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xl COORDINATED SCIENCE I.ABOR.ATORY
SUMMARY OF

PROGRESS REPORT FOR JU LY 1977 THROU GH JUNE 1978

1. New Programs

New programs initiated during the past year in Physical

Electronics include semiconductor crystal growth by molecular beam

epitaxy (MBE) and by vapor phase ep itaxy (VPE). Studies of growth

methods and material characterization are the emphasis of these projects.

Other aew programs include a study of the excitation transfer between

excited states in gas discharges , and an exploratory study of the

excitation and properties of hot bands and quasi-continuum of gaseous

molecules for laser app lications.

2. Semiconductor Physics

Ion implanted layers in Si and Ill-V c’~m,ounds are studied

using electrical and optical measurements. Other studies inc lude

secondary ion mass spectroscopy (SINS) and Auger electron spectroscopy

(AES). The recrystallization of amorphous implanted Si is examined , with

accompanying impurity activation and migration during annealing . Im-

plantation , encapsulation , and annealing studies in GaAs include develop-

ment of planar p-n junction devices. Deep-leve l impurities and defects

are studied in Si and Ill-V compounds.

3. Thin Film Physics

The overall objective of this program is to investigate ion-

surface interactions which have a controlling effect on the nucleation

and growth kinetics , chemistry , and physical propertie s of alloy semi-
conducting films grown by sputtering. Analytical models have been

developed to predict enhanced interdiffusion rates at heterojunction

interfaces due to ion bombardment of the substrate and growing film

during deposition . These calculations were supported by physical measure-

ments using standing wave x-ray diffraction techniques to determine the

period and amplitude of the compositional modulation wave in InSb/GaSb

superlattice structures deposited under varying degrees of ion bombardment. 
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Enhanced diffusion coefficients more than five orders of magnitude Larger

than thermal values were observed . Results showed that using such tech-

niques , interfacial abruptness and coherence could be adjusted on the

scale of rnonolayers to tens of ~ even for junctions with large Lattice

mismatches.

The effect of ion bombardment on 3Lemental sticking probabilities

was also investigated and , in Ill-V compounds , found to have a stabilizing

e f f e c t  on st oichioinetr ic compound format ion .  It has also be en shown to
allow the growth of metastable alloys such as ln(Sb ,Bi) with InBi con-

cerztrations more than four times the solid solubility limit. Film growth

parame ters have been related to the chemistry and physical properties of

deposited films as determined by glow discharge optical spectroscop~ (GDOS ) ,

Auger electron spectroscopy (AES) , x-ray photoelectron spectroscopy (XPS ),
and secondary ion mass spectroscopy (SINS), in addition to metallurgical

and e lec t r ica l  measurements .

4 • Microwave Acoustics

The Long range objective of this research is to originate and

analyze new microacoustic wave principles that will lead to significant

device applications . Work has been directed toward the realization of a

new class of dev ices based on the propagation of nondispersive L ine

acoustic waves along the edge of cleaved substrates. Line wave transducers

with a resolution requirement four time s less than that of surface

acoustic wave transducers have been fabricated . The lift off technique

has been adapted for edge device fabrication and line acoustic wave

devices on GaAs have been demonstrated . The model for surface acoustic

wave transducers has been generalized and simplified. As a result ,

transducers with arbitrary tap weights are now easily and accurately

modeled. A technique for analyzing nonperiodic multistrip coup lers

• has been developed . Significant progress has also been made in the

study of surface acoustic wave scattering from periodic arrays. A new

L experimental technique for independently evaluating the scattering

parameters has been devised and a theoretical method for determining the

dispersion reLation of thick metal scattering elements on arbitrary

p iezoelectric subs:rates has been developed .

1 
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5. Surface Studies

Experiment s have been initiated to direc tly test  the surface

reac t ivity of vibratio na l ly excited gas molecules .  These measurements ,

which have concentrated on laser excitation of methane , are still under-

way. Work has also been started on the thermodynamics of adatom clusters ,

which are important in thin film phenomena. This effort has resulted in

the first quantitative values for the thermodynamics of dimer dissociation.

6. Millimeter Wave Integrated Circuits

New active and passive circuit design s for mil l imeter wave s

have been deve loped using die lectric substrates and complete receiver

systems have been successfully developed and tested. Three analytical

approaches for predicting the characteristic s of p lanar and tapered

dielectric waveguides have been investigated . Extensive numerical results

have been derived and good. correlat ion with experimental results have

been obtained .

7. Electromagnetic Radiation and Scattering

The Spectral Domain Approach has been employed for the analysis
of three impor tant problems in high frequ ency diffraction with applications
to radar , electromagnetic countermeasure s and electromagnetic compati-
bility. Reliable accuracy tests for high frequency asymptotic solutions

have been developed and tested. New results have been obtained for the

far-fields radiated by sources in the presence of smooth conducting sur-

faces that are large compared to the wavelength.

8. Plasma Physics

Two interesting studies have been completed in nonlinear beam-

p lasma interactions. Anomalous harmonic generation by an unstable beam-

plasma wave has been observed experimentally , and a model inc lud ing th e
effects of nonlinear wave-particle interaction has been proposed to

account for the phenomenon. A theory of parametric instability of plasma 
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waves and ion-acoustic waves in a beam-plasma system has been devised.

i 
Experiments on sideband excitation by an uns tab le beam-plasma wave have

1 been performe d , and excellent agreement has been found with the parame tric
instability theory.

-* The proposed experiment on wave potential probability density

r functions in ion-acoustic turbulence has moved out of the planning stage.

Diagnostic equipment essential to the experiment has been obtained and

set up, and sever.L pre liminary tests have been run.

9. Rarefied Gas Dyn amics

Under our long range plans to use the kinetic theory treatment

to solve gas dynamics prob lems under non-equilibrium conditions , we have

solved the Boltztnann as well as the Krook equations for an evaporation

prob lem as well as a condensation problem. Both problems has a wide

range of app lications. We have also studied the development of Monte

Carlo techniques to study several rarefied gas flow problems including

• that of the separation process in aerodynamic isotope enrichment devices.

10. Computational Gas Dynamics

Under our long range p lans to solve d i rec t ly  the basic gas

dynamic equations for complex problems , we have studied the app lication

of finite element , finite difference and hybrid methods to solve selected

problems of current interest. Two methods have been developed to generate
numer icall y optimum meshes that can be used to implement both finite

- 

element and finite difference methods for problems of complex geometrics.

Our major research efforts include the numerical solution of the nonlinear
- free surface problems and the viscous flow problems of complex boundary

condi tions and geometries.
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Ii .  Fault-Tolerant Systems and Computer Architecture

Research in Fault-Tolerant Distributed Systems covers the develop-

ment of efficient , functional leve l testing techniques for memories and

microprocessors , the comparison of a new technique of self-diagnosis for

distributed systems (“roving diagnosis”), which does not use a global

supervisor or dedicated redundancy , with systems using classical redundancy ,

and the study of the use of semi-Markov processes in the modelling of

computer system performance.

Research in Concurrent Self-Diagnosis and Reconfiguration in

Large—Scale Systems covers the study of the self-checking capabilities of

certain codes with respect to structures of a r i thmet ic  circuits and faul t
models , further app lications of alternating self-checking logic , new

results on the identification of fault-free rather than faulty units in an

interconnected system , new results on the connections and other properties

required of a system to permit self-diagnosis by “roving diagnosis”,

design technique s for reliable interconnection networks , and the specif i-

cation of a design language for multiprocessor systems that results in

deadlock-free control structures.

Research in Computer Architecture covers studies of the perform-

ance of functional resources for a multiple-stream pipe lined processor

and the investigation of analytic models for stochastic scheduling of

para l le l  pipeline processors.

Research in Computer System Organization covers continuing work

in the mode ling of the performance of multip le-processor virtual memory
systems , continuing studies of the performance of interleaved memories in

a multiprocessor environment , a report on the experienc e with the AMP -I

mult ip le  microprocessor system , and a study of levels of program repre-

sentation vs. computer organization .

Research in Modeling and Evaluat ion of Large Computer Systems

covers the deve lopment of a general queueing s imulator and the study of

the “local balance ” property of certain queue ing systems . 
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12. Display, Memory, and Computer Terminal Research

The characteristics of professiona l teleconferenc ing are being

examined to define those concepts important for efficient remote human

graphic communication. A test system has been constructed to simulate

low bandwidth interactive facsimile communication .

Low cost video/data disk concepts are being exp lored. A high

speed random access readout servo control system design has been developed .

Data encoding techniques for this disk have been examined.

A real time computer controlled AC plasma display pane l has

been developed. This system displays the wall charge transfer curve of

a single p lasma cel l  and allows the engineer to rap id l y assess the

consequences of design and parameter changes .

13. Applied Commutat i on Theory

Work in the analysis  and design of e ff i c i e n t  computationa l
techni ques has been continued , prevalently in the field of computationa l

geometry . In this area new and s ign i f ican t  resul t s  have been obtained in
the intersection of convex pol yhedra and sets of half-spaces , proximity
and reachability in the p lane , and triangulations. Research has also

been conducted in other areas , and interesting results have been reported ,

spec if ical l y in storage management (array-to-tree mapp ing) ,  p a r a l l e l
computation (matrix inversion), algebraic techniques (boolean matrix

multiplication), and comb inational design (reduction of depth of switching
- 

- 
networks).

14. Advanced Automation

Prog ress has been made in a number of are as , including natural
language understanding , manipulat ion and assemb ly,  visual information

processing and recognition , computer aided decision making , human

decision making and human-computer interaction. In na tura l  language

understanding improvements have been made in the PLANE S na tu ra l  Language

question answering system and evaluation of the system has begun , a

browsing and alerting system for a Large data base has been developed ,and

j
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new systems for making spacial inferences about language and for per-

forming automatic planning have been written. A new system which uses

visual feedback for manipulation has been developed along with a novel

high-leve l manipulator control system. Visual information processing

and recognition work has concentrated on image segmentation , correla tion
of stereo image pairs , image model ing and reconstruc tion methods , and
networks of automata for low leve l vision. Computer aided decision making

work has progressed toward a system to monitor aircraft systems and help

a PiLot recover from failures or course deviations . Techniques have been

developed for automatic analog test program generation for circuits. In

the area of human decision making and human-computer interac tion , investi-

gations have been made of human performance in multi-task situations and

in computer-aided fault diagnosis. Finally , a system has been deve loped

for the modeling of library networks.

15. Information Retrieval Research

During the 1977-1978 time period the Information Retrieval

Research Laboratory (IRRL) conducted a number of research and development

projects and directed the operation of the University of Illinois ’ online

search service. Major activities included the following : development of

a hybrid approach to fact identification in natural language text using

Keyword and Al techniques; analysis of data base data; design of an auto-

matic data base selector ; design of an integrated man/machine interface

to facilitate network resource utilization ; development of a directory on

transnational corporations for the United Nations ; design of a system for

the automatic generation of a state-wide union catalog; computer assistance

in development of an index and bibliography of electroorganic synthesis

reactions ; deve lopment of a computer-readable data base directory ; and

management and direction of the University of Illinois ’ onl ine search
service. 

~~~~~~• -- -
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16. Communications Systems and Signal Processing

Progress in communications has been in three major areas . First ,

new results in weakly- and strongly-universal variable rate data com-

pressions for discrete-time sources have been obtained. Second , optimum

data quantizers for signal detection , memoryless detectors for operation

in dependent noise , and robust signal detectors for unknown noise environ-

ments have been derived . Detection-estimation schemes for estimating

signals with Poisson noise input or with ~.1arkovian switched noise

statistics have been developed. Third , analytical results have been ob-

tained for direct-sequence spread-spectrum multiple-access (SSMA )

communications over white noise and fading channels. Sequences with good

correlation properties have been designed for such systems .

17. Analog and Digital Circuits

Progress is reported in four different research areas. First ,

a new project was initiated this ?~st year on the fault analysis of

analog circuits. Under the assumption that all the circuit nodes are

access ib le , two new methods have been found for the location of faults.
One method locates a single fault in resistor circuits , and the other

method enab les one to calculate parameter values from the node voltage

measurements. Results are reported for another project ott the reduced

order modeling of linear systems . An approach is presented for the

reduced-order mode ling of subnetworks , and the use of topological

relat ionships is being examined for the modeling of the overall system

response. A third pro ject involves research for  new h igh performa nce
recursive digital f i l t e r  structures. Multiple feedback structures are

being studied as well  as new architectures based on the residue number

system. Our study shows that architectures based on the residue number

system have advantage s in terms of speed and cost. Signals can be

proc essed in par allel using h igh speed table look-up arithmetic with

read-only memories. The fourth research project is concerned with the

design of switched-capacitor filters. Present design methods are based

on first-order approximations to the analog filter. These techniques

require an unusual ly high samp l ing ra te in order to avo id distor tion o f
the frequency response. Present ly we are studying the implementation

of some second-order approxi mations which correct this problem .

- - - 
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18. Decision and Control

Several projects have led to many resul ts  involving various
aspects of control analysis , synthesis , and optimization. The key

directions are control and decision strategies for systems under imper-

fect information, reduced order modeling by chained aggregation and by

singular perturbation , control s t ra tegies for large scale systems with

mult ip le decision makers , multimodeIing of large scale systems , and

structural properties of large scale systems .

19. Population/Food/Weather Studies

The overall objective of the project is to develop and disseminate

nationally , to institutions of higher education , multipurpose computer-

based instruction models for teaching Population Dynamics and population—

rela ted issues , such as population and food , population and economic
development . This objective is designed to f i l l  a recognized need for the

development of techniques to communicate the structure and dynamics of

population by utilizing the latest developments in computer technology .

It is a primary objective of the project to design a flexible interactive

educational system which can be adapted and implemented on a large number
of computer systems (graphics terminals , teletype, slide output , hardcopy
output ] throughout the nation .

The weather studies arts aimed at developing long range fore-

casting techniques for weather and climate. The forecast range varies

from a few months to a few years . In addition to the common meteorological

variables , crop data has been found to be a useful indicator of long range

weather trends . 
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1.1 Introduction

The Physical Electronics research program was strengthened

considerab ly in April 1978 by the addition of five new research units.

Two of these projects involve the growth and characterization of Ill-V
semiconductors , and three involve basic studies in Quantum Electronics.

Since these new programs were begun during the last quarter of the

reporting period , only brief summaries of initial work are presented in

this section .

1.2 Molecular Beam Epitaxy

Initial work on the MBE project has centered on specification

of the growth facility. An appropriate design for a versatile MBE system

has been developed and quotations have been obtained from vendors. An

order will be placed for a facility having a deposition chamber , a

separate analytical chamber , and a sample preparation (load lock) chamber.

Appropriate analytical facilities will be inc luded for examination of

growth mechanisms and propertie s of grown crystals.

Work has begun on the theoretical calculation of properties of

a single monolayer of AlGaAs imbedded in GaAs. Continuing experimental

work includes low temperature photoluminescence and electrical activation

studies of MBE GaAs layers.
In October 1978 a new faculty member (Assistant Professor) will

be added to this project, with primary respons ibility for the MBE crystal

growth facility.

‘~This work was supported by the Joint Services Electronic s
Program (U.S. Army , U.S. Navy , and U.S. Air Force) under Contract
DAAB-07-72-C-0259.
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1.3 Vapor Phase Epitaxy

In this research vapor-phase epitaxial growth of high-purity

lnP is studied us ing the H2 -HC 1-In-P 113 technique , and residua l donor

levels are character ized b y f a r - in f ra red  photoconductivi ty . The goal of

this work is to determine the puri ty  at which InP epitaxial  layers can

be grown using the hydride growth system. There are many parameters that

can influence the growth of high purity InP using the hydride growth

system. In this work we will study the influence of the controllable

parameters such as partial pressure of HC1 in the growth zone , HC 1 f l ow
rates over the In melt , growth rate , substrate orientation , H.,O content

in the system, etc., on the purity of InP epitaxial layers. Other less

controllable parameters such as the purity of the reactant gases and the

purity of the source In will also be evaluated qualitative ly.

The influence of these parameters on the toal ionized impurity

content of the epitaxial layer grown on insulating substrates will be

evaluated initially by Hall effect measurements at room temperature and

liquid nitrogen temperature. These measurements are a routine procedure

used in our laboratory for the evaluation of semiconductor material. In

the second and third year of this research we plan to add a variable

temperature Dewar with calibrated thermometer and temperature controller

for extending the Hall measurements to cover the 4.2-350K temperature

range. Analysis of this data should provide a more accurate estimate of

the total ionized impurity content of the epitaxial layers.

In order to more accurately assess the effect of the growth

parameters on the purity of the material , measurements will be made to

identify the residual acceptors and donors in the grown layers and to

study the variation of the relative concentrations of these impurities

with varying growth parameters. The different acceptors can be detected

using near band edge photoluminescence and near IR photoconductivity

techniques with apparatus availab le in our laboratory. The detection of

different donor impurities is much more difficult , however , since all of

the shallow donors have very nearly equal ionization energies. However ,

the technique of far-infrared Fourier transform spectroscopy and the

photo-thermal ionization of the shallow donor impurity levels can be

combined to detect different donor levels present in high-purity InP. 

--~~~~~~~~~~~~~~~~~~
--
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I
The Fourier transform measurements will also be supported by NRL for the

evaluation of high purity InP and GaAs materials grown in government

laboratories and under DOD support .

1.4 Exci ta t ion Transfer  Between Excited S ta te3  in Gas Discharge s

The general goal of this work unit is to stud y the excited state

chemistry of a gas discharge , with the spec i f i c  task of inves t iga t ing  those

reactions which exc ite a laser. ~ ir initial efforts have been aimed at

the metal-halide salts such as HgBr ,, HgCl 1, SnC1 2 ,  and Til , etc. The

philosophy used in choosing these vapors is that lasing has been achieved

[ I ]  in the f i r s t  two , and Maya [2 , 31 indicates  high qua ntum e f f i c i e n c i e s

for photon production in all of the salts .

A lthough the kinetic processes occurring in an active dischar ge

is our prime interest , a discharge environment is most comp licated. Thus

our initial effort has involved optical pumping of the salts by the

resonance radiation (at 2537 A and 1849 A) from a mercury arc lamp. We

have measured s t rong absorption by the above vapors in this  wave length

interval , and thus could reasonab ly expect strong excitation transfer

between the excited mercury atoms and the salt vapor .

1.5 Excitation and Study of High ly-Excited States of Molecules

This work is an exploratory study of the excitation and prop-

er t ies o f hot ba nds and quasi-cont inuum of gaseous molecules for laser

applications .

Optical pumping of molecular lasers has , with few exceptions ,
been done with a single photon pump which accesses only one “rung ” of the

vibrationa l ladder of the molecule. This stud y proposes to use two or

more d i f f e r e n t  frequency photons to access more “rungs ” , combination bands

and quasi-continuum of the molecule and evaluate their propert ies  as a

quantum e1~ ctron ics  system.

The ini t ial  work on this prob lem has involved an extensive

literature search , evaluation of excitation schemes , selection and devising

of diagnostic methods, and the design of an experiment , since this is a

new and not an on-going effort . NH3, pumped by an N2
0 and HF laser , has

been selected as the f i r s t  molecular system for  study . This f i r s t  goal
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will be to use the 2.3 p.m fluorescence from Nit3 
to monitor the high ly

excited vibrational state.

Ambartsumyan, et al. (4] describe a method of measuring the

populations of the vibrat ional  levels by study ing the absorption lines in

the transitions of molecules from the vibrational states to an excited

electronic state. Although they only gave results for v = l , we have been

evaluating this method for v> 1 on paper and considering the problems of

instrumenting this experiment .

1.6 Energy Transfer Processes in Excited Atoms -

The development of Laser systems like the rare gas halides

require a detailed knowledge of the fundamental energy transfer processes

into and from excited atoms and molecules. This experimental study is

aimed at measurements of electron impact cross sections , spectral broaden-

ing , and line shift coefficients and two and three body rate coefficients

all associated with excited states.

The approach being adopted entails using a pulsed swarm chamber

as a means of exciting the gas,followed by either an electrical or optical

interrogation of the subsequently decaying states. From the time evolution,

equivalent decay rates and branching ratios may be extracted.

At present the swarm chamber has been constructed and is being

used to deduce electron impact excitation and ionization rates from

ground state rare gases (Ar, Ne, Kr , and Xe). Briefly , the swarm chamber

is basically a gas filled photodiode with a set of guard rings to provide

field uniformity (5]. A burst of photoelectrons is generated off the

cathode with a pulsed UV source. The resulting electron and ion currents

are monitored ; the area under each pulse being used to extract the ioni-

zation rate [6]. Using these data in a computer program which solves the

Boltzinann transport equation, equivalent cross sections for inelastic and

ionization processes may be obtained , data which are somewhat lacking for

the rare gases [7].

The next stage of the study will be to use the swarm as a means

of pulse exciting metastab les. Subsequent to their excitation , a second

swarm may be used to measure impact excitation from these states or a

tunable laser pulse may be used to selective ly excite one higher lying

_ _  —~~~~~~~~~~~~~~~~ - - —, -~~-~~~~ -~ - -— -~~~~~~~~~~~~—- -~~~~ - -
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I
level from which fluorescence may be detected , y i e ld ing  decay informat ion.

I Progress along these lines awaits the ar r ival  of a signal averager and a

dye laser system and wi l l  be reported la ter .

1.7 References

1 1. W. T. Whitney, Appi. Phya. Lett., 32, 239 (1978).

2. J. Maya , App I. Phys. Lett., 32 , 484 (1978).

3. J. Maya , J. Chem. Phys., 67, 4976 (1977).

4. R. V. Ambartsumyan , et al., Soy. Phys.JETP, 37 , 392 (Sept. 1973).

5. It. W. Crompton , H. T. Elf ord , and .1. Gascirque , Aust. J. Phys. 18,
409 (1965).

1 6. For a review see, A. Gilard ini, Low Energy Elec t ron  Col l i s ions  in
Gase s, (3. Wiley, New York) 1972.

7. H. Schaper and H. Scheibner , Beit. Plasma Phys. 8, 45 ( 1969) .
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2.1 Introduction

Properties of ion-implanted layers in semiconductors are

examined in this research, including basic materials properties and device-

related effects. Studies of amorphized Si resulting from high-dose

implantation include recrystallization effects , migration of impurities ,

surface contamination, and residual defects after recrystallization.

Implantation and annealing studies in GaAs have led to the formation of

planar p-n junctions appropriate for GaAs integrated circuit applications .

Development of encapsulants for annealing GaAs has led to improved

nitride deposition techniques with possible MIS applications . Deep leve l

impurities in the ternary alloys Ga(As ,P) and (A1 ,Ca)As have been examined
using photoluininescence, optical absorption, and Raman spectroscopy . A

coherent picture of the nitrogen isoelectronic trap in these alloys has

emerged from this work.

2.2 Implantation Studies in Si~
2.2.1 Recrystallization of Amorphized Implanted Silicon

A continuous amorphous phase is often formed when Si is heavily

implanted. This amorphous region is reordered in the range 550°-600°C by

epitaxtal recrystallization , as studied recently by backscatter ing methods
[1,2]. In this work we examine the electrical properties of such recry -

stallized layers [3,4]. Electrical carrier profiles of BF2 or Si+B
implanted layers annealed isothermally at 550°C have been studied by

*This work was supported by the Joint Services Electronics
(U.S . Army, U.S. Navy , U.S. Air Force) Program under Contract DAAB-07-72-
C-0259 and by the National Science Foundation under Grants DMR73-02359
and DMR77-22228. 
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differential resistivity and Hall effect measurements. The boron atomic

profiles are measured by SINS. This study shows that boron atoms inside

the amorphized Si layers can be fully activated during recrystallization

at 550°C, and that the mobility is also recovered (Fig. 2.1). The tail

of the B distribution remains inactive, however , if it is located in a
damaged region below the original amorphous-crystalline interface. The

inactive tail has been observed for all samp les implanted with BF~. Only

in a thicker amorphous layer, formed for example by Si
+ 

predatnage implants,

can the entire B profile be activated .

2.2.2 Fluorine Distribution in BF
2
-implanted Layers -

The implantation of BF
2 

molecular ions into silicon has several

practical advantages over B-implantation [3]. However, the outdiffusion

and redistribution of fluorine atoms during annealing has not been

studied prior to this work. We have performed SINS measurements on such

fluorine distributions as a function of anneal temperature and time [3 ,5],
and find anomalous migration of fluorine in samples which were amorphized

during implantation. Outdiffusion of fluorine occurs during recrystalli-

zation of the amorphous layer , and fluorine collects in regions of

residual damage during annealing (Fig. 2.2). This gettering of fluorine

by defects illustrates the residual damage below the amorphized layer

apparent in Fig. 2.1. We find this damage to be more severe in samples

implanted at room temperature than in samples implanted at lower

temperature (— 4 10°C).

2.2.3 Surface Contamination Produced During High-Dose Ion
Implantation

We have performed Auger Electron Spectroscopy (AES) measure-

ments to examine surface contamination layers on silicon produced by

high-dose ion implantation [61. Depth profiling studies indicate that

when conventional diffusion pump oil is used in the vacuum system of the

implanter target chamber , high-dose implantation of Si~ or BF~ leads to

formation of a carbonaceous surface layer —.100 A thick. Physisorption

of hydrocarbons from the imp lan ter res idual vacuum follow ed by radiation-
induced polymerization is the most probable cause for the formation of this 

— - -- —-- -- ---- -- - - - ---~~ --~~- - - - - ------ — --— -- - -- ----
~~ 

- ------— A



- - - -

S SEMICONDUCT OR PHYSICS 2

(100> S~ 550°C Anneol -

SF2 , 150 f~eV Boron Atomic Profile
1 X 1015 cm 2 RX. Electrical Carrier

Prof iles :
——10 mm
—— 20mm

i —30mm
lO~~ - 

- 
‘
~ — —60 mm -

/ 
---- 100mm

‘ - - “ p
‘ I

,‘ I i ~• I I \~ \
• , 

I \i

- — / H
• i t

E I t
U J I

I ~‘ ~

2iolt 
~~~~~ 

—

2 : i

S
U I

\ .

U
Irvin

/ -

-o -o-~o-o~ocf ~- ÷
~ 4 0 -

O 500’ 1000 1500 2000 2500 3000
Depth Ca) LØ~~ S$5

Figure 2.1 Net acceptor concentration and mobility profiles o~tained from
differential Hall. effect measurements after the 8F

2 
implan t shown

and 550°C isothermal anneals. The dotted curve shows the implanted
boron profile from SINS measurements. The shaded area indicates
the electrically inactive tail of the B distribution below the
original amorphous-crystalline interface I. Hobility data taken
after the 100 mm anneal are compared with Irvin ’s mobil ity
values for bulk Si.

k ~~~~~~~~~ - 
-

~~~
- — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~— — - ~ — —.- -

I

2 SEMICONDUCTOR PHYSICS 9

1021 . I I -

E < ioo> s
SF ,l5O keV -

1x~015 cm 2 R.T
30mm . Anneal

L I j ~ 
• Unannealed

~:k41. \ and 400°C
1020

~~~ 
----- 500°C

I -—• -- 900°C
I / - 1100°C

~
- • • 

~ -
Q 4 / UI ‘, \~~ii •

-
~~~~ / ‘1~ ‘ - ‘\ -

• 
i. c / I I 

-

.Q V /
~1~— • t “0 / I

/ 
I .

. I —

~ / I
• (_) 

.
~ / I 

-• C .• • -o -
~~~ / T

0 - 
~ / 

\. 
-

.
~~~~ 

-~~~ I -
I ..

0 I

_ ,  I.. I

1 \ •....

1018
:_I ‘ / \

• - 

_/i \ 
.!
‘

— .r#n “s
— ••s•..t_•• I

• I let
S....

1017 1  I I I I I
0 500 1000 1500 2000 2500 3000 3500

Depth (A)
Figure 2 .2  Fluorine atomi c profiles obtained from SINS measur~~ ents 2on

(ioo) Si impl~ nted at room temperature with a lx lO cm
fluenc e of BF 2 and annealed for 30 mm at the temperature
shown . A thin dashed line (I) represents the amorphous -
crystalline interface after implantation.

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



10 SEMICONDUCT~R PHYSICS 2

layer. This layer may account for the nonuniform etching characteristics

and nonohmic contact formation often observed in heavily implanted silicon.

Only anodic oxidation with HF stripping was found to be effective for

complete removal of the polymerized layer. The contamination is essentially

eliminated by replac ing the conventiona l diffusion pump oil in the target

chamber vacuum system with a perfluormnated polyether fluid .

2.2.4 Residual Damage After Annealing in Implanted Si

The study of residual damage in implanted Si after annealing is

important for fabrication of high quality devices. The crystallographic

perfection has been studied thoroughly by aligned backscattering [7),

transmission electron microscopy [8], and low-temperature photoluminescence

[9]. However , the electrical propertie s of the residual damage in ion-

implanted samples have not been studied. We have set up a deep leve l

transient spectroscopy (DLTS) [10] system for this purpose. This system

has the ability to measure the energy leve l, capture cross section , and

concentration of deep-leve l defects. Preliminary measurements on Au-

diffused diodes agree with published results. The measurements are

currently being extended to recrystallized BF~ or Si
+_ implanted Si. This

DLTS system is also being developed for use in the deep-leve l impurity

research described in section 2.4.

2.3 Implantation and Annealing Studies in GaAs*

2.3.1 Properties of Be-implanted Planar GaAs p-n Junctions

High speed Logic and signal processing requirements have

generated strong interest in GaAs as an integrated circuit material [11].

Considerable progress has been reported in the fabrication of various

types of PET devices (12-14 ] including planar GaAs ICs [15] using ion

implantation. The role of p-n junctions in GaAs planar technology has

thus far been minimal , however , in part due to the poor performance of

planar Zn-diffused [16 1 junctions. In this work we examine the properties

of planar Be-implanted junctions in GaAs and compare the results with

*This work was supported by the Joint Services Electronics
Program (U.S. Army , U.S. Navy, and U.S. Air Force) under Contract DAAB-07-
72-C-0259, by the Office of Naval. Research under Contrac t N00014-76-C-0806,
and by Monsanto Company.
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I
similarly processed Zn-diffused and Zn-implanted devices. We have also

examined the influence of the encapsulant used during annea ling on the
properties of Be-implanted p lanar junctions.

The diodes were fabricated using standard photolithographic

• techniques, the details of which have been published elsewhere (17 ,181.
Oxygen-free Si

3
N4 depos ited by an rf plasma deposition technique [19],

SiX
0
Y
NZ~ 

and Si0
2 

layers deposited by thermal oxidation of silane were

used as encapsulants during annealing of the radiation damage which

accompanies the implantation process. The measured Be-imp lanted profiles

are -.1.8 ~.tm deep and rather abrupt (20].

Current-voltage characteristics obtained from Be-implanted

junctions which were encapsulated during annealing with oxygen-free

Si
3N4 

films are exceptionally good. The leakage current is remarkably

low, less than 10~~~ A in 10-mu diodes for reverse bias voltage up to
15 -3-.80 V. With a background donor concentration of —.5 x 10 cm , the

breakdown occurs at > 200 V. The forward characteristics can be expressed

by the conventional diode equation t~ = I0
exp (qV/nkT) , where n -~ 2 for

< io~~p. and n’~ 1.6 for I~ > lO 9A. The reverse leakage and break-

down properties are unusually good for unguarded planar GaAs diodes.

Measurements performed on -”-50 such diodes reveal a distribution of break-

down voltages over the range 170-250 V. Diodes fabricated with Si 0 Nx y  z
encapsulation during annealing had inferior current-voltage character-

istics , and Si0
2
-encapsul.ated diodes were much worse. Low temperature

photoluininescence (Pt) and Auger Electron Spectroscopy (AES) studies show

that when GaAs is annealed with SiO or Si 0 N encapsulation , consider able
2 x y z

• Ga outdiffusion takes place [21). Oxygen-free Si
3N4 

prevents such out-

diffusion and acts as an excellent encapsulant. The system used to de-

posit such layers and the film properties are discussed in section 2.3.2.

These results clearly show that the presence of Ga outdiffusion during

annealing has a dramatic influence on the junction characteristics.

Another important feature of Be-implanted junctions in GaAs is

a lack of lateral diffusion during annealing [17]. Using electron-beam

lithography facilities at Texas Instruments , we have shown that Be-implanted

planar junctions can be maintained to one-micron linewidths. Further

studies of this feature, which has important imp lications for microwave

and integrated circuit applications , are underway.

_ -
~=~~~T~~.:, 

_ _ _ _ _ _ _ _ _
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We have examined the photodetection properties of Be-implanted

p-n junctions annealed with Si
3N4 

encapsulation. Quantum efficiencies

range from -.457. at 8500 A to -.157, at 6328 A for devices with junction

depths of 1.2 
~~ 

and with no antireflection coating. Avalanche gain of

~ 10 have been measured on these unguarded planar diodes [22]. More work

on the characterization of such photodetectors is presently being carried

out in collaboration with Professor C. E. Stillman.

2.3.2 Study of Encapsulants for Annealing GaAs

The process of ion implantation introduces considerable lattice

damage which must be annealed out to electrically activate the implanted

species. Photoluminescence and electrical measurements indicate that the

implanted GaAs samples must be annealed at -.900°C to effective ly reduce

this damage [20]. The incongruent evaporation of GaAs at these tempera-

tures (23] makes it necessary to e. ther encapsulate the sample with a

suitable die lectric (24,25] or to perform the anneal in a carefully con-

trolled ambient [26]. Low temperature photoluminescence (PL) and Auger

electron spectroscopy (AES) were used to study the encapsulating properties

of chemical vapor deposited Si02 , rf plasma deposited SiXOY
NZ. and oxygen-

free SL
3
N4
. The results , discussed in last year ’s progress report ,

clearly demonstrate that both Si0
2 and silicon oxynitride allow considerable

Ga outdiffusion while oxygen-free silicon nitride layers act as an

excellent encapsulant (211. These conclusions are further substantiated

by the results on Be-implanted planar junctions discussed in section 2.3.1.

The rf-plasma nitride deposition system used in this work is

shown in Fig. 2.3. A tow oxygen content is achieved by pumping the system

to a low base pressure before deposition , using a diffusion pump. A

nitrogen plasma is then formed before introducing silane separately. We

have measured the chemical composition, index of refraction , etch rate ,

and deposition rate of the films as functions of N
2 :S iH4 ratio , and

these results are published elsewhere [19]. Based on Rutherford back-

scattering (NRL) and Auger electron spectroscopy measurements, the oxygen

content of these films is below one atomic percent.

Capacitance-voltage measurements performed on GaAs MIS structures

show that our plasma deposited nitride layers result in surface state

- 
_
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—~~~~ -~ -‘—
~~ 

-—
~~~ ---- ~-- - ~~~~~

-
~~~~ - - ~~- - - - -~~~~~

—
~~

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—
~

—
~
—--

2 SEMiCONDUCTOR PHYSICS 13

I

[~~~~~~~r~~~~~~~~~~~~~

_ _ _  

) D p g

Mechanica ’Pump

Diffusion
Pump

LP-1344

Figure 2.3 Schematic diagram of the rf plasma Si3
N4 

depos ition system.
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dens ities of -.io
12 

cm 2 
and appear to have properties considerab ly better

than those obtained using high temperature CVD nitride layers. A more

detailed investigation of these effects and their possible MIS device

application is present ly underway.

2.3.3 Ge-Implanted GaAs

Germanium is an amphoteric dopant in GaAs and is widely used

as a dopant in epitaxial layers because of its very low diffusion coeffi-

cient. The type of conductivity of Ge-doped GaAs layers seems to depend

on the growth mechanism. LPE grown Ge-doped GaAs is p-type (27], while

VPE grown GaAs (Ge-doped) is n-type (281. Molecular beam epitaxially

(MBE ) grown layers can exhibit either conductivity with Ge doping,

depending on the growth conditions [29]. In this work , we have investi-

gated the amphoteric characteristics of Ge-implanted layers in GaAs, and

the possible control of the doping by variation of vacancy concentration

on the Ill-V sublattices during annealing.

Atomic profile studies of Ce-implanted GaAs were performed using

the Glow Discharge Optical Spectroscopy (GDOS) technicue . The samples

were implanted at 250 key to a dose of 1015 cm 2 and were annealed in the

range 700°-900°C with either Si0
2 

or Si
3N4 

encapsulation. We find very

little diffusion of Ce even at high fluences and 900°C annealing. In

this respect , implanted Ce behaves much different ly from Zn, and the

diffusion during annealing is even less than that of Be.

The electrical behavior of imp lanted Ge appears to depend in a

complicated way on the implant dose and anneal temperature. At doses

below 1x 1014 cm 2 
and anneal temperatures below 850°C, the implanted

layer is p-type with low hole mobility. The electrical activation in

this case is —.107.. At anneal temperatures greater than 850°C, the

conductivity of the layer changes to n-type and the apparent activation

drops down to -.17.. At imp lant doses of io lS the implanted layer remains

n-type with low activation at all anneal temperatures between 700°-900°C.

The nature of the encapsulant used (whether Si0
2 

or Si
3N4
) does not

appear to have a strong influence on the electrical behavior. More

detailed studies , including effects of co-implantation (As+Ge , G a + G e,

P+Ge) and elevated temperature implants are necessary . 

