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1.1 MBE 3rowth and Characterization®*

During this period, a considerable offort was placel on the preparation
and characterization of single and multiple ©period modulation 1oped
(A1,Ga)4s/3als heterostructures. A theoretical study of thege
heterostructures was also undertaken and a good agreement with experiments was

obtained. Segregation effects of Sn in GaAs grown Dby MBE was also
investigated in detail.

Single ani multiple period modulation doped structures with mobilities

:
¥
i
4
§
H
I
|
I
i
1
o
[
!

saveral times those reported by other laboratories ware preparei. Transport
propertiss of these structures were studied at low and medium electric fielis

and at rmom and cryogenic temperatures. The maximum voom temperature
mobility, 3,400 cmZ/Vs. was obtained when the AlAs mole fraction was about
334, TIn saiiition, the sgingle period structurss 30 far appeared to exhibit

* This work was supgorted b¥ the Joint Services Electronics Program i
(7.8, Army, U.S. Vavy, U.S. Air Porce) under contract NOOO14-79-C-D424 by

an
the Air Force Office of Scientific Research under contract AFOSR 90—30%4.
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1. MOLZCULAR 3EAYM IPITAXY

largar rmom tempzratur2 mobilities than the wultipls perini on2s. 4% 77 ¥ and
1Y ¢, hovevar, 30mparable r28ults wWere obtainel. 77 ¥ mobilitizs of 190,009
:mz/Vs ani 1D ¥{ mobilitizs of about 207,200 - 212,700 et /s were obtained
bota with singla and multipls verind structures. TIf the AlAs mole fraction is
zals larzer than about 33%, +he Adirect-indiirect transition, the 2l2ctron

mobilitizs steadily iscline up %o th2 Alds molz fraction of 170%.

S2conlary ion mass spectroscopy (3IMS) has been usei *o investigats the
accutulation of Sn at the growing film surface and the corresponiing 3n
i2pletion near the film-substrats interface juring MBE depnsition 0f 3Sn-doped
33A3. Sn surface concentrations 93, ®ore than two orders of tagnituds larger
than the steady state 3n icping levael ( Sn) have been observed. 3Sg,
grown a2t approximat2ly constant As/%a surface concentrations was founi 4o
increase, wnile Cg, remained constant with increasing growth <tamperaturss for
7. £ 33092, Both 33, 2nd Cg, lecreased at higher T, values. These rasults,
as w#ell as those .,nor*nd by previous iavestigators, have been explained by 3n
surfice segregation iuring deposition in which the segregation is iriven oy
tn2 relief of strain 2nergy Jue to the incerporation of ovar-sized Sn 2toms.

alculas2i Sa profilsg wers shown to vroviie a good fit tn sxperimental iata.

t.2 Transport Properties of Jetercjunction Layers¥*

Transvort propevtizs of modulation decpsd structures up %o an elecsri:
£i211 strength of 2 ¢V/cm were investigatad, T™e Aqiffarential elactvon
mebility iroos quit2 raptily up *o 200 V/o2m and then stays ibout constant up
ta 2 ¢V/om.  Highar olectric fislis cause negative iifferential resistance
2ff2¢cts whizh z2an roesult in aonuniform 2lz2ctric fi=2lds. Once <¢he fi=l1 {s
nonuniforns, no reliabla u{3) da%1 can be obtained. The 2lactriz fislis in t w
232 norzally-off 7ITs are a2s3tizat2i1 to be about 2 kV/cms therefora, our
results ghouli be applicable ¢n prelicting device performance. 3Structures
#1th an ax*ramely high low-fi2li =wooility showsd substantial idscrsase w#ith
2l2etriz fi3l1, parctizularly a% low tamperatures. F2nerally the room

tatperature Tobility, 3,420 cm2/73. #23 Taintained up %0 2 V/em. However, a

34

77, mobility 2% 2 <V/mm was about 25-379 of i%ts zare-fi2lil value. The 'O X

* This worik w3 suppors2i by the iir Torc
zontract \ 253 30-7934 t i
YN 12752729304, and by b
2923939011 .

ize 0f 3z2isntifi: Rasearsh 'mmier
2 a7al Research unier contracs
N2 Army Researzh I fice 1mier zontract DALAS

o
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1. MOLECULAR BEAM EPITAXY

mobility at 2 %V/cm was about 15-20% of its zaro-field wvalue. These results
indicate that a differential mobility of about 25,000 cm?/Vs at 2 kV/cm with
an slectron concentration of about 10'2cm=2 can be obtained at 77 X. This
represents an intrinsic speei improvement of 5 and a speed-power product
improvement of 25 if normally-off FETs were fabricated and operatedi at 77 %.
Room temperature operation can result in an improvement of 50% and about 200%
in speed and speed-power product, respectively. 3By "improvement" we mean to

compare it to a conventional normally-off GaAs FET using a bulk channel layer.

We have 1lone considerable work during this period on the real-space
electron transfer effect, in which electrons in GaAs-A1GaAs het2rostructures
transfer at high fislds from the GaAs to the AlGaAs layesrs. The resulting
negative resistance as been simulated by Monte Carlo technigues and has been
obgservel oxperimentally. This effect, which has great potential for device

applications, is iiscussed further in Unit 4.

1.3 Theory of Surfaces and Heterojunction Interfaces*

The 1deep 1levels associated with surface defscts in  compound
sericonductors have been stuiied theoretically; the results indicate that
Fermi-level pinning and Schottky barrier formation is produced by surface
antisits defsects in most cases, rather than by surface vacancies or subsurfacze
jefects. We also have investigatsd the possibility of designing Schottky
barrisr heights, and barrier heights at heternjunctions and in superlattices,
via the ieposition of selected impurities. Predictions of intrinsic surface
states and surface core excitons in III-V and II-VT semiconductors were found
to be in excellent agreement with the available experimental data. Finally,
it was found that impurities that are shallow donors or acceptors in th=2 bulk

can become ieep traps at semiconductor interfaces.

Program

* This work was supported bg thf {fint Servic%%o g
orce) under contract NOOO!

