recommend the effort in these areas be continued. To accomplish
this, I recommend the following task:

(1) Identifythe states of the RF system. The number of states may be large
because modulation amplitude, modulation frequency, carrier amplitude, carrier
frequency, carrier phase, carrier polarization, etc. must be defined. This is
a difficult task.

(2) Define the transfer functions for the system as defined in Figure (1).
Some of the blocks may not be linear. In which case, the transfer function of
linear part should be obtained along with identification of the nonlinear
mechanics.

(3) Complete the computer program for defining the mean-square error.
This requires knowledge of the transfer relationships for each part of the
operation system, the input auto-correlation function, desired output and auto-
correlation function and the corsscorrelation function. The autocorrelation
functions have been programmed by the efforts leading to this report.

(4) Continue to analyze open-loop systems with different types of state
transition matrices. Such matrices should include ones with non-distinct
eigen values with chains of lengths greater than one. In each case the signi-
ficant impacts of the time domain sensitivity comparison function should be
evaluated.

57-15
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5. Design feedback systems for the RF simulation facility compatible with

results obtained from the investigation in (4) above.

6. Change and/or mechanize systems as indicated by above analysis.

I cannot continue this effort for the remainder of this year because I expect
to spend much of the year at the University of Florida doing other research.
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A HIGH ALTITUDE TETHERED AEROSTAT SYSTEM STUDY

by

E. F. STROTHER

ABSTRACT

The advantages of a High Altitude Tethered Aerostat/Balloon

system are discussed briefly. Since the tether itself is the single

factor which will dominate the design of the balloon and performance

of the system, a comparison and brief evaluation of various tether

materials is given. Despite some handling problems, Kevlar, an aramid

fiber with a specific tensile strength four to five times that of

steel is the most promising tether material at the present time. The

use of Kevlar cable makes it entirely feasible to operate a single

natural shape balloon in the minimum wind field region which lies

between 65,000 to 70,000 feet above MSL. Significant problems remain,

however, associated with the deployment of a partially inflated

tethered balloon through the lower altitude region of high dynamic

pressure. Possible solutions to this deployment problem are given.

Existing computer simulations of High Altitude Tethered Aerostat/Balloon

systems are evaluated and recommendations for further work are presented.

The list of 65 references at the end of this paper represents the most

important contract reports and published papers relevant to high altitude

tethered systems.
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I. INTRODUCTION

This study is based on earlier indications that high altitude

(above 50,000 ft.) tethered balloons can be built and flown if certain

problems are overcome. It is the purpose of this project, in part,

to examine these problems and to make recommendations concerning

possible solutions to them.

There are many applications, both civil and military, for sta-

tionary high altitude platforms. Most noteably in the areas of

communication and remote sensing, high altitude tethered balloon

systems could be expected to provide cost-effective alternatives

to orbiting satellites, aircraft, and free balloons.

The advantages of a high altitude tethered balloon system would

be lower initial cost than satellites or aircraft and longer time

on station than could be provided by aircraft or free balloons.

Additionally, the tetrered aerostate would have minimum operational

manpower requirements and, assuming that satisfactory recovery tech-

niques can be worked out, would be more accessible, hence more

versatile than either a satellite or a free balloon. A final considera-

tion is that they would be less energy intensive than any system

requiring power for lift, propulsion, or station keeping.

The single factor which will dominate the design of a high

altitude tethered system is the tether itself. A complex interaction

exists between the tether and the balloon in that any increase in

operational altitude results in a longer, hence heavier, cable. There-

fore, in order to carry this extra weight the balloon size must be
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increased with the resulting disadvantage of generating larger aero-

dynamic forces (lift and drag) which in turn require that a stronger

(heavier) cable be used. Also, increasing the cable diameter increases

the magnitude of the aerodynamic forces acting on the cable itself.

Therefore, at high altitudes the cable weight penalty rapidly becomes

severe with small additional increases in altitude.

The above problem can be alleviated by (i) employing cables with

the highest possible strength-to-weight ratio, (2) tapering the cable,

or (3) staging two or more aerostats with stepped cables interconnecting

them.

Of the three solutions listed, the last is the least desireable

from the standpoint of system complexity and cost. Indeed, with

recent material science developments, it now seems entirely feasible

to operate at very high altitudes with a single balloon and tether.

II. OBJECTIVES

The research objectives of this project were:

(1) To review the body of literature associated with high altitude

tethered balloon and aerostat systems.

(2) To investigate various materials suitable for a high altitude

tether.

(3) To identify and evaluate existing analytical solutions of

tether cable problems as they might apply to the deployment and

operation of a high altitude tethered balloon system.

III. LITERATURE SEARCH RESULTS FOR HIGH ALTITUDE TETHERED AEROSTAT/

BALLOON SYSTEMS

The list of references at the end of this paper represent the most

important proposals, contracts, and published papers relevant to high-

altitude tethereO systems.
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IV. TETHER MATERIALS AND PHYSICAL CHARACTERISTICS

The single most important parameter to characterize a cable is its

strength to (specific) weight ratio*, which, having units of length,

is also called the breaking length of the cable. This is the maximum

length of cable which can support its own weight without breaking.

From Figure 1 it is seen that Kevlar 29 and Kevlar 49 "* have the

highest breaking lengths, closely followed by a graphite composite.

Compared to the more conventional tether materials like nylon, dacron,

and steel, the "glass" cables consisting of bundles of fiberglass in

an epoxy resin matrix, exhibit very high specific tensile strengths.

For example, the glass-epoxy composite cable "Glastran" possesses

three times the strength-to-weight ratio of steel cable of the same

diameter yet has a tensile strength nearly equal to that of steel.

More impressive still is a similar comparison of Keviar with steel.

While Kevlar, Glastran, and steel all have comparable tensile strengths,

the low density of Kevlar (1.44 grams/cm 3 ) gives it a breaking length

of four to five times greater than that of steel. The advantage of

Kevlar is further illustrated when cable weight is plotted against

breaking strength as is shown in Figure 2.

Another consideration in tether selection is the diameter of the

cable. Under still air conditions cable size would be of relatively

little concern; however, due to aerodynamic forces of the wind it is

desireable to reduce the tether diameter as much as possible. Figure 3

shows for a given breaking strength there is little difference between

*The terms strength to weight ratio, specific tensile strength,

and breaking length are all equivalent.

**Kevlar is a poly-p bensamide (aramid) available as low modulus

type 29 or higher modulus h9. Both versions retain excellent modulus

and strength up to 350°F while showing no degradation at -700F.
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the diameters of jacketed Kevlar and Glastran or steel wire rope.

Hcwever, from weight considerations alone a system employing a steel

tether will, even under ideal circumstances, require a balloon volume

considerably larger than an equivalent system at the same design alti-

tude using a Kevlar tether. This is illustrated in Figure 4. Here

the minimum balloon volumes required for tethered flight at any given

altitude up to 90,000 ft. are given for both steel and Kevlar tethers.

It should be noted that in order to reach the minimum wind field altitude

at approximately 65,000 feet the minimum balloon volume required with a

steel tether would be approximately three times that required for an

otherwise identical system employing a Kevlar tether having comparable

breaking strength and diameter.

Other factors which must be considered in evaluating any tether

material are:

(1) Resistance to UV degradation

(2) Abrasion resistance

(3) Moisture and weathering resistance

7 (4) Handling properies and winch compatibility

(5) Cost

Kevlar lines are generally jacketed with a braided nylon or poly-

ester and may be impregnated with neoprene or PVC. The jackets add

ibrasion resistance and ease of handling while providing UV protection

to the Kevlar fibers. While largely unaffected by salt water, fuels,

and many organic solvents, in order to prevent the absorption of moisture

and minimize problems arising from icing loads, an impervious extruded
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sleeve of PVC, polyurethene, or polyethelyne should be considered in

a high altitude tethered balloon system. It should be pointed out,

however, that serious "hockling" problems may occur when the tension is

suddenly removed from a Kevlar rope whose fibers are tightly Jacketed

with a material having a much lower elastic modulus.

Kevlar fibers can be braided to produce no-torque lines and ropes.

However, recent AFGL experience with braided Kevlar indicates that the

fibers can break on the friction drive due to torsion applied by the

winch. That is, some fibers are loaded and some unloaded over a short

length; this unequal loading causes failure of individual fibers. This

observation is consistent with Kevlar's intrinsic elastic/nonplastic

properties which make it much less forgiving than other rope and cable

materials. Along the tether itself the torsional problem is not as

severe as it is on the winch since the twist is distributed over a long

cable length. A swivel joint at the confluence point can further re-

duce torsional problems in the tether.
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V. EVALUATION OF COMPUTER SIMULATIONS

In the absence of wind and weather the tethered aerostat, indepen-

dent of its design altitude, is a very simple system to analyze. Under

this idealized situation, no phase of its flight mode, including deploy-

ment or recovery, is difficultbo describe analytically. The next

complication would be to treat a tethered system at equilibrium under

the action of a constant two dimensional wind field. Of course, the

deployment and recovery phases being dynamic processes require a more

sophisticated analysis than does the system under steady state condi-

tions at a fixed operational altitude.

During this project a detailed investigation was undertaken to

identify and evaluate any existing programs which would provide computer

simulation of the deployment of a high altitude tethered balloon or

aerostat system. A series of programs were developed in 1976-77 at AFGL*

for use in a Hewlett-Packard Model 9810A desk computer. The following

is a brief summary of these programs which could be used in the design

and performance of a tethered balloon system.

Program 76.001 (Basic Buoyancy) treats the most restricted static

case of no wind conditions. This program can be used to determine the

minimum balloon/aerostat volume required to operate at a given altitude

with zero ballonet volume. It also provides an option for multi-cable

geometry. Program 76.002, also restricted to no wind conditions,

locates the position of the balloon's center of gravity and center of

buoyancy for a given trim angle at a given altitude. Programs 76.003,

004, and 005 generalize the system flight conditions to include the

effects of a two dimensional wind field. They determine the balloon

*AFGL-TR-0195, John B. Wright, 26 August 1976; and AFGL-TR-77-0203,
John B. Wright, 15 September 1977.
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trim angle 6, the total force F at the top of the tether, and 6,T

the tether angle at the balloon. While 76.003 is a general program

for any tethered balloon, 76.004-5 are specialized to a 45,000 ft
3

aerostat of the Family II design. Program 76.004 is in turn restricted

to a single design altitude (for which case the ballonet volume is

zero) whereas 76.005 is more general in that it provides O(, FT, and 4

for a Family II aerostat over a range of altitudes from ballonet empty

to full.

Program 76.006 determines tether cable parameters of a single

cable in a two dimensional wind field. It provides the tension, angle,

and space position of all points of the cable from balloon to surface.

A limitation is that FT and $ must be known at each altitude. Hence,

either 76.003, 4, or 5 must be run before 76.006 in order to det-mine

the net total force and its angle at the balloon when the balloon

at a given trim condition.

AFGL Program 77.007 retains many features of 76.006 but generalizes

to three dimensions in that both the magnitude and azimuth of the wind

up to twelve different altitudes are permitted. Program 77.007P, which

includes a plotting subroutine, is essentially identical to 77.007.

Both of these programs are based on solving the cable problem where

the balloon altitude is fixed. Behavior of the balloon and tether

during deployment or recovery can be done in steps by a restart option

which allows the program to the rerun with the balloon relocated at

a new altitude in the same wind field. Again, as in the case of 76.006,

the parameters FT and 0 must be calculated by programs 76.003-5 and then

used as inputs to the three dimensional programs.
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Program 77.007 has two options; (1) a rerun with a different cable

without having to re-enter a new wind profile, and (ii) the ability to

hold the cable length just calculated constant, change the wind profile

and find the balloon's new equilibrium altitude. This second option

requires the use of program 77.007B. Both 77.007 and 77.007B are designed

to be used together and therefore each can be used to call the other.

The AFGL programs are applicable up to an altitude of 20 kilometers

(approximately 65,600 feet) altitude without modification. In principle,

therefore, they can be used to simulate a high altitude tethered balloon

system; however, they suffer from several major deficiencies. In parti-

cular, several programs must be run sequentially in order to accomplish

a given deployment or recovery simulation. It should also be pointed

out that a true real time deployment simulation is not possible with

these programs. Rather, the simulation consists of starting the

balloon at altitude and determining its equilibrium configuration under

the action of a given wind profile. Then, a new set of input parameters

are calculated (from another program) for a lower altitude; these in turn

are fed into the main program to determine the new balloon/tether equili-

brium configuration in the same wind field. Essentially this provides

a quasi-statie simulation in which the balloon and tether system move

from one equilibrium position to the next. Therefore, it will approxi-

mate a real recovery or deployment only if the cable is winched in or

out sufficiently slowly.

Another restriction is that these programs are written for balloons

or aerostats with ballonets. Therefore, while it is fairly straight-

forward, if not tediuos, to obtain a flight simulation of a Family II

tethered aerostat in order to completely simulate the deployment of a

reefed natural shapped balloon, certain program modifications would have
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to be made. On the other hand, given the total force vector FT at

the top of the tether, then the balloon space and type is irrelevant

and for a given altitude the system simply reduces to a tether (no

balloon) with a top force F acting at angle 9 above the horizontal.
T

Also under evaluation during this study was a mathematical model

and computer program developed by GAC* to simulate the ascent and

descent of high altitude tethered aerostats through a three dimensional

wind profile. The analytical approach used was to write the Lagrangian

for the system from which Lagrange's equations of motion could be

obtained; Runge-Kutta numerical integration was then used to solve

the equations of motion for the tether/balloon system.

While the basic analytical approach is correct as it is applied

to the system model, there are several deficiencies in the model

itself. For example, the balloon is considered to be a thin spherical

shell which expands as it rises. This, of course, is not a realistic

model of an actual balloon during deployment. The tether modeling is

more realistic in that it is simulated by N number of straight links

which grow at the same rate as the tether is "paid out." However,

the program lacks versatility by assuming the use of a stepped cable

(rather than a tapered or constant diameter cable). Therefore, for

the simple case of a uniform tether, the program still requires an

unnecessarily complicated tether data input field and continues to

determine the weight of each link by averaging the end conditions.

On the other hand, if a continuously tapered tether is used, the

*Technical Report GER 13714 Task Report No. 4, ARPA Contract

F19628-67-C-0145. Goodyear Aerospace Corp., 1 February, 1968.
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tether diameter must be determined at thirty-three positions along

its length and this information presented as input data.

While a detailed evaluation of this simulation was not possible

by the end of this study, the program deck had been recovered (by manual

keypunch) from the program listings which were available. Furthermore,

the program has been documented and a duplicate deck produced. Mr.

Jim Dwyer generated several subroutines which were entirely missing

from the program listing itself. At the time of this writing the pro-

gram has been run extensively for diagnostic purposes and should be

ready for a production run very soon.

VI. RECOMMENDATIONS

At the present time the operation of a single natural shape

tethered balloon in the minimum wind field region between 65,000 to

70,000 feet above mean sealevel seems entirely feasible. Kevlar,

despite some handling problems is the tether of choice due to its

high strength to weight ratio. In order for Kevlar to reach its full

potential as a balloon tether material improvement needs to be made in

the areas of covering (jacket) material and winch compatibility.

The problem of deploying a natural shape balloon through the

region of maximum dynamic pressure which generally occurs between

30,000-50,000 feet has yet to be resolved. While the main requirements

are to prevent the loose uninflated balloon material from acting like

a sail during ascent, the following possible solutions exist:

(1) Reefing the uninflated portion of the balloon
such that the reefing points can be sequentially
released allowing part of the excess material to
be free for additional gas expansion during further
ascent.
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(2) Providing the balloon with a ballonet/blower
system.

(3) Designing the partially inflated balloon to have
an aerodynamical shape during ascent through the
region of high wind velocities; as it continues
to ascend into a region of lower wind speeds, the

fully inflated shape would become more spherical.

(4) Employing a tandem aerostat/balloon system in

order to penetrate the high pressure region.

(5) Top loading the balloon in order to maintain
a tight balloon envelope during ascent.

(6) Allowing free ascent of the balloon to an altitude
above the region of high wind velocities where
upon the tether would be deployed from the balloon,
recovered and secured to a ground winch.

While several of these techniques have been attempted, none to date have

been entirely successful. In the light of new materials development

more work needs to be done before it will be possible to identify the

best deployment technique.

Additional work also needs to be done in the area of computer

simulation of both the ascent and the descent of a high altitude

tethered balloon system. It is therefore recommended that the AFGL

programs be used to simulate the deployment of various balloon types

in a typical three dimensional wind field using the various deployment

techniques described above. Even without modification, these programs

will provide total cable length, the space configuration of the cable,

and the horizontal "blow-down" distance of the balloon in a given wind

field.

If it is intended that these programs be used extensively, then a

beneficial step would be to convert them from the reversed polish

language of the HP-9810A to Fortran IV. This would eliminate the

program memory limitations of the HP-9810A and would allow a given

simulation to be accomplished in a single rather than multiple runs.
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It is also recommended that work continue on the program

originally developed by Goodyear Aerospace Corporation. When completed,

this program should provide a valuable real-time simulation of the

deployment or recovery of a high altitude tethered balloon system.

Unlike the AFGL programs, this program allows the investigator to vary

the winching rate of the tether and to determine the effects this will

have on the balloon/tether system.
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Rd8ar C. Tacker

ABSTRACT

The availability of advanced microprocessor technology opens up new

opportunities for exploring tracking schemes that up to now would not have

been considered due to excessive computational complexity, weight, or cost.

This report describes an approach that utilizes a particular method of image

feature selection and decision analysis. Preliminary results are stated and

a comprehensive set of recommendations for future research is given.

Also discussed is the progress made by this author in establishing a

seminar series and workshop/conference on image processing and pattern

recognition, to be held at the USAFA this coming year.
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I INTRODUCTION

A great deal is known about optical tracking and quite sophisticated

optical tracking systems have been designed and employed. One fundamental

thesis of the work described herein was not to attempt to add refinements

to well established tracking methods, but rather to strive to generate new

ideas in this area. Another fundamental thesis was to concentrate on those

ideas that promised to lead to tracker designs that feature extreme simplicity

(and thus most likely low total costs) while meeting practicable constraints

relative to required speed and accuracy.

It seemed clear that the summer of 1979 was an especially appropriate

time for commencing to adopt these two fundamental theses. Just recently

the intersection of two powerful forces has become a significant factor in

R&D planning in the national defense sector. First, the increasingly rapid

escalation of costs of producing armaments using available designs, together

with the essentially flat-in-real-terms DOD allocations, has priced most

of the available missile designs out of the defense market (at least with

respect to any credible number being produced within these budgetary

constraints). Secondly, microprocessor/microcomputer technology has finally

come of age. In particular, it has been established that these devices

can be mass produced with sufficient end-product reliability and, moreover,

the true capabilities of these products (and their near-term successors)

are clearly perceived. In short, the availability of this advanced micro-

processor technology opens up new opportunities for exploring guidance and

tracking schemes that up until now would not have been considered due to

excessive computational complexity, weight, or cost.
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II. OBJECTIVES OF THE RESEARCH EFFORT

There are of course numerous ways to utilize ten weeks of research effort

by an individual. After quite a bit of thought it was decided that the mest

effective approach for our particular situation would be for me to spend this

time assisting the FJSRL in initiating a research program of a considerably

wider scope. As far as my personal efforts were concerned there were to be

two primary components of research. One component involved formalizing and

generalizing some ideas in optical tracking originally suggested by Lt. Col.

Joseph S. Ford at FJSRL. The other component involved planning and organizing

a research seminar series in the area of image processing and pattern

recognition to be held at the USAFA over the next year. In the process of

discussions with potential invited speakers it became apparent that there

was great interest in the research community in developing more scientific

interaction than could be afforded via the seminar series. For this reason

a new objective was added to the list of objectives--that of initiating the

organization of a culminating workshop/conference.*I III THE OPTICAL TRACKING PROBLEM

Consider the requirement of obtaining a sequence of images from some

target object in a form appropriate for automatic processing and inter-

pretation via a microcomputer system. For instance, these images could be

obtained from a camera with an appropriate lensing subsystem and an appro-

priately thresholded and controlled CCD array. Whenever convenient we shall

refer to this particular implementation means (which would, of course, also

include an appropriate interface to the microcomputer system); however, the

proposed research is not at all dependent upon using this particular type of

*Progress as of August, 1979 on the planning and organization of the seminar

series and culminating workshop/conference will be given in Appendix I
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camera system.

In the usual case the target will be imbedded within a field of clutter,

and the unprocessed image will fail to adequately describe the target. This

unprocessed image may be thought of as being composed of two images, one

being closely related to the true target image, and one closely representing

the total background within the field of view. The densities and relative

motions of these hypothetical images would in general be expected to differ,

thereby providing a means of discriminating between these two components.

Thus, at least partial suppression of the clutter component should be possible,

thereby enhancing the signal/noise ratio for target tracking purposes.

These considerations formed the primary intuitive impetus for the research,

while the challenge associated with the need for transforming such qualitative

notions into scientifically sound methods formed the primary analytical impetus

for the research.

Due to the aforementioned cost considerations it was decided to start at a

very basic level of system complexity, adding additional sophistication only

if a definite need for it could be demonstrated.

The most basic of picture functions are composed of pixels having a

single gray level. During this initial research phase attention was restricted

to the use of binary-valued picture functions having matrix representations

of the form of an n x n matrix, P = (P i), wherein

(a) n = 2k , k a positive integer ()
(b) P = 0 or I for I< i, j1n. 2n(2 2k

Thus, a given picture function is represented by one of the 2 (=2 binary-

valued n x n matrices of this form.

For our purposes* the object to be tracked will at each instant in time be

*Guidance and control problems were not explicitly considered in this research.
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represented by a corresponding binary-valued picture function generically

denoted by the symbol R. R will be a binary-valued n x n matrix of the form

given in (1). At the initial time k - 0* the acquisition subsystem**

furnishes the initial "reference' image (pattern) R0 to the tracking subsystem,

and it is the task of the tracking subsystem to track the future "motions"

of this reference pattern. In a completely deterministic (and therefore

completely unrealistic) setting only the position of R0 would change; i.e.,

if we momentarily let R(k) denote the binary-valued picture function repre-

senting the object to be tracked at time k, then R(k) = R0 for all k>O.

If we now let S(k) denote the output of our optical tracker at time k, then

in this idealic deterministic setting we know that the optimum output should

satisfy S(k) = R(k) = R0 for all k>O. In a non-deterministic setting the

identity R(k) =R0 no longer holds, and a reference-updating criterion must

be devised. At each discrete time k, this would nominally involve determining

the "search" pattern S(k)0 that is "closest"*** to the reference pattern

R(k-1) and then updating according to

R(k) = S(k)0 . (2)

Clearly, the effectiveness of a particular optical tracking algorithm depends

crucially upon the particular reference-updating process utilized and the

specific means used in the actual Implementation.

A virtual prerequisite to developing an efficient reference-updating

algorithm is to process only as much of the image data as is absolutely

* The discrete-time index k (k=O,1,2,...) is used for notational convenience.

** The acquisition problem per se was not considered in this research.

*** A wide variety of statistical measures are readily available for this
purpose.
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necessary to satisfy given performance requirements. This consideration

strongly suggests that the feature selection problem should play an important

role in this research, and, indeed, the remainder of this report will be

concerned with this problem.

IV FEATURE SELECTION FOR BINARY-VALUED PICTURE FUNCTIONS

Consider a given binary-valued picture function, P, of the form of

(1). Let us now pose the problem of selecting a single feature, F1, from

the pattern of O's and l's that appears to give the best description of P.

Here, we pick

F1 = The numbers of l's in P

" '~k (3)
n~ n Pt. where n=2

=1 1

This selected feature partitions the patterns into classes; e.g., for

n = 4 there are 17 distinct classes corresponding to the 17 possible values

0, 1, 2, . . . , 16 that F1 can take on. As a basis for a decision function,

d1, F1 provides a reasonable measure of discrimination.

To obtain additional discrimination one may use d 2 9 that utilizes two

features instead of one. For instance, we may use the feature vector F{2 )

(F1 ,F2 ) where F1 is as before (see (3)) and

2k-1 2k-1

F P (4)

For the n =4 case this augmented feature vector partitions the patterns

into 81 distinct classes, and thus the discriminating power of a decision

function, d2, based upon (FI,F 2) should be somewhat greater than that of di.

More generally, this suggests the use of the feature vector F14'(FI,F 2,...Fm),
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where 2k-q+1 2k-q+l

F Pi (5)

for q = 1, 2, . . , m and m = 1, 2,. .. k

together with associated decision functions d1, d2, . .. , dm , . . . ,dk -

Clearly, the discriminating power of dm continues to Increase relative to

dla . .., dM.1 as m increases.

Thus we have a sequence, F( ), . . ., , of feature space transforma-

tions of successive refinement on the pattern space of binary picture

functions, together with associated decision functions d1, . . . , d . This

is, of course, by no means the only way to select features for binary-valued

picture functions, but it is the only one that has been analyzed thus far.

Even then, only a partial analysis has been made. The completion of this

analysis as well as analysis of other methods of feature selection are

suggested as future research tasks.

V. RECOMMENDATIONS

As mentioned in Section I, my research activities this past summer were

primarily concerned with initiating a longer term research program and associated

research seminar series. For this reason this section will be somewhat

lengthy. Some preliminary results were obtained during the latter portion of

my stay at FJSRL. This preliminary work involved seeking effective means of

testing the hypothesis that two binary-valued picture functions R and S originated

from the same source. The approach used therein involved defining appropriate

acceptance/rejection decision functions on the associated feature space of RxS.

Preliminary results were encouraging. When applied (analytically) to some

simplified test cases, an expected error rate in the neighborhood of 10% resulted.
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Further, algorithms of this type should be very easy to implement via the use

of microprocessors. Such Implementations would feature simplicity of structure,

speed, and low cost.

Additional test cases and candidate feature space transformations need to

be investigated and subjected to exact analysis. The results obtained herein

should then form a solid foundation upon which to generalize to more realistic

settings.

In particular, the following basic research tasks are suggested:

1. Complete the exact deterministic analysis of an additional selected set of
test cases. This involves the following subtasks for each test case:

(a) Determine the ensemble of possible reference (R) and search (S)
pattern classes and their associated distributions.

(b) Define an appropriate set of decision functions on RxS for each
possible set of features.

(c) Determine a practicable performance measure for this decision sub-
system of the tracker.

(d) Quantify, using exact analysis, the performance measure (over RxS) of
each feature vector defined in (b) above.

(e) Make a qualitative assessment of the results of (d) and suggest
tradeoffs.

2. Generalize the methodology of 1 to apply for any NxN picture array whereN Is of the form N - 2K, K being an arbitrary positive integer.

Generalized subtasks 2(a) and 2(b) will be formulated so that they imme-
diately reduce to 1(a) and l(b) when the value of K is appropriately
selected.

Generalized subtasks 2(c) and 2(d) will require, among other things:

i) specifying the desired range of parameters to be considered

ii) developing a computer program to perform the required analysis

iiI) utilizing the test case results to validate the resulting computer
program

iv) specifying the nature of the tradeoffs to be studied

3. Provide, at the block diagram level, microcomputer architectures appropriate
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for the real-time generation of the decision functions as defined in
generalized subtasks 2(b). A preliminary assessment of their relative merits
should also be provided.

The next phase of the research would be to make greater use of digital

simulation to generate and test new ideas. Some analytical work will be

required in this phase as well, in order to adapt the formulations in the

earlier phase to be compatible with the requirements of an operational real

time decision-making system. In particular, theoretically-based prediction

and search algorithms should be developed early in this phase of the research.

The candidate decision systems should then be tested and refined by

simulating their performance when the image patterns experience various sorts

of relative motion, starting with the simplest case of uniform rectilinear

motion, progressing through the case of uniform rotational motion, and, finally,

culminating with the case of general planar motion.

The analysis and simulation should then be broadened to include non-

deterministic phenomena. In particular, methods developed in a deterministic

setting should be evaluated for selected types of clutter as well as for some

of the standard noise types.

Ananalysis of these results should provide information of value in developing

an image-data preprocessor. This would essentially involve a parametric search

over a suitably restricted range of possibilities.

The next phase of the research should involve formalizing the intuitively-

based decomposition mentioned in Section III. In particular, the next step would

be to model the background within the field of view by producing appropriate

binary patterns, Ci, at each frame time, ti. These patterns would then be

appropriately "subtracted" from the unprocessed target image. The processed

target image should then have a sufficiently improved signal/noise ratio that

more conventional pattern recognition techniques based upon target geometries

might be successfully employed.
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The picture processor developed at this stage in the research should work

reasonably well under a wide variety of conditions under which the scene

changes little on a frame-to-frame basis. However, it seems reasonably

certain that performance improvements could be obtained by introducing a

peri-pheral field of view (with a somewhat coarser grid size) that would

anticipate significant changes in background about to enter into the primary

field of view. Schemes for coordinating the primary and peripheral field

processors would be an important part of the research in this phase of the

research.

Finally, an overall evaluation should be made, wherein the resulting

tracking system is tested, via digital simulation, under as realistic conditions

as possible.
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APFENDIX: STATUS ON THE DEVELOPMEHT OF A SEMINAR SERIES AND
WORKSHOP/CONFERENCE ON IMAGING PROCESSING AND PATTERN RECOGNITION--

REAL-TIME AND ADAPTIVE ASPECTS.

The general plan Is to develop a series of twelve monthly sem-

inars at the USAFA to be given by selected Invited speakers. The sem-

Inars would be comprised of both a formal and an Informal segment.

A workshop/conference would then be held at the conclusion of the

seminar series. It would be planned to discuss cosponsorship with

appropriate technical societies such as the IEEE Societies on Com-

puters, Automatic Control, Information Theory, and Systems, Man and

Cybernetics; as well as others such as the Pattern Recognition Society.

The primary requirement to be made of these societies would be to

endorse and advertise the workshop/conference, both by providing

space in their publications and via providing us with their mailing

lists.

The Invited speakers will, both for the seminar series and the

workshop/conference, be strongly encouraged to emphasize the recent

and the new ideas that might potentially be useful in the future

rather than giving "how to do It" expositions.

A preliminary survey of potential invited speakers has been

made, and the response has been very enthusiastic. Represented in this

sample survey have been active researchers in universities, at govern-

ment laboratories, and in industry. Some of the persons surveyed

have been internationally recognized authorities. As an example in

this latter category, Professor Azriel Rosenfeld of the University of

Maryland has agreed to participate as an invited speaker both in the

seminar series and in the subsequent workshop/conference.
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Tit, Within the general area suggested by the title of this section,

the proposed range of topics is quite large, and the speaker backgrounds

vary widely--from persons specializing In tracking research per se to

persons specializing In blomodeling.

It is felt that such a seminar series, culminating with a work-

shop/conference, should stimulate the research community to generate

new Ideas that could provide useful Insights into future designs of a

wide variety of devices, Including, In particular, optical trackers.
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ATMOSPHERIC ABSORPTION OF RADIATION BY HoO AND CO

by

Richard H. Tipping

ABSTRACT

A theoretical investigation of the absorption of

radiation by H20 molecules in the earth's atmosphere

was carried out. This was concerned primarily with an

attempt to modify the usual Lorentzian line shape to

obtain a more realistic description of the absorption in

the far wings of spectral lines. The modified line

shape was then used to investigate the continuum absorption

in the 0 - 1200 cm-1 region where the absorption is very

sensitive to the assumed line shape. The importance of

collision induced effects in the absorption spectrum of

water was also estimated. While multipole - induced

single transitions produce negligible effects, double

transitions and the interference between the allowed

and the induced dipole moments may lead to significant

contributions to the continuum. The atmospheric absorption

by carbon monoxide was also considered, and new line

positions and strengths were determined for 574 lines

belonging to four isotopic species. These should be
1

accurate to 0.001. cm-  in position and to a few percent

in strength. This data set includes all lines of CO

whose strength exceeds 10- 2 4 molecules/cm 2 at the

standard temperature of 296 K.
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I. INTRODUCTION:

The absorption of microwave and infrared radiation

by molecules in the earth's atmosphere is a problem of ex-

treme practical importance in such diverse areas as

meteorology, pollution control, satellite monitoring, etc.