~~~~~ --~~~~-—~~~~~~ —- —-~~~~- — -
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2.4 Studies of Deep Levels in Semiconductors*

This work is devoted to understanding the basic physics of

various deep-leve l impurities and defects in semiconductors. In previous

reports we have described extensive optical absorption and photoluminescence

measurements of the nitrogen trap in the ternary alloy GaAs
1 

P. We

have shown that by varying the alloy composition x, many properties of the

trap can be varied , including electron b inding energy, phonon participation ,

and effects of lattice relaxation. This variability of basic properties

of the trap , coupled with control of impurity concentrat ion by ion

implantation , has led to new understanding of this system [30].

Work in the present reporting period has included extensive

Raman spectroscopy studies of the N trap [31], and delineation of the

two subcomponents of the isolated N trap state (N
x

) ,  corresponding to
J=l and J=2 excitons (called A and B in Ga?).

The phonon sideband s to the N.
~ 
state provide insight into the

role of band structure in determining the exciton-phonon coupling

strengths. We have analyzed the lineshapes in GaAs 1_~
P
~ 

employing the

linear exciton-phonon coupling theory of Huang and Rhys [32]. We assume

for simplicity that the zero-phonon line is inhomogeneously Gaussian

broadened and that only three phonons dominate the lineshape : longitudinal

optical (LO), longitudinal acoustic (LA), and transverse acoustic (TA).

The Huang-Rhys electron-phonon coupling factors S and the zero phonon

Gaussian widths extracted from GaAsi..~
P
~
:N luminescence lineshapes are

displayed in Fig. 2.4. So long as the electron is localized (x~~ 0.46),

the alloy broadening follows the expected x(l-x) alloy-disorder dependence.
But as the r minimum and the N.

~ 
line approach one another in GaA5i_xPxI

the electron wavefunction becomes increasingly made up of wavevectors
near 1’, the exciton becomes increasingly delocalized and insensitive to

the local alloy fluctuations , and the exciton-phonon coupling constants

drop precipitously.

The role of lattice relaxation in determining the N
x 

binding

energy can be documented by compar ing data from GaAs
1~~

P and A1
~

Ga 1_~
As .

*This work was supported by the Joint Services Electronics
Program (U.S. Army, U.S. Navy , and U.S. Air Force) under Contrac t
DAAB-07-72-C-0259 and by Monsanto Company . 
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Figure 2.4 Zero-phonon alloy broadening widths and Huang Rhys factors S vs.
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The atomic sizes of Al and Ga are essentially equal , causing the size

mismatch and lattice relaxation of nitrogen impurity in Al Ga
1~~

As to be

constant for all x (in contrast with GaAsi_x Px 
where the nitrogen size

mismatch is large in GaAs and smaller in Ga?). As a result , the N
~ 

stat e

more c losely follows the K minimum in Al Ga As.
1 x l-x

We are currently examining the oxygen trap in GaAsl_,(PX optical-

ly, and in the coming year we will perform time-resolved spectroscopy

measurements (irk collaboration with IBM) to complete the study of

GaAs l_X P,(:N. Studies of deep levels will al.3o inc lude DLTS measurements ,

as mentioned in section 2.2.4.
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3. 1 Int roduct ion

The overall objective of this program is to investigate ion-

surface interactions which have a controlling effect on the nucleation

and growth kinetics , chemistry , and physical properties of alloy semi-

conducting films grown by sputtering. Analytical models have been

developed to predict  enhanced i n t e r di f fu s i o n  rates at heterojunction

interfaces due to ion bombardment of the substrate and growing film during

deposition . These calculations were supported by physical measurements

using standing wave x-ray diffraction techniques to  det e rmine the pe r iod

and amplitude of the compositiona l modulation wave in InSb/CaSb super-

lattice structures deposited under varying degrees of ion bombardment .

Enhanced diffusion coefficient s more than five orders of magnitude larger

than therma l value s were observed. Results showed that using such tech-

niques , interfacial abruptness and coherence could be adjusted on the

scale of monolayers to tens of A even for junct ions  wi th  large l a t t i c~’
mismatches.

The e f f e c t  of ion bombardment on elemental s t i c k i n g  p r o b a b i l i t i e s

was also investigated and , in Itt-V compounds, found to have a stabilizing

effect on stoichiometric compound formation . It has also been shown to

allow the growth of n~ tastable alloys such as tn (Sb,Bi) with InBi con-

centrations more than four t ime s the solid solubility limit. Film growth

parameters have been re la ted  to the chemistry and phys i ca l  proper t ies  of

deposited f i lms  as determined by glow discharge opt ica l  spectrosc opy (GDOS) ,

Auger e lect ron spectroscopy (AES), x-ray photoelectron spectr ~ scopy (X P S) ,

and secondary ion mass spectroscopy (SINS), in addition to metallurgical

and e lec t r ica l  measurem ents .
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3.2 Ion-Surface In teract ions

3.2.1 Ion Bombardment Enhanced Diffusion*

This work represents the first quantitative measurement of low

energy (50-5000 eV) ion bombardment enhanced d i f fu s ion  [1 ,2 ) .  Such an
e f f e c t  is important not only for con t ro l l ing  the composition d i s t r i bu t ion

in sputtered al loy f i lms and the abruptness of he te ro junct ion  in t e r faces ,

but also for determining a l tered  layer thicknesses due to preferential

sputtering of alloy targets and deconvoluting compositiona l depth profiles

obtained by such techniques as AES and SINS combined with sputter etching .
Enhanced diffusion was observed experimentall y in a series of

InSb/CaSb superla tt ice  structures deposited under various conditions of

ion bombardment. The films were grown using multitarget sputtering (MTS ’

techniques developed in this laboratory (see 1976/1977 JSEF Progress

Report) and had layer thicknesses between 12 and 30 ~~. (Fi lm growth

results are summarized in section 3.3.1.) Standing wave x-ray diffraction

techniques were used to measure the period and amp litude of the composition

modulation wave as a function of the ion bombardment energy which was

increased by decreasing the Ar discharge pressure in the range from 15

mTorr to 1 mTorr.

Diffraction theory [3 ,4] predicts satellite peaks at angles of

about the Bragg reflection at 
~B 

when the diffracting crystal plane s

are stacked with a small wavelength sinusoidal modulation s in atomic

scattering factors and/or interplanar spacing. 
~B 

is the Bragg angle for

the average film composition. The angles e~ are related to the x-ray
wavelength X and the modulat ion period A by

~~~~ 
± 

X /2 A ( I )

A nonsinusoidal periodic modulation , such as a square wave , can be

represented by a Fourier series of increasing harmonic frequencies

resulting in higher-order satellites at increasing separations from

Howeve r , higher-order satellites are generally not observed due to the

*~this work was supported by the Joint Services Electronics
Program (U.S. Army, U.S. Navy , and U.S. Air Force) under Contract
DMB-07-72-C-0259.

~
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rapid inter layer  d i f fus ion  of high-frequency components. When the sample

contains a modulation in both the scattering power and the interp lanar

spacing , the sa te l l i te  peak intensities 1
+ wil l  in genera l not be equal.

The amplitude of modulation , u , can be calculated from the measured
ratios I.f./ I B •

Figure 3.1 shows x-ray spectra from three superlat t ice films

grown at an Ar pressure of 15 mTorr . The layer thicknesses were 29, 20

and 16 A as determined from the displacements of the satellite peaks
from the Brags peaks.

Figure 3.2 is a plot of I~ normalized to ‘B 
as a function of A

f or f i lms grown at Ar pressures of 1 and 15 mTorr. Similar results were

obtained for 1+. In al l  cases the l ine intensities were corrected for

their angular dependence using the procedure described in reference 5.

Figure 3.2 shows that  the sputtering pressure , and hence ion bombardment

energy [6] ,  had a large e f f e c t  on the rate of interlayer diffusion during

f i lm  growth. I / l B increased and the minimum wave length decreased as the

pressure was increased from I to 15 mTorr.

We presented a simple analy t ica l  model in reference 1 which

acco”nted for the effects of ion bombardment enhanced d i f fus ion  during

the growth of superla t t i ce  s t ructures .  Ion bombardment resul ts  in an

excess lat t ice defect  density N
~

(x). These defects  are produced near the

surface since the extrapolated ion range from LSS theory [7)  for Ar+

bombardment of (In ,Ga)Sb is on the order of one lattice spacing for ion
energies up to 300 eV. Most of the defects  w i l l  be ann ihilated at the

sur face ;  however , some of them will diffuse inward and be trapped as the

f i lm  surface progresses and we assume that  those wi l l  be annihilated at

a rate proportional to their density. If D*(x) is proportional to

then

D*(x) — D~ exp (-x/~) (2)

where D* is the value of the enhanced d i f fu s ion  coe f f i c i en t  at x 0 and
0

6 is a character is t ic  d i f fus ion  length of the defect .  No assumptions are

made regarding the exact d i f fu s ion  mechanism; however , if a double defec t ,

e. g. ,  a divacancy or a vacancy - i n t e r s t i t i a l  pair , is required then

D*(x) wi l l  be given by the product of two exponentials which can s imply
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Figure 3.1 X-ray d i f f r a c t i o n  spectra from three InSb/GaSb super lat t i ce

s t ruc tures  grown on InSb-coated Corning 705 9 glass at 250° C.
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be writ ten as another exponential with a d i f ferent  characteristic d i f fus ion

length . D*(x) can be related to the experimentally determined amplitude

of the composition wave through the d i f fus ion  equation wri t ten in

differential difference form and the coefficient of the Fourier component

of the composition wave corresponding to the order of the sa te l l i te

measured. The relationship can be expressed as

rru D*6$ (h)
£n(-y) = v [exp(- 

20 

- 1] (3)

where ~ (h) depend s only on the crysta l lographic direction and v is the

average f i lm growth rate.

Figure 3.3 shows the experimentally measured values of u vs A
are well described by equation (3) for both 1 mTorr and 15 mTorr Ar

sputtering pressures. The values of D obtained from this anal ysis are
3 x l 0~~

7 cm2/sec and 6 x l 0~~
7 cm2 /sec for the high and low pressure cases,

respectively. These results thus explain the dependence of Ami~ 
and u on

Ar pressure . The accuracy of 8 is poor , but equation (3) can be f i t t ed

by values of 5 on the order of 1000 ~~~. The value of D*(x) averaged over
the region of ion bombardment enhancement is given by D 1 e  and is

—17 2 —17 22.2 x 10 cm /s.ec for the 1 mTorr case and l.lxlO cm /sec at 15 mTorr .

These values should be compared with the thermal interdiffusion coefficient

(see section 3.3.1) of ~....lO 22 cm2/sec at the f i lm growth temperature

of 250°C [2] .

An IJHV multip le inn-beam system is present ly under construction
— (described in the 1978 JSEP Proposal) which wil l  be used to obtain more

refined results in which the ion energy , impingement angle , and ion f lux

distr ibution wi l l  be accurately controlled.

3.2.2 Effect of Ion Bombardment on Elemental Sticking Probabilities
During Film Crowth*

Recent work has demonstrated that  low energy ion bombardment
can have important effects in extending the growth temperature range

ove r which stoichiometric Ill-V compounds and alloys may be formed. The

*This work was supported by the Joint Services Electronics
Program (U.S . Army, U .S. Navy, and U.S .  Air Force) under Contract DAAB-
07-72-C—0259.
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Figure 3.3 The amplitude versus the inverse of the period of the composition
modulation in superlattice films grown at 1 and 15 cnTorr.
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dotted curve in Figure 3.4 was ca lcula ted  from resu l t s  on thermodynamic

elemental sticking probabil i t ies  of Sb on InSb given in references  8 and
9. The Sb to In impingement f lux  r a t io  was 2.33. The solid line is our

results  for InSb sputter deposited under conditions in which the induced

bias on the growing film is -75 V with respect ot the positive plasma.

(The applied substrate bias , V , was zero in this case.) At low tempera-

tures (< 300°C), where the thermodynamic sticking probability of both In

and Sb is unity , the induced substrate bias decreases the Sb sticking

probability to -.. 0.7 giving an Sb :In ratio of 1.65 in the deposited film.

The lowest growth temperature at which stoichiometric films can be ob-

tained is also decreased from 415°C to 395°C. Preliminary data show that

further decreases in the incorporation probability of excess Sb in films

grown at low temperatures occurs with increasing negative app lied bias

on the substrate un t i l  at t V t >  - 75 V , dep osited f i lms are stoichiometric

at any growth temperature for the impingement flux ratio used in these

experiments. In the hi gh temperature region where Sb is lost by evaporat ion ,
there is also preliminary data to show that ion b ombardment again extend s

the stoichiornetric region.

While it is emphasized that these are preliminary results with

more data required , we believe that these data are reasonable in view of

our work on preferential sputtering effects (see JSEP 1976/1977 Progress
Report).  We are presently extending our preferential  sputtering models

to handle compounds. However, as a general observation from our overall

work on ion-surface interactions during f i lm  growth , it is reasonable to

expect that the elemental sputtering rates for precipitated metal phases

(Sb in this case) will be larger than the corresponding rate from the

compound and that there should be a relationship between ion bombardment

conditions , elemental impingement ratios (and absolute rates), and film

growth temperatures. This area is being pursued and we believe it wi l l

not only lead to enhanced control over film composition and growth

conditions but also to a be t ter  understanding of tnetastable crysta l  growth

(s ee section 3.3.2).
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3.2.3 Chemical Sputtering*

if Ion bombardment , in addition to causing physical sputtering and

a f fec t ing  other physical processes such as d i f f u s ion (see section 3.2. 1)
and absorption (section 3.2.2) can also stimulate surface chemical

( 1 reactions leading to so called “chemical sputtering .” This is an important

- effect in other materials areas in addition to film growth--such as plasma

etching , a recently developed technology in semiconductor device fabrication.

- 
In chemical sputtering, a gas phase species reacts with the target to form

a volatile species which is desorbed . The ion bombardment stimulates this

reaction and physical and chemical sputtering may occur in para l le l .

In the present work , TiC is sputtered in a mixed Ar ÷ 0
2 

rf
-. 

glow discharge . The ion species bombarding the target  are primarily

Ar+ and 0~ . The bombardment i tself  leads to physical sputtering of TiC .
In addition , the oxygen ions dissociate upon striking the surface and

react with the target producing volatile CO and CO
2 

as well as Ti0
2
. The

- - degree to which these reactions are driven depends upon the 0
2 

partial

pressure and the ion bombardment flux and average energy. The evolution

- of CO and CO
2 

is followed using a quadrapole mass spectrometer . At a

total  pressure of 15 mTorr , the evolution of CO and CO2 increases from

the background level to saturation as the oxygen concentration is in-

creased from 0.07 to 77.. Films deposited with >47, oxygen are essent ia l ly

11. 
pure Ti02 with no carbon detectable.  The role of ion bombardment on the

rate kinetics of such surface reactions is being investigated .

J [ 3.2.4 X-ray Photoelectron Spectroscopy (XPS) and Auger Electron
Spectroscopy (AES1 Investigations of Ion Bombardment and
Preferential Sputtering Effects in Y

2
0
3
-doped ZrO

2~
Y
2
0
3
-doped Zr0

2 
and CeO

2 
are important fast anion conductors —

and oxygen ca ta lys t s .  We have recent ly  been successful  in growing the

first thin films of these materials in the stabilized cubic structure

with high ionic conductivity [10] . However , the u t i l i t y  of these f i lms

in oxygen sensing applications depends strongly on their surface properties.

*This work was supported by the Nat ional Science Foundation
under Grant DMB. 76-20640 .

This work was supported by UOP Incorporated , Des Plaines , IL. 
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XPS and AES studies are present ly being carried out in which surface and
near-surface chemical information is required. The la t ter  is obtained in

conjunction with sputter etching. However , it has been found that ion
bombardment itself causes profound physical and chemical changes in the

exposed surface.  The electronic s t ructure , phase s t ab i l i ty ,  and cata lyt ic

activity can be greatly affected either beneficially or deleterious ly

depending on the conditions of the experiment. The most interesting case
is that of Y

2
0
3
-doped CeO

2 
in which Ce may be reduced from the +4 to the

+3 state. This decreases the solubility of Y
2
0
3 
which is then prefer-

entially sputtered. However , no reduction is observed in the remaining

Y2
0
3 

for Ar+ bombardment energies up to 900 eV. In addition to “chemical

shifts” in core state electron binding energies , changes in valence band

structure are also being followed and related to the film surface properties.

3.3 Crystal  Growth by Sput ter ing

3.3.1 GaSb and InSb/GaSb Superl a t t i ce  Structures *
Single crystal p-type G~Sb films have been grown by rf sputtering

on semi-insulating (100) GaAs substrates at growth temperatures as low

as 300 °C. Temperature dependent (8-600° K) Hall  e f f e c t  and res i s t iv i ty

measurements were used to determine the concentration and ionization

energies of defect levels in the films. In all cases , the results could

be fitted analytically using three acceptor levels , one very shallow and

the other two deeper in the forb idden band . A large number of f i lms  were

grown under a wide variety of deposition conditions allowing us to deter-

mine the origin of these levels and to relate their concentrations to film

deposition conditions as a diagnostic technique. The deepest leve l

occurred at 80 ± S meV above the valence band (VB ) edge and was associated

with threading dislocations originating at the film-substrate interface.

The measured concentration of this leve l ranged from l x  101! to l . 5x . 1O l0

cm 3 for the conditions investigated , decreasing with f i l m  thickness and

growth temperature. A detailed analysis of the results showed that approxi-

mate ly 1 in 40 sites along the dislocation line were electrically active .

*‘fhis work was supported by the Joint Services Electronics Pro-
gram (U.S. Army, U.S. Navy , and U.S. Air Force) under Contract DAAB-07-
72-C—0259. 
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An intermediate level was found at 40 ± 5 meV above the VB edge
and was shown to be related to Sb vacancies or equivalent Sb-deficient

point defect  comp lexes. The concentration of this level increased with
film growth temperatures and decreased with an increase in the Sb to Ga

impingement ratio during growth. Concentration var ia t ions  between 3 x io 17

and l x  1016 cm~
3 
were observed . The Sb to Ga impingement flux was varied

using three target scheme s , sput te ring from a stoichiometric GaSb target ,
sput ter ing from a Ga0 3Sb0 ~ 

target , and using two targets-GaSb and Sb- in
a mult i t a rget  sput ter ing [11) confi guration. The r e su l t s  of this  study

are being extended to inc lude ion bombardment e f f e c t s  on elemental s t ick ing

probabilities in order to extend the range over which such effects can be

measured (see section 3.2.2).

A net concentration of very shallow acceptors with an ionization

energy of < 1 meV was always observed in these f i lms . The measured concen-

trations were also related to Sb def ic iencies  but were compensated by

residual shallow impurity Levels which correlated with system base pressure

and the purity of the Ar sputtering gas. We believe that the compensating

donors are oxygen due to the dissociation of water vapor in the discharge .

Group VI subs t i tu t ional  impurit ies are known to resul t  in very shallow

levels in both GaSb and InSb .

Single crystal InSb/GaSb superla t t ice  structures were also grown

using multitarget sputtering in order to investigate the e f f e c t s  of ion

bombardment on enhanced interdiffusion (see section 3.2.1). In addition,

the effects of film growth parameters on the defect structure , abruptness ,

and coherence of sputtered heterojunctions was also investigated [2]. The

layer thicknesses studied ranged from 12 to 70 A and the pol ycrystall ine

to single crystal “transition temperature ,” 
~~ 

was found to decrease with

decreasing average f i lm-substra te  lat t ice mismatch and modulation period , A
The A -dependence , shown in Figure 3.5 , resulted from a decrease in the

coherence between layers and the associated increased amount of p las t ica l ly
accorTlnodated strain which occurred with increasing layer thickness.

Increasing the film growth temperature , T , and dec reasing the

period of the composition modulation also resulted in a decrease in the
density of microtwins and low angle dislocation boundaries which were

observed in all films . Single and multip le t i l l)  twins were iden t i f i ed .
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For a given set of growth conditions on cleaved BaF
2 and NaCl substrates ,

a significant decrease in Tc and structural defect densities could be

achieved by coating the substrates with thin (< 300 A) single crystal

InSb layers which were deposited and annealed in-si tu inElediacely prior
L to superlattice film growth.

In addition to ion bombardment enhanced diffusion studies ,

measurements of themal interdiffusion at InSb/GaSb interfaces were also

made. The standing wave x-ray technique discussed in section 3.2.1, and

in more detail in reference 2, was used to monitor the rate of change in

the period of the composition modulation as a function of post-annealing

time and temperature. The diffusion constant , D ,  was found to be
4 x 10 ’4 cm2/sec with an activation energy of 0.8 eV [21.

3,3.2 Growth of Met astable  In(Sb ,Bi) Alloy s*

We have recently reported the first results on the growth of

thin f i lm InSb Bi semicoriducting alloys [12]. InSb Bi solid solutionsl—x x l—x x
combine a narrow bandgap semiconductor with a semimetal allowing the

- possibility of varying the bandgap from that of InSb ( — 0.23 eV at
T 0° K) to a metallic phase by increasing x. Such a material  would have

applications as a medium to far-tR detector. In the only detailed crystal

growth study reported up to now on In(Sb ,Bi), Jean-Louis e.. a l .  [13-15 )

used the Czochralski technique to grow bulk single crysta ls .  They found

a solid solubili ty  l imit of 2.6 mole 7., InBi and an extrapolation of their

optical measurements p’edicts a semiconductor to semimetal transition at

6.8 mole 7. InBi. The low solid solubility is due primarily to the fact

that InBi exists in a tetragonal structure while the alloy crystallizes

in the cub ic sphalerite structure of InSb.

We have used multitarget sputtering to grow polycrystalline

ne t as tab le  lnSb Bi f i lms with InBi concentrations up to —. 12 mole Z,,l-x x
~ihich t~xceeds the reported solid solubility limit by more than a factor

,f (-~ur . The films were deposited on substrates which rotated through

‘.t ..r ate InSb ai~d Bi discharges maintained at an Ar pressure of 15 mTorr.

ib is  work was supported by the Joint Services Electronics Pro-

~riis~. U.S. Navy , and U.S. Air Force) under Contract DA.AB-07- 
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The relative target voltages were used to control the composition of the

deposited films and were chosen such that the deposition rate was always

less than a monolayer per target pass. The film growth temperatures

investigated were 135°C and 165° C and a (110) prefer red  orientat ion was

obtained in films grown on Corning 7059 glass substrates. All solid

solution fi lm s were stoichiometric within the accuracy of our electron

microprobe , 0.5 atomic ~~. The incorporation probability of Ui was found

to decrease with increasing Bi impingement flux and with increasing growth

temperature as shown in Figure 3.6.

We believe that , following the initial nucleation stage ,

InSb 1 Bi f i l m  growth by bfl~S proceeds in the following manner. A slightly

Sb-deficient InSb layer, whose average thickness is less than one monolayer ,

is deposited. The growing film is then rotated into the Bi discharge and

only those Bi atoms that can find available In atoms are incorporated. At

the growth temperatures used , however , some excess Bi remains on the sur-

face. This excess Si then competes with impinging Sb for In atoms de-

posited in the InSb discharge thus decreasing the net Sb incorporation

probability and allowing th~ growth of metastable alloys. As the film

growth temperature is increased for a given set of InSb and Bi f luxe s ,
the amount of excess Bi remaining on the surface after the growing film

rotates through the Si discharge decreases , resulting in an increase in

the net Sb incorporation probability.

Ion bombardment , and possibly the average kinetic energy of

depositing species , also plays a role in controlling the elemental incor-

poration probabilities and the solid solubility limits. Recent results

show that these latt?r parameters may be varied by changing the sputtering

pressure and the substrate voltage . This work is thus providing further

data for understanding ion bombardment e f fec t s  on elemental s t icking

probabilities (see section 3.2.2).

The s ingle phase InSb i_ ~
Bi

~ 
alloys deposited on glass were found

to be n-type with the room temperature carrier concentration and electron

mobility increasing monotomically from -~ 1017 cm 3 to -.. iol8 cm 3 
and

70 cm2 /V-sec to 150 cm 2 /V-sec respective ly as the InB i concentrat ion

increased. The electron mobility also showed an increase with increasing

T .
S
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4.1 Introduction

The long range objective of this research is to originate and

analyze new microacoustic wave principles that will lead to significant

device applications . The work has been focused on the development of

more universal and comp lete transducer models , fundamental studies of

surface acoustic wave scattering , and the development of a new clas s

of microwave acoustic devices based on nondispersive waves propagating

along a substrate edge.

4 .2 Line Acoustic Wave s in Lithium Niobate *

Line Acoustic Wave s ( t.AW ’s) are edge mode wave s which propagate

along and are confined to the edge of an infinite quarter space (wedge).

They are of interest for their nondispersive and di f f ract ionless  prop-

erties as well as the high power densities obtainab le due to the tight

spatial confinement.

Previous work with LAW’s has been hindered primarily because of

fabrication dif f icul t ies  associated with the real izat ion of suitable

flaw- free guides. Chemical etching techniques have been used to obtain

wedge structures in Quartz and Lithium Niobate ; however , edge quality

has limited the operat ing frequency of such devices to the low VHF range .

Moreover , fabrication of transducers for generating line waves has also

presented problems because interdigital structures tend to be multi-

moded and d i f f i cu l t  to build next to the ed ge of a crystal .

*This work was supported by the Joint Services Electronics
Program (U.S. Army , U.S. Navy , and U.S. Air Force) under Contract
DAAB-07- 72-C-0259 .
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We have provided a solution to the prob lem of wed ge fabricat ion

by the use of crystal cleaving techniques [1]. The structure formed by

the intersection of a cleavage plane with the top polished surface of the

crystal is found to be an ideal guide for LAW propagation. Freedom from

defects  and wedge angle uniformity are obtained , making the use of such

structures feasib le for VHF and UHF fre quencies. A transducer suitab le

for generating line waves has been found which discriminates against

multi-mode excitation and reduces resolution requirements significantly

[2]. The single phase transducer with one electrode per wavelength

reduces the resolut ion requirements by a factor of four when compared to

a double electrode interdigital  structure operating at the same frequency .

Figure 4.1 shows a single phase transducer oriented near the edge of a

cleaved guide structure.

LAW devices have been built at frequencies up to 220 MHz on

LiNbO3. Laser probe measurements of propagation velocity and field

distribution are found to agree with theoretical predictions [1] and

the cleaved edges are shown to be -suitable for LAW propagation —

at high frequencies [21. Experimental work also indicates that  the single
phase transducer suppresses ~€L ref lect ions in addition to selective ly

exciting the LAW mode .

Drawbacks to the use of LAW propagation for practical appli-

cations s t i l l  lie primarily in the area of fabrication. Lithium Niobate

does not cleave easily and work is being done to increase the yield of

quality edges. Long transducers necessitate extremely small alignment

tolerances (approaching 100 micro-radians). The single phase transducer

in its present form has a significant amount of unactive capacitance ,
hence its electrical Q is somewhat higher than that obtained from an

interdigital structure.

Due to the diffract ionless property of LAW ’S , h igh quality

delay lines and resonators appear to be an ideal app lication for LAW ’ s.

The high power densities obtainable could give rise to parametric

applications.

Cleaved edges have been shown to be excellent guides for LAW
propagation at frequencies much higher than those previously reported for

wedge guides. A suitable transducer for  generation of such waves has been
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tested and found to perform well. Secause of the dispersionless ,

diffract ion-free properties of LAW ’s they appear to be well  suited for

signal processing applications. Areas of future investigation should

inc lude the problem of quality edge yie ld and improvement of the coupling

efficiency of LAW transducers .

4.3 Line Acoustic Wave Device Fabrication on Gallium Arsenide*

The objective of this work is to perfect a photolithographic

technique for fabricating aluminum fingers near a cleaved Gallium Arsenide

edge.

Line acoustic wave device fabrication on Lithium Niobate utilized

photolithographic techniques to selectively etch the aluminum. lJnf or-

tunately , aluminum etches also etch GaAs. A non-etching l i f t -o f f  tech-

nique similar to that used for SAW devices has been perfected for LAW

device fabrication. In practice a high success rate has been achieved

in spite of a photoresist (PR) thickness variation at the edge (3] .

The lift-off technique for line acoustic wave devices is as

follows. A thin coat of photoresist is applied by spinning the substrate

entirely off center. The preferred edge leads in order to minimize any
PR build up due to surface tension. Using a negative mask (b locked f ie ld)

the PR is exposed to LW light. This causes the unexposed areas to be

slightly undercut . After  developing , examination of the image determines

if the final device wil l  be error free (Figure 4 .2).  This feature gives

the l i f t -o f f  technique its high success rate . Aluminum is evaporated
over the photo resist pattern at near normal incidence (see Figure 4.3).

The slight undercutting produces distinct edges for pattern sharpness and

insures that the two regions of aluminum are not connected. Note that

the PR may be only as thin as the evaporated Al thickness. There fore

the PR build up near the edge doef not hinder device fabrication (see

Figure 4.2). The device is then immersed in acetone and ul t rasonical ly

*This work was supported by the Joint Services Electronics
Program (U.S. Army , U.S .  Navy, and U.S. Air Force) under Contract
DAAB-07-72-C-0259 .
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c leaned until all of the PR and un-needed Al are l i f ted.  A f inal Al
evaporization on the cleaved face produces the needed vertical ground
plane .

This process requires that the Al be deposited at near normal

— incidence and that there is no deposit on the face which is perpendicular

to the source. The Al makes contact over the edge using this two step
evaporization .

This technique has produced exceptionally sharp aluminum patterns

— - close to the cleaved GaAs edge with no shorts , pinholes , or broken fingers.
The technique is limited only by the photoresist thickness and pattern

finger width . The former l imitation allows electrode thickness to be only

as great as PR thickness (3000 to 15,000 A ),  while the latter causes

f ingers to be as thin as the UV undercutting permits.

An experimental line acoustic wave device has been fabricated

on GaAs. It consists of two 150 wavelength single phase transducers

separated by 20 wavelengths. The device has a center frequency of 74.7
MHz and 3 db bandwidth of .320 MHz [4].

In conc lusion , the lift-off technique has been applied to the
fabrication of line acoustic wave devices on GaAs resulting in Al.
patterns which are sharp and error-free.  Although the finger width and

thickness are limited by photoresist thickness , the high success rate

makes this process a prime candidate for future LAW work.

4.4 A Model for Multitrack Non-Periodic Mult is t r ip  Coupler s*

Multistrip couplers are commonly analyzed by determining the

norma l modes of the coupler from field theory (53 . This technique is
app licab le on ly to periodic couplers and become s complicated for a large
number of tracks .

An analytical technique has been developed that views the
coup ling as a process of regenera tion by each strip in succession. The

regeneration is calculated from a simp le equivalent circuit model for  the

*This work was supported by U.S. Air Force under Contract
F336 15-75-C-l29l and by Joint Services Electronics Program (U.S. Army,
U.S. Navy , and U.S. Air Force) under Contract DAAB-07-72-C-0259.

—- ~~~~

--

~~~~~~~

- 

-



- - 
~~~~~~~

-
~~~~~~~~~~~~~~~~~~~

-- w- -~~~~~~-- - - - -  - - —~-.--~~-- -~ ~~—

44 MICROWAVE ACOUSTICS 4

interdigital  transducer . Since the analysis proceeds on a s t r ip-by-str ip
basis , slow variations in periodicity are accounted for. Additional

physical insight is gained from the interpretation of the coupling in terms

of a simple equivalent circuit . -

The technique correctly predicts the response of a strip-coupled

unidirectional transducer as described in Reference [6]. It is present ly

being applied to the design of inultistrip-couplers for converting surface

acoustic waves to line acoustic waves in Lithium Niobate.