(.S, Aruy, U.S. Navy, U.S. Air
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2.1 Tatrnoiuction

Th2 primary 20al of this research i3 to =2valuate 'n2 potantial of
aigh-purity Ia? and In3aAsP for optical and microwave device applications.
32sil2s investizating %the various growth parameters and *echniques %hat zan
influence the purity of the grown layers, an important part »f this work is
the chiractarization of the purity and ecrys*talline quality of the samples
grown. The total impurity concentration is studied through Hall coefficiant
zeasurements 1t 300°¢ and at 779K, The origin and influence »f growth
conditions on acceptor concentrations are studied through low t2mperaturs
pnotoluminescence measuresments. Deep levels, 2nd the influence of Jifferent
growth parametsrs on the concentrations and energy lavels of thesa centers,
¥ill bYe studisd thraough DLTS measurements. The crystalline jquality and jegree
2f lattize match are studisd through x-ray 1iffracfion measurements. The
r2sijual shallow donor impuritiss are studizd using far infrared Fouriar
transfornz measurements of photothermal ionization spectroscopy. This
tachnique is being used to study the resiiual idonor impuritiss in hnigh-purity
73As3 and InP. PFar infrared photoconiuctivity measursments on InGaiAsP ani
In33aAs have been used to detarmine the effective mass in these wmatarials, ani

this tachnijue znay be useful for studying allny iiserder in these matarials.

‘*c't




2. SEMICONDUCTOR MATERIALS AND DEVICES

2.2 Hydride Vapor Phase 3rowth of High Purity InP*

The vapor phase system, constructed with funds from ONR, is unow fully
automated and under computer control for added reproducibility. Previously
high purity GaAs (W7 g = 38,000 cmd/V-sec, ny7 g = 1.7 x 10 @™} had been
grown in this system but comparable InP had not. Difficulties encountered in
growing InGaAs lattice matched to InP led to a more detailed and systematic

analysis of the system”s growth parameters for InP.

Prior to growth, the substrates are etched in situ with a 2.18% HC1 in H,
mixture to provide a clean surface upon which to initiate growth. In addition
the Arsine/Phosphine line has been extended further iown intoc the gas stream.
The growth rate has increased to the point where it 1is possible +to
substantially decrease the total gas flow (by nearly 90%). These lower flows
result in much less downtime for cleaning purposes and a2 substantial saving in
the amount of source material used. The InP grown in this system is now
comparable to that growm by any technigue, with the best material to date
haviag a liquid nitrogen mobility u77 ¥ = 70,300 em?/V-sec and carrier

concentration oy g = 5 x 1014 cm-3

2.3 LPE 3rowth of InGalisP**

digh purity InP and InGaAsP epitaxial layers are essential for wiie
depletion wiith and low capacitance PIN and avalanche photodiodes 2and for
naterials characterization in general. Also, for small band gap InGaAsP
alloys, high purity material is required to avoid Zener breakdown rather than
avalanche breakdown in p-n junctions. Methods for obtaining high purity InP
and InGaAsP epitaxial 1layers on (100) InP substrates using 1liquil phase
epitaxy have Dbeen developed and +this high purity material has been
characterized through Hall-effect measurements and far infrared photothermal
ionization measurements. Samples with net carrier concentrations as low as !
x 10'5 cm3 for InP and 2 x 10'4 @3 for In 5353 47As, with corresponding
liquid nitrogen temperature electron mobilities of 67,500 and 57,900 em? /v -3,
* This work was supported by the Joint Services 3Ilectronics Program

('5.S. Army, U.S. Navy, and U.S. Air Force) under Contracts DAAG-29-73-C-3015
ani NOOO1 4-73-C-0424 and by DARPA Contract NOOOO14-77-C-30086.

Thi rk was sugported by the Naval Research Laboratory under Contracts
‘10017'5-78— NOOI 73-79-C-0184, and the Joint Services Electronics
°*‘o§ U S. Ar'.n J.S. Navy and U.S. Air Force) under Coatracts
DAAG=29-73-2 2015 and NOOQO1 4-79-C-0424.




2. SEAITONDUCTOR MATIRIALS AND DEVICE
ra2spec<ively have been grown routinely.

3oth the growth solution baking technijue and the growth tzmperature have
an influsnce on %the =2pitaxial laysr purity. Baking times »f 24 %0 13 hours
ara required to reduce the carrier zoncantration %5 *these levels.
Inzorporation of small amounts of watsr vagor Qi .1 prm) in <*he hydrogen
atrosphere in an attempt to reduce silicon transport from the quartz tube ¢o
th2 zgrowth solution during baking has not improved <the purity, and
incorporation of larger amounts (> | ppm) increases the carrisr concentratinn
and reduces the mobility. An increase in the growth temperature has improved
the purity, espscially for InZais, presumably due to 2 iacrszase in *the silicon

o c

ci
iistribution coefficisnt as the growth temperature is increased.

.4+ Fourier Transform Spectroscopy of Shallow Donor Levels*

(39

Snallow 1onor energy lesvels have been wmeasured using ©photothermal
ionization spectroscopy in high purity LPE, Hydride VPE, and bulk IaP, grown
in our 1laboratory and elsewhare. This ‘echnique, «which involves *he
T2asurament »f photoconductive response versus inciient photon energy at low
temperaturs (4 X) and in a high aagnetiz field (< 5.5 T) has also been applizd
%o nigh purity IPS InGads and InGaAsP samples latticze matchedi to InP. The
ninizomputer based Fourier %ransform spectrometar facility was set up #i*h the

suprort 5f the Naval Research Laboratory.

In the LPE and Hydride 7P InP zrown in our laboratory and the [PT In?P
grown by L. F. Bastman at Cornell, the sample purity was sufficisnt that peaks
corresgoniing to iiffsrent donor species could be resolved in the phntotherzal
ionization spectrz. Though it is not yet possible to identify these 1onor
sp22ias, the two donors present in the Hydride VPT material were both common
to the Illinois LPT material, and one »f %hese was also the 1ominan%t ionor in
the CZornell LP% matarial. A *hird Jonor speciss may also be present in the
Illinois LP% matarial at 1ow concentration. It i3 reasonabls %5 speculate
that 3 1onor coxzmon %5 both LPS and 7PS InP? may be silicon, incorporatedi from
th2 hot quartz zrow-h reactnrs, 2specially ia vizw »f the hizh distributinn
coefficient for silicon in InP.

* ™is work was supported by the National Science Founidatisn under Contracs
N3P DMR-77-23339, 9y the 2ffice »of Naval Research wunier Clontract

J0001 4-77-2=)55% and by the Joint 3ervices GElectronics Program (J.35. Army,
J.3. Wavy, and J.3. ir Torce) under Contract NOOOI 4-73-7-2421%4.




2. SEMICONDUCTOR MATERIALS AND DEVICES

The magnetic field dependence of the peak positions in these spectra
allows accurate determination of bottom of the band effective mass (m:),
donor ionization energy R*, and low temperature static dielectric constant €,,
Values of these important materials parameters have now been obtained for InP,
In.53Ga_47As and In.33Ga'17Ga.4OP‘6O. For these materials, the respective

values Jdetermined for these parameters are:

(mg) = .00796 + .005, .0437 + .001, and .0635 + .OO1

R' = 7.4+ .17 meV, 4.30 + .17 meV, and 5.28 + .17 meV

€ = 12.06 + .13, 13.5 + .5, and 13.4 + .5.

