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ABSTRACT

In this Annual  Report of Electronics Research at  The Universi ty

of Texa s at Austin , we describe recent f indings , progress , and future

plans in the areas of solid state electronics , Information systems , elec-

tronic computers , electronic controls , plasma and quantum electronics ,

and radio sciences . Among the many project report s in these areas are

a number of s ignif icant  f indings . In the solid state are a , a stud y of the

transition layers between CVD V02 f i lms and oxide substrates reveals

complex substrate— film interactions with s ignif icant  implicat ions for V02
and other material—oxide substra te systems.

The investigation of computer a rchitecture for byte string and

vector operations , in the information systems area , shows iterative pro-

cessing of va riable length operand s to be feasible.  In the are a of elec—

tronic computers , errors have been reduced and rel iabil i ty increased with

minimal  redundancy, through the use of functional s imulat ion of logic nets.

A fourth s ignif icant  report appears in the electronic controls

section. An easily implementable , suboptimal estimato r has been devel—

oped and applied to problems in satellite orbital perturbations and In

optical phase tracking .

There were two developments of interest in the plasma and quan-

turn electronics area . First, digital bispectral analysis has proven to be

a useful tool for the interpretation of nonlinear wave interaction data .

In par t icular , this technique permits  one to d iscr iminate  between spon-

taneously  excited and coupled modes , and to measure the strength of the

interact ion or coupling coeff icient .  A second s ign i f ican t  article reports a

general u n i f y i n g  theory for incoherent optical convolvers and correlators .

Im proved f l e x i b i l i t y  is gained through relaxed geometric constraints . A

fina l report in the r~idio sciences area summarizes  improvements in tech-

n iques  for on-s i te  magne to te l lu r i c  data ana lys i s  and interpretat ion .
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Employing Multilevel Structured Representations
of Digital  Systems ”

xxviii

~~~~~~~~~ L~~~~~~~~~~~~ ’ ~~~~~~~~~~~~~~~~~~ / 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~~ ij

’i
~~~~~

.± . A J



- 
• — --_-•-.--- ~— -- ---- - -  - • -  - —

I’

(PUBLICATI ON S , TECHNICAL PRESENTATIONS , LECTURES , AND REPORTS )

Euromicro Symposium
Venice
October 12 , 1976

G. J . Lipovski , “ The Ar chitecture of a Simple
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Surface Physics Seminar
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- 
— IEEE Conference on Decision and Control

Clea rwate r Beach , Flor ida
December 1-3 , 1976

* Steven I. Marcu s , “The Use of Spherical
Harmonics in Suboptimal Estimator Design ”

Fall Annual Meeting
American Geophysical Union
San Francisco , Califor nia
December 6-10 , 1976

F .X. Bostick , H . W . Smith and J . E . Boehl ,
“ Magnetotelluric Measurement over Ki lauea
Iki Lava Lake ”

Second International Conference and
Wi nter School on Submillimeter Waves
and Their Applications

• San Juan , Puerto Rico
December 6-11, 1976

A . B. Buc kman , “ Theory of an Efficient Electronic
Phase Shifter Employing a Mult i layer Dielectric-
Wavegulde Structure”

1977 IEEE International Symposium
on Circuits and Systems

Phoenix , Arizona , 1977

H. Chang and J . K. Ag garwal , ”Design and Simulation
— of Two-Dimensional Interpolated Filter Systems ”
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(PU BLICATIONS , TECHNICAL PRESENTATI ONS, LECTURES , AND REPORTS )

10th International  Hawaii  Conference
on System Sciences

January 6—7 , 1977

* T.K. M . Agerwa la and B. Lint , “A Comparison of
Synchronizing Primitives ”

U niversity of Alberta
January 23 , 1977

G. J. Lipov ski , “On Vi rtual Memories and
Microprocessors ”

4th Annual Conference on
The Physics of Compound
Semiconductor Interfaces

Princeton , New Jersey
February 1977

* R. W . Ben~ and R . M .  Walser , “The E ffect
of a Glassy Membr ane on the Schottky Barrier
Between Silicon and Metallic Su icides ”

Solid Phase Epit axy Program Review
Califo rnia Institute of Technology
Pasadena , Califo rnia
March 1977

R. M. Walser , “Recrystal l izat ion of Ion-Implanted
Amorphous Silicon Layers ”

IL W . Ben~ , “Sili cide-Silicon Barriers ”

Intel Corporation
Mar ch 1977

R. M . Walser , “ Electronic Conduction in Ion-
Implanted Poly Silicon ” - 

-

xxxii

* p

LI ‘ “ è&~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ‘ ‘ ..

— — — — .~~~~~J ‘4 ~~~
. 

~~~~~~~~~~ 
.-



F 
—

~~~

-— --- —5-- — —-5-- - -
~~

(PUBL ICATIO NS , TECHNICAL PRESE NTATIONS , LECTURES , AND REPORTS )

INTER-NOISE 77
Zurich , Swit zerland
March 1977

E. L. Hixson , “The Qual i f ica t ions  for a
Noi se Control Engineer ”

14th Annual Electronics Research Review
The University of Texa s at Austin
Austi n , Texa s
Ma rch 8—9 , 1977

* H. W. Smith , Ove rview of “ Modeling Subsurface
Resistivities with Magnetotelluric Data (MT Data) ”

* B. F. Womack , Overview of “Electronic Contro l
Systems ”

* S. I. Marcus , “ The Use of Harmonic Analys is
in Sub-Optimal Estimator Design ”

G. L. Wise , “An Overv iew of Some Recen t Res u lt s
in Communication and Control”

* J. K. Agga rwal , “R ecent Results on Two-Dimensional
Signal Processing ”

* T. J . Wagner , “Recent Results on Nonp arametric
E stimation and Discrimination ”

* S. A . Szygenda , Overview of “Electronic Computer
Software System ” and “Electronic Computer Design
and Analysis ”

G. J. Lipovski , “ Comput er Architecture and Micro-
processor Systems ”

* T. K. M. Ag erwala , “Studies in Concurrent Computer
Systems ”

xxxiii

-& 
— ,

- ‘ 

~

- • - 

~~~~
. - 

~~~ 
-

--S 
~~ — - 

•~ 
•* 

—~
- 

- 
/ .

- ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • 

~~~~~~~~



P.5 ----5-- -—--5-  - • - - - - ----~~~- — 
— - -

- - .5 --- ’ —.5——-——-- 
—-5- -----5-— —-• -——--—---.-—-•.•——- =-

(PUBLICATI ONS , TEC H NICAL PRE SE NTATIONS , LE CTUR E S , AND REPORTS )

14th Annual Electronics Research Review
(cont inued’~

* E. W. Thompson , “Validati on of Hardware ,
Softwa re Systems ”

* R . T . Yeh , “Software System Design Methodology ”

* R . M. Walser , Overview of “Basic  Solid State
Materials Research” , and “Research on Solid
State Infrare d and Optical Devices ”

* R . W. Ben~, “Schott ky Ba rriers in Transition
Metal-Silicon Systems ”

* A . B . Buckma n , “Photoly sis  in FbI 2 ”

* R. M. Walser , “Recrys ta l l i zation of Ion-Implanted
Amorphou s Silicon ”

* E. J . Powers , Overvi ew of “Atomic and Molecular
Elect ronic Processes , ” “Lase r , Hologra phic , and
Optical Systems , ” “ Linear and Nonline ar Wave
Phenomena in Optics and Plasmas , ” and “ High
Energy Gas Laser Systems ”

* M . Fink , ” Electron Scattering from Atoms and
Molecu les ”

* M. F. Becker , “Infra red Nonlinea r Optics in
Molecular G3ses ”
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(PUBLI CATIONS , TECHN I CAL PRE SENTATI ONS , LECTURE S, AND REPORTS )

1977 March Meeting of the
Applied Physics Society

San Diego , California
March 2 1-24 , 1977

* M . Fink , “Can El ectron Diffracti on Provide
More Accurate Molecular Charge Densities
Than Cu rrent Theories ”

Fourth Symposium on Computer Architecture
Silver Spring , Maryla nd
Ma rch 23-25 , 19 77

T.A. Welch and H.L .  Tredennick , “High- Speed Bufferin g

for Va riable Length Operands ”

Symposium on Computer Architecture
Washington , D. C.
March 24 , 1977

G.J .  Lipovski , “Panel Se ssion: Buzz-words
in Computer Architecture , ” and “ On Virtual
Memories and Micronetworks ”

The Johns Hopkins Conference on
Information Sciences and Systems

Baltimore , Ma ryland
March 30 — April 1, 1977

* Steven I.  Marcus , “ Modeling and Analys i s
of Poisson Driven Markov Processes ”

Colloquium on Decision and Contro l
University of Texas at Austin
Austin , Texa s
March 30 , 1977

B.F .  Womack , “Des ign and Control of Feed-
back Systems via Sensit ivity Theory ”
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(PUBLICATIONS , TECHNICAL PRESENTATION S , LECTURES AND REPORTS )

The 1977 Conference on
Information Sciences and Systems

The Johns Hopkins University
Baltimore , Maryl and

* 
Ma rch 30 — Apr il 1, 1977

G. L. Wi se and N .C .  Gallagher , “A Novel
Approach for the Computation of Chebyshev
Polynomial Expansions ”

University of Illinois
Chicago Circle Campu s
April 17 , 1977

R. T. Yeh , “A n Outline of a Design Methodology
for Data Base Systems ”

Joint Services Topical Review on In formational
Aspects of Decision and Control

Cambridge , Massachusetts
May 4-5 , 1977

* Steven I . Marcus , “The Use of Spherical
Harmonics in Suboptimal Esitmator Design ”

Syracuse , New York
May 17 , 1977 4

G. J . Lipo vski , “On Imaginary Fields , Token
Transfers , and Floating Codes in Intelligent

• Secondary Memories ”

NCC
Dallas , Texas
June 16 , 1977

G. J . Lipovski , “An Organization for Optica l
Li nks Between Integrated Circuits ”
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(PUBLICATIONS , TECHNICAL PRESENTATIONS , LECTURES , AND REPORTS )

PUBLISHED ABSTRACTS

E. J. Powers and T.C. Simonen , “Microwave Measurement  of Plasma
Density Fluctuation Amplitudes , ” Bullet i n of the American Phys ica l  Society,

• Vol. 21 , No. 5, 1976 , p. 855.

* E. J . Powers and Y. C. Kim , “A pplication of Dig ital  Spectra l Analysis
Techniques to the Diagnostic Problem of Fluctuation-Induced Transport ,”
Conference Record - The 1976 IEEE In ternat ional  Conference on Plasma
SciencQ, IEEE Cata log No. 76C H 1083-5-NPS , p. 47.

E. J . Powers , W. C. Turner , and T . C. Simonen , “Simul taneous  Enhance-
ment of Ion Velocity Space D i f f u s i o n  and Ion Cyclotron Osci l lat ions in a
Mirro r Confined Pl asma , ” Conf erence Record - The 1976 IEEE Internationa l

Confere nce on Plasma Science, IEEE Catalog No. 76CH 1083 -5-NPS , p. 77 .

* E. J. Powers a n d Y . C. Kim , “ Bispectra l Wave Analysis of Nonlinear Wave-
Wave Interactions in P l asmas , ” Conference~~~c~~~ - The 1976 IE EE Inter-
national Conference on Plasma Science, IEEE Cata log No.  76CH 1083-5-NPS ,
p . 78.

E. J . Powers , et al , “Fluctuat ion Spectra in the NASA Lewis Bumpy Torus ” ,
Bull etin of the American Physica l Society, Vol. 21 , 1976 , p. 106 9.

* Y. C. Kim and E. J. Powers , “ Utilization of Bispectral Analys i s  in Exper-
imental Studies of Nonlinear Wave-Wave Interactions , ” Bulletin of the
Ame rican Physical Socie,~~ Vol. 2 1, 1976 , p. 10 81.

S. I. Marcus , “Es t imat ion  and Analys is  of Nonl inear  Stochastic Systems , ”
IEEE Transactions on Information Theory, Vol. IT-22 , July 1976 , p. 503.

* A . B. Buckman , “Theory of an Eff icient Electronic Phase Shifter  Employing
a Multilayer Dielectric-Waveguide Structure,” IEEE Conference Records -

Abstracts , Second Internationa l Conference and Winter School on Submil l i -
meter Waves and Their i\ pplicatio ns , IEEE Catalog No. 76-CH- 1l52-8-MTT ,
San Juan , Pu erto Rico , December 6-11 , 1976.

*Funded entirely or in part by the Joint Services Elect ronics Program.
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(PU BLICATIONS , TECHNICAL PRESENTATION S , LE CTURE S , AND REPOR TS)

* M. Fink , “Can Electron Diffract ion Provide More Accurate Charge Densities
Than Current Theories , ” Bulleti n of The American Physica l Society, Vol. 22 ,

1977 , p. 306.
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(PUBLICATIONS , TECHNICAL PRESENTATIONS , LECTURES , AND REPORTS)

CONFERENCE PROCEEDINGS

* R . T. Yeh and C. Reynolds , “Verif icat i on of Nondeter rn in ist ic Programs , ”
Proceedings of the 11th As imolar Conference on Circuits , Systems, and

• Computers, November 1975.

* T . A . We lch , “An Investigation of Descriptor Oriented Architecture ,”
Proceedings of the Third Symp osium on Computer Architecture1 Clearwater,
Florida , January 19—21 , l976 , Cat . No. 76CH 1043— 5C , pp. 141—146 .

* T. K. M. Agerwala , “Timi ng and Priority Considerations in Concurrent
Computer Systems , ‘ Proceedings of the Conference on Information Sciences
and Systems, The Johns Hopkins Univers i ty ,  Bal t imore , Maryland , March
3 1 —  April 2 , 1976.

G. L. Wi se , “ Spectra l Densities of Markov Processes , ” Proceeding~ of
the 1976 Conference on Information Sciences and Sys t ems ,  The Johns
Hopkins University,  March 31 — April 2 , 1976 , p. 161.

* R. T. Yeh , “ Prospectives on the Nature of Software Problems ,” Proceedings
of the IFIP Working Conference, Tokyo , Japan , Ap ril , 1976.

* S. I. Marcus , “A naly sis of Poisson fliven Bilinear Systems , ” Proceediflg s
of th e 1976 Conference on Information Sciences and Systems ,” Th e Johns

-

• 
Hopkins Univers i ty ,  April 1976 , pp. 41 1—415.

* A. B. Buckman ,ed . ,  “1976 Region V IEEE Conference Digest , ” IEEE Catalog
No. 76CH 1068—6—REG S , Austin , Texas , Ap ril 14— 16 , 1976.

R . H. Flake , “Qual i ta t ive  Theory in Estuarine Water Qual i ty  Modelling , ”
Proceedings of the IEEE Region V Conference1 Austin , Texa s , April 14-16 ,
1976.

* R . T. Yeh , “An App roached Program Verification , ” Proceedings of the
Design Automation Workshop, San Francisco , Califor nia , June , 1976.

— 
* Funded entirely or in part by the Joint Services Electronics Program.
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(PUBLIC ATIONS , TECHNICAL PRESENTATIO NS , LE CTURES , AND REPORTS )

* S. I. Marcus , “ Modeling and Analys i s  of Linear Systems Driven By Multi-

plicative Poisson White Noise , ” Proceedings of the NASA Seminar/Resed~Pii
Institute on Differential  and Algebraic Geometry for Control Engineers ,

- June 1976.

* B. J. Olufeagba , R . H. Flake , and K. J . Almqu ist , “A Mult ipl e Shooting
and Sweep Algo rithm for Optimal Point Controlled Distributed Parameter
Systems ,” Proceedings of the International Federation of Automatic Control

~~p~posium on Larg e Scale Systems Theory and Applications ,  ed. ,  G. Guarda-
bassi and A. Locatelli , Udi ne , I ta ly ,  Ju ne 16-20 , 1976.

* R. M. Walser and R. W. Benë , “Solid Phase Reactions at Transition
Metal -Silicon Interfaces , ” Proceeding s of the Internationa l Conferer ic~
on Physics of Semiconductors, Rome , I taly , August  1976.

G. L . Wise , “A Com ment on the Estimation of Probabili ty Density Functio ns , ”
to appea r in Proceedings of the Worksho~~on D~ ci~~qn In~ormatio~J2!
Tactical Command and Control , Airlie , Virginia , September 2 2 - 2 5 , 1976.

G. L. Wise and J . B. Thomas , “ Zero Memory Nonlinear Trans formations
of Gaussian P rocesses , ” (i nvited paper) , Proceedings of the 1976 Inter-
national Telemeteri ng Conference, Los Angeles , Californ ia , September
28—30 , 1976 , pp. 136— 142.

N.  C. Gallagher , I . W . Alle n , and G. L. Wi se , “ Fourier Series Represen-
tatio n for Polynomials with Application to Nonlinear Digita l Filtering , ”
Proceedings of the Fourteenth Annual Allerton Conference on Circuit and
System Theory, Monticello , Illinois , September 29-October 1, 1976 ,
pp. 21 1—2 18 .

G. L. Wise and N. C. Gallagher , “A Representation for Spherically
Invariant Random Processes , ” Proceedings of the Fourteenth Annual  Allerton

Conference on Circuit and System Theory, Monticello , Illinois , September
29 — October 1, 1976 , pp. 4 60—469.

* S. A. Szygenda , N.  Billawala , a nd E . W . Thomp son , “A Data Structure
and Drive Mechanism for a Table-Driven Simulation System Employing
Multilevel Structural Representations of Digital Systems , ” ProceedingS of
the Internationa l Conference on Software Engineer~~g, October 1976.
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(PU BLICATIONS , TECHNICAL PRESENT ATIONS , LECTURES , AND REPORTS )

* T . J. Wagner , “A Dis t r ibu t ion-Free  Per formance  Bound in Error  Es t ima t ion , ”
Proceedings of the IEEE Internationa l Symposium on Pat tern Recognit ion ,
San Diego , California , November  9 - 11 , 1976.

* S. I . M arcus and A . S. Willsky, “The Use of Spherica l Harmonics  i n
Suboptimal Estimator Design ,” Proceedings of the 1976 IEEE Conference
on Decision and Control , December 1976 , pp. 18 9-203 .

* B . F. Wornack and D. 0. Ni lsson , “General i zed Tensorial  Systems Analy-
sis , ” i0~ 6 Region V IEEE Conference Digest, Libra ry of Congress Cat. No.
7 2—87449 , pp. 3 15—3 17 .

B. F. Womack and C. R . Browning , “ S h i f t  Patterns in Heuris t ic  Searches , ”
1976 Region V IEEE Conference Digest , Library of Corgress , Cat .  No. 72-
97449 , pp. 30 9—314.

P. C. Richardson a nd A. J . Welch , “Detectio n of Sleep Cycle Information
Usi ng Beat -by-Beat Heart Rate , ” 1976 Reg ion V IEEE Conference Digest ,
Library of Congress Cat.  No. 76CH 1068-6 , pp. 20 3-207 .

* W . G. Gipe and T. A. Welch , “ Processor Design for Da ta Structure Ha nd-
li ng in Data Man agement  Systems , ” 1976 Region V IE E E Conference
Digest, Cat. ~ o. 76CH 1068— 6 , pp. 2 4 1 — 2 4 6 .

* H. L. Tredenrilck and T. A. Welch , “An Opera nd Add ress Genera tor fo r a
Variable Word Length Processor , 1976 Region V IEEE Conference Digest,
Cat- No. 76CH1068— 6, pp. 247—252.

* T. A. Welch , “A Compute r Architecture for Support of High-Level Languages ,”
1976 Region V IEEE Con ference Dig,~~~~ Cat. No. 76CH 1068- 6 , pp. 25 3-
25 6.

* J. J. Montemayor and B. F. Woma ck , “More on the Conjecture by Siljak , ”
1976 Region V IEEE Conference Dig,~~~~ Cat. No. 76CH1068— 6 , pp. 318-
320.

B. F. Womack , T. Nagooka , and M.  Oda , “ Concept Formation of Multi-
modal Hi l l  in Heuristic Search Behav ior ,” Proceedings, 1976 Joint  Auto-
matic Control Conference , lOpp .
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(PUBLICATIONS , TECHNICAL PRESENTATIONS, LECTURES , AND REPORTS )

F. X. Bostick , “A Simple Al most Exact Method of MT f\nilysis ,” f~~~~~~jns

of the U. S. Geological Survey Workshop on Electr ica l Method s in Geo-
thermal Exploration, Unive r s i ty  of Utah , January , 1977 .

* T. K . M. Agerwala and B. Lint , “A Comparison of S y n c h r o n iz i n g  P r i m i t i v e s , ”

Proceedings of the 10th Internat ional  Hawai i  Confe rence on System Sciences,

January 6—7 , 1977.

* E. L. Hixson , “The Qual i f icat ions  for a Noise Control En g inee r , ” Proce~~j~ g~~
INTER -NOISE 77 , ed. Eric J. Ro the , PB-6 , March [-3 , 1977.

— * T. A. Welch and H. L. Tredennick , “High-Speed Bufferi ng for Variable
— Length Opera nd s , ” Proceedings of the Fourth Symposium on Computer

Architecture , Silver Spring , Maryland , March 2 3 — 2 5 , 1977 , Cat. No.
77CH 1182— 5C , pp. 205—210 .

G. L. Wise and N. C. Gallagher, “A Novel Approach for the Computat ion

of Chebyshev Polynomial Expansions , ” to appear in Proceedings of the
1977 Conference on Information Sciences and Systems, The Johns Hop-

ki ns University , March 30—A pril 1 , 1977.

* S. A. Szygenda , “ The Evolution of Functional Simulation fro m Gate Level
Simulation , ” 1977 IEEE International Symposium on Circuits and Systems

Proceedings, April 1977.

* Aj oy K. Bose and S . A . Szygenda , “ Detection of Static and Dynamic Hazards

in Logic Nets , ” to be prese nted at the 14th Design Automation Conference
in New Orleans , Ji.ine 1977.

* Aj oy K. Bose and S . A . Szygenda , “Design of a D iagnosable and Faul t
Tolerant Input/Output Controller , ” to be presented at the Nat ional  Com puter
Conference in Dalla s , June 1977.

* T. K. M. Agerwala , “ Communicat ion , Computation , and Computer Architec-

ture , ” R ecord of 1977 International Communication Conference , Chicago ,

June 1977.

* S. I. Marcus and A. S. Wiilsky, “Estimation on Compact Lie Groups , ” to

appea r in Proceedings of the 1977 Joint Aut qj~a~jc Control Conference,  San

Francisco , California , July 1977.
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(PUBLICATIONS , TECHNICAL PRESENTATIONS , LECTURES , AND REPORTS )

* B. F . Womack and V . M. Levykin , “Ci rcu la r-Po la r  Conf igura t ions  of Dynam-
ic Multiple-Connected Subsystems , ” a paper accepted for the IFAC Symposium
on In fo rma t ion  Control Problems in M a n u f a c t u r i n g  Technology , Tokyo , J apan ,
October 17—20 , 1977 , 11 pp.

* S. I . Marcus , “ Modeling and Analysis  of Poisson Driven Marko v Processes , ”
to appear in Proceedi ngs of the 1977 Conference on Informat io n Sciences and
Systems, The Johns Hopkins Universi ty , 1977.

* K. Kohanbash and S. I . Marcus , “ Fou rier Series and Estim ation:  An Appli-
cation to Optical Phase Tracking , ” submit ted to the 1977 IEEE Conference
on Decision and Control .

* R. B. Asher and S. I. Ma rcus , “Optimal  and Suboptimal  Est imation with
Mixed Rotational Observables ,” submitted to the 19 77 IEEE Conference
on Decision and Control.
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(PUBLICATIONS , TECHNICAL PRESENTATIONS , LECTURES , AND REPORTS)

FUL L LENGTH TECHNICAL REPO RTS

TR 176 Troy F. Henson and Baxter F. Womack , “Desensitized
Specific Optimal System DesIgn , ” Dece mber 1 , 1975.

• TR 178 Jerome Knopp and Elmer L. Hixson , “Multichannel Image
Decoding , ” January 15 , 1976.

TR 180 L. A. Priebe and A. J . Welch , “The Measurement of Thresh-
old Temperatures in the Ocular Fundus for Laser Induced
Visible Lesions ,” February 1, 1976.

TR 181 M . T. Manry and J. K. Agga rwal , “The Design of Multi-
dimensional FIR Digital Filters by Phase Correction , ”
August 12 , 1976.

TR 182 C. S. Perirod and T. J . Wagner, “Nonparametric Estimation
• With Local Rules ,” October 11 , 1976.

TR 183 L. P. Devroye and T. J . Wagner , “Nonpara metric Discrim-
ination and Density Estimation , ” December 1 , 1976.

TR 184 W. N. Martin and J. K. Aggarwal , “Dynamic Scene Analysis
The Stud y of Moving Images , ” January 15 , 1977.
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REP ORTS

A .J .  Welch , L. A. Priebe , G .D.  Po ihamus , and G. D. Mist ry, “ Model
of Thermal In jury  Based on Temperature Rise  in Fundus Exposed to Laser
Radiation , ” Fina l Report for Brooks Air Force Base Contract F4 l609-74-C-
00 2 5 , Electronics Research Center , The U niversi ty of Texa s at Aust in ,
1975.

T . K . M .  Age rwala , S. Szygenda , E.W. Thompson , A. Bose , and T.
Montgomery , “Technical  Report of Cert if iable Minicomputer  Study, ”
(Co ntract *DAABO3-75-C-0 l36) , Hardware Group Report , Department of
Electrical Engineering , The Un ive r s i t y  of Texa s at Aus t in , August  1976.

T.K . M. Agerwala , D. Good , A.  Ambler , J .  Browne , S. Szygenda , and
E. W . Tho m pson , “Technical Report of Cert if iable Minicompu ter Study, ”
Final Report , Department of Electrica l Engineering , The Univers i ty  of
Texa s at Austin , Au gus t 1976.

A .J. Welch , M.J .  Lisenby , T.P. Daubek , and P.C. Richardson , “Sleep-
Wakefulness Determinations from Heart Rate Data , ” F ina l  Report for U . S .
A rmy Medica l Research and Development Command Contract  No. DAMD
l7-74--C-408 1 , Bio medical Engineering Progra m , The Univers i t y  of Texas
at Aust in , 1976.

E .L .  Hixson , “A Study of Broad Band High Level Audio Systems , ” Quarterly
Progra m Report , October 1, 19 76 to December 3 1, 1976.

K.S .  Chao , R.  Saeks , C. Karmokolia s , a nd G. Wise , “A Semi-A nalytic
App roach to the Analysis and Design of Electronic Circuits , ” Inst i tute
for Electronics Science , Texa s Tech Universi ty , lu bbock , Texas ,
January 2 1, 1977.

* E .C.  Field , F .X. Bostick , and C.S. Cox , “Land -to-Seafloor Electro-
magnetic Transmissions in the 0.1 to 10 Hz Band , ” Fi nal Report , Contract
N000 l4—76-C— 0620 , Office of Nava l Re search , Pacific-Sierra Research
Corp.,  March 1977.

* Funded entirely or in part by the Joint Services Electronics Program.
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* F.X.  Bost ick , H. W. Smith , and J . E. Boehl , “ The Detectio n of ULF -ELF
Emi ssions from Moving Ships , ” Fi nal Technical Report , AR PA Contract No.
DAAHOI-74-C-0345 , Electrica l Engineering Research Laboratory , The

Universi ty of Texas at Austin , Ma rch 1977.

Jerry Baker and Raymond T. Yeh , “A Hierarchical Design Methodology
for Data Base Systems , ” April 1977 .
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(I . SOLID STA TE ELECTRON ICS )

A. INVESTIG~ T~ON OF TRANSITIO N LAYERS BETWEEN
C ’JD-V02 THIN FILMS AND OXIDE SUBSTRATES 1

Professor R . M. Walser, Professor R . W. Bené, and Ron Remke

Our research on V02 thin f i lms  was initiated as a model
system In which to address fundamenta l  questions about the behavior of
electronic devices ope rating at steady states far from thermodynamic
equilib rium . In VU2 th in f i lm res istors the d iss ipa t ive  structu re is a
high current f i lament with an abrupt metal -semiconductor phase boundary .
Ou r previous investigat ions of the switching [1] and bolometric response
[2] of these filaments revealed several inom alies indicat in g that the
pha se boundary was pinned for sm-all thermal perturbat ions.  Phase bound-
ary pi nning is expected to s igni f icant ly  alter the interpretation of the
many previous studi es of electronic and optica l properties of VO2 thin
fil ms and devices [3] .

Ou r research in the past  year has been directed toward deter-
mining the origin of this pinning . The results  obtained conclusively show
that th e observed pinning is due to an interf acla l  laye r between the chem-
Ically deposited VO films and the oxide substr ates , i . e .  , sapphire
(A1203) and quartz rS~02 ) .  Our f indi ngs and their interpretat ions are
summarized In a forthcoming jou rnal article {4] .

Concentration profiles obta ined from AES ana lys is  show that
substrate metal atoms (Al from sapphire and Si from quartz ~ penetra te
the VU 2 fi lm a distance 10001 from the Interface . The large depth
of In ter — di ffus ion Is surprising considering the stabi l i ty  of the bulk metal -
oxide bonds of these systems and the low ( 500 ° C) rea ction tempe ra tu re .
Similar low tempera ture Interfaci al reactions are , however , commonly
observed at metal-semiconductor interfaces.  Because the 68°C metal-
semiconductor phase transition is sensitive to smal l  concentrations of
meta l Impurity atoms , but relatively Insensitive to s tress , one can de-
te rmine the electronic properties of both transit io n regions by comparing
the mea sured temperature dependence of the VU 2 fi lm resistance as a
function of fi lm thickness.

-t Th l s  research was supported entirely by the Joint Services
Electronics Progra m under Contract F4462 0-76-C-008 9 .
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(I . SOLI D STATE ELECTRONICS )

In summary , the AE S data show that while both systems have
chemical tra nsition regions , the interface of V02-A12 03 is electrically
inactive compared with that of V02-S102 . The data shows tha t the tran si-
tion tempera ture of the firs t system is identica l to bulk V02 a nd inde-
pende nt of fi lm thickness while that of the latter varies as shown in Fig .
1. The electrical inacti vity of the VO2 -Al2 0 3 implies that Al mus t  be
segregated during the crystallization of VU2 and that the transition re-
gion has a much lower conductance than that of semiconducting VU 2 .
The opposite is tru e for the V02-Si0 2 interf ace;  Si is evidently Incor —
porated in the VU 2 crystalline grai ns and the interfa c ia l  region has a
conductance comparable with VU2 a nd a higher transition temperature .

The existence o f the tran sition region has serious implications
f or  understanding switching and phase boundary dynamics  in V02 struc-
tu res with film thicknesses comparable with the transit ion region . For
example , in VO 2 -Si0 2 , the dominan t  conduction path before thermal
switching will be along the transition region , shif t ing to the surf ace a fter
the switch - occurs . Thus , the nucl eation of the phase boundar y wil l  be
thermally driven by the subsurface region , but the easy growth path of the
filame nt will be along the surfa ce . Clearly the switching dynamics of the
phase bou ndary in this system will be quite d i f f e r e n t  than those of the
V02-A12 03 system where filament nucleation and growth should both occur
on the surface .

To further test our hypothesis on Im pur ity segregation in these
systems , thi n deposited films of Al and Si were d i f fuse d  into the as-
deposited a morphous VO~ fi lm and into po lycry stalline V2 05 a fter
oxidation-crystallization of the a-VO ’ . From the shif t  in T~ relative to
that of the bulk crystal , we conclude that neither Al or Si can d i f fuse
into crystalline V205 or VU 2 at 500°C , but both are incorporated into
the crystalline phase if present in the amorphous phase.  This implies
that the Al in the AES pro f i le  of V02—A1203 was not in the metallic state
du ring the reaction cycle .

In principle , the existence of a transition layer provides an
explanation for the anomalies we observed earlier.  These are di scussed
in more detail  in our forthcoming paper.
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In summary , we expect to detect a transition from interfa ce-
dominated to surface-dominated e ffects In relatively thick (>>500 A ) V02
fil ms on Sb 3 substrates at high bias levels. This transition Is shown
in Fig . 2 for the bias-dependent black-body radiance profiles of the fil-
ament and In Fig. 3 for the bias dependence of the spatia l profiles of the
bolomet ric response of the fi lament.

R eferences

1. W . H. Neal , II , R . M. Walser , and R. W. Benê , “A Study of
Nucleation and Dynamic Phenomena of Thermal Filaments in
Va nadium Dioxide , ” Electronics Research Center Technical
Report No. 153 , Austin , Texas , September 1973.

2. E. C. Jeiks , R. M . Wal ser , R . W. Benë , an d W . H. Neal , II ,
“ Response of Thermal Filaments In VU 2 to Laser-produced

Thermal Perturbations , ” Applied Physics Lett,~~~~ Vol. 26 ,
No. 7 , April 1975 , pp. 355—35 7 .

3. C. N. Berglund , “ The rmal Filaments in Vanadium Dioxide , ”
IEEE Transactions of Electron Devlces, Vol. ED-l6 , No. 5 ,
May 1969 , pp. 432—437.

4. R. L. Remke , R. M. Walser , and R. W . Ben~ , “Transition
Layers Between CVD-VO3 and  Oxide Substrate s , ” to be
submitted to ~p~çnal of Applied Phy si .~~
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Films on Quartz.
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Figure 2 .  Spatial Infrared Radiance Pro files Of The Fi lament  As A Function
Of Bias.
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Figure 3. Spatial Profiles Of Bolometric Response Of The Fi lament  As A
Function Of Bias.
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B. SOLID-SOLID INTERFA CE REACTIONS t
Professor P . W . Bené , Professor P . M . Walser , W . J. Schaffe r ,

J ames Hu , M ark Chonko , and Da n Richter

The purpose of thi s work is to determine the relat ionship of
thermodynamic equilibrium parameters to interphase reactions in thin
fil ms at low temperatures , where it appears that  the new phas es formed
are determined k inoti cal ly.

Based upon experiments on compound nucleation , su rface recon-
struction, Schottky barrier heights , recrystall i zation , e tc . ,  we have
postulated a model [1 , 2 , 3] for the dynamics 3f phase formation in Si—
metal and Ge-metal Sys tems.  A prominent  fea ture  of this model is a
predicted glassy membrane region between crystal l ine phases.  These
gla ss—like interphases are expected to s ignif icant ly  a f fec t  the kinetics
of thin film phase formation , d i f fu s ion , and the stat ic properties , such
as Schottky barrier heights , in metal -semiconductor systems.  In an
att empt to verify the existence of these membrane regions and also to
study the phase nucleation in thin f i lms in more detail  concerning para m-
eter variations , we hav e begun measurements on systems of thin metals
( 5— 1000 1) sputtered onto single crysta l silicon subs t ra tes .  The measure-
ments we are doing at present are x-ray diff ract ion and transmission
electron diffraction (TED) , and will be expanded to include Auger spec-
troscopy and Schottky barrier measurements in the near future .

Transmission electron diffract ion measurements are presently
underway on thin metal f i lms of Pd , Pt , Ni and Co on (100) Si. We are
doing two types of experiments: one is to deposit f i lms ranging from
~- 8 Ito  100 A on Si substrates and then je t—thin  through the Si wafer
to prepare the TED samples , and the other is to prepare re latively thick
fil ms (—.‘ 1000 1) and then do a double jet-thinning operation from each
side to the interphase region (near the Si-su icide interphase) . Prelim-
inary measurements on the Pd-Si system have indica ted that we get an
amorphous layer for Pd fi lms less than about 15 A and then polycrystal l ine
Pd 2 Si (288 H) formation for f i lms  thicker than this . F igures 1 and 2 show

-t This research was supported in part by the Joint Services
• Electronics Progra m under Contract F44620-76-C-0089 , and by the

Office of Naval Research .
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(I. SOLID STATE ELECTRONICS )

typical TED patterns for 25 A and 12 A sputtered f i lms  of Pd on ( 100)
Si. Both samples were unannealed . More extensive measurements  may
ind icate that we are indeed seeing the membrane region for the thinner
fi lms.

The Pt , Ni , and Co systems also form su icides upon deposition
(without a nnealing) as indicated by TE D and/or x-ray diffr act ion . The se
syste ms are more complicated than the Pd case because they each form
more than one silicide in the low temperatu re regime and so we are not
as far along in our invest igat ions for these sys tems .  In addit ion , the

— double etching process is d i f f i cu l t  in the Pt system because the etches
tend to u ndercut the Pt by etching the su icides faster than Pt. In the
Ni -Si system , we have observed formation of the Ni 2 Si(  5) phase upon
deposition using TED (not visible in x-ray) and also NiSi us ing x-ra y
d i f f r action . We 1’ave not as yet sorted out the morpho 1o~ y of these poly-
crystalline regions , nor have we looked for amorphous regions.

One of the things tha t need s to be studied in more de ta il is the
role of interfacial oxygen on the interp h asr  regio n.  In th is regard , Figs.

3 , 4 , and S show TED’ s of a 700 A f i lm of Co on Si annealed at 450° C
for 30 minutes , which has subsequently been double j e t - th inned to expose
the interphase region. Figure 3 shows polycrys tal l ine  Co2 Si formation
and faint  rings of Co2Si0~ . Figure 4 shows another region in the inter-
phase where the Co2 Si0~ rings are dominant.  Dif ferent  regions in the
interphase are brought out in the TED due to unevenness of the etching
process. Final ly ,  in Fig . 5 we show another region in the interphase
where a very amorphous structure is obse- ;ed .

We plan to continue our efforts to characterize the interphase
region in these systems more ful ly than has been done in the past , and
in addition , study the effects of various parameters such as substrate
orientation , substrate preparation , spu ttering paramete rs , substrate
bias and anneali ’~g,  on the interphase structure and growth kinet ics .  In
this regard we expect to shortly begin Auger and Schottky barrier measure-
ments to supplement the structural information we are now obtaining.

10
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Fig ure 1. TED of 25~. Pd on (1 00) Si
Showing Pd 2 Si Format ion .

Figure 2 .  TED of 12 Y~ Pd on (100) Si
Showing Amorphou s R i n g s .
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A~~~ ~~~~~~~~~~~~

Figure 3. TED of Interpháse of 7001 Co on (100) Si
Showing Co2 Si Formation .
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• Figure 5. Same as Figure 3 ShowIng
• - 

• Highly Amorphous Ring
Structure .

Figure 4. Same as Figure 3 Showing
Co3 Si Rin gs .
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C. INTEGRAT ED OPTICAL BEA M ADDRESSER t
Pro fessor A. B. Bu ckm zi n

0

The very large range of refractive index ( 2 .2 — . 2 . 7 at 6238 A)
accessible by photolysis of PbI 2 f i lms at 165°C raises the pos s ibi l i ty
of mult iple  exposure of a large number of elementary holograms in guided
wave structures containing such f i lms .  As with an ordinary thick phase
hologram , the number of element ary holograms which can be mu l t ip ly  ex-
posed inc reases with refractive index range . In a gu ided wave geometry
a device containi ng many superimposed Bragg gratings cou ld function as
a beam addresser with a large number of resolvable spots , if the mode
propagation constant were controlled electrooptical ly.

In the JSEP-supported part of thi5’ wo rk , we have been concerned
primarily with design of the experiment for exposing elementary holograms
in PbI 2 f i lms , allowing measurement of diffraction eff ic iency.  In a re-
lated proje ct sponsored by the Office of Nava l Research , mul t ip le  layer
waveguidi ng structu res are being analyzed theoretically,  with special
attention given to s tructure s where smal l  refract ive index variations in
one of the media produce larger variations in mode e ffective index 111-3].

To record a hologra m in hot Pb 12 ,  random phase changes in the
interfering beams due to air convection near the hea ted t i lm must  be elim-
inated . To accomplish this , a pri sm of t r iangular  cross section was placed
in optical contact with the glass substrate . A diverging beam from an argon
laser , incident on the opposite edge of the triangular prism , was ob0served
to produce good quality Interfe rence f r inges , of pe riod —~40 00-5 000 A
(depending on prism geometry and re fractive Index) In photoresist coated
on the glass substrate . The glass substrate form s part of an enclosed box ,
which i s held at a temperature of 16 5°C by means of resistance heating .
The box is heavily insulated , to avoid prod ucing convection currents in
f ront of the prism which would destroy the interference pattern . The first
experiments on Pb 12 fil ms will begin shortly .

By measuring the dif f racted intensity of the phase gratings we
produce , we can eva luate diff ract ion ef f ic iency.  This wil l  be done for
both gu id ed and ungu ided modes , bu t emphasis will be on the guided-

-
~ This research was supported entirely by the Joint Services

Electronics Pro gram under  Contract F44 620 — 76-C-008 9 .
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wave geometry . Results for the guided-wave case wil l  be interpreted using
the theory of guided w3ves in mult i l ayer  waveguides , includi ng recent
contributions to the theory of periodic , st ratified media [4] .

References

1. A . B. Bu ckman , “ Effective Electroopt ic Coefficient in Mult i layer
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D. MECHANISM FOR LARGE REFRACTIVE INDEX
CHANGE IN PHOTOLOYZED Pb 12

Professor A . B. Buckman

The very large (— 0.5 )  refractive index change in PbI 2 that
occu rs upon photolysis at 150-180°C , obse rved by us over two years ago ,
has been the subj ect of a variety of experiments designed to determine
the mechanism behind this striking effect .  El l ip sometry allowed us to
attribute the effect to dispersion arising from a broad , photo lysis-induced
band near 580 nm , which shifted to shorter wavelengths as photolysis
proceeded [1] . However , the origi n of this band could not be determined
f rom optIcal data alone.

The experiments used to shed light on the mechanism behind the
large , photolysis-induced re fractive index cha nge were: (1) spectral de-
pendence of photocoriductivity , and (2\ x-ray diffraction on films photo—
lyzed under variou s ambients and passivat ing overlayers . The experimen-
tal details are reported in Ref .  2.

The spectral depend ence of the photoconducti vit Y show s tha t
the photo lys is—induced band arises from electron t ransi t ions  which pro-
duce free carriers . The x-ray dlffractometry traces from fi lms photolyzed

In vacuum , aIr , 02 and CU2 , and while covered with a transparent , pass-
ivating layer , show that the large refractive index change depends on the
following conditions: first, gaseous iodine must leave the film , via the
surface and/or grain boundaries ; second , oxygen or CO2 mus t en ter
from the atmosphere and bond with the Pb left behind , inhibit ing agglom-
era tion of neutra l Pb. Th e defects thu s formed must give rise to the ob-
served absorption band . These results are described in detail in Ref .  2.

We intend to investigate the spatial resolution of this effect
by forming phase holograms In the Pb 12 fil ms. Since the above exper-
iments clearly demonstrate the photochemical origin of the large refra c-
tive index change , and since ampli tude hologram recording In Pb 12 has
already been demonstrated [3] , we expect the resolut ion to be suff ic ient
for phase holography .

t This research was supported entirely by th e Joint Services
Electronics Progra m under Contract F44 62 0-7 6-C-0089 .
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A. DESI GN OF TWO-DIMENSIONA L RECURSIVE
FILTERS BY INTERPOLATION

Professor J. K. Aggarwal and H. Chang

1. INTRODUCTION

Recursive digital filtering of two- and mult i-dimensional  signals
is an importa nt technique in the processing of two- and mult i-dimensiona l
data . However , the design of two- and mul t i -d imensional  recursive fil ters
is d i f f i cu l t  due to the fact that polynomials in two or more variables may
not , In genera l , be factored into lower order poly nomials .  Specifically ,
the stabi l i ty  test procedure for a two-dimensional filter is lengthy and
tedious. Further , if the f i l ter  tur ns out to be unstable , there is no guar-
anteed procedure which may stabil ize the unstab le f i l ter .  These di f f icu l-
ties ca n be partl y circumvented by designi ng two- and mult i -dimensional
systems as one dimensional systems. To do this , we have developed a
technique for rotating the frequency response of a separable fil ter.  In the
present technique , t ransfer  funct ions having ra tional powers of z are
introduced and realized by input/output signa l array interpolations.

2.. MAIN RESULTS

The freque ncy transformation technique is one of the traditional
approaches in deriving desired frequency selective filters from simpl e pro-
totype filters . Extending the notion of frequency transformation to include
rational powers of z1 and z2 , one ca n rotate the frequency response with
ba nd contraction . To begin with , consider the t ransformation

z~. = z 1z2

where ~ and ~ a re integers . The transformation has the following
properties:

t This  research was supported in part by the Joint Services
Electronics Pro gra m under Contract F44620-76-C-00 89 , and In part by
NSF , ENG 74—04986 .
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(1) It may be thought of as a mapping from the uni t  circles of the
(z 1 , z2 ) -do main into the uni t  circles of the (z 1 , zj -domain.

(2) When ~/~~�0 , the t ransformation is causal , otherwise it is
noncausal .

( 3) In the spatial domain it is equivalent to the rotation of recur-
sion direction with a new sample interval .

(4) In the frequency do main the effect of the tr ansfo rmation is a
rotation of the frequency response with a contraction of the
ba ndwidth .

(5) It is clear that the stabil i ty of the resulting filter is not affected
since the transformation can be viewed as a transformation of the
delay unit  which may be specified by both recursion direction
and sampling interval.

Since we allow noninteger delays , the s ignal  values for the trans-
fcrmed filter are not defined at the new grid points , so the t ransform ation
Is not readily applicable to standard rectan gular  a r r ay s .  If one uses a
suitable interpolation function that can reconstruct - ì  cont inuous signal
from a discrete signal , it i s possible to generate an interpola ted array
where signa l va lues are defined on the new grid points . In genera l , there
are many functions available for the interpolation. Specif ica l ly ,  the band-
limited interpolation is employed in our design. The band-limited inter-
polation function usually stretches from -