For this reason, about 10 years ago the Air Force Cambridge

Research Laboratory (AFCRL), now the Air Force Geophysics

Laboratory (AFGL), initiated a project with the aim of

"providing a complete set of data for all vibration -

rotation lines of all naturally occurring molecules of

significance in the terrestrial atmosphere."1  Up to now,

the following molecules have been included in this compilation:

water vapor, carbon dioxide, ozone, nitrous oxide, carbon

monoxide, methane, and oxygen; this list is currently being

expanded to include more trace molecules. The original

compilation is continually revised as more accurate or more

extensive data on these molecules becomes available. In

Section VI of the present report, the updating and extension

of the CO data base will be described.

One of the more interesting regions of the spectrum

covered by the compilation is the window between 500 and

1200 cm -1 in which there are no strong bands centered.

There is, however, a residual absorption due mostly to

H 0. Considerable controversy has been generated regarding
2

the nature of this absorption; most of the discussion has

centered on the question of whether this absorption is due

to the far wings of allowed dipole lines, or to water

dimers 2 or larger molecular complexes. 3 These latter

mechanisms have been invoked in an attempt to explain the

quadratic pressure dependence and strong inverse temperature

dependence4 (as the temperature increases, the absorption

becomes significantly less), and were motivated in part by

the failure of the widely used pressure broadened Lorentzian

line shape. However, as will be discussed in Sections III
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and IV of this report, the Lorentzian line shape is known

from very general considerations to fail in the line wings.

The question to be addressed is then: "can the continuum

(residual) absorption of H20 in the region out to 1200 cm-1

be accounted for by a linear superposition of suitably

modified collision broadened line shapes due to transitions

in individual molecules?" Closely related to this question

is the role of collision induced effects in the observed

spectrum. These effects will be considered in Section V.

II. OBJECTIVES:

There are two basic objectives of the current research

effort related to the absorption of radiation in the earth's

atmosphere by H20 and by CO molecules, respectively. The

absorption due to water is by far the more ambitious and

difficult part and, accordingly, most time was spent on this

problem. It is a difficult problem because the absorption

which is of interest, the "water vapor continuum", takes

place at frequencies far removed from the line centers.

The standard pressure broadened line shape (Lorentzian) used

to describe the centers of lines is not applicable in the

wings, and other approaches had to be explored. There are

quite general considerations, to be discussed in the fol-

lowing section, which provide some information on the adequacy

of the approximations which have to be made in order to

derive a tractable line shape, but a great deal of work is

still necessary for a complete understanding of this problem.

Another facet of the absorption due to H 20 concerns the

importance of collision induced effects in the continuum.

While this mechanism is known to play a significant role in

the absorption of radiation by N2 in the atmosphere, its

relevance to the continuum absorption of water has not been

investigated heretofore. Again it is found that there are

some interesting tentative results which should be pursued

further.
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In contrast to the situation for H20, the absorption

due to CO is relatively straightforward. In viev of the

recent experimental' 6  and theoretical 7,8  advances, the

accuracy of the positions and strengths of the CO lines

important in atmospheric absorption could be improved and

extended. The new data base for CO, which has already

been incorporated in the AFGL tape compilation, is described

in Section VI.

III. GENERAL PROPERTIES OF THE ABSORPTION COEFFICIENT:

In the non-saturated, linear optical regime, the

absorption of radiation at frequency 6) and position A is

related to the incident intensity at is0 by the

Beer-Lambert law e)

(1)

where i.s the frequency dependent absorption coefficient

per unit length. This can be written in terms of the

molecular parameters

qI~: f~<4i~;>J &(e.7- 4')(2)

where N is the number of absorbing molecules in the

volume " , p ( , and : are the standard

Boltzmann factors

e"- 
(3)

where . is the partition function. One can define the

spectral density, ), according to

q'(t)= "I fj k; FI0aI A f(L-J)

This satisfies the condition of detailed balance, i.e.,
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(5)

which assures that the system remains in thermodynamic

equilibrium. Also, because the absorption coefficient

is real, one can easily show that

Thus the absorption coefficient must be an even function

of A .

In order to investigate the line shape, it is conven-

ient to write the spectral density in terms of the Fourier

transform of the dipole moment correlation function

-0
.2-I

(7)

where ,4f* is the Heisenberg dipole operator for the

system involving the Hamiltonian, 7. ,

/4/ It) Io
(8)

and the angular brackets denote a canonical statistical

average. Thus, one can write the absorption coefficient

in the form

-0
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For some purposes, it is often convenient to rewrite the

absorption coefficient in either of the following equivalent

forms9 :

-t t (10)

or q iT

Equations (10) and (11) are useful in establishing
10three general relations which must be satisfied by the

"true" absorption coefficient. These are: the generalized

Nyquist theorem, the Kramers-Kronig relation and the

f-sum rule. These relations, which are discussed in detail

in Ref. (10), are exact and, therefore, provide checks on

the validity of the approximations which are usually made

(e.g. density matrix is factorable into a perturber and an

absorber part, the dipole operator for the system is

additive, non-overlapping lines, etc.) in order to derive

the absorption coefficient starting from Eq. (9), Eq. (10)

or Eq. (11).

IV. THE LINE SHAPE PROBLEM FOR HAO LINES:

One of the most difficult and as yet not completely

solved aspects in the determination of the absorption of

radiation by H20 vapor is the calculation of the line shape
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of an isolated line over all frequencies. In the standard

Impact theory of pressure broadening,1 1 the time dependent

correlation function, Q(t), is assumed to be an exponential

r it
¢ =_ _____ Ai4 - it

(12)

where ris a complex parameter, the real part r of

which is the pressure broadened width, and the imaginary

part [V is the shift from the unperturbed transition

frequency Oi . The Fourier transform of this function

leads to a Lorentzian line shape centered about the shifted
0 I,

frequency4z ,-r ; that is,
00 % r'/r

- (13)

This form provides a good fit to experimental spectral

lines near their centers ( £ofIJ X Fl ).

Because of the approximations implicit in the impact theory,

the correlation function is not well represented for times

of the order of or less than a typical collision duration.

This is manifest in Eq. (12) through the appearance of the

unphysical absolute value sign on t. This is included so

as to force the exponential model to satisfy the general

symmetry requirement that the real part of C(t) be an even

function of t. As a result, C(t) as given by Eq. (12) has

discontinuous derivatives at t=- 0 and leads to an incorrect

representation of the line shape in the wings of the lines.
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This is precisely the region of interest, however, for the

continuum absorption problem of water.

The calculation of the true line shape based on a

realistic microscopic model is not feasible at present.

However, some progress can be made by adopting a model for

the correlation function which avoids the small time problems

discussed above. One such model has been proposed by

Anderson 1 2 in conjunction with a different problem. This

correlation function can be cast in the form

C~)=&T~e 9,--rfe
± ,z~ 11'- ei i7}(lu)

where the parameter can be thought of as the duration

of a collision. This form has several useful properties:

(ii) = ct±) (16)

pt-i O(17')

(iv) .iA4 .'C X.XI

The first two conditions imply that the correlation function

is properly normalized and satisfies the correct symmetry
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relation, while the latter two lead to a line shape which

is Lorentzian near the line center but Gaussian in the far

wings. This is a reasonable result but it is by no means

exact or even unique.
1 3

In order to test the applicability of Eq. (14), we have

computed its Fourier transform numerically for various

values of Orat . As expected, this model leads to less

absorption than the Lorentzian shape in the wings. The

pressure dependence is quadratic and the temperature dependence

is at least qualitatively in the correct direction. More

work is needed, however, before one can quantitatively access

the adequacy of Eq (14) as a realistic model.

V. COLLISION INDUCED EFFECTS IN THE WATER SPECTRUM:

In addition to the allowed dipole absorption discussed

above, there is another mechanism which, in general, leads

to absorption of radiation. This will be referred to as
"collision induced absorption" and arises from transient

dipoles created during binary collisions. The resulting

spectral lines differ from those in the allowed spectrum

in several ways: The lines are broader (typical half widths

of 50 cm-); the lines can arise from transitions obeying

different selection rules and thus appear at different

frequencies; their intensity varies quadratically with the

density in self absorption, or as the product of the densities

in foreign gas mixtures. 14  In order to assess the importance

of this mechanism as a possible contributor to the continuum

absorption, the ratio of the dipole induced dipole intensity

(which has the same selection rules and matrix elements as

the corresponding allowed transition) to that of the allowed

line was estimated. This ratio turned out to be of the

order of 10-5, too weak to account for appreciable absorption

in the far wing region of the pure rotational lines.

There are, however, several other collision induced
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mechanisms which may also be considered:

(i) The quadrupole induced dipole spectrum, while it

will be weaker in strength, will absorb at somewhat different

frequencies. Even though the reduced strength can be offset

by the change in transition frequency (in so far as the

continuum absorption is concerned), it is felt that this

contribution is also unlikely to be of much importance in

the 300 - 1200 cm-1 region.

(ii) For molecules with an anisotropic polarizability

(e.g. H2 0), the possibility exists for "double transitions";

that is, both molecules in a binary collision simultaneously

undergo radiative transitions. Under certain circumstances,

this can lead to significant absorption. 1 5 Furthermore, the

frequency involved would correspond to approximately twice

that of the single transition. This absorption would thus

occur in the wings of the allowed lines where the allowed

absorption coefficient would have fallen off significantly,

with the possible implication that this process may not be

negligible in this region. This possibility should certainly

be investigated in greater detail.

(iii) A third mechanism which also warrants further

investigation is that due to the interference between the

allowed and the induced dipoles. 1 6 This effect will lead

to absorption several orders of magnitude greater than that

due to pure induced absorption and, consequently, may be

of importance. This effect is also known to alter the

shape of the lines. 16

To summarize this section:

The pure collision induced absorption due to multipole-

induced dipoles is too weak to contribute appreciably to

the water continuum in the region 300 - 1200 cm-1 . On the

other hand, dipole induced dipole double transitions, and

the interference between the allowed and the induced dipoles
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may play a significant role and bear further investigation.

VI. THE ABSORPTION SPECTRUM OF CO:

Carbon monoxide is present in the earth's atmosphere

in sufficient quantity, and it absorbs radiation strongly

enough in several regions of the infrared, to have been

included among the seven molecules considered in the original

AFCRL compilationI of atmospheric absorption line parameters.

This work contained results from several of the lesser

abundant isotopic species calculated from the parameters

of the most abundant variant C 0 through the usual

isotopic relations of the spectroscopic constants, and

included all lines whose strength exceeded 1.9 X 10-23

molecules/cm 2 . It was felt appropriate to update this set

of data at the present time for the following reasons:

(i) Improved experimental frequency measurements have been

published recently 5 '6 which now extend to all the isotopes

of interest. No uncertainties need to be introduced via the

isotopic relations in order to determine the Dunham

coefficients of the rarer isotopes. This permits a direct

and more accurate calculation of the line positions.

The best available frequency parameters are listed in

Table I along with the most recent isotopic abundances and

rotational partition functions used in the computations.

(ii) Higher overtone intensities (3- 018 and 4 - 019 bands)

have been reported. These enable one to obtain a more

accurate dipole moment function and, thus, more accurate

line strengths. Using all the available experimental
8

intensity data, the dipole moment function can be well

represented by the power series

M(x) = -0.12230 + 3.5398 x -0.3234 x
2 -3.5626 x3

+2.4491 x 4 + 5.7684 x
5

(19)
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where X A is the dimensionless displacement

from the equilibrium internuclear separation, Ax

(iii) Accurate vibration - rotation matrix elements

<Okr WX X Ar X, have been computed using a numerical

solution of the Schrodinger equation for t=C through 5

for all the transitions of interest. 8 These can be used

in conjunction with Eq. (19) in order to calculate accurate

line strengths.

(iv) The pure rotational line strengths previously compiled

on the tape were based on an incorrect theoretical treatment

of vibration-rotation interaction.2 0 While this did not

affect the low J lines significantly, for the higher J lines

the errors introduced were of the order of 10 to 20%...

The correct Herman-Wallis factor for the pure rotational

band can be written in the form
2 1

c4qj M 0
(20)

where 13e and O are the usual rotational and vibrational

constants. In the actual calculations, however, the numerical

matrix elements were employed.

Using the data listed in Table I, new line positions

and ground state energies were generated; these should be
-i

accurate to 0.001 cm for all the lines. The cutoff strength

was lowered to 1 X 10-2 4 molecules/cm 2 which includes a

total of 574 lines (383 old lines plus 191 new ones). The

information on the current CO data set is summarized in

Table II. While it is hard to estimate the absolute accuracy

of the line strengths, it is felt that the pure rotational

lines are accurate to better than a percent, the fundamental

lines to 2%, and the remaining overtone and hot band lines

to approximately 10%. As mentioned previously, this new data
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set has already been incorporated into the AFGL tape

compilation.

VII. RECOMMENDATIONS:

As a result of the effort described herein, the following

recommendations are made in regard to additional research:

(i) The importance of dipole induced dipole double transitions

in water should be investigated, and a more quantitative

estimate of their contribution to the continuum in the
-i

300 - 1200 cm region should be made.

(ii) The modification of the allowed spectrum arising from

the interference between the allowed and the collision

induced dipoles should be studied.

(iii) Further investigation of the line shape of allowed

spectral lines especially in the far wings is certainly

needed. In this regard, the breakdown of the usual impact

approximations has to be considered. The question of

whether the continuum absorption can be accounted for by

a hindered rotation-librational model to describe the effects

of close binary collisions22 should be addressed.

(iv) The influence of line mixing on the spectrum has not

k been considered in the present study; it has been tacitly

assumed that the total spectrum can be synthesized by the

incoherent superposition of individual lines. A study of

the importance of this approximation should be undertaken.

All of the above will involve a considerable amount of

research effort. However, in view of the importance of the

problem from both the theoretical and practical standpoints,

it is felt that such an effort is very worthwhile.

No further effort on the absorption of radiation by

CO is needed if one is only interested in absorption by

gases at the standard temperature of 296K. However, in

order to synthesize the spectrum of CO corresponding to

considerably higher temperatures (for example, as would be

observed in aircraft exhausts), one would have to include
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additional hot bands in the analysis. This can be accomplished

by a straight forward extension of the results of Section VI

without any theoretical complications.
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TABLE I: MOLECULAR PARAMETERS

Dunham 1216 a a a b

Parameters C 0 C 0 C80 C0(cm-i)

Y10 2169.81386 2121.44032 2117.39961 2142.16656
Y20 -13.288392 -12.702559 -12.654287 -12.952202
Y30 X 102 1.05185 0.98317 0.97780 1.01352

Y4O X 10 0.5712 0.5219 0.5180 0.5341
Y50 x 106  0.989 0.883 0.875 0.947

Y60 X 107 -0.3168 -0.2767 -0.2736 -0.2950
YOl 1.93128090 1.84615169 1.83911378 1.88238458
Yll X 10 -0.1750430 -0.1635961 -0.1626612 -0.1684370

21 X 106  0.552 0.504 0.501 0.485
Y31 X 107 0.273 0.244 0.241 0.255
Y02 X 105 -0.612096 -0.559315 -0.555058 -0.581683
Y12 X 109 1.075 0.960 0.952 1.068
Y22-X 1Q9 -0.1817 -0.1587 -0.1569 -0.1580
Y03 X 1011 0.571 0.499 0.493 0.661
Y13 X 1012  -0.1634 -0.1395 -0.1377 -0.1986

B0  1.92252887 1.837972 1.80309808 1.87396286

D x 106 -6.12023 -5.59271 -5.5014 -5 .81634
H0  X 1012 5.63 4.92 4.86 6.51

R isotope .986517 .011073 .002017 .000366

Qrotation 107.4165 112.3429 112.7699 110.1917

a. Ref. 5.

b. Ref. 17.
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TABLE II: SUMMARY OF CO DATA

BAND LINES ISOTOPE NUMBER OF LINES STRENGTH

0-0 R(O)-R(34) 26 35 1.828 x 10-20

R(3)-R(25) 36 23 1.957 x 10-22

R(6)-R(19) 28 14 3.551 x i0-

TOTAL 72 1.851 x 10-20

0-1 R(0)-R(39) 26 40 5.415 x 10-18

P(1)-P(39) 26 39 4.398 x 10-18

R(0)-R(33) 36 34 5.812 x 10-20

P(1)-P(33) 36 33 4.712 x 10-20

R(0)-R(30) 28 31 1.054 x 10-20

P(1)-P(30) 28 30 8.550 x 10-21

R(0)-R(26) 27 27 1.957 x 10- 2 1

P(1)-P(26) 27 26 1.585 x 10-21

TOTAL 260 9.941 x 10-18

0-2 R(O)-R(32) 26 33 4.286 x 1o-20

P(1)-P(31) 26 31 3.237 x 10-20

R(0)-R(23) 36 24 4.446 x 10-22

P(1)-P(23) 36 23 3.368 x 10-22

R(0)-R(18) 28 19 7.772 x 10-23

P(1)-P(17) 28 17 5.795 x 10 - 2 3

R(4)-R(10) 27 7 8.034 x 10-24

TOTAL 154 7.615 x 10 - 20

0-3 R(O)-R(22) 26 23 2.889 x 10-22

P(1)-P(20) 26 20 1.938 x 10 - 22

TOTAL 43 4.827 x 10- 22

1-2 R(0)-R(22) 26 23 3.193 x 10-22

P(1)-P(22) 26 22 2.596 x lo-22

TOTAL 45 5.789 x 10 - 22
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STUDY AND EVALUATION OF SIDS AND ADPT SYSTEMS

by

Pramod K. Varshney

ABSTRACT

In this report, findings based on the study of the Standard

Integrated Information Distribution System (SIIDS) and the

Automatic Data Processing Telecommunication (ADPT) system are

presented. Two proposed designs of SIIDS are discussed and

evaluated. ADPT testbed, which has recently been installed at

the Rome Air Development Center, is described. An experimental

plan for the ADPT testbed is suggested. The ADPT testbed can be

employed to run simulation experiments which will provide useful

information regarding integrated switching and other concepts

related to packet communication networks.
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I. INTRODUCTION:

The traditional telecommunication switching requirement has

been to provide man-to-man voice communications by means of

circuit switching. It was necessary to establish an end-to-end

connection by means of a communication channel and no additional

information processing was needed. The telecommunication

environment is changing and is now characterized by an

increasingly greater variety of data terminals and increasing

man-machine and machine-machine communications in addition to the

traditional man-man communication. For data communication, the

concept of packet switching has been successfully demonstrated

and implemented in many existing telecommunication networks. A

comparative performance evaluation of switching methods has shown

that packet switching is more efficient for traffic consisting of

short messages, e.g., interactive traffic and circuit switching

is more effective for long continuous messages, e.g., digitized

voice traffic or bulk data traffic [22,301.

Future military telecommunication systems will be required

to accommodate a wide variety of traffic requirements and will

include the following:

(i) a wide range of traffic rates from low speed teletype

terminals requiring hundreds of bits/sec to wideband

video and graphics requiring hundred of kilobits/sec.

(ii) a wide range of transact 4 on sizes from short

interactive messages requiring several hundred bits to
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bulk data transfers of millions of bits.

(iii) a wide range of delivery time requirements ranging from

continuous, near real time requirements of voice and

video to intermittent operation of interactive or bulk

data users which may be queued.

In light of these anticipated traffic requirements, one

important issue in telecommunication network design is whether

circuit switching and packet switching be provided by separate

networks or they can be combined in an efficient fashion into a

single network. An integrated approach to switching seems to be

more attractive as it provides a more cost-effective utilization

of communication resources, e.g., transmission and switching

facilities. This approach provides a more flexible means of

communication especially with changing traffic patterns. It also

provides the possibility of interconnecting a broad community of

user terminals.

The Communications and Control Division of the Rome Air

Development Center (RADC) has been pursuing the integrated

approach to telecommunications switching for quite some time.

This approach has been employed by the RCA Corporation to develop

a unified node. This integrated switching node, also known as

the Automatic Data Processing Telecommunication (ADPT) system or

testbed, has recently been iritalled at RADC. The summer

research effort reported here was mainly concerned with a study

of the ADPT testbed. Some effort was also devoted to an

4. 61-5
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evaluation of the Standard Integrated Information Distribution

System (SIIDS), the findings of which are described in Section 8.

II. OBJECTIVES:

The objectives of the summer research effort were:

(1) To review the philosophy, design and function of the

ADPT system.

(2) To formulate an extended experimentation plan for the

ADPT testbed with applications to telecommunication

network design in mind.

(3) To review and evaluate the two proposed designs for the

SI IDS.

III. INTEGRATED SWITCHING:

The concept of integrated switching which combines the

features of circuit switching and packet switching has been

introduced quite recently and is, in essence, a hybrid scheme.

An integrated switching facility provides both packet and circuit

switching service in that it supports a user community requiring

either circuit switched service (e.g., telephones) or packet

switched service (e.g., interactive traffic) or both. The high

bandwidth transmission capacity is shared by the two types of

traffic. The scheme is implemented in terms of a synchronous

time-division multiplexed (TDM) frame structure. The channel is

synchronously clocked and is divided into frames of fixed
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duration. Each frame is further subdivided into slots. The slot

duration is determined by the voice digitization rate and the

frame duration. Circuit switched voice requires a single slot

for transmission whereas packet switched data may require a

multiple number of slots for transmission. The TDM frame is

partitioned into two regions by means of a boundary. One region

is dedicated to circuit switched traffic and the other to packet

switched traffic. All circuit switched traffic which cannot

seize channel capacity upon arrival is blocked. All packet

switched traffic which cannot be transmitted is buffered and is

serviced on a first-come-first-served basis. The boundary which

partitions the TDM frame may be fixed which implies that there is

no dynamic sharing of channel capacity. The boundary can also be

movable which allows for the packet switched traffic to utilize

any idle circuit switched slots. This movable boundary case is

also known as the dynamic channel allocation scheme [21,291 and

is further discussed in this report. Further refinements on this

I basic scheme have also been considered in the literature (e.g.,

(23,24]).

Kummerle [16] and Zafiropulo [37] first suggested the

integration of circuit switching and packet switching. This

concept was also proposed by Coviello and Vena (5] where they

called it the slotted envelope network (SENET) concept. This

SENET concept has been studied further and a system architecture

has been proposed in [31,321. Variations of the basic concept

have been studied by Miyahara et al 123,241. Network Analysis
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Corporation has considered the design of integrated networks and

this has resulted in a number of publications [9-11,25,26]. The

performance of the basic scheme has been analyzed in [1,7,26,35).

So far the concept of integrated switching has been proposed, the

performance evaluation has been considered and a limited amount

of simulation has been performed. Thus far, experimentation with

an actual switch has not been performed. This type of

experimentation is expected to prove extremely valuable in

gaining a better understanding of integrated switching. The ADPT

testbed provides such an experimental facility where actual

experiments can be performed. ADPT testbed and suggested

experimentation on it are discussed further in this report.

IV. ADPT TESTBED:

The principal purpose of the ADPT system is to run

meaningful experiments on the testbed which will provide useful

data that can be used while designing telecommunication networks.

The physical configuration of the ADPT testbed facility is shown

in Figure 1. The implementation includes two specialized

switching devices which were specifically designed for the ADPT

testbed. The first is the interactive communication channel

(ICC). The ICC terminates all packet formatted communication

lines within the ADPT testbed. It performs all bit oriented data

processing dictated by the ADCCP protocol and, thus, acts as a

front end unit for the communications processor. The second is

the buffer matrix (BMX). The BMX adaptively multiplexes and

demultiplexes digitized voice and packet data on all internodal
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trunks in the ADPT testbed. The mixing of voice and data is

performed according to the dynamic channel allocation scheme.

The physical configuration of the ADPT testbed facility Is

shown in Figure 1. The system can be configured in two distinct

configurations. The first is a three-node subnetwork simulator

configuration. This configuration can be used to simulate

integrated switching of voice and data traffic between integrated

nodes employing dynamic channel allocation. The functional

configuration along with the equipments acting as traffic soircep

and sinks is shown in Figure 2. Each node in the three node

subnetwork simulator operates as an integrated node providing

both local access and internodal trunking fcr a variety of

digital subscribers. All internodal trunks in the three node

subnetwork simulator employ dynamic channel allocation for the

adaptive multiplexing of digitized voice and digital data onto

common transmission facilities. Internodal trunks in the ADPT

testbed facility operate at 96 kb/s. Digital information is

a transmitted on these trunks in TDM frames of length 5760 bits.

Each TDM frame consists of three distinct regions as shown in

Figure 3. There is a 96 bit synchronization pattern at the

beginning of each frame. Next, rate-dependent slices of virtual

connections are dynamically allocated to real-time (class I)

users on a demand basis. There is a pre-determined limit beyond

which class I users are blocked. Any unfilled portion of the TDM

frame is filled with store and forward packet data (class II).

If sufficient packet data is not present, the frame is filled
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with flag sequences.

The second configuration of the ADPT testbed facility is

known as the test node simulator. This configuration can be

employed to measure and analyze nodal performance parameters in

an integrated network environment. This configuration is

implemented by means of a sophisticated software package. The

traffic is introduced by means of a prerecorded traffic tape

containing compressed voice and data transactions. The tape is

generated off-line by a discrete-event simulation program. The

traffic tape contains intermixed voice and data transactions in

order of the desired time of entry to the test node simulator.

Network simulation software setup is as shown in Figure 4. The

test node is surrounded by the network simulation software which

provides a functional equivalent of a connected network

environment. The simulator control unit coordinates the

executioa, of the other network simulation modules and also

manages buffer resources allocation to the network simulation

software. Nodal performance parameters and statistics are

collected on an output tape. A data reduction program is used

off-line to produce desired nodal performance output for

evaluation and analysis.

V. NODAL PERFORMANCE OUTPUT AND DATA REDUCTION PROGRAM:

The test node simulator can be used to determine nodal

performance parameters in an integrated network environment. In

order to determine nodal performance# relevant parameters are
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recorded every second. The following parameters are recorded.

i) Incident traffic statistics (number of data and voice

transactions in progress)

(ii) Voice grade of service

(iii) Acceptance and delivery delays

(iv) Throughput (packets/sec into and out of the node)

(v) Buffer utilization

(vi) Trunk utilization (percent occupancy of trunk

bandwid th)

(vii) Presence of saturation conditions

(viii) Queue lengths

(ix) Packet nodal delays

In addition, information regarding completed data or voice call

is gathered. All of the above is stored on a tape which is

processed offline by a data reduction program. The data

reduction program generates the following performance parameters

and statistics:

i) Total number of packets.

(ii) Mean and maximum tandem packet delay in milliseconds

for each of the four data priorities: control (C), and

priority 1-3 (Pl, P2, P3).
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(iii) Mean and maximum nodal throughput in packets per second

in and out.

(iv) Mean and maximum queue size in number of packets for

the trunk transmit queue (X) and the four associated

backlog queues (control, and priority 1-3).

(v) Mean and maximum trunk utilization in percent, for

input, output and voice.

(vi) Mean and maximum buffer utilization in percent.

(vii) Average processor utilization in percent.

The data reduction program can also produce histograms,

probability density functions and cumulative probability

distribution functions of the desired performance parameters.

The principal measures which characterize the performance of

an integrated node are the probability of blocking for the voice

traffic, average delay for the data traffic, throughput of the

node and trunk utilization. All of these parameters can be

measured and their statistics generated by the existing

facilities in the test node simulator and the data reduction

program. One feature that can be added to the existing

facilities is some additional plotting capability. The user will

specify the graph that he wishes to obtain by specifying the

parameter to be plotted on the horizontal axis and the parameter

to be plotted on the vertical axis. As an example, one might

want to plot average packet delay on the vertical axis and the
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voice traffic intensity on the horizontal axis. This optional

feature will enhance the capability of the system in that it will

be able to provide a pictorial representation of the performance.

The existing measurement facility also provides snapshot

statistics in the form of a second-by-second account of the nodal

parameters. This is a nice feature since it can be used to

detect momentary congestions and queue buildups. A recent study

[33] has indicated that the study of the transient behavior of

the performance of an integrated node is important due to the

disparity in the transaction duration of voice and date

subscribers. Snapshot statistics are expected to be quite useful

in the study of the transient behavior of the integrated node.

VI. EXPERIMENTATION WITH TEST NODE SIMULATOR:

The test node simulator configuration can be employed to

determine the performance of a switching node operating in an

integrated node environment. One simulation run involves setting

up the nodal configuration and certain network parameters,

introducing a specified mix and volume of data and voice traftic

and finally measuring the desired performance parameters. The

test node simulator is quite flexible in that by setting nodal

parameters appropriately a wide range of situations can be

produced. First we describe the possible variables for various

simulation runs.

The first variable is the nodal configuration itself and the

possible variables are
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(i) Number of lines and trunks.

(ii) Rates of lines and trunks.

(iii) Maximum voice bandwidth on trunks.

(iv) Trunk routing algorithm.

(v) Total buffers allotted for data.

(vi) Throttling thresholds and rules.

(vii) Preemption and priority rules.

The second variable is the modeling and parameter

specification of the network response turnaround delay. This is

a function of the number of nodes traversed and network

congestion. The third variable is the traffic introduced. There

are two types of traffics to be introduced namely voice traffic

and data traffic. The variables for the two classes are listed

separately. For the voice traffic, the variables are

(i Mean voice level node must accommodate (in Erlangs).

(ii) Call types, e.g., local to local, tandem, incoming and

outgoing.

(iii) Call arrival rate distribution.

(iv) Call mean holding time.

(v) Call holding time distribution.

61-18



(vi) Call bandwidth (digital bit rate of voice calls).

(vii) Call bandwidth distribution.

For the data traffic, the variables are

(i) Traffic volume (in transactions per hour).

(ii) Transaction type, e.g., local, tandem, incoming or

outgoing.

(iii) Transaction arrival rate distribution.

(iv) Transaction precedence distribution.

(v) Mean transaction duration.

(vi) Transaction duration distribution.

In the above we have discussed the possible variables that

we can have for various simulations runs. The list is very large

and all the variables cannot be changed as each simulation run

involves a considerable amount of run time. Several meaningful

experiments are suggested in the following. Traffic is

introduced in the node by means of prerecorded tapes which are

generated off-line by means of a simulation program. The first

step should be to generate a library of traffic tapes which may

be used in various simulation runs. There are two possible

approaches which may be used to evaluate the nodal performance.

The first is to keep the voice traffic fixed and vary the data

traffic in steps to generate a number of traffic tapes. The
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second is to keep the data traffic fixed and vary the voice

traffic in steps during traffic tape generation. The following

three sets of traffic tapes are expected to be useful.

A. For a fixed moderate amount of voice traffic, increase

data traffic ranging from light traffic to heavy

traffic. This set of tapes will be useful in

determining the nodal performance sensitivity to

changing data traffic.

B. For a fixed moderate amount of data traffic, increase

voice traffic ranging from light traffic to heavy

traffic. This set of tapes will be useful in

determining the nodal performance sensitivity to

changing voice traffic.

C. Generate a traffic tape with a heavy voice traffic and a

heavy data traffic. This tape will be useful in

determining the nodal performance under heavy loading.

Some of the suggested experiments are now described.

1. Determine the nodal performance for the traffic tape set

A. The nodal configuration should be kept fixed during

this experiment. The turnaround delay should be assumed

to be zero. This experiment will determine the effect

of changing the data traffic on the nodal performance

for a fixed voice traffic.
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2. Keep the nodal configuration as in experiment 1. Assume

the turnaround delay to be zero. Determine the nodal

performance for the traffic tape set B. This experiment

will yield information regarding the effect of changing

voice traffic on the nodal performance for a fixed data

traffic.

3. For the same experimental setup as in 1 and 2, gather

nodal performance data for tape C which will represent

the node performance under heavy loading.

4. Keep the nodal configuration as in experiment 1. Select

an appropriate traffic tape from set A or B (tape with

moderate data and voice traffic). Run the experiment

for various models of the turnaround delay to determine

its effect on the nodal performance. This will provide

some information regarding the nodal performance as a

function of the network size and complexity.

5. Same as 4 but with tape C which will mean a repetition

of the fourth experiment under heavy loading conditions.

6. Fix the dummy voice bandwidth at the same level as in

experiment 1. Keep the same nodal configuration and

zero turnaround delay. Run the simulations for the same

data traffic as in traffic tape set A. A comparison of

the results obtained from experiment 1 and 6 will

represent the comparative performance of the fixed

boundary strategy and the movable boundary strategy.
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7. Select a typical traffic tape from the set A or B (same

tape as in 4, call it D). Assume zero turnaround delay.

Run the simulations with tapes C and D. In this

experiment, nodal configuration will be varied. Keep

other nodal configuration parameters fixed and vary the

trunk rate. This experiment will determine the effect

of varying the trunk rate on the nodal performance under

moderate loading and heavy loading.