The peaks in the spectra of the ternary and quaternary alloy samples are
much broader than would be seen in GaAs or InP of similar liquil nitrogen
tamperature carrisr concentration and Hall mobility (n77 =3 x 1014 cm-3, o,
= 458,000 cm?/V-s). A mechanism, not present in +the binary alloys, where
compositional 3lloy disorder results in a different local 2alloy environment
for different donors, could account for the =2xcess broadening seen in the
ternary and quaternary spectra. The degree of this broadening might then be

intarpreted as a measure of this compositional iisorder.

S
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3. UANTUM ELZCTRONICS

3.1.2 Summary of 2rogress

A pulsed wmultimode O, laser has been used to =2xcite a2 1ot bani
transition in room temperature ICS gas to a1 3tate with three juanta of
vibrational excitation. A transient microwave gain was observed ani is a
m2asure of the 2axcitel state population 1iffarence between £ loublat states.
This inherently small signal has been observei, without gignal averaging, by
using a2 microwave reflection briige #hich is transiently unbalancei by an
infrarel pulse =xciting the gas sampls in part of the briige. 4in infrared
pulse truncation shutter ani lower noise microwave 4detaction system are being

alied for direct observation of the excitation wrelaxation.

3.2 <nergy Transfer 2rocesses in 3lectronically Txcited itoms and Molecules

3.2.1 Low-Field Tonization Coefficients of are Fases

The =slsctron ilonization ani excitation zcefficisnts for Ar, ¥Xr, and 2
n13ava been measurel in ths low 3/p region (1-12 V/zm torr) using a irify-tube
apparitus. Discrepancies betwsen previous measursments have been resolved anid
shown to bYe 1lue to photoelectriz 2mission attributed to the rare 3as
metastablas., TJsing this information a revised set of gelf-censistant near

thrashnli inelastic zross sections for 2azh rare gas stuiizd was determined.

3.2.2 Zinetics of Ianterhalogen Diatomics

&

The spectra of the T ABm states of TP and I71 were obtainei ani for
the former showed clearly resolvable rotational structurz. The lifatimes of
the § states of T@ ani IC1 were also estimat2d fron opulsad discharge
s2xpariments. The vibrational self jusnching rate of the I21 A‘n, 3tate was

estimatel and also the argon quenching rate of this same state was neasurai.

3.2.% Multiphoton Interactions

In an unrelat2i study, we have bez2a axploring zome 2ff20%ts 1330011t 2d
Aith  the aqulti-photon nature of n2ar resonant light-matter interaztions
involving more than one fi2ld1 ani a sat of zoupled =2nergy l2v2ls. W2 have
javelopel both algebraic algzorithms and a zrapn-algebraic appreash for solviag
this 2lass of problems in the aiiabatic limit. These tltechniques war2 *th2n

appliad ¢tn the apecifi: zase of resonant a2conl hamoni: genaration in

three-level syatams, an example of which o2curs in 1agneti: r230nant :13es.,
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™is stuly shows %2t 1% i3 possiblz: %o 1ava a2 vary 1izh coaversion, gweatar

7, o7 putp 2n2rzy into 512 32conl airmoaic anlar 32l22ta2i, but 1ot oo
™2 regults of this th2oresizal worg 4ill accear in
3 fovrtacotinz puadlization. J2 ar2 10w applying *hz finlings of this staly <o

. "+

sp2cifis 3yasazs in order %o i2tarminz she f2asibility of future axgperirt2nts.

3.3 Tx2it2d 3%ate Themistry in iases

™2 r2search prajest on Ixcit2l 3tate Thzmistry in Fases nhas growm iuring

tha pass vear frow th2 inisial iischarge work on plasza 2%chiag %o inclulz

3
o
(o
D=
Ww
u

plasma nn23ling aad gro; l2n%ron impazt) ani zultigho%on iissocziasion
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T2 m313 3 tush largzer attichament S5ross s22%icn than the ofhsr 3ases R° .
r - - .

T™ase resalts Mave desn acsaptal for publication 3.51.  TJafortunataly, ch2
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3. QUANTUM SLECTRONICS

tamperature of the sampl2 by measuring ths change ia optizal reflactivity as
the samnpla is 1irraliated by the electrons. This is a variation on the

tachnique iescribei by Jlson, Kikorowski, Ioth ani Hess 732].

3.3.3 Laser Thin Film 3rowth

Tha objactive of this research program i3 to investigzate the zchemistry
anl optical properties of excited atoms and molecular radicals producei by
ultraviolet photolissociation and the intaraction of these excitesd 3peciss
#ith 3 surface to gensrate a thin film. Specifically, an ultraviolet 2xcimer
laser is beiaz usel to photodissociate inorganic molacules that contain a
semiconiuctor atom (such as SiHi, GeH4 or SiCl4). The spectroscopy of these
laser-generated plasmas as well as the 2lectrical and chemical propertizs of

the resulting 32 or 31 films are under investization.

To iat2 amorphous polycrystalline Si and 32 <hia films, arouni ! <2 in
area, have been grown by photolytic laser chemical vapor ieposition "LIVD) a%
roor temperature. Diluts SiH4, (CH3)431, or GeHy mixtures in an inert zarrier
2as war2 photodissociated using ArP (193 mm) or XrF (243 om) lasers. Film
thicknesses of ap to J.5 um were obtained on 3iJd5; substratss at dsposition
ratas raaging from + to 1D R/sec for active gas partial pressures betwaan 3
ani 32 torr and incilent laser intensities uap to 25 W/ cn®. Absorption

i ani 3.9 x

coefficienta of as-depositsd 3¢ ani 3i layers were 2.3 x 172 om”
i cm", respeztively, ani sheet resistivitiss > fOssz/CJhave been measurei.
Incubation times and initial growth rates have been jeterminel in situ as 2
funztion of JV photon flux from He-Ve laser absorption measuraments. Al
concentrations »f up to saveral atoric percent have been incorporated inte 32

films by tha simultaneous photolissociation of GaHi ani (CHS>3A1'

Finally, the chemical characteristics of these films are being stuli2i by

infrarei absorptinn Auger spectroscopy, ani T-ray scattaringz.

Ry J. 2. J. Thyane, J. Puys. Chem. 73, 1336 (1353).