~~~ to +~~. To obtain an interpo-
lation function with finite terms , we apply windowing to it. With al l  of
these features , it is called th e interpolated filter system which consists
of input interpolator , (z1, z2 )— domain rotat ed f i l ter , and output interpolator.
The overall frequency characteristic of the interpolated fi l ter  system is
deter mined by the frequency characteristics of input /output interpolators
and (z1, z3)—do main rotated filters . Severa l use fu l  filters were actually
designed such as a circularly symmetric low-pass filter , nonsepa rable
band-pass filter , and a ring-shaped band-pass filter to prove the validity
of our design technique. In the design of these filters , we as sum ed th a t
the input signals are given as finite area arrays so that noncausal filters
can be realized through the array reorientatlons . A lso , we employed the
zero-phase response since the linear phase is very important in the image
processing . Actual filter characteristics turned out to be very smooth and
t .~ hav e excellent circular symmetry . A primar y advantage of employing
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separable filters in the interpolated filter system is that one may perform
two- or mult i -dimensional  manipulat ions by means of a series of one-
dimension al manipulat ions .  Wi th this scheme the same interpolated fil-
ter system may be used iteratively , together with proper array reorienta-
tions , resulting in an appreciable saving in hardware .

Since the theory and design techniques for two-dimensional
• digital filters are largely incomplete , in the next period we will investi-

- gate these problems further unti l  we have fairly genera l theory and design

• techniques for those fi l ters . Then , we hope to general ize the theory and
-

• 
design techniques available for one- and two-dimensional digita l f i l ters
to cover th e time-vary ing digital fil ters .

References - - •

1. H.  Chang and J .  K. Aggarwal , “Design of Two-Dimensional
Recurs ive Filters by Interpolation ,’ IEEE Transactions on Cir-
cults and Systems,  to appear in the June 1977 issue.
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B. NON PARAMETRIC DISCRIMINATION AND ESTIMATION ~
Professor C. S . Penrod , Professor  T . J. Wagner ,

and L. P. Devro ye

In the nonparametric discrimination problem , a statist ician ob-
serves a random vector X t ak ing  values in 1R~ , and wishes  to es t imate
the value of an associated random variable 8 which takes values in
t l , .. . , M 1.  Th e random variable 8 is usual ly  referred to as the state of
the observation X. The statist ician assumes no knowledge of the pro b-
ability distribution of (K , 8) other than what may be inferred from his
data , a sequence (X1 , O~), - . . , (X~ , e~) of independent identically dis-
tributed random vectors with the same distr ibut ion as (X , B ) ,  given by

(a) P~ 8 = j 3 = r r ~ , and (1)

(b) given that e = j ,  X has probab il ity measure

on the Borel sets of 1R~ -

It is also assumed that (X ,~ is independe nt of the data .

A disc rimination rule is s imply  a specif ic  method of choosing
an estimate of 8 from the data and the observed value of X.  If we allow
$ to denote the rule ’ s est imate of 8 , we can def ine  the condit ional  prob-
ability of error for the rule with a given data set by

L~ = P [ë � e (x1, e~ ) , . . .  ,(x~ , a~) i  . (2)

The strong law of large numbers assure s that the relative frequency of
errors will converge to L~ if we use the rule and the given data to esti-
mate the values of 8 for a large number  of independent observations.
Hence , L~ is a measure of the performance of the ru le with a given data
set.

i~ This research was supported in part by the Joint Services
Electronics Program under Contract F44620—76--C-0089 and in part by the
Air Force Office of Scientific Research Grant 72-2371.
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The nonparametric es t imat ion  problem is qui te  s imi la r  to the
discrimination problem in its formulation. The principle difference is
that 8 (which is now called the parameter associated with  X) is allowed
to take values in 1R~ rather than [1 , . . .  , M 3 ,  and we now assume that
(K , 8) is a random vector with joint  d i s t r ibu t ion  F(x , 8 ) .  We also assume
that a loss function L is given , defined on 1R~ x so that L( e ,e )

• is the loss incurred when 8 is the rule ’ s es t imate  of e. We now def ine
the conditional expected loss of a rule with a given data set as

L~ = E { L ( e , e ) (x1, e 1) , . . .  , (X ~ , e~ ) }  . (3)

As in the discr iminat ion problem , L~ measures the performance of the
rule with a given data set since it is the average loss which will be in-
curred if the values of 8 are est imated for a large number  of independent
observations .

In both the discr iminat ion and est imation problems , if the under-
lying distr ibution of (K , 8) is known , it is usua l ly  possible to construct
an optimal estimate $*(X) of 8 ( e . g . ,  in the es t imat ion problem one may
have to be satisfied with an e-opt imal  estimate). Such an estimate does
not depend on the data and is opt imal  in the sense that  its probabili ty of
error or expected loss is less than or equal to that of any other rule. The
optimal rules are known as Bayes rules , and thei r expected loss (or prob-
ability of error) is denoted R* , R* then provides a standard of excellence
aga inst which we can compare the performance of all nonparametric rules.

One of the basic approaches to the nonparametr ic  d i sc r imina t ion
problem is suggested by the manner  in which an optimal  Bayes ru le is con-
structed . Let

p~(X)= P C e = j IX )  , l � j�M.

Then it is ea sily shown that a Bayes optimal rule results if , give n X , we
choose 8*(X) = j if

p~ (K) � p 1 (X) for all i � j .
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(I I. INFORMATI ON SYSTEMS )

(Ties can be broken by employing some appropriate form of randomizat ion . )
Of course , in our nonparametric case , the funct ions  p ,~ (x) are unknown
since they depend on the dist r ibut ion (1) . For example , if the measures

are absolutely continuous with respect to Lebesgue measure , then
there are probability densi ty functions f 3 ,  1 � j � M corresponding to
the ~ . These densities can be used to define versions of pj (x) by

f~ (x )/ f(x) , if f(x) > 0
• Pj (X) = 

~0 , if f(x) = 0 ,

- 
-. where f(x) =Eij f 1 (x) . This suggests that  the nonpa rametr ic  problem could

• be approached by using the data to estimate the density functions , and then
using the density estimates in place of the true densit ies in the manner
described in (4) . Such rules are known as “two step ” rules .  In Devroye
and Wagner [1] the results of an extensive study of densi ty est imation and
two step rules are presented . Conditions are shown for which consis tent
density estimates yield rules for which L~ — R* in probabil i ty or wi th
probability one. In addition , a detailed study is made of the Parzen-Ros-
enblatt [2 , 3] and Loftsgaarden-Quesenberry 14] dens i ty  es t imates , ex-
tending many of the previously known resu l t s .

Another approach to the nonpa rametric d i sc r iminat ion  problem
is the famil iar  nearest neighbor rule . This rule s imply  chooses 0
if K1 is the closest observation to X fro m the data . Various gen erali-
zations include the k nearest neighbo r rule where 9 is chosen to be
the state which occurs most f requent ly  among the k nearest  neighbors
to X. Among the well-known properties of nearest neighbor rule s is the
fact that if k Is allowed to depend on n in such a way that  k ~-‘ ~~ and
k/n ~ 0 , then it is possible to have L~ 

-. ~~* (Fix and Hodges 15]) . In
( 1) thIs result is extended to a more general class of nearest neighbor
rules which weight the influence of the closer observations more heavi ly .