4~5 Generalized Transducer Model*

The objective of this model development is to determine the

response of generalized interdigital transducers at fundamental and

harmonic frequencies taking into account the e f fec t s  of neighboring

e lectrodes. The previous ly developed impulse response model assumes the

electrodes to be point sources with variable strengths and provides the

approximate frequency response by a simple Fourier transformation of the

tap weights. The former model is simple and useful but does not account

for interactions with neighboring electrodes and does not provide accurate

harmonic response. A more accurate analysis is obtained by solving for
the charge distribution under each electrode individually from field

theory (7-li] taking into account neighboring electrode effects; this

charge is then treated as a distributed source for the surface wave. A

significant advancement in the application of this approach is the work

of Smith and Pedler [7] where the Fourier trans forms of the charge dis tr i -
bution on an elec~ .ode are tabulated as a set of polynomial coefficients

for all possible sequences of electrode voltage of +1 and -I. In the

general case when the electrodes are allowed to take on any voltage , this

method is unwieldy and it is necessary to start from field theory for

every new set of voltages. The simplicity of the impulse response model

is lost in this approach .

_ _ _ _ _

*This work was supported by U.S. Air Force under Contract
F33615-75-C-l29l and by Joiflt Services Electronics Program (U.S. Army,
U.S.  Navy , and U.S.  Air Force) under Contract DAAB-07-72-C-0259.
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In an infinitely long uniform single electrode interdigital

transducer, the charge distribution on each electrode is identical. The

transducer response is then written as the product of the array factor

from the impulse response model and the element factor which is the

Fourier transform of the charge distribution on one electrode . In general,

with an arbitrary sequence the charge distribution on each electrode is

different because of neighboring electrode effects and a simp le separation

of the transducer response into an element factor and an array factor is

not possible.

If the array has uniform spacing , the charge distribution induced

into an infinite shorted array by one electrode is used as the single tap

excitation function. This charge distribution is only scaled by the elec-

trode voltage and since the distribution is a complete solution of the

field equations, the charge distribution on the total transducer is a

superposition of the charge distribution induced by each of the electrode

voltages. The Fourier transform of the charge distribution induced by a

single electrode voltage is defined as the element factor and the Fourier

trans form of the electrode voltages is defined as the array factor. Then

the transducer response can be written as a product of an e lement factor

and an array factor . The magnitude and phase of the electrode voltages is

completely arbitrary.

Many practical transducer structures may be modeled as a

periodic array with a specified electrode voltage sequence. In a direct

coupled transducer (which inc ludes withdrawal weight ing with shorted

electrodes and multiphase unidirectional transducers) the strips are

connected directly to either of two bus-bars while in the capacity-coupled

transducer each electrode is connected through a capacitive voltage

divider . An apodized transducer is conceptually divided up into channels

and considered as a number of direct coupled unapodized transducers con-

nected electri’ ally in parallel.

In each case the capacitance , radiation conductance and transfer

function , are related to the electrode voltage sequence , providing an

extension of the impulse response model that is valid at the harmonics and

takes neighboring electrode effects into account . 

~~~~~~~~ - - - --- - -~~~~~~~~~~~~~—--- --- - -
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4.6 Time Domain Analysis of Reflections

An accurate model of SAW ref lec tor  arrays is an essential tool
in designing for a desired response. While such a model is currently in

use , experimental determination of actual reflector parameters tends to
be susceptible to other device responses. It is therefore desirable to

devise a straight-forward measurement system which can d i f ferent ia te  the
reflector  response from other response mechanisms .

Reflector gratings have traditionally been analyzed in terms of

their frequency response using a mismatched transmission line model (12-14].

Reflector stripes are considered to have normalized characteristic

impedance z, while free surface gaps are represented by a normalized

characteristic impedance 1. The theoretical transmission matrix (T-matrix)

of the array is calculated by cascading the T-matrices of each successive

gap-stripe section , and is then converted to a scattering matrix. The

reflection coefficient represents the reflectivity of the array so that

the frequency response is found by p lotting reflect ion coeff icient  versus
frequency. Appropriate model parameters are experimentally determined

from an examination of the measured bandwidth and phase slope of the device.

Accurate measurement of these characteristics can be difficult , however ,

since device losses , direct transducer response, and RF coupling provide

broadband distortions .

By applying a t ime domain analysis technique similar to that

used in the analysis of SAW transducers , much of the d i f f i c u l t y  in the

determination of device parameters can be overcome . The analysis is based

on the transmission line model described above, but the theoretical (or

measured) frequency response is Fourier transformed to the time domain

for interpretation.

Near the center frequency of a high re f lec t iv i ty  array l i t t l e

energy reaches the end of the array , but significant energy of of f - f re -

quency signals does penetrate to the end. The lack of interactive re-

flections at the end of the array causes it to act as a highly localized

discontinuity to such signals, resulting in the occurrence of a sudden

*This work was supported by U.S. Air Force under Contract
F336 15-75-C129 1 and by Joint Services Electronics (U .S .  Army , U.S.  Navy ,
and U.S. Air Force) under Contract DAAB-07-72-C-0259.
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jump in an array ’s reflectivity impulse response at time t , corresponding

to the overall length of the array. Assuming X/4 stripes and gaps,the

center frequency of the array may be calculated from the equation

f N/ti, whereNis the total number of reflector stripes.

The interactive reflections within the array produce a series

uf impulse response nulls. For a given center frequency the Location of

the first null , t , has a one-to-one correspondence to IRI , where R

(z-l)/(z+l) is the reflectivity of a single stripe edge. For small.

values of reflectivity ~z = (1-a) is approximately equal to 2R, so that

z may be considered as a function of t and f
0
. This relationship,

plotted in Figure 4.4,is independent of N as long as N is large enough

that the first null occurs before time t
3
. The dashed lines represent

the lower limit of Az which may be read from the graph for a given N,

ensuring that t < tn j
Of significance is the fact that uniform attenuation in an

array does not affect t or t .. Nonuniform attenuation does not affectn
and has a negligible effect on the position of the minimum, t , for any

loss factors acceptable in a resonator reflector. The curve of Figure 4.4

is thus indepenent of such losses so that the determination of Az is valid

in spite of the presence of array attenuation. With an accurate know-

ledge of z the theoretical array reflectivity at center frequency may be

calculated and compared to measured reflectivity for determination of

attenuation losses.

A test device was constructed to verify the principles and

practicality of the above analysis. The reflector array consists of 800

shorted Al stripes on ST-Quartz. Transducer and reflector stripes are

—.4000 A thick. The reflector frequency response is masked by RI coupling,

introducing uncertainty into the analysis of the original frequency data.

The effect of RF coupling is removed from the reflector response , however,

when the impulse response envelope is obtained by Fourier transforming

the frequency data. Figure 4.5 shows the superposition of the experi-

mental impulse response with measured parameters f
0 

98.38 MHz and

z — 0.99224, and the theoretical impulse response with parameters f0
98.52 MHz and z 0.9922.
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Direct transducer response on this device was suppressed with

the use of a unidirectional transducer as the output transducer (151. If

a unidirectional output transducer is not used , the direct transducer

response is also localized in the time domain and does not affect t or tn j
The output transducer should , however , be located far enough from the

array so that the direct transducer response does not appreciably affect

the apparent value of t~ , which is taken as the zero ti:ne reference.

Determination of center frequency and normalized reflector

stripe impedance has been shown to be straight-forward and insensitive to

losses, RI coupling, and transducer coupling. Initial results also indi-

cate that the analysis is readily extendab le to withdrawa l weighted

reflector arrays. Future work may produce similar procedures ~~r deter-

mination of other parameters such as stored energy and device losses.

*
4.7 Surface Wave Propagation in Periodic Structures

The objective of this research is to develop a comp lete trans-

mission line model for surface wave propagation in a semi-infinite medium

with periodic loading by layers of different materials at the surface. As

a first step towards this objective , a general field theoretical analysis

has been developed to obtain the dispersion relat ions and field distri-

butions of surface waves in infinitely long metallic gratings and grooved

arrays.

The analysis technique is described in detail in a technical

paper submitted for publication [16]. The method has been applied to thin

and thick metallized gratings and to grooved arrays. In the examples

considered , the predicted impedance mismatch agrees close ly with experi-

mental results.

The results of this analysis are presently being used to deter-

mine the equivalent transmission line parameters by comparing the di.-

persion relations. This will yield a mode l with the following character-

istics:

*This work was supported by U.S. Air Force under Contract
F19628-78-C-0040 and by the Joint Services Electronics (U.S. Army, U.S.
Navy , and U.S. Air Force) Program under Contract DAAB-07-72-C-0259. 
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I
(1) The equivalent circuit elements are analytically

determined from material parameters.

• (2) The technique i5 applicable to layers of different

T materials of arbitrary thickness.
(3) It accounts for stored energy effects due to the

excitation of evanescent modes.

(4) It is valid over all frequencies.
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5.1 Surface chemistry*

Recent work has centered on two areas - electron beam studies

of surface layers, and examination of the mechanism by which polyatomic

molecules decompose at a surface . The former e f fo r t  has become heavily

involved in assembling new equipment ; however , considerable progress has

been made in the latter , in defining the steps controlling molecular

• dissociation on crystals.

5.1.1 Kinetics of Molecular Decomposition on Solids

The dissociation of molecules colliding with a solid constitutes

one of the important events in heterogeneous reactions , such as the for-

iiation of surface films. We have been investigating the mechanism of

this process , using molecular beam methods to probe the effect of exciting

solid and gas separately. Recent work has been concentrated upon the

reactions of methane. In an all glass system specially built for this

study , we have examined the decomposition of methane and deuteromethane

on a tungsten field emitter. The results of this study are shown in

Fig . 5 . 1 .  Both CH
4 

and CD4 must be thermally activated for chemisorption

to occur; however, in the temperature range examined , CH4 reac ts more

rapidly than CD4. The activation energy for the decomposition of the

deuteromethane is 2- 1/2 times larger than for ordinary methane . The

differences in reactivity are largely due to the differences in the

barrier to chemisorption. A detailed model for this behavior is not yet

*This work was supported by the National Science Foundation under
Grant DMR 76-82088 and by the Joint Services Electronics Program (U.S.
Army , U.S. Navy , and U.S .  Air Force) under Contract DAAB-07-72-C-0259.
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Figure 5.1 Dependence of chemisorption ra te of methane on rhodium upon
the gas te mperature. E* — activation energy for decomposition
at the surface.
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availab le. However , qualitatively , these results are in accord with the

view that excitation of the methane molecule into a higher vibrational

state , in which the interatomic distances are extended beyond some critical

value , is a prerequisite to reaction at the surface.

In order to directly test the importance of vibrationa l excitations

in enhancing surface reactivity, we have carried out experiments to test

the effectiveness of laser irradiation in enhancing the decomposition of

methane at a surface. Methane has four vibrational modes [1], shown in

Fig. 5.2. Of these, the asymmetric stretch and the bending mode V
4

are strongly infrared active. For CD, , the first vibrationa l state of

V
4 
can be populated by irradiation with a CO

2 
laser (2]. However, the

energy of this transition is quite low compared with the barrier height

determined in our molecular beam experiments, and excitation of the first

vibrational level of does not appear to be the dominant step in the

surface decomposition of methane. We have concentrated upon exciting the

asymmetric stretch of CM4 
instead.

The 3.39 ~ line of the He-Ne laser overlaps the P(7)F transition

of the fundamental of methane [3]. Unfortunately , helium-neon lasers

are availab le itt lim ited power only, insufficient to excite a molecular

beam. For our work, we have therefore built the system shown in Fig. 5.3.

In this, the laser beam is focused down a long narrow tube, whose walls

are coated with a freshly evaporated film of rhodium, the material selected

for testing. Methane at a pressure of ~ 10 3mm is admitted to the tube ,

and the reaction rate is monitored , with and without laser irradiation ,

by observing the change in the pressure with time. Measurements are done

using a Pirani gauge [4], which does not perturb the system under exami-

nation. At 10~~ms, the mean free path of methane is large compared with

the tube diameter, so that the first collision of a vibrationally excited

molecule should occur at the walls. With the laser available to us, we

can excite 4x10~
5 of the methane molecules into the first vibrational

level.

Experiments on methane dissociation with and without excitation

by the helium—neon laser have been completed. Irradiation does not

produce any detectable change itt the rate at which methane dissoc iates on

rhodium. Our experiments indicate that the reaction probability of methane

L.. -~~~ 
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Figure 5.2 Vibrat ionaL modes of the methane molecule .
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Figure 5.3 Schematic of system for studying the effects of laser excitation
upon the dissoc iation of methane at a metal surface.
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in the first vibrationa l state of V
3 

is less than 6 x LO~~. It thus appears

that this is not the excited state which dominates the dissociation of the

methane molecule. Further experiments , in which other excitations will be

probed , are in progress.

5.2 Atomic Exploration of Crystal Surfaces*

Two subjects important for unders tanding t ranspor t  and inter-

action ~f metal atoms on solid surtaces have been successfully studied

during the past year : (1) the nature of the atomic jumps involved in

surface migration ; (2) the thermodynamics governing metal cLusters on a

solid.

5.2.1 Jump Processes in Atomic D i f fus ion

In considering the migration of atoms over a crystal , it has in

the past been generall y assumed that movement occurs by atoms jumping at

random from one lattice site tu a nearest  neighbor s i te .  The onl y way to

establish this as the appropriate p icture is to compare the dis tance

distribution function expected for this  model with. the exper imenta lLy

observed distribution of distances covered during diffusion. For a one-

dimensional random walk with nearest neighbor jumps only, the probability

of being at a distance x spacings from the star t  at a time t is

P (t) — exp(-2~t)I (2~t)

where n’ is the rate at which j umps occurs and 1,~ is the modified Bessel
function of order.

That this distribution adquately accounts for the data available

on the (211) plane of tungsten has already been shown [5]. In order to

estimate possible contributions from jumps covering larger distances , the

distance distribution function for walks with jumps to other than next

nearest neighbors sites has been worked out [6]. If,for examp le, atomic

j umps to nearest neighbor sites occur at the rate ~ and to next nearest

*‘this work was supported by the Nationa l Science Foundation under
Grant DMR 72-02937 and by the Joint Services Electronics Program (U.S. Army,
U.S. Navy , and U. S. Air Force) under Contract DAAB-07-72-C-0259.
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I
neighbor sites at the rate ~~ , then the distance distribution becomes

P (t) = exp[-2 (~ + B) t I E I (2Bt) ~ 2 
(2~t)x 

n=~m 
n x — n

An analysis of the statistics required for a quantitative measure of B
has been carried out . This confirms that on W(2 l1) ,  double j umps make
no significant contributions.

5.2.2 Dissociation Equilibriutn of Adatom Clusters

Clusters of adatonis are believed to play an important role in

material transport, as well as in the nucleation of films on solid sur-

faces. The cohesion of such clusters has not been adequately examined in

the past, and we have therefore undertaken an examination of the thernio-

dynamics of surface dimers. Chosen for study was the system Re
2 

on W(2 11),

for which considerable kinetic information is already availab le [5].

The basic idea underlying thermodynamic measurements is simple.

The probability of finding atoms in adjacent channels of the (211), at a

distance i spacings from each other, is [7]

P. = C(2 - 6io)(L -i)exp(-W~/kT )

Here C is a normalization constant, L represents the length of the channels,

and most important from our point of view, W~ gives the free energy in-

crease on moving two adatotns from infinity to a separation i. If adatoms

at a separation i> 2 do not interact with each other, so that such dimers

can be considered dissociated, then the ratio 
~1
’
~D 

is given by

2 s1 E1
T ~~~ exp (-i-) exp (- ~~)

where S
1 

and E 1 are, respectively, the entropy and internal energy differ-

ence between dissociated clusters and clusters in configuration 1. Experi-

mental measurements of 
~1
’
~D 

at different temperatures thus should yield

the thermodynamics of dimer dissociation.

In practice such measurements are not easy . A detailed kinetic

study of the rate at which changes in the probability distribut ion of

dissociating dimers occurs has been carried out [8]. From this it appears

_ _ _ _  - ~~~~~ ~~~~~~~ 
~~~~~~~~~~~~~~~~~ 4
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that the rat io of can be serious ly perturbed during the quench from

the temperature  at which d imers are eq u i l i b r a t e d  t~~~ the temperature at

which observation s are made in th. f ie ld ion microscope . Techniques have

been worked out to avoid these prob lems , making it possible to obta in

sign i f i can t  thermodynamic in format ion  about dissoc iation . Me asurement :; of
determined as a func t ion  of the temper ature , are shown in Fig . 5.~~.

These yie ld the in te rna l  energ ies

E1 
— — 3 7  4- 1.1 kcal/molo ,

E0 — -2 .3 4. 1.2 kcal/mole .

The entropy changes for  d i s soc iat ion  are not yet  av a i l a bl e .  From the

measurements of the dissocation energy we conclude that indirect inter-

actions are important  in a f f e c t i n g  the behavior of atoms at the surface.

Further  mcasurement~ to prob e the nature o~ these interactions are under-

way as part  of a continuing effort to roach a better understanding of

atomic phenomena - - thin films .

Refe rences

1. C. Hcrzberg, infrared and R~ nan Spectra of Polyatomic Molecules
(Van Nostrand , New York , 1945).

2. D. R. Siebert , F. R. Grabiner , and C. W. Flynn , J. Chem. Phys . 60 ,
1564 (P~74).

3. See , for example , B. A. Ant ipov , V. E. Zuev , P. D. Pyriskova , and
V. A. Sapozhnikova , Opt .  Spectroac. 31 , 488 (1971).

4. J. H. Leck , Pressure Measurements in Vacuum Systems (Chapman and H a l l ,
London , 1967) 2nd ed .

5. K. S toi t , W. K . Graham , and G. Ehr l i eh , J. Chem. Phys. 65 , 3206 i.l’~~~~~~~).

6. H. E. Twifl , S ta t i s t i c s  ~ f 1-Dimensional Atom Motion with Next -neare~ t
Neighbor Tr ansit ions,  CSL R p t .  K - S k i , Un iv .  of I l lin o i s  at Urb ana -
Champaign . ~*rch 1978.

7. W. K. Graham and C. Ehriich , Phys. Rev. Lett. 32, 1309 (lQ7~.).

8. K. Stoit , .1. D. Wrigley, and C. Ehr tich , Thermodynamics Qf Surface
Clusters - Direct Observation of Re, on W (2U1, CS 1. Rpt . R - 8 1 0.

Univ. of I l l in o i s  at Urbana-Champai~n. February 1978.

----- --

~

- -

~

- -—--

~

—--. -— -- -.-



~~~~~~ -~~- - - ~~~~~~~- - -~~~- - - - - —~~~~-—----- - -- -

- ,  I
5 SURFACE STUD IE S

• t I

T (°K)
400 375 350

T
50—

— — ~T

40 - Corrected

(\4 I I

_ _ _ _

Q~ 20-~
.1. 

~~~~~~.
d*01

f

” 30

-

—20
I I

2.4 2.5 2.6 2.7 2.8 2.9
1000/T (°K 1)

Figure 5..e Temperatu re dependence of dissociation equilibrium for rhenium dimers
on W (211). Top curve (y-axis at lef t ) shows dissoci ation data
corrected for  d i s to rt ion  during quench . Error  b ar s  i n d i c a t e  st andard
devia t ion due to s t at i s t i c a l  er rors  in observations . 
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6.1 Introduction

During the last grant period , one of the primary objectives of

the research effort in this p ro jec t  was to develop active and passive

components for a millimeter wave receiver using planar dielectric

structures. A closely coordinated two-pronged effort , that involved the

investigation of both the theoretical and experimental aspects of the

prob lem, was initiated during the previous grant period , and was continued

during the present one. The theoretical work was necessary to provide

guidelines for systema t ic development of the d ie lect r ic  wavegu ides and

components and for gaining an unde rstanding of the physical  processes

governing the propagation of waves in planar die lectric waveguides ,

coupling of these waveguides, and the behavior of resenant structures.

Several designs for complete receiver packages bui l t  on
die lect r ic  substrates have been successful ly  tested and are reported
more fu l l y  in the following paragraphs.

6 .2  Ac t ive Components Design and Testing
The most significant achievement of the experimental effort

was the successful development and t es t ing  of a 30 GHZ t ransmi t te r  and
receiver system integrated on a dielectr ic  substrate.  The development
of the consti tuent components is briefly descr ibed below:

(a) Impatt oscil lator : The initia l design for the impatt
osc i l la tor  employed the conventiona l metal cav i ty .  Next , the cavi ty  was
p a r t i a l l y  opened by removing the wal ls , and a d ie lec t r ic  bloc k was

*This work was supported b y the Joint Services Electronics
Program (U.S. Army , U.S. Navy , and U .S.  Air Force) under Contract DAAB-
07-72-C-0259 and by the Army Research Office Grant (ARO DAAG 29-77-G-Olll ’.
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I
inserted in this open cavi ty .  Though this osc i l la tor  worked quite

J s a t i s f a c t o r i l y ,  the geometry of the die lectr ic-diode i n t e r f a c e  appeared

to have a profound e f f e c t  on its performance.  The th i rd  generat ion of

osc i l la tor  design , shown in Fig. 6.1 $ retains even less of a metal  wave-
guide than its predecessor. The tmpatt diod e was stud-mounted on a

copper ground plane , which served both as a heat sink and d .c .  bias

ground . A planar d ie lec t r ic  waveguide of rectangular cross-section was
placed over the ground plane and a small hole was d r i l l ed  in the guide

through which the diode could protrude. An r.f. filter of cy l indr ica l

design comprising of ‘~/4 sections was connected to the ~op of the diode

through the cy lindrical hole in the dielectric guide. The oscillator

was tunable with  a movable short placed at one end of the guide , and

the powe r was extracted from the other end. The latest version of the

osc i l la tor  el iminates  the elaborate f i l t e r  arrangement as w e l l  as much

* 
of the metal shield near the diode (see Fig. 6.2). In addition , a very
simple but effective biasing scheme was constructed ~ith only a small

rectangular metal plate and a cy l indr ica l  pin.  The p la te  was attached

to the top of the d ie lec t r ic  and joined to the bias pin , which , in turn ,

pressure contacted the diode. This version had the following usefu l

fea tures :  (i) e lect r ical  and mechanical t unab i l i t y ; ( ii)  control  over

‘he operation (center)  frequency by cavi ty  modi f ica t ion ; (i i i )  metal

enclosure ; ( iv)  to ta l  integration on d ie lec t r ic  substra te ;  and (v) ease

of fabricat ion.

(b) Mixer: The objective here was to build a mixer on a die-

lectric substrate so that it would be structurall y compatible with the

local oscillator . The arrangement shown in Fig . 6.3 was evolved after
considerab le experimentation with various mounting schemes . A metal post

attached to the ground plane passed throug~t a hole drilled in the di.-

lectric waveguide. A diamond-shaped metal p late was deposited around the

post on the top surface of the dielectric , such that the metal post was

electrically isolated from it. Next , a GaAs beam-lead diode was mounted

in the small gap between the cylindrical post and the metal plate. This

plate also served as the coninon terminal for the IF amplifier and diode

b ias. Mechanical tuning was once again provided by movable short at

the end.
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Figure 6.1. Die].ectric waveguide type Itnpatt oscillator with
cylindrical filter.
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I
(c) Receiver: A local oscillator and mixer circuit was designed

and deve loped to share a coa~ on dielectric guide and a ground plane (see

Fig. 6.4). A coupler arrangement for the received r.f. signal was incorpo-

rated as shown . The precise tuning of the local oscillator was achieved
by varying the powe r supp ly bias and movable short position. In some of
the la t te r  versions , the mixer diode was forward-biased for higher

sensi t ivi ty .  The mixer output was fed into an IF amplif ier  and subse-

quently into a detector .

A number of receiver and transmitter pairs operating in the

neighborhood of 30 GRz carrier frequence have been successfu lly tested .

The tuning range for these receivers was typically between 5-500 M h z .

The characterist ic parameters of the system and the individual devices

have been studied. Improvements and modifications are current ly  underway .

~~e of the major thrusts of the future effort will be to develop receive r

systems operating in the 60-90 GHz range.

6 .2 . 1  Passive Components

Essential components of an integrated , millimeter-wave system

are coup lers , f i l t e r s , and f e r r i t e  devices. Considerable e f f o r t  has been

expended on the development of dielectric components that  are m u t u a l l y

compatib le. A sweep oscillator and the associated instrument s were

acquired during the period , and has enab led us to conveniently measure

and evaluate the frequency-dependent characteristics of the passive

components. Several couplers were designed and extensively tested. Since

the open dielectric waveguides are typically multimoded , the e f f e c t  of the

higher-order modes on the performance of the various devices was thoroughly

investigated. Preliminary findings reveal no adverse influence since the

exper imental resul ts  compare quite well with the theore tical values
derived on the basis of a single mode propagation. Some modified versions

of the uniform planar waveguide , e.g. the graded-index guide , have also

been investigated , both theoretically and experimentally .

6.2.2 Antennas
From an application as well as theoretical viewpoints , des ign

and deve lopment of compatible die lectric antennas present considerable

challenge . A small test ing fac i l i ty  for performing antenna measurements

________________ _ _ _ _ _ _ _ _ _ _  -
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was constructed and a number of different versions of dielectric rod

antenna were tested. Some important criteria for designing dielectric

antennas which have been established and further work is being continued

in this area.

6.3 Theoretical Work

Three different methods for analyzing the propagation charac-

teristics and determining the modal field distributions in open dielectric

waveguides have been developed and numerical results have been obtained .

A generalized version of the mode-matching analysis has been employed to

derive the characteristic equation and the propagation constants of both

the dominant and higher order modes. We show that the “effective

dielectric constant” approach , coninonly employed for open dielectric

waveguides is the limiting case of a single mode approximation in the

mode-matching method . The newly introduced “effective permeability method ”

can be interpreted in a similar way. Two other approaches , one of which

is useful for refining the results derived via the mode matching technique ,

and the other for directly computiig the propagation constant without the

intermediate step of mode-matching , have been developed. The latter is

particular ly useful for non-planar structures where the mode-matching

method does not lend itself to convenient application. N~ Vlerical results

illustrating the application of the three methods have been obtained.

The theoretical approaches developed for the open dielectric

waveguides are suff iciently general and should prove useful for optical
and quasi-optical circuits as well. 
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R. Mittra W. L. Ko Y. Rahmat Samii

Graduate Students

M. Tew

7.1 Introduction

Important progress has been made during the last grant period

and considerable success has been achieved in the application of the

Spectral  Domain concept to a var ie ty  of sca t ter ing and radiation problems .

The spectral domain approach introduced during the previous grant period

appeared to show good promise as a candidate for the so-caller “resonance

region ” of frequencies , where neither the high frequency asymptotic
solutions nor the low frequency moment methods are useful. Bridging this

important gap has been recognized by researchers in electromagnetics as

one of the mOst challenging problems in radiation and scattering. Another

important feature of the spectral approach is its ability to eva luate the

accuracy of the asymptotic solutions derived from the application of the

ray optical methods or ~~D. Before the introduction of the spectral

approach or STD , there was no systematic or reliable means for accom-

plishing this task. V

During the last grant period , the spectral approach has been

applied to the problems of conforma l arrays, diffraction by an edge with

a corner , e.g. an airplane wing , and the computation of source radiation

in the presence of smooth conducting bodies. These are briefly described

be low.

7.2 Conformal Arrays

An important problem arising in the design of conformal arrays

is the computation of mutual impedance between slots located on a smooth

curved surface, e.g., a missile nose-cone. Since the dimensions of the

*This work was supported by the Joint Services Electronics
Program (U.S. Army , U.S. Navy , and U.S. Air Force) under Contract
DAAB-07-72-C-0259 and by the National Science Foundation under Grant
NSF ENG76-08305 .
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I
surface are typically large in terms of the wavelength, high frequency

asymptotic techniques are employed to derive the surface current induced

by a slot located on the surface of the body. The mutual impedance can

be derived in a s traightforward manner once this surface current is

availab le .

More than one GTD solution has been reported for the surface

current and it is d i f f i cu l t  for a user to decide which one of these is

the most accurate for his purpose. Using the spectral domain approach

we have successfully attacked the problem of evaluating these solutions

and have developed two tests that can reliably identify the most accurate

of the three asymptotic solutions that have been published in the

l i terature. What is more , an iterative procedure for systematically
improving these solutions has also been developed and tested.

7.3 Scattering from Corners in Thin Plates

The spectral domain approach has been employed to assess the

contribution of a scalar corner diffraction coefficient to satisfaction

of the surface boundary condition. In performing a GTD analysis of a

comp lex scattering body,  the investigator is likely to combine diffraction

from curved and straight edges as well as diffracted rays from curved

surfaces. Since comp lex bodies often include sharp corner s, a vertex

diffraction coefficient would be most desirable to complete analysis of

an arbitrary scatterer. Investigat ion of vertex scattering of a vector

field has not yet resulted in an easy-to-use form. Acoustic scattering

by a quarter-plane (scalar incident wave), however, has been successfully
studied by Albertsen, resulting in a GED-type diffraction coefficient.

This work used the Spectral Domain Approach to determine the

contribution of the corner diffracted rays to the surface field , and its

effect  on satisfaction of the surface boundary condition. The iterative

nature of the Spectral Domain Approach was also employed to systematically

improve the solution for waves incident at both normal and oblique angles.

In addition , the corner diffraction coefficient as published

by Albertsen was found to have some slight errors , and some corrective
measures were suggested.

LV. 
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7.4 Source Radiation in the Presence of Smooth Convex Bodies

The problem of computing the radiat ion characteristics of

sources located in the vicinity of smooth convex ob jec t s , e . g . ,  a i rplane

fuselage or a nose-cone , has very important applications in such areas

as radar and EMC. We have demonstrated that the presently availab le GTD

solutions for the radiated fa r  field are in error and have derived new

and accurate solutions by solving canonical prob lems that do not ignore

the important effect of torsion in the ray trajectory as it travels on

the smooth surface along gedesic paths. The theoretical resuLts have

been verified by comparison with experimental measurements.
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S. K. Ault R. A. Kerat Y. Khattabi

8.1 Introduction

Two interesting studies have been completed in nonlinear beam-

plasma interactions, and a proposed experiment on probability density

functions in ion-acoustic turbulence has moved out of the planning stage.

Anomalous harmonic generation by a beam-plasma instability has
been observed experimentally, and a model involving nonlinear wave-

partic le interactions has been proposed to account for the e f fec t .  A
theory of parametric instability of plasma wave s and ion-acoustic waves

in a beam-plasma system has been devised . Experiments on sideband

excitation by an unstable beam-plasma wave have been performed , and

excellent agreement has been found with the parametric instability theory.

Diagnostic equipment essential to the proposed experiment on ion-acoustic

turbulence has been obtained , and preliminary tests have been made.