'R2] 7. L. Jlson, 3. A. Xoxorowski, J. A. Roth, and L. D. H2ss, "Invessigzation
of Lasar Indicedl 30lii-Phase Crystal 3Frnwth by Tiza-329nlvei Jptizal

aflactivity,” 2aper Tal-3, TLED “3), Washington, D.2., June [1931).
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1. 3IVICHONDUCTOR 2HY3IZS

Taculty and Senior 3taff

3. 3. 3trestman L. 288

Traduate Students

3. 3annarjee R. DelJoule ?. Mar+tin
A. 3hattacharyya J. Grizger 7. Jdberstar
5. 3orroughs 3. Jones 1. 3Shichijo
. 3rennan 4. Xafka {. 3Soia

£. 3yarly {. Xz3var Y. Tang

1.1 Iatreduction

TMi3 res2arsh involvas 3%uily of hasic propartiszgs of 3anizeniucziers,
12%101s of 13vice sros2ssiagz, a2l new iavizce concepis. 3eth theoresizl and
2xperimantal mathols arz2 amploysd in 2ach of th2se ~2atazeries. FET b
axamininz 2 varizty of 1ot 2lactron phanomena and th2ir 2€f3cts on drassnt and
Siture ievizez performance, aspecially ia connecstion vish moluliatien ieping.

~

We are stuiyinz ioa implan%ation ani annealiag of 31 1ai T71-7 zemoounis,

incluiing 1laser and 2l2ctron beam oprocassing. Ti2s2 oxperimenial 3%1iizs
in2laia  2xamination of 1229-lavel impuritizs  anil 12f220t3 arisiag  f-on
implan%a*tion anl annealing. 327272l aspects of  S1isz soric aT2 done n

2ellavorating with othsr uaiss, oarsizularly t1e siuliazg of nasarials grewm Yy

nolazular Ha2am apitaxy ‘M8T, Jnis 1),

ittt
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4. SEMICONDUCTOR PHYSICS

4.2 Laser and Slectron Beam Annealing of Semiconductors*

Ne have performed both thaoretical and experimental work on pulsed laser
annealing of amorphized Si and swept line 2lectron beam annealing of Si and
3aAs. In zollaboration with J. T. Verdeyen, 4@ have also employei gas

1ischarge annealing %o process implanted Si.

In studying pulsed laser melt annealing of Si, we have examined heating
by band-to-bani excitation (Y¥d:glass, 1.76 pum) and free zarrier absorption
(205, 19.5 un). The technique of finite Jifference equations w#as used to
solve tha one-dimensional heat conduction 2quations for the solil ani liquii
phases, t%taking into account the temperature dependencz of all *thz parameters
involved, =2specially the subgtrate parameters, to give 1 realistiz model. 1In
the 20, case, #e have calculated the tfemperature variation of free carrisr
absorption in n-3i. YWe have taken inte account acoustic ieformation potential
scattering, ootical deformation potential scattsring, and ionizel impurity
scatteriag. The deformation potantials were  21justed to  fit  the
axperimentally observed values at 309°%. We have investigatal the "thermal
riavay” behavior and calculated the threshold power density to zause thermal
runaway ani surface melting of 3i luring 002 laser annealing. For the pulsed
¥i:glass 1laser annealing, the melting moiel is supported by Sime-resolvad
reflactivity measurements using a He-Ve ani an Ar laser. Yo nused 3
shanneling patterns to study the juality anl orisntation of crystalline
ragrowth. 7o investigate the 2l2ctrical activation we 1e%erninei the shange
in sheet resistance of the implanted material before ani aftar a laser pulse.

In 9ach zcas2 we found excellent reordering of the amorphized Si.

Successful recrystallization of amorphous 3F, * ion-implantei 3i hnas alsoe
been iemcnstratel by *+he swept line 2lectron beam (3LE3) technigue. High
parsantages of aslectrically active boron wers observel w#ith 1 zinimun of
spatial vreiistribution. Aztive boron was also found in %the amorphous-
crystalline ¢transition region, an effect not observei in low temperatura
farnace ann2aled material. We are currently 2smploying the SLEB method in
racrystallization of deposited 3i layesrs over 3i),.

* "Mia work was su port2d by ths Joint S3srvices Blectronics Droiram 1.
Arny, J.3. Yav 7.3. Air Forze) under Contract YOOI 4-73-3-5424, by tha

Arny R3searzh ffx*n unier Contract DAAS 29-30-2-2911, ani by the I¥ize of
Yaval 22s32ar2a anisr Zonract ¥0X014-75-C-2304.
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1. SEMICONDICTIR PYY3I3

1.3 3tudies of Transport 2ropertiss in Semizenducteors*

W2 favsa investigatad zarrisr fransport in senizonductor h2tarojunction
layars anil ilevalop2l +th2 thsory of mobility i1 znoilulation-doped struztures,
™2 re3ults of this thsory v2r2 comparal with 2xperiments and found to zivae
ax32llant agresment in c2rtaia bamparature and  1opinz ranges. W2 Mave
zontiauzl to work on th2 zoncept of real sgpace 4ransfar aad hnave shown
axparimentally the valilizy of this concept fthe spill out of =2lactroas fren

Mas aizh ievize votan%ial ani

1S
w
[
"')
\D
(9]
<t

antial wells). Ws bHeli2ava that *hi
also many iataresting dasic  zconsequences  for the  transport i layasred
structures 1nd superlattices. The 3ffact can also b2 zaneralizail as 3 real
3722e analeg %o 3 ;-space 2ff3ct (+the Junn 27f22%) and this generalization
l2a1s %o several othar phzncmena such as “"resonant” impact ionization becausse

of thz banl 2132 1iacentiauity in hsternjunction layars.

Y2 Mava 2xpaniad our Monks Jarlo orogram iacluiing th2 hand siruziure as
salzulated from th2 2mpirizal pseulovotantial m2thoi) %o includs f-ansvort ia
silizon ani 3ais. V2 wers ablz %9 23lculats ionization ratsg {a “hass
za4%2rials githout too many assumptions. Tisse 23alculations incluis /¢
fir3% %in2) th2 opovulation of mor2 than one 2o0niuctica vanl. Va2 Mar2 showm
a1t th? igher 2o0niuztion band s erizial in ailicon at igh 3l2qtriz Tialis

23 %h2y ar2 curraaily r2ached in small ievices.

d2 1172 zoatiauai o davelop aumerical programs %o 1oi2l  transpors
oh2non211  in various semizoniuctor devices aal are  urreatly iazluiling

transiant oh2notena [ovarsioot/aniershrot of

v2locity) {n th2 overation ~f

2harze 2ouolal devizes. 2art of our theoretizal wvork was 12vetz2i to %th:

po3aibilitias of Dballistiz transport and <*o the £fi2ld1  1evenienza of
1

n23%3rolay2rs at low 2lectric fizlis.