Nea rest neighbor rules have also been used as solutions to the
nonparametric estimation problem (Cover [6J) . The k nearest neighbor
rule ’ s estimate of 8 is obtained by averaging the parameters  associated
with the k closest observations to X fro m the data . Cover shows con-
ditions for which

EL~ -‘(1 ÷ l/k)R*
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for k nearest neighbor rules with squared-error loss functions. In Penrod
and Wagner [7] , these results are extended to show that

L~ -. (1 + l/k)R* in probability .

The significance of this result is that it concerns the convergence of L1
for a single long data sequence as opposed to the convergence of the aver-
age value of L~ averaged over a large number of long data sequences .
In addition , conditions are given for which L~ _ R* jn probability for k
nearest neighbor rules which have k ~ ~ and k/n ~ 0.

The results mentioned thus far have all been asymptotic results
concerning the performance of various rules with large data sets . For
obvious reasons , however , the designer of a nonparametric discrimination
or estimation rule is always Interested in knowing the value of L~ for
this rule with the data available to him . But , due to the fact that it
cannot be computed without knowledge of the underlying probability dis-
tribution of (X , e ) ,  which is not available , he must be content with an
estimate of the true value of L~. In (1) the properties of three different
estimates of L~ for discrimination rules are studied . These estimates
are known in the literature (see Toussaint [8]) as the deleted estimate ,
the holdout estimate , and the resubstitution estimate. For linear discrim-
ination rules , local rules , and two step rules, conditions are shown for
which P(~ L~ - L~ ~~e1, where L~ is one of the above estimate s of L~,
can be bounded independently of the distribution of (K , 8 ) .  These results
allow the designer of a rule to construct confidence intervals for the per-
formance of his rule . These results are extended to nonparametric esti-
mation rules in [7] . The report [7] also contains the results of an exten-
sive simulation study of the performance of deleted and holdout estimates
of L~ with nearest neighbor discrimination and estimation rules.
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C. A COMPUT E R ARCH ITE CTURE FOR BY TE STRING
AND VECTOR OPERATIONS t

Professor T. A . Welch and H . L. Tredennic k

1. INTRODUCTIO N

This report presents the findings of a computer design exper-
iment carried out at The Un ive r s i ty  of Texa s at A u s t i n .  A compu ter arch-
itecture for variable word length processing is proposed to support high-

level la nguages. The proposed architecture uses byte iterative processing
and special ized hardware . The specialized hardware , shown in Fig . 1,
consist s of a byte serial ALU and a separate address generator and mem-
ory buffer  for each operand byte stream.

Variable word length processing has been investiga ted to de-
termine which subtasks are d i f f i cu l t  and which are easy and to determine
the feasibi l i ty  of variable word lenth processing . Additio na l ly ,  require -
ments and implementat ion strategies for the ALU , opera nd address gener-
ation , a nd memory bu ffering have been analyzed .

Use is made of cheaper and more complex logic and memory
componenets to effect  a more complex design for s imple r  programmin g.
The processor is designed to manipulate  more complex operands ra ther
tha n provide more complex operations. The processor is designed for
processing operands which might be unequal length elements , arrays ,
or arbitrary data structures. Design centers on processing for character
strings and variable-length ar i thmetic , but scienti f ic  proc essing is not
ignored .

2 . VARIABLE FIELD LENGTH PROCESSING

The following problems are associated with variable field
length processing:

(1) It is impractica l to store either complete var iable - length
operands or partial results in registers .

tThis research was supported in part by the Joint Services
Electronics Progra m under Contract F446 20-76 -C-O089 , and NSF Grant

G J —42 514.

28

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ .



— - -  - 5- 
~~~~
- --

(II.  INFOR MATION SYSTEMS )

(2 ’~ \Jar iable- length remove and replace are d i f f i c u l t  in a fixed
word length memory with  random operand p lacement .

(3) Operand al ignme nt may be required for une qual  length
operands.

(4) Simultaneous operand fetching Is desirable in an iterative
solution which uses mult iple operand s treams.

(5) Sign and exponent placement are s ign i f i can t  problems due
to the serial scan na ture of processing .

( 6) Optiona l scan direction is desirable .

(7) Sign , zero , or blank extension is desirable for processing
u nequal length operands.

3. VAR IABLE LENGTH ARITHMETIC

Iterative processing is preferred over length l imitat ion because
limiting operand lengths to the maximum register or accumula tor  length
was felt to be too restrictive. Byte serial processing was selected over
bit and nibble processing because the narrower data paths for bit  and
nibble transfers slow processing . Data lengths greater than a byte rein-
t roduce many problems (such as shif t ing , ma sking , and a l ig nment ) and
A LU costs increase rapidly wi th  width .

The two via ble choices for number representation and scan
direction are: (1) a right-to-left scan with a two’ s complement number
representation or, (2) a left- to-right  scan with a sign and magnitude
number representation . The two s complement representation and r ight-
to -left scan were chosen because of greater ease and eff iciency of the
addition scan.

Character and integer instruction implementations are simple
and multiply and divide instruction implementations are difficult. The

character instructions , such as move , compare , sh i f t , and Boolean ,
and the integer instructions , such as add , subtract , move , compare , and
replace all require only a simple single pass scan. The mul t i p ly  and

- 
~~~ di vide instructions require multiple scans and complex scanning sequences.
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4. ALU IMPLEMENT ATION

Implementat ion of a byte seria l ALU capable of supporting the
basic character and integer operations w-3uld require about 52 IC’s. The
incremental increase in ALU hardware required to support  f loat ing-point
operations is about 50%. An increase of about 50% over hardware for the
basic ALU will support mul t ip ly  operations.  Addit iona l hardware to sup-
port the divide instruction is about an 80% increase over hardware to
support the mul t ip ly .  A complete implementa t ion  requires about 160 IC’ s.

Time to perform a 32-bit byte serial add is about 480 ~sec corn-
pared to about 160 ~ ec for a 32-bit parallel add . Performance of the add
in a byte serial manner represents about a 20% degradation in the tota l
instruction execution t ime.  Execution of a 32-bit mul t ip l y  in byte serial
fashion requires about a sixteenth of the hardware for a parallel mult i ply
and is abou t sixteen times slower. A byte serial mul t ip l i e r  is about equal
in speed and cost to a bit seria l implementation . A byte serial divide

implementation is about the same cost as a fixed length divide , but is

about half as fast.

5. OPERAND ADDRES SING

All of the problems associated with variable-length processing
affect  the design of the operand address genera tors . A three add ress
Instruction format of the form A op B — C was selected for the pro-
cessor design and a separa te address genera tor was provided for each
operand stream.

The operand address generator provides the following element
addressing features:

(1) Optional element scan direction

• (2) Termina te on short element (Truncation)

(3) Repeat short element

(4) Extension of leading/trailing byte/zeroes

(5) Element alignment

30
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The operand address generator provides the following vector
addressing features:

(1) Skip internal fields

( 2) Vector chaining

( 3) Repeat vector

(4) Repeat last element

(5’ Termi nate on short vector

( 6) Optional vector scan direction

Th e Operand Address Generators can provide byte addressing
for variable word length operands , add ressing for s imultaneous byte
streams , operand alignment , and opera nd extension. In addition , the
address generators can provide complex addressing sequences required
to implement complicated iterative processes , and support array operands
with inters persed data or concatenated f ields.  Implementa t ion  of the
add ress generators to support these operands and operations require s
complex contro l , m any data paths , a nd much interprocess communication.
Each Operand Address Generator requires about 90 IC ’ s for implemen ta tion
(using a mix of standard and Schottky TTL’ .

6. VARIABLE FIELD LE NGTH BUFFERING

Problems confronted in design of the memory buffe r Include the
lack of variable-length registers , accessing of variable-length operands ,
operand alignment , and provision of simultaneous data streams.

The following observations can be made a bout the requirements
for implementing the buffer: (1) It must be fast  enough to compensate for
the lack of variable-length registers; (2) it must  be larg e enough to hold
severa l operands of typical size; (3) automatic buffer  allocation is re-
quir ed because allocation is too di f f icul t  and dynamic for the pro grammer
to manage; (4) dynamic byte sequence control is desira ble for efficiency;
(5) the ALU requires a byte interface and the memory , a word or block
interface; (6) there should be a short initiation latency (time from termi-
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nation of one process to the be ginning of the next should be short) ; and
(7’) mult iple  access paths are necessary for e f f i c i e n t  processing using
si multaneous data streams in an iterative process.

Four schemes were considered for implementat ion:  a single
word buffer , a single cache buffer , a separate queued bu f fe r  for each
ope rand stream , and a separate cache buf fer for each operand stream.

Single Word Buffer .  The single word b u f f e r  has the advantages
of s implici ty , limited data currency problems , and short s t a r t-up  t ime.
It has the disadvantages of being slow , not allowing block transfers , and
holding only a single word of previous results ( for retrieva l) .

Single Cache. The single cache buf fe r  has the advantages of
allowing main memory block transfers , providi ng som e register-l ike cap-
abilitie s , being faster than the one word buffer , and saving main  memory
cycles. The single cache suf fe r s  from access priori ty selection problems
and requires sequential access. Conventional cache design improvements
are of minimal  avail because they are designed to reduce access conflicts
f or space . In an iterative processor employing s imul taneous  data streams ,
access conflicts in time are much more important than conflicts for space

due to the parallel nature of the data streams.

Queued Buffer .  Separate queues for each operand stream provide
simultaneous operand streams , s impl i fy  buffer al location , and can be f a s t
enough to support a byte seria l ALU . The queued buf fe r ing  scheme has
ma ny disadvantages: there may be mult iple  copies of data , queue searches
are di f f icul t , queue control is complex , the queues require mu ch data and
address storage , queu es are inf lexible , and ini t ia l izat ion and emptying
are slow processes.

Separate Cache Buffers.  The separate cache buffer in g scheme ,
shown in Fig . 2 , provides the following advantages: v i r tual  variable-
length registers , hardware controlled allocation , byte addressing for the
ALU byte streams and block addressing for main memory , and sim ultaneou s
data paths for the separate data s t reams.  It has the disadvantages that
th ere may be multiple copie s of the data , many address paths and com-
parisons are required , complex control functions are required , and per-
verse address sequences exist which defeat the allocation scheme
(di rect mapping) .
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7. CONCLUSIONS

The proposed architecture has been evaluated and shows that
byte serial iterative processing of variable-length operand s is feasible .

Variable word length operations are s ignificantly faster  on the proposed
machine than on any fixed word length machine in its class(minicomPu terS) .

- 

- Fixed word length operations are faster than their software counterparts
on a fi xed length machine , about as fast  a s a micropro grammed implemen-
tation , and slower than specialized hardware .

-

• Th e MSI and LSI technologies allow sophisticated ALU design.
The byte serial ALU is not the processing bottleneck .

Operand byte access is the l imiting factor.  Stores are slower
than reads and multiple store s may be required .
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VECTOR DESCRiPTIONS
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Figure 1. Variable Length Data Processors .
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Figure 2 . Separate Ca che Memory Scheme .
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A. SIMULATION AND RELIABILITY OF FUNCTIONAL DEVICES~
Professor S. A. Szygenda , Professor E. W. Thompson , and A. K. Bose

Simulation of logic nets has been used extensively for the veri-
fication of logic design and to stud y the reliability of logic systems . The
level of si mulation however , has been restricted to simple Boolean gates
and flip— flops . Thi s restri ction has not posed any severe problems to
users In the past , since the size of nets being used has been small and
the devices simple . With the current tre nd toward s design of larg e
systems with the use of complex devices , logic simulation has become
inadeq uate . Simulation at a functional level provides a possible solu-
tion to this problem.

This report discusses several aspects of this trend . Major
proble ms that remain unsolved in the area of functional level simulation
are discussed and solutions offered for some of them. Two maj or func-
tional devices a re examined and ways to improve their reliability are
suggested .

The lack of understanding that exists for functional devices
indicates that functional level simulation has to evolve from gate level
simulation . Moreover , since the functional description of a system is
not adequate to perform an in—depth analysis , such as prediction of ha z-
ards and races , an Interchangeable functional and gate level description
of systems is suggested [1] . Such a capability would provide for efficient
macroscopic simulation by using the functional description , or accurate
timing and fail ure analy sis by using the gate level descript ion.

Under certain situations , it may be possible to simulate a func-
tional device as accurately as a gate . This can be realized by using a
data structure of the type shown in Table 1 to represent multivalued sig-
nals at the inpu t of a system [2] .

~This research was supported in part by the Joint Services
Electronics Program under Contract F44620-76- C— 00 89 , and in part by
Naval Surface Weapons Center N60 9—76— C—A1 68.
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Table 1. Signal Representation.

Current Future
Symbol Signal Description Value Value

1 Logical 1 1 1

0 Logical O 0 0

U Upward Transition 0 1

D Downward Transition 1 0

E Unknown Signal ~0

Using this data stru cture and the known value s of the Input
signals, the following binary vectors may be defined :

(1) The current input vector:

-,x <x , x , . . . x  >
c lc 2c nc

where X~ is the current value of the input signal x . .

(2) The future input vector:

= <X 1F I x2F, ... X F>

where XiF is the future value of the input signal x . .