8.2 Nonlinear Effects in a Cold Beam-Plasma System

Research has continued apace on nonlinear processes associated

with the beam-plasma instability. The cold beam-plasma system and the

experimental appratus have been described previously [1,2]. Significant

new results have been obtained. Anomalous harmonic generation has been

studied and a model put forward. A new parametric instability has been

discovered. Theoretical calculations are in good agreement with the

experimental results.

8.2.1 Anomalous Harmonic Generation

Previous experiments have shown that harmonics are excited in

the beam-plasma system when either the fundamental wave or the harmonic

itself is at the most unstable mode. This occurs by wave-wave coupling [3].

*This work was supported by the University of Illinois.

I 
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However , recent experiments show that an anomalous harmonic signal can be
produced even when neither wave is strongly unstable. Figure 8.1 illus-

trates the effect. The traces on the left are fundamental wave radiation

intensity vs plasma density , for fixed modulation frequency. The plasma

density can be determined from the delay time i~ and increases from left

to right. The parameter x is distance of the receiving horn from the
point where the beam enters the plasma. On the right is harmonic intensity

vs plasma density. For short distances , the fundamental intensity peaks

at a plasma density such that the wave frequency , which is externally

determined , is at the most unstable mode. The harmonic, howe ver , peaks
at a significantly higher plasma density , so that the wave has a fre-

quency less than that for strong instability.

Figure 8.2 demonstrates that the anomalous harmonic is produced

by means distinctly different from the wave-~.iave coup ling mechanism
which generates harmonics at the most unstab le mode. The harmonic is

found to peak at two different values of plasma density. The peak which

occurs at the same density as the fundamental peak is produced by wave-

wave coupling. The anomalous peak occurs at a higher density . Computa-

tions of linear growth rates and nonlinear coupling constants show that

the anomalous harmonic cannot be produced by wave-wave coupling.

An explanation has been proposed for the anomalous harmonic

which takes nonlinear wave-particle interactions into account. It is

believed that the velocity fluctuations which exist on the beam as a

result of external modulation , the means by which beam-plasma waves are

launched , is suff ic ient  to electrostatically trap the beam particles at

the outset. This means that the space-charge fluctuations which

accompany the velocity f luctuat ions are so great that there is significant

distortion of the particle orbits , which results in the production of

harmonics. There is general agreement between theoretical calculations

and the experimental results.

8.2.2 Parametric Excitation in a Beam-Plasma System

Parametric instability is an intensively studied subject in

plasma physics today [4,5]. A high-intensity wave, called the pump wave ,

excites two daughter waves which would be damped except for the nonlinear

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I
action of the pump . The daughter waves are capable of reaching large

J amplitudes when the resonance conditions :

W 0
U)
1 + W 2 , ( la)

k0
a k

1 + k 2 , ( ib)

are satisfied. w is the wave frequency , and k is the wavenumber . The

subscript 0 refers to the pump wave , and the subscripts 1 and 2 refer to

the daughter waves. This process is believed to be instrumental in the

stabilization of instabilities , by transferring energy from an unstable

wave to other modes. Also possible is plasma heating , accomplished by

transfer of energy from the daughter waves to par t ic le  therma l motion .

A theoretical and experimental study of parametric excitation

in the beam-plasma system has been completed . The most unstable mode of

the beam-plasma ins tabi l i ty  is employed as the pump . The daughters con-

sist of a plasma wave and an ion-acoustic wave . Because the beam-p lasma

wave has a much smaller wavenumber than the other two modes , the resonance

condition ( ib)  require s that  lk~ l ~ l k ~l .  In princip le , four d i f f e ren t

processes are possible , as shown in Fig. 8.3. The coupling constants for
parametric excitation in this system were computed , and it was found that

Case I, where one of the two daughter waves is backacattered , is para-

metrically unstab le. Since Case II is not unstab le , the theory predicts

that a large-amplitude beam-p lasma wave should develop a sideband on the

low-frequency side. The frequency separation of the sideband from the

main wave is predicted to be equal to the frequency of an ion-acoustic

wave , i.e., slightly less than the ion p lasma frequency.

The theoretical results were confirmed by experiment. Figure 8.4

shows the fine structure of the beam-plasma instability spectrum for a he-

lium plasma and. for a neon plasma. The peak on the right is the beam-p lasma

wave , whose frequency is determined by an external modulator. The peak

on the left is the predicted sideband . The frequency separation of the

sideband from the beam-plasma wave is different for the two gases because

of their d i f ferent  ion plasma frequencies - a result  of the difference in

ion mass. That the sideband is a p lasma mode , and not another beam-plasma
wave , was confirmed by the technique of incoherent microwave scattering ,
which is used to measure wavenumbers. The experiment showed that the

- V
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Figure 8.3 The four parametric coupling processes which are
possible in the beam—plasma system. Only Case I
is parametrically unstable.
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sideband did not have a wavenuniber characteristic of beam-plasma waves.
The spectrum of the parametrically excited sideband and the required

pump wave threshold intensity were in good agreement with theore t ica l ly

determined values.

The resul ts  on parametric excitat ion will be published in the
coming year.

8.3 Probabi l i ty  Density Function Measurements in Ion Acoustic
Turbulence

Work continues on the measurement of the first and second order

probabi l i ty  density functions of the wave potent ia l  in stationary ion
acoustic turbulence.  This stud y is an extension of some previous work

in which exploratory measurements of the first order probability density
were made [6]. The techniques and underlying theoretical considerations

of this work are not restricted to ion acoustic turbulence .

The system for generating the ion acoustic turbulence , described
elsewhere [6 ,7 ] ,  consists of a low pressure D.C. discharge in helium .
Langtnuir probes inserted in the positive column and biased at space

potential  draw an electron current which is proportional to the turbulent

wave potent ia l .  The unstable waves have frequencies in the range of
4-40 MHz.

The circuit required to measure the f i r s t  order probabi l i ty

density function , P . ( p 1, r 1, t
1
) ,  is shown in Fig. 8.5. A 350 Ps duration

sample of the signal from a probe at position r 1 is tak en at time t
1 

by

the sampling oscilloscope. The sample-and-hold output of the sampling

oscilloscope is converted into positive pulses of a few microseconds

duration. The pulses are then amplified and displayed on a inultichannel

pulse height analyzer. The resulting display is P1(cp1, r1, t
1

) .

Preliminary measurements revealed a Gaussian distribution in the wave

potential of the fully developed turbulence, and deviations from the

Gaussian near the onset of the instability.

Preparations for the measurement of the second order probability

density function , P2
(t~p1, r1, t

1
; 

~2 ’ ~2 ’ t
2

) ,  by utilizing the circuit

shown in Fig. 8.6 are near to completion. To understand the measurement ,
first note that in a stationary state , P2 

depends only on the time 
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I
difference , t~ -t ., a ~r . Furthermore, P2 is related to the conditiona l

probabi l i ty , Qt~c~;. f2’~’l’ E1’ 
.r) by:

~~~~~~~~~~~~ 
E1~~~

Q2 ’  E2’’) — p 1~q~1, E 1 )Q~ P2 . E2 IW 1’ E i ’  T ) .

Q is the probability that 
~ 
has the value at position r2 given that it

had the value at positiom r1 a time T earlier . The conditional proba-

bility is measured by passing the samples of the delayed signal from a

probe at r1 into a single channe l pulse height analyser. The analyser

selects pulses of a given amplitude cç~. The output of the single channeL

analyser is used to gate the samples fran the probe at r2 into a multi-

chaimel analyser. Thus the multichannel analyser only receives a pulse

from the probe at r~, when a signa l of amplitude w 1 has occurred at position
a time earl ier .

By changing the setting of the single channel analyser 
~~~~~~~ 

and

the delay time (r),the function Q is obtained . By counting the total

number of samples taken and the total number which enter the multichannel

analyser , P1 (c~1, r1) can be measured simultaneously with Q.

During the past year , our efforts have been concentrated on the

assembly of the equipment needed to measure P2. The discharge tube and its

surrounding water jacket have been modified to accept two radial probes ,

one fixed and the other movable in three dimensions with micrometer

adjustments. In addition , a viewp ort has been added to allow measurement
of the ion temperature in the discharge . The ion temperature will be

dete rmine d by measuring the Dopp ler broadening of the ion emission lines.
The small broadening expected will be measured with a Fabry-Perot inter-

fe rometer .
In addition to major changes in the discharge tube , the re has

been considerable upgradi ng of the electronic equipment . A new regulated
power supp ly for the discha rge has been ins ta lled  in order to reduce

the amount of ripple in the discharge current . The procur ement and
construction of the sampling network is now completed and tests are being

made to insure l inearity and s tab i l i ty  of the network by sampling known

determinant waveforms. The system has been found to be sensitive to

sligh t noise or distortion on the test s gnal .  Measurement of P~ viii

begin upon comp letion the movable probe assembly .

~~
I
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A recent paper 18) suggests that the average behavior of a

system before and after a given fluctuation amplitude 
~~ 

occurs , i.e.

— can be used to study the nonlineGrity of the system.

The information contained in this quant i ty  ii a subset of the information

contained within P,(cQ 1
, r1 ;~ ,, !2 

— r1, ~‘) . Since only one probe is

required (because r , r 1
) measurement of this  quant ity  ~.z i lL begin in the

very near future.
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9.1 Introduct ion

Rarefied gas dynamics deals with nonequil ibrium gas f low prob-

lems in which microscop ic treatment  according to kinetic theory is

ne.essary to determine the effect of intermolecular collision s and gas

surface interactions on both the microscop ic and macroscopic gas flow

properties.  Such raref ied gas flow prob lems occur in aerodynamics,
e lectronic s , aeronomy , environmental f lu id  dynamics , and other related

fie lds.

The aim of this research program is to develop numerical methods

to solve a wide range of prob lems under conditions far  from and near

therma l equilibrium. A Monte Carlo method has been developed at CSL [1]

to solve di rect ly  the Boltztnann equation and has been used by the CSL
Boltzmann group to solve the Boltzman equation for several rarefied gas

flow prob lems under a wide range o~ equilibrium and boundary conditions

( 2 -7 ] .  The solutions we have obtained yie lded detailed microscopic and

macroscopic nonequilibrium properties , most of which have never been

t reated and studied before. We have also studied other numerical  methods

to solve rarefied gas flow prob lems, e.g., th~ direct simulation technique.

9.2 Study of an Evaporation Prob lem* and a Condensation Problem

Nonlinear evaporation-effusion problems are encountered in such

diversified areas as upper atmosphere meteorology , the sodium cooling

nuclear reactors , design of space experiments , petrochemical engineering ,

vacuum technology , and the interaction of high power laser radiation with

metal  surfaces.  Ytrehus (8J of the University of Trondheim , Norway
formulated at one dimensional problem , solved the Boltzmann transport

equations for Maxwellian molecules for this problem , and compared his

*This work was supported by NATO Research Grant 1075 and by
the University of I l l inois .  
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calculations with availab le experimental and other theoretical results.

His work s t imulated fu r the r  s tudy of this problem using more accurate

kinet ic  theory treatment in order to f ind the effect of different boundary

conditions and collision laws. We have undertaken a Joint research effort

with him and Wendt of Von Kartuan Institute of Fluid Mechanics to stud y

these prob lems under a NATO Research Grant. The major contribution of

Wendt is in the experimental phase of the study.

Under the joint e f f o r t , we have successfully simulated the half-

space evaporation-condensation prob lem by solving the BoLtzmann as well

as the Krook equations for a two-wall  emitting and absorb ing problem (9]

first suggested to us by cheremissine and studied by us [6]  in detai l .

The s imulated prob lem is shown schemat icall y in Fig. 9.1. There are

computational d i f f i c u l t i e s  in solving direct ly the Boltzmann equation for

any half-space prob lem ; therefore , the success of our attemp t would be of

basic intere st and could lead to similar attempts to study the half space

pr ob lems by us ing the accurate kinetic theory approach .

The solutions obtained establish the validity of Ytrehus ’ s imp le

and usefu l approach to make parametric studies of such prob lems and the

conditions under which theoretical  ca lcu la t i cus can be correlated with

others as well  as with experimental, results .  The re sults obtained by us

and Ytrehus were presented at the 10th Rarefied Gas Dynamics Symposium,
Aspen , Colorado in July, 1976 and were published [10, 11). We have made

further numerical studies of the Krook solutions for large mass rate in

order to study the simulation near the downstream limiting Mach number

of 1. Figures 9.2 and 9.3 show respectively the variation of the down-

stream speed ratio and that of the backscattered mass flux with the “wall”

downstream pressure ratio. It seems that Ytrehus ’ approach is also valid

for large speed ratios. A paper suninarizing these results will be pre-

sented at the 11th Rarefied Gas Dynamics Symposium , Cannes, France in

Ju ly, 1.978.
The solution of the two-wall emitting and absorbing problem

includes that of the condensation problem which also has a wide range
of applications . Figures 9.4 and 9.5 show respectively the condensation
rate and the downstream speed ratio. We show the flow behavior in the
Knudsen layers in Figures 9.6 , 9.7 , and 9.8.

_ _ _ _ _ _ _  _V V~~~~ V~~~~~-VJ
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I
1

L Simulation of Evaporation-Condensation Problems
Emitting Absorbing

Wall Wall

~;1rv
TE ITA

f~ x

Evaporation Condensation

[&ri’dx (V27~r 
)(Kn)(n Jr)]

f4P-492

L
Figure 9.1. Numerical simulation of half-space evaporation and

condensation prob lems .
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I I
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Figure 9.4 Condensation rate vs downstream speed ratio. Comparison
of condensation and evaporation rates. (The variation of
the evaporation rate shown b y the solid line.)
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I
9.3 Study of Aerodynamic Isotope Enrichment Devices

The objective of this research program is to develop Monte
Carlo techniques for analyzing the separation process in aerodynamic

isotope enrichment devices. We have developed a hybrid approach in which

the efficiency as well as the resolut ion of the computation of the
separation process. can be improved. This approach would be useful to

solve certain gas mixture problems , e.g., those encountered in pollution.

9.4 References

1. A. Nordsieck and B. L. Ricks, Rarefied Gas Dynamics, 675, 1967
(Academic Press).

2. B. L. Ricks, S. N. Yen, and B. J. Reilly , J. Fluid Mech. 53, Part I,
85, 1972.

3. S. N. Yen, m t .  J. Heat Mass Transfer 14, 186 5, 1971.

4. S. M. Yen Computers and Fluids 1, 367 , 1973.

5. S. M. Yen and W• Ng, J. Fluid Mech. ~~~~~~, Par t 1, 127, 1974.

6. S. M. Yen, Rarefied Gas Dynamics, 1, A.15-1, 1974 (DFVLR-Pres s).

7. S. M. Yen, m t .  .1. Computers and Fluids 1 , 367 , 1973.

8. T. Ytrehus, proc. 9th Int. Symposium on Rarefied Gas Dynamics 
~~B.4-1, 1974.

9. F. C. cheremissine, Izvestiya Akademie Nauk SSSR, Makhamika
Zhidkosti; gaza, Vol. 2, 176 , 1972.

10. S. N. Yen and T. J. Akai, Rarefied Gas Dynamics, Progress in
Astronautics and Aeronautics, Vol. 51, A IAA, 1175, 1977.

11. T. Ytrehus Rarefied Gas Dynamics, Progress in Astronautics and
Aeronautics , Vol. 51, AIM, 1198, 1977.

- -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



pp.— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

96 1.0. COMPUTATIONA L GAS DYNAMICS 10
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10.1 Introduction

The objective of this research program is to solve numerically
the basic inviscid and viscous gas dynamic equations for complex prob lems.

We have s tudied the application of finite element , finite difference and

hybrid methods to problems of complex geometries and boundary conditions.

We shall report our research efforts on the numerical generation of

optimum mesh systems , the numerical solution of nonlinear free surface

problems and the numerical solution of viscous flow prob lems of complex

geometrics.

10.2 Numerical Generation of Optimum Mesh Systems*

The objective of this study is to develop an efficient finite

element method for fluid flow prob lems by using an optimum grid system

genera ted by a numerical transformation. We have made a parametric study

of the effect of mesh systems on the accuracy of the numerical solutions

and , on the bas is of this study , have formulated a set of criteria to
select the shape and the structure of elements in a mesh system to mini-

mize the discretization errors. We have developed two methods that meet

- these criteria to generate numerically optimum mesh systems for finite

element as well. as finite difference computations.

The first of the two methods to generate the optimum mesh system

has been reported [1]. The second method which is a modification of the

first involves the numerical transformation by solving two Laplace

equations. It may be looked upon as an attempt to find an orthogonal

transformation of elliptic-cylindrical type for a domain of arbitrary

geometry . This method does not work for bodies with concave corners;

*This work was supported by the National Science Foundation
under Grant ENG 75-15050 and Grant ENG 77-20436.
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however , it is more suitable for bodies with sharp edges as airfoils.
Figures 10.1 and 10.2 show respectively the mesh systems for an internal
flow around a circular cylinder and an external flow around an airfoil.

The design criteria and the numerical generation of optimum

finite element meshes were presented at the Sixth International Conference

on Numerical Methods in Fluid Dynamics, June 20-25, 1978, Tbilisi, USSR

[2].

10.3 Study of Free Surface Prob lenis*

There are three major problems associated with the numerical

solution of free surface problems : to accot~inodate accurately the free

surface geometry , to satisfy the boundary condition uniformly over the

free surface and to treat the radiation boundary condition. Computational

methods have been developed to deal with these problems and have been

used to solve several free surface problems. However, computational

difficulties are encountered in the application of these methods to —

problems under certain conditions. On the other hand, each of these

methods have advantages over others in the solution of a particular class

of problems. Onr research on the computational methods using the Eulerian

approach (3] has led to several conclusions concerning further studies:

(I) The tine-dependent approach can be used to solve the initial

phase of development of free surface flows. In computation

of larger time, study has to be made to reduce the accumulation

of diffusive error.

(2) The finite element method can be used to reduce the inter-

polation error; however, the implementation of this method

is more complex. In order to increase computation efficiency

for complex problems, we should consider a hybrid method that

combines the finite element and finite difference grid systems.

(3) On the basis of consideration of error accumulation, the steady

state approach is more favorable. However, the treatment of

radiation boundary condition should be studied.

*This work was supported by the National Science Foundation
under Grant ENC 77-20436. 
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Figure 1.0.1. Optimum nesh system - an internal flow.
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Onr current research tasks are summarized as follows :

(1) Study further the application of the two-dimensional prob lem
of pressure distribution by obtaining the numerical solutions

at a larger Froude number and at different depths : Previous

solutions (4 ,5] were obtained for Froude number of ii~/~ i

and at y — -l [4] and y — -2 (5]. New solutions were obtained

for Froude number of l/A/~~ at these two heights. Figure 10.3

shows the comparison of wave resistance at two Froude numbers

as well as the comparison with linear results by Haussling and

Van Eseltine [6 ,7]. The wave heights at t 2 and 3 are shown

in Fig. 10.4 and the comparison of wave height at t 2 with

the linear calculation, Fig. 10.5.

(2) Study the numerical errors due to the implementation of free
surface condition in the time-dependent scheme by perform ing
numerical experiments on a parabol ic system character ized by
that condition.

(3) Study the implementation of radiation boundary condition in

the steady state approach by performing several numer ical
experiments on the pressure distribution problem: The results

of these experiments indicate that several factors must be

taken into consideration in implementing the radiation boundary

condition at a fixed downstream boundary.

(4) Study the application of a hybr id method to increase the
computation efficiency for field calculation: Fig. 10.6 shows

an example of a hybrid mesh in which the finite difference
method is to be used in the outer region and the finite element

method the inner region.

(5) Study the numerical solution of the unsyninetrical hydrofoil
problem by more accurate implementation of the Kutta condition.

1.0.4 Study of Viscous Flow Problems

A research effort has been initiated to solve the Navier-Stokes

equations for problems of complex geometrics using the finite element

method. A computer program has been written to solve the viscous flow

problem around an airfoil using the mesh system as shown in Fig. 10.2.

_ _ _ _ _ _  V - -~~~~~
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11.1 Fault-Tolerant Distributed Systems *

Loosely coupled distributed systems can be conveniently made to

tolerate fau l t s  by designing them so that fai lure in one part of a system

will not cause the entire system to fail. Such a system should have

mechanisms to locate faul ty units and to reconfigure around such units.

Research in this area can be divided into two broad classes: testing of

the units of a system (which are assumed to be built from LSI blocks like
microprocessors and memories), and techniques for achieving high relia-

bility and performance in a distributed system.

11.1.1 Testing of LSI

Testing techniques at a higher , functional leve l for memories
and microprocessors were studied. Tests were designed to be easily applied

by users; thus tests for microprocessors , for example , were obtained as
instructions for the microprocessor rather than as arbitrary input vectors.

In memory testing , an eff icient 0(n) algorithm (where n is the
number of cells in the memory) to detect all faults in a functional model

was constructed [I.]. Existing algorithms to detect the same set of f au l t s
were 0(n 2 ) .  This fault  mode l was also extended to incorporate more
complex faults. An 0(n . log2n) algorithm was developed to detect faults

in this extended fault model. Additional algorithms were also developed

*This work was supported by the Joint Services Electronics
Program (U.s. Army , U.S. Navy , and U.S. Air Force) under Contrac t
DAAB—07-72—C—0259.
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to detect pattern sensitive faults in memories , as well as to locate

faults on a memory board . Improvements were also made to existing

algorithms [2). (See Section 11.4.3 for a practical application.)

The task of fault detection in microprocessors is very diffi-

cult because of their comp lexity. We have deveLoped a general model for

microprocessors at the register transfer level in terms of their control

and data processing sections. We have also deve loped a fault model on a

functional level which takes into account a large number of failures ,

including faults in instruction decod ing , control commands, data transfer

mechanisms , data storage facilities , and the arithmetic and logic unit .

A set of test procedures was developed to detect all faults in the fault
model [3]. Tests were generated for an existing 8-bit microprocessor

used internally at Hewlett-Packard . The generated tests were validated

with the use of the TESTAID simulator. The test set for the micro-

processor was found to be capab le of detecting all the detectable single

stuck-at faults , and many others which cannot be characterized as stuck

type faults. Work is continuing in generalizing the microprocessor models

and extending the functional leve l fault models.

11.1.2 Distributed Systems w ith High Reliability and Performance

Techniques to achieve high reliability as well as performance

in distributed systems and ways of modeling distributed systems were
studied.

When digital systems are built in a modular fashion with

multiple distributed processors which share data , the contamination of

data in the system by the failure of a single processor becomes a problem.

This becomes worse when it is not possible or practical to have a glob al

supervisor which detects failures and removes the failed units. A new

technique for distributed systems , called rov ing diagnosis, which does
not use a global supervisor or dedicated redundancy was found [4]. A

model was found for calculating - the reliability and performance of a

system with a given topology and diagnosis and reconfiguration policy.

A particular system with the proposed scheme was compared with systems

using classical redundancy. It was found that the performance of the

proposed scheme is much better than that of the redundant systems , while
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the re l iabi l i ty  for some requirements is close to that obtained by using

redundancy. Related results on roving diagnosis can be found in

Section 11.2.

The use of semi-Markov processes in the modeling of computer

system performance was studied. A new performance measure was defined ,

in the semi-Markov framework, which incorporates a measure of system

throughput and system availability. These general techniques were applied

to modeling a gracefully degradable shared resource mu ltiprocessor (such
as the AMP system - see Section 11.4). The model was used to discover

the effects of several system parameters (number of processors , mean

detection latency, mean repair time , probability of an undetected global

fault, ect.) on overall system performance. In addition , the im~letnentation

of a resource guardian (used to protect shared memory) was modeled. From

these studies a set of design guidelines for shared resource multi-

processors has been established.

11.2 
V
Concurrent Self-Diagnosis and Reconf1~guration in Large-Scale
Systelns*

11.2.1 Self-Checking Systems

Codes that are used to protect against unidirectional errors

have been studied , particularly the class of fixed-we ight codes. Such

codes have codewords that can be effect ively classified in terms of

congruence , cycling , and cotnplementation classes. The capabilities of

unordered codes are defined with respect to circuit structure and fault

models. Self-checking concepts are adapted to arithmetic circuits and

checkers and it is shown that these circuits are totall y self-checking

provided some broad design rules are followed and some increase in hard-
core is allowed [5 ,6].

Further results on applying alternating logic , that is , time-

encoded rather than space-encoded information, to the design of self-

checking systems have been obtained , particularly memory e f f ic ien t

~rhis work was supported by the Joint Services Electronics
Program (U.S. Army, U.S. Navy , and U.S. Air Force) under Contract
DAAB-07- 72-C-0259.
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approaches to the design of sequential machines, new techniques for the

des ign of checkers , and system leve l design approaches to self-checking

alternating logic systems [7,8,9,10,11].

11.2.2 Detection of Fault-Free Units in a System

The identification of a faulty unit by its neighbors in a system

was first attacked by means of the connection assignment approach for the

case when a unit  is capable of completely testing another one [12).  A
more general case was considered in [13 ,14].

A system is defined to be d-fault diagnosable with repair if

and only if there exists a sequence of app lications of a test set and

repairs of identified faults that allow all faults (at most d in number)

originally present to be identified. In certain applications , as in air-

line reservation systems , it may not be desirable to have any faulty

units around , so that the integrity of the data base can be maintained .

Under such circumstances , the only acceptab le solution may invo lve the

ident if icat ion of al l  fau l t s  on one app lication of the test sequence

(called d -f a ul t  diagnosability without repair) . This condition has been
shown to be very demanding in terms of nodes and interconnections required. 

V

An alternative approach to this problem is being investigated.

Instead of designing systems in which at least one faulty unit can be

identified after an application of the test sequence, one could design

systems in which at Least one fault-free unit can be identified after an

application of the test sequence. (The fault-free units could then proceed

to execute tasks vital to the integrity of the system , while further

diagnosis is continued on that part of the system known to contain the

fault.)

A diagnostic graph may be associated with every system to show

the masking interrelationships between the faults in the system. In a
single-mask-per-test  (SMPT) system every test for a fault is invalidated

by ( i .e . ,  gives unreliable resul ts  in the presence o f )  at most one other

faul t  in the system. Some interesting resul ts  for such systems are :

In a SMPT system wh ich has a strongly connected diagnostic

gra ph , the number of fault-free units that can be identified
after application of the test-sequence must be zero or at

Leas t two. 

_V:V
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A fault-free unit is identifiab le in a strongly connected SMPT

system if and only if the system is diagnosable with repair.

(The maximum number of faults that can be present is assumed

the same in both cases.)

In a connected SMPT system, if a fault-free unit cannot be

identified for some set of test results, then the system is

not diagnosable with repair either.

A single-test-per-fault (STPF) system is defined as one in which

there is at most one complete test for each fault (there may be many

faults which invalidate a test, however).

For STPF systems a measure called the system implication index

I(S) may be defined. If i(S) > ~( d + 2 ) 2/4J then, under the
assumption that no more than d faults can be present , at least

one fault-free unit can always be found.

A paper on this work is in preparation.

11.2.3 Self-Diagnosis and Roving Diagnosis

The design of systems capable of continuous self-diagnosis by

using a principle called “roving diagnos is” is being studied. In essence ,

roving diagnosis requires one part of a system to be diagnosing another

part while the remainder of the system continues normal operation. The

part of the system most recently diagnosed as fault-free now takes its

turn to diagnose another part. Thus, there is a subsystem involving the

diagnosed and diagnosing units which apparently roves through the system

until no part of the system remains undiagnosed. The roving diagnosis

approach is an attempt to overcome several problems conunon to non-roving

schemes . These problems are:

i) The reliability of some implied global mechanism ,

required for diagnosis, is never questioned.
ii) The system, especially in multiple redundant schemes,

is utilized far below its potential, although its

reliability can be made quite high for an arbitrary

but limited time.

iii) The entire system, or at least a major portion, has
to be shut down for diagnosis.

T i  
V_~~~~~~~~ _ _ _ _  - V  
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The extent to which the roving diagnosis approach is capable of

alleviating the above problems depends greatly on the assumed fault model

for the system. Thus, there exist faults whose identification is beyond

the capabilties of even a global arbiter. The basic model for the system

is the system diagnostic graph [13]. In general, there may be more than

one unit required to test any given unit. Hence by looking at the

diagnostic graph for the system it is not alway s immediately obvious

whether diagnosis by roving is possible . It can be shown, however , that

if the diagnostic graph for the system contains a particular kind of

graph, called a roving graph, then the system can perform roving diagnosis.

The success of the roving diagnosis scheme depends to some

extent on the ability to test certain distinguished nodes in the system ,

identifiab le from the roving graph , called the initial nodes. Algorithms

for minimizing the number of initial nodes in certain types of systems

have been developed. Various schemes by which the initial nodes them-

selves may be tested , with almost no hard-core requirement , are being

evaluated .

Associated with the problem of locating faulty units in systems

is the prob lem of reconfiguring the system around the faults so that the

system may continue operation~ possibly with a degradation in performance.

Two questions must be asked about the system , once the fault has been

detected :

(i) Can all the nodes which were formerly communicating with the - :

faulty node be informed about the existence of the fault?

(ii) Can the system continue useful operation once the faulty node

has been effective ly removed from the system?

Answers to these questions are presented and the problem of

reconfigurability and reusability is related to some known graph-theoretic

prob lems . (See also Section 11.1 where probabilistic models for roving

diagnosis are discussed.) A paper on this topic is in preparation.

11.2.4 Reliable Interconnection Networks

Modularization of computing systems allows reduction of large

design and debugging problems to a set of smaller , more manageab le prob -

lems ; it not only aids in designability but helps reduce obsolescence

because modules can be replaced to improve system performance without

-- ~~~~~ ~~~~~~~~~~~~~~~~~
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having to redesign the complete system. However, in recent years computing

modules have become more autonomous and in many cases are computers in

their own right, and the complexity and controllability of networks

required to interconnect the computing modules may become limiting factors

in system size. Connection networks may in fact become the prime source

of errors in the systems. High reliability systems can make even further

demands on the connectivity requiring new connections to be made under

certain fault conditions. A form of interconnections among modules is

therefore required that is simple , expandable , controllab le, testab le

and in short more reliable than the system components. A design technique

for such an interconnection network in which the design parameters are

connectivity requirements, module complexity, and concurrent job capability

has been studied and is reported in [15].

11.2.5 Design Languages

Control structures created for multiprocessing systems are

usually quite complex and assuring that they will not deadlock is a

difficult task. Specifying a computer hardware design language so that

this pitfall can be avoided by staying within the bounds of the syntax

(in the spirit of “an ounce of prevention...”) gives the system designer

a design tool that is more than just an aid for documenting the principles

of operation of a system. The specifications of a computer hardware

design language that has sufficient scope to describe multiprocessing

systems and has the proper ty that syntactically correc t programs describe
systems that have deadlock-free control structures have been formalized.

The model used assumes that the system partitions into a data structure ,

in which actions are represented as register transfers, and a hierarch ically
organized asynchronous control structure , which coord inates the actions
in the data structure. This work is reported in [16]. 
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1.1.3 Computer Architecture *

11.3.1 Fixed-Cycle Resources for a Pipelined Processor

This research has centered on the performance of functional

resources that are used by a single multiple-stream pipelined processor.

Such resources include arithmetic functional units and the modules that

compose an interleaved memory. The functional requirement of such

resources is that they perform some operation and resynchronize their

results with the associated stream in the pipelined processor.

In some instances , a replicated or pipelined resource can be

used to achieve the required performance. However, in this research a

single non-p ipelined unit with a fixed cycle time is being investigated
as a lower cost alternative. This resource is characterized by a cycle

time , c , and a deadline , d , which if missed results in a penalty of the
non-compute pass through the pipeline .

The performance of this type of resource for various resource

scheduling techniques has been determined through the use of Markov

modeling and some model reduction methods. It can be shown that very

high performance can be obtained when effective use is made of the avail-

ab le deadlines. This high performance can be obtained with a relatively

simple scheduling discipline. Although optimal scheduling algorithms have

been developed only for certain restrictive cases , the development of a

model to upper bound system performance has shown that under most circum-

stances a FIFO-based algorithm yields nearly optimal performance. An

extension to these models has allowed the consideration of resources with

access times less than their cycle times.

To verify the results of our analytic models a simulator has

been programmed . In addition, it has allowed the evaluation of various

scheduling disciplines and request behaviors that could not be modeled

analytically.

Various applications for this type of resource have been

examined including an implementation of a cost-effective control store

which attains high performance through the use of interleaving .

*This work was supported by the Joint Services Electronics Pro-
gram (U.S.Army , U.S. Navy, and U.S. Air Force) under Contract DAAB-07-72-
C-0259 arid by the National Science Foundation under Grant MCS73-O3488AOl. 
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Such an organization is most directly relevant to multiple

stream processors , which execute several programs simultaneous ly, yet
require only a single shared microprogram store with our implementation.

Additional design constraints were developed for the specification of

branch resolution times and for the addition of dummy segments to enhance

overall system performance. The cost design trade-of fs for interleaved

memories with deadlines were also examined. In addition , the performance

of parallel processor-memory configurations was contrasted to systems

with skewed requests and deadlines with the resultant elimination of the

expensive crossbar switch. Formal mechanisms for evaluating performance

with all of the above considerations have been developed .

A conference paper on portions of this research has been

accepted [17] and a comprehensive CSL report is in preparation.