8. Assume zero turnaround delay. In this experiment, vary

the maximum voice bandwidth on trunks while keeping the

other nodal configuration parameters fixed. Perform the

simulation with tapes C and D. This experiment will

determine the effect of varying the maximum voice

bandwidth on trunks on the nodal performance under both

moderate and heavy loading conditions.

9. The effect of varying the buffer size and buffer

;management strategies can also be studied. Appropriate

nodal configuration parameters will be varied and

simulation will be run for tapes C and D.

10. Keep the nodal configuration as in 1 and zero turnaround

delay. Study the effect of changing the voice

digitization rate. This will be accomplished by

generating traffic tapes with various voice digitation

rates and using these tapes to run the simulation

experiment.
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11. Keep the nodal configuration as in 1 and assume zero

turnaround delay. Study the effect of changing the

maximum packet length. The simulation runs can be

performed using tapes A and C. It is expected that the

results of this experiment will yield an optimum maximum

packet size.

VII. ADDITIONAL EXPERIMENTAL POSSIBILITIES FOR ADPT TESTBED:

The main function of the test node simulator configuration

is to measure and analyze the performance of a switching node in

an integrated network environment. The three node subnetwork

simulator was employed for the validation of the functional

operation of the specialized switching hardware and applications

software of the ADPT testbed facility. The three node subnetwork

simulator can now be used for the demonstration of integrated

switching concept using the dynamic channel allocation policy.

In addition to the above stated goals, the ADPT testbed can be

used in a variety of other experimentations. In this section, we

briefly discuss some of the experimental possibilities.

Packet Voice Experimentation: Circuit switching has been used

exclusively for voice transmission. However, there has been some

recent effort on packetized voice transmission [8] The test node

simulator configuration provides a virtual circuit switching

operation and cannot be used for packet voice experiments in its

cuz.nt form. However, it seems possible that the basic

simulator can be modified to include the possibility of

61-23



packetized voice. Some form of flow control will be necessary to

ensure ii ccttnuous voice transmission. It is anticipated that a

software module will be necessary which will packetize the

digitized voice and implement an appropriate packet voice

protocol and flow control policy.

Packet Network Interconnection Experiments: The three node

subnetwork simulator can be used in a variety of network

interconnection experiments. An interconnection of the

subnetwork with another network can be attempted. The first

possibility is to try to connect the subnetwork to the ARPA

network. The EISN network whose fifth node is expected to be

located at RADC represents another network with which an

interconnection of the subnetwork can be tried. The main issues

that can be dealt with are protocols for network interconnection,

gateway implementation and validation, data security

considerations and interfaces.

Local Network Experimentation: Useful experience can be gained

while attempting to connect a variety of computing resources

located in a local area. The ADPT testbed facility represents

one such resource which may be connected to other computing

facilities of the RADC. This experiment will yield useful

information in the area of local network design, e.g.,

distributed processing techniques, data base management, protocol

design, interfacing and data security considerations.

Experimentation with Channel Simulators: Digital Communications
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Experimental Facility (DICEF) has several channel simulators and

it also has access to various real transmission media. These

facilities can be used in conjunction with the ADPT testbed. The

trunk provided with the testbed can be replaced by a real channel

or a channel simulator. This experiment will provide some useful

information regarding the effect of various channels on the

performance of the integrated node. The three node subnetwork

simulator configuration can also demonstrate the operation of the

dynamic channel allocation concept on a subnetwork employing

specific channel simulators.

Protocol Evaluation and Validation: The ADPT testbed can also be

used to evaluate and validate protocols. By means of a specific

software package, the protocol to be validated or evaluated can

be implemented on the ADPT testbed. The correct functioning of

the three node subnetwork simulator configuration will indicate

the validity of the protocol. The efficiency of the protocol,

which is mostly measured in terms of bandwidth, throughput or

transit delay, can be measured from the test node simulator

configuration.

Data Security Experimentation: The three node subnetwork

simulator configuration can be used to run data security

experiments. Messages and terminals can be assigned different

security classifications. Data security procedure can be

implemented by means of a software package and checked for

adequacy by operating the three node subnetwork simulator.
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Packet Radio and Satellite Network Experimentation: Additional

software can be generated which will portray the packet radio

network or satellite network environment. Appropriate protocols

can be implemented. The ADPT testbed can then be employed to

gather experimental data regarding the performance of a node

employing the dynamic channel allocation policy in a packet radio

or satellite network environment.

VIII. STANDARD INTEGRATED INFORMATION DISTRIBUTION SYSTEM:

The Standard Integrated Information Distribution System

(SIIDS) is also known as the Flexible Intraconnect (FI) and we

shall use the latter term in this section. The Flexible

Intraconnect is a wideband cable-based communication system which

integrates the control and distribution of digital and analog

signals for Tactical Air Force C3 Centers. The FI provides as

single standardized, architectural building block that is common

to all types of C3 centers. It also provides configuration

flexibility and potential for growth. The FI system is as shown

in Figure 5. It consists of three major segments: the local

intraconnect (LI), which is physically located within an

individual shelter and which supports the internal information

transfer requirement; the external intraconnect (El), which

physically connects groups of shelters and supports the

inter-shelter information transfer requirements: and the

shelter/shelter intraconnect capability (S/SIC), which provides a

direct digital path between adjacent shelters. The proposed

architecture for the FI is a star/bus hierarchial topology. Two
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levels of intraconnect are provided. One level is for local

(intrashelter) traffic and the other is for external

(intracenter) traffic. Local intraconnect employs a conventional

open-loop topology using twisted-pair ribbon cable for

transmission. External intraconnect uses a star topology with

multichannel fiber optic cable for transmission. The design

criteria of the FI were the following:

(i) To provide "positive control" of system operations in

that it was highly disciplined, there was no lockup or

runaway, it minimized unpredictableness and required

simple operator actions.

(ii) To exploit the technology by maximizing digital

implementations and by using microprocessors, surface

acoustic wave devices and fiber optic cables.

(iii) To provide adequate system efficiency.

Four types of services are provided. First is the

traditional point-to-point service. Second is the broadcast

service where a subscriber can send a message to several other

subscribers. Virtual bus and lazy susan bus capabilities are the

other two types of specialized services which can be provided to

communities of users. Two independent contractors designed the

flexible intraconnect with the above criteria in mind. These two

designs were reviewed and some comments regarding the basic

design, system integrity and efficiency follow in this section.
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In 112], the protocol for data transfer control on the

local intraconnect and external intraconnect is a time slotted

reservation system on a TDMA bus. Although the protocols are

generally the same, there are differences between the local and

external intraconnects based on their physical structures and

control mechanisms. First, we discuss the local intraconnect

operation. During local transmission, assigned slots are

provided for the virtual bus and lazy susan messages. Prior to

each block message transfer, the local intraconnect unit (LIU)

makes reservations with the local intraconnect control unit

(LICU) indicating destination addresses and message length. The

control unit controls transmission via a transfer enable line and

the data bus. Transmission handshakes are accomplished via

memory status messages which each LIU reports to the LICU and

ACK/NACK replies at the end of each message transfer. The LICU

polls each LIU for possible reservations. The reservation

consists of a three word interchange between the LICU and the

LIU. The first word is placed on the bus by the LICU. It

contains the address of the LIU that is being polled for

reservation requests. The LIU transmits the second and third

words indicating the destination address and the message length.

Polling and transfer of messages is done during the time reserved

for block messages. During the reservation process, the external

intraconnect unit has priority. This seems like a good idea as

it would prevent any possible congestion in the entire FI system.

In each external intraconnect cycle, assigned slots are
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provided for virtual bus and lazy susan message transfers and a

slot is also assigned to each EIU for short message transfers.

For each block message transfer, a front-end handshake and an

ACK/NACK of message transfer status occurs. This handshake

procedure is performed via assigned handshake slots. Front-end

handshake is achieved through a three-step process which is (a)

transfer of message counts between EI's, (b) requests for

transfer of messages, and (c) granting of such requests. In this

process there is a propagation delay--time needed for the request

to reach the destination EI and time needed for the granting of

request to come to the sending El. In the design, it has been

proposed that this time be not wasted and utilized in

transmitting short messages. This is a good idea but it requires

an extremely precise synchronization and may not be worth the

effort.

The F1 design proposed by the Hughes Corporation [121 seems

basically sound. The following good features are worth

mentioning.

(i) During the reservation process in the LI, El has

priority, i.e., external data that wishes to enter the

local intraconnect has priority over the local data.

This will minimize the possibility of congestions in

the Fl.

(ii) An effort is made to utilize the propagation delay in

the El by sending short messages. This is a good idea

i 61-30
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In [12], the protocol for data transfer control on the

local intraconnect and external intraconnect is a time slotted

reservation system on a TDMA bus. Although the protocols are

generally the same, there are differences between the local and

external intraconnects based on their physical structures and

control mechanisms. First, we discuss the local intraconnect

operation. During local transmission, assigned slots are

provided for the virtual bus and lazy susan messages. Prior to

each block message transfer, the local intraconnect unit (LIU)

makes reservations with the local intraconnect control unit

(LICU) indicating destination addresses and message length. The

control unit controls transmission via a transfer enable line and

the data bus. Transmission handshakes ire accomplished via

memory status messages which each LIU reports to the LICU and

ACK/NACK replies at the end of each message transfer. The LICU

polls each LIU for possible reservations. The reservation

consists of a three word interchange between the LICU and the

LIU. The first word is placed on the bus by the LICU. It

contains the address of the LIU that is being polled for

reservation requests. The LIU transmits the second and third

words indicating the destination address and the message length.

Polling and transfer of messages is done during the time reserved

for block messages. During the reservation process, the external

intraconnect unit has priority. This seems like a good idea as

it would prevent any possible congestion in the entire F1 system.

In each external intraconnect cycle, assigned slots are
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provided for virtual bus and lazy susan message transfers and a

slot is also assigned to each EIU for short message transfers.

For each block message transfer, a front-end handshake and an

ACK/NACK of message transfer status occurs. This handshake

procedure is performed via assigned handshake slots. Front-end

handshake is achieved through a three-step process which is (a)

transfer of message counts between EI's, (b) requests for

transfer of messages, and (c) granting of such requests. In this

process there is a propagation delay--time needed for the request

to reach the destination EI and time needed for the granting of

request to come to the sending EI. In the design, it has been

proposed that this time be not wasted and utilized in

transmitting short messages. This is a good idea but it requires

an extremely precise synchronization and may not be worth the

effort.

The F1 design proposed by the Hughes Corporation [121 seems

basically sound. The following good features are worth

mentioning.

(i) During the reservation process in the LI, EI has

priority, i.e., external data that wishes to enter the

local intraconnect has priority over the local data.

This will minimize the possibility of congestions in

the FI.

(ii) An effort is made to utilize the propagation delay in

the EI by sending short messages. This is a good idea
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but at the expense of added complexity.

On the negative side, the following should be noted.

(i) In order to implement the scheme which utilizes the

propagation delay, a sophisticated synchronization and

measurement scheme is used. This adds complexity to

the system. It may be possible that this added

complexity does not improve the efficiency much and

thus, may not be worth the effort. Efficiency of both

the schemes, one without the propagation delay

transmission and the other with the transmission should

be compared before arriving at a meaningful conclusion.

(ii) The LICU polls LIU's in a sequential fashion to make

reservations. Wouldn't it be simpler if the LIU's

transmitted their data when polled rather than making

reservations and then starting their transmissions.

(iii) No details of the polling algorithm are provided. It

is not clear if any priority scheme is implemented. In

any real C3 center environment, a priority structure

will be highly desirable. Would the reservation scheme

proposed provide a satisfactory performance under heavy

load ing?

(iv) LIU's provide their memory status reports to the LICU

frequently. It is not mentioned as to how frequent is

this. If it is not done frequently enough, it may
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result in lost messages. If the LICU thinks that a

particular LIU is available and it sends a packet to

the LIU, the packet may be lost if the LIU has filled

up since the previous memory status report.

The F1 proposed in (20] is also implemented in terms of a

two-level bus system consisting of the LI and the El. First, we

shall discuss the LI operation. The LICU acts as the LI bus

controller and performs the following three major functions.

First, when there is no EI/LI bus data interchange, the LIU

continually polls LIU's on the LI bus according to its polling

algorithm. This allows for data interchange between devices

within a shelter. Second, when data is to be transmitted to a

device in another shelter, LICU buffers it and transfers it to

the EI via Lhe EIU. Third, LICU receives all EI data destined

for the LI, it buffers it and then transmits over the LI. The

LIU transfers the device's message into its buffer, formulates

the network header for transmission control, packetizes the

device message and network header, and when polled, transfers the

packet onto the LI bus for transmission to its destination

device. The data is transferred between the LIU's and LICU on a

demand-response time division multiple access basis, with LI bus

access provided on a polling basis. Each LIU and LICU monitors

every packet transmitted over the bus. Each LIU analyzes the

packet network header to determine if the packet is destined for

itself and what, if any, action is to be taken. An LIU response

depends upon the packet type. There are three types of packets.
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The first is a poll packet. The LICU polls an LIU by sending a

short poll packet containing the LIU's address and a poll message

code. The addressed LIU responds with a data packet if it has tn

be transmitted. Otherwise, it sends an idle packet. After

detecting the completion of the poll response packet, LICU polls

the next LIU in the polling sequence. The second type of packet

is the query response y:icket. This type of procedure is used for

direct address messages. When the source LIU is polled, it sends

a short query packet to the destination LIU to determine the

availability of buffer space. If space is available, a response

packet is sent to the source LIU which immediately transmits the

data packet on the LI. If buffer space is not available, the

source LIU must wait for a poll from the LICU which will also

indicate buffer availability. Third type of packet is a data

packet which is used for data transfers between LIU's.

Implementation of the virtual bus and lazy susan nets is

performed by means of the polling algorithm. The local

intraconnect system described appears to be good. The whole

implementation is in terms of a polling scheme which is flexible

and is to be designed with the specific system in mind.

The E1 is the facility that allows users in different

shelters to communicate with each other. It has a star topology.

The El consists of the EICU, a switched-active transponder, an

EIU for every point of the star, and a full-duplex fiber optic

transmission medium between each EIU and the transponder. The El

can support two types of services: digital TDMA transmission and
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high speed analog transmission. Digital TDMA service is provided

to transfer data packets generated in the LIU's between LI's in

different shelters. The El transmission system consists of two

links between the transponder and each shelter. One uplink from

the shelter to the transponder and a downlink from the

transponder back to the shelter. The EICU polls one shelter at a

time according to the polling algorithm stored in the EICU. A

polling message which contains the address of the EIU to be

polled is transmitted over every downlink in the star. Upon

recognition of the address, the EIU transmits its response to th-

poll over the uplink to the transponder. The response packet is

sent over the El downlinks to every EIU in the system. Thus,

each EIU receives all transmissions from every source on the El

but responds only to the packets addressed to it. The pollinq

scheme can be designed so that it can be altered to satisfy the

center requirements. Each EIU multiplexes the received data

packets in a word and bit serial stream. At any time only one

EIU transmits a data packet over its uplink and all the others

transmit a long pseudorandom sequence. The transponder operates

under the control of the EICU and switches its commutator

depending upon selected EIU. Each EIU scans the received data.

If a packet destined for the EIU is received, the EIU either

passes it on to the LI or sends a response packet to the EICU.

The analog transmission service of the EI is used to transfer

unidirectional wideband analog signals like radar and video data

between shelters on the EI. It consists of simplex links between

the transponder and the shelters engaged in the EI analog
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transmission. Frequency division multiplexing is employed for

such transmission.

The FI design proposed by the Martin Marietta Corporation

[20J seems pretty good. The two main features are its

flexibility and conceptual simplicity.

(i) The design of the entire FI system is quite flexible.

A system to suit a particular C3 center can be

implemented by means of the polling algorithms. The

polling algorithms can be altered on a dynamic basis

for changing requirements.

(ii) The proposed design is conceptually simple.

Implementation in terms of the polling scheme is easy

to understand and intuitively appealing. Desired

amount of complexity in terms of priority structure can

be incorporated in the polling algorithm.

j On the negative side,

(i) It is not very clear from the report [201 as to how

Virtual Bus and Lazy Susan services are provided. It

is not mentioned as to how it is implemented in the

polling scheme.

(ii) Some efficiency is being sacrificed to gain conceptual

simplicity.

(iii) If an adaptive polling scheme is designed, care will
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have to be exercised to ensure accuracy of the

algorithm. Also, control unuts wull be more complex.

IX. RECOMMENDATIONS:

The ADPT testbed located at the RADC represents a major

experimental tool. This facility should be employed to run

simulation experiments in order to gain a better understanding of

integrated switching. The testbed can also be used in a variety

of packet communication network experimentations. An

experimental plan for the ADPT testbed has been suggested in this

report. This plan should be pursued by the RADC personnel to

fully utilize the capability of the testbed. A theoretical study

of integrated switching and related concepts should be performed

in parallel with the experimental program. Close coordination

between the two studies will be quite fruitful. In the SIIDS

program, the FI design proposed in [20] seems more attractive

mainly due to its flexibility and simplicity.
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In this report a series of similar separated
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I. INTRODUCTION

Self excited oscillations have been experimentally observed in sepa-

rated flows for over hundred years. Rayleigh (1] in 1880 proved that for

Inviscid, incompressible flow the unstable velocity profiles must have an

Inflection point. Tollmein (2] in 1935 showed that for symmetrical velo-

city distributions, or for velocity distributions of the boundary layer

type, the existence of the inflection point implies instability.

Recently Hankey and Shang (3] have examined the self induced pressure

oscillations in an open cavity. Their numerical computations compare very

well with the previous experimental investigations. Roscoe and Hankey [41

have studied the stability of hyperbolic tangent velocity profile in a

compressible fluid, while Hankey, Hunter and Harney [5] have examined the

self-sustained oscillations (Buzz) on spiked tipped bodies for large Mach

numbers. However, a systematic stability analysis of separated flows has

not been undertaken. It is the purpose of this report to conduct a sta-

bility analysis of a general class of separated flows (i.e. reversed flow

.Falkner-Skan) in order to help shed light on the phenomenon of self-excited

fluid flows.
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II. OBJECTIVES OF THE RESEARCH EFFORT

The objective of this research effort was to analyze a series of

similar separated flows for different values of 0 and to determine the

amplification factors and propagation velocities in all these different

cases. Eight cases of different 0 were identified to be analyzed. These

cases were those with reversed flows which contained velocity profiles

with inflection points.
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111. MEAN FLOW EQUATIONS

In this report, incompressible flows will be analyzed. In subsequu-. t

work we plan to analyze the compressible flows.

The incompressible two-dimensional Navier-Stokes equations are as

follows

U+UU +VU P +vV 2U (3.1)
t x y p x

v+v +v,= i _ +vV2V (3.2)

Vt U x + W y p 0 33

u + v=o (3.3)
x y

Applying the boundary layer approximations to the above equations for

steady flows results in the following:

UU + VU UeUex + VU (3.4)

U +V = 0 (3.5)
x y

These equations may be reduced to one ordinary differential equation for

the case where Ue  cxm by transforming with similarity variables.

d = U ed~x  (3.6)

V

dq =.Uedy (3.)

Hence

fill + ff" = (f, 2  1 1) (3.8)

where
f'(n) - F(3.9)

e

EUe
and -, _ 2m constant (3.10)

with boundary conditions

f(O) - 0, f'(o) - 0, f'() - 1 (3.11)
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Falkner and Skan [6] originally derived this equation for attachcd [lv:;

however, Stewartson [7] discovered a lower branch to these solutions which

represented reversed flows from incipient separation to the Chapman solu"

tion. Christian, Hankey and Petty [8] have tabulated these solutions for

compressible and incompressible flows. It is this wide class of flows

(which have inflection points) that are known to be unstable for which

we shall now perform a stability analysis.
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IV. PERTURBATION EQUATIONS

Let us assume small perturbations of the form

U U, (y) + y ia(x - c) (4.1)

V - *(y) efn(x - Ct) (4.2)

p Pe (x) + P(y) ei(x - ct) (4.3)

where c - c r + ici and U, * and P are small in comparison to the mean

quantities. If we substitute these values of U, V, and P in equations

(3.1), (3.2) and (3.3); retain only the first order terms and assume that

Reynolds number Uex/v is large then the equations (4.1), (4.2) and (4.3)

reduce to one single equation

M - 2 ._- - - 0 (4.4)

The classical Rayleigh equation with the boundary conditions

0(0) 0, 0 ( ) = 0 (4.5a,b)

By transforming the equation from y to the 'n variable %e obtain the fol-

lowing equation

- (2 + "' 0 (4.6)

where

dn

By inserting the values of f'(j, 0) into the Rayleigh equation c(E, 0)

can be determined as an elgenvalue which satisfies the boundary conditions

(4.5a,b).

62-11
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V. SOLVING SCIEE

Eigenvalues were determined by a shooting method; starting with a

given boundary condition, integrating over the range of n and comparing

the result with the outer boundary condition, namely * = 0 at nmax"
The process involved minimization of the error in the outer boundary

condition which was chosen to be the square of the norm of *,
2 2 2

12 =4'R + i = SSQ.(See Appendix 3). The integration was done using

a fourth-order Runge-Kutta method.

The method of finding eigenvalues utilized a minimization routine

written primarily by Roscoe [4]. Starting from a given guess the

routine searched along a constant line of ci with increasing steps until

it found a relative minimum of the error. It then used the last three

calculated points to determine a parabola, with the cr value at the vertex

used as the latest approximation. Then this value of c was held constantr

and a search along a line of changing ci was carried out. After a new

minimum was-found, the quadratic approximation was again used to determine

a new value for ci . The third step involved searching the line connecting

the original guess and the new point. After finding a minimum and utilizing

quadratic approximation, the error was checked to see if it was less than

some preset limit. If not, the routine started again with the latest value

used in place of the original guess.

Generally, the routine worked quite well. Most of the search time

was attributable to bad guesses and finding the direction in which the

search should be continued. An eigenvalue was usually located in a very
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narrow region of the plane and even though the step size was coutinually

reduced, it was frequently large enough to move the test point out of the

acceptable region. For example, the initial guess in one case led to an

13error of 4.1 x 10 , however, after only 128 new error computations, the

-4.error had been reduced 17 orders of magnitude to 1.9 x 10- . while c had

been changed by 4.25Z and ci had been cnged by 3.82Z. Convergence was

also retarded for small values of .c, e.g. Icil < .001. This was concur-

rent with cr approaching its limiting value.

The Howard semicircle theorem [9] was used as an aid in determining

suitable initial guesses.. If cr is the propagation velocity, a is the

wave number, c Is the amplification factor, and Umax and Um n are the

maximum and minimum values of the range of U, the theorem states

[cr - 1/2(Umax + Uid2 + c2< (1/2(Umax - Umin2

Thus, the complex wave velocity for an unstable mode lies inside the upper

semi-circle which has the range of U as diameter.
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VI. RESULTS

Eight cases were computed for values of -.0001, -.0005, -.002,

-.04, -.08, -.12, -.16 and -.19884. For a wide range of C values the

eigenvalues were ascertained. These values are tabulated in tables la-1h

in Appendix B. is related to c by the relation

a8* - dy = J (1 -'f') dnldy

The values of Cr and C versus aS are plotted in figures la-lh and 1a-2h.

Figure 3a-3h shows Howard's plot (9) for these solutions. Some typical

eigenvalues for a series of solutions are also tabulated and plotted in

Appendix B.

6
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VII. CONCLUSIONS

The stability of a series of s-m-1a- separated flows have been,

Analyzed. Amplification factors and propagation velocities of the dis-

turbances were determined. The results show that a small zone of insta-

bility does exist for these flows witb Taflexion points. The ampli-

faction factor :increases as the extent of the reversed flow increases.
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VIII. RECOMNENDATIONS

Suggestions for follow-on research: We would like to investigate

the instability of laminar separated flows under the influence of compres-

sibility. For a hyperbolic tangent velocity profile Roscoe (4) showed

the instability to diminish with the increase of Mach number until the

Rayleigh instability actually vanished at Mach number H - 2.5. The

analysis should be repeated for the compressible, adiabatic, Falkner-

Skan velocity profiles. We have completed'H = 0 cases for various values

of 8, and would like to examine the influence of Mach number for the same

values of 8. It was observed that for 8 - -.0001 and -.0005 the conver-

gence at the two ends of the spectrum was very slow. These cases should

be analyzed somewhat more thoroughly.

i6
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APPENDIX 1

THE HOWARD CIRCLE THEOREM

The Howard semicircle theorem [91 is an extension of the well known

fact that if the amplification factor Ci > 0 then the propagation velocity

C must lie in the range of U. Howard was able to restrict the permissibler

values of Cr and Ci so that the complex wave velocity C is confined to a

semicircle which has the range of U as its diameter. If U and Ui nmax mi

are the extrema of the range of U, the theorem states

[ 2 <1 a b 2

[C r 1/2(a + b)] + C < 1/2(a + b)], Ci > 0

,where a U max b U min
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APPENDIX 2

EIGENVALUES FROM STABILITY ANALYSIS

FOR REVERSED FLOW BOUNDARY LAYERS
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EIGENVALUES FROM STABILITY ANALYSIS FOR

REVERSED FLOW BOUNDARY LAYERS

TABLE la

B - -.0001

c r  ci

0 .90538414741 .025680518247

.01 .91223794353 .071997946349

.02 .89422525454 .11766985541

.03 .87074750211 .12610731927

.04 .8412659309 .14572816584

.05 .80533205 .17071090

.07 .76425576 .21131732

.10 .72900063223 .23958792186

.15 .67639882435 .24398318931

.18 .651890026062 .23545393641

.20 .637998788145 .22696852817

.22 .62587353506 .21686502743

.25 .60392754004 .19700990613

.27 .60253175376 .18702547786

.29 .58908572761 .17144819857

.30 .58616022 .16481124

.31 .58992531643 .16063748234

.32 .58748966823 .15388430488

.35 .58168544052 .13349344451

.40 .57632116036 .099664728940

.41 .56994477164 .090751023415

.42 .56963082632391 .08414875686479
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EIGENVALUES FROM STABILITY ANALYSIS FOR

REVERSED FLOW BOUNDARY LAYE.RS

TABLE lb

--. 0005

Cr c i

0 .91530377348 .02166761564

.01 .91372171557 .025240777143

.05 .85274628651 .13020125042

.10 .74360436406 .21320430557

.15 .6748009367q282 .24234861164626

.20 .63120621598575 .23023864570417

.25 .6028272890696.3 .20264037260815

*.30 .58491658821 .16939693499

*.35 .57438769614 .13455531319

*.40 .56967589511 .099924636095

.45 .56930353919 .066316584587

".46 .5696486522 .059749391713
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EIGENVALUES FROM STABILITY ANALYSIS FOR

REVERSED FLOW BOUNDARY LAYERS

TABLE lc

0 " -.002

CT ci

0 .9237409069 .0095488477066

.01 .92117830521 .010983058744

.05 .88971797 .091967207

.10 .78686024 .15214965

.15 .70466415 .20301679

.20 .64798726 .21161601

.25 .61069242 .19445403

.30 .58711391 .16596060

.35 .57311136 .13306074

.40 -56593472 .098968376

.45 .56371274 .065174535

.50 .56504181973 .032280308591

.55 -.56865534872 .00023011047136

.56 .57775580181 .19174876005(10)-10

.57 .58685371398 .61658214056(10)
- 11

.58 .58704040582 .34648626536(10)
- 11
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EIGENVALUES FROM STABILITY ANALYSIS FOR

REVERSED FLOW BOUNDARY LAYERS

TABLE Id

- -. 04

cC Ci
r

.12 .9462446953107 .00077598474441

.13 .94480294724055 .00092398603074

.14 .93834475353190 .0019712426475

.15 .92864533 .0041227836

.17 .91398636 .009481253

.20 .88234356 .031932225

.23 .78918067 .079558300

.25 .73325251 .10055163

.30 .63589654 .12879591

.35 .57744885 .12534423

.40 .54449017 .10193011

.42 .53642765 .089694409

.44 .53060095 .076599668

.46 .52663117 .062983805

.48 .52423199 .049089198
I.50 .52306536 .035068680

.52 .52292271 .021022046

.54 .52356367 .0069847632

.55 .52416855 .34183573(10)-6

.56 .53445687 .11840627(10)-8
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TABLE Id (con't)

B--.04.

.57 .53445745 .28132369(10)-9

.58 .53445776 .10618506(10)

.59 .53445776 -. 16007328(10)1

.60 .534457761505 -. 581878617(10)1io

.61 .53445776292 -. 75694864203(10)-10
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EIGENVALUES FOSTBLTANYISFOR

REVERSED FLOW BOUNDARY LAYERS

TABLE le

P--.08

r 1

.20 .94462051904 '.00060442053448

.22 .93168283195 .0023838799717

.25 .91152233835 .007171373662

.27 .89227578 .014429883

.30 .83585489 .036775313

.35 .68705498 .067058934

.40 .57949813 .076982790

.45 .51260920 .067262598

.47 .49694639 .057479918
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EIGENVALUES FROM STABILITY ANALYSIS FOR

REVERSED FLOW BOUNDARY LAYERS

TABLE If

P- -. 12

Cr  Ct

.28 .93771615513 .00057735106118

.30 .92267372951 .0025385188104

.32 .90428630103 .006241760255

.35 .86703422542955 .016184737774036

.37 .82518601942224 .025407066978775

.40 .74110563666309 .033621469860405

.42 .68545236670957 .034160709745084

.45 .60602465101 .029295418399

.47 .54979488217 .020797858572

-8
.50 .47928620449 .17208372583(10)8

.51 .47900001254 .164119887(10)- 8

.52 .47900001195552 - .2969542445(10)- 9
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EIGENVALUES FROM STABILITY ANALYSIS FOR

REVERSED FLOW BOUNDARY LAYERS

TABLE Ig

0--.16

cr Ct
cr c

.35 .92539848853 .00064674041646

.37 .90652445594 .0030732291515

.40 .87214263 .0087996030

.42 .839073304 .013608897

.45 .76943755 .016917978

.47 .71714018755 .014067976705

.50 .63945116 .0025996533

.52 .59255631588 -.0054550150066
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EIGMNA1UES FROM STABI LITY ANALYS.Is FOR

REVERSED FLOW BOUNDARY LAYERS

TABLE lh

--.19884

.37 .92379057577 .00067331237442

.38 .91876397945 .00087323704317

.39 .91329400663 .001065562476

.40 .90688937 .0013915674

.42 .89032638669 .00295916137

.45 .85880806 .0055504066

.47 .83019514805718 .0066806913008495

.50 .77300900 .0043585794

.52 .7283639558 .48854083711(10)-6

.53 .70401641 .28953714(10)-
-7

.54 .70412941 -.19018251(10)
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APPENDIX 3

COMPUTER PROGRAM

The following FORTRAN program was used in the search for eigenvalues.

The driver program FINDHIN gives the initial guesses for CREAL and C13 and

then calls the minimization routine. The error is returned as SSQ. Sub-

routine MAINFCN does the integration using a system routine RKDF which

uses a fourth order Runge-Kutta method. The arguments to RKDF are:

X - the Independent variable, Y - the dependent variables, N - the number

of variables, DX - the step size, and IER - an error return. RKDF also

requires a function F which computes the derivatives of the dependent

variables and stores them in P.

The minimization routines are fairly general. The equivalence causes

the minization to be done with respect to CREAL and CIM. To minimize with

respect to CIM and ALPHA the equivalence statement would be: "EQUIVALENCE

(CIM, x(1)), (ALPHA, X(2))." Note that the two variables which are

equivalenced with X(1) and X(2) must be stored consecutively in memory.