* ™Mis Jorc a3 3upportad by the Joint 3aryizes Ilackronizg Pwogram TL 3
Aoy 1.3,y 111 T3, Ale Forz?) anier Jonbratt TIMN1-7I-I-101, 97 42
I€€L22 of 1/ q2321r3n iar Jo1%racts TN L-73.7-3374% ani
1232'1 33-,-) 111 by %12 Army 2gearzh fize anier Zonsrass DALG
2743
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4. SEMICONDUCTOR PHYSICS

4.4 Materials Studies of InP*

As 1 part of our continuing studies of ion implantation in compound
semiconductors, we have studied InP carefully during this period. The
redistribution of the compensating dopants, ircon or chromium, in semi-
insulating indium phosphiie has been studied using secondary 1ion maas
spectrometry (3IMS). Annealing with silicon nitride encapsulation results in
impurity accumulation within the first 1200 8 of the surface followet by
lspletion sextending to a depth of ~ 1 ym. Profiles resulting from the
implantation of "neutral” elements {42, B) exhibit accumulation at the surface
and also accumulation at the projected range peak. The profilas can be
axplained in terms of gettering of the compensating dopant %o defact-rich

regions.

W2 havs sxaminel polycrystalline and siagle crystal, liyuii encapsulated
Jzochralski ‘LEC) grown InP for eviience of boron contamination using 3TMS and
ohotoluzinescence. °Zrecipitates of boron or a boron compound have bz2en founi
in IaP 3grown by the LEC method with bYoric oxiie {3233) encapsulation and
pyrolytic boron nitrile (pBN) crucibles. The 1ensity of precipitatss appears
%o he salaly responsibla for the observed phenomenon. A% prasent, the 3ourze
of boron contamination most consistent with our observations is thz result of
intsraction between 3,0; and pBN. A diffusion coefficiznt of 2(75397) <1 «x

1)'14 cm'2 s“ for boron in InP nas been jetarmined in this work.

42 have observed cracking in chemical vapor-deposi%t2d 3id5 2ncapsulating
layers on InP when these samples were annealed at tamperatures abova 337°7.
la

Jsing optical =zicrpscopy, scanning 2la2ctron microscopy ani Auger tron

B
0

-

apactrogcopy we hava stulisd the j2tailad nature of this form of film fiilura.

-~

Thernally iniuced stress between the film anl the TaP does 1ot fully 1220unt
for tha2 phenomena observel. The cracking apparen’ly resulis fror an
interaction between mechanical stress, chemical =ffects ani possidly iefacts

in the 31J5 layars.

* Tia W#ork wa3 supportal by the Joint Services Slectronizs Prozram 1.3,
Aruy, T.3. ‘avy, ani J.3. Alr Force) unider Zontrazt ¥I3714-73-0-7424, anl by
sha  Hffize of Varal Research unider Contrazt ¥ 1-75-223305.
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. SEMISONDUCTOR PYYSINS
Tor ion implantations of In? %hat arz2 1izhly dominatad by =21lactronicz
3aly
3%oppiang, %thz s3taaiari Jaussian approximaticn proviies a ooor fi4 $o ths

coserval experimental orofilsa., Tsing four momants bas2i on  tazo0retical
coasiisrations, w2 have constructed profiles using a %2rminatad 3igeworth and
?2arson I 1istridution. It #as found that aeither the Zigeworth aor P2arseon I
oroviies the accuracy that would be 2xpsctad from a four moment 1istridution.
Tha2 =womants of She 2xpsrimental profiles Mave bean empirizally i2%2rvwinel.
T1232 xmoments togzether with ths Pearson IV distribution vere showm to fit

D

2xparizental profiles over at lsast two orders of mnaznituie.

With +th2 backzrouni 1eszribed above, w2 1ire currently stulying the
s of 32, M3, anl Si implants in IaP. These stuiizs incluie izpurisy

£
orofiling, 2laztrizal activation, and intaraction «ith defects and bhackzround
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5. THIN FILM PHYSICS
Faculty and Senior 3taff f
J. B. Greene S
Zraduate Students

[ S. A. Barmett D. Iubben L. Rivaud
¥. L. Cadien M. A. Ray A. Rockatt ;

R. . Klinger L. Romano

4 g Lo

5.1 Semiconductor Crystal Frowth from the Vapor Phase:

Ton-3urface, Plasma, and Laser 3timulated Reactions

We are studying energetic particle-surface interactions and stimulated
233 phase reactions which control the nucleation and growth kinetics,
chemistry, and physical properties of compound and 2lloy semiconductors grown
from the vapor phase by UHV ion beam sputtering, plasma-assisted chemical
vapor 1ieposition, and laser-induced chemical wvapor depesition. The common
feature of these techniques is that orystal growth proceeds under

non-equilibrium thermodynamic conditions through the oproduction of highly

reactive gas phase species: excited atoms, metastables, radicals, and ioms.
Such 3spacies transfer energy to the growth surface upon condensation %hereby

altering the surface reactivity as well as adsorption and adatom 1iffusion

O

kinetics allowing film growth at lower temperatures, 1 wider range in
controlling doping concentrations and tailoring film properties, and the

growth of unique metastable materials., This work is being pursued from both

an analytical and an experimental point of view to establish 2 d2tailed

unierstanding of fundamen<tal film growth mechanisms. We have recently

published ¢two invited review papers f5.1. 5.6] in this area. R2sults from 1

this research have a wide range of applications in aiiition to crystal growth

o N S ¢ SN U ow o= e s EE B 3 W an & a A as
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5. THIY PILM PHYSIT3

inzlaiing <4he active resg2arch fiz2lis of reactive ion =2%tzhiang, i1 D211

.

lishozravhy, m=icrochemical analysis, vplasma chemiss<sry, 4and liser-matzarials
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Soitaxial JaAs films have been growm on {190) Tr-iop2d 3ais sudstra‘ss by

r-

soutsar 12v0sition '35.21 from an undoped 3aAs targst. aintentisnallv iopei
- - . - 2 2 -

sampl2as wer2 hizh resistivisy 135 ¢> 175 Q-em n-type with room <emparature
mobilitiss as hizh as 5000 cu®/7-sec. This reprosents one 37 <he ni
revort2l wnobiliti=2s in high resistivity 3ais. Resijual oxygen and zardbon
contamination was minimized through the use of a 1liquid nitrogen 205124 shroui
surrouniing the 3iischarge during ieposition. xcess arsenic w#2s oroviiei %o
ta2 growing film from an =ffusion cell., TFilm doping w33 accomplishad using
sitasr an 2vaporated source (Mn) or the aidition of a gzas phass impurity (453)

iuring soutter 1ieposizion. -4doped p-%tyve films were grown wWith room

W

t2mparature carriar concentrations bH2twesn 1.3 x 127 and 2.5 x 1)
zorrasponding 0l2 mobilitizs of 240 to 35 on®/T-sec. Thass raluss azree vary

1ms 1opai to similar zoncantrations.
™=z 3 iop2d1 films were n-type {see section 3.1.2). In all cases, %“he iopant
incorporation probability was controllabls by varying the negative 2ias on *tha

zvowiag {ilm.