11.3.2 Stochastic Scheduling for Parallel Pipeline Processors

Analytic models of parallel pipeline processors are being in-

vestigated to determine optimal scheduling strategies and performance

estimates. The model assumes that an instruction stream is to be served

by a parall el pipeline processor. Each instruction execution results in

a sequence of resource utilization requests necessary to serve the

instruction. However, the execution of an instruction may overlap in

time with that of previous and successive instructions. Thus, throughput

is limited by competition among instructions for shared resources.

Markov modeling techniques have been applied to this pipeline

scheduling program to describe system behavior. Initially , models of

system behavior are excessively complex. However, system models are

simplified ignoring elements of system behavior which do not affect

performance [18].

An optimization technique based on Markov decision theory has

been discovered which chooses a scheduling policy maximizing system per-

formance under an assumed stochastic model of instruction arrivals. This

procedure specifies a scheduler which efficiently shares resources among

concurrently executing instructions. Further work has shown that adaptive

scheduling policies can also be defined which adjust to time varying

instruction arrival patterns. A report is in preparation.

_ - V _ - V _ _ :
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Much of the theory described above can be applied to a variety

of stochastic scheduling problems . While work in [18] concentrates on l~w

level resource sharing, we are currently formulating models of resource

sharing at higher levels in the hierarchy of system control. For example ,

a memory can be viewed as a shared resource to be partitioned among con-

currently active tasks. Again , we seek optimal scheduling strategies

and performance measures.

The above work provides a means of analyzing the performance of

a prospective architecture. A more difficult problem is that of deter-

mining an architecture which is optima l according to some measure of

cost and performance. We have studied relative ly simple problems in this

area, and while optimal solutions exist , the problem was found to be NP

comp lete [19] indicating that heuristic techniques for suboptima l solutions

should be pursued.

11.4 Computer System Organization*

11.4.1 Modelling of Multiple Processor Virtual Memory Systems

Work is continuing on the modelling of the performance of multi-

ple-processor virtual memory computer systems. The models are expressed 
V

as functions of the number of processors , configuration of secondary drum

memory , number of jobs in the system , page size , fault rate , overhead

time per fault , memory size , and paging s t rategy . Several mode ls for

portions of the overall problem have been di~veloped .

One analytic model describes the operation of P parallel

processors executing with an infinite number of jobs available , each of
which faults according to an exponential dis t r ibut ion.

A second analytic model deals with a finite number of jobs , J ,
and determines the number of jobs that fault on P processors in time T.

Analysis of this model provides the number of jobs arriving at secondary

memory each sector time unit. These results may be used to simplify

greatly a simulation model for processor-drum performance.

*This work was supported by the Joint Services Electronics
Program (U.S. Army, U.S. Navy , and U.S. Air Force) under Contract
DA.AB-07-72-C-0259.
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A decomposition of the total computer system into two models is

being developed. The first model concerns program behavior , pag ing and
allocation strategy , and average memory allocation allowed per job. The

output of this model would describe the faulting behavior of individual

jobs. This fault descriptor would become one of the inputs to the second

model, along with system configuration parameters such as number of

proc essors , drum memory parameters and the number of jobs. Using the

second model, which is current ly being developed , it will be possible to

study the effects of various system configurations as ~ function of

program behavior , which is difficult to characterize in general.

A computer simulation of the second model has been written and

is being used to aid in the understanding and characterization of the

effects that specific parameters have on system performance. In addition

to modelling the various system parameters, the simulation allows

variations in the fault descriptor , such as two classes of jobs with

different faulting behavior. A significant amount of data has been

collected from the simulator and results are being analyzed for the

purpose of obtaining functional relationships and reducing model com-

plexity .

Once the results of the second model are known, a more goal-

directed formulation of the first model, which will then be more tract-

able , will be developed.

11.4.2 Multiple Access Memory Systems

As part of our continuing investigation into the performance

of interleaved memories in a multiprocessor environment, we have been 
V

studying the effect of the memory reference behavior and techniques for
modelling and analyzing it. We have considered a system consisting of

N processors connected to M memory modules through a cross-bar switch.

All processors are assumed to have identical memory referencing behavior

which is as follows : let the modules be numbered from 0 through M-l.

If a processor last ref erenced module i, then with probability 
~k 

~~
next ref erences module (i + k)

od M 
where P

0 
+ P

1 
+ . . • + 

~M-l
We have validated this model of reference behavior with measurements

and have developed an accurate , though approximate , closed form solution

for the memory bandwidth. This solution , too, has be en exper imenta l ly

I
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validated. Furthermore , we have demonstrated that the mode l of program

behavior can be further simplified to yie ld a two-parameter mode l without

sacrificing accuracy appreciab ly. These results have been written up and

are being submitted for journal publication. They will also appear

shortly as a CS!.. Technical Report.

11.4.3 The AMP-I Multiple Microprocessor System

The AMP-I was designed and imp lemented to perform experiments

dealing with performance evaluation of alternative system configurations

within the selected class of architectures. The system memory has been

expanded to a full. 64K bytes of shared memory . Several design changes and

modifications of system timing have markedly improved the state of the

system.

A memory diagnostic algorithm developed at CSL (see Section

Il.l.I),has been implemented as a reentrant program for the AMP-i system.

When run on all eight processors , eight distinct areas of memory can be

dLlgnosed simultaneous ly. This program was essential for bringing up 
V

the memory. Chip and PC board problems were located rapid ly and repaired

resulting in a very efficient process. Cont inued problems with bussed

signals on the second chassis , which contains the expanded memory , jre

being solved . The system was modified to include active redriving of the

busses between chassis. Total system reliability improved greatly and

jobs which use no more than 14K of memory can now be run using the full

range of system configurations .

Some preliminary results have been obtained with a mult i tasked

program for Gaussian elimination. An operating system is being imp lemented .

A study of memory protection for such systems has been completed. Memory

protection is now being implemented on the system so that undebugged

programs can run simultaneously with debugged programs without interference.

A design for a flexib le but simple data collection device for evaluating

system performance has been completed and is being implemented .

An invited position paper on microprocessor-based computer

systems was presented at Midcon ‘77 [20)

Plans for the isinediate future inc lude attaining fully reliable

operation of the expanded memory, completion of the operating system and

other support software , intensive evaluation of the multitasked Gaussian 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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elimination program and other programs for a variety of system configu-

rations , completion of the memory protection and performance data

collection hardware, an examination of the performance of AMP-l on Finite
Element Methods sof tware , a modification of the hardware to allow user-

defined local memory rather than fixed processor-allocated local memory,

and a study of properties of concurrent, modular programing languages

and software.

11.4.4 Levels of Program Representation vs. Computer Organization

The issue of high level language support is treated in a

systematic top-down manner. Program representations are categorized into

three classes with respect to a host processor: high level representations,

directly interpretable representations and directly executab le repre-

sentations. The space of intermediate languages for high level language
support is explored and it is shown that whereas the ideal intermediate

language from the point of view of execution time is a directly executable

one, the best candidate from the viewpoint of memory requirements is a

heavily encoded directly interpretable representation. The concept of

dynamic translation is advanced as a means for achieving both goals

simultaneously; the program is present in the memory in a compact static

representation , but its working set is maintained in a dynamic repre-

sentation which minimizes execution time. The architecture and organization

of a universal host machine, incorporating this strategy, is outlined and

the potential performance gains due to dynamic translation are studied.

A report on this topic is being submitted for publication.

11.5 Modelling and Evaluation of Large Computer Systetns*

11.5.1 Applied Queueing Theory

The performance evaluation of computer systems is closely bound

to the ability to form reasonable models of the system and to then

evaluate the model analytically. For these purposes , queueing theory is

*this work was supported by the Joint Services Electronics
Program (U.S. Army, U.S. Navy , and U.S. Air Force) under Contract
DAAE—07-72-C—0259. 
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a very important tool. The goal of this research is to develop a queueing

theory which is robust and of general applicability . A first step in

developing such a theory is to understand the behavior of queueing systems

and to isolate the factors that do, in fact , affect this behavior. To

this end we have been constructing a general queueing simulator. We have

also been actively investigating a property of certain queueing systems

termed “local balance” which allows analytical evaluation to proceed with

great ease. Our efforts have been directed to understand , in a more

fundamental sense, what gives rise to this property.

A General Queueing Simulator

We are in the process of constructing a very general simulator

for queueing networks which we intend to use as a vehicle for our future

research. This simulator is being written in SIMULA and possesses the

following features:

i) an arbitrary topology and number of queues may be simulated ,

ii) any number of servers may be specified for each queue,

iii) any arbitrary service discipline may be specified for

each queue,

iv) any arbitrary deterministic or stochastic arrival process

may be specified ,

v) the routing behavior and the service requirements for each

arrival to the network may each be specified by arb itrary

deterministic or stochastic processes ,

vi) statistics may be output selectively to obtain exactly

as much information as is required.

In conjunction with a package of programs for the numerical

analysis of queues, which we intend to develop in the future, this simu-
lator will give us the ability to study queueing networks of any desired

structure and complexity.

Investigations into Local Balance Networks

Our study of queueing networks that satisfy local balance was ,
as a first step, directed towards understanding the underlying cause for

the existence of the product form solution which is useful in obtaining

tractab le analyses for complex systems. We have ascertained that the

product form solution is a consequence of two factors which are explained

be low : 
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i) The existence of a cellular decomposition of the Markov
chain for the queueing network, and

ii) a topological equivalence between the cells into which

the chain is decomposed and the network in question.

A cellular decomposition is one in which the arcs of the

(infinite) Markov chain are partitioned into disjoint finite subsets

termed cells. The set of arcs in a cell must form an ergodic Markov

chain and the relative probabilities of the nodes (states) in a cell are

then easily obtained. Whereas an arc may belong to but a single cell , a

node may be associated with more than one cell. The relative probabilities

of nodes which are not in the same cell may be obtained via a sequence of
nodes (possibly just one) which is selected such that each node is

associated with the cells corresponding to both its predecessor and

successor nodes in the sequence. A cellular decomposition exists if the

relative probability of two cells is the same irrespective of which

sequence of nodes is used to compute it. In the event that a cellular

decomposition of the Markov chain exists and if all the cells and the

queueing network too have the same topology then it can be shown that the

queueing network will possess a product-form solution.

We have, fur thermore , derived a small number of theorems from

which all the product-form results follow as corollaries, thus providing

a unifying framework for the work reported in [21-25]. These results

are currently being written up and will be submitted shortly for journal

publication.
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12.1 Introduction

The research program of the Disp lay, Memory, and Computer

Terminal Architecture Group is concerned broadly with computer-based

information and communication systems in which users interact through

a variety of tact i le  and audio input devices. Its goals are to devise

human interface , terminal architecture , and system structure specifications

for improving the efficiency of these information and communication

systems . The report of work is divided into a description of each of

the three major activities:

I. Interactive facsimile communications

2. Terminal-based mass memory

3. Display device research

12.2 Interactive Facsimile

In this area, our objective is to define those characteristics

of face to face human interaction in a professiona l discussion that should

be preserved in a teleconferencing system. Typical remote conversations

would include discussion about diagrams , schematics , or other images which

each user would see on a local display. Each user could position a

cursor in all the other displays to point at important image features.

In this type of communication we feel it is not important to see the

other person ’s face. We believe the interactive communication system

needs to support the following operations :

*This work was supported by the Joint Services Electronic s
Program (U.S. Army , U.S. Navy, and U.S .  Air Force) under Contrac t
DA.AB-07-72-C-0259.
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1) Input and transmit high contrast line images

2) Support remote pointing
3) Multiplex voice , image , and pointer data on a

s ingle low bandwidth communication channel

12.2. 1 Bilevel Image Techniques

Previous research has shown that bilevel techniques such as

ordered dither provde good image quality on a wide var iety of disp lay

devices [1-3]. We have continued our investigation of adaptive ordered

dither and constrained average techniques [4) as they apply to high
contrast diagrams since much of the imagery in professional communication

is basically line drawings or text. We have found that adaptive dither

and constrained average perform well because both methods prov ide edge
enhancement and some immunity to average background intensity variat ions.

We shall continue our investigation of data compression methods such as

2-dimensional pattern matching [5] and bit interleaving [6] for trans-

initting these bilevel images. We will also examine some current facsimile

algorithms for their application in the remote conferencing system.

12.2.2 Pointing

An important characteristic of face to face communication is

the ability to point at an image that all the participants can see. We

conducted a survey of the participants in a remote conference at Bell
Laboratories and are currently analyzing the results. Preliminary findings

indicate the people did not need to see a television image of the remote

speaker but would like to have a speaker controlled pointer in the local

slide screen.

While we could simply send an image of the speaker using
animated ordered dither [7], our low bandwidth requirement dictates

we instead locate the actual pointer and periodically transmit a single

coordinate. We are continuing our investigation to determine whether

a simple means of visual pointer detection is feasible. We also hope to

develop techniques for using a touch sensitive digitizer over the image

to control a remote cursor.

Part of our investigation concerns the physical appearance of

the remote cursor. Our experiments indicate a set of concentric circ les

hilL I-___ : 
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provides a good cursor for some applications. We also investigated an

inverted video cursor which was not as effective as the circular one in

complex images.

12.2.3 Data Multiplexing

In teleconferencing a two way audio channe l is mandatory . Our
survey results have shown the conference participants feel that a poor

V 
audio channel limits the usefulness of the teleconference system. In

addition, Chapanis has shown a two way audio information exchange is

nearly as efficient as face to face communications [8]. Our objective

in this area is to define ways of multip lexing the audio , image, and

pointer data on a single low bandwidth communication line . We feel  that

a switched mode is the most efficient for sending image data since the

largest amount of time in a teleconference is probably voice only. Data

for these images can be transferred during no voice periods or upon manual

command of the user. Our work so far indicates that the use of a single

control character code would provide a means of signalling a switch from

voice to data modes;

The pointer updates could be handled as data, but we have been

looking into methods which significantly reduc e the necessary bandwidth.

One technique we have developed relies on the fact that two consecutive

digitized voice samples are seldom comp lements of each other. Pointer

updates can be transmitted as the number of data bytes between voice

data markers generated by a voice sample followed by its complement. At

the receive end, the average of the two nearest neighbor samples can be

substituted for the missing voice sample with very little recovered voice

distortion. Our experiments are continuing into these methods of remote

pointer data transmission.

In all of our experiments , we are assuming the voice data is
digitized at 8000 samples per second using the ~i255 or A-law compander.

With these restrictions, our results are applicable to both the Bell

System Tl and the CCITT 64KB/s standard digital  channel.

12.2.4 Terminal Simulator

The goal of the terminal simulator research unit is to construct

a minicomputer based graphics terminal to support our remote confere ncing V
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experiments. This PDP 1I/lO intelligent terminal has been described

previously (9]. During the second half  of 1977 , we designed and built

a display mult iplexor which allows the terminal to independently drive

up to four 512 x5 12 plasma disp lay panels. Currently two are connected.

The terminal software was modified such that any full panel image may be
stored under local program control. This set up permits us to simulate

various terminal to terminal communications links with having to con- 
V

struct special hardware communications circuits.

To simu late the voice channel, an analog switching interface
has been built. Currently this interface allows us to control in soft-

ware the interaction between the data and the voice on a single communi-

cation channel. We will use this experimental configuration to simulate

our interactive facsimile terminal. Thus far, we have learned that the

pointer data should not be bufferred for a no voice period but should be

sent as soon as possible. We have also determined that the remote cursor

should not jump from one location to another, but should follow a smooth

trace between locations to avoid confusing the remote user. Using this

terminal simulator we shall test the validity of our assumptions concerning

teleconferencing characteristics and guage the difficulty of realizing

these system features in an actual network.

12.3 Terminal Based Mass Memory

The objective of this research is to devise techn iques for

realizing a low cost 1010 
bit local mass store for use with processor-

based terminals. In our view , the most practical approach is to use

optical video disk technology that is presently receiving great attention

for use in home entertainment systems (10]. These systems store 10
10

bits on a 30 cm diameter disk of thin plastic. The emphasis of our

research is to find a system configuration that will allow worst case

access time for any information on the disk to be less than 100 ms and

still maintain low cost. Figure 12.1 shows the optical system that we V

have studied to achieve a 108 bit disk system. The thin plastic disk is

rotated at 30 revolutions per second. Note that the laser beam can be

deflected to any track of the disk by rotation of the deflection mirror.

This is the only moving part of the system other than the disk. The

I 
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Figure 12.1 Optical layout for the 108 bit per disk, optical memory

system.
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light reflected from the disk is measured by a single photodetector that

always remains stationary. Thus with this optical system the access t ime

is limited by the inertia of the deflection mirror and the rotation rate

of the disk. The low cost feature is retained by designing the optical
V 

system so that no special purpose a-spheric components are required.

A major challenge with this system is the design of the servo

amplifiers that control the deflection mirror. Because the mirror must

acce ss any of 5000 tracks , the demands of the servo system are more than
100 times greater than those of typical video disk systems. We have deter-

mined the major noise and error sources and have worked out various tech-

niques for reducing or eliminating them.

A second problem area is that of data encoding techniques that

are tolerant to the noise generated by the dust particles that will always

be present on the disk. Two approaches were studied ; one analog and one
V digital. The analog approach was designed to accept both digital data and

analog audio frequency signals. The audio was of interest for storing a

V large dictionary of recorded spoken words. The rapid access of this disk

playback system would than allow the computer to talk directly to humans
by concatenating the recorded words into sentences. Because the bandwidths

of the disk system is much greater than that of audio, a frequency division

multiplex system was used to encode the audio. Upon playback a receiver

would tune to a different subcarrier for each revolution of the disk. In

this way a full second of audio could be stored on one track by encoding

30 subcarriers with ahort audio segments 1/30 of a second long. This

analog technique has the advantage that dust on the disk will not totally
destroy the information but will only reduce the signal to noise ratio

slightly. This is because the audio information is spread out over large

areas of any one track.

The digital technique simply puts a dot on the disk for a one V

and leaves it blank for a zero. This has the disadvantage that a piece

of dust that covers the dot will cause a total loss of the bit. As a

preliminary solution we used a single error correcting hamming code. This

very significantly increased the performance of the system but it did not

correct all errors since large dust particles that covered two bits could

not be corrected. We feel that the technique of spreading out the bits

— - —-- -~~~~--—---- ~~ 1~~~~~~~



F~
- ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~

128 DISPLAY 12

of a word on the disk so that the largest dust particles will cover only

one bit on any word will solve this prob lem.

The dig ita l system worked very well even with the simple error

correction . We demonstrated the recording and p layback of ve ry high

quality digi t ized audio. We also demonstrated p layback of digital  data

that drives a computer graphics terminal. Since the speed of this terminal

is usually limited by a 1200 bps telephone line, the rapid access and

playback rate of the optical disk increased the terminal speed at least

four times.

12.4 A Real Time Curve Tracer for  the AC Plasma Display Pane l

The value of the charge transfer curve for characterizing the

electronic behavior of the AC plasma display has been known for many

years [11-13]. However , actual quanti tat ively measured curves have rarely

been used by engineers and researchers because of the required tedious

measurement process. The problem of how to measure the fundamental output

parameter , namely the wall charge , has recently been solved in our lab

with a circuit technique that allows real time measurement of the wall

charge from a single cell in commerc ially available panels [14]. This

paper presents the application of computer control to the tedious measure-

ment prob lem. The result is a system that displays the wall charge trans-

fer curve of a single plasma cell in real time. The value of this system

is that it allows the engineer to rapidly assess the consequences of design

and parameter changes. This sould greatly accelerate the understanding

of the device.

Figure 12.2 shows the basic system. The computer controls the

output of the power supply for the sustain generator so that software can

vary the peak amplitude of the sustain waveform. The ~iming and duty

factor of the sustainer is manually control led.  The wall  charge signal is

sent back to the PDP-ll/10 for processing. The transfer curve and the

envelope of the wall charge are each displayed on two 512-60 plasma panels.

The keyset allows experimental contro l and selection of different algorithms

for the data processing. System software allows the minicomputer and the

displays to act as either a PLATO or an ASCII graphics terminal [9]. Thus

the facilities of the PLATO system can be used for software editing )

assembly, storage , and loading.
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Figure 1.2.2 A block diagram of the real time curve tracer.

. V~~~~V V~~~~~~~~V~~~~~~~~~~:V V : V



—V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

130 DISPLAY 12

Figure 12.3 shows a block diagram of a program tha t  w i l l  cause
the system to draw wal l  charge transfer curves . The four major program

steps are sustain vol tage control  and da ta  col lect ion , error  ca lcu la t ion ,
error subtract ion , and calculation and p lo t t ing  of the curve. The user

controls  the program and system b y typing a short s t r ing of very powerful

commands ; for examp le , each of the five steps in Figure 12.3 is specified

b y a single command . A wide variety of such command s plus numerous r ea l -

t ime control keys make it easy to create and debug new control  s t r a t eg ie s .

A curve (p lus all the user-specified program parameters that created i t )

can be automatically formatted and transferred to the PLATO host computer
sys tem whe r e i t  can be stored and/or printed.

The final figures show typical measured , averaged curves for a

60 line per inch MgO panel. Figure 12.4 shows that the lower region of the

curve is strongly influenced by the state of neighboring cells.

Figure 12.5 shows the change in the curve when the duty factor

of the sustain waveform is changed between 50 and 100 percent . The top

of the 50 percent curve typ ica l ly  bends over due to the reverse dischage

during the period when the system signal goes to zero.
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linearly sweep sustain amplitude ,
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Figure 12.3 Program to continually draw charge transfer curves.
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Figure 12.4 Data collected for a 60 line per inch MgO plasma panel.
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Figure 12.5 Change in the curve when the duty factor is changed .
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J 13.1 Introduction

Interesting new results have been obtained in the analysis and

design of efficient computation techniques for a variety of app lications .

By far , most of our studies have been in the area of computat ional

geometry, which, as is well-known, is extremely relevant to a large
spectrum of practical applications, ranging from computer-aided design

to operations research. However, investigations have been undertaken,
and some of them completed, in other areas , such as parallel computation,
storage management, circuit comp lexity, and algebraic computation. These

areas will now be individually reviewed.

13.2 Computational Geometry
V 

In three-dimensional geometry, we have solved a problem of

long standing, i.e., how to find the intersection of two convex poly-
V hedza, with n vertices in total, in time less than 0(n

2
). We have

developed an algorithm [1] to (i) test whether their -intersection is

empty, and (ii) if so,to find a separating plane, while (iii) if not, to
find a point in the intersection and explicitly construct their inter-

V 

section polyhedron. The algorithm runs in t ime O(nlogn). The part of

the algorithm concerned with (iii) (constructing the intersection) is

based upon the fact that if a point in the intersection is known, then
the entire intersection is obtained from the convex hull of suitable

geometric duals of the two polyhedra taken with respect to this point.

~This work was supported by the Nationa l Sc ience Foundation
under Grant NSF MCS76- 1732 1 and by the Joint Services Electronics Program
(U.S. Army , U.S.  Navy , and U .S. Air Force) under Contract DAAB-07-72.C..

V 0259.
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This technique can then be used to optimally solve another interesting
problem, i.e., the construction of the common intersection of a set of

n half-spaces in three-dimensional spcce in time O(nlogn)[2]. The inter-

section , if nonempty, is presented as a convex polyhedron. The algorithm

is summarized as follows : (i) the half-spaces are placed in two sets

depending upon whether they eontain or do not contain the origin; (ii) the
half-spaces in each of these sets are dualized to points , and the convex

hulls of the dualized sets are obtained in time O(nlogn) ; (iii) since the

half-space intersection is nonempty if and only if these two convex hulls

are disjoint, a separating p lane is found, also -.in time O(nlogn) using
the previous techniques; (iv) after applying a linear spatial trans-

formation which maps the separating plane to infinity , the convex hull

of the union of the two trans formed convex hul ls  is the transformed

intersection of the half-spaces. A significant consequence of this result

is that a three-variable linear, or convex , programming problem can be

asymptotically solved faster  than by the Simplex algorithm, in the worst

case. -

As regards planar geometry , our results can be convenient ly
grouped into the categories of proximity, point-location, triangulations,

and reachability.
V 

In the category of proximity problems , we have shown that the

nearest neighbor for all vertices of an n-vertex convex polygon can be

obtained in time 0(n) [3]. This is a surprising result , since no method

faster than 0(nlogn) is known for constructing the Voronoi diagram of a

convex polygon. (The Voronoi diagram for a set S of points is a

partition of the p lane into regions , so that each region is the locus of
the points closest to a given PES than to any other member of S.) It has

also been shown that the Voronoi diagram for a set S of n points in any

L - metric (1 < p < ~~
) can be constructed in time O(nlogn) ; this generalizes

a number of previous results in L1, L2, and L~ [4]. Another interesting

generalization is the notion of Voronoi diagram for a mixed set of points

and line segments; it is shown that this diagram is also obtainab le in

time 0(nlogn) [4], thereby solving the medial axis prob lem of a simple
polygon faster than was previously known [5].
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In the category of point-location problem, the original

algorithm of Lee and Preparata has been modified to show that a set of

k points can be located in the planar subdivision induced by a straight-

line planar graph with n vertices in time O(klogk) + 0(n) + 0(klogn),

:1 given a preprocessing time O(nlogn); this indicates that for a wide range

of k (typically when k 0(n) ) the new algorithm has a better wors t case
performance [6]. An entirely new approach has been developed to the

single point location problem: Based on a simple partition of each edge

of the given n-vertex graph G into 0(logn) segments, ap~ractical algorithm
has been designed which locates a point with less than 6llognl comparison

on a searchable data structure which is constructec~ in time O(nlogn) and
is stored in 0(nlogn) memory locations [7].

In the category of triangulations in the plane, we have success- 
V

fully completed the investigation of the following problems: (i) A simple
n-vertex polygon can be triangulated in time O(nlogn), by f irst decompos ing
in time O(nlogn) the given polygon into a collection of special polygons,
called monotone , which can be individually triangulated in time pro-

portional to their numbers of edges [8]; (ii) The so-called “greedy
triangulation” of a set of n points can be obtained in time 0(n2logn),

3versus the 0(n ) previously known best algorithm. [9]; (iii) The minimum

triangulation of a convex polygon can be obtained in polynomial time
(0 (n3)), thereby showing that, at least in special cases, this problem
is not NP-complete (9]; (iv) The Delauney triangulation procedure has been

successfully generalized to sets of points and segments (4].

Finally , in the category of reachability problems, we are
studying the problem of computing the shortest path between two given

points in the plane in the presence of obstacles ; these obstacles are

realistically simple geometric figures, such as line segments , c ircles ,
polygons, etc. Presently it has been demonstrated that when the obstacles

are n parallel line segments , the shortest path is computable in time 
V

0(nlogn) (4]; investigations on more general obstacle characterizations

are in progress.
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13.3 Storage Management

Efficiency of storage management in algorithms which use arrays

is often enhanced if the arrays are stored in a proximity-preserving

manner, that is, array positions which are close to one another in the

array are also stored close to one another in the memory structure. It

has been shown that any scheme that stores arrays in a linear memory , in
both the worst and the average case, induces unbounded loss of proximity,

but arrays can be stored in binary trees with bounded loss of average
proximity 110). We have investigated the effect of introducing dupli-

cation of items of a square array A on the average path length between

the images of any two records adjacent in A under a mapping from A into

the set of leaves of a complete binary tree. It is shown that with the

appropriate choice of duplications, in some arrays the average path length

can be decreased by as much as 127. without using a deeper tree than

needed in the absence of duplication [11].

13.4 Other Efficient Computational Techniques

We have considered the theoretical problem of improving the

time and space bounds for nxn boolean matrix multiplication. Using

modular arithmetic, we have obtained new results for two important

computation models, such as the logarithmic cost RAN having no multiply- - V

divide instructions (which can also be realized as a boolean network),

and the RAN using indirect addressing for table look-up [12].

As regards parallel computation , we have refined our preliminary

investigation of the problem of parallel inversion of an nxx matrix V

and obtained the following results [13]; given an algorithm which multi-

plies two nxn matrices in 0(logn) paralle l steps on n~/logn processors ,

an nxn matrix can be inverted in 0(log
2
n) paralle l steps on

c~+1/2 2n /(log n) processors. Presently the best value of ~ is log
27.

Finally, we have considered the problem of des igning fas t
combinational networks subject to various constraints on modules available ,

fan-in,and fan-out. Particularly, the major problem is the construction

of networks of either NAND or NOR gates (with various fan-in limits)

which realize the function represented by any given boolean expression

using op~rators in the complete boolean basis B2. The investigations
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represent a complex extension of restructuring techniques previously

V used for boolean as well as arithmetic expressions [14]. The main 
V

objective is to provide a methodology for convenient design of comb i-

national networks. The techniques obtained are not merely existence

proofs but are algorithmic and could , for examp le , be implemented in the

form of computer programs to convert expressions with very large numbers

of literals to networks meeting the indicated bounds. These results are

the subject of a forthcoming technical report [15].
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14.1 Natural Language Underscanding*

Our overall goals are to generate, develop and demonstrate
programs which will allow a casual user (i.e., one with little or no

special programming knowledge) to use a computer effectively and conf i-

V dently ; the same ideas should also allow more sophisticated users to

communicate with a computer through language much more like natural V

language.

14.1.1 PLANES-Natural Language Question-Answering System

A number of features were added to the PLANES data base

question-answering system [1-3]. New features allow a user to (a) input

his own definitions, e.g. “from now on the United States of America means

USA” ; (b) ask questions including comparatives , e.g. “Did plane 37 f ly
more hours than plane 23 during July?”; (c) make exclusion statements ,

e.g. “from now on only consider p lanes 2 and 29” ; (d) get access to HELP
files at any time by typing a single character, and return to the prior

context easily. The HELP files were considerably expanded , and a con-

venient disp Lay form was devised with different types of information

in di f ferent  boxes on a CRT screen.

V *This work was supported by the Office of Naval Research under
Contract No. N000l4-75-C-06l2.
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An extensive testing and evaluation program for PLANES was

begun and the results of this testing were used both to debug and improve

the old PLANE S system and to provide hard information for the design of

a new system which would dramatically improve on and replace PLANES. The

evaluation has included (a) a complete analysis of the PLANES data base

(a portion of the Navy 3-M Q~aintenance and Material Management) data

base, Mechanic sb urg , PA); (b) the devising of a novel testing protocol
and scoring system for PLANE S , including classifying schemes for user V

requests and system answers [4]; (c) the running and evaluation of tests

of PLANES by a number of users. In addition , a check list of natural

language features to be addressed in general was assembled.

14.1.2 Browsing and Alerting

A new browsing and alerting system named BRG~JSER [5] has been

largely designed and partially programmed. BR(~~SER operates on the 3-M

data base, and automatically develops classification rules for situations

of interest; these rules will eventually be used by alerting “demons” to

watch incoming data and notif y users when the situations of interest

arise. Work completed so far includes a detailed study and the hand

running of a number of concept discovery experiments on the 3-M data base ,

the design of models of the 3-M data base,and the coding of the basic

controlling program and a number of heuristics for BR~~ SER.

14.1.3 ATNS (Augmented Transition Networks)

ATN5 are used extensively for parsing in PLANES and other

natural language programs. Our research has led to an improved , export-

able ATN package which we have supplied to a number of research groups

at other locations. [6,7] describes our ATh interpreter and an ATN

compiler and can also serve as a user ’s manual for our ATN system; [7,8]
descr ibes NETED I , an ATH editor which can be used to easily expand ATNs.
Other research on the use of lookahead and “bottom-up parsing ” has led

to speed-ups of nearly two orders of magnitude in general ATNs. Other

recent work has led to a system which automatically produces indexed

documentation on ATNs as well as a more powerful interpreter which can

accept general patterns on ATN arcs.

— V -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ -
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14.1.4 Language and Perception

A system has been written which can accept simple sentences
describing physical scenes and answer questions involving spatial

reasoning and inference [9]. The program is based on an analysis of

English spatial prepositions 9e.g. on, in , above , under , to, near , etc.).
Prepositions and nouns are defined in terms of spatial primitives,

including coordinate systems (2-D or 3-1), Euclidean, cylindrical or
spherical), projection operations, figure-ground boundaries for objects,

object size and relational matrices, etc. Suppose the program is given as

input: ,,Jenny is at home. Jenny a home is in Urbana.

Urbana is on highway 1-74.”

It will answer appropriately questions like “Is Jenny in her home?”

(Probably but not necessarily), “Is Jenny on 1-74?” (No), and “Is Jenny in
Urbana?” (Yes).

Other related work [9] describes developmental aspects of

language and perception.

14.1.5 Automatic Planning*

A number of general software packages were written to facilitate

Al prograumiing. A memory structure building, retrieving, and manipulating
package has been written. This allows Al programners to encode a wide

variety of knowledge representation types easily, and allows these

different representations to interact. We have also studied a number of

areas in automatic planning. For example, a mechanism is designed to

enable concurrent plans to connnunicate to each other. Constraints and

design criteria for organizing subgoal trees were also studied.

14.1.6 Miscellaneous
t

Other work includes a comparative evaluation of existing parsers

and development of a new parser which will use “intelligent failure”; a

wrhis work was supported by the Joint Services Electronics
Program (U. S. Army, U.S. Navy, and U.S. Air Force) under Contract DAAB-07-
72-C-0259 and by the Office of Naval Research under Contract N00014-75-C-
0612.