'The array Y represents the following quantities. Y(1) - f, Y(2) fl,

Y (3) - f", Y (4) = *" Y(5) - fi. Y(6) - *R" Y(7) - '" Convergence was

generally achieved when minimization errors of 10- 5 to 10- 9 occurred for

most cases.
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PROGRAM FINOMlItiINPUTOU7PUTTAP!S=IlJPUTTAPEZ=OUTPUTI
-- COMMiON CREAL,CIi',ALPIIAvBETA#p30

!.,I - COM'40tJ /92/SS9 - -

CREAL a 571'j4SO75Z2

ALPHA a_ _ _ _ _ _ _ _ _ _ _ _

CALL MINI
* ,~ WRITE £2,I)ALPHIAETACREIL,CIM,SSQ

FORNAI(50(2ii *)I ALFHA=-,EI4.,;.5z,*BETA=%-ElI.,ap CREAL="tE1 .865x
C ix,"CI'g**El4.OFXeEFROR=",EI4.o/SO(2N )

ENO - __ _ __ _ _

C. ~' SUBROUTINE IIAItFCN
.*,..---CO"MOti CREAL, C1M.ALPHA 9 BETAt P30 ___________

CDIlhENSIOtI Tg7) pm
BETA = _.036F_ __ _ __ __ _

c KENO = 0.
X a 00.0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

* VIZ) = 0.0
* TI'.Y() = 0.0 ___ ______________ ______

CCaAR = CREAL-CREAL + CIPt*CIM
aCC = BETA / CC6AR ______

-FACT R'='?hAAL;HA-*3CIcREAL.- - ---
C. .R4 =FACTk-FAETR + -=CC*5C-CCIM-CiM

R SQR7ISQiTIRL)) ______ ____

C Y(6) = R * COSIGAMPA3
Y(7_TI) =R 4 SIIJ(G4AIA ____

- CALL FIX$Y,Pl OPNERTO *"*****

2 CONTINUE-
CALL RKDFIX,Y,N,OxvIER) ___ __

** FCX..LE.X****** O T4** 9 *--9 INt4 R LOOP INTEGRATIO4
SSQ=YI5) 4lY(S))*Y( 4) 1d ___

c ENO
4.SU8ROUTINE F(XT,P)_____

COMM.ON CPEACIlt;-ALFHA;aETA;'P3b -
C..:: DIMIENSION Y(7) 9 P(71

Pt2) =y--(3)
c. let P(3) i~rTA*II21 -I.11PY(2) + i.) -'t)Y3

t,! UDS = P13)__ _ _ _ _ _ _ _ _ _ _ _

1-1 0 tja(U ctc A
sw 6 D 0UCRA) _______

A ALPMAOALPHA +_ _ _ _ _ _ _ _ _ _ _ _ _ ____________

P)AY(i*3-3*YS)--'*
PC?) 2 B*Y('.) - A#Y(Z)

I RETURN
cl 

END
SUBROUTINE M1111__________________
COMMON CREL,C"ALF4 #GE7AgP30
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---- tOIIIIW /82/ SSG
(JI'!NSION XEST(2.2199(21,STEP(21
EOUIVALENCE(CeEALX (1)), (CltX (2) I

-. STEP (1 1.E-10 _ _

ERSAQ=.E-3

C SCH AONGXI-EI

-... ALLTIN(YGRO

(XEST (1 1 J=X (11

C SEARCH "ALONG 'Xl-AXIS

CALL "iIN2(X,CiY,GRfET -

IF(SSO.LT*ERSS)RETJRNf

XEST (2'9 ) X (2)_______ ______

-, STEP(2)Y
( ~~GRAD=1.E.T12)XS(11)(XS3C2-ETC,

C SEARCH AtONG ZAIS

IF(SSO*GT*SRSS0)RTUR2

SUROLIXTE1I?2(XESTEPGRA)/XS(9)XS(,

C ' SERSQ*AL.E-[I

FIN RETRCIO

NO

LCAL IRP IRN

FElSSQ.-

I'r RITE12,lflSS,(1,X2

209 FORMAT (1ioXF:_,E7.lD "IffffN,0 il.l ______

2 ONTIN4UE

OEUSTAEPX/SRT(.*RO*
C. 110A 62-38fZ

F(1)=SS



r - X-i) =XlSTAP.ODX .

* X(2)=X'STAR.,SGRAD.SURT(STEPX..2-OX..Z5
-CALL DIAINFCN
T ( 2) SSQ
Y1(Z)=Xh1)

Y2(2)=X(2)

. 9 ~- CON~TINUE

C POSITIVE INCREHE4T WOKED~~

.9; DIRP=.TRUE. _____

STEPX=Z'STEP'
C .~ DX=STEPX/SQRTh1.+GRAD**Z)

X ( 1)=XlST AR. DX ___

XI2)=X2$TA3+SrRADSR(SEPX*'Z-O)(C"2)
CALL MAIIJFCN

* - -~F(3)=SSQ __________

Y1(j)=X(1)
C Y2(3)=X(2)

IF(S5O.LT.'ERSS.;)RETURN-
GOT014.

..... STEPX=STEP-___

X(1)=XlSTAk-OX

X A(2) =X 2STAR- SG A 04S3R T (S TEP XY;2-0 X"2)

Y2(2)=X(2)
WR1TE(2s1Qu,) .1S~jK1),KC21 _______

IF(SSQ*LT.EkSSG)RETsuRJ'
IF(F(2)-F(1))1O,12,12

* 16 CONTINUE
orR4= ._7RUE. ----

c NEGATIVE ICE4ENT WORKED ____

DX=STEPX/SQRT (1.+GRbOf4 2) ___

- Xtl1zXSTAR-DX
X £2)=XZSTAR-SGRAD4SORT (STEPX*0 2-DX'42)

CALL flAINFCN ___

.. .. .. . .. .. . .. .. . .. . . 7. ;

VOT3 _ _ __ _ __ _ __ _ __ _ __ _ __ _DIRET3O FOUN)



-IF(DIKP)XSGJzft

c IF (3IRN) XSIGN=-l
is1 CONTINUE- __.--.--.--.----.

IF (F (3)-F (2) 169;1791,-,

C 1 16 CONTINUE

ST EOX=NSTEP

* X(2)=X(2).XSISNSGRAD*SQRT(S7EPX''2-OX~Z
VI(1)=Yl(2)

- - V(2)=Yl(3)____
Y1(3)=X(i)

c::I 12 (1) =Y2(2)
Y2 (2) Y2(3) ___

Y 2( 3)X(2)____

F(1)=F (2)
F (2) =F (3) ___

CALL" IAINFC7~-----.---- ~ -

F(2J::SSQ

C ' C RACKETTED

C NOW F!_T QU A0RATit

9 WRIT E(2,202)
* 202~ FcRrIAT(IQX,**US'E OUJAORATIC-APPROXOtIXK)

c IF(ASS(GRAI0).GT.G.5E,1'J)GoTO3

FI=Yl (1) -Y1 (2) ________________

FZ=Yl (____Yt_______

8I T
l=F (i)/*FI/F2 _________

I. BI73=F(S)/F2/F3-
CITl=Y1(1V(3TTZ~eITZ') __________ ___

CIT3=Y1 (3)4 5!TIt(eIT2)

IF (AS(GRAD)LT.x. -~GOT04 - -

~ 3 CONTINUE-
Fl=Y2(1)-Y2(2) ____ ________

F2' zY 2 11) -;Y2 Of_

( 82T3=F(3/2F
CITl=Y2(1)4(k8IT2,9IT~) ___________

CI73=Y2(3),,11T1.9IT2)
III g(2)=(CITI4ClI;2.CIT3)/2./(OITl.5IT2.BIT3J

I '* -IN ----- -

C i# CALL MIANFCN
WRITE 12,1DC)S30PX (1)X(2)______ ___

IF(SSC.LTaERSSO) RETURN
c STEP=STEP/2.CM~~i CONT114UE _______CL END
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INDUCTANCE MATRIX OF A PERMANENT MAGNET ALTERNATOR

by

T. H. Wei

ABSTRACT

Different methods of getting the inductance

matrix of an alternator are given. The inductance matrix is

very important in the analysis and simulation of a pulsed

power system. This report gives an approximate 6x6 inductance

matrix for a permanent magnet alternator based on magnetic

circuit analysis, which has traditionally been used for devices

design. Each matrix element is an expression of machine

geometry and construction materials. The inductance matrix

can be implemented in a computer program, presumably with

less memory space and shorter running time in comparison

with the implementation of finite element method. Suggestions

for further theoretical research in the inductance matrix

are given.
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I. INTRODUCTION,

The Air Force Aero Propulsion Laboratory (APAPL) is

presently developing a finite element computer analysis

package 1 to improve the accuracy of the present alternator

design computer programs. AFAPL is also developing a com-

puter program to dynamically simulate the electrical charac-

teristics of a complete pulsed power systems (pps). In a

simulation program for pps or phase-controlled converters
2

a dynamical equivalent circuit of an alternator is needed and

is not available at present. Finite element method applied

to an alternator by minimizing a magnetic energy functional
3

has been a new powerful numerical method since 1970 and now

is being applied to find the dynamical equivalent circuit of

an alternator.1 This research is motivated to find a differ-

ent algorithm based on magnetic circuit to establish the

dynamical equivalent circuit of an alternator, so that the

two results can be compared and improved. This approach

has been used in device designl for more than half a century.

The magnetic circuit approach gives better physical insight

and when implemented in computer program is likely to run

faster than the finite element method. Towards the goal

of a dynamical equivalent circuit this project restricts to

a permanent magnet alternator5 and gets its inductance matrix

with magnetic circuit saturation being considered.

An alternator can be represented6 by six windings as

shwon in Fig. 1. Three phase stator windings a, b, and ct
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AXIS a
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-c
AXIS c c AXIS b

AIS q

Figure 1

Schematic Representation of a Synchronous Machine
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OI '

one rotor field winding fa and two other rotor windings kd,

kq which represent damping effects of the shield along the

direct (kd) and quadrature (kq) axes, and which are permanent-

ly short-circuited. The field winding f represents permanent

magnet. The vector equation of motion of the alternator has

the form

v = R i + L(M i) '(1)
dt

Both v and i are 6xl column matrix, R is 6x6 diagonal

matrix, and M is the 6x6 inductance matrix being sought

after. Each of the six equations corresponds to one of the

six windings.

Using vector potential, of which only the axial compo-

nent exists, the basic field equation in 2-dimensional cylin-

drical coordinates is

A 2A + 1 _2A + _L -2A A (2)

br 2  r Zr r2  t

= permeability, h/m

9"= conductivity, 1/JLm

Considering ideal cylindrical geometry and neglecting damper

7
windings White and Woodson found elements of M depending

on/A,, or saturation for sinusoidal current sheets distribu-
8

tion. Most recently equation (2) was solved for elements

of N for round rotor and superconducting generator, again

neglecting damper shield. 9
Garg derived M for utility synchronous machine, trans-
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formed M into dqo representation, and analyzed a machine in

terms of sampled dqo state variables. Since Park transforma-

tion1 0 is valid for linear machine, how much effect intro-

duced by considering the non-linear magnetic saturation in the

transformation is not clear.

A 3-dimensional cylindrical damper shield and the

permanent magnetic excitation make the inductance matrix for a

tangential permanent magnet alternator a new problem. The

damper shield is rigidly on the rotor, whereas a similar elec-

tromagnetic shield of a superconducting generator can oscillate

during severe faults. If oscillation of the shield Is ig-

nored, an ideal shield screens the fault stator armature

magnetic field from being seen by the permanent magnet or

the superconducting field coil. Under such assumption one

can assume that the shields are equivalent although perma-

nent magnet shield is iron-cored and the superconducting

shield is air-cored. At present the self inductance of the

electromagnetic shield of a superconducting generator has not

11
been solved satisfactorily. The calculations of self

inductances and mutual inductances of armature and field for

a superconducting generator are more reliable. One expects

similar situation in the permanent magnet alternator.

In solving the inductance matrix it is assumed that the

machine is symmetrical in 3-phases, the inductance matrix will

be 3-phase symmetrical. In simulation in a case one phase

is in conduction and the other two phases are open-circuited,

the differential equation (1) is still valid by setting two
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phase currents zero. In dealing directly with equation

(1), corresponding to real situation, the linear Park trans-
formation is not needed.

Fig. 2 shows different ways finding N, the inductance

matrix.

Find K

Figure 2
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II. OBJECTIVESs

The objectives of this project werei

(1) Using saturable magnetic circuit theory find the

inductance matrix of a permanent magnet alternator in terms

of design parameters or machine geometry and properties

of machine materials.

(2) Implement the inductance matrix into computer

program, so that the future simulation executive can call

the complete pps and fine adjust machine parameters or

system components.

(3) Compare the inductance matrices gotten by finite

element method and magnetic circuit method so that one can

fine tune both methods.

It turns out that this is a research and development

program. In this summer only (1) is completed. (2) has

been started. Since both finite element method and mag-

netic circuit method for inductance matrix are being

developed, (3) is for 1980.

III. ASSUMPTIONS:

The following assumptions are made in the development

of inductance expressionst

(1) Saturation in magnetic circuits is taken into

account. Hysteresis and eddy currents in these circuits

are ignored.

(2) Although superposition principle is true only
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for linear machine, it is being used. Hence Park transfor-

mation is permissible.

(3) The flux densities and mf are Fourier analysed.

Only fundamental quantities are considered.

(4) Leakage flux path for field and armature wind-

inge are defined when flux from one winding is not linking

the other winding.

(5) Damper currents flow like currents in a damper

cage.

(6) The permanent magnet operates near the neighbor-

hood of maximum energy point 1 2 in the second quadrant of

the B-H curve.

IV. SATURABLE MAGNETIC CIRCUIT13 AND INDUCTANCESIt

Figure 3 shows both a d-flux line and a q-flux line.

The q-flux line is due to the armature current only. d-flux

line is either due to the permanent magnet or due to the arms-

ture current. From Figure 3 one sees immediately that syn-

chronous reactances satisfy xd < xq because Rd > Rq.

Rd is the direct axis reluctance, R is the quadrature
~q

reluctance.

Rd =+ +±t~

R has similar expression. A is the cross section area, 1 isq
path length. ip stands for iron pole, is iron stator, pm

permanent magnet.

All the magnetic properties of construction are in the
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expressions for reluctances. Saturation of the magnetic

circuit is being accounted for in the denominator of Rd and

Rq by zAo. It is essential to fit the B-l curves of stator

and pole materials into curves with an accuracy of 5%. Some

preliminary work Is done in B-H curve fitting by piecewise

curves.

The q-flux line is reasonably assumed. The accuracy of

R depends on the path length and cross section in the per-
q

manent magnet and air gap. There is no ambiguity in Rd
The d-flux line crosses the air gap perpendicular to the

pole and traverses the permanent magnet along its axis.

In general an inductance can be expressed in the form1 5

L1  =~~=NiN1  (3)Lij = Mij= Ri

This form is arrived at in the following manner: First

consider muf N I in coil J, take fundamental wave of Fourier

series; project the fundamental mmf along d and q axesl Rd

and R come into play when B and B q , the flux densitiesq id i

linking coil i are obtainedl take fundamentals Bmid and Braq

because d and Biq are not sinusoidal due to Rd and Rq

combine these fundamentals vectorially into Bmil from B.,

get 4' from NP. get N / the ijth element of N by

dividing Is. Recall that L =

V. KNOWN INDUCTANCE MATRIX ELMET:

%6 = M64 = 0, M56 = 165 * 0. This is because coil kq

is perpendicular to coils f and kd.
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Applying the recipe described after equation (3) and

adding the appropriate leakage inductance to equation (3) when

i = J. the armature inductances have the form

Mll = Lea + Lvcos (20Jt)

M22 - Lea + L Lvcos(2&)t + 2 V/)

U33 = Lea + Lvcos(2Zt - 21T/3)

Loa contains the armature leakage inductance per phase. Lef,

Lv and other L symbols in this section and next section are

functions of machine geometry and construction materials.

By definition the mutual inductance has no leakage

contribution. The armature mutual inductances are of the

form.

N12 = 21 = L ma + L vcs(20 t - 27r/3)

M23 = M32 = -Lma + Lvcos (23t)

M 31 = 13 = -Lma + Lvcos(2c0t + 2 7r/3)

VI. NEW INDUCTANCE MATRIX ELEMENTS, 9

The permanent magnet self inductance can be gotten by

assuming that it has Nf number of turns, and a current If

consistent with the maximum energy neighborhood. After

the field inductance Lff is reflected to the stator side,

NfIf disappears from Lff. Then Lff has to be corrected by

the leakage inductance of the permanent magnet,

M" - K1 Lff

K1 is the leakage coefficient of the permanent magnet. The

leakage flux contains end leakage, hub leakage and air gap

leakage. It is estimated that K ranges from 1.10 when more
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than one small circular cooling holes are used to 1.24 when

a big hexagonal cooling hole1 is used.

The mutual inductances between 4hW permanent magnet and

the armature has the form

X 14 = M fl = LafcOs at

24 = M42 = L afcos( t- 27/3)

34, - 43 = L fcos( Ot + 2 It/3)

Based on assumption (5), the mutual inductances between

damper shield and armature have the form

M15 U51 = Lakdcos )t

M25 152 = L AMcos(at - 21r/3)

M 35= U52 = LakdCOs(u(t + 21T/3)

116 = M61 = Lakqcos( wt + 1T/2)

126 = M6 2 = LakqCOs( Lit + lj2 - 2 TF/3)
M36 = M63 = Lakqcos( tt + 7r/2 + 21T/3)

The mutual inductances between damper and field are

if45 =M54 = L kd
4 ,6 M6 =Lakq

Finally the inductances of kd and kq are obtained from

damper shield constraint, 1 6

Lakd
55 = Laf

I6 =

6 af L
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VII. RECOMENDATIONS:

Two recommendations A and Bs

(A) Use analytic method to solve equation (2) for

the ideal geometry with cylindrical damper included. Compare

the results of inductance matrix from other two methods (see

Fig. 2). At present the solution of a damper problem is not

realistic. The assumption (5) that the currents flow like

a cage damper is obviously not true.

The equation of motion (1) depends on the diagonal

matrix R. The resistance of the damper not only includes

the skin effect, but presumably includes the effect of higher

current harmonics in the alternator. It seems to be an

attractive problem to get damper resistance Rkd, R

analytically.

(B) The Inductance matrix gotten by the magnetic

circuit method can be implemented into a computer program.

Implementation has two stages. First stages (1) Write the

computer program as a main program. (2) Fit the B-H curve.
(3) Hold the permanent magnet at normal working point,

ckhuge the 4A , say at 8 points up to region of saturation,

put in the dimension of the machine, get the inductance

matrix elements in terms of a trigonometric and time

function. (4) Fit the inductances into curves of polynomials
B

inP. = R- . The nominal machine operating point is a natural

check point. (5) Vary the permanent magnet operating point,

repeat the process. (6) Compare results with finite element
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program, change the magnetic circuit program to improve

accuracy if necessary.

Second stages (1) Integrate the inductance matrix

program with the design program. (2) Integrate the inductance

matrix program into the pps simulation package.

Establishing the inductance matrix by the alternative

method of magnetic circuit other than the more accurate

method of finite element approach would give better physical

insight. With the flux plot from finite element method as

guidance the magnetic circuit method is expected to have

good accuracy. The speed of the computer program based on

magnetic circuit is likely faster than that from the finite

element method. The author is making a proposal for mini

grant to carry out part of the recommendation (B), namely

implementing the inductance matrix only.
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Analysis for Coherent Anti-Stokes Raman Spectroscopy (cAgs)
by

Herschel Weil

ABSTRACT

Equations have been formulated to describe the generation of CARS

spectra under physical assumptions corresponding to experimental work

being conducted at AFAPL to develop CARS as a diagnostic tool for the

evaluation of combustion processes. A number of physical effects in-

cluding competing scattering processes have been included to improve

the quantitative linkage between the directly measurable spectral para-

meters and the quantities of primary interest, namely molecular

concentrations and temperatures. The resulting equations are a set of

coupled nonlinear differential equations. These have been solved numerically

for one set of conditions to study saturation effects for the CARS inten-

sity due to depletion of the vibrational ground state population by a

strong pump wave.
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I. INTRODUCTION:

Coherent anti-Stokes Raman Spectroscopy is a form of Raman spectro-

scopy which has developed with the advent of laser light. In it the

medium -usually gas or liquid- is irradiated by two waves, the pump and

Stokes waves whose frequency difference matches a vibrational frequency

characteristic of the molecule. The result is coherent generation of

a new wave at the anti-Stokes frequency associated with the vibrational

frequency. For collinearly phase-matched beams the intensity or power

per unit area, Ia' in the new wave is roughly proportional to the pump

intensity, Ip, squared times the Stokes intensity, I, and also is pro-

portional to the square of the distance over which the phase matched

interaction occurs. Thus a very intense anti-Stokes output can be

generated, orders of magnitude greater than spontaneous Raman scattering.

Furthermore, unlike spontaneous Raman scattering, it is directional so

that all the anti-Stokes radiation can be readily collected. Because

of these two properties as well as others the generation of CARS spectra

offers a potentially very practical tool for the measurement of molecular

species concentrations and temperature in gases, in particular combustion

gases. These commonly contain many particulates which can scatter incident

radiation and also radiate due to laser heating so strongly they cause

relatively weak spontaneous Raman radiation to be lost in the particle

generated "noise" while the far stronger CARS scattering would not be.

Even with no particles in the gas ordinary spontaneous Raman seattering

is in fact much weaker than the Rayleigh scattering which arises from the

gas molecules and there is also interference due to fluorescent radiation.

Because of these considerations AFAPL is actively laying the ground work for

the use of CARS as an eventually routine diagnostic tool for combustion

systems. 1,2,3

The connection between measured CARS spectra for gases and the desired

quantities; molecular species concentrations and temperature must be made

on the basis of theory taking into account both the particular experimental

set-up as well as quantum mechanical or quasi-classical theory of modification

of the internal molecular structure of the constituent molecules by the

applied and internally generated electromagnetic fields. The experimental

6
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designs and data interpretations have been based on theory which has been

strictly limited to the most essential physical factors which explain

CARS. In this way a convenient analytical formula for the CARS intensity

was obtained which gives the proportionalities discussed above. While the

formula has clearly been of great value in a general understanding of

CARS it is inadequate for the accurate quantitative prediction of the CARS

spectra under certain conditions. In particular it is quite inadequate to

predict saturation effects which occur as I is increased. Furthermore,

the CARS spectrum as a whole, taking into account relative line strengths,

is what is needed for temperature determination and this too requires a

more complete theory. Among the physical factors which are omitted in

obtaining the analytic formula for CARS intensity are the following:

(a) Decrease in pump and Stokes intensities as the waves

propagate through the gas.

(b) Time variation of the population of the vibrational levels.

(c) Coupling between vibrational levels through populations

interchanges and non-resonant contributions to the wave fields.

(d) Scattering processes which occur simultaneously with CARS;

i.e, stiumulated Stokes, anti-Stokes and inverse Raman or pump;

coherent Stokes and pump and coherent secofidary Stokes (CSSRS).

(e) Laser pulse shape (deviation from rectangular shape)
As soon as factors such as these are accounted for the mechanical model con-

sists of three or more non-linear coupled partial differential equations

which can be solved only by numerical techniques.
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II. OBJECTIVES OF THE RESEARCH EFFORT:

The overall objective was to study the effects on CARS spectra of

physical factors such as (a) through (d) listed in the INTRODUCTION.

When the author began his summer stay at AFAPL this work had in fact

been initiated by Dr Roh and Mr. Schreiber, then put aside because Dr. Roh

had to concentrate his efforts elsewhere. Dr. Roh had in fact derived and

programmed equations governing CARS and most of the processes listed in (d)

and including effect (a). Dr. Roh had a working program for the solution

of this set of equations. He had also formulated but not programmed an

approach to handling (b) for one vibrational level plus ground state. Effects

(c) and (e) were not included nor were rotational effects. Thus the specific

objectives were to

(1) First modify the existing program to take into account effect

(b) and use it to study, as a function of various parameters, CARS

saturation effects which occur when ground level population deple-

ion makes the difference in population between one vibrational and

ground level tend toward zero.

(2) Determine what further physical effects of interest could easily

be incorporated into the code and incorporate them.

This led to incorporating (e) and studying numerically the effect of a

pulse shape which was a Guassian times a rectangle function. Also Raman scat-

tering, which had been neglected, was taken into account.

(3) Determine what additional effects would likely be most important

in determing the CARS line strengths and shapes without the constraint

that they could be simply incorporated into the existing code. Write

out the appropriate equation set. If time remains program these and

obtain numerical results for study.

This led to formulation of the equations taking into account all effects (a)

through (e) for two vibrational levels plus ground state and taking account of

the rotational levels in an approximate way. There was no time remaining for

programming these equations.
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III. PHYSICAL BASIS FOR CARS

To describe the generation of CARS spectra we consider the vibrational

energy level diagram, Fig 1.

Figure 1: CARS

showing the ground state and two higher levels for a diatomic molecule. When

a gas of such molecules is pumped by intense laser radiation of circular frequency

W p, the set of simultaneous coherent photon-molecule interactions illustrated

in Fig. 1 can be set-up; loss of two pump photons, scattering of a photon

atuD S, the Stokes frequency and atQVa, the anti-Stokes frequency. This process

occurs when the gas is also irradiated by an external source at the Stokes

frequency. The process is maximized when the vectors satisfy the condition

2k - k = k . For gases this condition is almost satisfied when the vectorsp s a
lie in a straight line. In the CARS experimental systems at AFAPL, the gas

is irradiated by collinear pump and Stokes laser beams of the same polari-Ization. These are focussed into a small region in the gas so as to obtain
a high resolution as well as a high intensity. In the focal region the

beams "neck down" to a short cylindrical region in which they may be considered

to have plane phase fronts.

Along with CARS there are other coherent Raman processes which take place;

inverse CARS and coherent secondary Stokes Raman (leading to CSSRS spectroscopy)

and its inverse. These are illustrated by the diagram in Fig 2 where it is

seen that the CSSRS frequencycou2W-VW0-24). There are also stimulated
c s p v

emissions which occur independantly of one another and do not combine coherently

as in CARS. These are shown in Fig 3.
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Figure 3: STIMULATED RAMAN SCATTERING

These processes are all induced by the third order electric field

dependant -hence non-linear- term in the susceptibility of the gas. In this

point of view the induced molecular polarization may be written as

P (t) - P_(1)(t) + p(3) (t)

or in terms of the electric field 2 and susceptibility tensors, , )(
S E(1) ( 3 )  E EE

The vector E in the AFAPL experiment may be considered to be made of the sum

of pump, Stokes and anti-Stokes components all with the same direction of

propagation and same linear wave polarization.
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If more energy levela or more pvccUse such- as CSSRS are considered

additional wave components at the appropriate frequencies will

also contribute. The Stokes component may include not only the strictly

Stokes frequency &-26)-0 of the internally generated radiation but
p

a frequency band centered at 16)s and corresponding to the frequency band

of the incident Stokes laser radiation.

For the present we ignore the last complication and assume pulsed

quasimonochromatic waves.

E(t) - Ep( 7 )exp(U4 t-ik x) + Es(; t) exp(tIlit-1fsX)

(2)+E~ (x 0) e p(ib at-ifax)+ ,,

within the laser pulse duration. In Eq. 2 E p(xt) E (x,t)and E a(X,t)

are considered to be slowly varying function of both x and t relative to

the oscillatory exponentials and c.c. stands for complex conjugate. We will
*

also use the notation f (t) to represent the complex conjugate of any function

f(t).

The polarization given by (1) is induced by vibrational displacement

q forced by the field E(t). The forcing function is proportional to E2 and

S(3) is proportional to qE, namely

P ~ ~ ?~t 4CI 2ma c]f

wheremis the reduced mass, phe Raman scattering cross-section, C a is

the vibrational frequency for the i level, NJ is the population density of

the j!.level relative to that of the zero'th level, c the velocity of light

in vacuo and is Planck's constant/2Tr .

The equation governing the forced vibrations associated with the J'th

energy level is

2-
+ +~~E (4)
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The solution of this equation is to be substitutad:Into (3) to obtain P(3)

To express the result concisely let Et and O represent any one of the

quantities E ,EVE at E E aand the associated frequencies or, WS'4,4"

and -U?, respectively, Then P for the energy level J is.

2, . (5) 4

* 2. InLL7Rj -(1 2

When more than one vibration level is taken into account not only must the in-

dex jbe summed over bt, for each vibrational level, one must include in E-

contributions from the Stokes and anti-Stokes lines due to that level.

Examination of (5) shows that the dominant terms in the sums will corre-

spond to the resonant terms, those for which e JL ( 4.. +L4J)' while the

next largest terms will be those for which too =(.1 to ""o

The electric fields are all solutions of the inhomogeneous wave equation

-0 M2- if - a- (6)

where the refractive index "n" arises because of the linear polarization term P

When (5) is substituted into (6) the result is a set of ordinary differential

equations for the IE coupled with each other by the differentiated P term.

The term

In accord with the slowly varying assumption of E (1. i) in past work and
most of the present work, the term - has been neglected in comparison with

In fact this assumption is not necessarily true for the

64-10
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anti-Stokes wave at the boundary of the gas (if the boundary is taken as

sharply defined, as by an enclosure) and unless care is taken in the problem

formulation one experiences difficulty in starting the integration of the

full equations at the boundary. This difficulty is avoided, the number of

integrations halved and the computations greatly speeded up by dropping the

second derivative term. Numerical comparison of results obtained with and

without the second derivative term shoved that, except for the field very

close to the boundary, little relative numerical error is made by this sim-

plification.

With the second derivatives dropped the set of equations which results

for a system in which two vibrational levels plus ground state are considered

is as follows.

• -I1' 2

(9)

iN

where Al ip As A

F For the analytic approximate CARS term /.( r ._

is proportional to#4Pl'%-A" ) for small x where ffa'~(~), Al EX)O
If the phase of either the incident pump or Stokes wave is zero the approximate

solution's second derivative is in fact singular and the true solution almost

certainly has a non-negligible second derivative. The incident waves phase

however does not however affect the magnitude of the generated CARS. One

would not expect it to, and we have verified by numerical example that it does

_ I not. 6641



+ tip 3 ,-,iY- E 2 E (lo)

- Z~p Z + I4 [ ( - "'s. i (wJ) I E 1*

+ i± Ep-4~ s]E C iA~} (1

In these equations we must bear in mind that the N are variable in time

because of a combination of stimulated Raman scattering induced population

changes at each energy level plus thermal relaxation. The two Raman processes

are indicated in Fig (4). Where they

SSS I S SZ

Figure 4: STIMULATED RAMAN PROCESSES AND ENERGY LEVEL POPULATIONS

are labelled SSRS1 and SSRS2. To derive the equations governing the time

v.riability of the N one considers the Stokes photon densities in the two

Stokes beams which irradiate the gas sample; Entering the sample these are

)IV and leaving they are k$ + -7 M , Finally we

introduce relaxation times denoted by subscripted Z's such as which

represents the rate of decay from N2 to the equilibrium value N20 for level

2 due to thermal decay from energy level 2 to energy level 1. Appropriate

equilibrium values are determined by Maxwellian distributions. With some

further approximation (assuming no vibrational rotation interaction and much
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more rapid equilibration of rotational levels than vibrational levels) the

effect of the rotational levels can be taken account by determining suitable

mean equilibrium levels.

In any case the general set of equations becomes

I _ - - (12)

so that

( ~~3 -~s ' S L (13)

where the electric field derivatives are given by (10). With the help of Fig (4)

we have N1- N0  (14)

J ~ t Ps,'a tole

where the contribution due to the level one stimulated Stokes Raman scattering
term is related to the intensities by (13) and

SSR3

01/1il'I-L = 5 , AC (15)

Similarly

1 N, -.-- -ON1. (18)
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IV Computations

Our numerical work to date has been confined to the case 
of one level

plus ground level only. The numerical procedure was based on the fact that

time of propagation of an e-m wave through the sample ( ", 
sample dimension/c)

is much smaller than the time over which there is an appreciable 
change in the

vibration level populations. The equations for E.were solved at the initial

time t=O with No - N1 fixed at its lnitial value giving E throughout the gas

and hence the intensities I and I as functions of x. With these values

N - I at a later time t
= t was computed-as a function of x and the equations

(8) - (11) re-solved for E.(x) using this x dependent function for (No - N1 ).

This process was repeated for the duratian of the pulse. To compare results with

the experimental data measurements the anti-Stokes energy &--i fZtfrom the gas

sample was computed.