3.'.2 Ton Bombardment Tffects on ITlamental Sticking Probabilitias

d2 hava shown oreviously that low 2nergy (< 39D 2V) ion bombariment 5¢ a
growving film ean play a large rol2 in controlling =l2meontal sticking
probabilitias, allowing an 2xtension in +he growth temparatur: rangs ovar
wnizh 3toichiometric III-Y compounils and alleoys zan bs fHrmei as well as
illowing the zrowth of non-2quilidrium phases {32e s323c%ion 5.2). ™is 3:2urs
through 1 varisty of mechanisms including self-ion %rappiag, 21hancel surface

reaztirzity, souttsr removal of aiatoms, 1and impact-soimalatad iissociasive

shemisorption. Tor a iiacussion »f *th2se mechanisms ani r2las2i 2q913cions 322
"2 reviaw artizlas by 3reene ﬁ%.’T.
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5. THIN FILM PHYSICS

Sulfur concentrations of up to 1.2 x 102! cm=3, as measured by secondary
ion mass svectroscopy, were obtained in sputter deposited single crystal 7aAs
layers using an st glow discharge source. The incorporated 3 concentration
increased linearly with increasing I-{zs partial pressure but was not affacted
by varying the As/3a flux ratio between 12 and 40. Te S incorporation
probability varied from ).02 for essentially thermal species to nearly unity
for sulfur containing ions accelerated by a negative substrate potential of
325 V. The enhancement in S incorporation probability was not iue only to
implantation processes, but was also related to the strength of the Ga-3 bond.
Yary sharp doping profiles with no indication of surface segregation were
obtained for programmed doping steps (for comparison, see results for Sn
segregation in MBE G2As, from a study carried out in collaboration with

Prof. Morkog, summarized in Unit 1).

(1]
)

-2 Srowth of 3ingle Crystal Metastable Semiconductors*

As revorted last year [31, RZ], we have carri2d out the first detailed
study of the growth of new single crystal metastable semiconductors. The xa2y
f2ature in stabilizing the growth of these materials was the controlled use of
low energy ion bombardment during deposition to modify <lemental sticking
probabilitizs and to enhance adatom diffusivities. ring the past year, we
have investigated the crystal growth, thermal and temporal stability,
2lectrical properties, and the thermodynamics of 3 new subclass of metastable

seniconductors, (III-V), _.( IV)4.

Zpitaxial metastable (JaAs)thex alloys with compositions betwsen x =
7.19 and J.75 hava been grown on (190) 3aAs substrates by ion beam sputtering
in an ultrahigh vacuum system. Electron channeling, double <rystal Y-ray
iiffractometry, and X-ray topography analyses indic:*e that the films are of
very high crystalline perfection. Layers with x-values up to 2t least x =
7.47 wa2re in the 2zinc blende structure. ®ither n-type or p-type conduction
#ith n and p varying over several orders of magnitude could be obtained by
varying the film composition, the growth temperature, anl the As overpressure

iuring ieposition. The equilibrium 3aAs-32 pseuiobinary phase 131iagram has

* This research was supported by the Joint Services GSlz2ctronics Program
(7.3. Aray, U.S. Wavy, and U.S. Air PForce) under Contract NOO014-73-3-2424,
and by tha Department of Energy.
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b2en determined.

R2cent thermoiymamic calculations -zombined with 1iffarential scanning
calorimetry m22suraments have providad a3 more jetailed understanding of both
the gzgrowth ani <She thermal 3tability of these unigue matarials. =XAFS
measuraments, zarriai out in collaboration with 2Prof. Then of the Ws+allurzy
Dzpavrimant at UYIJZ, combined w#ith 3TTM and <thermal annealing resulis have
shown conclusively %hat collisional mixing du2 to low =2nergy ion bdombariment
2an be usel to =retaril phase <transformations. Tnally, W2 fnavzs Ddegun
zollzborations wish Prof. {l2in of the 7Physics Department at 7JIJ7 ani
Prof. Racecah of +he Physizs Department at JIZC %o investigzatz optizal
oropertizs of metastabls (11A3\1-x39x and  7323b)4 .¢52« alloys using Raman

372C¢tTOSCODY, 2laciro-reflactance, ani pho*oluminescsnce.

. : s o F- 7
ctive i1on =2tching of 3ais 5.3,

2e first detailed study of the rea

carriad out by our group iuring she past y=2ar. 72f primary intsrest was ¢h2
2ff2ct of ion-surface interactions on the mechanisms and kinefizs of surface
r2a2tions. Ixperiments wers carriad out ia pure 3312?2 and C%; iischarges, as
#~11 2s in dilute CCl,, oC1,F,, and CF, discharges con®aining 30 mola? Ar.
Anisotropi:z =2ftching with removal ra%as, R, o5f up to 2.3 um/min havs been
obtained in r=activs 1ischarges operatad 2%t 10 aTorr and -3 %V, whareas the
ohysizal sputsering rats in vpure Ar discharges op2ratad under the same
conditions was only 2.4 um/min. A combination of optizal =miasion ani
absorovtion speciroscopiss have been used to show tha* in both pure and iilas2
chlorine-containing reac%ive iischarges, ovhysical sputtering »f atomiz 33 ani
A3 is not the primary =tching mecnanism for F2As although ion bombardment does
olay an important rol2 in the overall orocess. Rather, 2tching occurs by +hs
formation andi d4ssorption of volatils 33 ani As :hlsriiss. n reactive
flinorine-containing discharges, the rats limiting s%2p is *sh2 ramoval »f

non-volatile 537,

* r232arch w23 supported by <the Joint Servizes Il:-tronis ?ragraw
3.3, Armny._ 11.3. Yavy, ani U.3. Lir Porce) unier Zontrac )21 1-75-3.313%0
and by th2 I3M Rasearcn Laboratory, Bast Tisnhkill, Yew York.