This work was supported by the Office of Naval Research under
Contract No. N000l4-75-C-0612.
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computat ional approach for modeling literary “po int of view” in

narrative (101 ; and a process intercommunication facility to al low two

or more jobs to run cooperative ly simultaneously.

*14.2 ~an ipu la t ion and Asaemb~y

Work has continued on the development of a robot contro l system

which facilitates the programming of robot tasks in terms of vision ,

touch , and other senses. This system allows manipulator position and

orientation to be controlled via visual feedback , whil. observing the

man ipu la tor dynamics to identify external forces and torques. The use

of visual feedback allows a relaxation of positional accuracy require-

ments which are influenced by the mechanical stiffness , high iner tia ,
and friction of the arm. Manipulator performance is improved since less

power is needed for fast motions , sensitivity to external forces is

improved , and del icate operations can be performed at greater speed.

Furthermore , since position is measured relative to objects in the work-

space , the environment need not be so well controlled.

The software implemented allows the manipulator to be programed

in terms of constraints. A manipulator position is described by specify-

ing a reference poin t , attached to the arm, and a goa l posi tion or
constraint for that point . Similar ly,  an orientation is described by
reference lines attached to the arm and constraints for those lines.

Force and torque are described by a reference point and the desired

force and torque vectors at that point. A split-screen stereo adapter

for the TV camera provides two views of scene and allows lepth infor-

mation to be extracted. Visual servoing is achieved by specifying both

the reference and goal positions or orientations in terms of data from

the vision processor , and by tracking features of the arm or of the

object being moved by the arm.

*This work was supç~orted by the Joint Services Electronics
Program (U.S.  Army , U.S.  Navy , and U.S. Air Force) under Contract
DAAB-07-72-C-0259.
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14.3 Visua l Information processing and Recognition*

Research was performed in the areas of low-leve l vision and

high-leve l vision. Segmentation algorithms were investigated and methods

for correlating stereo pairs of images were developed. Techniques were
stud ied for scene recognition using 3 D  models.

14,3.1 Image Segmentation

Several varieties of image segmentation schemes were implemented

and investigated. A comparative study of edge detectors has been done .

Resulting from this study, a new edge detection system has been developed.
Also a region aggregation and a contour aggregation system have been

implemented . All these systems are designed to be feasib le in hardware

implementations.

14.3, 1.1 Edge Detection

A comparative study of Hueckel , Yakimovsky , Rosenf e ld , and
simple linear difference edge detector systems was comp leted ([1). Also

a Brice and Fennema region growing system was tested. The results

indicated that all the approaches are comparable to the simp le l inear
difference system. In order to achieve better sensitivity, a mult iple

edge de tec tor sys tem was imp lemented wh ich is based on the app l ica tion
of several linear differenc e detectors , eac h of a difference size
(ascending size sequence). The smal lest detector with a significant

output (that is, an output greater than that predicted by a no ise
model for the given de tector) , signala the presence of .~n edge. Then the

det ector “best” fitting the given edge is selected , disab ling all others.
Using this technique very gradual changes of intensity can be detected

if no rap id intensity changes mask the gradual ones. Small single

operator systems tend to be unabl. to detect slow changes due to local

noise.

*This work was supported by the Joint Services Electronics
Program (U.S. Army, U.S. Navy , and U.S. Air Force) under Contract
DAAB-07-72-C-0259.
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14.3.1.2 Region Aggregation

The problem of edge point connection was approached from the

point of view that connections which form connected regions should be

preferred. To achieve this goal , a region based aggregation system was

implemented which passes several sizes of disks over an edge detection

array (the array containing edges after edge detection). Regions are

allowed to form in areas where edges are not present. Because the region

homogeneity disks are initially quite large, broken edge str ings are
easily connected. Each successive region aggregation pass uses smaller

disks , thus refining old regions and forming smaller new regions. Rules

have been made which prevent old regions from being merged together in

successive passes.

The results after this aggregation system is run on a given edge

data set are quite remarkable. Even large contour breaks can be mended.

• Also some classes of subjective contours are closed (i.e., contour implied

but not actually present in the original image).

14.3.1.3 Contour Aggregation

The output of both the region aggregation system and the edge
detection system are still arrays of edge points. This data is read and

converted to edge lists and vertex coordinates. Edges are examined for
mutual connectedness. If the connected property is present, a “macro”-

edge or string is formed . If not, a probable vertex is formed. Probable

vertices are then examined for authenticity. Vertices of degree 2 or

less are removed as uninformative. Then degree 2 vertices are re-

formed at points of high curvature.

14.3.2 Correlation of Image Pairs

Using a single image analysis approa ch , an edge extraction
process was built which carries with each edge a measure of its contrast

(equally, its significance). With this information, less significant

edges can be brought into consideration by the extrapolation of more

significant edges by using planning heuristics. The main interest in

this contrast depiction is in its use in stereo correlation. Depth infor-

mation should be available at the ear liest possib le level (that is, with-

out waiting for higher level symbolic , or region , correlations), al though 
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region-free based correlations at the in tensi ty  level are imach too

expensive to be considered feasible on sequential machinery. Correlation

of these contrast edges on a row-by-row basis was found to be highly

effec t ive  and reasonably t ime-ef f ic ien t , and imposing the constraint of

global consistency and smooth continuity allows a relaxation-type approach

to be used in solidifying the depth-map . It is felt that all the edge

extraction and depth measurements required of a pair of images will be

attainable within about 30 seconds of computation (ten for each of the

two intens ity analyses , and ten more for the correlation). Failings of

the low-level description and unre liab ility of global correlations were
felt to be the main drawbacks of an earlier three dimensional modeling

system, and this research is intended to clear up these problems as pre-

liminary work to further develop ing and extending the object modeling
process.

14.3.3 Modeling

Work in this area has been in three directions--that of recon-

structing 3-D scenes from stereo sets of images, that of automatic

recognition of 3-D scenes, and that of f ind ing graph matching techniques
to match parts of images [12].

14.3.3.1 Image Reconstruction

Two techniques were studied for scene reconstruction. The

f irst , or multiple view method , was developed to utilize the combined
information from bulk correlation and three or more stereo images to

construct three-dimensional edge features or structures. These

structures are obtained by projecting into space a piecewise-linear

representation of intensity edges obtained from one of the images. The

second technique was developed to utilize a narrow angle pair (2-3 degrees)

• of images and symbolic corre lat ion to ensure matching re l iabi l i ty  and

efficiency in the construction of edge depth maps of scenes. A new

technique for dynamic smoothing of edge contours was developed which

permits accurate triangulation at narrow viewing angles while preserving

the integrity of sharp corners. Also, two new techniques were deve loped
for piecewise approximation of 3-D and 2-D digital contours with circular

arcs. In both stereo techn iques, objects with prominent edges are 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --•-- 

-

~~~

— - --