Since only levels 0 and 1 were included the quantity N - N1 was incor-

porated into the ratio A(t) = (N0 - N1 )/(N0 + N1 ) and A(t + 6t) computed from

A(t + 6t) = A(t) + 2 (21)
at

The explicit form of DA(t) can be derived from the previous equations to beat

DA A U- - A -4 da IE 12 1E1 2  r12L2)

at o 2 I p s(w )
[ - p

A suitable value for it whas chosen by numerical experimentation

In Fig. (5) we show plots of E vs, I = IE p IIEs. Based on the analytica p"

approximate CARS theory this curve should be a straight line and independant

of the individual values of IEp I and IEsl for a given value of I. Our

results which are computed for quite large Ep show how the output Ea falls

below a straight line extrapolation of the values for smaller I. This is

the saturation effect which was referred to in the introduction and which is

due to a lessening of the fraction A(t) as Ip increases. Furthermore, two such

curves are shown, one with E = 1000 and one with E = 250. In the latter case

larger E values are used to generate the same value of IE p IE 2 . The outputs

are clearly different in the two cases contrary to the prediction of the approx-

mate analytic theory. An example of pulse shaping effects is also illustrated

in Fig. (5).
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Figure 4. Energy vs. Parameter I

Energy in the anti-Stokes beam at the end of the interaction region as a func-

tioni of parameter I. All units are Gaussian units.

1 and 2 Gaussian shaped pump and Stokes pulses cut off at the half

power points.

1. E s= 250,2. Es = 1000

3. Rectangular pulses with same peak values and durations as the

Gaussian pulses; E = 1000.
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Other results which we do not reproduce here concerned limited numerical

exploration of the sensitivity of the computed anti-Stokes energy to the Stokes

cross -section and the time constants , quantities for which there is con-
siderable uncertainty regarding the correct numerical values. Some exploration

was also made of the effects of the LEt/ d.% terms on accuracy and on computing

time.

RECOMMENDATIONS FOR FURTHER RESEARCH.

(a) Further numerical work should be carried out at AFAPL using the pre-

sent program (for one excited energy level) and the results compared with experi-

ments. This will indicate how well the present theory explains observations and

perhaps indicate important improvements which need to be made.

(b) The more complete theory given by Eqs (8) through (20) should be pro-

grammed for computation and further numerical studies and comparison with experi-

ment made. Relatively minor modifications and additions can add in CSSRS and also

permit rotational levels to be taken into account approximately.

In this regard we recommend that the program be written in Fortran unlike

the existing work which was done in MIMIC a computer language and compiler devel-

oped at WPAFB about 1962. MIMIC is no longer supported by the WPAFB Computer

Center, and (although this is not documented there) certain operations and proced-

ures regarding logic functions and the use of subprograms no longer work. In addi-

tion there is inadequate flexibility in the output; there is no way to avoid printing

out a vastly excessive amount of data not needed for our work and there is no provis-

ion to use any solution method for the differential equations other then fourth

order Runge-Kutta. The writer believes that, for the equations involved, predictor-

corrector methods would be better.

(c) Further research is needed to better model the theoretical set-up; parti-

cularly in taking into account focussing of the pump and Stokes beams, finite Stokes

bandwidth, and the fact that for some of the experimental set-ups anti-Stokes radia-

tion is being generated outside of the test region as well as in it.

(d) Study the effect of orthogonal instead of parallel pump and Stokes radiation.

64-16
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AN INVESTIGATION OF ONE AND THREE PARAMETER
ITEM RESPONSE MODELS WITH IMPLICATIONS FOR
COMPUTERIZED ADAPTIVE TESTING

by

Bronel R. Whelchel

ABSTRACT

"Adaptive" testing is one of a number of terms used to describe
a procedure whereby the test items'that comprise an Individual's test
are selected during the test itself. Some of the other terms used
interchangeably with adaptive testing include tailored testing.
branched testing, programmed testing, and individualized testing.
The term "adaptive" was chosen because these tests adapt themselves
to the examinee; different persons answer different items, with the
items chosen sequentially to suit the individual examinee's perfor-
mance.

The general objective of computer driver adaptive testing is to
accurately estimate an individual's position on the underlying trait
the test purports to measure. Conventional paper-and-pencil test
administration typically suffers from several sources of error in
the measurement of an individual's ability. Conventional peaked
tests are designed to discriminate most effectively at a single
ability level and thus assume that most individuals taking the test
fall into this category. When they do not, the accuracy of esti-
mation of their status on the trait becomes progressively more
inaccurate as their ability deviates from this point.

The result of this lower precision of measurement is lower
overall reliability, and lower validity as well (Weiss, 1974). Lord
(1970, 1971a, 1971c, 1971d, 1971e) and Hick (1951) have concluded
that a test score most accurately reflects an individual's ability
when the probability of a correct response to an item is .5 for
that individual. Conventional tests obviously cannot meet the
requirements of .5 probability for all examinees as all items must
be given to all examinees.

A second source of error results from not extracting all the
information contained in an examinee's answers to questions. Conven-
tional tests typically use number or proportion of items correct or
some transformation of total test score and disregard item discrimina-
tion. Two recent developments have enabled the psychometrician to
more accurately assess the status of individuals on measureable traits:
Adaptive testing and latent trait test theory. Adaptive testing
enables adapting each test to fit characteristics of each individual
test. Thus, it allows the presentation of the most informative
items to an examinee to be used as the basis of that individual's
test score. Latent trait test theory allows the calculation of
ability estimates in the same metric for each examinee and permits
comparisons among scores even though each may have taken a different
subset of items Lord, 1970; Wood, 1973).
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I

The following contractors to the Office of Naval Research are
engaged in adaptive testing studies: The Psychometric Methods Programl
University of Minnesota, the Tailered Testing Research Laboratory
University of Missouri, Department of Psychology, University of Southern
California. The AFOSR and AFHRL have adaptive testing contracts
with Professors Ron Hambleton and Hariharan Swaminathan at the
University of Massachusetts. The proposed study does not duplicate
other efforts but rather is complimentary. Results of the proposed
effort will advance the state of knowledge in this important area.

As was evident from paper presented at the 1979 adaptive test-
ing conference (CAT' 79) there is an interest in real data compari-
sons of one and three parameter item response models. It is possible
that adaptive testing procedures might have a high utility for small
groups when the one parameter model is used. The proposed efforts
would compare one and three parameter models in a student population.
The independent variables would be one and three parameter item
calibration procedures and the dependent variables would be test
scores and correlation with an external criterion. Hopefully,
computer adaptive testing will from a military standpoint reduce
test taking time 25% therefore, reducing the cost of such efforts
by 30%.
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I. INTRODUCTION: mAdaptive" testing Is one of a number of terms used to
describe a procedure whereby the test items that comprise an individual's
test are selected during the test Itself. Some of the other terms used
Interchangeably with adaptive testing include tailored testing, branched
testing, programmed testing, and Individualized testing. The term
"adaptive" was chosen because these tests adapt themselves to the
examinee; different persons answer different items, with the Items chosen
sequentially to suit the individual examinee's performance.

Differential selection of test items may be accomplished in any number
of ways. But, generally, in adaptive tests a more difficult item is admin-
istered following each correct answer, and an easier item following an
incorrect one. Some methods of adaptive testing have been implemented
in paper-and-pencil mode; for example, Lord's (1971) flexilevel adaptive
test was designed specifically for paper-and-pencil administration. How-
ever, experience has shown that the Instructions for paper-and-pencil
adaptive tests are too complex for some examinees to follow successfully
(Weiss & Betz, 1973, p. 23). A more satisfactory mode of administration /
is through use of an interactive computer terminal or similar device. Thus,
Weiss (1976) chose to administer adaptive tests at a cathode-ray terminal
(CRT); Bayroff, Ross and Fischl (1974) reported the Amy's development of
a computer-controlled slide projection terminal for adaptive testing;
Waters (1977) designed and built a micro-processor terminal which directs
the examinee through an adaptive sequence of test items read from a printed
booklet.

Item selection strategies. Because adaptive tests are quite different
from conventional tests in which all examinees must answer the same set
of test items, adaptive testing poses some new psychometric problems. One
problem is how to choose successive items from the pool of available items.
This problem can be solved through an item selection strategy, which defines
a formalized rule for item choice.

Numerous item selection strategies are possible. They vary from very
simple two-branch rules to rules based on the optimization of rather com-
plex mathematical functions (Weiss, 1974). Obviously, computerizing the
Item-selection process, facilitates the use of the mathematical optimiza-
tion procedures.

Scoring adaptive tests. Since different examinees take sets of test
items which may differ in number, difficulty, and discriminating power, the
traditional number correct score will not suffice to order people on most
adaptive tests. Some scoring procedure is required which will consider not
only how many items were answered correctly, but also which items were
taken, and the pattern of right and wrong answers to those items. The
scoring procedures most widely used in adaptive testing are based on
various formulations of latent trait theory (e.g., Birnbaum, 1968; Lord,
1952, 1974; Rasch, 1960). All of these formulations provide statistical
methods for locating examinees on a common scale, even though they responded
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to different sets of test items.

Item response theory. Because of the unique characteristics of adap-
tive tests--tailoring eac. test to the Individual and locating all examinees
on a common scale despite the different items constituting each test--
traditional test theory is inadequate for use in adaptive testing. "Latent
trait" or "item response" theory (Lord, 1952, 1976) provides an adequate
theory (Lord, 1952, 1976) provides an adequate theoretical basis for the
development of adaptive testing.

Item response theory, also known as item characteristic curve theory,
is a general term for theoretical formulations which account for examinees'
responses to test items in terms of their status on an underlying attribute.
In ability (or achievement) testing, the higher the attribute status, the
larger is the probability of a correct response to any given item which
measures the trait in question. Through appropriate scaling procedures.
a response curve can be constructed for every such test item. This item
characteristic curve (ICC) expresses the probability of a correct response
as a mathematical function of the scaled trait and the item characteristics.

Every person can be characterized by his/her location on this scale.
Every test item also has a location parameter (its threshold, or "difficulty")
and perhaps its own rate parameter (proportional to the steepness of the
ICC), analogous to its discriminating power. Some items also have a lower
asymptote, or guessing parameter.

Knowing which items a person has answered; the difficulty, discrimina-
tion, and guessing parameters of those items; and whether the answers were
correct or incorrect permits the use of the statistical techniques of item
response theory to estimate the examinee's ability. The resulting ability
estimate is a "test score" of sorts which has an error component like any
other observed score. Unlike classical test theory, item response theory
makes no assumption tjat ,easire,emt errors are indepandent of "true score",
which is appropriate because this central assumption of classical test
theory is untenable (Lumsden, 1976). Whether ability is defined as "true
score" or as location on a latent continuum, errors of measurement can
vary at different levels of the trait, reflecting in part the discrepancy
between examinee trait level and the difficulties of the test items.

Information. Item response theory permits the evaluation of something
closely akin to the standard error of measurement as a function of under-
lying ability, if the test item parameters are known. This is called the
test information function (Birnbaum, 1968) which is inversely proportional
to the standard error of estimating an examinee's location on the trait
scale. If the information function of a typical peaked conventional test
(one whose items are all about equal in difficulty) were plotted, its test
information function would likewise be peaked--very high over a narrow
range of the trait, but diminishing in magnitude elsewhere. Such a test
will discriminate very well over a narrow interval of the trait range; it
will not discriminate as well outside that interval. The ability level
at which the test information function is highest can be referred to as
the test "center".
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The information function of a "rectangular" conventional test (one
whose item difficulties are uniformly distributed over a wide range) is fairly
flat, but low over a broad interval on the trait scale around the test
center. This test would measure about equally well over a much wider range
than the peaked test, but other things being equal, would not discriminate
nearly as effectively as does the peaked test at its center.

The design of conventional tests. A test measures best (most precisely)
where its information function is highest (and hence its standard error
is lowest). It is frequently desirable to have high measurement precision
over most of the normal range of the attribute we seek to measure. This
is tantamount to a high, flat information function. Conventional testing,
however, presents a dilemma. A peaked test can be constructed which yields
an Information function with a high peak; or at the other extreme, a rectang-
ular test can be built which has a low, flat information function. A test
with a high, flat information function cannot be constructed for conventional
test administration unless it is extremely long.

This problem can be referred to as a "bandwidth-fidelity dilema", with
apologies to Cronbach (1961), who described a different "bandwidth-fidelity
dilemma". The designer of a conventional test can construct it to have high
"fldelity"--high precision, low measurement error--over a narrow range of
ability; or to have a borad "bandwidth"--equiprecision of measurement over
a wide range of ability, at the expense of fidelity. In designing a conven-
tional test, there is a tradeoff between broad bandwidth and high fidelity;
the designer cannot have both.

II. OBJECTIVES: Herein resides the most attractive feature of adaptive
tests from a psychometric point of view: Because the test is adapted to the
individual, the discrepancy between trait level and item difficulty can be
made both small and fairly constant across the trait range. The result is
a flat information function which is also generally high. Adaptive tests--
and only adaptive tests--are capable of accurate, equiprecise measurement
over a wide ability range. This should pay dividends in test reliability,
criterion-related validity, and in the general utility of the test for a
broad range of measurement and decision applications.

A properly designed adaptive test will have higher reliability than a
conventional test of the same length. As a corollary to that, an adaptive
test can achieve a specified level of reliability in substantially fewer
items than can a conventional test, thus permitting the measurement of addi-
tional attributes in the time saved. Both improved reliability and additional
measurements should result in an increment in predictive validity over that
obtained using conventional tests.

In addition to the psychometric benefits accruing from the use of
adaptive tests, there are psychological benefits to the examinees. Adaptive
tests can have positive effects on the test-taking motivation of examinees
(Betz & Weiss, 1976b) and, for some testees, on their measured ability
levels (Betz & Weiss, 1976a). By tailoring test difficulty to examinee
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III, IV, V. Interim Conclusions: Ree (1978b) demonstrated the
feasibility of computer item banking and item manipulation In a military
test construction environment. A computer-based system comprised of an
item editor for entry and modification of items was designed as was an
interactive procedure for item pool and test construction. This allowed
estimates of number-right score mean, variance, reliability, and percen-
tile equivalents to be estimated and printed. Several printing options
permit the ordering of items to suit the user. The accuracy of the
estimation procedures was tested by computing item parameters in one
group and estimating the test parameters in a hold-out group. These
estimates were found to be quite good.

Another research objective is to recognize the consequences of
errors in item calibration. Past research (Ree, 1979) indicates that, as
long as errors are normally distributed, the b parameter has the great-
est effect on scores, followed by the a parameter and then the c para-
meter, even in low ability groups. The item parameter that appears to
be the most influential, b, is also the item parameter which can be
estimated with the most accuracy in practice, while the c parameter,
generally the least influential, Is the item parameter which is the most
difficult to estimate.

A simulation study (Ree, 1978c) of the effectiveness of four-item
characteristic curve parameter estimation program was conducted. Using
the three parameter logistic model, three dissimilar groups (data sets)
of 2,000 simulated subjects were administered 80-item tests. Thess
simulated test responses were then calibrated using the four programs.
The estimated item parameters were compared to the known item parameters
In four analyses for each program in all of the three data sets. It
was concluded that the selection of an item calibration procedure
should be dependent on the distribution of ability in the calibration
sample, the planned uses ofthe item parameters, and the computer
resources available.

Because it will be necessary to develop item pools of from about
150 to 450 items, special techniques have been developed to link separately
administered subsets of items at the item level. Ree and Jensen (1979)
studies one of these procedures which uses a set of common anchor items
in each subset of items in order to offer operational procedures. To
establish large item pools, it Is necessary to try out several hundred
items for possible inclusion. Because it is impractical to administer
several hundred items to the same several thousand people, the invariance
properties of Item Characteristic Curve parameters are used to equate
test items. A simulation study was conducted in order to investigate
the effects of errors in estimated ICC parameters on equated parameters.
Four samples of simulated examinees,ranging from 250 to 2,000 subjects,
were administered a test for estimation of "anchor" ICC parameters to be
used in equating. An additional four samples of examinees, also ranging
from 250 to 2,000 subjects, were administered a different test containing
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the identical 20 anchor items, plus 60 additional iteus. The effective-
ness of the equating procedures was studies through analysis of summed
absolute deviation from the known Item parameters of the estimated item
parameters and the equated item parameters for the various combinations
of "anchor" item calibration sample size and equating sample size.

It was determined that the b parameter could be -accurately estimated
with as few as 500 subjects, but the a parameter required at least twice
as many subjects for accurate estimation. Operationally, this means
that large numbers (say, 2,000) of subjects will be needed for develop-
ment of the required item pools when calibrated with the three parameter
model.

It is expected that the Tennessee State research will further be
sharing this knowledge in this field which is new by assessing the effects
of item characteristic curve models in a field setting. This will contrib-
ute materially to the efforts on going at AFHRL. It will also provide
some of the answers to psychometric problems which must be overcome
prior to operational implementation of computer driver adaptive testing.
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ability, adaptive tests can reduce the effects of guessing among low-
ability examinees and make any remaining effects relatively constant across
ability levels.

As was evident from paper presented at the 1979 adaptive testing
conference (CAT' 79) there is an interest in real data comparisons of one
and three parameter item response models. It is possible that adaptive
testing procedures might have a high utility for small groups when the
one parameter model is used. The proposed efforts would compare one and
three parameter models in a student population. The independent variables
would be one and three parameter item calibration procedures and the depen-
dent variables would be test scores and correlation with an external crit-
erion. Hopefully, computer adaptive testing will from a military stand-
point reduce test taking time 25% therefore, reducing the cost of such
efforts by 30%.

The fact that TSU hosts the only Air Force ROTC unit in Middle Tennessee
is a plus. It fosters an understanding and appreciation of the atmosphere
that most of the thousands of college students in this area miss. This is
possible because there are eight schools in the Nashville Area thathave
crosstown agreements with Tennessee State. These crosstown agreements
enable students at these eight schools to pursue their academic careers at
the school of their choice while pursuing an Air Force commission through
Tennessee State's program.

The impact is great, for each student must enroll with the Office of
Admissions and Records, each student receives grades from TSU, and each
student must attend classes on TSU's campus. Such requirements ensure that
Tennessee State's "Touch of Greatness" is filtered throughout the academic
community.

Since its establishment at TSU in 1953, AFROTC Det 790 has been a major
source of black officers for the U.S. Air Force. More than 98 percent
of the 356 commissionees have been black. Many of them remain in active
service to the Air Force, and two are currently ROTC instructors at TSU.

The research involved in this study will continue under a mini grant
will hopefully provide insight and meaning to the whole area of computerized
adaptive testing by providing data from a segment of the population that
heretofore has not contributed as a unit.

The physical equipment and the software is a duplicate of the hardware
and software at Brooks AFB, TX Tha approach to be taken will be to continue
the collection, synthesis and analysis of data.

VI Recommendations: Guidance for implementing the results of this
research wMtlbietrectly related to the efforts of AFHRL, Brooks AFB, TX,
in that research involved in this study is not a repeat study but hopefully
it will convey some conception of what adaptive testing is and the rudi-
ments of the test theory supporting it.
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Several procedures for estimating latent trait status have been pre-
sented. It has also been suggested that adaptive testing procedure often
can provide more accurate estimates of latent trait status than conventional
tests. Though there is no necessary connection between latent trait theory
and adaptive testing, there is a strong natural impetus toward their joint
application. Latent trait theory provides adaptive testing with a coherent
theoretical foundation. It is a guide to procedures for designing and
scoring adaptive tests. On the other hand, adaptive testing offers the
opportunity to take maximum advantage of the potentialities of latent
trait theory. At this point in time, both a new type of test theory and
a new type of testing technology are available. Their joint effect might
possibly exceed the sum of the two parts.

I
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NI)DUATED SPONTANEOUS RAMAN EFFECT FOR

LASER ALL-OPTICAL FREQJF.NCY STANDARDS

by

C. R. WILLIS

ABSTRACT

The purpose of this report is to investigate the feasibility of using

the bdulated Raman Effect in laser all-optical frequency standards. After

a brief review of all-optical frequency standard programs at the Electro-

optical Device Technology Branch, we derive the equations of motion for the

density matrix of the hyperfine levels of the ground state for atoms under-

going a modulated Raman effect. We show that the spectrum of the modulated

Raman effect is the same as the urmodulated Raman effect. Consequently,

for stationary atoms the spectrum depends only on the narrow lines of the

ground hyperfine states and is independent of the broad excited state line-

shape. We conclude with a list of remaining extensions of the present work

that are needed to establish the viability of Raman effect for all-optical

frequency standards.
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I. Introduction

The purpose of the present work is to determine the spectra of the spon-

taneous Raman effect when the optical beam is coherently modulated at the

hypofine transition. In particular, does the spectra depend on both the

lifetimes of the ground and the excited atomic states, or does it depend on.

only the lifetimes of the long-lived ground hyperfine states? The answer to

the preceding question is important for the possible use of the Raman or

Resonant Raman Effect in All-Optical Frequency standard schemes being

carried out at ESO. To provide motivation for the present research, we will

first describe the ftequency standard program at ESO, then we will derive

the spectral of the modulated Raman effect.

Proposed optically pumped atomic beam frequency standards have typically

employed lasers or resonance discharge tubes and photodetectors to replace the

dipole magnets and hot wire detector of a standard Iabi resonance apparatus

both for state selection in the A region and for detection of transitions in

the B region while still using a Ramsey type microwave cavity to induce

transitions in the resonance or C region. (For example, see Refs. (1,2,3)).

Various advantages including some size and weight reductions are potentially

achievable by the elimination of the magnets required for state selection

and analysis. However, such standards would still require a large L-branch

cavity within the atomic beam vacuum chamber to induce transitions between

hyperfine levels of the ground state. The frequency standard group at ESO

have proposed two schemes for eliminating the requirement for microwaves

within the C region and hence achieving all-optical standards.

The first scheme is laser-induced fluorescence for state inversion.

The first step is state selection by optical pumping with a dye laser of

frequency v0  which in the case of Na pumps all the atoms from the F=2
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level into the F-l hyperfine level of the 32S, ground states. If the

laser frequency could be shifted by the hyperfine frequency Vhf (i.e. from

V0 to V0  + Vhf) one could repopulate level F=2 by absorption of shifted

laser radiation vI . V + Vhf followed by fluorescence. In addition

to eliminating the necessity for a microwave cavity in the resonance

region, this scheme also eliminates completely the need for a separate B

region for state detection. Instead, the fluorescence signal in the C

region can be used as a measure of the rate at which state S, (F=2) is

f Ibeing repopulated and may be used to derive a clock signal. The shifting of

the laser radiation by a microwave frequency Vhf can be accomplished by

amplitude or frequency modulating the laser light with a LiNb0 3 microwave-

driven acousto-optic modulator. The modulator acts as a thick diffraction

grating; consequently the modulated light emerges at the Bragg angle and

is spatially separated from the unmodulated light which is not deflected.
By varying the microwave drive power the ratio of the powers o and at

v can be controlled.

4 A clock based"on laser induced fluorescence will tend to be inherently

less stable than one operating directly on the hyperfine transition because

of the great disparity in widths between the optical and hyperfine transi-

tions (typically of the order of megahertz for the optical transition and

kilohertz for the hyperfine transition). However, since the frequency

stability of a clock is proportional to the optical line width r and in-

versely proportional to the square root of the number of collected photons,

it is possible to compensate for the large optical line width by a suffi-

ciently high fluorescent flux. In the present case, the fluorescent flux

can be made sufficiently large that frequency standards of remarkably high

stability are possible.
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The second scheme process for eliminating the rcquirument for micro-

waves and hence achieving all-optical frequency standard is the use of

stimulated Raman processes for state inversion. This scheme developed out

of my interaction with Dr. C. Leiby and Dr. R.H. Picard of ESO while I was
2

a summer faculty research associate. In this scheme the S (F-i) state

is selected by laser pumping followed by fluorescence as in the previous

section. However, the inversion in the B region is accomplished by a

two-photon resonance involving an absorbed photon of frequency v, - v + v

and an emitted photon of frequency v0. When the microwave frequency

Vuw = Vhf a difference-frequency crossing resonance4 occurs and there is

a sharp maximum in the gain at the Stokes frequency v. = V0 " This reso-

nant Raman process is enhanced by the presence of the resonant 2P31 2(F'= 1)

intermediate state. The bandwidth of the ltunan gain is independent of the

width of the optical 2 P3/2 (F'= 1) level and depnds only on the sum of

the narrow hyperfine 2S, I levels for stationary atoms or for beams which

are perpendicular to the direction of the laser beam. Consequently, by use

of the resonant Raman effect it is possible with the use of atomic beams to

arrange the geometry such that the megahertz line width of the laser induced

scheme is replaced by the long-level hyperfine level linewidths which are

only of the order of kilohertzs. One advantage of the present scheme is

that the fluctuations in v0 do not directly affect the frequency stability

since both pump and Stokes frequencies fluctuate in the same way. Hence,

the current scheme is relatively insensitive to laser frequency jitter.

There are some potential drawbacks ofthe current scheme. In the next

section we derive the etuations of motion of the density matrix for the hyper-

fine levels of an atom underoinp. the spontaneous Raman effect.

A 66-6



The Raman Effect

We start with the quantum mechanical Liouville equation for p

i !i =[H0 + NV, P (1.1)

After a transformation to the interaction representation we iterate the

resultant equation four times, starting from the density matrix at time

t = 0. The result is

t tk t3  t2

w (O) ( = hi- t 4fdt3 Jdt2 f dt1[V(t4),[V(t3 ),[V(t2),[V(t), (O)]]] ] (1.
2)

0 0 0 0

where the tilde indicates the interaction representation. If the interaction

time exists and is small compared with the relaxation time then the right

hand side of Eq. (1.2) is proportional to t. Dividing by t we obtain

dt

where t t4 t3  t2  1.3)

K =lm t t d3z.ft~~l'V~3'Vt)[~l) 03 3 )

0 0 0 0

Eq. (1.5) is true at t = 0. We assume it is true for all times t. The

rigorous derivation does not change the form of K but proves Eq. (1.3) is

true not just at t = 0 but for all times. We will derive Eq. (1.3) by

explicit calculation of the operator K.

j The equations of motion for the density matrix for the spontaneous

Raman effect are

P K p -K P T' (a PVV -a p )

(ll + Kvta)OL v  16 ivpv -T' (aPV + aia)PtIy (1.4b)
PV2 ji ±Li

where p is in the interaction representation and for convenience we have

dropped the tilde. The explicit expressions for % , a ,VAWV, and T are

given later in this section. The aV are purely angular factors. The reason
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for the approximate equality signs in Eqs. (1.4a) and (1.4b) is that the

magnitude of the probability per unit time of going from state v to state i differ

by terms of order (Q I/9 ) where a is optical atomic resonant frequency.

We are using the optical pumping convention of using Greek letters to label

the Zeenan levels of the grount state an Latin letters for the Zeeman lev-

els of the atomic excited states. Although the results will apply to any

number of levels in the ground state, for convenience we will consider just

two ground state levels p and v.

One might conjecture Eq. (l.4a) from Fermi's golden rule, however there

are two fundamental reasons and one practical reason why a derivation of

Eqs. (1.4a) and (1.4b) are necessary. First it is necessary to show there

are no additional terms in Eq. (1.4a) coupling P PP , which is a distinct

a priori possibility unanswerable by a simple appeal to Fermi's golden rule.

Second, Fermi's golden rule does not tell you how to get the equations of

motion for the off-diagonal matrix elements of the density matrix. Finally,

the effect of modulation is easily introduced into the derivation of the

equations of motion for the density matrix of atoms undergoing the Raman

effect.

In order to evaluate the kernel K defined in Eq. (1.3) we must introduce

an explicit representation of the interaction P. E. We need a quantum

mechanical description of the beam for two reasons. First, the thermal

beams used in optical pumping have approximately 10- 7 photons per mode so

the concept of a phase is not very well defined; second, spontaneous emis-

sion of a quantized matter system requires the radiation field to be quantized.

The definition of E(r,t) is

E(r,t) = i(2v)'Zf~l(tk)/2(1kak exp i(k .- wt) - Ela k exp - i(k.r - cot)) (1.5)
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where V is the volume of the system, ek is the polarization of the photons

of wave vector k and frequency Sk and ak and at are the usual annihilation

and creation operators which satisfy the commutation relations

8kk' ' ak 9 ak'] = [at , at] 0

We are using real polarization vectors. For complex polarization vectors

the second term on the right hand side of Fq. (1.5) would be ck. At the end

of the calculation we go over to a continuous density of states. In the

beginning of the calculation, however, it is convenient formally to treat

the radiation states as discrete. The integral of the dipole moment of the

atom over the electric field in the dipole approximation is

E(r)dr = i(2V)p (h oD)12 a -X
k -/ k

(1.6)

+ te'-ik.X E D) _ ) a + af

k

where p is the matrix element of the electron dipole operator between the

electron radial ground and excited states, j is the center of mass of the

atom, and D is the unit vector (r/Irl) in the direction of the dipole moment.

The definition of the k is

Sip(t u )'/' (2V )-1/2 expO Xk.-D

with matrix elements in the interaction representation

<VlN(t)lm> = CkK<P I k'D Im>exp(-n Imt)

where
ck - p %1/2 (2V)- 1/2 exp ik.x

and where

M _E -Em m
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In the definition of K in Eq. (1.3) we have products over all possible

sets of four operators. However when we average K over the thermal beam the

only possible products which survive are of the form <a~akal,ak,> or

<aaakak > where < . .. .> denotes an average over the density'matrix of

the thermal optical radiation beam. We are using the term thermal to in-

dicate that the density matrix for the optical beam is diagonal in the photon

number representation; and modes of different wave number are uncorrelated.

Secondly only those terms with time dependence exp i(Q k - "m )t contribute

those of the form exp i(fik + Q MJ)t are smaller by a factor of 1014. This is

just the familiar rotating wave approximation which corresponds in the Raman

effect to neglecting the diagrams where the final photon is first emitted,

then the incident photon is absorbed.

When we substitute Eq. (1.6) for V in Eq. (1.3) for K and use the defini-

tions for Ok and Ckwe obtain after a very lengthy calculation the following

result for K,

K = (2) " 5 c"6 h"2 P f dn d%', % %, :(%)

a Ik' (Ok% ' )] 4wkt~ ~ '~In~ vkI
L (1.7)

where n =<qak>

and where

V1I (. ) (2rr)3  dl(.... ) = (2,c)'3 dQk( ....

The result of the integration over d~k, is

K - 4 -31c-3h-1 dv 3~ )3n -2 2V" 4p43l3h' dk)k n(vk)vk(3/4) D<lk,Im>l2}avg

k<vlek.Dlm>l
2
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.Nrzph-1 3 3 -3 2.8)Vp dvkvkn (k)Vk'vV V0  Vvk a Jv

where 2rviv - kv ' 2nvkv = wkV and v0 is the frequency difference between

the electronic ground state and its degenerate excited state. The angular

factor ap, and the inverse of the spontaneous emission lifetime r are

a J :- (3/)7 2,m>12, I<lE • D1m)1 2

and r 4p2 v3 (3 t)-1
0

where {....avg is the average over the angles of polarization of spontaneous

3 3bylsthnmemission. The expression (vk - v V) differs from Vk by less than

part in 103 . Consequently Eq. (1.8) for K V reduces to the following ex-

pression
K vtp2 h-lI -2

dvkvkn(vk)vkv av _ 1 a.i a v

The relaxation time is essentially independent of the states p and v,

because the expression for K, differs in magnitude from K,, only in the

3replacement of (vk - v ) which is a difference of the order of 10 " and

thusK is equal to T avp.

We obtain the expression for iAV in continuous variables in the same

manner and the resulting

4 ff dk d-,

iV (2nc) b2 vk i kk'

17 jm , 1.l 2  I(v1. . 21,,,m>2
Lm

irp2a df d , 3 3 (1.9)

C (2) '  
- + "k'
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Accurate estimates of A probably requires machine computation.

iV

We have shown the spectrum for the Raman effect is proportional to

k k k " IV) (wvk vk) -1

which is independent of the lifetime of the excited atomic states as far

as the resonant frequency condition is concerned. In the next section we

will determine the modifications in the Raman effect when we modulate the

optical frequency at the hyperfine frequency Q PV"

III Externally ttdulated Ramn Effect

In Sec. II we found in the absence of modulation that the equations of

motion for the diagonal and the off-diagonal density matrix elemnts were

not coupled to each other. As a result the steady state transverse magnet-

ization vanished. We now show if the thermal beam is modulated at the fre-

quency Q 1V then the equations of motion for the diagonal and off-diagonal

matrix elements are coupled to each other and consequently as we now show the

density matrix for the hyperfine levels behave as if they were driven directly

by a coherent hyperfine frequency field rather than a coherently modulated

optical field.