(3) Intermediate Input vectors:
~~~~~

= 
~<x lk~ X2k~ 

x k > I x .k €[ x i C , x lF 3~

where the vectors are generated by taking all possible
different combinations of current values and future values
of the inputs.
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These binary vectors can be used to evaluate a binary descrip-
tion of the functional device , and the outputs obtained fro m the curre nt
and future input vectors 

~~ 
and ~~) can be combined using Table 1 to

yield a multivalued output . The outputs obtained from the intermediate
inputs (y1) can be used to predict hazards by executing 

the following
steps:

Step 1: Using the intermediate input vectors , generate inter-
mediate outputs . y

11 
=

Step 2 : If = 

~F a nd y1~ ~ y = 

~F ’ then a static hazard exists .

Step 3: If y~ ~ ~F ’ 
then if all y1~ are identical , 

no dynamic

hazard exists . If y1~ ~ for any j and k , then a

dynamic hazard is present.

The analy sis of faulty behavior of functional devices , especially
those of a sequential nature, poses severe problems. A single fault in
a serial shift register, a functional device that has wide appl ications
in computer systems, has a global corrupting influence on the data prop-
agating through it. The correction of errors introduced in the data is
Impossible , but the detection of errors can be realized through a nominal

a mount of redundancy [3] .

An analy sis of various shift register configurations shows that
the effect of a single fault is always restricted to a single type of data

bit (0 or 1). This result Indicates that errors in a shift register can be

detected by counting the number of ones entering the shift register and
comparing this with the number of ones coming out of it. A hardware
scheme to do this can be realized by using an up/down counter. Since

a counter requires around log2 N fl ip—flops to count up to N , while a
N bit shift register requires N flip—flops, the redundancy involved is of

the order of log2N.

A computer input/output controller is a functional unit whose
complexity is very high (300-400 gates) . Since these controllers are
used to interface with electromechanical input/output devices, their

failure could be catastrophic. To prevent such a situation, these units

are often duplicated . A detailed analysi s of its orga nization reveals
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that it can be made highly reliable by introducing only 30% additional
hardware [4] .

These results indicate that great cost savings can result from
a close analysis of functional devices. The often-used approach of
dup licating systems is uneconomic and unnecessary . The only feasible
way to do the analysis  is by simulating the system. As simulation Is an
expensive process and is required at various levels of the design phase ,
the capability to simulate at a functional level is essential.

• Since functional level simulation is a fairly new concept , the
current state of the art is far from satisfactory . There are problems
associated with the description of functional devices , simu lation proce-
dure s , simulation accuracy and fault handling strategie s that need to be
solved before functional level simulation is meaningful ly realized .
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B. DEVELOPMENT OF METHODOLOGIES AND MODELS FOR THE DESIGN OF
DIGITAL SIMULATION SYSTEMS WITH VERY HIGH PERFORMANCE -f

Professor S. A. Szyg enda a tti Yu-Huei Jea

1. INTRODUCTIO N -

Digital simulation is a mandatory tool in most of today’s design
automation systems. An ideal simulator should satisfy three maj or
criteria , namely, accuracy, cost—effectiveness , and ease of use [1].
This report outlines the methodologies and models developed to fit these
requirements . Detailed descriptions can be found in [21 .

2. BOOLEAN VECTOR E-ALGEBRAS

Due to the advances of technology, there is an increasing Inter-
est In multivalued logic systems where more than two logical values are
used . For example , the following topics which are importa nt in the com-
puter area , are related to multivalued logic: multivalued logic circuits ,
digital simulation, test generation, multibus digital circuits, etc.

In the application of multivalued logic, each logic value could
be represented by a Boolean vector , i .e . ,  a vector with binary compo-
nents (0 or 1). Therefore it is quite important to have a thorough under-
sta nding of properties embedded in the algebraic structure s , using Boolean
vectors as basi c opera nds. Here we briefl y Introduce a new mode of
complement and a new type of algebra .

A P mode complement is a permutation which is not an identity
mapping . Only when a permutation is equal to the product of disjoint
transpositions can a P mode complement have the order of 2.

An B—algebra [s ,1,+ , ’I is a set S with two binary operations
and + and one unary operation ‘ such that for all x ,y, z € S we

have

El.  x •x x x+x x (Idempotent)

E2. x .y y~x x+y=y+x (Commutative)
t This research was supported in part by the Joint Services

Electronics Program under Contract F44620—76— C—0089, and in part by
the Naval Surface Weapons Laboratory N 6092 1-76- C-Al68.
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E3. x . (y .z)=(x .y) .z  x+ (y+z)=(x+ y)+z (Associative)

E4. There exists 0,1 € S such that

x~ 0=0 x+0=x

x•1=x x+l=l (Universal Bounds)

ES. For every x e 5, there exists a unique x ’ € S such that

x ’ ‘=x (Involution)

E6. (x.y)’=x ’+y’

(x+ y) ’ x ’ .y ’ (de Morgan)

A Boolean vector E—algebra Is an E—algebra ~S, . , + , ’1 where S
is a Boolean vector set , . and + are two Boolean vector binary opera—

I 
- - tions , and ‘ is a Boolean vector unary operation .

One application of Boolean vector E-algebre s has been suggested
in the digita l simulation area . It provides one way to define the informa-
tion representation for signal models in a parallel simulation environment .

3. VARIOUS APPROACHES TO REPRESENTING SIGNAL MODELS AND
RELATED LOGICAL OPERATIONS

In the design of a digital simulator, one of the first decisions
to be made Is to determine how many signal states we want to propagate.
Then we must decide the Information representation of these signal values.
Also the implementation of related logical operations has to be settled .
Usually the good representation of operations depend s on the proper
representation of operands, and vice versa .

Four maj or appr oaches can be used in various s ituations:

(1) Table look-up method

(2) Switching theory approach

(3) Relational approach

(4) Boolean vector E-algebra approach
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Although global optimization of information representation
might be quite difficult or even impossible , near optimal representations
can be achieved through the optima l implementation of those types of
elements which occur most frequently,  In most digital networks.

4. GATE MODELING AND TIMING ANA LYSI S ALGORITHM

Gate s are the basic elements of digital circuit s. They may hav e
severa l inputs but only one output . Two operations are normally per-
formed by them:

(1) V—operation (or value operation)

(2) D-operation (or delay operation)

The V—operation of any gate is usually deterministic in nature and
clearl y defined by the corresponding operation table . The complexity
of the D-operatlon, however , depends on the delay model adopted . It
can be as simple as an Identity mapping in a zero delay model , or as
complicated as a composition of the following four mapp ings in a precise
dela y model: P—mapp ing , S— ma pp ing, A- mapping , and T-algor ithm .

T— .algorithm (timing analysis algorithm) is not simple in the
three—valued model [3 ,41 and even more complicated in the five- valued
model . In this research , we not only find a five-valued T-algorithm ,
but also prove its accuracy and functional completeness.

There are four types of delay parameters used in the precise
dela y model: d~ (mm . rise delay) , dM R 

(max. rise delay) , dmF (m m .
fall delay) , a nd dMF (max . fall delay) . Their usage in our model , which
is different from [5] , can be summarized as follows:

Add dmR when the input signal changes to U.

Add dMR when the Input signal changes to 1.

• Add dm F when the input signal changes to D.

Add dM F when the input signal changes to 0.

Add mm (d m ~~
s d~~) when the input signal changes to E.
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5. HIGH- LEVEL INPUT LANGUAGES FOR DIGITA L NETWORKS

A system which is difficult to use usually find s little use. This
statement gives rise to the important question of how to represent the
digi tal network such that the user can easily transcribe it into a ready—
for— input format.

Postfix notation , also known as Polish notation , Is a very con-
venient method of incorporating both the simplicity of a functional descrip-
tion and the preciseness of a structured description. For example ,

A B C 3 + D E F 4

denotes a circuit with an OR gate of three inputs: A , B , and C , and a n
AND gate of four inputs: one is the output of the above OR gate , and
the others are D , E , and F.

Some modifications can be made so that we can represent non—
tree type circuits , such as circuits with feedback , reconvergent fanout ,
etc . Also functional elements can be easily represented in the modified
postfix notation.

In order to accomplish further Improvements over the coding
efficiency, some element type hiding technique s can be used . Thus we
include a declaration paragraph before the postfix expression . For
Instance , the above example can be rewritte n to be

BEGINDECLARE 3+ : Gl; 4. : G2 ;ENDDECL ARE

A B C ÷ G 1 D E F 4 ~G2

6. CONCLUSION

The model s and methodologies given above present a practical
approach to the design of a digita l simulation system which Is cost-

- 
- effective , accurate , and eas y—to—use. The effort is directed at both

gate—level and functional simulation. The implementation problem has
also been considered . These have definitely pushed the state of the
art in the technology of digital simulation.
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C. COMPUTER SOFTWARE SYSTE M RESEARCH IN
THE AREA OF MODULE IN TERFACE t

Professor Ed Thompson and Au Mohseni

The overall obj ective of this research is to reduce the high costs
of software systems , which is the major  cost of practically any compu ter

-- 
-
. application today. In order to achieve this , two approaches hav e been

selected .

The first  approach in this research is the development of pro -
— cedures and languages for the formal specification and verification of the

data interfaces between progra m modules. The research on data interfaces
between program modules is based upon the development of a da ta interface
specification language and its Implementat ion .

The second approach is focussed on modular  programming in
COBOL. The type of the module and the way of passing parameters has
some effect  on costs associated with execution time and storage spaces.
For a particular problem , good questions to be answered are: “What type
of module?” and “How -are parameters passed?”

A preli minary module interface specification language , MI S-i ,
has been designed , and a precompliler named BRIDGES , which supports
the application of MIS-i , has been implemented and debugged . A MI S-l/
BRIDGES users manual  has been writ ten , and experience in using MIS-I
and BRIDGES has been gained in a variety of contexts . An evaluation of
that experience has been completed . Four genera l observations can be
made:

( 1) MIS-i allows powerfu l validation algorit hms to be executed
by BRIDGES , but make s more d i f f icu l t  the application of the
technique of data hiding .

( 2) The reaction of programmers to using MIS-i is to partition a
program into fewer modules and to use single modules to
implement data abstractions.

t This research was supported entirely by the Joint Services
Electronics Progra m under Contract F4462 0 -76 -C—0089 .
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( 3) BRIDGES spends most of its time doing I/O and scanning
Fortran statements rather than performing its validation rou-
ti nes .

(4) The validation algori thm in BRiDGES is heuristic rather than
rigorous.

Based on observations 1 and 2 above , a new specification language , MIS-
2 , has been designed to be more concise and to incorporate data hidin g.

— Observation 3 implies BRIDGES could be integrated into a compiler with
minimum overhead , and optimization algorithms could be used , i .e . ,
incorporate compu ter flow analysis  algorithms as part of its val idat ion
technique.

In the area of modular pro gramming in COBOL , a series of smal l
programs were designed in COBOL to answer the following questions:

( 1) E ff ect of type on pa ramete r cost s

(2) Parameter costs vs. the number of parameters

( 3) Implementation costs of a modu le

(4) Data re ference costs

( 5) Method of parameter passing

( 6) Segmentation and its l imits

The results fro m their compilation and execution on four differ-
en t com pute rs , the Xerox SIGMA-5 , the CDC-6600 , the DEC PDP- lO , and
the IBM 360 are being analyzed .

From these experiments , we will  obtain some information which
will give us a bett er understandin g of the trade-offs involved In using sec-
tions , as opposed to subprograms , so that intell igent choices can be made
for system implementation . Also , thi s information will  be usefu l in makin g
recommendations for the implementation of future COBOL compilers .
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( 3) BRIDGES spends most of its t ime doing I/o and scanning
Fortran statements rather than p erformin g its validation rou-
ti nes.

(4) The validation algorithm in BRIDGES is heur is t ic  ra ther than
rigorous.

Based on observations 1 and 2 above , a new specification language , MIS —
2 , has been designed to be more concise and to incorporate data hiding .

— - Observation 3 implies BRIDGES could be integrated into a compiler with
minimum overhead , and optimization algorithms cou ld be used , i . e . ,
incorporate compliler flow analysis  algorithms as pa rt of its validation
technique.

In the area of modular programming In COBOL , a serie s of small
programs were designed in COBOL to answer the following questions:

( 1) Effect  of type on parameter costs

( 2) Parameter costs vs. the number of parameters

( 3) Implementation costs of a module

(4) Data reference costs

(5) Method of parameter passing

(6) Segmentation and its l imits

The results f rom their compilation and execution on four differ-
ent computers , the Xerox ~:‘ MA-5 , the CDC -6600 , the DEC PDP- 10 , and
the TB~~ 360 are being ana 1y~ ed.

From the se experiments , we wil l  obtain some information which
will  give us a better understandin g of the trade-offs involved in using sec-
tions , as opposed to subprograms , so that intell igent choices can be made
for system implementation . Also , this information wi l l  be usefu l in making
recommendations for the implementat ion of future COBOL compilers .
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D. FAULT TOLE RANCE OF CONTR OL C IRC UITS
DESIGNED USING PETRI NETS t

Professor Tilak Agerwala , Professor Ed Thompson ,
and Ernesto Pacas-Skewes

Petr i Nets [5] are a usefu l tool for the design and description
of sys tems .  They can be used to represent concurrent operation and ar-
bitrariness , and can describe sys tems  at var ious  levels of de ta i l .  They
are especially suited for control c i rcu i t s . Their use in the design of cir-
cuits that  perfo rm a lgor i thmic  procedures , l ike  adders , yields circuits
that  are more complex than the ones produced by other methods .  Once a
Petri net  for a circui t  is obtained , i t  can he di rec t ly  t ransla ted into an
implementa t ion  using c i rcui ts  that  have been proposed for net subs t ruc tures .

Three dynamic  properties of Petr i  Nets have direct implicat ions
on the physica l implementat ion of the net .  These properties are safeness ,
liveness , and conflict . The i m p l e m e n t a t i o n  of a non-sa fe  net will  produce
a circuit  requiring counters to keep track of the number  of s ignals  arr iving
to the non-safe places. The implementa t ion  of a live net is guaranteed
to be ful ly  u t i l ized , I . e . ,  every part  of the c i rcu i t  w i l l  be used . The im-
plementation of a conflict- free net wi l l  be a c i rcu i t  wi th  no ra ces.

In the area of faul t  tolerance , research has been done toward s
the modeling of fault  phenomena in control c i rcui ts  by Pet r i  Nets [2) .
Structu res that can model loss , divers ion , active deadlock , skew , m u l -
tiple instances and tardiness of control have been developed . In this
approach , the faults that can occur in any given contro l circuit are class-
ified according to their effects on the circuit behavior.

The objective of this research was to determine the fau l t  tolerance
capabil i t ies of circuits designed us ing  Petri Nets . In order to accomplish
this , a circuit implementa t ion  of an element used to implement  Petri Net
t rans i t ions  was analyzed for f au l t  response.  The e f f ec t s  of these responses
on the circuit  containing the f au l ty  element were then considered .

t This research was supported ent i re ly  by the Joint Services
Electronics Program under  Contract r4462 0-76-C-00 89 .
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The e lement  ana lyzed  is the c-circuit  proposed by David M u l l e r
[4] . The c-circuit  has been widely used in the c i rcu i t  implementa t ion  of
Petri  Ne t s .  This  e lement  has been most ly  used in c i rcu i t s  u t i l i z i n g  s imp le
s igna l l ing  (where tokens are represented by h igh  to low as well  as low to
high s ignal  t rans i t ions) , and David M i s u n a s  [3] has suggested us ing  the
c—ci rcu i t  in sys tems  u t i l i z i n g  reset s igna l l i ng  (where tokens are represented
only by low to high s ignal  t rans i t ions) .

The c-circuit shown in Fig. 1, was analyzed for stuck—at type
faul ts . This c ircui t  can present seventeen d i s t i n g u i s h a b l e  f au l t s . The
effects  of six of these fau l t s  would produce unpredictable  opera tion of a
contro l c i rcui t .  The unpredictable  operat ion resu l t s  from the fact  tha t  in
the presence of one of these fau l t s , the c -c i rcu i t  wi l l  operate properly
for some set of inpu t and ou tput  va lues , but under  certain inpu t and ou t-
put conditions , the output  of the c i rcu i t  w i l l  follow one of the inputs . For
example , if the second inpu t to gate C is stuck a t  zero , the c i rcu i t  oper-
ates properly for a signal  va lue of zero at  inpu t  A . For a one at  Inpu t A
though , the outpu t of the c i rcu i t  w i l l  follow input  B.

The other eleven fau l t s  will  produce an easily detectable mal-
function of the contro l c i rcui t .  This is because unde r  the presence of
any  one of these fau l t s , the c-circuit  wi l l  undergo at  mos t  one t r a n s i t i o n .
For example , If input A is stuck at one , the output o~ the  c i rcu i t  w i l l  a t
most underg o the transit ion from low to high . If the control  c i r cu i t  is the
implementat ion of a l ive , safe and confl ic t- f ree  Petr i  Net  tha t  operates in
a cyclic form , a faul t  of this type wi l l  cause the operat ion of the c i rcu i t
to stop af ter , at most , one cycle . Thus , detection of th is  type of f a u l t
is easi ly accomplished . Faul t  isolat ion to the c-e lement  level could also
be done if there are means of de termining at  which point  in the cycle the
circuit stoppecL If the c-element is implemented on an IC c h i p ,  then a l l
the pin faults  wi l l  cause the operation of the circuit  to stop. This is an
attractive feature , pin fau l t s  being the most  common f a u l t s  in digita l cir-
cults .

It was found that  the use of the c-c i rcui t  for s imple  s i g n a l l i n g ,
imposes a restr ict ion on the structure of the Pet n i  Nets  that  can be imple-
mented . The restriction has not been gra ph theoret ical ly  approached , but
the Petr i  Nets shown in Fig . 2 , if implemented using c—circuit s  and sim-
ple s igna l l ing , will  not operate proper ly ,  a l though  the net is l ive , sa fe
and conf l ic t - f ree  for the mark ing  shown.  Tokens (represented by s ignal
t rans i t ions  that  are recorded by both c-c i rcui t s  i m p l e m e n t i n q  the transi-
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tions shari ng an Input place) are not actual ly removed when one of the
transi t ions fires . In Figure 2 , when t 1 fi res , a s ignal  tran sition wil l
occur at the sha red inpu t of the circui t  Implement ing t2 .  When t~
fi res , a signal transition is received at the other input  of t2 ,  so , t2
wil l  fi re withou t wai t ing for t 1 to fire aga in .

Structure s more complica ted than the one shown in Figure 2
can produce the same mal funct ion . Thus , one structura l restr ict ion is
tha t input places should not be shared , unless the P etri Net is a Free
Choice Petr i Net [4) . This restriction , however , greatly reduces the
synchronization capabilities of Petri Nets .

For a circuit that would allow place sharing in simple s ignal l ing ,
some ki nd of interaction between circuits with a common Inpu t would have
to exist , and some kind of memory elements would have to be included at
the inputs . This wou ld complicate the circuits and could give rise to
races and hazards.  Since our interest is in fault  tolerance , It was decided
that simpl e signalling should not be used , and a circuit for reset signalling
was designed.  The circu it shown in Figure 3 , implements a transition with
two input places and two output place5.

The circuit in Fig . 3 require s more logic tha n a c—circuit and
thus , can have more faults . The fault  analysis of the circuit showed that
regarding most pin faults , the circuit has the same fau l t  detection charac-
teristics of the c-circuit. I . E .  , most pin faults wou ld cause the system
operation to stop . Fourteen out of the sixteen d is t inguishable  pin faults
will  exhibit  this characteristic . The two pin fau l t s  tha t  could produce
unp redictable behavior of the system are R1 stuck-at-one and CL stuck-
at-one . The stuck-at-one fault  In R1 wil l  produce the desi red e f fec t  if
a restriction is imposed on the Petri Net structure . The re striction Is that
no t ransition should share all Its input places. This requi rement is not
as restrictive as the one believed to be imposed by c-elements in simple
signal l ing . A s tuck-at-one in CL could result in the c i rcui t  being wrongly
Initialized , producing a system malfunct io n .  For a cyclic contro l circuit
Implementing a live , safe and conflict-free Petri Net , this fault can be
detected and perhaps even marked out.  If such a system Is forced to under-
go it ’ s cycle once , the fau l ty  ele ment will  either stop the cycle , or wil l
be prope rly init ia lized when the cycle Is over.
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Pe tri Nets structure s that will model each of the fau l t s  that
can be present in the circuit (except for four) , have also been developed
as part of the research .

Control circuits designed using Petri Nets require more hardware
tha n circuits designed by other techniques , but they seem to have more
attractive fau l t  tolerant capabil i t ies .  The advantage of Petri  Nets is that
the faul t  tolerance features of the designed circuits are in t r ins ic  to the
design method , that is , the designer does not have to include them in the
des ign.

Another approach that  has been taken to Implement  Petri Nets
uses an arra y of diodes [I] . These c ircuits seem to be more suited for
place sharing , and apparent ly the method imposes less restrictions on
the nets that can be implemented . Research on the f au lt  tolerant capa-
bili t ies of these circui ts  will  be done .

Another area where research wi l l  be done is simula t ion  of func-
tional devices . The possibi l i ty  of using Petr i  Nets as a description tool
in the s imulat ion of funct ional  devices will  be s tud ied .

References

1. M. H. T. Hack , ‘Analysis of Production Schemata by Petri Nets , ”
Proj ect ~~~~~ Technica l Report 94 , Massachuset ts  Insti tute of
Tech nology, Cambridge , Massachusett s , 1972.

2. W . L. Heimerdin ger , L. A . Jack , L. L. Kinne y and M. Gonzalez ,
“A Graph Theoretica l Approach to F~ult Tolerant Compu ting, ”
Reference Document , 197 5-76 Annual  Report , Contract No.
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3. David Misunas , “Petr i  Nets and Speed Independent Design , ”
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E .  CONCURRENT SYSTEM SYNTHESIS t
Professor Tilak Agerwala and Yong-cha i Choed-amphai

Concurrent sy stems , cha racterized by multiple loci of control ,
are extre mely complex and diff icul t  to analyze . The pr imary objective of
this resea rch is to formulate procedures for the systematic synthesis of
sys tems with known properties so that no subsequent ana lys is  is required ,
or of systems whose behavior is easily verifiable. The synthesis proce-
dures should allow the use of hierarchic integration (bottom-up) tech-
niques as well as structural decomposition (top—down ) techniques.

The basic approach was to use the Petri net model [1 , 2 ) .  This
model has proven to be a convenient tool for the representation and study
of concurrent systems.  Techniques were considered for synthes iz ing
Petri nets with known properties.

It is assumed here that the reader is fami l i a r  with the Petri net
model . Petri netc , though known to be good models for concurrent
sys tems , are diffic ult to analyze . The conventional practice is to design
a net and then analyze its properties. A number of iterations of design
and analysis  may he required before a “ correct ” net is obta ined. This
process can be quite expensive . In [3] a Petri net is analyz ed by obtain-
ing an incid ence matrix and solving a system of l inear  equations to obtain
invaria nts.  An invariant  is a minimum set of places such that the sum of
tokens in the places in the set remains constant . These invariants are
then used to prove or assist  in proving the correctness of Petri nets .

In contra st , we have taken a synthesis approach . A net is
constructed from a basic building block according to a construction rule.
The final  net is guaranteed to have the importa nt property of boundedness.
(Bou ndedness means that each place wil l a lway s have less tha n N tokens
where N is an a priori known value.)  This property is essential for imple-
mentation . In addition , all invariants of the net are obtained as by—
products fro m the synthesis process. The results are summarized below .
Proofs of theorems have been omitted .

~ This research was supported entirely by the Joint Services
Electronics Progra m under Contract F44620—76— C—0 0 89 .
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Definition 1: Given a net N 1 = (P1 , T~1 A 1) (~1 is the set of places ,
is the set of t rans i t ions , A1 is the ~et of arcs) where p , p 0 are

any  two places of N 1. If N1 is modified to N2 = (P2 , T2 , )~ ) su ch
that:

LP 1 
- [P1 1 P0~) 

U [p1 where p 
,~
‘ P 1

T2 = T 1 and

A2 
= ~A 1 

- ~(p1,t) i = 1, 2} - ~(t, p~) I = 1 , 2 }
u~ (p, t) ( p .  t) € A 1

, i = 1,2T 
~ 

(t, p) I (t,p.) e

= l ,2~

then p1 and p2 are said to have been merged to p to form a new
ne t N2 .

Synthesis basics. Let p1 a nd p2 be any two places of a Petri net N1 =

(P1 , T1 , A1) such that:

1) each of them is in some invar iant  of N 1,

2) for all t e T1 , (p1 , t) e A1 ~ (p2 , t) 4’ A1 and

(t ,p1) e A1 (t, p2) / A1

Let ~~ , 112 , . . . I~~ and ‘2 1  ‘22 ’ . I~~ be inv ariants such that

p1 € 1 1 3  , 1<j<n and P2 ~~~2 k ’ 1 � k �m .

If p1 and p~ are merged to p3, 
and the new net is N2 , then

Theorem 1: If I Is an invariant of N 1 containing p1 and/or p2 ,
then I is not an invariant of N2 .

Theorem 2: The set of all invarlants of N2 not containing p~ is
identical to the set of invariants of N1 not containing p1 a nd/or p2 .
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Theorem 3: All invariants of N2 containing p3 are obtained as
follows:

For every pa ir of invar i ants  ~~ and 12 3 
su ch that

‘ii ~ 
12j 0or 111 

= ‘2j

the set I~ U 12 U f P3 ~ 
— [p 1 , p2) is an invariant of N2

provided tha t no other invariant  of N 2 is i ts proper subset.

The Synthesis Procedure. The synthesis process is as follows:

1. Begin with a building block .

2.  Bring in another building block or merge two places. The
merging can be performed only if every place will still be
contained in at least one inva r iant  a fter the merging .

3. If the required net is completed then stop; else go to step 2.

Checking for the merging requirement in step 2 can be done using
theorem 1 to 3. A building block is any Petri net all of whose invaria ri ts
are known and every place is in some invar iant .

Theorem 4: The Petri nets built according to the synthesis proce-
dure are bounded .

Theorem 5: The class of nets synthesized is equivalent to the class
of bounded nets. (The definit ion of equivalence is taken from [i) ) .

Example

A very simple exa mple is presented to illustrate the procedure .
Two “consumer ” processes a re to be modeled . The consumers sho~~d
not consume at the same time .

The consumer processes are first  synthesized as shown in
Fig . l a .  t2 and t.~ represent the process of consuming . This synthesis
can be done using some basic building blocks. The invar iants  for the
net In Fig . la are:
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= ~P4 1

12 
= [P6’ P71

13
= tP1~

14 
= {p2]

p1 and p2 are then merged to get the net in Fig . lb. The inveri ants are :

I~ = [p 4
, p

5~

12 
= [P6~ P7~

13 
= [p 3]

Since each place is in some invari a nt , the net Is bounded for any initial
marking . Initially, assume a single token is placed in each of the
places p4 ,  p6 a nd p3 .  Since t2 and t~ both have an input place in the
same invariant ([~ 1), and since the sum of the tokens in the places of
this invariant is 1 , t2 and t 4 fire in a mutually exclusive manner .  There-
fore , the two consumers cannot consume at the same time . A knowledge
of the three invariants can also be used to prove the absences of dead-
lock .

Plans for the Next Period

1. Further rules for bottom-up synthesis will be considered . The
top—down approach will also be considered , i . e . ,  how can transi-
tions be exnanded into nets so that certain properties are preserved .

2. The limitat ions of the use of invarlants in proving the correctness
of nets will be investigated .

3. Using the formal rules , an attempt will be made to provide guide-
lines for synthesizing _

parallel programs (operating systems)
data fl ow programs
software for distributed processor sy stems.
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The overall aim is to preserve certain properties during synthesis

so that system behavior is easily verifiable .

Refe rences

1. T. Agerwala , “Toward s a Theory For the Analysis and Synthesis
of Systems Exhibiting Concurrency, ” Ph. D. Dissertation , The
Johns Hopkins UniversIty , 1975.

2.  T. Agerwala , “Concurrent Computer Systems , ” Texas Biannual
of Electronics Research No. 22 , Electronics Research Center ,

The University of Texa s at Austin , Austin , Texas , Nove mber 15 ,

1975 , pp. 12 5—1 43.

3. K. Lautenbach and H. A. Sch midt , “Use of Petri Ne ts for
Proving Correctness of Concurrent Process Systems , ” Informa-
tion Processing , 1974 , North Holland Publishing Company , 1974 .
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Fig ure l a .  Before Merging of p 1 a nd p2 .

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

Figure lb.  After Merging of p 1 and p2 .
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F.  C O M M U N I C A T I O N  IN C ON C U R R E N T  s’1’s’r EM s
Professor Tilak A gerwala

1v\T ell developed theories of computat ion and numberous s/ s tem
ana lys i s  3nd des ign  techniques have allowed the cons ’ruc t ion  of h i q h
performance , essen t ia l ly  serial  comput ing  devices.  Speed , e f f i c i e n c y ,
and faul t  tolerance requirements , however , indicated tha t  the notion of
concurrency or paral le l ism be exploited in comput ing sy s t e m s .  Rap id ly
dropping hardware costs made it feasib le  to build s y s t e m s  cons i s t i n g  of
Interconnect ions of numerous  au tonomous  computing e lements . Such
systems , in general have not perfo rmed even close to or i g ina l  expec ’ ’~-
tions.  One reason is insuf f Ic ien t  emphasis  on the impor tan t  role of com-
munication in such sys tems and its re la t ionsh ip  to c o m p u t a t i o n .  The pr ime
obj ective of this research is to provide a f ramework in which n ommun ic a -
tlon aspects can be formal l y  studied . A nother objec t ive  was to inves t iga t e
techniques for the sy nchronization of processes In a ~~ lt iprogrammed or
multiproces sor system .

The app roach to s tudying  commun lc~iti on asp ’c” s wa s  b a s i c a l l y
to “ s tar t  s ma l l . ” A s i m p l i s t i c  model of comm in i ca t ion  wi s  developed and
vario us s i tuat ions were analyz ed us in g  th is  model , to pr o” ide some in-
sight into the role of commu nica t ion  in concur r en t sy s ’e~~s and  it s  rela-
t ionship  to computa t ion .

A simple model of co’n~~i n i c a t I o n  and 1 m e i s re of co rnmJnva -
tion complexity was proposed . This  in ile l cons~ s’s ~ a ir aph where each
node consists of a processor w i t h  some locdl m en ~ ~r ’? .  The processor  is
capa ble of performing s imple  i r i t h m ” ’lc logica l opera t ions  ic ordin g t
a p rogram stored in ~‘~e:n~ r~ or w i r e d  I n . The ~rcs of t h e  ~ r~ip h represen t
li nks along which  d a t i , s l qn  u s , u c . a re  ‘ r~i ns  i~~~’d ro~ ooe node to
another.  Ever y th ing  occurr in g I n s t  e the  node is eu ed o’~ pu~~i t ion .
Act ivi ty  on the ar r; s Is t er r ~ed ‘ r n ”  ~ic i~ lon . The t o t~~l n~~n h er  of prim-
itI ve operations ( surn ~n ed ~‘er ~ll node

s is de ’ t n e d  as “ compu ’at i on  com-
plexity ’’ and the o t u l  n i n  er of ar  s I s ~e in r ’ d is ‘‘ c o m m u n i c a t i o n  com-
plexi ty . ”

~This research wcs snppor te d  c’n t rel ’: H; th (’ T o i n t  ~et  v ices
Electronics Program unde r  (~~O f l tfr 1C t  l~~4 4 E ~~2 i / C f l O~~~~~~ .
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It is assumed that  each algori thm s ta tement  contai ns s u f f i c i e n t
information to deterr ilne the k ind  of sys tem graph it  w i l l  execu te fa s test
on. The compl exity of the graph then gives the complexity of the algo-
r i thm.  The communicat ion provided by a pa r t i cu l a r  hardware conf i gura t ion
can be determined by modeling ~t as a graph .

Th e problems listed below were analyzed us in g  this simple
model fo r communication:

(1) l~’i nding the max imum of a sequence of N numbers

(2) Computing the Discrete Fourier Transfo rm

( 3) PermutL~g data i~i a SIM D machine

(4 ’) Sort ing a sequence of N numbers

(5) Communica t ing  in a computer  netw3rk

(6’ Determining the min imum spanning trace of a network

This exercise illustrated the following:

(1) Communica t ion  plays  a critical role In d i st r ibu ted  comput ing
systems

(2) Systems with d i f f e ren t  amounts  of compu ta tion and commun-
ication can be designed for performin g the same overall task

(3) Computa t ion /communica t Ion  complexity t rade-of fs  are poss-
ible

(4) It may be possible to increase speed of execution by going
to higher  communic ation complexity

(5) Given cur rent technolo gy, minimiz in g  execution time on a
sequential  machine or min imiz in g  hardware may not be
app ropriate .
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For details , the reader Is referred to [1] . The work on imple-
mentation was primaril y a continuation of research conducted dur in g
l974- l q7 s  (s upported h y- U . ~ . Atomic  Energ y Commission under contract
A T( l l - l - 3 2 8 8 ’) ) .  New synchroni zation primit ives were proposed and shown
to be complet e: they can repre sent any desired interaction between pro-
cesses without  the use of conditionals.  The use fulness  of the primit ives
was i l lust ra ted and disadvantages of existing synchronizing mechanisms
poi nted out.  A stra ightforw a rd but eff ic ient  implementa tion of the pr im-
it ives was also obtained .

For details , the reader is referred to [ 2) .

The ~o1lowing will be undertaken:

(1) Development of a theoretical foundat ion  for s tudy ing  com-
munica t ion  in parallel sys tems.

(a’) The model obta ined thus  far is quite s impl i s t ic .  It does-
not adequately cover all important aspects.  (Ex . pro-
cessor memory communicat ion wi th in  a node has not been
considered ’) . A more sophistic ated model wil l  be devel-
oped.

(b’) The measure of communication comp lexity is qui te  prim-
it ive.  Other measures such as link capacities , number
of t ransfers , f an- In/ fan-ou t , etc . wil l  be conside red
and a more realistic model developed .

(2) Application of theoretica l framework to the design and anal-
ysis of concurrent sys tems .

(a) Selected architectures and a lgor i thms wil l  be analyzed
using the theoretical framework .

(b) Existing building blocks such as microprocessors will
be evaluated to determine the complexity of communica-
tion they can rea l i s t ica l ly  be expected to handle . Arch-
itectu ral f ea tu re s to enhance communica t ion  wi l l  be
studied .
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(c) New approaches for algorithm analysis will he considered .

Re fere n ces

1. Tilak Age rwala , “ Communication , Computation , and Com pute r
Architecture , ” Record of The 1977 Internationa l Communication
Conference, Chicago , June 1977.

2. Tilak Agerwala , “ Some Extended Semaphore Primitives , ” to
appea r , ACTA INFO RMAT ICA.
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C.  S OI TWARE V E R I I I C A 1T O N  t

Professor  R .  T. ~eh

Our p r i r t i i r  a c t i v i t y  d u r i n g  the pas t  twelve month s was con-
I i t ( t  on prog r a!n: i ing  method ol cv , especia l ly  in the area of pro gram

v e r i f i c  i t i o n .  Two d i s t i n c t  p ar ts  of our  i n v e s t i g a t i o n s  are reported here .

(1) V e r i f i t - a t i o n  ot  n o n - d e t e r m i n i s t i c  programs by predicate
‘~ i :~ i i o r m a t i o n .  In t h i s  work , we present  a methodology for
the v eni ~ j cat i on  of both d e t e r m i n i s t i c  and non-de te rmin i s t i c
p r q r  i n s .  Our i ?th od is based on the concept of predicate
t r  n s f o r m e r  i n t r o  luced by D ij k s t r a . The predicate t ransformer
is used ‘ u d e f i n e  f or n a l  se ma n t i c s  of programs by a mapping
w h i c h  t r i n s t o r r r s i set of s t i t e s  a f t e r  the execution of a

~r T r  ‘n , to t h e  ~ot of i l l  poss ible  s tates before the execu —

~ion ot ~ s i r e  p r o g r a m .  Thus , the d i f fe rence  between the

~n’:ept o f d - ’ r i n i s m  and non—dete rmi n i sm loses its s i gn i f—
1 ( O f l C C  in  t h i s  s e m a n t i c  concept .  The focus is on the nature
o~ the  c o m p u t  I t i r n ;  and hence , the concept of iteration ,
no ’ h ~w ‘h e  progr im i t er a t e s , is of concern in the current

o n t e x ~

By the  very n i t u r p  of the semant ic  de f in i t ion  us ing  predicate
~1 in s or - ers , j t  is i m p l i c i t l y  a s sumed  in our method that the
t e r ’ n I n u t ~ on property of i program is an inherent  property of
the  i l q o r i t h m  t’ it  real izes the given pro gram.  Furthermore ,
t e r m  in i t i o n  and cons i s tency  can be handled by the same
modus p er an d i .  rh ese points  are illustrated by a number
of examples.

In t h i s  work , the ma in  resul ts  were the method for generating
the weakes t  precondi t ions. We have investigated two

m et h o d s :  by generat ion of a sequence of approx ima t ions  of
the f ina l predicate  and , by solving a solution for recursive
equat ion . These two tech niques indeed can be used to corn p-

~ This research was suppo rted in part by the Joint Services
Electronics Program under  Contract  F4 4 6 2 0 - 7 6 -C-0 0 8 9  and in pa rt by
the Nat iona l Science Foundat ion.
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liment each other in locating the loop i n v a r i a n t .  The gen-
eration of successive turns will  provide a guideline in ob-
ta in ing  a cand idate , and the recursive equat ion provides a
test for checking the adequacy of the candidate . Therefore ,
these two techniques are usefu l addit ions to any verif icat ion
system based on inductive insertion method . The impact of
the work here is that  we treat total correctness instead of
partial correctness. On the other hand , from the practical
viewpoint , a basic l imi ta t ion  is imposed by our method by
the exploding complexity for f inding the weakest  precondition.

(2) In this pa rt , our inves t igat ion is centered in the s tudy of the
nature of verif icat ion prccesses. We have considered the
inductive mechanisms for f ive techniques of ve r i fy ing  inter-
active/recursiv e program structu res: inductive assertion ,
predicate t ransformers , subgoal induction , computat ion i n-
duction and structure induction . We have discovered tha t
all fiv e techniques can be jus t i f ied  by a s ingle theorem of
inductive proof technique . We have also sho wn that all
five techniques  face exact ly  the same problem of f inding
properties that will  carry an induction . Such properties , I
refer to ~s “i nductive set ” . We have proven that in the
inductive Eet , all five techniques are easily  related to one
another and that a progra m proof of any one technique
can be easily converted to a proof of any one of the other
techniques.  We were able to then conclude the compu ter
progra ms simply are inductive definit ions of the functions
they compu te . Induction , therefore , is the only method by
which they can be proved and hence , the problem of induction
is there fore unavoidable . It seems that  the same method is
applicable to cahracterize terminat ion proo fs and we are
working on that prospect.

References

1. S. K. Basu and R. T. Yeh , “Strong Verification of Programs ,”

IEEE Transactions on Software Engineerin 9 , Sept ember 1975.
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2. C. Reynolds and R . T. Yeh , “ Induction As A Basis for Progra m
Verification ,” IEEE Transactions on Software EngineeripQ ,
December 1976.

3. R. T . Yeh , “V erification by Predicate Transfo rmation , ” to appear
in Current Trends and Pro gramming Methodology, Vol. 2 , P rentice-
Ha ll , September 1977.
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A.  ELECTRONIC CONTROL SYSTEMS --RESEARCH IN ESTIMATION
AND ANALYSIS OF NONLINEAR STOCHASTIC SYSTEMS t

Professor Steve n I . Marcus

The objective of this research is the development of a theory
for the design and ana lys i s  of nonl inear  s tochast ic  dynamica l s y s t e m s .
These problems are of considerable importance in m any  areas of commun-
ication s , control , guidance , and t rack ing .  Opt imal  est imators  previously
have been derived for very general classes of nonlinear sys tems.  How-
ever , the optimal estimator requires , in general , an inf in i te  d imension al
computation to generate the condit ional  mean of the sys tem state given
the p a s t  noisy obse rvations . This computation involves  ei ther  the solu-
tion of a stochastic partial d i f f e r ential equation for the conditional density
or an in f in i te  d imensional  sys tem of coupled ordinary s tochast ic  differen-
tial equations for the moments  of this dens i ty . Hence , approximations
must  be made for practical implementation .

One of the majo r resea rch activit ies undertaken in the past
year unde r the partial support of this grant is an invest igat ion of  the use
of the inhe rent structure of pa rticu lar subclasses of nonline ar  stochastic
sy stems in order to design high-performance , easily implementable  sub-
opti mal estimators for these sys t ems .  In part icular , the tools of harmo nic
analysis on Lie groups and homogeneous spaces have been used to design
suboptimal estimators for nonlinear systems whose state evolves on a
compact Lie group or homoge neou s space , such as the n-sphere [2] , [4] ,
[7J- [9] . These models have applicat ions in phase trackin g and demodu-
lation , satellite tracking , and rigid body orientation est imation .

The approach taken in this research consists of the t runcat ion
of the infinite set of coupled equations for the moments of the condit ional
den si ty  of the state , by m eans of an assumed densi ty  approximation . Tha t
is , the conditiona l densi ty of the state is expanded in the appropriate  har-
monic expansion ( e . g . ,  Fourier series on the circle or spherica l harmonics

t This research was supported in approximately equal parts by
the J oint Services Electronics Progra m , Natio nal Science Foundation , and
Bureau of Engineering Research a t  the Un ive r s i t y  of Texa s at A u s t i n .  Some
of the work reported here is a cont inuat io n  of research begun at  the Mass-
achuset ts  Inst i tute of Technology under the support of AFOSR , NASA , and
NSF .
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on the sphere) . However , the h ighe r  order coe f f i c i en t s  are not merely
set equa l  to zero , for it has been shown that  th is  does not resul t  in good
per fo rm ance . Ins tead , it is a s s u m e d  that  the condi t ional  dens i t y  is a so-
called “ n o r m a l ”  dens i ty  on the pa r t i cu l a r  Lie group or homogeneous space;
these densi t ies  have many  of the same properties as the Gauss ian  dens i t y
on II? , and depend on a smal l  f in i te  nu m ber of parameters .  This a s surn p-
tion e f fec t ive ly  t runcates  the i n f i n i t e  d imens iona l  op t ima l  e s t ima to r  by
expressing higher-order moments  in term s of lower-order ones , wi thout
e l imina t i ng  the higher-order moments  (e .g .  , the h igh - f r equency  components
in a Fourier series expansion) . This approach has been h igh ly  successfu l ,
as the following resul ts  indicate .

In [2] , est imation on the 2-sphere S2 is considered . This prob-
lem is motivated by the desire to track a satellite in a spherica l orbit abou t
a celestial body, where it is assumed that the orbit  is perturbed by random
effects  which can be modeled as Gaussian white  noise.  In this  case , a
reasonable model for the evolution of the position x(t ) of the sa te l l i te  at
time t is that  of a stochastic bi l inear  d i f f e r e n t i a l  equation driven by
Gauss ian  white  noise; the observations are assumed to be linear obser-
vations of x(t )  corrupted by addit ive Gauss ian  white noise.  The optimal
estimator and the subopt imal  es t imator  resul t ing from the normal  assumed
density approximation on S2 are derived . Monte Carlo computer simula-
tions , reported in [9] , show that  this  subopt imal  e s t ima tor  performs at
least as well , under a variety of parametric condit ions , as the extended
Kalman f i l ter  and the Gustafson-Speyer  state-dependent noise f i l t e r , and
with comparable or fewer computat ions .  In fact , the par t i cu la r  e s t ima to r
simula ted in [9) is computationally qui te  s imple , hav ing  been t runcated
af ter  the f irst-order moments of the condit ional  dens i ty  (this  is called the
first  order filter)

In [4] , the corresponding results  for b i l inear  sys tems e .o l v i n g
on compact Lie groups are presented ; the concepts of group representation
th eory are ut i l ized In the analys is  and in the derivat ion of the normal
a ssumed density approxim ation on a compact Lie group.  Both o p t i m a l  and
suboptimal est imators are studied . This class of problems is mot iva ted
by the problem of e s t ima t ing  the orientat ion of a ro ta t ing  rigid body: the
state of the system is a direction cosine matr ix , which evolves on the
specia l orthogonal Lie group SO(3) .
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The methods d i scussed  here are succes s fu l l y  applied to an
optical phase t racking problem in [7] . In this problem , the sta te of the
sys tem is the phase e(t) , and sin8( t’) is used to m o d u l a t e  the in tens i ty  of
a coherent light source , such as a laser , which is pointed at a remote
receiver. As opposed to the previous problems in which the observat ions
consisted of nonlinear funct ions  of the state corrupted by addi t ive  whi te
noise , the observation in this problem consists of the output  of a photo-
detector--a doubly stochastic Poisson process with rate modulated by
sin9(t ) . The objective is to es t imate  9(t) given the past  observations of
the photodetector. The state ( i . e . ,  the phase e(t) ) evolves on the circle ,
so Fourier series and the folded normal  densi ty  are the appropriate tools
for designing the normal a s sumed  densi ty  subopt imal  es t imato r . Monte
Carlo compu ter s imulat ions  have shown that  the f i r s t  order f i l te r  designed
by this technique performs better at low frequencies  and comparably or
slightly worse at high frequencies , tha n the previously used “ quasi-
opt imum ” es t imator  of Snyder for th is  problem. The phase es t imat ion
problem in which both j u m p  process observations and nonlinear  observa-
tions with additive white noise are available , is consid ered in [8] .

A major  e f for t  has been undertaken during the past year to in-
vest igate the properties of nonl inear  s tochast ic  sys tems  driven by m al t i -
plicative Poisson wh ita  noise , with the eventual goa l of solving estimation
and control problems. Such systems have many appl icat ions , includi ng that
of modeling a satell i te subject  to random micrometeori te  col l is ions.  In
[1] and [5] , the a nalysis  of l inear systems with m~ l t ip l ica t ive  Poisson white
noise is considered.  The stochastic calculus of McShane is extended to
this  case by means of an in jec t ion  procedure which is s imi l a r  to that  of
McKean . Other properties of such sy stems are studied , and mome n t
equations and necessary and su f f i c i en t  conditions for  s tochast ic  s t a b i l i t y
are derived . These results are extended considerably in [3] and [5] to
genera l nonlinear systems with Poisson white noise. It is proved that
this extension possesses the same desirable properties as McShane ’ s
ca lculus .  This work represents a considerable step in the direction of
providing a un i f i ed  calculus which applies to a large class of noise
processes.
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B. RESEARCH IN lARGE SCALE SYSTEM S AND
DESIGN TECHN IQUES +

Professor  Baxter F . Womack and Associa tes~

Three problems have been inves t iga ted  in the area of large
scale systems theory . In [1] , three d i f fe ren t  c o n f ig u r a t i o n s  of dynamic
mult iple-connected subsystems are considered . The general sta te var iable
equat ions  for circular , polar , and c i rcu la r -po la r  conf igura t ions  of n sub-
sys tems  are given.  For a specif ic  class of s u b s y s t e m s  and n = 4 , com-
plete inp ut-output  relations are developed. System s tab i l i ty  and control-

• abi l i ty are investigated . In [2] , properties of the mat r ix  Lyapunov equation
are developed using spectra l norms to es tabl ish upper  and lower bounds
of eigenvalues that guarantee a posit ive def ini te  solut ion of the Lyapunov
equation . This wark is continuing and will be usefu l in designing large
scale systems created by connected subsys tems.  In [3] , a new numerica l
cal culation method is treated for solving s imultaneous ordinary d i f fe ren t i a l
equations of higher order as ini t ia l  value problems. The concept of a diag-
onal ized modal property is introduced to achieve necessary  s impl i f i ca t ion .

New design techniques for control systems are bei ng investi-
gated . In [4] , it is demonstrated that  a system response can be improved
by means of a mult i-valued switching circuit that  is controlled by measur ing
on-line system variables and analogous on-line Ny quis t  points . Other
research in progress in the design area includes (a) nonl inear  synthesis
procedu res in the frequency domain when time domain tolerances are
specif ied , and (b) nonrecursive d ig i ta l  f i l t e r  design speci f ica t ions , arch-
itecture , and l imi ta t ions .

Sensitivity theory is being developed and ut i l ized in severa l
ways  in continuing resea rch projects . In one proj ect , t ime domain  sens-
i t ivi ty  functions are being used to opt imize  a large d imens iona l , non-
linear dynamic sys t em.  In two other projects , new and more u s e f u l  form-
ulat ions of sens i t iv i ty  funct ions  are being sought  which  can be used on
(a) systems with mul t ip le  eigenvalues , and (b) adap t ive  syst ems with
mul t ip le  inputs and ou tputs .

i This research was supported in par t  by the Joint Services
Electronics Program under Contract F44 62 0-76 -C-00 89 , the Internat ion al
Research and Exchanges Board , the Japanese Ministry of Education , and

Japa nese Scientif ic Research Gran ts .
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New and novel  methods  of c h a r a c t e r i z i n g  and s o l i i n g  control
1)r oble ms ire con t i nua l l y  sought . One e f f o r t  in th i s  d i rec t ion  is ind ica ted
in [5] and [6] ,  where coordinate  :r on s f o r r n at i o n s  of pa r ame te r i zed  arcs
have a- , ib led  the invar i at ive  s t r u c t u r e  inhe ren t  in the H a m i l t o n  and La-
grange  equa t ions  to be exposed by means  of tensor a n a ly s i s .  A c o n t i n u i n g
goal of this research is to uti l ize tensors and extensors to characterize
problems having multiple performance indices. Another effort focuses on
understanding human  tasks  as an intermediate  step in fo rmula t ion  of new
control strategies for broader classes of control problems.  In [7), a model
is postulated and tested to predict major  s h i f t s  in the search stra tegy of
human subjects analyzing mu lt imoda l  su r f aces .  In [8] , a detai led investi-
gation of human  search experiments reveals  th a t  the human concept forma-
tion of the multimodal opt imum point has five suhconcepts , namely  a point-
segment concept, line-segment concept , plane-segment concept , loca l-
surface concept , and gl obal-surface concept.

~Associates: V . M . Levyk in , J . J .  M o n t e m ay o r , Sadao Azuma ,
Y. Tjandra , D .O. Ni l sson , C . R.  Browning , T. N a n o c k a , and M .  Oda .
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C. R E C E N T  RESULTS IN lARGE SCALE APPROXIM ATIONS
OF POINT CONTR OLI .FD DISTRIBUTE D SYSTEMS +

Pro fes so r  R.  H . I l ake

A new numer ica l  method for optimal point  control of elliptic dis-
t r i b u t e d  p ar a m e t e r  sys tems  has been developed u n d e r  the J o in t  Services
Electronics  Pro gram support  and appl ied in severa l s tudies  [1 , 6) .  In these
studies , a new eff ic ient  large scale system numerical  solutio n technique
based on mu l t i p l e  shooti ng [3 , 4 , 9 ] ,  called extended mul t ip le  shooting
(E M S ) , was developed for solving mixed bound ary  value prob lems for l inear

-• and s emi - l i nea r  e l l ip t i c  sys tems defined on ]R 1 and irregular  regions in
1R 2 . This  new numer i ca l  approach may be employed wi th  large scale f in i t e
d i f f e r ence  or f i n i t e  e lement  approx imat ions  for the operator .  The method
e n t a i l s  an order reducing featu re in which the or ig ina l  point  control prob-
lem is t rans formed  into an equ iva len t  problem possess ing much fewer un-
k n o w n s .  This  feature  has been demonstrated for sys tems involvin g dis-
cre t iza t ion of up to 2 , 500 grid points which were reduced to equ iva len t
problems conta in ing  a round  f i f t y  va r iab les  [6] . The resu l t an t  convergence
ra t e  for the bound ary  value problem solut ion was a lmos t  three t imes as
f a s t  as the successive over- re laxat ion technique  in a large es tuar ine
model l ing problem [8]. The op t ima l  paramet r ic  point controls were obtained
by app ly ing  the Gold farb’ s search a l g o r i t h m .  These ea r l i e r  appl ied s tudies
under  the N a t i o n a l  Science Founda t ion  sponsorship  involved the determin-
a t ion  of op t ima l  wa ste t rea tment  p l an t  capac i t i e s  for J amaica  B a y ,  a smal l
e s tua ry  in New York [5] and for Corpus C hr i s t i  B a y ,  a l a rge  es tuary  on the
G u l f  Coast  of Texas [6] . Cont ro l  an - i  s : ite  v a r i a b l e  i n e q u a l i t y  cons t ra in ts
were emp l o y e d  to impose  re :~l i s t i c  w~~ste ~r e a t m e n t  p l a n t  cha rac te r i s t i c s
and w a t e r  qu a l i t y  s t anda rd s in ~hp a n a l y s e s .  [t was ap p a r e n t , in both
s t - H i a s  , t h a t  m 1 n i m u m  wa ste tr e  i t ~ i n t  u m u a c i  i c s  for s a t i s f y i ng  water
q i l i ~y s tand~~r ’1s in t he  e s t u a rie s  could be achieved at  abou t one- th i rd
the n ip iLi l and ~- p e r t ’i ng cos~ r equ i red  by the u n i f o r m  p lan t  t rea tment
pol icies  u s u a l l y  espou sed by He reg~~htor ’: agencies .

A bri r . f pr d iem s tat ’ ( f l ’ ~or o p t i m a l  poin t  r ~n~rol of e l l i p t i c
s y s r ~~m s - m d  the f l e t h - ~- 1 of scd’ t i on  i r e  ou t l ined  be low.

÷ Th is  research  w i s  suppr ~r ( ed by the J o in t  Services Electronics
Program under  Contract F 4 4 6 2 0 — 7 6 — C — 0 0 8 9 .  Earl ier  studies appl ied in
this topic were supported by the  N t i o n a l  Science lou dat ion under Grant
No. GI—348 7 0X.
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Qp~Lmal Point Control for Elliptic Systems

The solutions of optimization problems have been obtained for
severa l elliptic distributed parameter systems which have controls applied
poi ntwise in the problem domain.  A brief problem statement follows:

Find a*eS such that

N

iri f J (a) inf 