~~~~~~~~~r - ~~~~~ - 
~~~~~‘• - . - “ ~~~~C r ---—-.-’--~~~~.- --- - ~~~~~~~~~~~~~~~~~~~~~~~~~~

148 ADVANCED AUT OMAT ION 14

preferred , but no other restr ict ions are made on surface shape . In this

sense , the work represents a major advancement over previous techniques

for stereo vision which general ly  restr ict  objects  to have plane faces

or simple curved surfaces.

14.3.3.2 Recognition

In recognition a technique was developed for matching a 3-D

scene reconstruction containing piecewise-linear edges (e.g. constructed

by the mult ip le view method) to a stored wire frame model , based on

ut i l iza t ion of 3-D features and geometric constraints .  Further techniques

were studied for implementing efficient search in occluded and cluttered

scenes, and in cases where there are many models.

14.3.3.3 Graph Matching

Work was performed to identify , explore , and develop a theory

of model manipulation as it app lies to computer vision. Efforts were made

to develop a unified theory of model manipulation for computer vision

which is applicable to the real world . Further efforts were made to

formal ize  shape and color features which are invariant to occlusion ,
location and lighting. A result of this work is a unified approach to

dealing with color and depth. Many of the vision tasks wh ich are being

attempted by computer use a re la t ively  small set of model manipulation

techniques. All of the methods for combining , intersecting, and modifying

models involves the use of graph matching . Initial studies have been

started for the purpose of developing a rigorous definition for graph

matching as it applies to computer vision. Several graph matching

algorithms have been implemented and are currently being analyzed.

14.3.4 Networks of Automata for Vision*

The basic idea of this work on computer vision is as follows

[13]: given a digitized television picture of a scene , each picture cell
is embedded in a hexagonal array of programmable cel lular  automata. Once

*This work was supported by the Joint Services Electronics
Program (U.S. Army, U .S. Navy , and U.S . Air Force ) under Contract DAAB-
07-72-C-0259 and by the Office of Naval Research under Contract N00014-
75—C—06 12.
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the picture da ta is embedded , these cells can “broadcast” their infor-
mation outward. They can also receive signals other cells have broadcast.

This method of picture processing is potentially very powerful. For

instance , we can program these cells to respond so as to recognize lines,
edge s, corners , and axes of symmetry. Shapes also will be recognized by

programming the cells differently. As each pass is completed (i.e., the

broadcast is allowed to continue for a prearranged length of time) the

resulting information can be used as input for the next pass, where the

cells might have a different program. The overall goal for this system

is to be able to distinguish objects in a visual scene.

14.4 Computer Aided Decision Making

Two research efforts are being pursued in this area. The first

is on the conceptual design of an onboard computer software system for

enhancing the safety of commercial airline flights. The second effort

is the conceptual development of a software system which ,from a des-

cription of an analog circuit, automatically produces a testing program

which drives a digitally controlled bed of test equipment in testing

printed circuit board realizations of that circuit.

14.4.1 The SECURE System*

The conceptual development of a system which uses artificial

intell igence methodology to enhance f l ight safe ty in the cockp it of
cou~~ rcial airliners has been started. The objective is to reduce the

possibility of pilot error caused by inadequate or misleading information.

The design considerations are that it does not increase the pilot work-

load , bu t ra ther serves as an add it ional , untiring crew member [14,15].
Its basic functions are to monitor all systems with respect to all phases

of flight, and to suggest possible recovery procedures from system

failures or course deviations. It should have knowledge of all systems,

the instr~~ents and recovery procedures. Because its purpose is to

*This work was supported by the U.S. Department of Transportation
under Contract DOT-OS-80020.
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provide Safety Enhancement by Computer REasoning , it has been named the

SECURE system. Work was begun on two systems and an a i rc ra f t  s imulator .

The design and implementation of an instrument ver i f icat ion

system was begun. A five-level approach was established for determining

the consistency of an output of an instrument with respect to the outputs

from other instruments. Algorithms which prov ide values for a given
flight parameter have been implemented . This allows, for instance ,

estimations of altitude based on more than one instrument . The first

leve l , which is the comparison of these estimations , has been completed.
The design and implementat ion of a script based monitor system

was begun. The notation for a sc ipt has been formalized. Three levels

of scripts have been implemented to describe a flight operation from

pre f l ight to postflight. These scripts provide the context in which

instrument readings can be interpreted and system failures diagnosed

Finally, an aircraft simulator was written to control the flight
dynamics of a hypothetical , simplified , three-engine jet airliner . The

outputs of the simulator correspond to the outputs of flight instruments

and can be altered to simulate failures or out-of-calibration conditions.

14.4.2 Automatic Analog Test Program Generation

Initial design was begun on an automatic analog test program

system. The system accepts as input a description of an analog circuit

along with ~ set of manufacturer ’s acceptance specifications , and

produces a test program which sequences a bed of automatic test equipment.

The approach we have adopted is to have the system develop an under-

standing of the circuit and to generate a set of tests based on this

understanding much as a technician would.

Techniques are being investigated for partitioning the circuit
into a set of functional subcircuits built around active components.

For instance , it will isolate and recognize op-amp circuits as integrators ,

differentiators , and the like. One algorithm which we developed looks

promising in that it uses a recursive series-parallel component absorption

approach to partition the circuit. it has the capability of determining

feedback loops over more than one stage.
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Given such a partition , methods are being investigated to trace

a fault to a particular subcircuit. Ways are being studied to select

appropr iate signals, and to select points of application, in order to
trace down faulty subcircuits.

Given that a fault lies in a specific circuit, methods are

being investigated for locating the faulty components. Included among

these methods are circuit theoretic analyses applied locally , and direct

impedance and voltage measurements.

14.5 Human Decision Making and Human-Computer Interaction

Human decision makers are increas ingly interacting with computers
and this trend is quite likely to continue. This situation leads to the

interesting question of what are appropriate modes of interaction between

humans and computers and how can human-computer interaction be enhanced.

This 3ection suimnarizes research efforts aimed at answering these questions

within the domains of multi-task decision making, computer-aided fault

diagnosis, and management decision making.

14.5.1 Human-Computer Interaction in Multi-Task Situations*

In many systems, the human has responsibility for many tasks.
This may lead to the human being overloaded or, at least, to the human ’s

responsibilities being limited so as to avoid overload. It seems reason-

able to consider computer aiding as a solution to this problem. This

leads to the issue of dec iding how to allocate responsibility between human
and computer.

One approach is to use the computer as a backup decision maker,

assigning tasks to it as the load on the human becomes excessive and
taking away responsibility as the load becomes manageable for the human.

This approach is attractive in that it allows the human to maintain an

overall perspective for the system without having to actually perform all

of the tasks.

*This work was supported by the National Aeronautics and Space
Administration under NASA-Ames Grant NSG-2ll9.
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This approach has been investigated from a theoretical point

of view using a queueing theory formulation [16]. A procedure for

optimally determining when the computer should be utilized has been

developed [17]. These ideas are now being studied in two realistic

settings. One of these settings involves the monitoring of multiple

dynamic processes [18,19]. The ‘~ther setting involves computer-aided

flight management [20-22]. The goal of these efforts is to demonstrate

the usefulness of the approach while also gaining an understanding of

the human ’s abilities to perform in such a computer-aided environment.

Several new efforts have also recently been initiated within

this research area. These include investigations of airborne management

information systems [23], prospects for mathematical models of human

behavior in realistically complex tasks [24], and analytical evaluation

of the effectiveness of predictor displays [25].

14.5.2 Human Decision Making in Computer-Aided Fault Diagnosis*

As comp lex systems become more automated , the humans within

these systems will come to fill the role of trouble-shooter. This will

require that disp lays and procedures appropriate to that role be developed.
However , despite the large body of literature on human problem solving,
there is a lack of a fundamental knowledge of human fault diagnosis

abilities , especially as these abilities are affected by the avail-

ability of various computer aids.

Two experimental studies of human fault diagnosis abilities

have been performed [26]. The effects of problem size, forced-pacing,

computer aiding, and training were studied. The results of these studies

were described using a model of human fault diagnosis that emp loys several
pattern-evoked heuristics as well as elementary ideas from the theory of

fuzzy sets [27].

More recently, the task scenario and fuzzy set model have been
extended to allow study of human trouble-shooting abilities in tasks that

include both feedback and redundancy [28]. Further, recent experimentation

*This work was supported by the U.S. Army Research Institute for
the Behavioral and Social Sciences under Grant No. DAHC l9-78-G-OOll.
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has studied the fault diagnosis abilities of maintenance trainees in an

FAA certificate program [29). Other extensions to this work in progress

include development of new task scenarios and extensions of the model

of human decision making in fault diagnosis tasks.

14.5.3 Interactive Modeling of Library Netvorks*

A queueing network model for analysis of library networks has

been developed. It predicts the effects of request routing and document

delivery policies on network performance in terms of probability of
sat is fying a request , average time to satisfy a request , average cost to

satisfy a request , and average network processing loads [30-33].
During the past year, application of the library network model

to a case study of the Illinois Library and Information Network was

completed [34). Also completed was the design and development of a

model-based online management information system for interlibrary loan

networks [35].

Effor t s  initiated this year include application of the library

network mode l to a case study of the Suburban Library System, an inter-

library loan network which utilizes a particularly high degree of

automation. Further new efforts include study of alternative reimburse-

ment policies in library networks [36], extension of the library network

model to resource allocation problems [37], and investigations of general

design issues within management information systems [23].
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Introduction

During the 1977-1978 t ime period the Information Ret r i ev a l

Research Laboratory (LRRL) conducted a number of research and development
projects and directed the operation of the University of I l l i no i s ’ online

search service. Major activities included the tolLowing : development

of a hybrid approach to fact identificat ion in natural language text using

Keyword and Al techni ques; analysis of da t a base da t a; design of an auto-
matic d*ta base selector ; design of an integrated ~nan /machino in terface
to facilitate network resource utilization ; development of a directory on

transnationa t corporat ions for the United Nation.; design of a system tot ’

the aut~xnatic generat ion of a state-wide union catalog ; computer assistance

in development of an index and bibliography of etectroorganic synthesis

reactions; development of a computer-readab le data bas. directory ; and

management and direction ot the University of Illinois ’ online search

service.

A % rtd Approach to tact L4e~tiftcatton in Natural ~angua~~
~ext Ua tn.i K yword and Al technlgues*

The research was aimed at improving the performance of infor-

F mat ion r .trievat systems by enriching the inverted index structure with
L inguistic data .xtract.d during index building. We have concentrated

on approaches to several sub-problems within the broad framework of such

a system. The purpos. of this project was to ident i fy toots to produce

a notic.abt. improvement in retrieva l performance at a reasonable cost

*This work was supporte d by the Joint Services Ktectrontcs
Program (U.S. Army, U.S. Navy , and U.S. A ir Force) under Contract
DAAB-O7-72—C-O~59.
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and was not intended as an advancement on Al natural language processing

research. Our system would exhibit only superficial , rap idly applied

knowledge of language.

Work was done in several subproblem areas. We have done work

on the parsing problem, using minimal, techniques der ived direc tly fr om
At research. A second area of concentration has involved a new infor-

mation retrieval paradigm based on the notion of “spreading activation

networks ” [1]. The third subproject concentrated on production of an

associative data base system to be used for storing the dictionaries

used by the parser and sentence templates for parser use, as well as

the actual data derived by the system from natural language data bases

for subsequent retrieval.

Conventional information retrieval techniques are often

ba sed on the “inverted index,” which contains a list of all the appearances
of each word used in the data base. Our enrichment would include the

addition of syntactic/semantic information derived during processing plus

new retrieval processing techniques to use the richer data structure.

The goal system would also identify limited kinds of facts in the data

base and add them to a knowledge store. In the time and function frame-
work of this project we did not directly consider fact identifications,

storage and retrieval , but only tools that would be useful in approaching
our goal system.

Text processing. The text processing phase of the system has

several responsibilities. It must build a complete inverted index,

indicating for each word used in the file the locations in the text where

it is used. For a file of n words this task is of complexity n log n,

and can be done either by insertion into a tree-shaped index or by sorting

and merging lists of term occurrences. In addition to inverting the

terms we will also invert other aspects of the natural language document ,

such as its author, publication source, subject and references.

Wh ile build ing the inver ted index the program must do a simple
linguistic analysis of the text it processes. The parsing must be able

to handle most sentences , identifying noun groups , modif iers , verbs ,
agent/object rela tionships , conjunctions, and so forth. It must also be

ab le to do some ana lysis across sen tence boundaries , such as resolving a

_ _ _ _ _ _  -- — -  I :. iT~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J
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fa ir percen tage of pronoun references. Yet the system must operate

e f f i c i en t ly  (not adding significantly to the cost of the inversion) and

in those caes where it cannot complete ana lysis of a sentence must be able
to identify the parts of the sentence it has handled correctly . Our parsing

work has been based on She ldon Kle in ’s early work [2]. The basic idea is

to use “closed cla ss words ,” wh ich are only used in one way in natural
language (such as articles , pronouns , and prepos itions) as anchors for a

very simple , sequence-oriented parsing process. Suff ix  tests are used to

• assign words to probab le classes and then context frames and phrases and

• clause building procedures are used for disambiguation. This can be done

in linear time, and therefore is much cheaper than the n log n inversion

process. The goal of this processing is to assign a syntactic class to

each use of each word and to agglomerate word groups to establish syntactic/

semantic relationships wi th in a sentence that could be stored in the index
in addition to the raw words themselves. Thus if “genetic engineering”
occurred in an article the system could index it under “eng ineering, ”
“genetic ,” and “engineering mod if ied by genetic,” recognizing that the

• 
. phrase relationship was useful and should be saved.

• The text processing phase could also include fact ident i f ica t ion.

• This would be done by associating procedure with words in the dictionary

so that appearance of a particular word would trigger a procedure tha t
would look for particular words or types of words to fill in “slots” in a
“frame” associated with a particular kind of fact. These procedures would

be associated with particular forms or syntactic uses of specific words

and also with generic classes of words. The dictionary would relate words

to word classes and to uses.

At present our research on the text processing phase has centered

on building a parser based on Klein’s work and an associative store to be

used for storing dictionary and index data. The parse operates with a

limited dictionary and linguistic knowledge base. Use of the data base

rear end to store an expanded amount of underlying knowledge was deferred

for budget reasons . Work on the fact recogn ition problem has been on a
conceptual level , considering the data structures and knowledge needed .

We bel ieve the knowledge should form a genera lized , consistent structure

for wor ld knowled ge , linguistic knowledge , and knowledge derived from 
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data processed. Thus the case frame describing the word types needed to

describe an occurrence of a word and the frame describing a fact should

be structurally similar. Our work has indicated that the needed structure

will include the features of a procedural systemic gramear [3) and a self-

def in ing semantic network [1~].
Retrieval processing. To use the enriched data structure a new

retrieval paradigm will be needed. We have considered simply us ing an

augmented Boolean query that would allow specification of roles and case

information for words or occurrence of specific word relationships in a

text passage (such as “engineering” modif ied by “genetic”). We have also

investigated the use of a spreading act ivation network mode l in which all

data would be stored in a network whose nodes represented documents, words ,
• authors-, journals, and so for th and whose links indicated the use of a

given word in a given location, the publication of a document in a given

journal , the use of a given word to modify another , and so for th .  The

retrieval process would involve the activation of specified nodes and a

cyclic spreading of activation from active nodes to their neighbors.
Stopping, quenching, and selection criteria would be used to identify a
result set [5]. This research has so far produced a pilot sys tem that
has shown some success on a limited sample data base , indicating Chat

unaugmented results may be notably improved by this parad igm ’ s query

modification capability.

The associative data base. Both processing and retrieval activ-

ities require the availability of an associative storage system. We have

incorporated those needs into our development of EARL (Entity And

Rela tionship Language), a data base management system based on the Entity-
Relationship model of data [6]. The core of EARL, including the

associative capabilities needed for this research, has been implemented
in a prototype version, and allows the storing of n-tuples and their

retrieval by value along any of their components. Development of EARL,

and of all pilot programs in this research , has been done in SAIL on the
DEC SYSTEM-lO. The associative retrieval capability allows EARL to

retrieve items matching a partial content specification. Thus, for
instance , possible phrase templates may be retrieved by specifying the
classes of known words in the templates slots (instantiation). The 
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instances are retrieved sequentially , for sequential testing, or as a set ,

for best-match testing.

15.3 Analysis of Data Base Data*

The IRRL maintains a body of information about commercially

available data bases called the Data Base of Data Bases. Ou this NSF

contract we have studied various statistical characteristics of this popu-

lation based on the material in our database. Such statistics and analyses

are useful  both to researchers in the area and to the users and producers
of such databases.

The particular information developed in the studies performed in

the last year cons idered the age , size , type (scientific , med ical , etc.),
and source (government, pr ivate, etce) of the data bases covered. At

present 365 data bases are covered by our da ta base of data bases , but any
given study might include only a subset of those due to missing or unavail-

able data. We are currently updating the database to provide those partic-

ular da ta for all  da ta bases covered ,
The software used in this research consisted of a program frame-

work containing slots into which logic could be inserted to perform

specific data selection, cleanup, and analysis. The data was first

extracted from the database by our data access program USER and written

into a file of (tag,value) pairs. The analysis programs read that file

and select the tags of interest. Some effort was made to overlap multiple

analyses by re-using data selected and cleaned for prior use.

Cross tabula tions ar e made based on def ined groupings or actual
values; depending on the data involved. Thus, cross tabulations were done
involving both raw year of origin versus grouped size and grouped year of

origin versus grouped size. Statistical sunmtaries included means , limits ,

and standard deviation for raw data plus correlation coefficients for raw

data and grouped data. Detection of bad data included identification of

records containing illegal or missing values.

*This work was supported by the National Science Foundation under
Grant No. NSF77-SP-0986.
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The work involved in this projec t also prov ides us with a
framework for further studies of the data bases available to researchers
today. We are currently updating the data base and improving the coverage
and consistency of data fields that are likely to be important in future

studies.

*15.4 Automatic Data Base Selector

This project evaluated the feasibility of an automatic Data

Base Selector to rank a set of data bases according to their applicability

to a given user query , based on data base vocabulary statistics (Term
Occurrence File) modified according to a mathematical model (Term

Equivalence Model).

The Data Base Selector consists of a file containing the vocabu-

lary (with frequencies) from 20 major data bases, programs for data manage-

ment and f i le generation, programs for query processing, and a mathematical
model for normalizing the variability (differing numbers of years worth
of f iles, controlled versus uncontrolled terminology, hierarchical and
multilevel vocabularies, etc.) found in multiple natural language

bibliographic data bases.

A Data Base Selector would be of use to data base users, da ta
base producers , and data base processors. It would help users or searchers

allocate resources to searching data bases most appropriate to queries.

It would help processors and producers carry out data base comparisons ,
vocabulary comparisons , and vocabulary compat ibility studies. No merged

file of a large number of data base vocabularies has been studied before

and the number of potential uses of such a f ile may be considerably larger
than those mentioned here.

The Data Base Selector has as major components a master data

f ile called the Term Occurrence File , a software package for file manage-
ment (file generation, update, delete, etc.) called FIL, a mathematical

model for normalizing term occurrence data in various data bases called

Term Equivalance Model , and a Query Processor to accept queries, match

*This work was supported by the National Science Foundation
Under Grant NSF SIS-76-0l990. 
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them against the Term Occurrence File , submit term occurrence data to the

Term Equivalence Model, and provide histogram rankings of data bases as

output.

The selection of a f i le  structure for the Term Occurrence File

for the Data Base Selector project was made with two major objectives in
• mind . First , the amount of time needed to search the fi le for a given

term must be minimized and second , the f i le  must be as compac t as poss ible ,

due to .the limited availability of on-line storage space. The first

objective is the one of pr imary importance to the project itself. However,

since there are a number of ways to organize a file for fast searches,

the second objective actually dictated which structure would be used .
• The Term Occurrence File is organized as an indexed sequential

file. The terms in the file are kept in lexicographic order according to

the EBCDIC collating sequence. Although our machine uses ASCII rather

than EBCDIC , we decided to use the EBCDIC sequence because the data base
vocabulary tapes supplied to us had the terms sorted according to that

sequence. In order to allow for eff icient  searching, term entries in the

file are grouped into fixed length segments , with an index entry generated

for each segment . A term can be located by searching the index to deter-

mine in which segment it is to be found. That segment can then be accessed

directly and searched sequentially for the specified term.

An important aspect of the file structure design is that it allows

most operations involved in locating a term to take place in main storage.

The segment to which a term belongs can be quickly determined by searching

the index with a binary search algorithm. The appropriate segment can

then be brought into main storage where it can be searched sequentially.

In order to facilitate this searching, term entries are not allowed to

cross segment boundaries. This means that there will generally be some

unused space at the end of each segment , but the amount of space lost

is not significant since the size of a f i le  segment is large rela tive to
the size of a term ~ntry . Keeping the index in main storage and reading

entire segments of the fi le into main storage for searching greatly de-

creases the number of input operations and therefore the amount of time

needed to search for a term.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ .
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The Term Occurrence File is created by a series of merge
operations. Since the terms are kept in lexicographic order and since

the vocabulary tapes are also ordered , a fa irly stra ightforward merge
operation suff ices to add a da ta base ’s terms and count information to

the file. The merge program puts the terms and counts into the internal

format used for term entries , groups the entries into segments , and
generates the index as it creates the new file.

The term equivalence model is based on using the occurrences of

a term in a data base and then normalizing that number with various

factors, and then applying various weights which are defined by both the

system and the user to arrive at a relative measure of the relevance of

a term or query to a data base.

Normal izations which are app lied include : for the length of
time which the data base covers, for the number of index terms and tokens

used in a field, for the distribution of a term over the data bases .

Weights can be ass igned to a f ield in a data base to increase or decrease
its important by the user or by the system.

Sets are combined using the notions of fuzzy set theory.

The association of a term to a field in a given data base is described

by a value between zero and one (inclusive) representing degree of member-

ship of that term in the data base.

The selector does the following : queries using Boolean and

(“*“), and or (“+“) are accepted and evaluated and the results returned ,

giving the individual associations of terms with each db and the associ-

ation of the whole query with each data base. It is important to note that

the values for the query are derived from the associations of the individual

terms ONLY. In other words, because we do not have the facility to calcu-

late the values for Boolean combinations of terms and then calculate the

association, we first calculate the association, then calculate the

Boolean comb ination.

Sets may be assigned names with the assignment operator.
Individual terms may be weighted by multip lying them by a constant. Fields

may be weighted by assigning the field name a weight. For instanct

“auth”S” wil l  weight occurrences in the author field 5 times more heavily
for every term. Weighting factors can be any real number , including decimals.
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The Selector has been implemented and tested on a set of

queries, using various combinations of normalization factors and various

rules for evaluating Boolean operators in fuzzy logic. The results have

been mixed. The Selector has obtained correlations of around .72 with

actual search results in some versions. One version selected the top

two data bases, as ranked by search resu lts, with prec ision and recall

of .89. We feel that these results are promising, and that further
testing is definitely warranted , to determine the most powerful combination

of factors. The effectiveness of the normalizations , in particular,
should be tested in an environment in which comparab le data bases are
involved . The testing done in this project was biased somewhat by the

data provided and by the differences between the TOF and the data bases
available for searching.

15.5 An Integrated Man/Machine Interface to Facilitate Network
Resource Utilization*

For the f irst  time in history computerized information retrieval

is widespread and economically viable. Evidence of this is shown in the

volume of machine-readable records , data L ses , on-line software packages ,

vendors, search services , and searches. The major portion of the

currently published scientific and technical literature can be identified

through computer searches because the references are in computer-readable

form. The majority of the world ’s currently published abstracting and

indexing literature is in computer-readab le form. There are more than

300 pub licly available data bases containing approximately 52 million
records (citations). Thirty-three million of these records are now

available through the various on-line system ventors in the U.S., Canada

and Europe. Some of the major vendors include : the National Library of

Medicine (NU~) ,  Lockheed Information Service (LIS), System Development

Corporation (SDC), Bibliographic Retrieval Service (BRS), the Canada
Institute for Scientific Information (CISTI) , and the European Space
Agency (ESA). These on-line service organizations use a variety of

~This work was supported by the National Science Foundation
under Grant No. NSF DSI 77-26886.
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sophist icated on-line software packages such as ELHILL, D iALOG , ORBIT ,

STAIRS , CAN-OLE AND RE CON . Services from the data bases , through the

on-line vendors , are provided by dozens of centers , libraries and brokers

and they conduct more than 1.2 million retrospective searches per year.

Unfortunate ly there are no standards governing the format of

data bases , the elements and vocabularies included in them, or the on-line

systems for searching them. The lack of standards imposes requirements on

searchers to become familiar with the variety of existing data bases ,

vocabular ies , access protocols , system features and command languages as
well as to keep up-to-date with changes made in all of them.

Many of the differences and variations can be made less apparent

by deve loping translators or transducers for converting the procedures or

conventions or terminology of one system into equivalent procedures , con-

ventions and terminology of other systems. These converters or trans-

lators would make systems appear alike to the searcher and made data bases

function as i~ they used the same vocabulary . Such aids would make the

differences transparent to the users thus , they can be called Transparency

Aids. An integrated collection of transparancy aids can be said to com-

prise a Transparent System. The aids then are the Transparency Subsystems.

By the removal of the differences between data bases and systems

the systems become easier to use; they become more user-oriented . As

they become more user oriented the requirement for intermediary searchers
decreases and we begin to approach the day when most searching will, be

done by end users (those that pose the search questions).

The proposed research program would increase the transparency

of re tr ieval steps by making the discreteness of separate tasks less
obv ious and by mak ing the var iety of systems and data base d if feren ces le ss
obvious. Specifically, we will: (I) design a generalized model for a

Transparent System, (2) analyze the alternative factors affecting the

Transpare ncy Interface , (3) develop a skeletal user-oriented terminal ,

and (6) integrate Transparency Subsystems.

The Transparent System will be comprised of: the interface

programs; the command languages used by the Transparent System; the

transparency aids or subsystems that perform various functions , such as

conversion of command languages or selection of data bases; the data files



-- - r’~~~~~- ~_—.- •- .,. _~— ,— -~ - - -— -

15 INFORMATION RETRiE VAL RESEARCH 167

containing descriptive and statistical data about data bases; and the

connections to the data bases or network resources. The model of the

Transparent System will show the relaticnship between and among all of

these. The alternatives study will show advantages and disadvantages of

var ious model configura tions , and the user-oriented terminal development
together with the subsystem integration will demonstrate the advantages

of a Transparent System by showing how the subsystems will interact in

performing their functions.

15.6 UN Directory on Transnational Corporations*

In early 1977 we were contacted by the United Nations Centre on

Transnational Corporations concerning the feasibility of preparing an

“International Directory of Sources of Information on Transnational

Corporations.” The emphasis was to be on machine-readable sources of

information and the format similar to the Computer-Readable Bibliographic

Data Bases--A Directory and Data Sourcebook by Williams , M. E. and

Rouse , S. E. Investigation of our own files, for machine-readable sources ,

and of the University of Illinois Library , for printed sources , provided

us with an estimate of 80-150 possible sources. These were divided into

three groups : hardcopy (printed) compilations; machine-readable numeric

or factual data bases and ; machine-readab le bibliographic data bases. It

was understood that these sources were not all specifically about trans-

national corporations but were sources that contained some substantial

information, either factual or bibliographic , on transnational corporations.

On the basis of this initial investigation, we agreed to compile

such a directory and deliver one camera-ready copy to the UN by December

31, 1977.

Methodology

(1) A search was conducted of the catalogs and secondary sources

of the University of Illinois libraries and the University of Chicago

Regenstein Library in order to construct a preliminary list of appropriate

hardcover sources.

*This work was supported by the United Nations Centre on Trans-
National Corporations under Contract No. UN CON-77-161.

_________ ______ •
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(2) A search of availab le sources and d i rector ies  to compile

a similar preliminary list of machine-readable sources. Our own persona l

contacts in this area were also utilized . Copies of both preliminary

lists were provided to the UN.

(3) Modification of the questionnaire used for gathering and

inputting data on bibliographic data bases for Computer-Readable Biblio-

graphic Data Bases--A Directory and Data Sourcebook.

(4) Design of a questionnaire for gathering and inputting data

on numeric data bases and hardcopy sources.

(5) Gathering data on hardcopy publications from locally avail-

able sources and by telephone for U.S./Canadian publishers and by corre-

spondence for non-U.S./Canadian publishers. The preliminary list of

sources was finalized during this process. Some publications were dropped

as inappropriate as they were examined or as more information became

available on them while others were added , especially through checking

the references in appropriate publications . In addition , each publisher

was queried as to the current state or probability of a machine-readable

version of the hard copy publication. Our preliminary list of machine-

readable sources was somewhat increased by this process.

(6) Gathering data on machine-readable sources from our own

files and by telephone for U.S./Canadian data base producers and by

correspondence for non-U.S./Canadian data base producers. The prelimi-

ary list of sources was finalized during this process. As was the case

with the printed sources , some data bases were dropped from the original

list of candidates while others were added .

(7) Editing data for consistency of format and content description.

(8) Initial design and creation of controlled vocabulary for the

creation of a variety of indexes to provide additional points of access to

the information in the directory.

(9) Design of output format for the final printing of the

Directory.

(10) Modification of existing programs for the input, manipulation ,

and output of the data gathered for the Directory .

(11) Inputting data into the IRRL Data Base of Data Bases. The

IRRL data base management system , EARL , was used for data manipulation.

The CSL DEC Systems 10 computer was used for all computer work.

~
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(12) Initial listing, proofreading and editing of data in

machine-readable form. Subsequent proofreading and editing cycles were

performed as needed to work the data into its final form.

(1.3) Ceneration of five different indices to prov ide add itional
access points to data contained in the Directory.

(14 ) Printing one camera-ready copy on a CcmData terminal. This

final copy was submitted to the UN on December 30, 1977.

Contents and Format
The final version of the International Directory of Data Bases on

Transnational Corporations consists of 139 sources of information divided

I ~ into three major sections, five indices and one appendix. The major

sections are:

(1) Hard Copy Sources -- 67 total

(2) Bibliographic Data Bases -- 43 total
(3) Numeric Data Bases -- 29 total
Sections 1 and 3 include data obtained specif ically for this

Directory. The majority of the material in section 2 was taken from

Computer-Readable Bibliographic Data bases--A Directory and Data Source-

book. Indices include : A Name/Acronym/Synonym Index , a Subject Index ,

a Geographic Index, a Subject Index with Geographic subdivisions and

Geographic Index with Subject subdivisions. The last two indices conatin

exactly the same material but with differing arrangnients allowing access

from either subject or geographic entries. All index entries refer back

to one or more individual data base/sources.

Each data base/source starts on a new page. In addition to page

numbers , a short name or acronym for the appropriate data base is noted
in the upper right portion of each page for easy access. Up to nine

major categories of information are provided for each data base/source.

(Not every category is appropriate for each of the three major divisions.)

The nine categories are entitled:

(1) Bas ic Information
(2) producer/publisher or Producer/Distributor/Generator

Information
(3) Availability and Charges

(4) Subject Matter and Scope

k~. •~~~~~~~~~ • • • •~~~~~~~~~~ 
_ _
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(5) Subject Analysis/Indexing Data

(6) Bibliographic Data Base Elements or Items in Data Base
and Associated Data Eleme nts

(7) Search Programs
(8) Data Base Services Offered

(9) User Aids Offered by Data Base Producer

A ten page introduction provides definition of all data elements used in

the Directory which are not self-exp lanatory. A ~~~~~~ page appendix lists

additional sources which were either not appropriate to the format of the

Directory, e.g., journals , or which we were unable to examine directl y or

obtain sufficient information on but which we considered strong candidates

for inclusion. The final version of the Directory sent to the UN contains

386 numbered pages. Publication of the Directory as a UN document in the

near future is likely.

15.7 Automatic 3eneration of a Statewide Uniøn Cataiog*

The result of the “State-wide Union Catalog Feas ib i l i t y  Stud y ”
was the development of a prototype system called IUCS (IRRL Union Catalog

System).  IUCS was developed by tes t ing  various techniques for matching

records against large test files of machine-readab le records from major

institutions that maintain their  catalogs in machine-readable form. Over-

all the IUCS involves four major steps: (1) a pre-processing step which

converts incoming files into IUCS form; (2) a first pass screen which

• matches records according to an efficient title-date matching key ; (3~ a

second pass screen wh ich provides more ref ined match ing of the potent ial

dup licates located in the first pass; and (4) a post-processing step

which merges the new records into the existing MASTER file to create a

union catalog.

Test Files

The machine-readable files of MARC-like records used to test the

IUCS were provid ed by Nor thwe stern Univers ity (NW) , the University of

Chicago (UC), Northern Illinois University (NIU ’,, and the c*’~io College

*This work was supported by the Illinois State Library under
Grant No. 1St FY 76-III-D. 
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Library Center (OCLC). The records from OCLC were records generated for

one anonymous large university in the midwest . Records used for testing

all aspects of the system included only those from NW , UC , and OCLC. NIU

was unable to prov ide ful l  b ibl iograph ic record s because of technical
difficulties. NIU experienced difficulty in converting the ir catalog card
image records to MARC format. We wrote and tested a program that con-

ver ted the ir ca talog card images to a format suitable for use with the
Library of Congress recognition program but apparently NIU was unab le to
get the LC program to run. Since we needed to be able to identify

specif ic f ields for the IUCS and since NIU was not ab le to prov ide the
field identification we were unable to include the NIU file in the IUCS

• test. We did , however , use their records of LC card numbers in order to

check LC number overlap between files.
In order to insure a reasonable degree of overlap between the

records of the cooperating libraries we extracted a time-distinguished

sample consisting of records for items entered into the files for the

1.974-15 time period. The files used in the full scale test included

73 ,552 records fr om OCLC, 57 ,728 records from NW and 22 ,857 records from
UC.

Development of IUCS Screens for Matching Records

IUCS was p lanned to be a multiscreen system for matching records
in which the first screen would be a broad screen that would pull out the

candidate duplicate records. A set of finer screens would be used for

verifying pairs of records as dupl icates , rejecting pairs as non-dup licates
or indicating a need for manual checking to verify or reject pairs.

Development of the broad screen or first pass in the IUCS involved

the design of a fixed-length code based on information from the titles and

dates of the records in the files to be matched. This code, called a
matching key , should be efficient and effective. That is, it should pro-

vide a fas t, inexpensive match and it should not fail to match records
that are the same. Various key elements from the title portion of records

were selected and tested , using entropy measures to determine the dis-

• crimination power of the key, and candidate title keys were determined.

Although the title keys would work well in most cases, it was necessary
to add “date” to the key in order to discriminate among multiple identical
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titles such as “Proceedings” or “Collected Works.” The result of tests

on title-date keys produced the title-date (TD) key which is based on

selected al pha charac ters from the beg inning and end of tit les plus date
information.

The TD key is used for the first pass matching of files. Results

of this matching step are then subjected to finer screening in a second

pass procedure. The second pass includes three procedures: (1) matching

of authors ; (2) matching of tit les using Harr ison keys (which are b it
string representations of the titles) and Hamming distances; and (3) matching

of paging. The author match allows any combination of main and added entry.

Harr ison keys , which are bit strings representing the character strings
• of the titles , are generated for each title. The Harrison keys for two

records , which are candidate duplicates , are then compared. The comparison

does not involve a character by character comparison but indicates the

extent of differences between titles. The comparison involves calculating

• the Ramming distance between title bit strings. Hamming distance is a

• representation of the differences in the two bit strings derived from the

titles. It is the sum of the number of instances of non-match in the bit

• strings. The more differences there are between two titles , the greater

the Hamming distance will be. By allowing Hamming distances up to eight

for the IUCS second pass screen, we were able to overcome small variations
• in the recording of titles and a certain number of typographical errors.

The third procedure involved in pass 2 is the match on paging.
There again we did not want to require exact matches but matches within

a range. This is done because of the variant ways in which pages are

counted and recorded.

Testing the Effectiveness of IUCS

The adequacy of any scheme for creating a union catalog can be

measured in terms of the two cardinal errors that may occur . Records that

do not relate to the same item may be erroneously identified as duplicates-

these are mismatches -- and records that truly relate to the same item
may not be identified as duplicates -- these are missed matches. Of the

two types of errors , mismatches are more serious because they result in
information being permanently lost. If a new record is mismatched (said

to match even though it does not) with a record in the MASTER catalog it

___ •
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is then discarded because it is assumed not to be a new record. In order

to determine the mismatch rate of IUCS we selected 3,686 record pairs

that had been matched by IUCS. Manual examination of the 3,686 pairs

indicated that two records were mismatched and they were very closely

related bibliographically. One was a result of a cataloging error and

hence is not really an error as far as IUCS is concerned. The other is

a dup licate according to the IUCS definition. A minor change in IUCS

would accommodate this type of mismatch getting through. Thus the mis-

match rate of IUCS, based on examination of 3,686 records is .0547. and

with a minor change in the system (checking the authorship statement or

the 700 fields for indications of translation) it would be reduced to

almost zero. Simple screens such as LC matches , ISBN matches or use of

search keys produce considerable numbers of mismatches.

Errors due to missed matches result in an unnecessary expansion

of the union catalog. These are less serious in that information is not

lost , it is merely unnecessarily recorded twice.

In order to determine the percentage of matches missed by IUCS ,

we used all possible means for matching records in the OCLC and NW test
files and developed a set of duplicates that, as far as we could deter-

mine contained 1007, of the true dup licates in the file. Based on matching

within this set , the effectiveness ratings (in percentages) of LC, ISBN ,

IUCS-TD, and combinations were : LC, 74.90; ISBN, 56.58; IUCS-TD, 97.10;

LC/ISEN , 80.74; IUCS-TD/ISEN, 98.17; and ITJCS-TD/LC/ISBN, 99.62. Missed

matches were missed for a variety of reasons. In a similar test of a

restricted file , the distribution of missed matches fell into four

categories. Variations in t i t les  (addition or substitution of words ,

use of German abbreviations, typographic errors , etc.) accounted for 81~
of the errors. Variation in year of publication data accounted for 12.37.

of the errors. Variation in paging accounted for 5.87. of the errors and

variation in author data accounted for < 17..

Cost of Operating IUCS

An important factor in evaluating any system is the cost of

running the system. Our programs were written in the SAIL language and

were run on the CSL ’s DEC system-b . Computer costs for the full scale

preparation and merging of records from OCLC, NW , and UC were recorded.

k - - -
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Costs are related to the four major processing steps : pre-processing ,

pass 1, pass 2 , and post-processing. Using nighttime rates (which are

approximately 107. of day rates), the Cost of pre-processing was $20.68,

the cost for pass 1 processing was 8.62, the cost of pass 2 process ing was
$11.57, and the cost for post-processing was $1.45, for a total cost of

$42.20.

Because our runs involved 154,000 records we extrapolated our
actual cos ts to simula te a compar ison of 200,000 record s in a “new” file

with a million record MASTER file. Assuming a 257. overlap, the nighttime

cost would be $70.90 (or $592.55 during the day). If the overlap were

• 507. the cost for nighttime processing would be $96.88 (or $769.49 during

the day). On top of these Costs one would have to add the personnel

cost for manual checking of 1.17. of the dup licates located. Approximately

1.17. of duplicates are pairs that IUCS prints out for manual verification.

15.8 Swann Bibliography of Electroorganic Synthesis Reactions
l8Ol_l975*

Staff at the Information Retrieval Research Lab (IRRL) are

collaborating with a group of staff and students in the Department of

Chemical Engineering (under Professor Richard Alkire , P.1.) to compile

and index the Swann Bibl iography of Electroorganic Synthesis Reactions ,
1801-1975. Financial support for indexing the bibliography came from

• 
• ERDA , The Electrochemical Society and nine chemical Companies.

• Approximately 14 ,000 citations involving electrosynthesis
reactions , including original scientific publications , patents, reviews ,
books , lab manuals and d issertations are compiled by Dr. S. Swann,

• Department of Chemical Engineering, University of Illinois during the past

fifty years. These citations provided the raw data for the bibliography.

Methodology
• 1) Literature Searching

When available the abstracts for the citations were examined and ab-

stracted from Chemical Abstracts or Dissertation Abstracts.

*This work was partially supported by the Energy Research and Develop-
ment Administration under Contract: U.S. Argonne NL 31-109-38-4003 and

• 9 chemical companies.
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2) Coding Reactions
Synthetic reac tions appearing in the abstracts were then analysed
and coded accord ing to a scheme that described the major types of
electroorganic synthetic reactions. The compounds synthesized were

named according to CA nomenclature and their molecular formulas

determined. Common or trivial names were also provided. One s ta f f

member from IRRL participated in this portion of the project.

3) Computer Generation of the Bibliography

The computer generation of this bibliography was carried out at IRRL

under the direction of Professor Martha E. Williams.

a. Data Entry Form

A data entry form was designed with tags for the following data

elements:

i. Type of publication

ii. Reaction class

iii. Class of book

iv. Authors

v. Publication year

vi. CA (Chemical Abstracts) number

vii. Journal citation

viii. Title

ix. Translated title

x. Notes (includes molecular formulas, product names, synonyms)
Data that has been analysed and coded was transcribed onto the data
entry forms by students. Proofreading strategies were established to

avoid errors. The forms were then sent to be keypunched and verified.

b. Software Requirements and Implementation

The project required software to build and maintain the data base

of bibliographic citations and to generate the citation listing and

various indexes from it. A review of the requirements and budget led

to a fairly simple data base design, allowing maintenance to be done

using the system text editor, rather than a special purpose editing

program. Programs were required to check the format and, to some

• extent , the Content of the input data, to generate a formatted data

base f ile from the input data, to generate the citation listing in the 
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des ired format, and to generate the desired indexes to the citation
listing. A utility program was also written to read input data from

magnetic tapes. The programs were written for the CSL DEC System 10,

using the SAIL programming language , an ALGOL derived language suit-

able for writing well-structured programs.

The format checking program (FORMAT.SAI) verifies the presence of

required data elements in the expected places, checks the validity of
certain fields by compar ison to tables of acceptable values , checks

for sequencing of input items for each record , and f lags errors or

possible errors in a formatted listing for manual verification. This

progr am is a stra ightforwarded line by line check of the input file,
subjecting each line to a sequence of tests determined by the type of
line read and expected.

• After the citations have been edited to correct errors found by

FORMAT, they are formatted by the program CITFMT.SAI. This formatting

consists of taking the raw input lines and attaching a sortkey based

on the reaction under which the citation is to be listed , sorting,

and adding an initial line to each citation containing descriptive

information.

If the new batch is to be added to a comb ined f ile the progr am
CITMRG.SAI is used to perform the merge based on the previously

assigned sortkey.

When a batch or a combined file is ready for printing the program

CITPRO.SAI is used to generate the citation listing and index files.

CITPRO performs conversions of citation numbers to listing numbers

and generates a citation listing structured by type of citation and
reaction class described. The appropriate fields are extracted and

transformed to suitable index entries, then written to specific index

files for subsequent sorting and listing. The indexes generated are

selected by the user.

c. Editing

Printouts of the citations and indices were proofread and edited

online using the DEC System-lO editor , SOS.
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Organization of the Bibliography

Th. bibliography is arranged with citations grouped according

to the nature of the chemical reaction reported . Within each reaction

category citations are arranged accord ing to type of publication and
within these subcategories citations are listed in chronological order

by year.

Access to the bibl iography is prov ided by four indices:
• i. Author Index

ii. Product Name Index

iii. Product Molecular Formula Index

iv. Product Synonym/ Cc*mnon N ame Index

Publication

The bibliography will be publ ished under the auspices of The
Electrochemical Society. Publication in the form of a hard-bound book

is anticipated by late 1978. A computer tape of the citations and indices

will also be available at that time.

15.9 Directory of Computer-Readable Bibliographic Data Bases*

The Computer-Readable Bibliographic Data Bases--A Directory

and Data Sourcebook, compiled and edited by Professor Martha E. Williams

and Sandra Rouse, was published in 1976 by the American Society for
Information Science. Updates to the Directory were issued in April 1977

• and April 1978. A new directory including data that is relevant as of

December 1978 is planned for publication in January 1979. Unlike its

predecessor , the new directory will be published in bound rather than
looseleaf form. The computer generation of the printed product is

suppor ted by the American Society for Information Science Methodology.
- Data Collection

1. Data base processors in Europe and North American were contacted

by mail for information on the data bases they provided access

to.

*This work is partially supported by the American Society for
Information Science.
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2. The 13 page questionnaire designed for the first directory

was revised to achieve a more consistent format and expanded

to include non-US data. For the first time the questionnaire

was computer-generated with the information that we had for

the data bases covered by the first directory. Existing data

entries need only to be verified or changed and missing

information supplied by the data base producer.

3. The questionnaires will be mailed to the data base producers

and after a few weeks US and Canadian producers will be con-

tacted by telephone for verification of the data and assistance

with questions they may have.

4. Information on the availability of new data bases was obtained

from the published literature and contacts with data base pro-

cessors/producers. The producers of new data bases were inter-

viewed f irst by phone. The completed questionnaire was then

mailed to them for verification and if necessary followed up

by telephone. Only online data bases that were publicly avail-

able were treated fully . Data bases availab le for internal use

only or which are only offline will be listed separately.

5. Returned questionnaires were checked and data entries stan-

dardized.

Data Entry

1. Data will be entered online into the data base of data bases

file using the DBIN program.

2. Data entries will be printed out, verified or corrected and

edited online using the DBEDIT program.

Organization

The directory will be organized alphabe tically by da ta base
name and will include an introduction and four indices: Subject

Index, Data Base Name/Acronym/Synonym Index, Producer Index and

Processor Index.

Information on each data base follows the general format :
1. Basic Information

2. Producer/Distributor/Generator Information

~
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3. Availability and charges for Data Base Tapes

• 4. Subject Matter and Scope of Data on Tape

5. Subject Analys is/ Indexing Data
6. Data Element s Present on Tape

7. Data Base Services Offered

8. User Aids Available.

15.10 University of Illinois Online Search Service*

During the past year , the University of Illinois Online Search
Service , under the general supervision and coord ination of IRRL, expanded
its services to the students, faculty and staff of the University. With

the cooperation of the University Library, searching is now available at
six different locations around the campus , with request for passwords
and/or terminals pending which should bring the number up to nine by the

fall of 1978. One additional location, the University Library School,

uses the systems available through the search service for classroom use

only. Locations where searching is offered to University students,

faculty and staff include IRRL, Reference Room of the Main Library,
Chemistry Library, Biology Library, Education and Social Sciences Library
and Physics Library.

Online systems available through the Search Service include

Lockheed’ s DIALOG, System Development Corpora tion ’s ORB IT , the Biblio-

graphic Retrieval Service system and TRIS-On-LINE through Battelle.

Individual data bases available from these systems total 108. Negotiations

are currently in process to add the New York Times Information Bank by
the fall of 1978.

Use of all systems during FY78 is given in the following table.

The costs given represent the total amount paid by the University to the

online vendors concerned. Approximately 527. of this was recovered from

the users of the Search Service through the charging of fees.

*This work was supported by the State of Illinois.
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USE OF ALL SYSTEMS FY78

System Hours Cost

BRS 507.68 $14,487.27
LRS 47.60 4,115.89
SDC 5.65 387.45
TRIS .83 86.01

TOTA L 561.76 $19 ,076.62

The total con r~ect hours used represent 1192 individual searches,

a search being def ined as a single session at the terminal, regardle ss of
the number of data bases or systems accessed. Of these, 517 were con-

ducted and paid for , at least in part , by Un iver sity facul ty,  students or

staff. The remaining 675 were conducted by IRRL or Library staff for

internal use. The bulk of these were conducted by Library staff  either
as practice as they learned to use the system or for general reference or

verification work.

Beyond providing general direction and coordination, IRRL per-

forms the follow ing specif ic tasks rela ted to the Onl ine Search Service :
negotiation of contracts with online vendors ; training of new searches;

consultation on system problems or difficult searches; promoting the

service to the University community through brochures , posters and dc-

monstrations ; keeping statistics on all aspects of the Search Service ; all

accounting work associated with collecting fees and paying bills. In

addi tion , we are current ly working on an automated accounting system,
which we hope to have in full operation by the fall of 1978.
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16.1 Data Compression and Information Transmission*

The research on variable-rate compression for discrete-time

sources has been expanded to include weakly- and strongly-universal

variable-rate data compression. In particular , the first results on

weakly-universal variab le rate compression (which appear in our paper

(2]) give all of the previously established results (e.g., [1]) on variable-

rate univerqal data compression as special cases. The main advantage of

the weakly-universal universal approach is that no prior probability is
needed for the class of sources in question. In spite of this, the Llasses

of sources which are covered by our results are sufficiently general to

include any class A of conceivable interest which has a uniform bound on

its rate-distortion functions (i.e., R0 (D) < r for each 9 in the class A

where r < 
~~
). In addition, alternatives to this restriction on the rate-

distortion function in the form of restrictions on the source memory are

given in [2].

We have also studied strongly-universal variab le-rate data com-

pression and have established sufficient conditions for the existence of

strongly-universal compression schemes. Such compression schemes, when

they exist, are more powerful than weakly-universal methods; however, only

rela tive ly special ized classes are strongly-universally encodab le.
Research has been initiated on the construction of universal

variable-rate source codes. The approach is based on mismatch bounds for

*This work was supported by the National Science Foundation under
Grant NSF ENG-75-2O864 and by the Joint Services Electronics Program (U.S.
Army, U.S. Navy, and U.S. Air Force) under Contract DAAB-07-72-C-0259.
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variabL-length noiseless sourc~ codes ~3J and conti~iuity properties of

relative entropy. Such construct ~.ons have been ob LL~d for the cl ass of

all binary niemoryless sources, and extensions to the class of all dis-
crete inemoryless sources and the class of ~~l discrete n-th order Markov

sources appear to be fairly easy to obtain.

We have begun a new research project on channel coding t~1~ory

for both discrete- and continuous-time channels with memory. The class

of channels considered (the i-continuous channels) is sufficiently general

to include all previous discrete-time channel coding theorems. The

extension of i-continuous, discrete-time channel coding theory to

continuous-time channels should fol1~w along the lines of our work on

continuous-time sources (4,51.

16.2 Robust Digital Detection and Estimation*

Research in this area may be divided into two basic parts ,

• the first dealing with robust detection and quantization schenit~s, tnd

the second is concerned with combined estimation detection schemes for

uncertain signals and systems.

16.2.1 Robust Detection and Quantization

Progress relating to the decision and signal-de~ectioi~ aspects

of this research can be divided into three categories: resu~.ts for

optimum data quantization in signal detection systems, resu1:~ relating

to robust signal detection and filtering, and results invo1.ii~tg memoryless

decision-making systems.

In the first of the above categories, general design prQcedures

have been studied for the selection of optimum quantization strategies

for general discrete-time decision/detection applications where independent

sampling is used (as in [6-81). These results are being applied to

achieve designs for specific detection models in which signals are repre-

sented as random (i.e., noncoherent) quantities (as in [9]). Further

*This work was supported by the National Science Foundation
under Grant NSF ENG78-05880, the Army Research Office under Contract
DAAC-29-76-G-0154, and by the Joint Services Electronics Program (U.S.
Army, U.S. Navy , and U.S. Air Force) under Contract DAAB-07-72-C-0259.
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results in this area involve the extension of the independent-sampling

design strategies to the case where statistical dependence is present

• among data sampLes (10). The results here are direct generalizations of

the independent-sampling results , although the design strategy in this case

is more difficult numericall y. To supplement the analytical work in this

• area , a numerical investigation is current ly be ing conduc ted for a cl ass

of no.~-white Gaussian noise processes.

In the second of the above categories , two aspects of the

• design of robust systems have been investigated . In particular , results

have ,een obtained which yield a general design strategy for signal-

detection and other decision-making syste~ s whose performance will be

insensitive to unknown deviations in noise or other data statistics [11].

This work differs from earlier related work (for examp le , [12,13]) in that
• a more general class of problems is considered here and an alternate per-

formance criterion based on a generalization of signal-to-noise ratio is

applied to facilitate design tractability. A related aspect of the

robustness problem which has been considered involves the design of Wiener-

• type filters which exhibit performanc e insensitivity to general types of

deviations from nominal signal and noise power spectra for filtering

stationary processes. These latter results are generalizations of earlier

filtering results based on bounding spectra and on other particular

spectral uncertainties. Papers describ ing both of these studies are

currently undergoing review.

The third aspect of this research involves the extension of

recent results [14] in the design of rnemoryless signal detection systems

for operation in dependent noise environments. Specifically these previous

results have been extended to include a more general b inary decision

problem in which dependence among da ta samp les can be modeled by any of a
• number of mixing conditions (e.g., rn-dependence , ~-mixing). The new

results, which are based primarily on large-sample-size performance
• optimization , lead to a design strategy which can be reduced to the solution

of a conventional Fredhoim-type integral equation. ‘This work relates to

the quantization work discussed above in that the quantizer-detectors for

dependent data are of the memorytess type studied here.

- 
, 
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16.2.2 Estimation-Detection Schemes for Uncertain Signals

Progress in detection-estimation for uncertain signals may be

classified into three parts. The first is concerned with the development

of a detection-estimation scheme for the estimation of Poisson-driven

processes. The signal model is assumed to be linear with Poisson white

noise input whose mark is unknown. The optimal scheme is not implementable

by a f inite dimensional f i l ter , hence a suboptintal scheme is proposed which
is based on the detection of the incident process and then estimating its

mark , with prescribed delay. The resulting scheme is implemented approxi-

mately in a recursive fashion, its performance is analyzed approximately

with the result that it is superior in the mean-squared error (MSE)

sense then the optimal linear scheme for low intensity of the Poisson

input. The scheme has also been extended to the vector case as well. It

has been simulated to verify the implementation consideration of the

algorithm and to validate its performance as compared to the analytical

expression derived approximately. The details have been reported in [15].

The second part is concerned with detection-estimation schemes

for discrete-time linear systems with uncertainties modeled by Markov

switching parameters or observations. A suboptimal scheme for the state

es timation of such systems using a prescr ibed number of detectors was
shown to be super ior in terms of comp lexity and implementation consideration
to existing suboptimal schemes at no sacrifice in the performance. The

simplicity of the scheme is particularly evident for low or high trans ition
probabilities of the switched parameters. Additional research of such

models has been devoted to the case when the transition probabilities are

not known, and hence may be suitab le for model ing time vary ing parameter
changes which may be slow or fast. Both optimal and suboptimal schemes

have been proposed , and conditions for the convergence of the resulting
estimators have been derived [16]. Further research into additional

simplification of the schemes and analysis of their performance is in

progress.

The third part is concerned with the application of the singular

perturbation model to estimation and filtering. Multiparameter singularly

perturbed systems with unknown perturbation parameters are investigated , as

an extension to [17]. The use of innovations testing with several filters

~

• •
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composed of slow and fast parts in multiple time-scales leads to the

de termination of the h ighes t order necessary to achieve a prescr ibed
incremental MSE. A finite series expansion in the perturbation parameter ,

of system states and their estimates has been proposed. The conditions

for the series to be composed of comp letely slow f ilters are der ived , and
the maximum number of terms in the series is found. The resulting scheme

is simpler to implement than the composite system due to the use of only

one time scale (the slow one), with particular savings when the number of
the fast variables is relatively high. Applications to various stochastic

systems are in progress.

Finally, several modification of the detection-estimation scheme

[18] for signals with uncertainty represented by bounds have been studied ,

such as the extension to the dynamic case [19], and the explicit derivation

of an approximate algorithm for the system performance and design.

16.3 Multiple-User Digital Conlnunication*

Dur ing the pas t year , we have continued our work on spread-
spectrum multiple-access (SSMA ) communication systems [20,21), periodic

sequences for SSMA comeunications [22-28], and multiple-user information

theory [29 ,30]. In addition a new research project on SSMA coninunication

via fading channels [311 was begun.

16.3.1 Spread-Spectrum Multiple-Access Coninunications Systems

Analytical results have been obtained for quadriphase direct-

sequence spread-spectrum multiple-access (QDS/SSMA ) communications over

additive white Gaussian noise channels. In this work (21], two differen t
• modulation schemes were considered and were shown to yield different

signal-to-noise ratios at the receiver output. In one modulation scheme,

the quadriphase modulation is achieved by coherently adding two differen t

orthogonal biphase DS/SSMA signals. In the other, the data signal is

modulated directly onto two orthogonal but otherwise identical quadriphase-

coded carriers. The signal-to—noise ratio for the orthogonal biphase

*This work was supported by the Army Research Office under Grant
DAAG-29-78 G-0114, by the Joint Services Electronics Program (U.S. Army,
U.S. Navy, and U.S. Air Force) under Contract DAAB-07-72-C-0259 , and by
the National Science Foundation under Grant ENG75-2262l.
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DS/~ SMA system with K transmitted signals is given in terms of the cross-

correlation parameters for the 2K binary signature sequences. For the

system with direct modulation onto quadriphase-coded carriers , however ,
this signal-to—noise ratio can be written in terms of the complex cross-

correlation parameters for the K comp lex quadriphase signature sequences.

Recen t ly, we have discovered that the two different modulation
schemes described above are both special cases of a very general QDS/SSMA

signal design in which non-orthogonal quadriphase coded carriers are

illowed. It appears that sly QDS/SSMA modulation technique of practical

interest is a special case of this general QDS/SSMA signal format. We

have analyzed this general QDS/SSMA system for an additive white Gaussian

noise channel and have deduced all of our previous results [21] on

QDS/SSMA.

16.3.2 Spread-Spectrum Communication via Fading Channels

In a direct-sequence spread—spectrum multiple-access (DS/SSMA )

communications systems with an additive Gaussian noise channel, the out-

put of each of the synchronized correlation receivers consists of a

desired signal component , K-l interfering signals due to the other trans-

mitters , and an additive channel noise component. The signal-to-noise

ratio at the output of the correlation receiver has been analyzed [20]

for an additive white Gaussian noise channel. This signal-to-noise ratio

has been shown to be an accurate measure of the average bit error proba-

bility. In the definition of signal-to-noise ratio, the noise is taken

to be the K-l interfering signal components plus the channel noise

component. It has been shown [20,24] that the signal-to-noise ratio is

completely specified by the aperiodic autocorrelation functions for the K

binary signature sequences, and the channel noise spectral density.

In the present paper we consider binary DS/SSMtII communication

via fading channels. The type of fading considered is Rician fading ;

that is, for a single transmitted signal , the received signal consists
of a strong specular signal (the desired signal) plus a weaker diffuse

or Rayleigh-fading component. For fading that is not Rician (i.e., no
strong specular component), the direct-sequence form of spread-spectrum

communication would not generally be useful , since it could not be

coherently demodulated.
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For DS/SSMA via a Rician fading channel, each correlation

receiver output consists of a desired signal (due to the specular

component) plus noise. The noise consists of a “self-clutter” term (due

to the dif f use fad ing component ) ,  K-i interfering signals , and the

additive channel noise. Each of the K-I interfering signals have both a

specular component and a diffuse component. Two types of Rician fading

are cons idered , time-selective fading and frequency-selective fading. It

is shown that the signal-to—noise ratio is completely specified by the
aperiodic autocorrelation function for the signature sequences , the auto-

correla tion function for the fad ing process , and the thermal noise density.

The signal-to-noise ratio is an important performance measure in its own

r ight ; moreover , we conjecture that it is an accurate measure of the

error probability.

16.3.3 Design and Analysis of Sequences

There are a number of important electronic systems engineering

problems which require sets of sequences with good correlation properties.

Our work on the design and analysis of sequences has been primarily

motivated by applications to multiple-access communications but our results

are applicab le to other areas such as multiple-terminal system identifi-

cation, ranging, track ing, etc. Results in this area include a set of

identities and bounds involving croascorrelation and autocorrelation

parameters of sequences (22,24,26]. These results enable us to achieve

substantial reductions in the computational effort required to determine

correlation parameters of interest in the SS1,IA problem (22). The same

identities lead to a number of interesting techniques for the construction

of sequences with good correlation properties. Our methods can be used

to construct sequences with optimal autocorrelation properties , uncorrelated

sequences , and long impulse-equivalent sequences [27,28]. We have also

stud ied the behavior of correla tion par ameters of random, b inary sequence s
[23] which provides information on the asymptotic behavior of these

parameters. Finally , we have initiated a study of M-ary sequences with

good Ramm ing correlation properties , which can be used as hopping

patterns for frequency-hopped SSMA communication systems. Preliminary

results are reported in [25]. 