We give only the results of the calculations since they are tedious and

differ from those of the unmodulated Raman effect in only two ways, namely

<a ak> is replaced by <ak ak+ > and I<VIEk . Dlm>l is replaced by

<Piek • Dlm><mlc k . Dlv>. The full equation for jv is

v+ i A PV V + T 1 a 1v P P = d D v (P4 - PVV )

,where
D~ V- A VV + iB -a (2T)-1 i(2T) " C
;A(c c )+((c +c 

j 66-12
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and where

-1 f'f 4 d11k.dl\a110i n( a) 1

We use the results of Ref. 5, to replace <ak ak+j> by d<ak ak> where Qk+u ak + flV

and d, the depth of the modulation, varies between zero and one. The relax-

ation time Tp differs from T only in that the uelta function of k " Sk -"Jiv

is replaced by the "Principal part" of the same argument. As a consequence

of their definitions the coefficients A, B, and D satisfy the following sym-

metry relations: D D * B =B * and A - A
g.v VP V.V V4 VV PV

which guarantee the-preservation of the hermiticity of the density matrix p.

For some polarizations such as linear polarization the A vanish and the D V

is purely imaginary. In order that D does not vanish the polarization must

be coherent in the sense of Cohen-Tannoudji ; i.e. the polarization must be

a linear combination of two or more of the three states of polarization a+,

a, and 7r.

The modulation produces a contribution from the off-diagonal density

matrix elements to the equations of motion for the diagonal density matrix

elements in exactly the same manner as the diagonal elements contribute to

the equations of motion of the off-diagonal elements. The equation of

motion for the population difference is
[6( VP -VV Vt)/] + T-'(a V -a p Pv ) =- 2d(D V " DvP P PV)  • (3.2)

The factor of two in the above equation is a consequence of the fact that

pVV is equal and opposite to

From Eqs. (3.1) and (3.2) we see that the spectrum of the modulated Raman

effect is the same as the spectrum of the unmodulatcd spectra. The second

important result is that the modulation represented by the term -2dDuv
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is equivalent to an external field - i h -l< j.Ilolp> where 110 is a coher-

ent external field of frequency SI j V . "llcrefore we have proved that a co-

herently modulated external chiotic beam transfers the hyperfine coherent

modulation directly to the hyperfiJne levels of the atom in exactly the same

manner as an applied coherent hyperfine field.

IV Conclusions

We have accomplished the first step in the calculations needed to use the

second scheme of Sec. I for all-optical frequency standards. Many more cal-

culations remain to be performed before the viability of the record scheme

is demonstrated. Future work must extend the present work to 1) resonant

Raman, 2) to coherent optical beams, 3) to high intensity pump beams and

4) to determining the optimum approach to an error signal for the all op-

tical frequency standards.
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UNSTEADY LAMINAR BOUNDARY LAYERS DUE TO

TRANSVERSE CYLINDER & FREE STREAM OSCILLATIONS

by

D. E. Wilson

ABSTRACT

The purpose of the present investigation is twofold:

first, the response of a laminar boundary layer on a circular

cylinder to small periodic transverse fluctuations of the

free stream velocity is investigated. And secondly, the

kinematically similar problem of a periodic transverse

oscillation of the cylinder with respect to a steady uniform

free stream is considered.

The solution is accomplished by first expanding the stream

function in terms of e, where e is the ratio of the transverse

velocity component to the undisturbed free stream velocity. The

resulting equations are then solved by an asymptotic expansion

in terms of the reduced frequency. Due to the singular nature of

the perturbation problem, an inner and outer region are defined

and the method of matched asymptotic expansions is employed.

The result is compared to a numerical solution valid for all

frequencies. In addition, an exact solution valid only in the

stagnation point region is presented for comparison.
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1.) Investigate the flow field in the neighborhood of

cylinder undergoing transverse oscillations with

respect to a steady uniform free stream. In addi-
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stream which contains an equivalent transverse

periodic oscillation is investigated.

2.) An approximate analytical solution under reason-

able restrictions, valid for any geometry should

be obtained. This solution should then be

checked with know solutions in the stagnation

point region or numerical results.
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1.0 INTRODUCTION

In unsteady flow, potential theory has been used quite

successfully to describe many important aerodynamic charac-

teristics such as flutter, inlet distortion, and helicopter

blade loading. However, the inviscid approach is inadequate

for describing detailed features and basic mechanisms present

in many unsteady flows. Some examples are: dynamic stall,

stall flutter and unsteady separation. In these cases, time-

dependent boundary layer theory must be employed to describe

a number of unsteady viscous effects such as temporal and

spatial phase differences, non-linear streaming, separation

delay and viscous damping.

Most studies of unsteady boundary layers have been con-

cerned with the response of laminar incompressible boundary

layers to small periodic fluctuations in the free stream.

The first substantial effort in this area is due to Lighthill

[1] and Lin [2]. With few exceptions, most analysis has

concentrated either upon the stagnation point region [3], [4]

or flow past a semi-infinite flat plate [5], [6]. In addition,

most of these investigations consider the boundary layer

response of an oscillating free stream near a fixed body. The

statement is then usually made that for incompressible flow

the problem is equivalent to one of an oscillating body in

the presence of a steady uniform flow [4], [7]. It is the
authors contention that this particular statement does not

hold in general.

With these factors in mind, the purpose of the present

investigation is twofold: first, the response of a laminar

boundary layer on a circular cylinder to small periodic trans-

verse fluctuations of the free-stream velocity is investigated.

And secondly, the kinematically similar problem of a periodic

transverse oscillation of the cylinder with respect to a steady

uniform free stream is considered.

The solution is accomplished by first expanding the stream

function in terms of c, where c is the ratio of the transverse
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velocity component to the undisturbed free stream velocity.

The resulting equations are then solved by an expansion in

terms of the reduced frequency which is compared to a numeri-

cal solution of the same equation. In additioi, an exact

solution valid only in the stagnation point region is pre-

sented for comparison.

2.0 MATHEMATICAL FORMULATION

The basic problem considered in this investigation is
that of an unsteady incompressible flow over an infinite cir-

cular cylinder. Two distinct situations, as shown in Figure 1,

are responsible for the unsteady periodic nature of the flow.

First, a uniform flow approaches the cylinder which is oscil-
lating transversely with respect to the free stream, whereas

in this second case, the cylinder is fixed in space and the

free stream contains an oscillating transverse component.
For the case of an infinite cylinder, the flow will be

two-dimensional. The usual boundary layer coordinates are

adopted, where x denotes the coordinate parallel to the surface

and y is the coordinate normal to the surface. Curvature can

be neglected in the analysis through first order as discussed

by Gersten [8] and Van Dyke [9].
Defining the stream function, i as

and g = -

We may write the boundary layer equations as

__ (1)i

A_ e

The boundary conditions are simply

60 at (2)
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and

as

In Equation (1) and (3), Ue represents the velocity at the

edge of the boundary layer which will be determined from

potential theory.

2.1 POTENTIAL FLOW AND BOUNDARY CONDITIONS

It has long been recognized D01 that for compressible

flow, the two problems: fixed bodies in oscillating flows

and oscillating bodies in a steady uniform flow are not

equivalent. The discrepancy is due to the inertia term in-

troduced in the boundary layer equations when transforming

from the fixed to the oscillating coordinate system. In one

case the term is p (3U e/t), whereas, in the other case it is

P('Ue/'t)•

A common misconception currently being propagated [4],

[7] is that for incompressible flows, ie p = po, the two

problems are equivalent. It is, however, correct to conclude

that the equations are identical but the boundary condition

for the two problems are not necessarily the same. The

original conclusion that the effect of oscillating free stream

vs oscillating body produces equivalent equations and, hence,

equivalent flow can be traced to Lighthill [1] and Glauert [11],

For the specific problems that they considered both the equations

and the boundary condition transform equivalently and, hence,

both the mathematical description and the resulting fluid flow

are identical. It cannot, however, be generalized to include

all incompressible flow situations as will presently be shown.

First, consider the case of a cylinder oscillating trans-

versely in a steady uniform flow. Using potential theory, the

outer flow can be determined as follows: let (r, 0) be the

polar coordinates of a point with respect to the axes through

the center of the cylinder, and let (Xo, Y ) be the coordinates
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of this center with respect to the fixed coordinates, as shown

in Figure 2.

The equation of motion for irrotational flow is simply

(4)

The boundary condition is given by

5(5)

where A -/V'Z , Following the method described by

G. I. Taylor [12] the solution is simply

The circumferential velocity at r = R is then

go 0),' = -, 6 C-b _ - % ?- U y (7)

Denoting this as the edge velocity, Ue, and letting

Cc& Wk -yields

- IL Z S_'v -A(< C.o OC t (8)

From this, we see that the velocity of the stagnation point

is given by

41;o (9)
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Next considering an oscillating free stream approaching1 a fixed cylinder the result is simply

= L ~ -\~C lt±. (10)

and the stagnation point velocity is given by

CAI b - (11)

It should be noted that in both Equations (9) and (10),

the restriction of small stagnation point displacement was made

so that - - V +s . This restriction is not included,

however, in the expressions for U e(X, t).

2.2 NONDIMENSIONALIZATION

Before proceeding with the analysis, a set of nondimensional

variables must be selected. Two important viscous length scales

are involved in this problem. They are 6 and 6B' where
- 1/2.S B /

SS -(v/W) is referred to as the Stokes layer and 6B - (v/C)I/ 2

is the steady boundary layer thickness, or more precisely the

Heimenz layer. If there were no steady layer present, the

fluctuating part of the flow would extend a distance proportion-

ate to (v/w)1/2 away from the wall. When a steady flow is

present and w - C the two layers are of comparable magnitude

and the resulting flow is quite complex. But if the frequency

is high 6S/ 6B << 1 and the fluctuations are confined to a thin

Stokes layer near the wall and essentially exist independent

of the steady flow. This feature will be exploited later in

the high frequecy perturbation analysis. For now, we will use

6B as the characteristic length normal to the wall, and define

the following non-dimensional variables.

7-1-L,2~ (12)
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Substituting Equations (12) into Equation (2) yields

A~

with boundary conditions given by

at
- (14)

_L as *-1 e 04a (15)

The edge velocity for the oscillating cylinder case is now

written as

iN4

S - ( )e.C (16)

In Equation (13) the new parameter, a, appears and is defined

as a = (wD)/(4), and is directly related to 6B/6 S .

2.3 SMALL FLUCTUATION EQUATIONS

From the definition of the problem, the fluctuations of

the transverse free stream velocity or the cylinder velocity

are considered small with respect to U00. This ratio, which

appears in Equation (16) is taken quite naturally as the per-

turbation parameter such that c = (V0 )/2U.) << 1. The

velocity outside the boundary layer is then written as

where , - .COS -S e for the oscillating

cylinder and 1J AL = (? - Cos -) e for the fixed cylin-

der in an oscillating free stream.
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Expanding the stream function as

A -

we get the following two equations for A and4

CO VQI A (18)

and A

4- - A

(19)

In addition, the nonhomogeneous terms in Equation (19) imply

that 4 can be written as

1 ~3AJZ )(20)

When c = 0. the problem reduces to steady uniform flow past

a circular cylinder as expected. The solution is given by

4,L-s.i from Equation (18) subject to the following boundary

conditions:

- 0 at

as (21)
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The fluctuating component i can then be found by solving

Equation (19) subject to the following boundary conditions

A P-

S at

(22)

At this point it is necessary to point out a somewhat
subtle restriction on the problem to insure that the pre-

dominate perturbation to the problem is due to the small
free-stream fluctuation, Vo 

i t and not a higher order

correction due to the steady streaming created in the

boundary layer. Looking at the unsteady pressure term in

Equation (13), the condition can be written as ae << 1,

which implies U. 2/D >> V . The parameter U2/wD represents
a characteristic streaming velocity in the boundary layer

as first pointed out by Stuart [13]. Using this velocity

along with the cylinder diameter to form a Reynolds number

we find the usual requirement that

I

where RS is usually referred to as the streaming Reynolds

number.

Before proceeding with the perturbation analysis, it will

be useful to obtain a very elegant exact solution which is

not dependent upon any of the parameter ie a and c, restric-

tions just enumerated. The solution is, however, limited to

the stagnation point region only.
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3.0 STAGNATION POINT SOLUTION

In the stagnation point region, ie 5 << 1, the edge velocity
for the oscillating cylinder case can be written as

e- - L  + oI-S A (24)

When c = 0, the solution becomes the classical Hiemenz flow,

where U = sf'(). When c is arbitrary, an exact solution,

first shown by Galuert [11] and independently by Rott [141 is

possible. In this case the equation of motion can be decomposed

into a steady nonlinear equation and an unsteady linear equation.

The case under consideration is slightly different from that

of either Glauert or Rott, but the method is identical.

We begin by writing the stream function as

G-jL) - (25)

where e is now arbitrary. Substituting this expression into

Equation (13) we obtain

~W) 4A~4 -~'Y(26)

The first group of terms equals zero so that the equation for

)(is simply

%XII4 X-V - L% - LP L-4o1 (27)

with boundary conditions given by

A(t KtSand a)-j(28)
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The solution to Equation (24) was obtained by numerical inte-

gration. An approximate solution is also possible for the

case of small and large values of a. This is obtained by

substituting

-Lo( (29)

into Equation (24). This transformation gives the following

equation for *:

-0 =C (30)

c~£~ j and 0>P --o( (31)

Equation (27) is now identical to Glauert's original equation

and the solution is given by a series expansion. Results of

the numerical integration are compared with Glauert's series

solution in Figure 3 for the oscillating component of the

wall shear stress, denoted as T ,o. This is defined as

TWo = p(OU0 / 3y) where

Z (32)

Using Equation (29), we find that T ,o is given by

~4j - -Q(33)
Both the real and imaginary part of LD) are shown in

Figure 3 along with the phase angle. The phase angle is de-

fined as the wall shear stress advance relative to the velocity

and is the argument of (0)
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For the fixed cylinder placed in an oscillating free-

stream,Equation (24) becomes simply

The solution for is then identical and the oscillat-

ing component of the shear stress is simply twice as large.

4.0 HIGH FREQUENCY SOLUTION

Returning to the small fluctuation equations we seek

solutions for a >> 1. For Equation (19) to be valid, we

require that ac << 1 which implies that [(wD)/(V )]E >> 1.

But V = wa, where a is the oscillation amplitude. Using0

this we see that (D/a)c >> 1, thus, for a >> 1 we require

that the oscillation amplitude go to zero. Under these

conditions, the high frequency form of Equation (19) becomes

The solution subject to Equation (20) is

I I-

and it is obvious that the boundary condition at the wall

cannot be satisfied. This is a classical hallmark of singu-

lar perturbation problems and is due mathematically to the

order of the differential equation being reduced by one.

Physically, the situation is explained by the existence of

a thin layer near the wall where the viscous effects are

concentrated and the major part of the boundary layer reacts

as if it were inviscid to the small fluctuations.
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The method of matched asymptotic expansions will now

be employed in order to obtain a solution to Equation (19)

for a >> 1.

4.1 OUTER SOLUTION

Using Equation (20) in Equation (19) and the boundary

conditions for the oscillating cylinder, we obtain the follow-

ing equation:

with boundary conditions

• - - at (36)

In Equation (35), 6 represents the ratio of the Stokes layer

to the Hiemenz layer and is defined as

-0 / 7 /L (38)

Expanding '%Y$,f) in powers of 6 as

A (39)
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and then substituting into Equation (35) we get the follow-

ing equations for n

o - _ (40)

0 41)

(~ZSA L. A

tI- 40

S(45 )

C 67o -'L

: ~~ . . . 'jz .

~ 4 ~-Z ~ (43)

r\>Z

which are subject to the outer boundary conditions

as (44)

>0as (45)

The solutions to the first two equations are

~ ,6n&~4C 6 -) (46)
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Using these two solutions, the equations for 02 and 03 becci

A C

.(48)

The solutions are then

AA

and
A

~LA C C.L> C- (51)

Higher order solutions are conceptually straightforward,

however, they become quite lengthy, and only solutions through

6 are presented.

4. 2 INNER SOLUTION

Both the dependent variable and the normal coordinate must

be scaled differently in the inner region. Using the Stokes

layer as the appropriate scale, we obtain the following:

A

M e-~ (52)
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Transforming Equation (19), we get

'49vL 5  4 O -

(53)

As before, the stream function may be written as

and can be expanded as

Before these results are substituted into Equation (53), the

coefficients, etc, must be rewritten in terms of the

inner variables. In doing this, it is important to remember

that the inner solution is obtained by letting 6 0 with

fixed. But the coefficients are functions of n = 6fi. There-

fore the coefficients should be expanded for small n, and then

rewritten in terms of 6?. This procedure is outlined next.

The steady state solution, A, is expanded using the

Howarth series as
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and the external velocity is written as

Substituting these into Equation (18) yields a series of equa-

tions for the f's similar to f0 below.

Next expanding each f as n 0 yields expressions similar to

the result for fo given below.

where a= 1.23259

The final result forA4. thru _ is then

Ci

ld ( ~56)

where a2 = 2.8978, b2  3,8082, c2 = 0.7150

Returning to the inner variables, Equation (56) can be

written as

(57)

where F2 ( ) and F3(S) are the terms in brackets.
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Now using Equations (54) and (57), Equation (53) can be

written as

_., '% -, _.. "7(58)722

with boundary conditions given by

, (59)

and

X4~ (60)

Finally using Equation (55), we get the following equations

for 4n through third order
n

(61)

o (62)

(63)

1-- 3- C1 -- 2 A-
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The solutions, subject to the boundary conditions are

A&J (65)

(66)

7=. C- L1 - (67)

-h ~o& 3 \~s)~z 4 J13~J~L~ ~(68)

where S 7- 1" . As expected, the first term in

the expansion, ie, 00, represents a Stokes wave solution in

response to the unsteady pressure term and the second term,
( 2' represents a Stokes wave solution to the quasi-steady

pressure term.

4.3 COMPOSITE SOLUTION

To determine the unknown constants in the outer solution,

we will use the matching principle below.

This simply states that the inner expansion of (the outer

expansion) equals the outer expansion of (the inner expansion).

Neglecting exponentially small terms, the inner expansion

can be written in outer variables as

67-22
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-g L Co s C-04r s5
4-~~ ~( Cos!

- SC)  (69)

Similarly, the outer expansion can be expanded as n 0 as

S7 Cos 'L. C O0C ) +. SICis)

(70)

Comparing equal powers of 6 we obtain

CO ) C (0-5 (71)

The composite expansion can now be written as

+
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where ('u) is given by Equation (69). The result is

$~~ ~~ A-7 6t~z~~ -- ~ &s7

0) St (73)

Differentiating Equation (73) with respect will yield

the 3 component of velocity. Recalling that 5("i)=we

obtain

I~IL

whra]n qain 7)i i n ,6 .Thsnrr dette

Differenti an qation (3 with respect toninte ne r: wjilln ie
A -

4)

Notice in Equation (74) the order of terms neglected is 5
whereas in Equation (73) it is 65 and 6 4  This oc~uq due to the

differentiation with respect to n in the inner region.
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The nondimensional wall shear stress can also be obtained

by differentiating Equation (74) with respect to n which yields

- Cos _1 4-L$SC Z3S (75)

+ . 4 CC' i, S+ L 3-1.) W

The first two terms can be rewritten using S = (1 + i)//Y as

AL 77 4SczZ. . (76)

Notice that at the stagnation point, S = 0, we find that as

6 - 0, ie a * -, we obtain a phase shift of 450 with respect

to the velocity, which is in agreement with the stagnation

point solution in Section 3.0. We also obtain the interest-

ing result that at 450 from the stagnation point the phase

shift becomes independent of the reduced frequency, at least

to second order.

As with the stagnation point solution, the solution for

the second case, namely a fixed cylinder placed in an oscil-

lating flow is trivial. The factor of two can be absorbed

in e so that both the oscillating velocity and shear stress

differ only in magnitude by a factor of two.

5.0 NUMERICAL SOLUTION

A solution of Equation (19) valid for arbitrary a can

be accomplished in a variety of ways which fall basically

into two categories. First, either a finite difference or

finite element solution can be obtained by solving the equation

directly. And secondly, a power series expansion is which

yields a set of ordinary differential equations in n can be
employed.

The first approach is the most direct and in general the

most accurate but suffers from large computer storage and time

requirements. The second approach can yield accurate solutions

for a certain class of problems. Specifically when applied to
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boundary layers on blunt bodieslaccurate solutions with a

minimum of terms are possible. The problem under considera-

tion falls into this category, consequently this approach is

adopted for the solution of Equation (19) for c < 1.

First, Equation (18) is solved by the Howarth series

approach. The outer flow is expanded as

-4 (77)

Similarly, the stream function is expanded as

4-4- S

(78)

Substituting into Equation (18) yields a series of equations

in r, of which the first two are listed below:

4- 4"-K -C Q 7 -\ = K

with boundary conditions
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Equation (19) is solved in a similar manner, by first

using Equation (20). The right hand side of Equation (19)

becomes

~~41

Thus, the stream function, 9%,,j) can be written as

~ ~ (80)

From the outer boundary condition

1,% I ->- (81)

we see that

b~-\~ z- etc.

Substituting Equation (79) and (80) into Equation (19)

we get for the first two equations

(83)
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with associated boundary conditions given by

#OC ~0) #,Zo-0 (84)

41.C0 ) 0 ' 4(.) -* (85)

The complete set of equations for *n was integrated by
a Runge Kutta method and typical curves for 4i/an accurate

to 0(4 8) are shown in Figure 4. The function /n is re-.re-
lated to the component of velocity by the relation

The outer boundary condition given by Equation (81)

represents the case of an oscillating cylinder in a steady
uniform free stream. As with the other solutions, the re-

sults for the case of a fixed cylinder placed in a free stream

with fluctuating flow angularity differs only by a factor of
two in magnitude. All other behavior, such as phase shift

for the wall shear stress is identical.
Notice that, as expected, the numerical results in this

section as .0 agree with the exact stagnation point

solution given in Section 3.0.

As a final comparison, Equation (74) can be written at

the stagnation point as

- _ 
(86)
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where 4 and is the well known

stagnation point solution. This expansion should be the

same as the exact solution which is valid only at the

stagnation point. It can easily be checked with the stag-

nation point solution using Equation (29) along with the

following expansion for

~~W ((P4c~ (87)
,1~0

Equation (87) is substituted into Equation (30) which yields

a series of equations which can easily be solved.

The first two such solutions are

4(88)

(89)

The remaining solutions are given by Glavert [11]. Finally

expanding Equation (29) and substituting Equation (87)

into this expansion yields
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Now substituting Equations (88) and (89) into (90) yields

a result that is in exact agreement with Equation (86).

6.0 SUMMARY OF RESULTS

The problem of determining the response of a laminar

boundary layer on a circular cylinder to small periodic

transverse ocillations of the free stream plus the counter-

part, involving periodic transverse oscillations with respect

to a steady uniform free stream has been solved. The method

of solution involved three basic approaches. First, an exact

analysis valid only at the stagnation point, i.e., r<<1, was

presented. Secondly, a high frequency analysis, i.e., W-D >>,

valid for O<C<l was presented. And finally, a numerical

solution valid for all frequencies and 0< <l was conducted.

In all three approaches, the results were the same,

namely the oscillating component of velocity and shear stress

behaved the same for both cases. The only difference is that

for the oscillating free stream-fixed cylinder case, the

magnitude of both the oscillating component of wall shear stress

and velocity were greater in magnitude by a factor of two.

The oscillating component is denoted t where the total shear

stress W is defined as

t o W
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Finally, as discussed in Section 4 and 5 the results

for the high frequency solution are shown to be in exact

agreement with the exact stagnation point solution when

C- 0. Those results show that the phase shift of the wall

shear goes to 450 as a .
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Figure 2. Oscillating Cylinder in Uniform Flow
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Figure 4. Typical Velocity Profiles.
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RESPONSE OF AIRFIELD PAVEMENT O LARGE

MAGNITUDE DYNAMIC LOADS

by

Gerald A. Woelfl

ABSTRACT

The evaluation of rapidly repaired bcmb danaged runways requires

determining the dynamic respcnse of pavement due to large dynamic

loads. This report recommends using one of the sophisticated can-

puter codes curTently available for a conventional static analysis

of airfield pavements, but with the use of appropriate dynamic mat-

erial properties to predict the dynamic response of pavement. In

order to select the appropriate dynamic material properties, the

stress variation as a function of time is developed for pavements

subjected to moving wheel loads. A review of the literature in-

dicates that the elastic properties and fatigue strength of Port-

land Cement Concrete are relatively the same for dynamic &,, for

static loading. The dynamic respcnse of asphalt concrete, granu-

lar base and subbase material, and subgrade soil, however, is

significantly inproved relative to the response of these materials

to static loads. Further, the dynamic behavior of granular material

is tire-independent, but for asphalt concrete and subgrade soils,

especially cohesive soils, the dynamic properties vary with air-

craft velocity, i.e. ,rate and duration of loading. Recommendations

for further research in this area are also given.
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I. ITODUCTION:

The design and analysis of airport paveents is based an static

wheel loads. But measurexints of landing gear forces during various

aircraft modes of operation have shown that pavements are subjected

to dynamic loads of higher magnitude than the static load. Tradi-

tionally, because of the relatively slow response of pavement mater-

ials, these higher magnitude dynamic loads were neglected in pave-

ment design. Field observations have reinforced the use of static

load for pavement design. Areas of airfield pavements subjected

to static and low speed modes of aircraft operation generally show

more distress than areas of runways limited to medium and high-

speed aircraft operations.

The objective of the Air Force's Rapid Runway Repair program is

to repair a 50 ft. by 5,000 ft. section of bomb damaged runway as

rapidly as possible. Because of the limited length of the repaired

runway, it is unlikely that it will be subjected to static aircraft

loadings. For this reason the structural design and analysis of

rapid runway repairs are based on the results of field tests using

an aircraft load cart at creep speeds of about 2 to 3 rph (1).

Because of the time constraints for rapid runway repair, the

repaired runway section will have considerably more surface rough-

ness than conventionally constructed airport pavenents. This in-

creased surface roughness will yield unusually high magnitude dyna-

mic loads during various aircraft modes of operation - up to 2.5

times the static wheel load for main landing gears and even higher

for the nose gear. Current research efforts in the Air Force Bomb

Damage Repair program concentrate on the effects of these high mag-

nitude dynamic loadings to the aircraft structure, aircraft payload,

and pilot performance. The response of the pavement to these high

magnitude dynamic loads, however, mist also be investigated.

Specifically, the structural adequacy of the repaired runway

subjected to mediun and high speed aircraft taxi modes must be eval-

68-4



uated fran the results of field tests using load carts at creep speeds.

The problem is: most field test programs conducted to evaluate

the performance of airfield pavements have been limited to static

and creep-speed loadings; field tests which have included higher air-

craft speeds have been limited to relatively smooth surfaces and

therefore high magnitude dynamic loads were not encountered; and,

field testing on rough surfaoes (bcmnb damaged repaired runways) has

for the most part been limited to aircraft response.

II. OBJECrIVES

The purpose of this report is to develop an approach to pre-

dict the performance of rapid runway repairs subjected to high mag-

nitude dynamic aircraft loads caused by the unusual surface rough-

ness of rapidly repaired runways.

Because of time limitaticns and the broad scope of the topic,

this study is confined to the following objectives:

1. Review the results of recent field tests addressing
the response of airfield pavements to dynamic loads.

2. Define an analytical approach for evaluating the per-
formance of airfield pavements subjected to high mag-
nitude dynamic loading.

3. Describe pavement stresses as a function of time due
to moving wheel loads.

4. Discuss the dynamic behavior of pavement materials.

III. RECENT FIELD TESTING

Because of growing concerns over detrimental effects of dynamic

loads on airport pavements the Federal Aviation Administration (FAA)

sponsored a study entitled "Aircraft Dynamic Wheel Load Effects on

Airport Pavements" by Wignot, et al dated May 3970 (2). The study

included analysis of both aircraft and pavement dynamic responses,

and scaled pavement tests.

This initial FAA study raised many questions concerning the re-

sponse of pavement to dynamic loads. As a result, the FAA sponsored

an extensive experimental study conducted by the U.S. Army Engineer

Waterways and Experiment Station (WES) during the period fran May,

1971 to Janurary, 1975 and described in a three volumre report en-
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titled "Pavement Response to Aircraft Dynamic Loads" (3,4,5). The

purpose of this study was to determine the relationship between re-

spanses of flexible and rigid z nway pavements to static and dyna-

mic loads. The study used data from instrumented aircraft on instrumented

sections of both flexible and rigid pavements.

In addition to static tests, the WES investigation delt with

a number of aircraft modes of operation. Both aircraft and pave-

ment measurements were recorded during creep-, slow-, medium-, and

high-speed taxiing, high-speed breaking, high-speed breaking with

reverse thrust, takeoff rotation, touch down, and turning.

For the study, gages were installed in flexible and rigid

pavement test sections to measure pavement responses to dynamic

loads in the form of relative displacements and pressures at var-

ious depths and locations within the pavement structure. A total

of 162 gages were installed in the flexible test section and 153

gages were installed in the rigid pavement section. A series of

tests were conducted on both pavement sections during cold weather

when the pavement surface layer temperatures ranged frm 35 to 55 F;

an additional series of tests were conducted on the flexible pave-

ment test section during hot weather when the pavement surface lay-

er temperatures ranged frn 84 to 16F.

The interpretation of results relied on separating the data in-

to an elastic phase and an inelastic phase. Inelastic displacements

are residual displacements remaining after the wheel had passed. If

loads were repeatedly applied on the same wheel path, the pavement

would become "conditioned" and the inelastic displacements would be

permanent after a few initial repeated loadings. However, aircraft

traffic loading is randomly distributed, in actual use airfield

pavements never became totally conditioned and therefore inelastic

displaoements are not permanent, but occur continuously throughout

the life of the pavement. For this reason the WES tests used a

distributed traffic pattern as does the rapid runway repair testing

at Tyndall Air Force base.

Figure 1 summarizes results for the taxi tests at various air-
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craft velocities for both rigid and flexible pavements. The maximzm

elastic and inelastic surface displacements are shown separately.

The elastic displacements for rigid pavement and for flexible

pavement at cold temperatures remained relatively constant, being

independent of aircraft speed. Elastic displacements for the flex-

ible pavement at higher temperatures, however, decreases considerably

as aircraft velocity increases. This elastic response of pavements

relative to aircraft speed, type of material, and for asphalt, mater-

ial temperature, correlates well with elastic material properties.

The modulus of elasticity of concrete changes little with rate of

loading. The camplex modulus of asphalt, however, varies with the

frequency of the applied load (and therefore with rate and duration

of loading); as the frequency increases, the modulus increases. For

asphalt concrete at low temperatures, frequency has much less effect

on the modulus whereas, at high tenperatures, the modulus increases

substantially with an increase in frequency. Material behavior is

discussed in more detail in section VI of this repart.

Figure 1 shows that the rigid pavement had little inelastic

behavior. Therefore, predicting the response of rigid pavement to

aircraft at various speeds from pavement response to creep-speed

loads simplifies to an elastic analysis providing the proper elastic

material properties are used in the analysis.

Fr<m figure 1, flexible pavement shows considerable inelastic

behavior, especially at the higher temperature. However, since this

inelastic behavior decreases rapidly with aircraft velocity, an ela-

stic analysis, with appropriate material properties, can be used to

predict the response of flexible pavements for various aircraft speeds

based on the results of creep speed taxi tests. Heukelcm And Klcmp

(6) states the Road Research Laboratory concluded that flexible roads

behave elastically under vehicles moving at speeds exceeding 15 mph,

and probably also at lower speeds.

The WES study showed that "... no basic aircraft ground operat-

ing mode induced pavement responses (elastic plus inelastic) greater

than those occurring for static load conditions..." However, the
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flexible and rigid rurways used for the investigaticn were relative-

ly smooth. The vertical gear loads varied from .45 to 1.25 times

the static load for creep through high speed taxi modes for the flex-

ible hot weather tests. For the cold weather tests, main and nose

gear loads varied frrm .55 to 1.20 times the static load for flex-

ible pavement and .35 to 1.25 times the static load for rigid Pave-

ment.

The Air Force is currently conducting an extensive field test

program referred to as "Have Bounce" (7). The Have Bounce progran

utilizes instrumented aircraft operating at various speeds on rn-

ways repaired with various ccnfigurations of AM-2 mats. The repaired

runway has unusually high surface roughness since the top surface of

the mats are about 1 1/2 inches above the pavement surface. A short

ramp is used for the transition from pavement surface to mat surface.