}

e oeew e wm Uy R OGF G O B = o

e
f

21
5. THIN FILM PHYSICS

5.4 Laser-3urface Interactions

In collaboration with Prof. Eden of the Electrical Engineering Department
at UIUC w#we have initiated a program to investigate film growth by laser
iniuced chemical vapor deposition (LCVD). In initial experiments we have
studied the growth of amorphous hydrogenated Si and Ge thin films, ~ ! cm2 in
area, by photolysis. TDilute SiH,, (CH3)4Si, or GeH, mixtures in an inert
carrier gas were photodissociated using ArF (193 mm) or KrF (248 nm) lasers.
Film thicknesses of up to 0.5 um were obtained on 3i0, substrates at
ieposition rates ranging from 4 to 10 A/sec for active gas partial pressures
between 5 and 30 Torr and incident laser intensities up to 25 YA/ cm?.
Absorption coefficients of as-deposited 3e:H and Si:H layers were 2.3 x 195
en~! and 5.9 x 104 cm", respectively, and sheet resistivities > 106 /a2 have
been measurad. Incubation times and initial growth rates have been detzrmined
in-situ as a function of UV photon flux from He-Ye laser absorption
measurements. Al concentrations of up to several atomic percent have been

incorporated into Ge films by the simultaneous photodissociation of 3JeH, and

(THz)zAL.

A parallel offort, carried out in collaboration with the Physics Division
of ZFastman Kodak Research [aboratoriss, Rochester, New York, has been
established to investigate liquidi phase regrowth of semiconductors by CW laser
annealing. We have recently demonstrated the gzrowth of epitaxial Ge/3aAs
he terostructures by scanned CW argon laser annealing of 440 mm thick amorphous
Je films on (100) semi-insulating GaAs substrates [3.8]. Depending on the
incijent laser power and scan rate, two modes of film regrowth were obserred.
At low powers (between ~ 1.6 and 1.0 W for a beam diameter of ~ 49 um) and
scan rates between 1 and 400 cm/s, polycrystalline Ge with a (100) preferrsd
orientation was formed by an "explosive” crystallization mechanism. At higher
powers, and over a scan rate range of 20 to 400 om/s, single-crystal films
containing asome dissolved GzAs in solution were obtained by liquii-phase
regrowth. Typical film resistivities p were as follows: as-deposited, 130
Q-cm; polycrystalline films, 3 x 10-2 fl-cm; single-crystal films, 9 x 10-¢

Q‘Cm.
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5.1 Introduction

The

1.

objective of the microwave acoustic research is five fold:

to use the interactions between acoustic waves and free carriers in

GaAs to make charge transport ievices,

to use traveling wave electric fields similar to those produced by

acoustic waves to evaluate semiconductor electronic properties,

to integratz semiconductor active devices and microwave acoustic

ievices,

to analyze surface acoustic wave transiucers and reflectors from

basic material parameters, and

to investigate mode conversion techniques of 1line acoustic wave

generation.

Progress toward this objective is described in the following paragraphs.

i
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5.2 Slactron Transport in Piezoelectric Semiconductors*

Acoustic surface and line waves propagating in pi=zoelactriz
semiconductors 1irag the carrisrs and producs an acoustoelectric curreant. When
tha 2lectricz fields producei by the waves are greatsr than the souni wave
valocity diviied by ths mobility, the carriers are dragged at the souni
velocity. Turther increases in acoustic power 10 not increase velocity or the
acoustoelectric current. The carriers are then said to propagata

synchronously and the acoustoelactric current is saturatai.

Twe <charge transport devices =2nvisiconed in this research depend
axclusively on synchronous carrier transport. Bxtensive study has been
carrizd out to determine the nature of charge <transport ian the presence of

very large traveling wave fielis. The effect of traps on synchronous carrisr

fon

transport is of vparticular concern and Cr Adoped GaAs has been studie

extansively because of its high iensity of traps.

The saturated acoustoelectiris current, caused by the ncnlinear
int2araction of photo—éenerated alactrons with large amplitude SAYW iniuced
2lectric fislds in Cr doped FaAs, is found to be too small %o be 2xplained on
the premise that all =lectroms move synchronously at the S5AW velocity. This
finding is based on the resulits of large signal acoustoelesctric measurements,
far 35AW both intazrnal and ex*ta2rnal to the GaAs substrate, 7i3a 2 s=2paratad
media device geometry. The oxpected linear dspendence of 3aturated curvant
W4ith SAW +velocity is not observed wien SAW with different veloecitizs are nused
to induce the sa%turation. It is concluded that some mechanism other ‘than
complet2 carrisr bunching 1is responsible for acoustoele2ctric current

saturation in Cr:%aAs {31].

During the 1last yesar, we have 1emonstrated that 23lectrons 2an be
antrainel by an acoustic wave propagating along the surface of a Cr-dopai Fads
crystal. Tiis result was surprising in view of ¢the waak piszcalactricity »f
3aAs; it was made possidle by the unusual property of high-frequency acousti:

surface waves of proviling a concentratai fiali over a narrcw cross section.

* T™is work was supoortai by the Joint 3ervizes Tlactroniz:s Program unier

r
asonracy YOO 4-79-7.0424
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One can visualize a new class of high-performance charge transfer levices
based on acoustically entrained carriers. Such devices would have no gates
and no complex multi-layer patterns to interconnect the gates; the region
along which the electrons travel would be free for pickup electrodes. Along
with the simpler structure, these devices would have negligible transfer loss,
making it possible to obtain a time-bandwidth product oriers of magnitude

higher than that of present-day CCD”s.

6.3 A New Method to Measure the Mobility of Amorphous Semiconductor Filmg*

The measurement of mobility in high resistivity low mobility amorphous
semiconductor films can be difficult. We have used the acoustoelectric

current described in the last section as a measure of material mobility.

The acoustoelectric method of determining carrier mobility wu in
gemiconductor films has ©been modified to permit 1its application to
high-resistance, low-mobility films. The conventional method requires
xnowledge of +the acoustic 1loss caused by the mobile carriers; in
high~resistance films this lcss becomes too small to be measured. We show
that the required information may be derived from knowledge of the acoustic
power and the device geometry. Our samples were amorphous hydrogenated Si and
310_56e3‘4 films on nonpiezoelectric substrates, separated by a2 convenient air
gap (12.5um) from a LiNbOz glab carrying surface acoustic waves. One sample
nad 103Q /0 and u = 7.08 cn?/V sec; another sample 10'0 Q/0 and ® = 9.5 en?/V

sec [5.1].

In amorphous materials the 4rift mobility of 2arriers is usually measured
by observing the time-of-flight of a charge packet through a sample in 2an
axternal 41.c. alectric fiald. The results, however, cannot be interpretsi in
tarns of a carrier mobility in the conventional sense ilue %o the sprealing of
the packet by multiple trapping and release, and the concept of time-depenient
mobility has been used to describe such 4ispersive transport. Recently the
mobility was 2lso deduced from transisnt photoconductivity and photo-induced
absorption experiments. Using the acoustic-slectriz methol to measure
mobility proviies new information. A simple <«oherent view showing the
connection among all these 1iffsrent measursment techniques has been written

#* This work was supported by the Joint Services Electronics Program under
contract YOOO14-73-2-7424,
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(z2].