~~~ 

(1)

subj ect to state equations , which for a linear second order elliptic system
are:

+ .-~~— (E  —~~~~~
- \ - (uC) - —~— (vC) - K(x ,y) C

~ x \ x ~~x /  ~y ~~~y ~y J  ~ x

N

~~~ 

h (~~) 8 (x - x~, y - y .) , (x ,y) € (2 )

with boundary conditions

y C(x ,y) + ~~ oC (x ,y) 
= , (x ,y) e~~~
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where

lv i  + 
~~~~~~~

= 1

- 
- and state variable inequality constraints

C(x , y) � g(x ,y) , (x ,y) e~~ (3)

where the set S is the admissible  contro l parameter set which is a
N

convex subset of IRa

f ( . )  g ( . , .) , h ( . , .)

u (~~, ~) ,  v( ., .) €

8(x ,y) is the delt a function at x=0 , y = 0 , Ex and E >  0 , V(x ,y) € Q .

The above problem is reformulated in terms of a pei~tq~batio n parameter
vector B = (a - ~~~ and the sensitivity function ~~~

-- = S(x ,y) where
h is assu med to be a linear function of a .
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Solution Method

The optimi zation problem defined by (1) , (2) , and (3) , ha s a

unique solution and is equivalent to the problem.

- ‘ Find B j3 which minimizes

N
‘

V 

=

subj ect to

B ~ g(x ,y) - ~~(x ,y) , 
(x ,y) €c ~

where , B e~~, is the constraint set and ~ (x ,y) is the solution of (2)

with a = a 0

where S ( x ,y) is the sensit ivity function of the state to the control

parameters a .

This sensitivity function sa t i s f ies  the boundary va lue problem

/ ~S \ ~ ~ ~ S \ ~
(u Sd 

_ _ _ _ _LI E 1+ — I E  — 1- - _ _ _ _ _ _  - K(x ,y) S
~~x \ X  ~~X / ~ y~~~ y ~y /

N

= ~~~~~~~ ó (x - x~~, y - , (x ,y)
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with boundary condit ions

yS(x,y) + 
~
. 0 , (x,y) €~~c~

The proof of the equivalence of this alternative fo rmula t ion
with the original problem is given in [7] . This result  means that the
origi nal formulation is equivalent  to a constrained min imiza t ion  problem

V 
which may be solved for discretized problems by non-l inear  programming
methods. This approach requi res both the solution of the state and the
state sensi t ivi ty  equations.

The EMS method is ba sed on the equivalence between the solu-
tion of the boundary value problem and an initial value problem. The
equivale nce is expressed by the following sta tement:

The unique solution to the boundary va lue problem
( 2) is equivalent to the solution of a Cauchy pro b-
lem defined by the same di f ferent ia l  operator , with
boundary values and derivatives on a part of the
boundary , ~~~~ such that the domain of dependence
of the in i t ia l  values contains ç~ and a l l  boundary
conditions are sat isf ied on

~ (x ,y)  e ~cl/ ~c~ i

This state ment may be verified by an application of the properties of the
solutions to (1) . The extended shooting technique is a method which can
be u sed to calculate the unknown ini t ia l  va lue for the equivalent  Cauchy
problem . The result ing Cauchy problem is not well-posed , in general ,
as ca n be veri fied fro m Hadamaard ’ s well posedness condition [2] . In
practical problem s , this conditio n mani fes t s  itself by divergence of the
alg ori thms [3] due to numerical  ill-conditioning . This problem is allev-
iated by the EMS method which decomposes the origina l domain Q into
a net of N subregions such that

N Q 
N ,~

c l = u  c u 
[.

u 
~ 9k
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where

~°jk  ~ ‘~ if r~~ f l C~~~~~~Ø

and is based on the following result .

The unique solution to the boundary value
problem (2) is equivalent  to the solution
of a mult i -boundary value problem defined
on ~~ , L i  = 1, 2 , . . .  ,N~~i s a t i s fy ing  the

same operator of (2 ) , the origina l boundary
conditions and additional conditions
C(x ,y) €

The proof of this statement follows from the properties of the solutions to
the sy stem state equations and from the previous statement on equivalence .
The mul t ip le  boundary value problems defined with respect to the subregions
indicated above may be solved by shooting . The resul t ing technique is
re ferr ed to as the EMS method . EMS numerica l algorithms have been em-
ployed in the modelling , analys is  and optimal control of  el l ipt ic  distrib-
uted parameter sys tems.  The discrete implementat ion of the EMS tech-
nique involves integrating the operator equations by means of numerical
integration and assuming arbitrary values for unspecified init ial  va lues
at the subregi on boundaries. A Newton type iteration procedure is then
employed to compute a solution which satisfies the boundar y conditions
at the final  poi nts . The domain of dependence of each initial value prob-
lem was selected to minimize the ill-conditioning caused by growth of the
tria l solutions. Large scale approximation s to the elliptic problems of the
class considered have been solved by this method .

In [5] , we used the EMS technique to solve the multi-point
bound ary value problems satisfied by severa l water qual i ty  variables for
Ja maica Bay, New York . A numerical integrator for ordinary different ial
equations was used for integrating the operators . The problem , whi ch
had four point controllers , was decomposed into eighteen spatial sub-
regions.  The mult iple  shooting algorithm reduced the error in the Newton
it eration for the correct initial values to 10 ‘° in two iterations.
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In [6] , a mu l t i p l e  shoot ing t e chn ique  w ’s  used to in tegrate  the
dispers ion—advect ion equat ions  for  Corpu s Chr i s t i  Bay ,  a large , two-
dimension , estuary in Texas .  In uon ’~r~ st  to the previous proh ie m , a two-
dimens ional  integrator  was derived from the live point  f i r d t e  d i f f e r e n c e
approx imat ions  [10] for the operator .  Al together , 269  esh po in t s  were
involved in the problem along wi th  twen ty—three  control lable  i n p u t s .  The

• subregions employed in the shoot ing a lgor i thm required th i r ty- two  i n i t i a l
values to define an EMS formula t ion  consis tent  with the o r i g i n a l  boundary
value problem . The Newton i terat ions for sa t i s fy ing  the boundary condi-
tions converged in about three i tera t ions .  The method was fou nd  to be
almost  three t ime s as fast as an earlier solution techni que  applied to this
problem that  was equivale nt to the standard successive over-relaxat ion
method .

In [1] , the EMS method was employed to solve a discrete-t ime
conti nuai s space approximation for para bolic distr ibuted sys tems.  High
accuracy spatial appro ximations were achieved with a lgor i thms requiring
less th an twenty Initial values.  These studies indicate that the EMS
method has excellent convergence characteristics and permits  the compu-
tati on of realistic large scale approx imat ions for el l iptic and para bolic
dist ributed systems.

Severa l of the studies mentioned above also involved the compu-
tation of optimal point controls for large scale elliptic problems.  In each
case , the sensitivity equations for the problem relative to the controls were
computed by the EMS method . The equiva len t  fo rmulat ion  then reduces to
mathematica l programming , which is defined by a no n-l inear  cost function
subject to linear inequality constraints and bounds.

These recent results demonstrate that the EMS approach is a
powerful method for solving large scale approximations to elliptic dis-
tributed parameter systems. In future investigations under JSEP sponsor-
ship , we propo se detailed , theoretical studies of solut ions for para bolic
problems as well as the computation of open loop and closed loop controls
f or para bolic problems with point controls. The EMS technique should
provide a powerfu l tool for solving the opt imali ty  equations for parabolic
sy stems. It is also important to note that the numeric a l state decoupling
and order reduction characterist ics of the EMS technique is of a d i f fe rent
nature from those used in the aggregation and other contemporary large
scale methods.  Variou s cu rrent techniques of decentralized contro l and
other suboptimal policies could also be combined with the result in g high
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resolution EMS models to study very large problems.
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A. BI SPECTRA L ANALYSIS OF NONLINEA R WAVE INTERA CTION DATA 1
Professor Edwa rd J . Powers and Y. C. Kim

1. INTR ODUCTION

In the past  we have developed , pa rtially under J SEP sponsor-
ship,  techniques which have proven useful  in experimental ly ana lyz ing
and interp reting fluctuation data associated with waves and instabi l i t ies
[1 , 2]. The approach is to digi t ize  the fluctuation data of interest and
the n fro m the corresponding raw time series data compute various spec-
tral and statistical functions of interest. Of particular Interest is the
fact tha t digital spectra l analysis  based on FFT techniques is capable
of resolving a fl uctuation spectrum into a l inear superposition of the
various component waves.  In particular , one can s imul taneously  deter-
mine the amplitude , frequ ency, wavenumber , and coherence of each wave
present in a fluctuation spectrum. This phase of the work is now sup-
ported by the National Aeronautics and Space Administra tion .

In analyzing fluctuation data chara cterized by nonlinear or
para metric wave—wave interactions , “l inear ” spectral ana ly s is  techniques
are of obviously limited value . Thus , during the past year we have turned
our attention to the problem of developing procedure s that are suitable
for a nalyzing “nonlinear data . ” In p articular , higher—order spectra l tech-
niques are required to analyze such data . For example , for a system
which is quadratically nonlinear , the two-dimensional  frequency spectru m ,
the bispectru m , is the appr opriate spectral quantity to consider.

2 .  THE BISPECTRUM

The bispectru m is best introduced by way of app lication to a
specific problem. Suppose that some fluctuating signal has been digi-
tized and that classical “linear ” spe ctra l analy sis  indicates waves
present at frequencies w1 , w2 , and w~ ± w2 wi th wavenumbers k1 , k2 ,
and k1 ± k2 , respect ively . The fact that wave s exist at sum and differ-
ence frequencies suggests that  a nonlinear Interaction has taken place .
However , if all the waves are normal modes of a system , there exists the

tThls research was supported princip ally by the Joint Services
Electronics Progra m under Contract F44620—76- C— 0089 , and in pa rt by
the Texa s Atomic Energy Research Foundation .

92

~~~~ 
, ‘ V ‘ 

‘ 
.

~~~~~L ,~



(V . PLASMA AND QUA NTUM ELE CTRONICS )

possibility that the sum and difference frequency wave s were spontane-
ously excited . Thus , the first  que stion we considered was how does one
disc riminate between spontaneously excited waves and those which are
coupled through some nonlinear or parametric interact ion? The second
question concerns the po ssibili ty of experimentally determining the com-
plex coupling or interaction coefficient from the experimenta l data .

We consider the discrimination problem firs t  by introducing the
bi spectru m [3] and reviewing some of its properties. Mathematically,
the bispectru m B(w 1 ‘~~2~ 

correspond s to two-dimensiona l Fourier trans-
form of a second—order correlation c(’r 1 , T2 ) = E[x (t)x(t + ‘r1 )x(t + T

2 )]

where E denotes an expected value . The fluctuating quanti ty x(t) is
assumed to be statistically stationary. Since the second—order correla-
tion is defined in terms of a third—order product moment , the bispec tru m
is a mean cube spectral density . That is , B(w 1 , w2 )dw 1dw 2 is the contri-
bution to the mean cube E[x 3] of those spectra l components lying in the
w to + dw 1 and W to U)

2 
+ dw2 intervals in the w1 w2 - p lane . Although

the bispectru m is equivalent to a two—dimensional Fourier t ransform of
c(’r~ , T ) ,  it may also be written as

B(w 1, w2 ) = 4E rx (w i
)x(w

2)x* (w) 1 ; U) = ± U) (1)

where X(w) Is the Fourier transform of x (t) , T is the time duration of the
x(t) signal and the asterisk represents a complex conjugate [4] .

Examination of Eq. (1) clearly indicates that the bisp octru m will
be zero unless the following two conditions are met:

1) Wa ves must be present at the frequencies w1 , w2 , and
wi ± w 2 .

2) A phase coherence , or phase consistency, must be present
between the waves mentioned in 1).

In more physical terms , we note that if waves are present at U)~~, W , and
± then condition 1) is satisfied . Suppose , however , that these

waves are spontaneously excited normal modes of the system. In this
case each wave will be characterized by statistically independent random
phases , and , thus , when the statistical averaging indicated by the ex—
pectation operator is carried out , the bispectru m will ideally take a zero
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(V . PLASMA AND QUANTUM ELECTRONICS )

val ue. On the other hand , if the sum and difference frequency waves
were generated through some no:~linear or parametric intera ction , then
the respective phases of the waves would no longer be statistically inde-
pendent but rather a phase coherence would exist. As a result of this
phase coherence , the statistical averaging will not lead to a zero value
of the bispectru rn . Thus , our approach In attacking the problem of dis-
criminating between coupled waves and those which are spontaneously
excited is based on the facts that coupled waves are phase coherent and
that the bispectru m may be used to measure the degree of phase coherence .
Strictly speaking , a normalized bispectru m , known as the bicoherence
spectru m , is used to measure the degree of phase coherence.