Preliminary data from the first phase of the Have-Bounce test-

ing program indicates that the vertical dynamic main gear loads are

as much as 2.5 times the static aircraft weight because of the in-

creased surface roughness. Nose gear loads were as high as 3 times

the static main gear loads, but since static nose gear loads are con-

siderably less than main gear loads, main gear loads are the critical

loads for design. Although the WES study did not investigate high

magnitude dynamic loads, Ledbetter concludes:

"The larger than static load response that could occur
should be entirely elastic and should not be detrimen-
tal to the pavement structure except by contributing to
an increase in elastic fatigue damage."

But the above conclusion is based on test results of conventionally

constructed airfield pavements. Rapid runway repairs differ from conven-

tional pavements,however,in that repair techniques do not provide for

sufficient canpaction of the subgrade in the repaired area. Therefore,

high magnitude loads at faster aircraft speeds may produce larger in-

elastic displacements than inelastic displacements resulting from creep-

speed load cart tests.

The high magnitude dynamic loads resulting from surface rough-

ness are not constant, but rather periodic. Preliminary data fram

68-9



the Have Bounce investigation aowd main gear loads had a frequen-

cy between 1.8 to about 2.03 Hz. The frequency varied with aircraft

gross weight but was relatively independent of aircraft velocity.

A similar type of oscillation was noted by Yang during creep-

speed load cart tests at Newark AixPOrt (8). The instrumented test

pavement consisted of asphalt ocncrete on various granular bases.

The fundamental frequency of the loading vehicle simulating a Boeing

747 ranged frm 1.6 to 2.0 Hz.

A frequency of about 2 Hz was visually observed for the F-4

load cart used for rapid runway repair field testing at Tyndall Air

Force Base. The F-4 load cart used at Tyndall, as well as the load

cart used for the Newark testing, had no shock absorber except the

damping of the pneumatic tires.

IV. DYNAIC ANALYSIS OF PAVEMNT

There are many failure criteria used in the evaluation of air-

field pavemnts but for structural analysis of pavement systems,

material failure is the only controlling factor. It must be empha-

sized, however, that material failure in itself does not constitute

failure of the pavement system. Material failure as pavement failure

criteria may be too conservative for conventionally constructed pave-

ments since a cracked pavement may be acceptable to the user, pro-

vided the riding surface is satisfactory. Parker, et al (9) report

that rigid pavements with high-strength foundations continued to

satisfactorily carry loads after cracking, but that rigid pavements

with low-strength foundations developed multiple cracking and dif-

ferential displacements (increased surface roughness) soon after

initial cracking. Because most rapid runway repair methods being

considered involve low-strength foundations, the use of material

failure is probably more realistic than for conventionally construct-

ed pavements.
From the standpoint of structural analysis of pavements, the two

material failure criteria currently used are rupture failure due to

a few loads of excessive magnitude and fatigue failure due to repeat-

ed loads. Because of the unusual surface roughness of rapidly re-
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paired runways, the pavement would be subjected to repeated high mag-

nitude loads and therfore pavement evaluation should be based on fat-

igue failure rather than rupture failure. Specifically, stresses and

strains within the pavement structure should be compared with limit-

ing fatigue values which are based on the expected number of load re-

petitions. Assuming inelastic pavement respcnse plays a minor role

in the dynamic response of pavements, an elastic analysis can be used

to determine the pavement stresses and strains.

The problem of computing dynamic stresses and strains due to a

moving wheel load has been solved for a plate on a Winkler founda-

tion and for a plate on an elastic halfspace (2). But even with the

sophisticated oomputational techniques currently available, the sol-

ution of the problem requires a number of simplifying assumptions

regarding structural behavior and material properties.

Another approach to determine dynamic pavement response is to

simplify the dynamic load by treating it as a static load and using

dynamic material properties for the analysis. With this approach,

more realistic results are obtained since material properties and

structural behavior can be more accurately modeled. The main ob-

jection to using a static analysis with appropriate dynamic material

properties is that inertia effects are ignored. Mass and damping

effects have generally been neglected in pavement design since only

high speed or high frequency dynamic loads would cause inertia ef-

I fects to influence dynamic pavement response.

Hfeukelm, KIMV, and Foster have studied the influence of mass

and damping of pavement systems on the dynamic response of highway

pavements (6,10,11). They found that mass and damping have hardly

any influence on the stresses which are generated in a pavement on

a good subgrede (i.e. ,excluding peat) under actual traffic loading.

Consequently, they conclude that the application of static theories

is justified provided that dynamic values of the material properties

are used.
The FM sponsored study (2) included an analysis of mass effects

on airfield pavements which showed that inertia forces at taxi speeds
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as high as 230 mph have little influence on dynamic pavement re-

sponse. The study also concludes that if the dynamic load has a fre-
quency below about 10 Hz (aircraft taxi mode loadings are limited to

frequencies of 1 to 5 Hz), inertia effects are negligible.

Considering the approximations made for input data required

for pavement analysis, it can be concluded that ignoring inertia

effects has little influence on the accuracy of results.

In summary, the dynamic performance of pavements can be eval-

uated by using the expected maximum magnitudes of dynamic loads as

static loads and performing a conventional static analysis using

appropriate dynamic material properties. This approach makes use
of finite element computer programs, such as the Air Force computer

code PREDICT (12), which have been developed for pavement analysis
(PREDICT has the potential for doing a complete dynamic analysis

which includes inertia effects, but this part of the program has

not been developed). The resulting stresses and strains from such

an analysis would then be compared to limiting fatigue values which

take into account dynamic loading.

V. PAVEMENT STRESS VARIATION AS A FUNCTION OF TIME FOR DYNAMIC LOADS

Although the response of pavement is not very sensitive to mass

and damping effects, the response is sensitive to material properties

which in turn depend on duration of load and rate of loading. Before

material properties can be discussed, therefore, pavement stress as
a function of time must be described for a pavement subjected to a wm.ig

wheel load of oscilr.ting magnitude.

Pavement stress variation with time can be determined by
visualizing the stress distribution due to a static load as moving

through the pavement with time. For example, Figure 2b shows the

stress distribution which would be expected for horizontal stress
at the bottom of a rigid pavement slab due to a static wheel load.

Assume the stress distribution can be approximated with a half co-

sine function:
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for .. X
where 3 = maximu stress directly under the wheel

= half the wave length (the distance between

points of inflection of the slab)

The stress distribution could be more accurately described by a

Fourier series, but for purposes of this report, the above approx-

imation is sufficient.

The half-wavelength, as defined for this report, is the distance

between points of inflection of the slab and is a function of the

characteristic length (plate rigidity and subgrade stiffness (8,13))

of the plate and the dimensions of the tire footprint. Since the

dynamic response of the tire is relatively instantaneous (tire pres-

sure remains constant), the tire footprint dimensions will be a

function of aircraft landing gear configuration and magnitude of
the wheel load. Trial runs using the Air Force computer code PRE-

DICT gave values for A of between 2 and 20 ft. for an F-4 aircraft

at various gross weights on an 8 inch thick concrete pavement on

various subgrades. Yang (8) observed the distance between points of

inflection to be 12 ft. for various thicknesses of asphalt concrete

pavements on different bases. Ullidtz (22) approximates the half-

wavelength for flexible pavement as the footprint length plus the

thickness of asphalt concrete.

The iiportant point is that the half-wavelength, . , and the
maximum stress, C , directly under the wheel can be determined from

a static stress analysis of the pavement structure. As will be

shown, this is all that is needed to describe the stress as a func-

tion of time.
For a moving wheel load, the static stress distribution can be

visualized as moving through the pavement system with time; ie, for

a given point, such as point A shown in figure 2c, the stress will

vary with time as shown in figure 2d. Actually, because of horizon-
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tal forces induced by moving wheel loads, the stress variation with

time curve would be nonsymetric; this effect is not included in

this report. These horizontal forces could be included in a static

stress analysis, but the problem is that the sophisticated cmputer

codes cunxently available are limited to axisymmetric loading.

To transform stress as a function of distance to stress as a

function of time, assime constant velocity (aircraft acceleration

would cause negligible nonsymetery in the stress as a function of

time curve). Then
x= -F -(2)

where V aircraft velocity in ft/sec

and

a.- Cos - (3)

for 4 A

where ax = maimum stress at t = 0, i.e., when
the wheel load is directly over Point A

The duration of load (for this report, the duration of the main

stress pulse will be referred to as the duration of load) is simply

one-half the period, or

7 (4)

So far a constant load has been used but as stated earlier, for

rough surfaces the load is periodic. The stress under the wheel load,

To , is a function of time as shown in figure 3a. For the critical

case when the periodic load is a mvdmmm at t = 0, ie, when the max-

inun wheel load is directly over point A, G. can be expressed by
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where 4s = stress due to static aircraft load

CT' = additional increase or decrease of
stress with time

S= frequency of wheel load

The stress variation with time for point A is then:

(Cri 0-'C eos xzwft) TV (6

Inspection of equation 6 shows that the duration of load is the

same as for equation 3 and as calculated in equation 4. As shown

in figure 3, the term in parenthesis in equation 6 merely alters the

wave shape of the stress as a function of time curve. For medium

and high aircraft speeds, Zrf will be less than 2!J and the change

in wave shape becomes negligible. Therefore little error is intro-

duced if equation 3 is used provided that the maximum stress result-

ing frm the maximum magnitude dynamic load is used for <F , ie,

T. cos l t (3)

where CF. U; i+a-'

To determine the rate of loading, the first derivative of stress

as expressed in equation 3 would be taken with respect to time. How-

ever, since the rate of stress application changes with time,this is not a good

parameter to work with. If the wave-shape and duration of loading are

used for determining mterial properties, then the rate of loading

will autcmatically be incorporated.
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VI. DYNAMIC RESPONSE OF PAVING MATERIALS

The structural adequacy of pavezent subjected to high magni-

tide loads at mediuin and high aircraft speeds must be evaluated

cn the basis of results frm creep-speed field tests. As aircraft

speed increases, the average rate of loading increases and duration

of load decreases. The purpose of this section is to deternine the

influenoe of rate of loading and duration of load on the elastic

properties and the fatigue life of pavemernt materials.

There is an enormous amount of literature available on the

dynamic behavior of pavement materials. This section is by no mans

a amplete review of the literature, however it does provide a guide

for selecting appropriate dynamic material properties for dynamic

pavement evaluation.

Portland Cement Concrete

Most materials when loaded have a time-dependent response, and

ccncrete is no exception. The work of several investigators on the

effects of rate of loading on the behavior of concrete was reviewed

by McHenry and Shideler (14). Figure 4 shows the influence of rate of

200 at i i ,bout 0. "

-Walstln- Secant Modulus at Q001 inp, in Strain "Wok" Concrete. About 09t
. a -olstem-Secant Modulus at O.00 in. per in. Strain Stroni" Concret. About 0.6fc

I . .atsein Initial Tangent Modulus Weak Concrete
.- Wattein Initial Tangent Modulus Strang*Concrete

:Jonas and Richort-Secant Modulus at o 0.5 f ay
1.40 -Jones and Richart-Secant Modulus of 0.9 ft 7 0ay
. o c-Jones and Richort-Secont Modulus at 0.9 f 28 Day

- -JoAes and Rechart-Satant Modulus at 0.9 11 2SDay o

X . #A0 101 l~~ * i' 0
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Time to Tt I J •t. , qz , /n4a
Mos Soros$s 2 -?L1 s .0
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8  
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Figure 4 - Effect of Rate of Stressing on the Modulus of Elasticity
of Concrete (after McHenery (14)).
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loading on the modulus of elasticity and indicates that the mod-

ulus increases with an increasing rate of loading. The loer
values of moduli at slower rates of loading were attributed to

creep of the concrete.

For pavements subjected to moving wheel loads, the rate of
loading varies as a function of time. If the average rate of

loading is approximated from the maximu stress divided by half the

duration of loading as expressed in equation 4, then the expected

rate of loading due to a moving whel load would range frcm about
200 to 100,000 psi/sec (assuming maximun stress equals 450 psi,

the half-wavelength is 5 ft., and aircraft velocity varies frau

3 to 150 mph). From figure i, a 20% increase for the modulus of

elasticity of PCC might be expected for high aircraft velocities.

But since the rate of loading varies with time, and in fact ap-
proaches .zero at the higher stress levels, the increase in modulus

as aircraft velocity increases frau creep to high speed would be
considerably less than 20%. Considering the variation of modulus

of elasticity with other factors (mix proportions, aggregate pro-
perties, type of test used to determine the modulus, etc.), the

relatively small increase, perhaps 10%, in modulus which could be

expected as a result of high speed wheel loads is negligible.
Chou's (15) review of pavement materials indicates that Poisson's

ratio of POC has a range of about 0.11 to 0.22 when determined from

static tests, and the results of dynamic tests averaged about .24.

Since Poisson's ratio of PCC has very little effect on the response

of rigid pavements, using a value of .2, which is generally used for
traditional static analysis, seems reasonable for dynamic analysis.

as well.
The cmressive strength, tensile strength, and modulus of rup-

ture of PCC increase with an increase in rate of loading. Cowell (16)

found that for a rate of loading of. 100,000 psi/sec, the campressive
strength increase ranged fran 10% to 30%, depending on mix propor-
tions and maturity of the concrete, as oampared with the static

strength. Similarly the increase in tensile strength ranged fram 30%
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to 50% for a loading rate of 100,000 psi/sec. Results of impact

tests on POC by Lundeen (17,18) showed an average ratio of dynamic

to static strength of 1.36 far compression, 1.74 for tension, and

2.46 for the modulus of rupture. A rupture failure of concrete frcn
high magnitude loads at medium and high aircraft speeds seems un-

likely.

Since the compressive, tensile, and rupture strengths of con-

crete vary with rate of loading, it would seem that fatigue perform-

ance would also be time-dependent. Chou (15), summarizing the results

of several studies, indicates that frequencies of the repeated load

(and hence rate of loading) between 70 and 900 repetitions per min-

ute had no effect on fatigue strength, but frequencies as low as

10 repetitions per minute may result in slightly- lower fatigue lives.

The load pulse associated with ten repetitions per minute correspcnds

to the load pulse of an aircraft at creep to slow taxi speeds.

The type of repeated loading used in fatigue tests may simulate

traffic loading on highway pavements, but the type of repeated load-

ing on airport pavements is quite different. For airport pavements

subjected to aircraft taxi loads, loading is of short duration but

very low frequency; ie, the loading cycle is made up of a short load

pulse followed by a relatively long rest period. Chou (15) reports

of fatigue testing which included periodic rest periods, ie, a rest

period of 1, 5, 10, etc. minutes after every 4500 load repetitions.

In general it was found that rest periods were beneficial. A five

minute rest period resulted in a 10% increase in fatigue strength;

longer rest periods did not yield any further increase in fatigue

strength but shorter rest periods did show smaller increases.

Fatigue tests which include an apprvpiate rest period within

each loading cycle were not found (at least by this author) in the

literature. Fatigue performance may be quite different if a rest per-

iod were included in each load cycle.

In conclusion, the elastic constants for concrete to be used in

an analysis of the response of pavement to moving wheel loads should

be the same as those currently used far a traditional static analysis.
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Also, based on the current literature, no increase in fatigue strength

can be assumed for concrete pavements subjected to dynamic loads.

Fatigue testing should be done, however, to determine if the fatigue
performance of concrete is imroved when the repeated load cycle in-
cludes an appropriate rest period.
Polymer Concrete

Since polymer concrete is a relatively new material, there is

little literature available on the dynamic behavior of the material.
Creep tests have show that the behavior of polymer concrete is more

time-dependent than P00 (19) and therefore the modulus of elasticity

should be determined using dynamic methods. The effect of rate of
loading on the modulus of rupture of polymer concrete is also needed

as well as fatigue testing incorporating various load durations and

rest periods.

Asphalt Concrete
Although asphalt concrete is not currently being considered for

rapid runway repairs, runways which may have to be repaired are as-
phalt concrete or have asphalt concrete overlays. The xndamaged por-
tions of the rznway surrvunding the repairs will be subjected to high
magnitude dynamic loads due to increased surface roughness.

Unlike PCC, the stiffness of asphalt concrete changes dramatic-

ally with dynamic loadings. The response of asphalt concrete can be
separated into a time-dependent ccu.onent and an instanteous compo-
nent. For short duration dynamic loads, the response is primarily

elastic.
Green (20) reports of several studies which showd that the e-

lastic modulus of asphalt concrete wearing surfaces is highly de-
pendent on loading frequency. For example, at loading frequencies of
1, 4, and 16 Hz, the moduli were 370,00, 570,000, and 770,000 psi
respectively. There are a number of ncmographs available to determine

the stiffness of asphalt concrete for various loading times (6, 15,21).
No information could be found for the effects of rate and dur-

ation of loading on Poisson's ratio. However, Poisson's ratio of the
asphalt concrete surface layer has little influence on the response
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of flexible pavements.

The fatigue life of asphalt concrete depends on the rate of

loading, duration of load, loading frequency, and the inclusion of

a rest period in the loading cycle. These variables are intarde-

pendent and therefore it is difficult to discuss the effects of

each of them individually. The most recent literature review on

the fatigue life of asphalt concrete is that by Decker (21).

The loading waveform used for fatigue testing has an influ-

ence on fatigue life. Decker reports that specimens subjected to

a square-wavefom loading had less than half the fatigue life of

identical specimens loaded sinusoidally, whereas the use of a tri-

angular waveform loading resulted in a 45% increase in fatigue life

as compared to sinusoidal loading. Frequency and maxinun stress

amplitude were held constant for the test. The square-waveform

loading has the fastest rate of loading but the maximum stress is

applied for the entire load. cycle whereas the maxinum stress is

only applied for an instant for the triangular loading. The dur-

ation of the higher magnitude portion of the load apparently dam-

inates the behavior.

As previously pointed out, actual loading of airport pave-

ments includes a relatively long rest period as part of the load-

ing cycle. Decker reports on a number of fatigue studies which in-

cluded a rest period within each load cycle. In general, the longer

the rest period, the higher the fatigue life until a maximum bene-

ficial rest period is reached. Further lengthening of the rest

period beyond this maximumn beneficial period has no influence on

fatigue life. This maximun beneficial rest period is a function

of stress magnitude, load period, and temperature. In most cases

the rest period included in actual aircraft loadings of airfield

pavements probably exceeds the maxinun beneficial rest period.

In a study to determine the effects of frequency of loading on

the fatigue life of asphalt concrete, Decker reports of testing for

which the ratio of load duration to rest period was held constant

while the frequency varied fran about 1 to 40 Hz. The fatigue life
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for the loading frequency of 40 Hz was almost 200 times lcnger than

the fatigue life at 1 Hz frequency loading. However, the rate of

loading increased, wh le the duration of load and rest period de-

creased as frequency increased. Because of this interdependence

of variables, frequency of loading is not a good parameter to use.

The most accurate representaticn of stresses due to a moving

wheel load was made by Van Dijk, et al (as reported by Decker). The

shape of the load pulse consisted of a large tensile pulse between

two small compressive pulses followed by a rest period. The length

of rest period was varied and as it increased, the fatigue life in-

creased considerably. Again, the importance of rest periods was

demonstrated.

However, to determine the influence of aircraft speed on fati-

gue life of asphalt concrete airfield pavements, what is needed is

fatigue tests to determine the effect of load duration. The load-

ing cycle should be similar to Van Dijk's with a constant rest peri-

od (equal or greater than the maximum beneficial rest period). This

would best simulate actual field loadings.

In summazy, there's reason to believe that the increased stiff-

ness and fatigue life of asphalt concrete associated with medium and

high aircraft speeds probably offset the higher magnitude loads due

to surface roughness. However, this would have to be verified by a

parametric study and possibly fatigue testing as described above.Granular Material

The modulus of elasticity of granular materials determined from

dynamic tests is generally higher than the modulus determined frcm

static tests. This is perhaps best illustrated by the facc that the

dynamic moduli measured for soils by the NDT van developed by the

Air Force are "corrected" prior to using these values for static

pavement evaluation (12). Specifically, the correction for flexible

pavements consists of dividing the dynamic moduli of granular base

and subgrade material by 2 to get equivalent static moduli. (The

same correction is done for asphalt concrete, but for PCC the mea-
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sured values are used directly since there is little difference be-

tween the dynanic and static moduli.)

Although the dynamic rodulus is significantly higher than the

static modulus, the dynamic modulus for clean sands and gravels ap-

pears to be independent of load duration and rate of loading. Ap-

parently a slow deformation (creep phencoenon) develops in the

course of a static test; once testing is in the dynamic range, how-

ever, the response of the material is no longer time-dependent. Allen

(as reported by Chou (15)) found that the resilient response of well-

graded granular materials is independent of stress duration, and con-

cludes that any pulse duraticn in the range of those applied to

pavements by wheel loads moving at speeds of 15 to 70 mph could be

used fur testing. Wignot, et al, (2) also conclude that the dynamic

behavior of granuladr materials is relatively independent of duration

and frequency of loading.

Parker, et al, (9) have developed a laboratory procedure for

determining the resilient modulus and Poisson's ratio using a cyclic

triaxial test. The prccedure uses a repetitive stress state simular

to that encountered in a base course layer in a paveent structure

under a moving wheel load. The reccnuended load duration of 0.1 to

0.2 sec (haversine wave form) corresponds to aircraft speeds of about

30 to 120 mph (depending on A ); the reconmended cycle duration of

3 sec. provides a rest period between stress pulses.

Since it is impossible to duplicate field conditions in the lab-

oratory, field measuxents for dynamic modulus and Poisson's ratio

are preferred. (This is especially true for rapid runway repair since

unconventional constiuction methods are used.) Field vibratory test-

ing techniques for determining the dynamic modulus of elasticity

and Poisson's ratio are referenced by Chou (15).

Vibratory testing does not directly simulate aircraft traffic

loads since the latter are separate load pulses whereas the former

uses a sustained vibration. Mass and damping effects have more in-

fluence for sustained vibration but become insignificant for single

pulse loadings. However, Keukelam and Foster (11) have shown that
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the modulus measured from sustained vibrations is equal to the mod-

ulus associated with traffic loadings within 20%. Several investi-

gators have shown good correlations between field measured strains
under moving wheel loads and computed strains using dynamic mater-

ial properties measured frKn field vibratory testing techniques

(15,20, 9).

Based on extensive field tests, Heukelam and Klcmp (6) de-

veloped a correlation between the dynamic modulus and CBR as

E (in psi) = 1500 CBR

The use of equation 7 is not recommnded however, since ccmputed

dynamics moduli can range from 50% to as high as 200% of the act-

ual measured values. Chou (15) suggests that the poor correla-

tions between dynamic modulus of elasticity and CBR is because the

CBR test produces plastic as well as elastic. responses. Similarly,

static plate bearing test results cannot be used for dynamic eval-

uation of pavements.

In sumary, the dynamic modulus of granular materials is re-

latively independent of rate and duration of loading. If possible,

field testing should be used to determine the dynamic modulus and

4 Poisson's ratio.
Subrade Soils

The dynamic response of cohesive and cohesionless subgrade soils

is similar to granular materials in that the dynamic modulus is con-

siderably higher than the modulus neasured fran static tests. For

example, Parker, et al, ( 9) reported static moduli of 1850 and 1600
psi as compared to resilient moduli of 7,500 and 13,000 psi for a

high-plasticity clay and lw-plasticity clay respectively.

But cohesive soils differ fran granular soils in that dynamic

moduli are sensitive to rate and duration of loading. Wignot, et al

(2) reports test results for the ccqplex modulus of a silty clay sub-

grade at different loading frequencies. At 90% saturation, the can-

plex moduli of the soil were 2,000, 3,600 and 6,200 psi at frequencies
of 0.16, 1.6, and 16 Hz respectively. For cohesionless soils, fre-
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quency of loading has less influence on the modulus.

Parker, et al, (9) developed a laboratory test to determine

the resilient modulus and Poisson's ratio for subgrade soils.

The test is similar to the one briefly discussed for granular

soils. Instead of using the load duration and frequency given

by Parker, it is suggested that these be varied since subgrade

soils are sensitive to frequency of loading. In this way, test

results can be used to determine pavement response for different

aircraft speeds.

Since the modulus and Poisson's ratio of the subgrade have such

a strong influence on pavement response, field testing is preferred

over laboratory testing. This i, especially true for rapid runway

repairs since the condition of the subgrade is so variable (un-

compacted bomb damage debris). Field vibratory testing, as referenced

by Chou (15) and briefly discussed for granular materials, can pro-

vide the dynamic modulus and Poisson's ratio.

VII. CONCUJSIONS

Based on the results of this investigation, the following con-

clusions are notel:

1. The response of stiff pavements, i.e., rigid pavements and
flexible pavenents at low temperatures, is primarily elastic;
flexible pavement at higher temperatures eshibits signifi-
cant inelastic as well as elastic behavior at slow aircraft
speeds, but the inelastic behavior becomes insignificant
at higher aircraft speeds. Large dynamic loads, however,
may yield significant inelastic responses at higher aircraft
velocities due to lack of compaction in the subgrade.

2. A static analysis can be used to obtain the response of pavement
for dynamic loadings if appropriate dynamic moduli and limiting
fatigue values corresponding to dynamic loading are used for
material properties in the analysis. The mass and damping
effects are not included using this method but it has been
shown that these effects have little influence on dynamic
pavement response.

3. Based on the literature cited, the modulus of elasticity,
Poisson's ratio, and the fatigue strength of Portland Cement
concrete are relatively independent of rate and duration of
loading and therefore, the usual static values for these
propert'.es would be used for a dynamic analysis. However,
since the modulus of rupture of concrete is substantially
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higher for faster rates of loading, a rupture. failure of
concrete pavement due to large dynamic loads at medium
and high airm-aft speeds is unlikely.

4. The increased stiffness and longer fatigue life of asphalt
concrete for medium and high aircraft speed loadings 2
L offset the larger magnitudes of these loadings oc-
cutving due to surface roughness. However, this should be
verify by a dynamic evaluation of flexible pavenent.

5. The properties of granular base and subbase materials should
be determined from dynamic testing since static tests would
yield values too low for dynamic pavement analysis. The
d mic properties, however, are relatively insensitive to
rate and duration of loading; i.e.,the response of these
materials would not be dependent on aircraft velocity.

6. The response of subgrade soil, especially cohesive soils,
depends on aircraft speed. Therefore, the elastic pro-
perties of the subgcade must be determined at various load-
ing frequencies C.e., various rates and durations of load-
ing) to determine dynamic pavenment response associated with
various aircraft speeds.

VIII. RECOnENLATIONS

1. A parametric study must be undertaken to determine the
influence of dynamic loads of various magnitudes at var-
ious aircraft speeds on the response of pavements. Using
the approach outlined in this report, one of the sophis-
ticated computer codes (such as PREDICT) currently avail-
able can be used. Design curves must then be developed
which would not cnly be useful for predicting pavement re-
sponse for large dynamic loads but would also be of bene-
fit in designing and analyzing rapid runway repairs for the
creep-speed field test program.

2. Because of the unusual nature of the subgrad1e for rapid
runway repairs (unccrpacted bomb damage debris) and be-
cause the behavior of the subgrade plays such a dominant
role in the response of pavement, field tests must be
conducted to determine the m properties of the sub-
grade. Dynanic properties of the subgrade are needed to
determine the response of pavement to large dynamic loads
at higher aircraft speeds, and also to provide for more
accurate design and analysis for the creep-speed field
test program. The literature survey must be continued be-
fore specific field testing can be recmended.
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3. The dynamic properties and fatigue strength of polnner con-
crete must be determined. For fatigue testing, the load
cycle should incorporate an appropriate re t period in
order to accurately simulate traffic loading on airfield
pavements. (Similarly, fatigue testing which includes
a rest period in each loading cycle should also be done
for Portland Cement Concrete.)

4. This report has not addressed the influence of horizon-
tal loads on the dynamic response of paveents. Since
the horizontal wheel loads increase with aircraft velo-
city, they probably have a strong influence on the dyna-
mic response of pavement at higher aircraft speedls.
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ANALYSIS OF THE ROLE OF HIGH BRIGHTNESS

ELECTRON GUNS IN LITHOGRAPHY

BY

JOHN C. WOLFE

ABSTRACT

The development of reliable, high brightness, temperature-field (TF)

emission electron guns promises greater flexibility in electron beam litho-

graphy. Detailed pattern analysis of two IC mask sets was performed for the

purpose of identifying those areas of electron beam lithography where high

brightness guns could be applied to advantage. Significant throughput

advantages can be realized in both VSS Vector Scanning Systems and in ultra-

high speed Raster Scanning Systems.
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I. INTRODUCTION

The ultimate goal of the tri-service very high speed integrated circuit

(VHSIC) program is the fabrication of VSLI circuits with l/2Pm minimum feature

size. The attainment of this goal will certainly require development of a

scanning electron beam lithography machine with this capability. Throughput

is a major concern for such fine-line VLSI circuits.

Reliable, high brightness electron guns have been developed in recent

years at Burroughs Corporation (1) and at the Oregon Graduate Center (2) since

the original patent of Wolfe et al. (3) typical beam current densities of

1000-2000 A/cm 2 have been reported (1,2). This should be compared with

typical densities of 150 A/cm2 and 50 A/cm2 in systems with LaB6 (4) and W (7)

thermionic cathodes, respectively.

II. OBJECTIVES

The objectives of this project was:

To evaluate design problems in electron beam lithography machines which

would be developed under the VHSIC program.
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III. A. Throughput Considerations in Vector-Scan Lithography:

In the vector-scan approach to electron beam lithography (c.f. ref 5),

the mask patterns are first divided into primitive patterns (sometimes called

"shapes"). These can be squares, rectangles, trapezoids, parallelograms,

etc., depending upon the level of sophistication of the lithography machine.

The type, location, size, exposure level or other information about a

primitive pattern can be described by a few words of code (usually less than

six, sixteen bit words). The codes describing each of the myriad primitive

patterns in the mask are stored in the core memory of the system computer.

When a particular pattern is to be exposed, the code for its execution is

transferred to a "pattern generator" which directs the electron beam to the

designated location and exposes, in raster fashion, the primitive pattern.

The design of pattern generators has been evolving for several years

toward the goal of higher throughput. The most significant advance has been

the variable shaped spot (VSS) idea (c.f. ref. 6,7). In early pattern

generators, the finest lines of the pattern were exposed by raster scanning a

gaussian beam with a diameter of 1/4 of the minimum line width for fill-in.

In the VSS approach, the smallest lines are filled in by stepping a

rectangular beam with exactly the width of the line. Larger rectangles are

used for wider lines. Since the exposure time per spot is independent of spot

size, the economy is apparent. Other shapes can also be made available (e.g.

trapezoids). The more versatile the pattern generator, the more flexible can

be the circuit design rules.

Overhead refers to the time required to execute a lithographic pattern

which is not actually used in resist exposure. Overhead includes wafer

loading, stage slewing and wafer alignment. These functions together contri-

bute (5) about 1 sec/wafer level/cm2 if alignment is done once per square
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centimeter sized block and 4" wafers are used. There are two types of

overhead associated with the pattern generator itself. We call these "pattern

overhead" and "line overhead."

A. Pattern Overhead (PO) is the average time interval between the

termination of a pattern and the initiation of the next. There are four

sources of pattern overhead: 1) Data transfer time from the input buffer of

the pattern generator to various control registers; 2) Data computation time;

3) Eddy current decay times; and, 4) DAC settling times. Numerical values for

the components of pattern overhead have appeared in the literature (5,8). In

reference (5) a total pattern overhead of 3.3 psec has been reported. Pattern

overhead as low as I psec may be attainable.

B. Line Overhead (LO) is the average time interval between termination

of a line and initiation of the next within the same primitive pattern. In

the IBM VSI machine (8) line overhead was the limiting factor. The source of

line overhead was the slow data transfer rate to the digital counters and

steppers which control line writing. In an analog fill-in pattern generator,

line overhead is accounted for by the time required to turn the beam around at

the end of a line. If electrostatic deflection is used for fill-in (vectoring

would have to be electromagnetic) line overhead may be reduced to .1 Psec. If

a pattern contains only one line there is no line overhead.

III. B. Sample Circuit Characteristics:

Two circuits were analyzed. The first was an RCA 256 X 4 CMOS/SOS RAM

(RCA TCS072). The circuit is made up entirely of rectangular patterns

oriented on orthogonal axes. The minimum line width is 5 pm. The circuit has

7 levels. The second circuit is an ECL Multifunction Arithmetic Array

designed by AFAL/Hughes and fabricated under AFAL contract by signetics. This

circuit is made up of rectangular patterns oriented on orthogonal axes and
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parallelograms oriented at 450 to the rectangle axes. The minimum linewidth

is 5 pm. The circuit has I1 levels. The design rule of both circuits could

be implemented by the VSS system described by Pfeiffer (6).