~~~~~~~~ -~~~~-~~~~~~-“  - -
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171 Fault Analy~i~ of Analog Circuits
*

As systems become more and more complex the need for good fault

diagnostic procedures becomes more obvious. In recent years much work has

been done on the fault analysis of digital circuits, primarily because the

increase in the size of these circuits has necessitated good fault tests.

The two state nature (“I” or “0”) of digital circuits has also made them
more amenable to the development of reasonably simple and rel iable test
procedures. In contrast, research on fault diagnostic procedures for

analog circuits has not been as productive. The difficulty lies in the
practical restriction that connections cannot be broken on the circuit

board. This means that currents cannot be measured reliably. With only

voltage measurements available, typically an infinite number of faul t
conditions in the circuit could give rise to the observed voltage errors.

To further complicate the problem a circuit ’s responses to a stimulus are

nonlinearly related to its parameter values.

To begin this research project a survey was made of methods

which have been proposed for the fault analysis of analog circuits, such

as , fault dictionary techniques, sensitivity and optimizat ion methods,
functional or signal tracing techniques, short-circuit admittance para-

meter measurements, and the bilinear transform approach. The advantages

and disadvantages of each of these methods were investigated and the

results were presented in an invited paper at the IEEE Electro/78 Conven-

tion (1]. In addition, new approaches were sought for the isolation of

faults in analog circuits. Initially all nodes were assumed to be

*
This work was supported by the Joint Services Electronics

Program (U.S. Army, U.S. Navy, and U.S. Air Force) under Contract
DAAB-07—72—C-0259.
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accessible and methods were investigated for the calculation of the cir-

cuit parameter values from node voltage measurements. In the case of

resistor circuits which contain only a single faulty element it was shown
that the faulty resistor can be identified as the one with the largest

voltage change [2].

Further research was done on the calculation of circuit para-
meter values from the node voltage measurements. This work Led toa new

method by which circuit element values can be easily calculated from node

voltage measurements [3,4]. Presently the application of this method for

the fault analysis of electronic circuits is being investigated.

17.2 Reduced-Order Modeling by Error Minimization and Topological
Formulas*

Previously an approximating function Fa
(s) was computed for a

given function F(s) which satisfied the frequency constraints

(I) F(jw1) F
a (iWi)

and
(II) F(O) F (O).

Though such an approximating function is very easily obtainable from

knowing only F(jw1) and F(0), several reasons lead us to modify it so that
an approximating function F (s) will have the same value as a given
function F(s) not at w 0 but at another prespecified frequency w

2
. In

other words , a new approximating function Fa (S) of a given function F(s)
will satisfy

(I) F(jw
1
) F(jw1)

and
(II) F(jw

2
) F (jw

2
)

where and are any two specified frequencies. One form of such an

approximating function F
8

(s) is

*
~fl~

j 5 work was supported by the National Science Foundation
under Grant ENG 75-14100 and by the Joint Services Electronics Program
(U.S. Army, U.S. Navy, and U.S. Air Force) under Contract DAAB-07—72-C-
0259.
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r A+ IB 1r
F (s)~~~1 — I
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where A and B are real constants. It is found tha t such a function always

exists for any given function F(s). Also when a given function i8 a

quot ient of polynomials, then the error by this approxima t ing function

Fa(S) at a frequency w will be small if the distances be tween p0 and the

zeros and the poles of F(s) are small compared with the distance between

p and iw.

When a large scale system consists of blocks each of which is

represented by a network function, one way of approximating the overall

response of the sys tem is by approximating the network function of each
block. Another way to approximate the response is by the use of topologi-

cal relationships between the overall response and the network functions

of each block so that one can approximate the numerator and the denomina-

tor of overall response. This latter method allows us to develop several

modified forms of the approximating function F
a
(S)

~ 
One of the modified

forms is
r

((A+ JB)(s—z )(s—z )]
° 

_
.°

a

where p
0 
is a prespecified pole. Another form is

F (s)~~ 
A

a

where ~ is a real constant. The properties of these approximating func-

tions and the application of these approximating functions in the analysis
of large scale systems will be published soon [5].

17.3 High Performance Structures for Recursive Digital Filters*

Speed and accuracy of a recursive digital filter are limited by

the computational complexity of the filter arithmetic, and by the finite

*This work was supported by the National Science Foundation
under Grant No. tNT 76-84216 and by the University of Illinois.
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wordlengths that must be used in practical filters. Both arithmetic round —
off error and errors created in the filter response due to coefficient

quantization are highly sensitive to the structure of the network used to

realize the transfer function. The complexity of the arithmetic operations

depends on the recurs ive equations , as well as on the number representation
used to encode the internal states of the filter. The first objective of

this research is to investigate low sensitivity multiple feedback struc-

tures that are flexible enough to realize transfer functions with both

poles and zeros. The second objective is to evaluate different number

codes in an effort to find codes that simplify the mechanization of multi-

plication and addition. Low sensitivity implies that the filter can

operate with short wordlengths. Reduced computational complexity leads to
simplified hardware, improves operating speed, and lower overall cost.

Since fault tolerance is also important in high performance systems, the

study of number codes has included a search for number representations

that provide error detection and correction capability.

A new multiple feedback lowpass recursive filter structure has

been compared to other low sensitivity structures on the basis of roundoff
noise at the filter output. In particular, comparative studies included

the second-order direct form cascade structure, the second-order coupled

form cascade structure, a new low sensitivity multiple feedback structure

which is a modification of the Vaughan-Pope and Bruton structure and a

wave digital filter of Fettweis (61. The new multiple feedback structure

showed considerably less roundoff noise than the direct form cascade

structure. It was similar in roundoff noise performance to the coupled

form structure and the wave digital filter for narrow-band lowpass filters.

A computer program that was developed for computing coefficient sensitivi-

ties is now being used to compare the coefficient sensitivities of these

structures.

In addition, a new class of recursive architectures was derived

by applying residue number coding to the recursive difference equations

[7 ,8]. One particularly interesting structure that resulted from this
procedure consists of a parallel interconnection of second order sections,

where each second order section is made up of L parallel residue subfil-

ters and L is the number of residue digits used to represent the interna l
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states. It was described in [9] how concepts from combinatorial digital

filters can be combined with the residue architecture to form a high ly

efficient hybrid structure. A new technique for scaling in residue number

systems was discovered that enables the recursive difference equation to

be implemented efficiently in four specialized classes of residue systems.

New results were obtained in app lying residue techniques to adaptive f ii-
ters [10], in residue input-output translation, and in fault detection in

residue filters [11]. The primary advantages of the residue number archi-

tectures are high speed table look-up arithmetic using semiconductor memo-

ries, high precision without a sacrifice in operating speed, and overall

low cost that results from an abundant use of read—only memories [12,131.

17.4. New Structures for Switched Capacitor Integrated Filters*

Switched capacitors can be used to replace resistors in active

filters for achieving fully integrated sampled data recursive filters [14].

The response of this type of f i l ter  depends on the switching rate and the

ratios of capacitances. Since the ratio of capacitances can be precisely

controlled (whereas absolute values cannot), and since capacitors, MOS

switches , and operational amplifiers can be integrated on the same sub-
strate, the switched capacitor approach is a promising way of mass-produc-

ing precise, low cost integrated filters.
Sampled data f ilters of this type have been successf ully designed

by applying switched capacitor transformations to conventional active

filters in the state variable configurations [15]. In these filters, the

analog integrators are replaced by sampled—data accumu1a~ors. An analysis

of these sampled data accumulators using z-transform theory revealed that

the parallel switched capacitor integrator is actually a realization of a

discrete-time integrator derived by a fcrward Euler difference approxima-

tion. Similarly, it was found that the series switched-capacitor integra-
tor corresponds to a backward Euler difference approximation. Since it is

well known from digital filter theory that the Euler approximations seri-

ously distort the frequency response of the filter in transforming from

*This work was supported by the University of Illinois.
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the analog to the digital domain , it was concluded that other switched
capacitor structures should be investigated.

A new circuit was proposed that transforms a state variable

second-order analog filter into a sampled data filter with a transmission

zero at half the sampling frequency [16]. The circuit was a result of

attempting to transform the analog filter by means of the bilinear z-

transformation, which is known to preserve the frequency response of the
analog filter. Although the filter did not represent a true bilinear

version of the original filter, it did have a zero at half the sampling

frequency, and it yielded significantly improved characteristic for both

lowpass and bandpass filters. This improvement was predicted by computer

analysis and was later verified by experimental measurements taken from a
laboratory model constructed with discrete circuit components.

Further results were obtained [17] in the form of a new switched—

capacitor integrator that truly represents a bilinear sampled data inte-
grator and that requires less hardware than another design [19]. This new

integrator can be used to produce true bilinear sampled data state vari-

able filters. It also has potential as a replacement for the Euler inte—

grators in the sampled data ladders of Jacobs et al [18] that are of

interest because of their low sensitivities. The one problem that still

remains is that the new integrator does not accommodate a differential

input, as needed in the ladder filters. The search continues for a

switched-capacitor bilinear integrator with a differential input so that

sampled-data ladders can be designed with the desirable features of the

bilinear z-transforin.
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18.1 Introduction

Several projects have led to many results involving various

aspects of control analysis, synthesis, and optimization. The key

directions are in decentralized control of large scale systems ; multi-

models in large scale systems; structural properties of systems including

sensitivity, controllabil ity, and observability ; model simplification by

singular perturbation methods and chained aggregation methods; stochastic

control of systems containing parameter uncertainty; control of systems

with multiple decision makers ; and optimization methods.

18.2 Sensitivity Adaptive Feedback with Estimation Redistribut ion*

When a control law is to be designed for an uncertain system

with unknown parame ters , two roles of the control signal have to be
considered : one is the effect of the control signa l on the estimation of

the unknown plant parameters and/or state variables , and another is the

attainment of the control objective. This dual role of the control was

first pointed out by Feldbaum (li. In general , these two roles of the

control are conflicting. Therefore the design of a dual controller

requires that a compromise be made between the estimation and control

*This work was supported by the U.S. Air Force Office of
Scientific Research under Grant AFOSR-73-2570, by the Joint Services
Electronics Program (U.S. Army , U.S .  Navy, and U.S. Air Force) under
Contract DAAB-07-72-C-0259, and by the National Science Foundation under
Grant IN’r-77-20969.
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objectives. The optimal solution to the dual control problem is achieved

through the use of a closed-loop controller. This is the only controller

that can attempt a compromise between its two objectives, since it

anticipates that future measurements will be taken. The problem of getting

the closed loop control law leads in general to a nonlinear problem and

only approximate solutions can be obtained. Much effort has been made to

obtain tractable methods of solution [2-4]; some are approximations to the

optimal solution and others use the conflicting characteristic of the

dual property of the control.

We have developed a new way of formulating a stochastic adaptive
• control problem that incorporates a cost assignment for the estimation

effort that automatically redistributes the estimation budget in a rational

way. In this approach a fixed budget for estimation is considered. The

estimation effor t is redis tributed according to the accuracy requ ired to
achieve a given control objective. Greater estimation accuracy results

in a greater cost. Parameters which have greater influence on the state

of the system require more accurate estimation than those whose effect

on the state is less significant. The cost of estimation has been

explicitly considered before [5] but the novel features in our work are

the explicit inclusion of the cost of estimation through a sensitivity

function approach , and more importantly, the redistribution of the
parameter estimation accuracies to improve overall control performance.

We have considered the problem of designing feedback control

laws for a class of multi-input-multi-output discrete time stochastic

systems with unknown parameters. The optimization is performed so that a

measure of the total energy the control spend s in estimation does not
exceed the budget available for estimation. We have obtained a feedback

solution for the control that explicitly takes into account the accuracy

of the estimation and that redistributes the estimation effort so that the

overall performance of the system is improved. We call this control

Sensitivity Adaptive Feedback with ~stimation Redistr ibution (SAFER)
control , and details are given in [6].

L. ~~~~~~~~~~~~~~~ 
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18.3 Sensitivity Reducing Compensators Using Observers*

A desirable property of any control design is that it be insen-

sitive to small variations in the parameters of the controlled plant. The

mathematical model can only approximate the phys ical problem so that the
assumed values of parameters for the design may be different from the

actual parameter va lues upon implementation. Also , most systems suffer

• from some forms of unmeasurable or unpredictab le variations due to the

degeneration of physical components and adverse environmental effects.

The potential benefits of using state feedback to improve sensitivity can

be evaluated by comparing the sensitivity of the closed-loop design to a
• nominally equivalent open-loop control. The development of these concepts

has led to the definition of the comparison sensitivity operator [7]

which directly relates the open-loop and closed-loop sensitivities , and a

sensitivity reduction criterion giving sufficient conditions for a parti-

cular feedback control law to guarantee sensitivity reduction in comparison

to the open-loop control (7,8].

Necessary and sufficient conditions for satisfaction of this

comparison sensitivity reduction criterion have been derived for full state

feedback control laws [9], and more recently for output feedback controls
using dynamic compensators [10). tn both instances it is shown that

sensitivity reduction is directly related to some optima l control.

We have developed an extension of [10] to the particular case

of output feedback systems which use state observers to imp lement dynamic

compensation of the plant. It should be noted that implementing a full

state feedback law using an observer to estimate the unmeasured states ,

where the state feedback gains satisfy the sensitivity reduction des ign
of [9], will not in general satisfy the output sensitivity reduction

criterion. This is evident from the results of [10]. A comprehensive

des ign proced ure has been developed and its application through the use
of an interactive software implementation has been carried out for a

simple aircraft control example (11 ,12].

*This work was supported by the U.S. Air Force Office of Scien-
tific Research under Grant AFOSR-73-2570, by the Joint Services Electronics
Program (U.S. Army , U.S. Navy, and U.S. Air Force) under Contract DAAB-07-
72-C-0259, and by the National Science Foundation under Grant ENG-74-20091.
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The design procedure us ing observers is an improvement over the

design with arbitrary compensator dynamics as described in [10] for the

following reasons. First, the des ign of the observer is well  known and

by placing the poles of the observer the designer is selecting poles of

the overall feedback system. Second , the dynamic order of the reduced

order observer is less than the maximal bound on the dynamic order of the

compensator designed by the methods of [10) . Finally, the use of observers

leads to a useful interpretation of the sensitivity weighting matrix [11,

12].

18.4 Chained Aggregation*

Chained aggregation is a reduced order modeling procedure which

retains the subsystem dynamics which are strongly observab le in the avail-

able outputs. It transforms the system to the Generalized Hessenberg

Representation (GHR ) which is used to detect weakly observab le subsys tems
and to define a collection of plausible reduced order models. If the

weakly observable part cannot be simply neglected , GHR also def ines a
subset of model parameters appropriate for adjustment.

For a linear time invariant system

• x~~~Ax + Bu , y~~~Cx , (1)

where XE R
n
, uER

m
, a reduced r

~
_ th order state z1, r1<n , is def ined as

z1 Cx, the aggregation matrix C is partitioned as C — [C11 C11],  where
det C11 i~ 

0. The transformation

• Cl1 c11
z — Tx , T — , z — (2)

o tn-r1 [z2

of (1) yields

*This work was supported by the National Science Foundation
under Grant ENG-74-20091, by the Electric Energy Systems Division of the

• Department of Energy under Contract EX-76-C-Ol-2088, and by the Joint
Services Electronics Program (U.S. Army, U.S. Navy, and U.S. Air Force)
under Contract DAAB-07-72-C-0259.
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F11 F12 G11
— 

F21 F22 

+ 

G12 
u . (3)

• and (1) is said to be completely aggregable with respect to C if F12 — 0.

If so , the resulting tandem configuration has no feedback from the residual
a
2 

into the aggregate 
~~ 

and the res idual subsys tem is unob servab le from
a1. The more general case needing the chained aggregation occurs when

(1) is not completely aggregable. In chained aggregation the term F12z2
is viewed as the output of the residual subsystem and used to enlarge the

aggregate state z
1 

— y. A transformation analogous to (2) is then applied
-
. to the residual, producing a new aggregate subsystem and a new residual.

The process is repeated until the system is expressed in the Generalized

Hessenberg Representation. The GHR determines a collection of candidate

structures of the reduced order models and singles out parameters whose

adjustment, if necessary, will compensate the influence of the inter-
action between the aggregate and the residual. A restricted QL algorithm

is developed for this purpose. Thus model reduction consists of:

(i) transforming the system into the GHR, (ii) selecting from the GHR a
structure and a set of adjustable parameters , (iii) using the restricted
QL algorithm for the adjustment of these parameters. The derived models

describe the dynamic behavior observed through the available measurement ,

requ ire the adjustment of only a subse t of parameters arid at the same time
retain the structure of the subsystem strong ly observable through the
outputs. For details see [13-16].

18.5 Singular Perturbation*

In this well-known approach a parameter ~ is introduced such
that at p. — 0, only the slow , and at p. > 0 both the slow and fast

phenomena are modeled. One of the new research directions uses this

approach for time scale separation in optimal regulator design. This

*This work was supported by the Joint Services Electronics
Program (U.S. Army, U.S. Navy , and U.S. Air Force) under Contract DAAB-07-
72-C-0259, by the Electric Energy Systems Division of the U.S. Department
of Energy under Contract EX-76-C-01-2088, by the National Science Founda-
tion under Grant ENG-74-2009l, and by the U.S. Air Force Office of
Scientific Research under Grant AFOSR-73-2570.
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has been accomp lished for linear systems [17) and for the nonlinear

system in the form

— a1(x) + A1(x)z + B1(x)u (1)

a2 (x) + A2(x)z + B
2

(x)u (2)

~ n m ,, ,, ,, ,, rwhere x c R  , z E R  are the slow and fast states and uER is the

control. It is of practical interest that synchronous machine models are

of this type [181. A guaranteed region of asymptotic stab ility of (1),
(2) has been determined in [19] and a near optimum two time scale design

has been deve loped in [20 ,21], app licable to some essentially nonl inear
systems.

Another research direction deals with the singularly perturbed
stochastic control problem [22,23] in which the meaning of fast variables

is not always clear due to the white noise model used in the system repre-

sentation. The problem has since been reformulated to allow the fast

modes to serve as a model for well-defined variables in the stretched

time-scale, with non-negligible contribution to the slow modes of the

system. The new formulation is made possible by the introduction of

additional scaling in ~~~, ~~ , V, and 5 powers of p ., as in the LQG prob lem

= A~x + p.~A12z + B1u + G1w (3)

• p .~ - A21x + A
2z + B

2
u + p.~~ G

2
W (4)

F y 1 C11x + C12z + V
1 

(5)

= C22z + p .~v2 (6)

lx ix T
— 

~~ 
r + 

j . [x ’Q1x+2x
’Q12z+p

6z’Q2z+u
’Ru]dt (7)

L5 L5 t—T °

where y1,y2 
are the observations and w, v1, v2 

are white Gaussian noise —

vectors with finite covariances in the slow time-scale. The objective

here is to determine the relative values of the parameters ~~~, ~~ , i, 5

which result in meaningful approx imate variables and a finite performance

index. For example , in the case ~~~ O and Re X (A 2 ) < 0 the following set

of values wi l l  yie ld meaningful fast and slow variab les 0 < ~ ,

v > ~~ , 6 > (l-2~). When y > 
~ 
the fast states observations are noise-free,
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while when 6 > (1-2B ) the fast states are not of interest to the control

prob lem. Two extreme cases of ~ are of particular interest. If B — 0,

the fast states represent parasitic wide-band processes which appear as an

addi tional input noise in both the system and the observations , and are

of no consequence to the performance index. If B — , the fast states

behave as a regular Gauss-Markov process in the stretched time scale t/p.,

and hence may represent important fast varying stochasitc phenomena. Of
1course , the case B > ~ degenerates to a deterministic prob lem.

In general the fast states may be partitioned into several

substatas with different values of the appropriate parameters. Extension

to a hierarchy of mul tip le time scales may be performed as in [23].

18.6 We11-Posedness of Singularly Perturbed Nash Games*

If two or more decision makers control the same system each

with a separate performance index, it is necessary to examine the effect

of singular perturbation on their strategies. Specifically , consider a
Nash equilibrium of a nonzero-sum differential game for a linear plant

with two decision makers using linear state feedback and quadratic per-

formance indices. Let the strategies be obtained for lower order models,

one for a slow game and one for a fast game. The slow game neglects the

fast modes and the fast game assumes the slow variables to be constant.

A composite control synthesized from the two lower order games is then

applied to the high order plant. The performance indices using these

approximate controls are compared to the true Nash performance indices

as the singular perturbation parameter of the plant tends to zero. If

these limits are equal, the lover order game problems are said to be

well-posed. Otherwise they are ill-posed.

It has been shown by counterexample that the usual procedure
when applied to the nonzero-sum game leads to an ill-posed reduced order

game (25]. However, for the zero-sum case, the reduced order game is

well-posed (26].

*This work was supported by the Division of Electric Energy
Systems, U.S. Department of Energy under Contract EX-76-C-0l-2088, by
the National Science Foundation under Grant ENG 74-20091, and by the
Joint Services Electronics Program (U.S. Army, U.S. Navy, and U.S. Air
Force) under Contract DA.AB-07-72-C-0259.
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If the performance indices do not depend on the fast components

of the fast state var iables , the usual singular perturbation is well-
posed even for nonzero-sum games [25]. This performance index is

physically consistent with the assumption that fast modes are inadequately

modeled and even neglected in the calculation of the controls.

In cases where the performance indices contain fast modes, a

well-posed reduced order game has been formulated for designing the

approximate Nash controls. In contrast to the full separation possible

in control problems here the order reduction is hierarchical [25]. The

fast game is solved first. A composite control consisting of a slow

component yet to be determined, and a f ast component whose feedback gain
is obtained from the fast game, is then substituted in the high order

plant model. Upon setting the singular perturbation parameter to zero,

a reduced order slow game is obtained. However, this slow game dif fe r s
from the usual one in that the system matrices now depend on the fast

game solution. A reduced order composite control utilizing this modified

slow game is shown to be well-posed (251. This hierarchical reduction is

somewhat analogous to leader-follower strategies [27] where the fast

modes correspond to the follower and the slow modes correspond to the

leader.

Investigation of the necessary conditions for closed-loop Nash

solutions in [28] has shown that the cause for ill-posedness is that the

neglecting of the fast modes excludes them from the feedback information

available to the decision makers in solving the slow game. Since Nash

solutions are different for different feedback information structures, a

solution of the full order game using feedback from the fast variables

does not tend to a solution of the slow game where this information is
lost. Thus, such phenomena are not restricted to Nash strategies , but
can be expected in other situations when open and closed loop solutions

differ.

I
___________ _____ 
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18.7 Multi-Modeling of Large Scale Systems*

The concept of multi-controller strategies with nonclassical

information patterns expresses a basic fact that a controller has neither

complete nor instantaneous acce ss too ther controllers ’ measurements and

decisions. This project extends the notion of nonclassical information

patterns by introducing a new concept of multi-modeling. It expresses

a rela ted and perhaps more basic fact that diff erent controller s have
different information about the system structure and dynamics and there-

fore use different simplified models of the same large scale system.

These models may differ in parameter values, signal uncertainties, and ,
more critically, in their basic structural properties.

A strong motivation for the multi-modeling approach is found in

multi-area power systems. The controller operating in an area employ s a

detailed model of his area only and a “dynamic equivalent ” of the remainder

of the system. Other controllers behave similarly in their own areas.

Thus the same power system appears in different forms to different

controllers. Present power system practice suggests that even if the

controllers were given a comp lete mode l of the system , they would still

use different simplified models to match their individual needs. - •

Interconnected subsystems often interact through their slow

dynamics while the coupling of their fast dynamics is limited . It can

be assumed then that each decision maker neglects the fast  dynamics of

all the other subsystems. Such a situation can be modeled by

N N
— f(x) + E F4 (x)z ,+ E B (x)u 4 (1)

j —l  ~ ~ 1—1 ~

N
— g~(x) + t G1~(x)z~ + B~~~(x)u~ , (2)

j — l

where 0, i — l . . . , N are the small parameters , one per subsystem.

However , the model known to the i-th decision maker is

*This work was supported by the Electric Energy Systems Division
of the U .S. Department of Energy under Contract EX-76-C-Ol-2088 , by the
Nationa l Science Foundation under Grant ENG-74-2009l , and by the Joint
Services Electronics Program (U.S. Army , U.S. Navy , and U .S.  Air Force)
under Contract DAAZ-07-72-C-0259.
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N _
= I~(x) + F

i
(x)z . + ~ 

B .(x ) u . (3)
~ • j=1 3 •~

e
~
1
~ 

= j .(x) + ~i
(x)zi + 811(x)u

1 
(4)

and it is consistent with what would have been obtained by assuming
0 , i # j ,  and neglecting the fast interactions , ~~~~ i ~ j .  The

fundamental prob lem is to determine how a control strategy based on (3),
(4) will  behave when applied to (1), (2).  This problem has been approached

in two ways. In (29] it is assumed that Gi j~ 
i # j  are 0(e ) and it is

shown that the behavior of the actual system is 0(e ) close to the behavior

expected by the decision makers. In the more d i f f i cu l t  case (30] when

are not 0(e ) but are limited in some sense , a block D-stability

condition is shown to be sufficient to guarantee stability of the resulting

feedback system. The work is in progress on further  nonlinear and

stochastic generalizations of these results.

18.8 Large Scale Systems *

One can associate a matrix, the occurrence or primitive connection

matrix, and , correspondingly , a directed graph , with every dynamical
system describab le by the set of equations

= t), k = l,...,m (1)

The maximally strongly connected subgraphs of the directed
graph play an important role in analyzing the behavior of the system (1).
In particular if the dynamical system is written in canonical structural
form, where the state variables are identified with the branches of the

maximally strongly connected subgraphs of the direct graph , then under
mild conditions one can infer that if the isolated subsystems are

asymptotically stab le the entire system is stab le . Here the subsystems

are defined to be those portions of (1) which correspond to separa te
maximally strongly connected subgra phs of the directed graph . One
obtains various stability results by making differing assumptions concerning

*This work was supported by the Joint Services Electronics
Program (U.S. Army , U.S . Navy , and U.S. Air Force) under Contract DAAB-
07—72-C-0259.
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the stabil i ty of the isolated subsystems. Similar but weaker results

can be obtained by considering the observability and controllabil i ty of

the subsystems of (1). This work is being prepared for publication.

18.9 Constrained Stochastic Power Flow Analysis*

A major component of the planning strategy for large scale power

systems is the evaluation of system performance for specified network

loading. Stochastic power flow analysis has been proposed as a method to

evaluate a large quantity of different load schedules in one load flow

algorithm. Significant progress has been made in this approach [31).

Current stochastic power flow methods do not include the f ini te  ranges of

Tap-Changing-Under-Load transformers and generator excitation systems.

These constraints can have a significant effect on the statistical distri-

bution of power system voltages in response to multi-schedule uncertain

loading . A method of multip le linear transformations and the multi-

variate Gram-Charlier series is being developed as a viable approach [32].

Statistical distributions are described by the joint moments of the random

loads which facilitates their transformation through multiple linear

transformations. The multiple linear transformations represent the various

• linearizations of the power flow equations when voltage control variables

are constrained.

The evaluation of system performance under large excursions in

network loading is frequently complicated by the lack of a real solution.

The use of linear load flow techniques does not account for the possibility

of load flow fa ilure , and thus produces non-conservative results. A fast

detection scheme for predicting linear load flow failure has been developed

for pure D.C. systems [33]. The method exploits the quadratic form of the

power flow equations in rectangular coordinates, and tests for negative

discriminants at critical proposed operating points. This work is being

extended to acconinodate full A.C. systems.

*This work was supported by the Division of Electric Energy
Systems of the U.S. Department of Energy under Contract DOE EC77-S-02-4345 ,
and by the National Science Foundation under Grant NSF ENG 78-05594. 
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Faculty and Senior Staff
P. Handler C. Badger H. Imrey
N. Herman

19.1 Introduction

a. This program is concerned with the use of computer—generated

graphics in teaching a number of interrelated disciplines deal ing with

population. Under this program for the NSF, we are distributing the

DEMO—GRAPHICS software to universities and colleges throughout the USA.

The purpose is to provide innovation in the teaching of these subjects

through the use of computers. Thus far, the popula tion program has been
introduced into more than 38 universities and colleges and has been used

in many classes and demonstrations. This coming fall the material will

probably be used by thousands of students.

The mode of information transfer is primarily through the use of

computer—generated graphics and also includes the use of other types of

visual materials, such as slides , transparencies , and booklets der ived
from the computer—generated graphics. In addition , user manuals , teachers ’

guides and other printed materials are also available. The programs are

now running on a number of computer systems and are almost machine indepen—

den t , thus enabling wide use. We plan to extend the use of the materials

to additional educational institutions and to many other disciplines. We

have run a number of workshops for teachers and graduate students as an

introduction in the use of DEMO—GRAPHICS in their various disciplines.

1’. A second program is concerned with developing long range

forecasting techniques for weather and climate. The forecast range

varies from a few months to a few years. In addition to the common
-. meteorological variables , crop data has been found to be a useful indica-

tor of long range weather trends .

19.2 _Programming

For the NSF contract we have ten programs written in BASIC which

can be run on almost any computer—output device combination.

*This work was supported by the National Science Foundation under
Grant SED 76—18446.
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1. Index Program — a descriptive listing of all distributed
programs.

2. Data Base Query Program — a data printout of all the
demographic information utilized by the programs for
each country.

3. Population Projections Program — population projections
for any of the 136 available countries plus 10 user-defined
regions . Ten population indicators may be projected ; age
composition bar graphs and line graphs are included.

4. Population History Program — historical data and population
projections for the 136 countries and 10 user—defined
regions .

5. General Purpose Program — popula tion data for the 136
countries and 10 user—defined regions with which projec-
tions of any population—related quantity may be made.

6. International Mi gration Program — population projections
for any of the 136 countries and 10 user—defined regions,
with the option of including net migration figures.

7. Cereal Program — projection of cereal supply and demand
for 136 countries.

8. Two—Sex Population Projection Program — population projec-
tions , including a user option to vary vital rates for
each sex separately .

9. Adding Your Own Data - an opportunity to include other
countries or regions (states , cities , e tc .)  to the data
base for use with the other DEMO—GRAPHICS programs , except
the Cereal Program.

10. Creating a Bloc — an option which permits the user to corn—
bine the data for two or more countries to permit regional
population studies. _

The computer programs are about 20k bytes in length and are very

similar to the PLATO programs . User manuals have been written for instruc-

tors using the program in their courses , and a number of demonstration

modules illustrate how computer—assisted instruction can transfer certain

concepts associated with population to the student.  We have established

a Newsletter for users of the program to obtain feedback and interchange

ideas between instructors. We have distributed tapes to over 90 institu-

tions throughout the Uni ted States , Canada , the Mideast and Europe. In

time we believe most of these institutions will be using the system.

~~~~~~~~~~~~~~~~~~ _ _ _ _ _  _ _ _
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At the present time, the following institutions are using the program:

University of Akron, Arizona State, Augustana College , Bowling Green State,
University of California (Berkeley) , University of Californ ia (Santa
Barbara) , California State University — Chico, University of Chicago ,
University of Cincinnati, Dar tmouth College , University of Delaware,
University of Denver, Eastern Kentucky University , Duke University , Emory
University, Fullerton College , University of Georgia, Hope College ,
Illinois State University , University of Illinois , Iowa State, Kansas
State University , University of Maryland , Michigan State University, New
Mexico State University, University of North Carolina, Oberlin College ,
Old Dominion University, University of Pittsburgh , University of Rochester,
University of Tennessee , Tennessee Technological University , Tuskegee
Institute, University of Utah , University of Western Ontario, University
of Wisconsin—Green Bay, University of Wisconsin—Madison and Western

Washington State College. Some of the institutions now using the program

have also shown the program to other people and are acting as secondary

sources of distribution.

During the most recent meeting of the Population Association of

America we held a seminar attended by over 23 people on the use of the

programs in demographic education. The seminar was well received and may

be repeated again next year.

19.3 Long Range Weather Forecasting

During the past two years a new program has been initiated to
determine whether it is possible to develop a system which would allow

one to forecast climate or weather six months to two years in advance.

Some preliminary success has been obtained using worldwide crop production

and yield data as well as a number of unique meteorological variables.

The program has been relatively successful in that a number of predictions

have been made which have, in fact, occurred . While the program is still

in its infancy , we hope by including additional variables and new mathemat—
ical techniques that we will be able to improve the reliability of the

forecasts to the point where they will become an important tool in long

range weather forecasting.
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