3. THE BICO HERENCE SPECTRUM

The bicoherence spectrum is defined ~

~B( U) ~U)1 1 2  ; W W ± W
b( U )

11w2
) = — 1 i 2 (2)

T~ {P(w 1
)P(w

2 )P (w ]  ~

where P(w) = 
4~E [X(W)X*(W)] is the auto— power spectrum. The statistical

V properties of the bicoherence spectrum may be interpreted as follows.
V Suppose that between random variables X(W 1) ,  X(w2 ) and X ( w )  there exists

a relation

X (w) = A(w 1, w 2 )X(~ 1) X(W 2 ) ; U) = U)
1 

± U)
2 

(3)

where physically X(w~ ) a nd X(w 2) represent the amplitudes of the primary
interacting waves and X(w) denote s the a mplitude of the resulting sum or
difference frequency wave . The quantity A ( w ~ , w2) is the coupling coeff I—
cient . The goodness of the quadratic ( i .e .,  double product) relation in

Eq. (3) can be measured by a quadratic correlation coefficient [5] ,

— 
E [X(W 1) X(W 2 ) X* (W)] 

— 
U) = w ±w . (4)

— 2 2
E [1x w 1

x U )2 ] E [!x w 
i ]
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The qua ntity p(W
1 
,w2 ) basically measure s the degree of quadratic correla-

tion on a spectra l basis and is analogous to the coherency spectrum

~12 
(w)~ which is a measure of the degree of l inear correlation between

two signals on a spectral basis [6] . Since the waves at u~ and w are
statistically independent of each other , p( w 1 , W

2
) reduce s to Eq. (2).

With the aid of the Schwarz ’ inequality one can show that I p ( w
1 
, w2 ) 

~and thus b(w1 , w2 ) Is bounded by 0 � b � 1. Physically, b(w~ ,w2 ) will
take on a value close to unity when a nonlinear (strictly speaking ,
quadratic) interaction has taken place . On the other ha nd , a value of
b( W 1,w2 ) near zero suggests an absence of quadratic nonlinearity and
thus suggests thai: any waves present at w1 , w and W~ ± are probably
spontaneously excited modes of the system rather than (quadratically)
coupled modes. Applica tion to experimental data is discussed in a later
section .

4. DETERMINA TION OF COUPLING COEFFICIENT

In a linear approximation , one represents a ra ndom fluctuation
in term s of a linear superposition of independent waves. In a real phys-
ical system , however , the spectral components of a fluctuation do not
always appear to be statistically independent . Rather , some spectral
components often show a high degree of coherence to other spectral com-
ponents which can be me~~ ured by the bicoherence spectrum as discussed
above . The high degres . c~ coherence between spectra l components sug-
gests the toilowing “ g€ne ralized Fourier series ” expansion of a random
fluctuation , i. e . ,

x (t) = 
~~~~~~ 

(w)~~~t + A (W
1 
, w
2

)XW (w )XW (U)
2 )e 

w 1+w 2 ) t  
(5)

U) w
1
,w
2

where A( w 1 , w2 ) is a quadratic coupling coefficient . After Fourier trans-
forming each side , Eq. (5) becomes

X(w) = x~~~~w) + x~
2
~ (w) + ... (6)
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where

(w) = A(w
1 , 

w ) X U ) (w
1

)X U ) 
~~~ 

(7)
w l +w 2 

=

Clearly, X~’~ (U)) ’ s represent the complex amplitudes of the statistically
independent “linear waves ” and X t2) (W) is the amplitude of the sum and
difference frequency wave s due to a quadratic nonl inear  Interaction of
X(1) (w) ’s. As a special case , suppose that there exists only one set of

and U)
2 which satisfies the constraint w = ± w2 . In other word s ,

onl y two waves at w1 and w2 interact and generate a third and a fourth
wave at the sum and difference frequencies. Then Eq. (7) can be
written as

X(w) = A( w1, w2 ) X (w 1) X (w2
) ( 8)

which is equivalent to Eq. (3) . Next we multiply each side of Eq. (8) by
X*(w 1)X *(W 2 ) and take an expectation value to get

E [X*(w 1
)X*(U)

2)X(w)J 
= A (U)1,W2

) E [Tx (~
)
~

2 !x (w 2 ) I 2]  . (9 )

Making use of the fact that the wave s at U)1 and a t are statistically
independent of ea ch other , we finally obtain the following expression

~ __________A (w 1, W2 ) -. 

( ) ( )  
(1 0)

This Is a very Important result since it basically states that the complex
quadratic coupling coefficient A (w 1 , w2 ) can be expressed in term s of
experimentally available spectra l quantities , namely the auto— power

V spectra P(w 1) a nd P(w2 ) ,  and the bispectru m B(w 1 , w~, ) .  The physics of
the nonlinear interaction is , of course , imbedded In the interaction
coefficient.

5. EXAMPLES OF EXPERIMENTAL APPLICATIONS OF BISPECTRA L ANA LYSIS

The ideas and concepts expressed in the preceding sections are
quite genera l in that they are app licable to all wave ph enomena , e .g. ,
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electromag netic , seismic , a nd acoustic wa ves. To demonstra te  the
utility of these techniques we now apply them to wave phenomena observed
i~ p la sma s .  Acoustic-type waves propagat i ng in plas rn as  give r i se  to a
sp~ ce—ti n ~e modulation of the p lasma densi ty.  These fluctuations in den-
s i ty  are moni tored with La ngmu ir  probes , d ig i t i zed with the aid of Bio ma—
tion 8100 -waveform recorders , and transferred to magnet ic  tape under
the control of an L S I — l l  microcomputer. The magnet ic  tapes are then
read at a later time and the data analyzed on a CDC 6600 computer. Al-
though the bispectru m B(w 1 , u.~ ) is defined over the entire - T

2 
plane ,

we make use of its symmetry conditions and plot it only in the f i r s t  quad-
rant .  Furthermore , since the data is digit ized , the h ighes t  spectral fre-
quency plotted is given by the Nyquist  frequency 

~~~ 
Consequently,  in

the figure s that follow the bicoherence spectrum is plotted in a t r iangular
region of the first  quadrant defined by 0 < f 1 ~ ~N ’  ~l ~ ~i ~

C
2 ~

Identification of Nonlinearl y Coupled Wa ve s

In Fig. 1 is shown a self—excited fluctuation spectrum which was
observed during a study of the evolution of dr i f t -wave  turbulence [7) . In
the middle portion of the figure is shown a three—dimensional plot of the
bicoherence spectru m , and at the bottom is shown a contour plot . In
particular , we wish to consider the wave s osci l la t ing at  f requencies
f = 28 , 

~b = f~ = 81 , f 4 = 134 , and f = 162 k H z .  Each wave
was identified as a drift  wave propagating ma in ly  in the az imutha l  dire c-
tion. The phase spectrum (not shown) indicates that these wave s are not
dispe rsive , and thus the nonlinear wave interaction selection rules for

V wavenumber will be automati;& .ly satisfied , if the frequency selection
rules are satisfied .

Note that the bicoherence spectrum in Fig . 1 exhibits severa l
peaks located at (1 ‘rb ) ’  ~~b , f 0 ) ,  and (f , f 0 ) .  Let us f i r s t  consider the
peak at (f 0 , f 0 ) .  Since f = 2f , ha rmonic generation is suggested and
in fa ct the peak at (f~ , f )  indicates that the wave at f , is the genuine
second harmonic of the wave at 

~~ 
Next , the peaks at 

~~ ‘
1

b ) and
(

~~b 
, f~) also indicate phase coherence between the wa ves 

~b and f , and
the di f fer ence frequency wave f~ f, - f b and the sum frequency wave

= ~ + f~ . Thus the bicoherence spectrum indicates that the waves
present at f , 1b f, , f are coupled , rather tha n independently
excited .
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In Fig . 2 is shown a turbulent  power spect rum and below it the
corresponding bicohetence plots.  In the turbulent  eiVj ime  we might synthe-
size the power spect rum i r ~ te rms of man y  indep ende~:t oscillato rs oper-
at ing it  d i f ferent  f requenc ies .  These V 1 1 l ~~ tur~~ j ie , of course ,
characterized by stV t i st i ca t ly  i r i ~Jep ender ;t  phases .  Under such condi-
tions we would expect the bicoherence sp ectrum to he near zero and ,
indeed , the computer —genera ted hicohere~ ce plot is very near zero for all
combinat ions of f , and f~

Experimental Determi ation of Coupling Coeff ic ien ts

Equation (10) indIcates  th at  the coupling coeff ic ient  A (w 1 , U)
2 )

may be obtained from measurements  of the bispectru m and the auto- power
spectrum. Our work [B) on this  phase of the problem is fa i r ly  recent and ,
there fore , the results are somewhat  pre l iminary . To test the feasibi l i ty
of experimentally determining coupling coeff ic ients  we have a pplied the
approach to ion—acoustic wave harmonic  generation in p l a smas .  The
power and phase spectra are shown in the upper half  of Fig . 3. Harmonics
of the fundamenta l  (16 kHz ) are clearl y evident a t  32 and 48 kHz . The
respective azimuthal  mode numbers are determined from the phase spec-
trum as m = 1 , 2 , and 3. Note that the hicoherence spectrum shown in
the low er half of Fig.  3 exhibits strong peaks at (

~A , f~, ) and (
~A ,2~ A )

corresponding to generation of the first and second harmonic.

The harmonic generation coupling coeff icient  A (f A ‘~ A~ 
relating

the amplitud e of the f i r s t  harmonic  (2
~ A ) to the fundamenta l  (I A ) was

determined in the following way .  The f luctuati ng waveform was digi-
tized and Fourier transformed on the computer using the FFT algorithm.
Ne xt , the auto— power spectrum and the bispectru m were computed fro m the
Fourier transforms and the coupling coefficient computed using Eq. (10) .

The results are given In Table 1 for three different  observations
(i .e., observations made under different experimenta l conditions) of ion
acoustic harmonic generat ion.  In Table 1 the symbol V is used to indicate
a di mensionless coup ling coefficient and thus dis t inguish it from A( w 1 , w

2 )

which , as indicated by Eq. (8) , has the same dimensions as l/X(w) . We
also note that only the modulus of the coupling coefficient is sh~ vn in
Tabla J. . For comparison purposes we ha ve also indicated the theoretical
value of the coupling coefficient based on a nonl inear  theory which was
carried out under a research grant fro m the Texa s Atomic Energ y Research

* 
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Foundation.  The good agreement  between theory and experiment gives us
confide nce that indeed coupling coefficients characterizing quadratic
nonlinear interactions m a y  be determined from experimental measurements
of the bispectrum .

6. SUMMAR Y

On the basis of the examples cited in the preceding section , it
does appear pra ctical to utilize digitally imp lemented bispectral analysis

V 
as an aid in analy zing and Interpreting fluctuation data characterized by
nonlinear or parametric wave interactions. It should also be stressed that
such concepts and techniques app ly to all wave phenomena . For example ,
such techniques may possibly be useful in ana lyz ing  parametric- radar data
corresp onding to scattering fro m a rough sea . Bispectral analys is  may
als o provide additional signature information by which various radar  tar-
gets may be cla ssified .

This work on bispec tr a l a nalysis  of nonlinear wave interactions
will be described in greater detail in journal articles that will be prepared
and written within the next few months.
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Table 1. Experimental and Theoretical Determination
of Harmonic Generation Coupling Coefficients .

Example I V BISPECTRUM V I THEORY

No. 1 0 .48 0 .46

No. 2 0 .45  0 .45

No. 3 0.58 0 .45
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FIgure 1. Computer Generated Plots of an Auto-Power Spectrum (top)
and the Corresponding Bicoherence Spectrum (middle) for
a Case of Wave— Wave Interaction. Shown at the Bottom Is
a Contour Plot of the Bicoherence Spectrum.
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Figure 2. Computer Generated Plot of an Auto— Power Spectrum (top) and
the Corresponding Bicoherence Spectrum (middle) for the Case
of a Turbulent Power Spectrum. Shown at the Bottom Is a
Contour Plot of the Bicoherence Spectrum.
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IC(’J ACOUSTIC WA~ HA~D~IC (fI’[RATION

LOG SPECTRUM PHA~ SPEC1ThVJ’1 (RAE) )
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Figure 3. An Example of Ion—Acoustic Harmonic Generation. Shown in
Top Left Is the Cross-Amplitude Spectrum and on the Right
the Corresponding Phase Spectrum. At the Bottom Left Is
the Corresponding Bispectru m and to the Right  Is Shown the
Corresponding Contour Plot.
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B. REFRACTIVE INDICES OF H2 , 
~~~~~ 

He , °2 A N D  Ne
UP TO 2000 ATMOSPHERES t

Professor A. A.  Dougal , S. H. Back and G. Schurger *

The r~ f r 3c t i ve  indices of H2 , 1)2~ He , 02 and Ne were mea-
sured at  pressures fro m I to 206 0 atm , 25 ° C and 6328 V~ . A formula is
presented which gives the refractive inde x over a wide pressure range
using coefficients derived from the measurements .

For optical experiments in super pressure gases or applications
like laser— fusion of gaseous targets , it is important to know the focal
length of a lens inside a pressurized gas cell . The focal length for a
given pre ssure (P) can be calculated if the refractive index (n) as a func-
tion of the press ure is known . Earlie r workers made direct mea sure-
ments up to 2000 atm for wavelengths (X) in the visible range , 25 ° C ,
only fo r N 2 [11 and Ar [2]. Results are presented here for the additional
gases of H2 , ID2 , He , 0 and Ne. When the electrical polarizabil i ty
(c”) and the particle density (N/V) are available , the refractive index is
calculated through the Lorentz- Lorenz formula

n
2 

- 1 = 4 ir . (1)
2 3 V

n + 2

Val ues of the electrical pol arizabil ity are given , for exa mple , in [3] .
Yet these values are derived from measurements in low pressure gases.
The results of [1] and [2] show a decrease of the electrical polar izabi li ty
of N2 and Ar at high pressure. This decrease is around 1% and has
little influence on the refractive index calculation through Eq . (1) . The
pressure dependence was unknown for the gases investigated here , and
could be larger. Furthermore , no data was published about the particle
density of 02 above 135 atm [4] . Therefore direct measurements were
necessary to get reliable values of the refractive indices of the investi-
gated gases in the super pressure range.

t Thj s research was supported in part by the Joint Services
Electronics Progra m under Contract F44620 .-76— C--0089 , and in part by
NSF Grant ENG 74—01785 .
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The experimental technique utilized an interferomete r located
inside a super pressure cell with i l lumination fro m a He-Ne laser at
6328 1 as is shown in Fig . 1. Two glass discs were mounted in a holder.
Three screws permitted al ignment of the discs relative to each other.
The reflec tions of the laser beam on the inner surfaces of the discs pro-
duced a circular interference pattern at the photomultiplier tube. In
order that the reflections from the outer surfaces of the discs and from
the cell window did not disturb the desired interference pattern , each
disc had a slanted outside surface . The two inner  surfaces  were tilted
off the perpendicular to the cell window .

For each run the cell was f ully pressurized , and subseq uently
gas slowly was released . A small aperture over the photo multip lier was
aligned to the center of the interfe rence pattern . As the pressure
decreased , the output of the photomultiplier undulated and was recorded .
An m- fold undulation is correlated with a refractive index change A n
through An . 2d = mX , the change in the optical pathlength (d is the
distance between the glass discs). We ignore that the reflecting surfaces
were slightly less than perpendicular to the laser beam axis .  The puri ty
of the gases , as stated by the manufacturers , was 99 . 9 9 9 %  for H2 ,  He ,
and Ar; 9 9 . 9 9 5 % f o r Ne ; 9 9 .9 9 % f o r N2 9 9 . 9 5 % f o r O2 and 9 9 . 5 % f o r D2 .

From the rn— fold undulations , val ues of the refract i ve index of
the different gases are calculated and presented in Table 1 , and gra phi-
ca lly displayed in Fig . 2.  The gas pressure was recorded using a bour-
don gaug e. We checked and recalibrated the gauge by measuring the
ref rac tive indice s of N 2 and Ar and then comparing it with the earlier
data of Michels an d coworkers [1 , 2 ) .  Our measured values for N2 and
Ar are also included in Fig . 2. The maximal error of the pressure readin g
was * 6 atm . A n additional uncertainty in the calibrating process give s
a total possible error of ± 12 atm . The error in n along the ordinate in
Fig . 2 i s less than 0 . 0 5 % .  The change in the disc sepa ration d due to
the hyd rostatic compression of the disc holder was calculated from the
linearized form of the equation for volume elast ici ty Ad = dA P / ( 3~~B)
where B is the bulk modulus. An ela stic compression over the whole
pressure range was assumed .

The particle density can be calculated from the viria l equation

PV = kN T( 1 + BP+ . . . )  (2)
m A
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where V~, k, NA , T and B are the molar volume , the Boltzmann constant ,
Avogadro ’s number, the absolute temperature s and the f i rs t  virial  coeff i—
cie nt , respectively. Eqs . (1) and (2) combined , give

24TT P n + 2
(A* + B*P + . . . )  = 

. (3)
n — l

with A* = 1/~ and B* = B/~

Using the measured values of n for various P in the right side
of Eq. (3) , we computed by the method of least squares the coefficients
of the polynomial in P on the left side. A “best fi t” is obtained for all
gases for a polynomial A* + B*P. The computed coefficients A* a nd B*
are listed in Table 2.  Our results for N2 a nd Ar are also included in
the table .

Fro m Eq. (3) , n ca n be expressed as

n = [~~~ii~ ~ ~]~~wit1~ C V 9.6976 x 10 21 cm 3 atm . (4)

Now Eq. (4) permits calculation of the refractive index (n~ 11 ) at 6328i~
and 2 5° C over the full pressure ra nge . The difference between n 0~~ and
n fro m Table 1 is shown in the lower portion of Table 2.  Also shown is
the difference between ~~~ 

and 
~~~~ 

where n~ ~~ are the va lu es taken
from the literature . They are either direc tly measured or calculated by
the Lorentz— Lorenz formula from the measured isotherms together with
appropriate values of the electrical polarizability

= 0. 790 x 10 24 cm 3 , 
~D 

= 0 .775  x 10 24
cm

3

~He 0. 21 x l0 24
cm

3 
‘ 

~ He 
= 0.39 x iü 

24
cm~ ) [9 , 3]

The relatively good agreement for these gases shows that the change of

~ with the pressure is low . Using our measurements of n and the particle
densi ties from [7] and [8] we calculated o~ fo r He and Ne by Eq . (1) .
The results gave a decrease of ~ of the same order as was reported pre-
viously for N~ a nd Ar.
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The absence of higher order terms in the polynomial used in
Eq. (4) and the results for n~~1 - ~ in Table 2 give us confidence
that Eq. (4) can be used for still higher pressures than 2000 atm .
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V Pressure Cell multip lier

Figure 1. Diagra m of Experimental Arran gement for Refractive Index

V 
Measurements of Compressed Gases Up to 2060 atm .
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Table 1. R e f r a c t ive Index n at € 328~ and 25 °C.

p (atm) n (error < 0.05%)
(error ± H D He 0 Ne12 atm) 2 2 2

1 1.00014 1.00014 1.00004 1.00027 1.00007

50 1.0070 1.0070 1.0018 1.0142 1.0037
124 1.0145 1.0145 1.0038 1.0325 1.0076
185 1.0210 1.0209 1.0056 1.0491 1.0108
2 6 3  1 . 0 2 9 3  1 . 0 2 8 9  1 . 0 0 7 8  1 . 0 6 9 3  1 . 0 1 4 8

331 1.0351 1.0347 1.0093 1.0834 1.0179
397 1 . 0 4 0 5  1 . 0 4 0 3  1.0109  1 . 0 9 5 3  1 . 0 2 0 8
466 1.0458 1.0456 1.0124 1.1057 1.0236
535 1.0506 1.0503 1.0138 1.1143 1.0261
602 1 . 0 5 5 1  1 . 0 5 4 8  1 .0151 1.1216 1 . 0 2 8 5
684 1 . 0 6 0 5  1 . 0 6 0 0  1 .0166  1 . 1 2 9 6  1 . 0 3 1 2
756 1 . 0 6 4 7  1 . 0 6 4 2  1 .0179  1 . 1 3 5 7  1 . 0 3 3 5
8 2 3  1 . 0 6 8 3  1 . 0 6 7 9  1 . 0 1 9 1  1 . 1 4 0 9  1 . 0 3 5 5

888 1 .0718 1 .0714 1 . 0 2 0 1  1 . 1 4 5 6  1 . 0 3 7 4
951 1. 0 7 5 2  1 . 0 7 4 8  1 . 0 2 1 2  1 . 1 4 9 6  1 . 0 3 9 2

1018 1 . 0 7 8 4  1 . 0 7 8 0  1 . 0 2 2 2  1 . 1 5 3 9  1 .0410
1098 1 . 0 8 2 3  1 .0819  1 . 0 2 3 5  1 . 1 5 8 2  1 . 0 4 3 1
1166 1 . 0 8 5 3  1 . 0 8 4 9  1 . 0 2 4 5  1 . 1 6 1 7  1 . 0 4 4 7

1236 1 . 0 8 8 1  1 . 0 8 7 8  1 . 0 2 5 5  1 . 1 6 4 9  1 . 0 4 6 3
V 1301 1 . 0 9 0 6  1 . 0 9 0 5  1 . 0 2 6 4  1 . 1 6 7 8  1 . 0 4 7 7

1363  1 . 0 9 2 9  1 . 0 9 2 8  1 . 0 2 7 2  1 . 1 7 0 2  1 . 0 4 9 0
1432 1 . 0 9 5 6  1 . 0 9 5 4  1 . 0 2 8 0  1 . 1 7 3 0  1 . 0 5 0 3
1492 1 . 0 9 7 8  1 . 0 9 7 4  1 . 0 2 8 7  1 . 1 7 5 3  1 . 0 5 1 5
1567 1 .1004  1 . 1 0 0 2  1 . 0 2 9 6  1 .1781  1 . 0 5 2 9
1636 1 . 1 0 2 7  1 . 1 0 2 4  1 . 0 3 0 4  1. 1 8 0 3  1 . 0 5 4 2
1699 1. 1 0 4 7  1 . 10 4 5  1 . 0 3 1 2  1 . 1 8 2 5  1 . 0 5 5 3
1763 1 .1068  1 . 1 0 6 5  1 .0319  1 . 1 8 4 5  1 . 0 5 6 4
1827 1 .1088  1 . 1 0 8 5  1 . 0 3 2 6  1 .1863  1 . 0 5 7 4
1887 1.1106 1 .1103  1 . 0 3 3 2  1 . 1 8 8 1  1 . 0 5 8 3
1945 1. 1123 1.1118 1 . 0 3 3 8  1 .1896  1. 0 5 9 2
2007 1.1142 1.1137 1 . 0 3 4 4  1 .1913 1 . 0 6 0 2
2060 1 .1158 1 .1153  1.0 3 5 0  1 .1927  1 .0611

~ Data frcrn [5]
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C. A GENERALIZED MODEL FOR NONCOHERENT OPTICA L
CONVOLVERS AND CORRELATOR S+

Prof essor Jerome Knopp

In previous research discuss ing optical convolution or correla-
tion in noncoherent light , three basic types of devicesi: have been
des cribed for performing these operations. (See Fig . 1.) [1 , 2 , 3 , 4 , 5 ,6]
In each of these devices , the two dimensional intensity transmittance of
two transparencies is convolved or correlated . In the discussion that
follows , reference will be made only to convolution with the tacit under-
standing tha t the same idea s apply to correlation. (A device which V

convolves becomes a correlator by simply inverting and reversing one of
the transparencies.)  The specific operation of the convolvers shown has
been explained in the literature cited and they will not be discussed
further except in a more general context to be explained below .

In pas t research exper iments using a convolver of the “ misfocus ”
type shown in Fig. 1(b) , it was found that moving transparency 

~~2 
awa y

from the lens still resulted in a convolution . A geometric analys is  of
this situation showed that the impulse response due to en impulse at
results in a scaled spat ially invariant image of ~ no matter what the
distance between ‘r2 a nd the lens. This dis tance effects only the scal-
ing of the impulse. There is no reason to mount as close as possible
to the lens (unless some p€~culiar scaling between i~~ and T7 is needed) .
Thi s result is interesting , and applyi ng it conceptually leads to the
generalized versior of a single lens convolver shown in rig . 2 . The
resulting optical convolution between ~~~, 

and -r 2 is described by

V f This research was supported in part by the Joint Services
Electronics Progra m under Contract F44620-76- C— 0089 and in part by
the M. I .T .  Lincoln Labs , where Dr. Knopp is presently on the s taff .

~ This discussion does not include devices which use mechan-
ical shifters to shift one transparency with respect to the other.

~ This analy sis  holds , assuming the usual small angle assump-
tions made in analyzing optical convolvers .
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I(x ’ ,y ’)  = K ff T 1/x  , 

~~ \ T
2 (x ’ - x y ’ - y\ dx 

~~~~ (1)

- 
~m1 m1 / \ m 2 m 2 / m

1 
m

1

where K is a constant that accounts for the t ransi l luminance of the
incoherent source. The constants m 1 and m2 are the ma gnif ica t ion
factors of and ; respectively. These factors can be found by replac- 

V

ing one transpar ency with a ô — function (mathematical impulse or physi-
cally a pinhole) a nd observing the image size of the other transparency
in the pla ne of convolution. These magnif ica t ion  factors can also be
found in term s of the object-image geometry given in Fig . 2 . It can be
shown that

_ _ _  
C (2)

‘2 ° 1 
0

2

and

m
2 = 

i 1 — C — o 2 . (3)
1
1 

V

By app ropriately adjust ing the distances shown in Fig.  2 and
the focal length of the lens , it is possible to consider any one of the
ba sic three types of convolvers as a special case of the generalized
convolver shown in Fig . 2 . This conceptually relates the convolvers
shown in Fig. 1 and in practice results In a more flexible sy stem.
Furthermore , It should be pointed out that Eq . (1) can be extended to
any multi— lens system where a convolution will alway s occur at planes
of misfocus.

The preceding analysis did not account for the finite size of the
system elements . This results in vignetting and bandwidth l imitations
due to diffra ction effects . These effects are discussed in the recent

¶ literature [7]
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(Fig ure la .  Convolution Using Angular Projection. )
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(Figure lc. Convolution Using Shadow Projec tion.)