III. C. Mask Pattern Analysis:

The mask patterns were first decomposed (with pencil and ruler) into a

minimum number of primitive patterns. These were all rectangles for the RCA

circuit but included also slanted parallelograms (as indicated above) for the

AFAL/Hughes/signetics circuit. Rectangles were classified as to length and

width modulo units of twice the minimum line width. For example, a width was

classified as n units wide if it was between 2(n-l) and 2n times the minimum

line width. Slanted parallelograms could be classified as one unit wide and

their lengths were classified as for the case of rectangles. An n x m (n<m)

shape was then said to contain n-line and n • m spots. The total numbers of

patterns, lines and spots obtained in this way for each wafer level can be

identified with the number of patterns, lines and spots which a VSS system

would have to execute to expose the level if the spot were continuously

variable in both directions for rectangles and in the long direction for

* I slanted parallelograms from one to two times the minimum line width.

The pattern, line and spot statistics were determined over the active

area of all wafer levels with the exception of the bonding pads (see below).

The grand total Qf patterns, lines and spots for all levels (pads

excepted) were calculated for each circuit, divided by the chip active area in

cm2 and multiplied by the area scaling factor (100, in this case) required to

reduce the minimum line width to the VHSIC goal of .5 pm. The numbers P of

patterns, L of lines and S of spots thus obtained would be the totals required

for a VSS system with a .5-1 pm variable spot to execute all levels of a chip

constructed by scaling down each circuit to have .5 pm minimum line width and
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placing them side-by-side to form a 1 cm x 1 cm VLSI chip. Although these

statistics do not refer to a functional circuit it is believed by the author

that a fair simulation of fine-line VLSI pattern statistics has been obtained.

Bonding pads should not, of course, be scaled (they were not). In fact

they can be neglected in a throughput analysis. One can expose 1000 4 x 4 oil

bonding pads in I sec for an exposure time of .1 psec per spot. This is a

negligible amount of the total write time for the chip (see below).

The analysis was repeated for .5-2 w and .5-4 pm variable spot size.

The results are summarized in Table 1 for the RCA circuit and in Table 2 for

the AFAL/Hughes/signetics circuit. The following definitions are used.

P = number of patterns/cm2 (all levels)

L = number of lines/cm2 (all levels)

S = number of spots/cm 2 (all levels)

Throughput Analysis of Composite Chips:

We shall now estimate the throughput for the chips with the pattern

statistics obtained above.

We shall take the total time T required to expose all levels of the chip

as the measure of throughput. We have,

T [S PO O+ LO+ t)] + (sec)

where t is the exposure'time per spot, £ is the number of wafer levels and the

other symbols are defined as before. Mechanical and alignment overhead has

been taken as 1 sec. The term is square brackets is the time required to

write the pattern including pattern generator overhead. The last term (L) is

the mechanical and alignment overhead time. For practical purposes, it can be

neglected.
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The dependence of T on the time t is shown for the AFAL/Hughes/signetics

circuit in figure 1 for the various possible variable spot sizes. PO was

taken as I psec and LO as .1 psec as explained above.

It is clear that these curves all reach the overhead limit for spot

exposure times less than .05 psec. This limit is determined by the pattern

overhead because the line overhead is much shorter than the pattern overhead

and the ratios P/S and L/S are comparable for VSS systems.

The number of patterns in the AFAL/Hughes/signetics circuit and in the

RCA circuit are practically identical. The dependence of T upon t is shown in

figure 2 for the RCA circuit. For short dwell times (<.05 psec) the

throughput of the two circuits are practically the same. It is a charac-

teristic of the lithography machine and not of the particular circuit being

executed.

III. D. Throughput of the Raster Scan Lithography Machines:

Advanced Raster Scan Lithography Machines, of which there are none, would

step a .5 pm square shaped beam across the wafer in a serpentine raster. The

beam would be blanked where exposure is not wanted. Such a system would

require a change in the design rules of the two circuits considered above

because only integral multiples of the minimum line width are allowed and

because slanted lines are not possible. This is not thought to be a serious

drawback (it would be for chevron magnetic bubble circuits).

The sources of overhead in such a machine are mechanical and alignment

overhead, and line overhead. Line overhead is the time required to turn the

beam around at the end of a line. Since large deflections are required,

electromagnetic deflection must be used and this results in a relatively long

turn around time of 5 psec (9). The net effect is small however. The time T

required to write and L level, I cm2 circuit is given by
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T = (2 x 104 lines • 5 x 10-6 sec/line

+ 4 x 108 spots * t + 1) • L

The graph of T versus t for the advanced raster scan system for the two

circuits are shown on figures I and 2. The overhead limit is approximately

1.1 E seconds per circuit. This is very small compared to the overhead limit

of the VSS vector machine but ultra high speed writing (>100 Hhz) is required

for the raster scan machine to realize a throughput advantage over the vector

machine.

III. E. Discussion

At this point it is useful to establish some spot exposure time limits.

The sensitivity of P:IMA electron resist is approximately 50 VC/cm2 . The

maximum current density normally obtained from a tungsten thermionic electron

gun is 50 A/cm2 (6). Thus, the minimum spot exposure time for PMMA using the

tungsten source is 1 psec. With the LaB6 gun (4) the minimum spot exposure

time can probably be decreased to .5 psec but Pfeiffer (6) reports that it is

difficult to achieve uniform illumination of the spot forming aperture using

the LaB6 gun. For the T-F gun, with a current density of 2000 A/cm2 , the

minimum spot exposure time is 25 nsec. With these numbers in mind, we can

?draw the following conclusions.
1. It is clear from figures 1 and 2 that circuit exposure times reach

the overhead minimum for spot exposure times shorter than 50 nsec and that

this limit is independent of spot size variability. This is because pattern

overhead dominates all other types of overhead. For longer spot exposure

times, the dependence of throughput on spot size variability is much stronger.

At 1 lsec spot exposure time, the total exposure time for the ECL circuit

decreases from 7.3 min to 1.1 min as the spot size variability increases from

.5-1 pm to .5-4 pm.
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It is desirable to operate the vector scan system near the overhead

throughput limit at 50 nsec spot exposure tine (or 20 Mfliz exposure rate).

Operation in the region placed very modest requirements on spot size

variability. Pfeiffer has pointed out (6) that small spot size variations are

desirable because of space charge effects.

Operation near the overhead limit requires either sensitive resists or

high beam current density. The T-F electron gun can expose PMMA at a rate of

20 MHz with 1000 A/cm 2 . This density is within present capabilities. The

tungsten thermionic source would require a resist with a sensitivity of 2.5 x

10-6 C/cm2 . Development of a high resolution production resist with this

sensitivity is far in the future.

We conclude that the T-F electron source would be of significant value in

VSS Vector Scan Lithography Machines.

2. It is also clear from figures 1 and 2 that if the advanced raster

scan system is to compete with the VSS system operated near the overhead

limit, then the spot exposure time will have to be less than 10 nsec. Sub-

stantial throughput gains can be realized, however at a 200-300 MHz exposure

rate. If, for technical reasons it is not possible to operate the VSS system

near the overhead limit or if the overhead times (particularly pattern

overhead) cannot be reduced to the somewhat optimistic levels used here, then

the exposure rate of the advanced raster system for which its throughput

equals that of the VSS system will decrease. For example, if the .5-1 IM VSS

system were operated at I MHz exposure rate, (the rate for PMMA and the

tungsten electron source), the advanced raster system will have better

throughput if its exposure rate is greater than 10 MHz and a throughput

advantage of a factor of 10 at 100 MHz for the ECL circuit.
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We have previously shown that the maximum exposure rate for PMfA and the

T-F gun is 40 MHz. To operate the T-F gun at 200 MHz requires a resist

sensitivity of 10 pIC/cm2 . Such resists may well become available with high

resolution.

We conclude that the T-F electron source gives one sufficient current

density to consider the advanced raster scan system. The advanced raster scan

system has a higher throughput potential than the VSS vector scan system and

even at moderate writing rates has a significant throughput advantage over the

VSS system with the thermionic tungsten source for PMHA exposure.

69-1
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IV. RECOMMENDATIONS

High brightness electron guns have been shown to be potentially very

valuable in improving throughput and reducing resist sensitivity requirements

in VSS Vector Scan and Raster Scan Lithography Machines.

Electron gun research should be continued with particular emphasis on the

following problems:

1) Develop a sturdy gun mount. Current mounting arrangements are too

flimsey for high resolution, production lighography machines.

2) Develop a gun capable of high voltage operation.

3) Develop a vacuum system capable of supporting the T-F gun in a

production environment.

It was shown that a square spot raster scan system is superior to a VSS

vector system if the former is operated at ultra-high speed. Research into

the problems associated with high speed data transfer and beam blanking should

be carried oaL.
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IMPURITIES IN COMMICATIONS-GRADE GaAs

by

Richard G. Yalman

ABSTRACT

Molecular beam and chemical vapor phase (Ga/AsCl3/H2) epitaxy are

used to grow device quality GaAs at the Electronic Research Branch,

Electronic Technlology Division, Avionics Laboratory, Wright-Patterson

Air Force Base, Ohio. Reproducible growth of communications grade GaAs

has not been achieved. Practical considerations for the reduction of

impurities in these materials are confined to the manipulation of the

physical arrangement and chemistry of the "as is" systems. Because the

order of desired impurities in GaAs is 1 ppb additional attention must

be given to clean rooms, additional traps, modification of flushing and

burn-out techniques, elimination of teflon and silicon grease, the in-

house preparation of bulk GaAs, and changes in the composition of the

carrier gases in the Ga/AsC13/H2 system. A new reactor system has been

designed and is being assembled for the determination of growth para-

meters. A complete determination of the equilibrium state within the

reactor tube as a function of furnace profile, composition and pressure

of carrier gas and Ga/As, Cl/H and O/H ratios would aid in the statis-

tical design of a new set of experiments with this equipment.
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I. INTRODUCTION: Epitaxial GaAs is used in a variety of electronic

devices (LEDs, FETe, IMPATTS, etc.). Its relatively wide bandgap and

high electron mobility gives GaAs an edge over silicon in microwave

applications including solid state transmitters and receivers for radar

and communications systems. Unfortunately the preparation of epitaxial

GaAs is still largely an art, and its properties have not been adequately

correlated with starting materials and/or growth parameters. This lack

of a clear understanding of the growth process leads to low yield, high

cost, and components of questionable reliability.

One of the missions of the Electronic Research Branch is to develop

reproducible techniques for the epitaxial growth of communications grade

GaAs. Currently molecular beam and Ga/AsC1 3/H2 vapor phase epitaxy are

being used to provide materials for a variety of in-house physics experi-

ments, but improved techniques are still required to provide materials

with consistently low impurities (less than 1014 cm-3 ) and high mobilities

(over 120,000 at 77*K). A new design for the Ga/AsC13/H2 system is now

being built and the apparatus for organometallic epitaxy is being assembled.

Molecular beam epitaxy consists in the high vacuum transport of Ga

and As from sources in Knudsen cells to a GaAs substrate. In the

Electronic Research Branch the pumping pressure is in the range of 1 X

10-9 - 5 X 10-11 Torr, with deposition pressures in the range of 10-6 to

10-7 Torr. Epitaxy growth occurs in an hydrogen atmosphere, the sub-

strate temperature is 540*C, the Ga oven is maintained at 1000C and the

As oven at 350*C. A vacuum lock system has been installed for changing

the substrates and the heating elements have cryogenic shields. Carbon

has been identified as a major contaminant and carbon and silicon are

inherent to the system. To reduce the introduction of carbon and silicon

the Pd hydrogen purifier has been modified to eliminate the stainless

steel Pd support coil. Nonetheless the system is characterized as

having all of the problems inherent in high vacuum technology.
2

70-4....................... '...........................---



Organometallic epitaxy3 consists in the pyrolysis of trimethyl-

gallium and arsine in an hydrogen atmosphere in the vicinity of a GaAs

substrate mounted on a graphite or boron nitride coated substrate. The

susceptor is maintained at 750"C by rf induction heating. Again carbon

is an inherent impurity due to reactions of methyl free radicals and the
4catalytic nature of the GaAs itself. When a plasma is used to generate

Ga and As, silicon from the silica glass reactor will also be an inherent
impurity.

The Ga/AsCl3/H2
5 method uses a temperature profile in which Ga and

As vapors generated in a high temperature region are transported down-

stream where they deposit on a GaAs substrate at a lower temperature.

In this laboratory purified hydrogen is used to carry AsCl 3 into the

high temperature region of a silicon dioxide glass reactor tube. Some

of the reactions in this region include

4AsCl3 + 6H2  = As4 + 12HC1 1

As4  = 2As2  2

As4 + 4Ga = 4GaAs 3

4HCl + 4GaAs = 4GaCl + As4 + 2H2  4

The GaC1 and As (and As2 ) are transported downstream by hydrogen where
A4  A 2)

the reverse of reaction (4) occurs on the substrate in the low temper-

ature region.

A series of reactions involving hydrogen, hydrogen chloride and

Silicon dioxide (from the silica glass reactor tube) give rise to SiO

and compounds of the series SiOx Cl 4. These can react at the surface
of the newly formed GaAs to produce elemental Si or to condense as SiO

and, by reacting with water, as SiO2. Thus Si and 0 are inherent

impurities in this system. Zn, presumably from AsCl3, can be detected

at levels as low as 1014 cm-3 by high resolution photoluminescence tech-

niques in high mobility GaAs (greater than 105 at 77-K).6
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In addition to the major contaminants of concern in this laboratory

nearly twenty additional elements have been identified at concentration

levels ranging from 2 X 1014 to 1017 cm- 3 by SSMS and SIMS. Because

these concentrations are close to the detection limits for most elements
7

there is some question regarding the true value for any element reported

at concentrations below 1 ppm (4 X 101 6 cm-3).

Low levels can also be achieved by photoluminescence techniques.
9

Unfortunately the exceedingly small differences of energy levels in GaAs

for many different donors preclude the use of this technique for differen-

tiating between such impurities. However, the chemical shifts for

acceptors range from a few meV to several tenths of an eV and this

method can be used for these impurities. Confusion may arise due to the

poor quality of the material and to shifts due to high doping. Nonetheless

using a high resolution spectroscope with samples maintained at 1.2-2.1K,

Zn can be consistently identified in this laboratory at concentrations

down to 1014 cm
-3 10

Electrical measurements can detect impurities at 1013 cm-3 or less

i.e. at levels below elemental identification. The goal in this labora-

tory is to produce such materials. In order to do so the Electronic

Research Branch made the decision to reexamine the chemistry of the epi-

taxial growth processes and to use a chemist in the Summer Faculty

Research Program for this examination.

II. OBJECTIVES OF THE RESEARCH EFFORT

1. Initially the stated objective of this research effort was to

examine the sources of impurities in the epitaxial growth of GaAs by the

pyrolysis of organometallic compounds and arsine in an hydrogen atmosphere

in order to reduce the magnitude of these impurities by selecting the

highest grade starting materials and modifying the apparatus under con-

struction.

2. The initial goal was subsequently broadened to include:

a. the TMGa/AsH3/H2 system

b. the Ga/AsCl3/H2 system

c. the molecular beam Ga/As system
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3. Given the inherent restrictions of the respective apparatus,

the in-house experience with the respective systems and the potential

for achieving the desired objective of communications grade GaAs within

the near future (1-2 years) the research effort ultimately focussed on

the potential sources of impurities in the Ga/AsC13/H2 system.

III. METHODOLOGY

The approaches to the determination of the sources of impurities in

epitaxial GaAs include:

1. The identification of trace element impurities in all of the

source materials by collating information supplied by the manufacturers

through correspondence and by telephone, analytical information available

on these materials as a result of elemental analysis in this and other

interested laboratories and the Bureau of Standards and a study of the

methods of preparation of these materials.

2. A comparison of impurities in GaAs grown by the various techniques

in this and various interested laboratories through a study of information

available in the literature and to the extent possible, by talking

directly with the principal investigators in the various laboratories.

The differences in the impurities found in GaAs prepared by different

methods identifies, in part, non-identifiable impurities in the source

materials and impurities which may be inherent in the growth techniques

themselves.

3. A thermochemical study of the possible chemical reactions

occurring within the various systems in order to identify the magnitude

of potential impurities within different systems and to anticipate

modifications which might decrease the magnitude of these impurities.

IV. RESULTS

1. With few exceptions the materials supplied by the manufacturers

are used "as-is" in nearly all GaAs growing laboratories, i.e. they are

not further purified. These materials are listed as Electronics Grade,

70-7
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but they vary in purity from 7N for gallium to 5N for the organometallics

and arsenic compounds. Although manufacturers will supply lot analysis

upon request, specifics, including manufacturing, analytical and sensi-

tivity of analytical techniques, are often considered trade secrets.

The analysts themselves report impurities which vary from .02 ppm copper

in gallium to 4 ppm germanium in arsenic trichloride. Unfortunately

there is no clear correlation between these or other reported impurities

and the impurities found in GaAs.

As indicated previously the limits of detection of chemical analysis,

whether by atomic absorption, spark emission spectroscopy, secondary ion

mass spectroscopy or spark source mass spectroscopy, is less sensitive

than photoluminescence. Unfortunately the latter is limited to a few
14 -3

elements at concentrations greater than 10 cm . The final criterion

is the mobility of the sample, but the desired levels are less than

those detected by elemental analysis.

Cr doped GaAs is the common substrate for epitaxial GaAs. In this

and other doped substrates the GaAs boule is generally saturated with

the desired dopant in order to completely compensate the donors (or

acceptors) present. The result is a complete masking of all other

impurities which, unless a special analysis is made, are present in

unknown quantities.8 Thus diffusion across the junction between the

substrate and the epi layer is a potential source of impurity. The

magnitude of this impurity may be reduced by applying stress to the back
11

of the substrate.

It is clear that the various processes for the epitaxial growth of

GaAs are still in a state-of-the-art stage. This is indicated in the

lack of correlation between known impurities in the source materials and

the growth materials, in the selection of source materials by the various

laboratories from different suppli-rs and the lack of correlation be-

tween growth parameters and incorporated impurities. Few laboratories

have the capabilities of further purifying the source materials due to

their corrosive and pyrolytic nature. Exceptions are the Naval Research

Laboratory which is preparing its own substrate material and the Rockwell

Laboratory which is planning to purify trimethylgallium.
1 2
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A comparison of epitaxial growth methods suggest impurities inherent

in the given method. For example, zinc is one of the important contam-

inants in device grade GaAs grown in the Ga/AsCl 3/H2 system whereas zinc

impurities are less important in liquid phase epitaxy. A second example

is the high carbon content of epi layers made by molecular beam and

organometallic epitaxy but not the Ga/AsCl3/H2 system using Cr doped

substrates. Third, systems grown in silica glass reactor tubes contain

higher silicon content than those grown in stainless steel or other pure

metal systems.

The source of zinc in the Ga/AsCl3/H2 system may be AsCl since
3 2 3

both the liquid phase and molecular beam epitaxy use metallic arsenic.

A suggested source of zinc may also be the vaporization of the brass

tips of the torches used in the fabrication of the reactor tubes. The

level of zinc in epi layers grown in this system has been reduced to
14 -3

10 cm . This degree of purity indicates that this system purifies

the starting materials. A similar purification in molecular beam epitaxy
depends on the so-called "sticking" coefficient of the zinc (and other)

impurities on the substrate while purification in liquid phase epitaxy

depends upon the distribution coefficients of impurities between the

solid and liquid phases. Because of the generally low and unknown

concentrations of impurities in the starting materials and the epi

layers values of sticking and distribution coefficients are not well

Pknown and their elimination depend on empirical experiments.

The sources of carbon, silicon and various metals in molecular beam

epitaxy has been described in some detail and are inherent in radiation

effects upon the support, insulation and other materials required in
2

ultra high vacuum technology. Sources of carbon in organometallic

vapor phase epitaxy include the presence of small amounts of hydrocarbons

in the starting materials, reactions involving the methyl radicals and

the catalytic nature of the gallium arsenide itself as there is evidence

for the formation of the complex, CGaAs.4 The result of the latter

factor is that the carbon content is greater than expected from thermo-

dynamic calculations.
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Empirical methods in different laboratories to reduce impurities

include the use of boron nitride13 instead of silica glass boats, the

use of a nitrogen atmosphere instead of hydrogen atmosphere,1 4 the use

of a single rf induction furnace3 in the organometallic system to eliminate

the long profile furnace used in the Ga/AsCl3/H2 system, the use of

constant15 or lower16 substrate temperatures, an increase in the partial

pressure of AsCl317 and the "gettering" of substrates. In a series of

experiments based on a suggestion by Weiner18 water was deliberately

added to the In/PCl3/H2 system to suppress the incorporation of silicon

in indium phosphide. 18 These variations can reduce the concentration

levels of specific elements, particularly silicon, but there are no

correlations between the various experimental modifications and the

total level of impurities which remain at 1015 cm 3 or greater.

2. In order to estimate the amount of elemental silicon which may

be incorporated into epitaxial GaAs a number of authors have made thermo-

chemical studies of the Ga/AsC13/H2 - Sio system.2 0 ,2 1,22 This system

is particularly important as the reactor tube consists of silica glass.

Furthermore, because of both custom and convenience silica glass will

continue to be the material for the reactor tube even where a boron

nitride boat is used.

There are a number of problems connected with these calculations.

First, there have been revisions in the thermodynamic data themselves so

that species i.g. SiH3Cl, which were emphasized in earlier calculations
now appear to be less prominent. Second, because of the misnomer, i.e.,

the term "quartz" for silica glass, thermodynamic data for quartz in-

stead of silica glass'has been used. Third, because of the complexity

of the system under investigation there has been little agreement as to

the possible species which may be present or the possible reactions res-

ponsible for the formation of elemental silicon in the epitaxial growth.

Thus, DiLorenzo and Moore2 1 cite the reaction

SiCl Si + 3/2H 2  + 1/2C1 532
as the source of silicon whereas this author prefers the overall reaction
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4-xGaAs + SIHx Cl4 4-xGaCl + (4-x)/As4  + x/2H2  6

Fourth, a misinterpretation of experimental data which resulted in the

statement2 1 that whereas three moles of hydrogen chloride per mole of

hydrogen chloride are generated by the reaction

AsCl3  + 3/2H2 - l/4As4 + 3HC1 7

only two of these are used to generate GaCl. This error is due to the

fact that over the experimental range of P AsC there is only a small
sl3change in the equlibrium ratios of P C/PAs, where PGaCl and PAs are

the equilibrium partial pressures of volatile gallium and total volatile

arsenic compounds, respectively, in the reactor tube (Table I). Unfor-

tunately, this error continues to be repeated.

Table I

Gallium/Arsenic/Ratios as a Function of Initial

P AsCl 3 T = 1131K

Gallium/Arsenic Ratio

A Observeda Calculated
PAsC1 3

.001 - 2.58

.00152 1.88 -

.0025 - 2.49

.00291 1.82 -

.0056 2.40

.00627 1.93 -

.00745 1.84 -

.010 - 2.32

a. Ref 21.

Free energy values for a number of reactions occurring during the

epitaxial growth of GaAs in this laboratory are given in Table II. The

higher temperature, 1131 K, corresponds to the temperature of the boat

where volatile GaCl is formed while the lower temperature, 1003 K, is

the temperature of deposition of GaAs on the substrate. Table IIA con-

tains values for the formation of volatile silicon compounds, Table IIB

the values for reactions which lead to the formation of elemental silicon

and the values for the "clean-up" reaction for the removal of elemental

silicon from the surface of GaAs are given in Table IIC.

70-11



Table II

Free Energies, Kcal mole-

Reaction Temperature, K

A 1131a 1003b

Volatile Silicon Compounds

SiO2 + 2Ga = Ga20 + SiO 71,404 80,779

" SiO 2 + H2 = H20 + SiO 65,701 71,819

§iO 2 + H2 + HC = 2H20 + SiH 3Cl 81,238 78,660

Si0 2 + 2H2 + 2HCl = 2H20 + SiH 2Cl2  65,341 63,200

SiO2 + H2 + 3HCI = 2H20 + SiHCl3 51,462 49,170

SiO2 + 4HCl = 2H20 + SiC14  42,064 39,320

SiO + 2HCI = H20 + SiC12  1,824 -2,779

B

Elemental Silicon Formation on GaAs

2SiC12  = SiC14 + Si -26,715 -30,560

SiH 3Cl + GaAs = GaCl + 3/2H 2 + As4 + Si -13,785 - 6,790

SiH 2Cl2  + 2GaAs = 2GaCl + H2 + l/2As4 + Si 1,784 12,340

SiHC13  + 3GaAs = 3GaCl + 1/2H 2 + 3/4As4 + Si 16,849 30,040

SiC14  + 4GaAs = 4GaCl + As4  + Si 26,676 43,560

C

Removal of Silicon From GaAs

Si + 4HCl = 2H2  + SiC14  -24,960 -28,880

a. Temperature of the Reactor

b. Temperature of the Substrate
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Because of the ratio of P /PAs has a value of two under the con-

ditions of the experiments in thts laboratory (P AsC - .0056 atm.) theAl3
species As4 is used in the reactions in Table I. Tible II is also

based on the thermodynamic data for silica glass and not quartz. More

recent thermodynamic data2 3 show that the species SiCl 4 and SiRCl 3 are

more stable than had been previously recognized. In spite of these

changes the amount of elemental silicon formed on the surface of the epi

GaAs is of the same order of magnitude as that reported by DiLorenzo and

Moore 2 1 and decreases rapidly for PHCl greater than .001 atm.

In the overall reaction of hydrogen chloride with silicon dioxide

two moles of water are formed. If this amount of water is introduced

SiO2 (glass) + xH2 + (4-x)HC1 - SiHxC1 4 _x + 2H2 0 7

into the reactor tube along with the carrier gas, the amount of volatile

silicon compounds will be greatly reduced producing a corresponding

reduction of elemental silicon in epitaxial GaAs. The calculations here

are in agreement with the suggestion aade earlier by Weiner18 and in

view of the fact that his calculations were based on quartz and not

silica glass this suggestion becomes more important. The effect of

introducing water on the formation of gallium and arsenic oxides during

the growth and cooling of GaAs will be negligible as there will be

virtually no change in the total amount of water in the reactor tube.

Although zinc is not reported as an impurity in the source materials

(gallium, arsenic trichloride and GaAs substrates) but is found in epi-

taxial GaAs, it was assumed to be present in each of the source materials.

Zinc boils at 1180*K, which is higher than the temperature maintained in

the hot part of the ieactor tube. If present in the elemental gallium,

it might be removed by baking out the gallium at 1200°C, the maximum

operating temperature of the furnace, in an hydrogen chloride atmosphere.

Zinc chloride would then be swept out of the furnace. This procedure is

used to purify gallium used in molecular 
beam epitaxy

2 4
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Since present as an impurity in the manufacturers arsenic trichloride

would be in the form of non-volatile ZnC. The volatility of this and

other metal chloride impurities could be further reduced by the formation

of anionic chloro complexes by the addition of (C2H5)4NCl or hydrogen

chloride. However, whenever an additional substance is added it also

acts as an additional source of impurity.

Arsenic trichloride is transferred from a bubbler tube to the

reactor tube with the aid of hydrogen gas. The flow rate of the hydrogen

gas varies from 50 - 200 ml/min. This is a very rapid flow rate and

even though bubbling appears smooth, the presence of a spray cannot be

ignored. Thus a potential technique for the reduction of impurities

carried from the arsenic trichloride bubbler into the reactor tube is

the introduction of large surface traps or baffles.

Where semi-insulating substrates (Cr and 0 doped GaAs) are used,

the concentrations of impurities are of the order of magnitude or larger
25,26

than those found in the epitaxial GaAs. Although the diffusion

rate of zinc in GaAs in low, the rates of diffusion of Group IA and IB
27

elements is quite high. Thus substrates may be sources of impurities

in the epitaxial material. Rates of diffusion may be reduced by "getter-

ing".II It may ultimately be necessary to prepare the substrate itself.

Carbon appears to be ubiquitous to GaAs grown by molecular beam and

organometallic epitaxy and to other Ill-V materials. Sources of carbon

were discussed in Section 2. A chemical source would be produced by the

reaction

4CH3  C + 3CH4

where the methyl radical, CH3, is produced during the decomposition of

trimethyl gallium during organometallic epitaxy. However, thermodynamic

calculations show that the amount of carbon formed in this reaction

would only correspond to 108 cm -3. Other carbon producing reactions

involve the cracking of hydrocarbons. Although these reactions normally

occur at negligible rates, they occur rapidly on a catalytic surface.

GaAs must be considered as such as surface. In order to avoid carbon

contamination all freshly prepared GaAs surfaces must be kept in hydrocarbon-
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free atmospheres.

Finally, it is not surprising that a listing of elements found in

various III-V compounds28 correspond to those cccurring most frequently

as measured by natural abundancies. This raises the obvious question as

to whether dust in the laboratories may be the source of these impurities

and that all exposed surfaces of materials and equipiLent should te done

in a dust and hydrocarbon-free clean room.

V. RECONOMDATIONS:

a. This Work:

The following recomendations have been made to the appropriate

personnel in the Electronic Research Branch for the enhancement of the

quality of epitaxial GaAs prepared by the Ga/AsCl3/H2 system and, where

appropriate, molecular beam and organometallic epitaxy.

1. The work should be performed in a "clean room", i.e., an area

ccn tainiun an airlock system with filtered air. There should be no

smoking or custodial services in this area nor solvents, oil pumps and

other sources of volatile carbon and silicon compounds.

2. Modifications in the reactor tube should be nade so that back

diffusion of environmental gases cannot occur during the removal and in-

sertion of substrates and epi layers.

3. Traps should be introduced between bubbler systems and reactor

tubes.

4. All organic materials including teflon and silicone greases

should be eliminated from the reactor system.

5. After the reactor tube is cleaned with the H2So4-HF mixture,

the tube should be baked out at 1200C in an hydrogen chlcride atmcs;bere.

6. All hydrogen chloride used in this system should be generated

by the reduction of AsCl3 with U2 (this recommendation was already
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planned for the new apparatus under construction).

7. Gallium should be baked out at 12009C in an hydrogen chloride

atmosphere.

8. The effect of introducing water via the hydrogen carrier gas at

concentrations corresponding to the mount of water currently produced

in the hot reactor tube should be investigated.

9. Epitaxial GaAs can be prepared with a lower concentration of

impurities than the source materials including the substrate. Because

of this fact the preparation of bulk GaAs using the Ga/AsCl 3/H2 sbould

be given serious consideration. In this way all of the material used in

this process with the single exception of hydrogen gas will have been

purified in this laboratory. The new equipment now under construction

can be used for preparing the bulk GaAs, for the preparation of pure

hydrogen chloride and the transport of gallium and arsenic from the bulk

GaAs to the substrate.

b. Recommendations for Future Work:

The equilibrium states of the Ga/AsC13/H2-StO 2 system should be

determined along the reactor tube from the hot to the cold region.

These calculations should take into consideration the variations in the

temperature profile as well as variations in the source materials and

substrate, the variations in the partial pressures of volatile consti-

tuents as well as the total pressure in the system and variations in the

elemental composition-within the reactor tube as functions of the Ga/As,

Cl/H and O/H ratios. The determination of the equilibrium states is

done by minimizing the free energy of the system. The iteration method

of Cruise2 will be modified as needed.

The proposed calculations should take into consideration the reac-

tion of the silica glass boat with gallium, the reaction of the silica

glass reactor tube with both hydrogen and hydrogen chloride and the re-

actions of water formed in the latter reactions with Ga, As and GaAs.
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An important aspect of these calculations is to determine the turning

point between growth and etching and the reactions which may occur

between the volatile components within the reactor tube and epitaxial

GaAs during periods (heating and cooling) when neither growth nor etch-

ing occur.

A program should be prepared which can be used with the Hewlett-

Packard 9852A calculator with appropriate accessories now available to

the laboratory used for the preparation of epitaxial GaAs. It is anti-

cipated that the program will be used during the course of the experi-

mental program to determine the effect of changing a given variable on

the other components of the system. Finally, the program will help in

the statistical design of a new series of experiments.

It is clearly recognized that thermodynamics says very little about

the kinetics and mechanism of the growth of GaAs. It should also be

recognized that the GaAs surfaces have catalytic properties and that

previously ignored reactions must be considered.
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