Figure 1. Three Basic Types of Optical Convolvers .
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D .  I N F R A R E D  N O N L I N E A R  OPTICS IN M O L E C U L A R  G A S E St

Professor Michael F. Becker , Mm Ho Kang , and Ka ng Mm Chung

We have de monstrated optimized third harmonic generation in
SF 5 at 10.6 microns . Phase matching and optimum focusing were stud-
ied . Mea surements of the third harmonic susceptibil i ty show that there
is signif ican t population redistribution within the vibrational energ y lad-
der. The susceptibility was saturated at higher laser intensities due to
power broadening and AC Stark shif t ing of the resonant energy levels.
These effects l imit  the third harmonic conversion efficiency to less than

V l O_ 8  for 40 ns CO2 TEA laser  pulses.

Optical third harmonic  generation (THG) has been successful
[1 , 2 ,3] in the visible and ultraviolet . THG in molecular gases at infrared
wavelengths had not been demonstrated [4 , 5 , 6] until late 1975. This
delay is due to the smaller vibrational— rotational transition matrix ele-
ments (as compared to the electronic ma trix elements) and the longer
wavelength itself. However , the choice [7] of a molecular gas such
as SF5 can alleviate the first obstacle by ut i l iz ing a triple resonance
enhancement in the TH susceptibility at 002 TEA laser  f requencies .  We
generated a maximum TH power of 10 mW with an input  of 2 MW on the
P(24) line of the 10.6 micron band . Two s i g n i f i c a n t  factors are identi-
fi ed which limit the potential conversion of trip le resonance enhanced
THG . First , ab sorption at the fundamental  frequency reduces the effec-
tiveness of phase matching to an enhancement of only five times the
non— phase matched conversion and prevents any improvement by further
increases in the SF 6 pressure . Second , saturation of the TH suscepti-
bility causes the observed TH power to fa 1l below the expected cubic
depe ndence on incident laser power.

Ab sorption measurements on SF5 at the P(2 0) line of the 10. 6
micron band have been reported for power densit ies lower than 2 MW/c m~
by Armstrong and Caddy . [8] We extended these measurements to the
range of 40 MW/cm2 to 300 MW/cm2 , representative of our third ha rmon-
ic generation exper iments . The saturated absorption coefficient at 200
MW/cm2 is 1/100 of the unsaturated value of .45cm ’torr 1 a nd agrees

~This research was supported In approx imately equal parts by
the Joint Services Electronics Progra m under Contract F4462 0-76- G--0089;
the National Science Foundation; and the Texa s Atomic Energ y Research
Foundation .
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with the theory. [8 , 9] This residual absorption has a deleterious effect
on the TH conversion. Figure 1 shows the calculated behavior of TH
power as a function of pressure for SF5 a nd for an ideal lossless gas
sim ilar to SF5 in all other aspects . The points represent the experimen-
tal da to f o r  SF5 . It is evident tha t the ultimate conversion in a lossy
medium is severely limited regardless of phase matchin g conditions .

Fig ure 2 shows the calculated TH susceptibility versus fre quency.
Agai n , the poin ts represent experimental data . Effects of saturation of
the susceptibility have been removed by extrapolating the cubic slope of
the TH power versus input power data . While both experiment and theory
show sha rp resonance effects , the experimental data falls below the
theoretical curves. This is due to the severe population redistribution
within the vibrational quantu m system. Our theory assume s that the
molecules remain in their room temperature energy distribution and that
only vibrational ground state molecules contribute to the susceptibil i ty,
a lthough -rd s will not be true for power densities over 40 MW/cm2 . The
strongly saturated absorption is clear evidence of a population redistribu-
tion . In fa ct , a t the absorption line center (947 .9  cm ’, near the P( 16)
laser line) , the deviation of the exper imental susceptibil i ty is strongest.
Consider , however , the effective susceptibility of a molecule in the
U = 3 vibrational level. The susceptibil i ty for this molecule is about

i~
-
~’~ M

’/V 2 in good agreement with the exp eriment.  A more accurate
comparison , however , is very di ff icul t  since we must  know the exact
population distribution within the complex vibrational  energ y ladder as
a f unction of time and laser intensity .  This remains as future work .

Evidence of saturation of the nonlinear susceptibili ty through
power broadening [10] end AC stark shift is seen in plots of TH intensity
versus fundamental intensity . Repr esentative curves iVor several different
laser frequencies are shown in Fig . 3. The P(24) line gives the greatest
ultimate TH signal with P (22) , P(26) , a nd P(2 0) being next highest , in
that order. If one resonant transition is s ignif icant ly power broadened ,
the slope is reduced from 3 to 2 , a nd likewise to 1 if two levels become
broadened , a nd to 0 if all three levels are broadened . Figure 3 suggests
that a single level is power broadened for the P ( 22) line , a nd tha t two
levels a re power broadened for the P(20) line at  about the same laser
Inte nsity. No power broadening Is observed for the P (24) line . Quanti-
tative analysis of the power broadening is in progress and pr eliminary
results look reasonable if AC stark shifts are included . It appear s

119

La -- - 
- .. V 

-~~_ 
V 

~~~~~ 
&



(V .  PLASMA AND QUANTUM ELECTRONICS)

that before all three levels become broadened , catas trophic disrup t ion
of the SF6 occurs . This is accompanied by broadband visible and infra-
red emission.  At 1 . 8 torr , the absolute molecular dissociat ion probabil-
ity [ii ] is 0 .2 %. At this energy density (8 i/cm2 ) a majority of the
molecules will reside in the continuum of upper energy levels. [12] This
will further decrease the TH susceptibility and the generated TH power.

In conclusion , we found that the TH conversion e f f ic iency  for
SF6 is limited to less than l0~~~ by the effects of residual saturated absorp-
tion , saturation of the TH susceptibility, and by photo-dissociation and
brea kdown . The second of these effects is not expected to be strongly
energy dependent while the last two are energy dependent .  Therefore ,
shorter pulses may generate higher TH powers at least for the P (24)  l ine .
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Figure 1. Pressure Dependence of the Third Harmonic Power With
Different Phase Matching Conditions .
(a) Perfect phase matching for a lossless medium

(~k =  0 , a =  0).
(b) SF6 at optimum phase matching (~k = O. 2

~~k~F ,  a = aa F ) .

(c) A non—phase matched lossless medium (L~k = ~~~ 6 ’ a = 0).
(d) Non- phase matched SF6. Points are experimenta l data .

(~ k =  A k 3 , a = a  ) .F 5 3F 5
In all cases L = 23 .6  cm , b0 = 2 6 . 4  cm. In (a) — (c)~ the
focus is at the center of cell . In (d), the focus is L/8 fro m
the front of the cell . The laser energ y was 0.3 jo ule , 

V

V 
t~ 40 nsec , on the P(20) line.
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Figure 2.  Fre quency Dependence of Third Harmonic Susceptibil ity in
SF6 . Total TH Susceptibility Is for a Pressure of 1.78 torr.
(a) Theoretical susceptibility [6] with a linewidth of .001 cm ’

(Doppler linewidth) . It is assumed that only the molecules
V in the ground vibrational state contribute to the suscepti—

bi lity .
(b) Same as (a) but with a Gaussian linewidth of 10.4 cm 1

(corre spond ing to the entire vibrational absorption band) .
(c) Measured suscept ibility for P(30) — P(8) 002 laser l ines.
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Figure 3. Laser Power Density Dependent Third Harmonic Generation
in SF6 for Various CO~ Laser Line s in the 10.6 Micron Band .
Configuration is the Same as in Fig . 1. The Cubic Depen-
dence of the Third Harmonic Was Measured to Continue Down
to 5 ~w; This Data Is Not Shown Here .
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E. PICOSECOND OPTICAL M E A S U R E M E N T S  OF
ULTRAFAST PHYSICAL PHEN OMENA ~

Professor  M.  F .  Becker and P. W . Gunn

In the experimenta l resul ts  reported here , we have measured

the t ine  response of the semiconduct ing-meta ll i c  phase t rans i t ion in

V02 f i lms  at 68°C when excited by picosecond opt ica l  pulses at a wave-
V length of 1 micron . A single pulse from a mode-locked Nd :YAG laser is

used in combination with a delay line apparatus  to both excite the tra n-
sition and probe it at a later t ime.  In this way,  its respo nse may be
measured over the range of 10 psec to 10 nsec. Deta i ls  of the laser and

delay line have been reported previously L l ,2 ~~.

V 
Final modifications were made to the laser system in order to

secure the shortest arid most stable mode-locked pulses possible fro m
this type of laser. In order to eliminate all possible etalon effects which

tend to lengthen the mode-locked pulses , the ends of the Nd:YAG laser
V crysta l were repo ltshed at angles of 3° to a pr i sm -l ike  shape.  In addi-

tion , th e flowing dye cell was rebuil t  such that  the dye region was di-
rectly adjacent  to the laser output  mirror  and the associated optics were

suitably wedged so as to reduce eta lon ef fec ts  fur ther .  I n this config-
uration , the ave rage selected pulse length was 35 psec FWHM , as mea-
su red by an autocorrelation technique [1, 2J .

Stability of the laser was improved throu gh precision power
V supply regu lation , dye pump vibration isolation , a nd the use of two

• intra — ca vity mode contral apertures.  The latter modif icat ion was rieces-
sitated by thermal focusing effects  in the Nd:YAG laser rod at re petition
rates of 20 to 50 Hz . Thermal instabili t ies cause beam wandering unless
the mode axis is uniquely defined by two irises separated as far as prac-
tical.  The laser now operates with better than 98% of the pulses well
mode -locked . This is close to the statist ica l l imit  for passively mode-

V •~- locked systems.
0

Preliminary measurements were made on a 2500 11. polyc rystal-
line VO2 fil m deposited on a sapphire substrate .  The f i lm showed a

V I typical change in resistivity of two orders of magnitude at the tr ansit ion.

1 Thi s research was supported entirely by the Joint Services
Electron ics Program under Contract r44620-76-C-0089.
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The sample was mou nted in the delay line at the intersection of the ini-
t ia t in g and probing beams.  The t ransmiss ion of the f i lms  was monitored
at 1.06 ~ ; the ref lect ivi t y  showed a much smal le r  change at this wave-
length . H igh qua l i t y  area s of the sample showed a 78% decrease in
t ransmiss ion  as it  was passed through the t rans i t ion temperature  by ther-
mal excitation . In the laser in itiated dynamic measurements , the sub-
st rate tempera ture was held at 20 °C or 53 °C; in either case th e results
were identi cal since the fi lm hea t capacity is negligible , compa red to the
la tent heat of the tra nsition . For laser energy deposition densit ies below
th e latent heat of the t ransi t io n , no change in t ransmis s ion or reflection
was observed . For energ y den sities higher  than the latent heat , the
tra nsmission was observed to decrease sharply.  However , the trans-
mission decreased by 11% , or only 15% of the change for a thermally
excited transi t ion.  Also , the decrease occu rred in less than 10 psec , [3]
the resolution time of this mea surement  technique.

V At energy densities below the latent heat of the transition , no
photoexcited carrier absorption was observed . It was expected that  the
photoexcited carrier l ifetime could be measured . Ei ther  the carrier life-
time is so short that a s ign i f i cant population never exists , or the band
st ructure is such that no s igni f icant  change in the t ransmiss ion  occu rs
regardless of the excited carrier populat ion.  This mat ter  w i l l  be studied
further in order to estimate the photoexcited carrier l i f e t ime .  Specific
conclusions about the mechanisms driving the phase transit ion cannot
be drawn until  the fate of the photoexcited electrons is known.

Th e incompleteness of the change in t ransmission has been
observed for transitions initiated with 25 to 500 nsec , 1 micron pulses
also [4] .  This incompleteness may be interpreted as an inhomogeneity
in the volume which has changed phase , or as the f i r s t , or fas t , pa r t of
a two step transit ion.  This point also wil l  be investigated further .  New
fil ms will be used in which the substrate film interaction has been well
characterized [s] .
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F . CHEMI CAL KINETICS OF RARE GA S-OXIDE LASERS~
Professor John W. Keto and Charles F. Ha rt

1. INTRODUCTIO N

The aurora l transition in atomic oxygen (0( 50) -, O( ’ D
’

) )  at
5577k has been of long— sta nding interest to physicists and chemists .
However , recent a ttention has been focused on the attractive possibility
of its use in a high efficiency,  high energy laser amplifier  [1] . This

V transition satisfies many of the criteria desirable for such an a mplifier :

(1) The lower level ‘D2 Is more rap idly quenched than is ‘So
by a larg e variety of gases.

(2) The transition is stable against  superfluorescence .

(3) ‘So has a relatively long lifetime .

(4) Conventional optics may be easily employed with the 5577 A
visible wavelength .

In the last few years , a variety of rare gas- oxide mixtures have
been shown to lose [2 , 3], yet adequate kinetic models of the specific
reaction sequences necessary for a detailed understanding and operation
of these systems is lacking . In sufficient  information exists about the V
mechanisms of excitation transfer fro m the rare gases to O(’So) , and
accurate values for many rate constants are required~

This report describes spectra l surveys of N20 In Ar , 02 in Ar ,
and O~ in Ne , which have been taken in our laboratory as the preliminary
step In a thorough kinetlc study which will be sta rted shortly. These
results have indicated those processes where an in-depth study is needed ,
and have pointed to improvements in the experiment , which are now being
instituted .

tThis research was supported entirely by the Joint Services
Electronics Progra m under Contract F44620-76 - C— OO89.
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2 .  APPARATUS

We ar e constructing a sophisticated appara tu s for kinetic studies V

on electron-beam excited gas samples. The computer—controlled diagnos-
tic system will monitor both t ime dependent fluorescence and pulsed dye V

lase r absorption. Over the past year , the hardwa re for the photo n count-
ing and timing system has been completed . Final programming and test-
ing of these sys tems for kinetic studies is near completion .

Most previous measurements of excitation transfer in mixture s
of oxides in rare gases have been at pressure s below 250 Torr. However ,
experiments on rare gases suggest greater efficiencies of production of
excited state s at higher pressures [4] and we have there fore planned
kinetic studies to pressures of 30 atm . At high pressure s , small impurity
levels have been found to rap idly quench excited states [5 ,6]. Our cur-
rent cell uses standard ultrahigh—vacuum techniques. By baking to 400° C
at 10~~ Ton- , very high purities are achieved . In addition , the ra re gases
used are cleaned In an ultrahigh-vacuum titanium furnace with a result-
ant Impurity level of less than 1 ppm . With the closed cell required for
these high pressure s , difficulties maintaining the dopant gas composition
can occur , limiting the time duration of studies on a single sample . We
are now building several diagnostic systems for monitoring gas composi- V

tion during the experiments.

In addition to the previously mentioned construction , pr eliminary
measurements on oxide mixture s were initiated . For these measurements
the electron accelera tor provided a continuous current of l~ A at 150 Key .
1/2 meter visible and VUV scanning monochromators , associated optics
and cooled photomultipliers were used to monitor the spectra . In the

• middle of the past year , the electronics necessary for pulse counting
were completed and a significa nt improvement in signal-to- noise ratio
and sensitivity over previous results using phase-lock-loop techniques
were achieved . The visible syste m was absolutely calibrated using an V

Optronic Labora tories tungsten ribbon lamp . Spectra l surveys of N20 V
in Ar , 02 in Ar and 02 in Ne were completed . V
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3. RESULTS FOR MIXTURES OF 02 IN ARGON

Shown in Fig . I is the spectra of the 0( ’So) 0 ( D 2) tran sition
at 5577 A . The shape of the line core was found to be independent of argon
pressure over the range 180 - 8500 Torr , suggesting predominately free—
free rather than bound—f iee transitions [7] . At very high sensitivities a
banded structure in the wings of the O(’So) line may be an indication of
bound-free transitions which have been previously observed in Argon-

V 
oxide mixture s [8] .

Weak bands in the region 3700 — 4500 .~ were noted and attributed
to the 02 B3 E -. X3 E , ground state (Schumann- Runge) transitions . Wi th
increasing 02 density , there also appears to be enhancement in intensity V

V of the l900A band which is present in pure argon. The specific assign-
ment of this band in pure argon is uncertain [9] , and hence it is dif f i cult V
to speculate on the cause for enhancement. This increase in 1900 A V
intensity might also be explained by an as yet unidentified transition.

V The possibility of a second transition will be determined by the future
time depe ndent study . V

The intensity of the 5577A transition as a function of argon and
02 densities is shown in Figs . 2 and 3 , and that of the l 2 S O A  band due
to Ar2 * transitions , in FIgs. 4 and 5. Ar2* is known to be formed in the V

three— body reaction [5 , 6],
Ar * + 2 A r  -. Ar 2 * + Ar , (1)

and we have verified the linear dependence of the Ar2 * radiation on argon
pres sure predicted for the conditions of this experiment .

The 0(’So) intensity varies at low pressures as the a rgon pres—
sure to the 3/2 power , and at higher pressure s as the pressure squa red .
At the highest pressures of argon (11 atm) it appears to become constant.
Experiments at higher pressure s will be done to veri fy this effect . These
results contrast with those of previou s authors who claim a linear increase
with added ra re gas [loh however , these have been in experiments at V

low pressures (c~250T) , or In systems where the impurity levels are not
as carefully controlled . An additional explanation may be the affect of V

dissociation products of 07 on the formation and quenching of reactions V

leading to 0(’So) production. Since this is a closed cell experiment ,
V care must be taken to include the affect  of any such products. A mass

130

- - ~~~~~~ 
V V - ~~~~ - V - V V ~V - - V~ V -

— V V~~_ _ ~~~~~~ __~f_~~_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VT.~ V~~~~~~ V V~V~~ - ~~~~~~~~~~~~~~~~~~ ~~V & V V V V .~~~~~~ 
-~~~~ V~~~~~V V ~~ V~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ V

VVV



V ~~ V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(V. PLASMA AND QUANTU M ELECTRONICS)

spectrometer and laser absorption system now being installed will moni-
tor impurities and dissociation products .

The dependence of 0(’So) intensity on 02 concentration is par-
ticularl y pronounced and indicates the reaction mechanism to be highly
sensitive to this parameter. The initial constant intensity shown in
Fig. 3 is probably due to a small (< 1 ppm) residual of 07 in the a rgpn .

The simplest kinetic model one can postulate to explain popula-
tion of the O( ’So) level is that of collisional dissociation by excitation
transfer from bound , excited argon molecules:

Ar2 * + 02 -* 0 (‘So) + 0 + 2Ar . (2) V

This reaction is probably insufficient to explain our results since it
Implies a linear dependence of 0(’So) on Ar concentration.

It is of special interest tc determine the qua ntum efficiency for
energy transfer from Ar2 * to 0(’So) ( if  this is the major  t ran sfer  mecha-
nism to 0(’So)) , since this wil l determine in large part , the ove rall effi-
ciency of any argon— 02 laser amp lif ier .  Even though it is not practical
a t this time to absolutely calibrate our VUV Optical system , by making
some reasonable estimates of various VTJV optical components and utili-
zing the absolute calibration of the visible system , we we re able to
estimate the absolute efficiency of the VUV at l2 50~~. By ass uming that
reaction (2) is the major quencher of Ar2 * we have determined that at
150 PSIG Ar and an 02 number density of approximately 1 x l0~~ /cm 3 ,
that the quantu m efficiency for excitation transfer  fiom Ar2 * to O( ’So)
is 4 0 . 3 % ±  17. 7%. Here we also assume de-excitation of 0( So)
proceeds only by 02 quenching and collisional radiation . Hence our
estimate is a lower limit , in that both 03 and ground state oxygen , which

V are possible reaction products for this experiment , have larger deactiva-
tion rates of 0(’So) tha n does 02 [1] .
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4. MIXTURES OF N7 0 IN ARGON V

This series of experiments gave results comparable to that of °2

in A rgon indicating that N2 0 very rap idly dissociates in to N2 and
Small amounts of NO are also produced since the NO y band s were weakly V

present .

We attempted to measure the rate of N2 0 dissociation by
monitoring the time dependence of spectral features in fresh mixtures -
for times following initial excitation by the electron beam. Since intensi- -

V ties did not vary after a few seconds fro m initial excitation , dissocia tion 
V

to an equilibrium configuration is rapid . Mass spectrometer analysis  of
gas composition is necessary for a proper understand ing of the kinetics 

V

of these mixtures in future experiments .

5. MIXTURES OF O2 IN NEON

No O(’So) radiation was observed in these experiments , indica— V

ting that the energ y difference between Ne2* and 02 is too large to allow
for rapid collisiona l excitation transfer. Weak ~~ Schuma nn— Runge bands
were observed .
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G. ELECTRON BEA M EXCITATION STUDIES OF
POTENTIA L DYE VAPOR PHASE LASERS t

Professor J. W. Keto , C. Morowsky, and F. K. Titte l

Currently the tunable dye laser is used nearly exclusively for
high tunable power at visible and near-ul t raviole t  wavelengths for photo-
chemistry , isotope-separation , and other scientif ic  and indust r ia l  app l i—
cations. Thi s has led to the exploration of techniques for increasing the
power outp ut and efficiency of dye lasers . Current ly ,  dyes are dissolv ed
in a solvent and indirectly pumped by fi ash lamps  or lasers . One prospect
for inc reased eff ic iency 3nd power is direct excitation of a dye in a va por

V phase with an electron beam or discharge.  It is the obj ective of this work
to investigate severa l electron beam pumped dye vapor systems to estab-
lish optimum conditions fo r electron beam excited vapor-phase dye lasers .

In initial work , we obse rved for the f i rs t  time strong fluorescence
f rom an electron beam excited dye vapor 11] . These experiments used a
Pulsrad 110 electron-beam accelerator producing a 0 .75  Mev , 2 OkA , 20 nSec
electron beam. The experiments studied POPOP vapor and established the
f easibility of using various buffer  gases for enhancement of the energy
transfe r to the dye vapor . Over the last  contract period an improved ver-
sion of the laser cell was designed and constructed . This cell must  have
optimu m access for the electron beam and laser beam , withstand high
buffe r gas pressures (up to 10 atm) , and be able to withsta nd the tempera-
tures of 4 50°C necessary for dye vaporization . A diagram of the laser
cell and electron beam arrangement is shown in Fig . 1. The reaction cell
is equipped with two high pressure and temperature resistant  sapphire
wind ows and gas handling connections for mixing of dif ferent  bu ffer gases.
An oven with provision for optica l access and temperature monitoring can
be placed over the dye cell. Th e electron beam is coupled into the exci-
tatio n region transverse to the optic axis through a 25p n thick Ha var ®
foil window of 8 x 1 cm cross sectional area . A Rogowski coil su rrounds
the graphite cathode for monitoring the electron beam flux . Technical
details of the cathode- anode construction are show in Fig.  2 .  From the

t This research was supported in part by the Joint Services
Electronics Program under Contract F44620-76-C-0089 , the Energy Research
and Development Adminis trat ion , The Robert A.  Welch Foundation , and

V 
the Nationa l Science Foundation .
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burn patter n on the Havar foil , it could be established that a k nife-edge
shaped cathode placed 12 mm from the anode window produced a very
nar row excitation profi le.  In order to optimize the performance of the
electron beam accelerator it was necessary to establish a compromise of
relatively long l i fe—time for the anode foil , effect ive electron beam trans-
mi ssion through the anode foil and optimum impedance matching of the
diode to the Blumlein discharge network of the electron beam accelerator.
With an anode-cathode spacing of 12 mm , reliable results were obtained
for at least 20 shots of the accelerator . Th e optical emission of the dye

V vapors was monitored simultaneously by a grating spectrograph and a
fast— risetime Valvo UVHC 20 photodiode whose output was observed on a
Tektroni x 7904 oscilloscope . In order to different ia te  between the pump
radi ation of the buffer  gas and the dye fluorescence suitable cut-off  filters
we re used .

We have studied in detail  the excitation process of three selected
dyes , POPOP , p-terphenyl , and the xanthene dye N - 92 by monitoring the
electron beam excited fluorescence of (i) the pure dye vapor , (ii ) a dye
vapor with a rare gas buffer  such as xenon , and (ii i) a dye vapor with a
buffer  gas which can produce u.v. laser emission such as Kr -

~~ NF 3 [2] ,
Xe + NF 3 [3] , and Ar + N 2 [41 . The followi ng sections describe results
fo r each dye .

1. ZANTHENE DYE N -92

Zanthene N - -92 is selected as a potential lasing dye because
its ab sorption band perfectly matches the emission range of the Ar ~- N 2
and Xe + NF 3 sy stems. Electron-beam excitation of N -92 dye vapor
revealed intense fluorescence whose dependence on vapor pressure as
deri ved from temperature measurements is plotted in Fig . 3. A slight
saturation is evident at temperatures approaching 380° C. At this t emp-
erature , breakdown of the molecul ar structure seems to occur. This tran-
sition is irreversible , since the fluorescence does not reaapear at lower
temperatures . This observa tion is in agreement with a proposed e q l a n a -
tion for the observed discontinuity in the vapor pressure curve of this dye
by Sch~ fer and Steyer [ 5] . Furthermore , Fig . 5 shows that the N-92
fluorescence increases more than 10 fold in the presence of Xe buffer
gas. From Fig . 5 we may also conclude that  collisiona l energy transfe r
f rom Xe to the dye is more eff ic ient  than r adiation t ransfer  from known
rare gas-hal ide laser mixtures , such as Xe F 3 or Ar -N2~ . The XeF laser
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mi xture was prepared according to Ref .  3 by using a mixtu re of Ar , Xe , and
NF 3 in the ratio of 250:25: 1 at a tota l pressure at room tempera ture of
1 atm . The presence of XeF obviously enhances the N--92 fluorescence
to a higher degree than expected from the Xe content of the mixture as
compared with the addition of pu re Xe. This may be par t i a l ly  due to the

V large amount of Ar present , which has been proven to be nearly as ef fe c-
tiv e in energy transfer as Xe. Compared to XeF , Ar-N 2 mi xtures are
less effective in generating the N- 92 fluorescence intensi ty as a function
of Xe pressure . As shown in Fig . 4 , the dye intensity increases with

V increasing xenon pressure reaching a maximum at p ~
- 2 atm . There are

V severa l possible kinetic models which explain this behavior ; and we are
cu rrently trying to determine experimentally which one is most probable.

2.  POPOP

The mo st promising dye in the vapor phase investigated by us
so far is the dye POPOP [p-phenylene-bis— ( 5. -phe nyl -2 . -Oxazole)]. It
is photochemically stable at elevated temperatures which is a prerequisite
for long-term laser operation and its fluorescence peak for a dye va por-
buffer  gas mixture is centered around 390 nm.  The fluorescence intensity ,
observed within the spectral range of 30 nm centered at 360 nm , is plotted
as a fu nction of vapor pressure for pure POPOP vapor and various buffer
ga ses in Fig . 5 , ap art from the linear increase of the POPOP fluore scence
with POPOP vapor pressure up to 30 torr . It is interesting to note that
the KrF supported dye fluorescence breaks down completely at higher
vapor pressure . This behavior is probably a consequence of the small
a m ou nt of NF 3 present in the system (He , Kr , a nd NF 3 were mixed in a
ratio of 500:50:1 according to Ref .  2 with a tota l pressure of I atm) , which
can no longer compete with the high pressure of POPOP . In addition to
shielding of the resonant energy transfer in the rare gas-halide system by

V the presence of appreciable amounts of dye vapor , the additio n of He
V finally quenches the dye fluorescence as shown by the reduced fluorescence

V intensity of the system POP OP ~- He (cf .  Fig . 8 and Fig.  3 of Ref .  I ) .
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3. P-TERP HENYL

p--te rphenyl has a fluorescence range which covers the poten-

tially usefu l 300 to 360 nm range of the UV sp ectrum and is convenient

to use in the vapor phase due to its high vapor pressure . It was fou nd

(Fig . 6) that the weak fluorescence of pure p-terphenyl vapor , compared

to the dyes N -92 and POPOP , could not be enhanced to the same degree

of brightness by the addition of a KrF mixture and other bu ffer  gases.

In fact , as soon as the dye vapor pressure exceeded 40 torr corresponding

V 

to 270 °C , th e intense KrF radiation was quenched completely, a s observed

previously for the POPOP:Ar-N 2 mixture [1] and for POP OP:KrF . Even the

presence of pure Xe gas , which exhibits the most e ffective bu ffer gas

properties in the case of the two other vapor phase dyes , led to saturation

of the p-terphenyl fluorescence , although the de— excitatiOn energy of the

Xe2 di mer (7 . 2 eV) matches better the required singlet state of p-terphenyl

compared to the other dyes investigated . This might be a consequence of

an increased intersystern crossing rate k sT in p -terpheny l due to the large

heavy-atom effect of X~ .

The successful generation of intense dye va por fluorescence

by relativistic electron bombardment via a suitable bu f fe r  gas demonstrates

th e feasibility of electron beam pumping of complex organic dyes in the

vapor phase. From the spectra l profile of the fluorescence of the three dyes

studied so far with an ultraviolet absorption range from 22 0 to ~30 n m , de-

tails of the energ y transfer mechanism for the xenon buf fe r  gas can be in-

ferred . A close energy match of the dye vapor absorption peak to the de- V

excitation energy of the X~ excimer ( 7 . 2  eV) does not appear to be es-

sentiE ’ l , since this wouid , in fact , suggest that p-terphenyl would fluoresce

stronger than ~~~~ ( singlet-singlet transition energy 3.8 eV~ or N- 92

(singlet-singlet transition energy 3.1 eV) . However , the stro ng f luorescen ce

intensity obtained for electron beam excited N -92 indicates that  the elec-

tron stopping power of xenon (the rare gas used in these experiments with

the highest atomic number) makes it an attractive buffer  gas .  The feas-

ibility of enhanced excitation of the dye vapors thr ough radiat ion t r aV ~sfer

from rare gas halide excimer systems was examine d in some de ta i l .  How-

ever , quenching of the excimer fiuorescence by the dye vapor seems to

preclude any significant amount of radiation t ransfe r .
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Of all the mixtu re s studied , only N- 92 and Ar-N 2 mi xtures
seem to show partial radiative energy transfer.  This may be due to the
fact that the buffe r gas mixtu re contains a higher concentration of the
mi nor component (N~ as compa red to the fraction of NF 3 in the rare

V gas mixtures.

In summary , the optim um conditions for spontaneous emission
of electron-beam excited dye va por-buffer gas mixtures in our experimenta l
arrangement have been established . The presence of xenon gas at a
pre ssure of abou t 2 atm appear s to produ ce the best fluo rescen ce enha nce-
rnent . So far , internal radiation transfer  processes have not been effective
in the excitation of vapor phase dye lasers , since the presence of even

V small amounts of dye vapor inhibits the excitation mechanisms of the
efficient rare gas halide excimer systems. Work is now in progress to
establish the feasibility of electron beam-pumped vapor phase dye lasers
based on these experimenta l observations.

V 
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H.  COLLISION-INDUCED SCATTERING
OF LASER LIGHT t

Profe ssor Lothar Frommhold , Mike Proff lt t ,
Ma rk Barrington , and T. D. Ray mond

• The maj or  effo rt of the laser light scattering work is directed
toward the measurement of absolute scattering intensitie s of collisional

• pai rs of atoms of the heavier rare gases. By direct comparison of our
collision— induced Raman spectra of the rare gases with various well-
studied spectra of nitrogen [1] and hydrogen [2] , we were able t~ obtain
a number of calibration points . For example , at a frequency shift  of
12 cm 1 , and at a temperatu re of 24°C , each pair of argon atoms scatters
an amount of laser light per 1 cm 1 ba ndwidth equivalent  to 2.  58 x 10 18

nitrogen molecules in the pu re rotational line J 2 -, 0 at 11.94 cm ~ if
irradiated with the same power. This information can readily be used to

• obtai n scattering cross sections , the photoattenuatio n coefficients versus
• pre ssure , or all s imilar  basic light scattering data desired [11. This cali-

bration In argon could be shown to be valid over a gas density range from
es sentially zero to at least 15 amagat .  We believe that such measurements

• have not been reported before . Presently , att empts are being made to f u r-
ther improve the accuracy of these numbers .

We feel that the se data are significant for the following reasons:

(1) In this way, the magnitude of the an isotrop y  of the polari-
zability tensors of the rare gas atomic pairs can be determined ,
which are not suff icient ly well known at present. (This
a spect of the work is supported by the Robert A. Welch
Foundation) .

(2) Such m easurements can be readily used to predict accurately
the attenuation of laser beams in dense gases , a s far as it
Is due to collision-induced scattering of pairs of atoms-

1~This research was supported in part by the Joint Services
Electronics Program under Contract F4462 0-76-C-0089 , and in part by
The Robert A. Welch Research Foundation for Basic Research in Chemistry .
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It was pointed out by Gerardo 13) that for every light scattering process
there is a corresponding stimulated scattering process which might  well
deter mine an upper level of the power density for gas  lasers , as well a s
for the propagation of high-powered laser pulses through dense gases. A
thorough u nder standir .g of the collision-induced light scattering processes
of atomic pairs he nce appears to be of interest.

At the highest gas densities (for argon above about 12 amagats)
ou r spectra showed at the lowest frequencies ( — 3  cm 1) an enhancement ,

• which was not expected on the basis of the theories of collision-induced
• spectra of binary pairs . We were now able to show that this new feature

of the spectru m does have a simpl e explanation: it is produced by the
far wings of the so—called intra-coll is ional  process predicted by von
Kranendonk [4] some time ago. In other word s , since subseque nt collisions
of the same atom produce another time-modulation of the dipole moment
induced by the laser field , there is a pressure-dependent broadening
mechanism superimposed with the collision-induced scattering of isolated
pair s. This intercollisional scattering gives rise to a Lorentzi an -l ike
profile of a width proportiona l to the pressure . The far wings of this
Lorentzian begin to show up in our experiments at hig h pressu res.
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1. C. M. Penny,  R. L. St . Peters , M . Lapp , ‘Absol ute  Rot ational
Ramar i Cross Sections for N2 , 02 and COB , ‘J o ~ rnal  of the
Optica l Society of America , Vol. 64 , 1974 , pp. 7 12 -7 16 .

2. A . L. Fo rd , J . C. Browne , ‘Ab Initio Computation of the Dynamic
Polarizabi lity of the Hydrogen Molecule , ” Technical R eport ,

• The U niversity of Texa s at Aust in , May 1972 .

3. J. B . Gerardo , A. W . Joh nson , ‘Phot oattenuation in the Extreme
• R~ d Wings of Xe and Kr Resonant  Lines , “ Physica l Review A ,

Vol. 10 , 1974 , pp. 1204—12 11.

4. J. C. Lewis , J. vanKranendonk , “Interco ll i s ional  Interference
Eff ects in Collision-Induced Light Scattering , ” Physical Review
Letters , Vol. 24 , 1970 , pp. 802 — 804 .

152

~ ~~~~~~~~~~~~~ ~~~~ •~~~
•-~ -,-~- •~~~~~~~ ~~~~~~ ~~~~ ~~~~~~~~ ~~~~~



_____________________________________________ • • •—~~.
-—----—— - —

~

(V. PLASMA AND QUANTUM ELECTRO NICS)

I. ELECTRON SCATTERING FROM ATO MS AND MOLEc UL E S~
Professor Manfred Fink and M. Kelley

During the last year research was carried on in three different
a reas: (1) determination of charge densi ty dis t r ibut ions  in atoms and
molecules from our electron dif f ract io n data ; (2) the thermodynamics ~nd
composition of nonvolatile compounds like inorganic salts and metals ;
a nd (3) intra molecular energ y transfe r among va rious vibrational modes
observed by superelastic electron scattering . The above projects are
listed in otder of their degre e of completion .

With our electron diffract ion uni t  we have added to the N 2 data
• new CO and 02 results . The densi ty maps have been constructed with

the technique described in [1]. However , this approach is plagued with
several approximations . We have signif ica n tly improved the evaluation ,
a nd the new map s are presenting distr ibution functions from which we
expect to derive several moments which can be compared with optical
measurements . In the course of the densi ty studies it became appar ent
tha t our diffra ction unit  is also capable of recording the data precise
enough that the molecular structure p~ ra meters can be •Ieri ved with
unprecedented accuracy. In order to learn the l imit  of counting machines
a s a new a nd more advanced struct ure tool , we engag~~ in a deta il ed
study on the data correlation as it applies to our resul ts .  The results are
very important to structural chemistry , as well as for the structure deter-
minations of amorphou s thin f i lms.  The results are as follows:

Table 1. Structure Analys is  of CF 4 .

Data Without Noise Data With Noise Previous Results

r(C— F) 1 .3325 ± 0 .0003 1.3318 + 0 .00 06 1 .323 ± 0 .005

I (c— F) 0 .0437 ± 0 .00 15 0 .0466  ± 0 . 0 0 2 4  0 .049  ± 0 .005

r(F~ ”F) 2.1830 ± 0.0002 2.1830 ~ 0.0004 2.160 ± 0.005

• • / (}‘. . .fl 0.0586 ± 0.0010 0.0595 ± 0.0017 0.059 ± 0.005

Standard 0.0018 0.0031
Deviation of Fit

tThls research was supported in part by the Joint Services
Electronics Program under Contract F44620-76— C-0089 and in part by the

• Robert A. Welch Foundation.
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It is obvious fro m Table 1 that our data is about one order of magnitude
more precise tha n previous results. However , even we had to add arti-
ficial noise to cover up data correlation . Since the completion of these
series , we have improved the diffraction unit  by adding an optical encoder
to record the angles. We hope that the next data series will prove that
our effort s have been worthwhile , and a genuine , uncorrelated set can
be reconled .

A second group of questions has been answered by our last year ’s
• efforts . Every scattering record claiming precision in the . 1 % range has

to be discussed from the point of view of the influence of the finite scat—
tering geometry. In an actual experiment , the counted events originate
from an extended scattering volume , defined by the volume common to the
electron and gas beam , and the detector which subtends a definite
accepta nce cone . We have calculated in a compute r experiment the
extent to which a model cross section will be distorted due to the avera g-
ing. We selected the range of para meters as they apply to our unit . The
results however , proved to be of such general nature , tha t requests of
our peers indicate that It Is desirable to publish the method and the con-
clusions , and to make the numerical results available through a technical
report .

High energ y electron scattering research has been funded for
many years by JSEP. However, our results have found such enthusiastic
response that we feel that there is a very good chance now that the pro-
gram might be picked up by NSF . To this end , we have written a two-
year $100,000 proposal. If the funding is approved , we intend to switch
the JSEP money tc a new experiment which we are presently developing ,
and which is outlined below .

Due to the infra red lasers (C02 ,  HF and others) an old topic
became very interesting again :  the behavior of molecules after they are
excited into high—lying vibrational states. The question of mode coupling ,

• even the meaning of a mode , Is no longer so easy to determine compared
to those modes lying deep in the potential well of the electronic ground
state. It is our intent to excite several molecules with various lasers
and follow the Interna l relaxation mechanisms with low energ y electrons.
These electrons act as perturbers and cause the molecule to relax. The
excess energy is transmitted to the electron , which will arrive at the
detector with more energy than when it started from the electron

154

- .~ ~~~~~~~ 
~~• : -

•
~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• • • •  

~~
. 

• -~~~~~—-



-

~~~~~~~

(V . PLA SMA AND QUANTUM ELECTRONICS)

gun . This is analogous to the anti — Stokes line s in Raman scattering .
The phenomena has been studied for an electronic transit ion of Na by
Hertel and Stoll [2) . Similarly, as in our electron diffraction success ,
we intend to develop a new technology (the superelastic scattering from
vibrational ly hot molecules) , and thu s truly contribute to the deeper under-
standing of the energ y transfer within molecules. We might be too late
to contribute to the successful completion of laser isotope separation or
laser pla sma heating , but we will help understa nd why certain processes
work and why others will not . This Is not just an esoteric Idea , but we
have worked In low-energy electron scattering for some time , and we
think the prospect has a great enough chance of success that the challenge
should be accepted and brought to a productive stage .

To this end we obtained through the government surplus progra m ,
a $30 ,000 stainless steel va cuum chamber complete with the 10” diffusion
pump and 30 cfm rotary pump . We have built a triple set of Helmholtz
coils to compensate the magnetic field of the earth to less than 1 m Gauss.
At present we are building an electron gun which hopefully, due to its new
electron opti cal system , has no anomalous energy spread , and should
therefore deliver a strong monoenergetic electron beam after the exit slit
of the spherical monochromizer.

The third project we are working on Is funded by the Robert A .
Welch Foundation. The questions we try to answer are directed
toward the molecular structure of nonvolatile compounds. This project
was funded in the first two years by JSEP , until the Robert A. Welch
Foundation supplied continuing funds .  We have at present focused
on rock salts and are continuing to measure,with our quadrupole mass
spectrometer, the reaction constant of dimerization. The nozzle tempera-
ture Is constant to .5°C and the mass spectra are calibrated through a
background gas mixture of Ne , Ar , Kr and Xe.

References

1. M. Fink , D. Gregory and P . G. Moore , Physical Review Letters,
• Vol. 37, 1976 , p. 15.

2. 1. V. Hertel and W. Stoll, Journal of Physics B , Vol. 7, 1974,
p . 583.
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(V . PLASMA AND QUANTUM ELECTRONICS )

J . LOW ENERGY MOLECULAR BEA M MACHINE t
Pro fe ssor W . W . R obertson , Professor L.  Frommho ld

and Georges r amieson

Th e molecular beam machine had been disassembled to permit
accu rate alignment of stagnation chambers with the two molecular  beam
axis. The machine has now been reassembled .

Th e chopper thiming signa l electronics have been mod ified to
increase speed and improve rel iabi l i ty.  The light bulb has been replaced
by an infrared LED , and the slow photodiode has been replaced with a
much faster Motorola MRD 510 . The ri setime of the chopper signal  is now
about 15 nsec , a conside rable improvement over the previous 2 ~. sec rise-
time. This will permit accura te time of f l i gh t  ana lys i s  of the molecular
bea ms and also of the scattered molecules.  The mo lecular  beam chopping
disk currently consists of a 2” s tainless steel di sk with ten slots cut in
it. The slots are about equal in width to the adjacent solid part of the
disk , which means that time of flight data can be extracted only by exam-
ining the leading or trailing edge of the beam pulse as the beam is chopped .
It is more desirable to have a narrow slot which produces a short bea m pulse
so tha t risetime measurements do not have to be made.  The chopper wheel
will be changed in the near future to include a slot comparable in size to
the molecular beam width . The current choppe r disk wil l  be used unt i l  the
preliminary detector evaluation studies have been finished .

The molecular beam detector is currently being evaluated . The
detector consists of a Pierce gun ionizer which ionized the beam particles ,
lenses which focus the ions , and a particle mult ipl ier  to detect the ions.
The Pierce gun is functioning properly, with the exception that the I” long
fila ment sags when it is heated . The f i l ament  mus t  be positioned exactly
correctly or it will touch the electron gun gtid making the detector unuseable .
When the present filament burns out , the fila ment holder wi l l  be replaced
with one that allows the fi lament to be spring loaded (any fai lure which
requires the opening of the ultra high vacuum secticn of the beam machine
usua l l y  results in a delay of one day before the ma ;hine is ready to produce
a bea m , thus , reliabili ty of parts is extremely important ) .

-f Thi s research was supported entirely by the Join t  Services
Electronics Progra m under  Contract F44620-76-C-0 0 89 .
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(V. PlA SMA AND QUANTUM ELECTRONICS )

A sepa ra te , already exist ing chamber (not connected to the beam
machine) is being renovated and will be used to conduct tests on the detec-
tor, along with the addition of a quadra pole mass filter to the detector. This
chamber has windows in it , and is already equipped with a QMS . The
pump down time is much faster than for the beam machine , and it is thus
hoped th e beam machine can be used at the same time that  modifications
are being sepa rately tested in the smaller test chamber.

It is believed that the current detector will  be good enough to
allow scattering data to be taken or some pairs of gases. It will be
necessary, however, to make some changes to the detector if full use is
to be made of the beam machine ’ s capabilities.
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(VI . RADIO SCIENCES)

• A. MODELING SUBSURFACE RESI STIVIT IES WITH
MAGNETOTELLURIC DATA (MT DATA) 1

ProfessorH.  W . Smith , Professor F. X . Bostic k , Jr . ,
J . E. Boehi , S. H. Cheng , and D. E. Wight

1. MAGNETOTELLUR IC AND DIPOLE-DIPOLE SOUNDINGS IN NORTHERN
WISCONSIN

This project , which has been concerned with the determination
• of th e deep electrical conductivity structure of the earth s crust using

dipol e-dipole and magnetotel luric soundings , has been completed during
the year. The techniques developed are considered to be significant to
the investigation of the possibi l i ty of subsurface communication and to
th e site selection and antenna pattern determination for U .S .  Navy Pro-
j ects Sanguine and Sea farer.

This work has been reported at meetings and conferences , in
one Masters Thesis , as part of the 1975-1976 SignifIcant Accomplishments
of the Electronics Research Center , and is currently being revised for
publi cation in the Geophysical Monograph Series of the American Geo-
physical Union [1, 2 , 3 , 41.

2. A LAND TO SEAFLOOR ELECTROMAGNETIC PROPAGATION EXPERIMENT
IN THE OLYMPIC PENINSULA

During the summer of 1976 , scientists from Pacific Sierra
Research Corporation , the above group from The Universi ty of Texas at
Austin , and Scripps Institute of Oceanography performed an electromag-
netic propagation experiment on the Olymp :c Peninsula in the northwest
corner of the state of Washington . The main purpose of the experiment
was to send ult ra-low-frequency (0 .1  to 10 Hz) signals from land to deep
rec3ivers (to 8 , 000 feet) on the seafloor. In addition , a number of sub-

t This research was supported in part by the Joint Services
Electronics Progra m under  Contra ct F 4462 0- 76-C— 0 0 89 , and In part by
the Office of Na va l Research Contract N 000 14—67-A-0 l2 6 -0004 ;  Office
of Naval Research Contract N~)0 0I4- 76-C- 0 62 0 sponsored by ARPA
Order No. 3189; and National Science Foundation Grant GA 38827.
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(VI . RADIO SCIENCES)

sidiarv land-based measurements and magnetotelluric (MT)  soundings
were carried out. The operation of ~3 grounded horizont al  electric dipole
transmitter as well as all land-based measurements  was made by The
Universi ty of Texas team. All sea-based measu rements were made by a
tea m headed by Professor C. S . Cox of The Scripps Inst i tute of Ocean-
ography and overall management  of the project was the responsibi l i ty  of
Dr. E. C. Field and Mr.  John Farquhar of Pacif ic  Sierra Research Corpo-
ration .

Squa re-wa’ve signals , using frequencies from 0 .1 to 10 Hz
and a peak moment of 1.6 x ~~ amper- meters , were injected into the
ea rth by the transmitter .  Strong signals with a 20—3 0  dB signal to noise
ratio fo r the fundamental were received on a 100 m long electrode pair
emp laced on the seafloor at a depth of about 1 , 000 feet at a range of
22 km from the tr ansmitter .  It is concluded that these signals were from
an over-down mode . However , measurements  on the seafloor at ranges
f rom 110 to 135 km at a depth of 8 , 000 feet using receivin g an tennas
540 m to 1, 000 m in length fai led to detect any signal .  It is concluded
that the ocean screened out the over-down mode and that any signa l de-
tected would have had to propagate throu gh the c rus t .  Calcula tions from
these results indicate that a field would have been detected at 135 km
and 8 , 0 00 feet depth if the effect ive  conductivity of the propagation path
were less than 3 x 10 ~ mho/ m . A report [4] on the land-to-seaf loor  por-
tio n of the project gives details of the measurements and conclusions.

The land-based measurements consisted of Magnetotelluric
soundings at four sites and DC dipole-dipole resis t ivi ty  soundings at
fift een sites ranging from about 4 km to the seawa rd side (northwest )
to 120 km to th e landward sid e (east and southeast) of the transmitt ing
ante nna . On the basis of the earth model Indicated by the resist ivity
results from the two sets of measurements , it would appear the ULF elec-
tromagnetic signals could be propagated reasonably well  in the lithosphere
to distances in excess of 100 km along a path extending to the landward
(east) of the transmitting antenna . These measurements also show a sig-
nificant increase in the effective conductivity at depth at site s to the
seaward side of the transmitter.  This suggests that either the effective
conductivity beneath the ocean is somewhat grea ter than tha t  beneath
the land sites , or that there is a conductive obstacle in the crust between

the transmitter and the sea--based receivers . The latte r possibi l i ty could
be cau sed by the presence of a subduction zone , alb eit inactive , near
th e present shore line. It is also a possible explanation for the negative
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results at the longer ranges for the seafloor propagation experiment .  These
results are contained in a recent report [5] descr ibing the land-ba~3ed por-
tion of the experiment.

3. DEVELOPMEN T OF MAGNETOTELLUR IC ANALYSIS AND INTERPRETATION
ME TH ODS

It has been recognized for some time that on-site , rea l -time
analysis and interpretation of Magnetotelluric (Ml’) and Audio-Magneto-
telluric ( AMT) dat3 is both a highly desirable and a reasonable goal. To
be practical , however , the very large data accumulatio n and processing
requirements of conventional methods must  be simplif ied wherever possible .
Substantial progress toward this goal has been made by a combination of
hardware , in the case of the AMT system , and by the development of simp-
lified analysis and inversion techniques.  Two new techniques which have
been used on an experimental basis are now fully operational and have been

reported during this contract period .

The first is a simple , app roximate method of MT analysis and
inversion and is iased on the asymptotic behavior of apparent  resist ivity
curves at low frequency . It uti l izes the fact that the asymptote for a
single section of uniform resist ivity over a perfectly conducting substrate
depends only on the depth to the substrate , and is independent of the con-
ductivity of the resistive section even if that conductivity is a function of
depth . Also , the asymptote for the same resistive section over a perfectly
insulating substrate depends only on the integra l of the conductivity versus

depth profile to the depth of the substrate . The simple method has been

disclosed to a number of researchers who have used i t  successful ly  in a
wide variety of situations. It has been presented at a conference and

has been published in the Conference Proceed ings [61 .

The second technique uses the Hilbert Transform to incorporate
phase as well as magnitude information in the f inal  determination of the
appa rent resistivity versus frequency curve , and has greatly reduc~i th e
amount of experimenta l scatter which can often be excessive at noisy
sites. The process has been termed “ phase smoothing ’ and leads to wha t

Is essentially an unbiased estimate . The process has been presented at
a conference and is to be included in an Appendix to the AGU Monograph

paper cited In Section 1 above .
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vestigator , September 1, 1975 throu gh August  31 , 1976.

Bureau of Engineering Research Grant , “Analysis of Linear Systems with
Multiplicative Poisson Noise ,” Professor S. I . Marcus , Principa l Inves-

tigator , September 1 , 1976 through August  31, 1977 .

Bureau of Engineering Research Award , “Resea rch on Solid State Interface
Reactions: Surface Profiling of Impurity and Defect States at Semiconductor

Interfaces ,” Professor R. M. Walser , Principa l Investiga tor, September 1 ,

1976 through August 31 , 1977.
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(RE SEARCH GRANTS AND CONTRACTS FROM FEDERAL SOURCES)

Bureau of Engineering Research , “New Faculty Research Initiation Award ,”
Professor G. L. Wise, Principa l Investigator , September 1 , 1975 through
July 31 , 1977.

International Research and Exchanges Board Award to Professor B. F.
Womack for support of Visiting Soviet Scholar , Aug ust  1, 1976 throu gh
May 31, 1977.

Japanese Ministry of Education Grant , “Experiments in Multimodal Search
Techniques ,” Professors M. Oda and B. F. Womack , October 1, 1975
through September 30, 1976.

Research Corp., *275-40-4062 , “Study of the Chemica l Kinetics Important
to the Production and Loss of Excited Molecules in Electron Beam Excited
Gas Mixtures ,” Professor J. W. Keto , Pri ncipa l Investigator , Novembe r 1,
1976 through November 1, 1977.

The Robert A. Welch Foundation Grant F-534 , “Electron Scattering from
Alkali Halides Vapors ,” Professor Manfred Fink , Principal Investigator ,
May 1, 1973 through May 31 , 1979.

The Robert A. Welch Foundation Grant F-600 , “Spectroscopy of van-der-
Waals Molecules and of Biomolecular Pairs , “ Professor Lothar Frommho ld ,
Principa l Investigator , June 1, 1975 through May 31 , 1978.

Sandia Laboratories Contract No. 02-7963 , “Magnetotelluric Survey at
Kilauca IKi Lava Lake ,” Professors F.X. Boxtick and H. W Smith ,
Principal Investigators , May 5 , 1976 through September iS , 1976.

Sandia Laboratories Grant 04-77731 , “Chemica l Kinetics and Ratiative
Processes Important to the O~S0 Laser ,” Professor J.W. Keto , Principal
Investigator , February 6, 1976 through February 7, 1978.

Texa s Atomic Energy Research Foundation Contract for “Co ntro lled Thermo-
nuclear Fusion Research and Engineering , ” Pro fe ssors M. F . Becker ,
I. Keto , and E. I. Powers , Principa l Investigators .

URI Grant R-268 , “Th e Use of Harmonic Analys is  in Es t i ma t ion  and Contro l
Theory ,” Professor S. I. Marcus , Principa l Investigator , September 1 , 1975

through August 31 , 1976.
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