5.4 Wideband LAW Transducer*

The fundamental advantages of LAW 1evices are well documented but there
n31s bean no efficisnt wilebandwilth transducer with which to implement them.
N2 have recently dievised a2 mode converter that zonverts surface acoustic wave
SAY power to LAWY opower. This device consists of a number of unconnected
zlectroies which 2xtend across the SAW and LAWY propagation paths. The
2lsctrodes are bent and spaced so that the =2lectrode spacing, measured in
phass at center frequency, is the same for the LAY and the SAW beams. The

first generation device hai a 5% bandwidith and 3 loss of 5 4B r 3:.

Th2 second gzeneration has 2 baniwiith increassdi %o 17% ani a l:sss reduced
%5 1 4B. With this bandwiith and =2fficiency, LAW devices may become practizal
because 2ffiziz2nt 3A4 transducers zan be used to gsnerate the 3AW beam which
in turn is conver<2d to the LAW bYeam by the Multistrip Mode Conver<er {MSYC).
Ta mode converter is reciprocal and LAY wavas can be iatectad by conversion
to 3AW, and than a 3AY transducer is used to 1et2ct them. ©fficient moderata

bandwidth LAW delay lines ani convolvers are now possible

5.5 A Thearstical Determination of 3urface Acoustic Wave Velocity

and [mpedance Differences between Metal Strips and Fres Surface

Regions of Metallic Jratings**

The surface qcoustic qave is q single-moied, 120n-1isversive,
one-iimensional ware that is frequently modelsed using 2 Sransmissisa line
2quivalent circuit. Thin electrodes and shallow grooves located in  the
surfice acoustic wave opropagation path produce reflectisns ani shifs <he

oropagation velocity of the wave. The 2ffect of the 2lacirnies ani grooves

<

are modelal as an sffset ian charactaristiz impedance /D3LT2RI) ani a saify in
the propagation velocity /DELTTRV). T™is iampedance off32t anil the valiaisy

nif% have been theoretizally Jdetarminei from ths matarial 2onstian%s a1l “he

*» T WOrXk W33 3supportel by +the Rome Alr Davalopment Jandt2r, D2outy -
ITle *ronxu Teshnolsgy, uni2r Air Torce contract F-l 3523231 -3-))21,
*#% Tmis wWwork wa3 support2i by the Rome Air Davelspmen® Janiar, Da2puty Son
Zlastrenis Tachaology, unier Air Foree z2antract F-l 5232732723910,
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geometrical dimensions. Since the materials are piezoelectric, both the
slastic and electrical loading of the surface have been considerei. The
jetailed theoretical derivations for the impedance offsets and velocity shifts
have been published in a series of papers during the course of the development
f5.2,6.4-6]. A report has been written to tie these studies together and to
provide a simplified analysis of the surface load:ng produced by an electrode
that will be useful to the device designer. The report has been made concise,
with all derivations taken from references or appendices in order to make it a

better design tool.

References

[31] M. J. Hoskins, S. Datta, R. Adler, and B. J. Hunsinger, "Jnusual
Acoustoelectric Current Saturation in Semi-Insulating GaAs,” J. Applied

Physics (submitted for publication).

S. Datta, “Time-Dependent Drift Mobility in Dispersive Charge
Transport,” J. Noncrystalline Solids (submitted for publication).
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7.1 Diffusion and 2ictivity on Metals®

Th2 1scompositinn of polyatomis 33ases on solils i3 s5f int2r23%t ia hosh

b

ch2tical anl 2l2ctronizca t2chnology. W2 hav2 been avxaminiaz tha intaractions

22than2 with m2tals 13 9 simpl2 dut manageabla 2xampl: of 3uch proz22sses.
Tais 2{fort nas3 been concenfratsl upon unierstaniling th2 mechinisms by iz
12conposition ozcurs; of partizular in%2rest i3 way %h2re i3 a1 azsiratian

m2r3y o i2compoaitiot at the surfina 211 ow %1is 13 avarsotce.

A2a3uraments report21 last ya2ar ﬁ?l7 indizatei that *he acz4ivation 2nergy,
l1282main21 w2 %2 taeparature of doth th2 surfaze aal the zases i3 changel,
L3 consilarably a3mallar than <he rala2 founl soms Size aze i??T in beaz
axparitamts, in i saly sh2 233 13 aqzisal. Ta273 ara Sen 1l3siany

pI331bili%i23 o azzcunt for this:

*Ti3 W0k 913 3upporeal 12 Ti%ional 3z2imr2 Touniacion anter, zrant TIR
Q
-4 .

2
ar%ronizs 2eagran 7.3, Anvy,

J

o
~3-23313, 13 w21l 213 "y ﬁée Inin% 32rrisas
3 Vomiar zoatsaczt I 1-79-12)12)

J.30 avy, J03.0 Alr Torza)
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7. SURFACE STUDIES

1. The beam expariments were done oan single crystal tips, rather than on
avaporated films, which served as substrate in thes more recent work.
There may be 2 significant dependence of descomposition rate upon

crystallography, which coull account for the 1ifferences.

2. TIf th2 reaction proceeds through a precursor, that is through a gas
molscularly bound to the surface prior to d1issociation, 1ifferent

activation energies are expected in th2 two measurements.

3oth types of effacts are liksly, and we have carried out several stuliag
5o 1ofine more closely the imporiant =avents at the surface. Jeasuremanis 1%
low %2nperatures iniizata a1 neat of paysical adsorptinun of 5 kcal/mola. Under
tha conditions of the decomposition =xpsriments, a reservoir of molacularly
1211 methane therefore oxists on the surface and d1issociation shoulil take
place via thes2 molacules. This suggests that in a3 molacular beam exparizent

T

in #nizh the gas alons is n2ated, the activation 2nergy shoull be 5 kzal’rola

s

nigher than 1in stardiard measurements, and shouali amount %0 roughly 1!
%xzal/mol2 on rhodiium film. To test this hypothesis a new apparatus, showm in
Fiz. 7.1, has been built. Ian this equipment, the gas can be heatel wnilz
%22ping th2 filw, +aich is in contact with a3 large thermal mass, 3t a constant

tamparature. ™e re ts obtaineil in +this way are plottsl in *iz. 7.2.

o

ftar correcting for contributions from 2as molacules that thermally
zcommodate to fthe surfiace, an activation energy of 12.7 tzal/mola is foundi

£
for methane decomposing on rhoiium filams.

This is in excellent agreement with eoxpectations; more than +that, i% i3
sonsistant with other phenomena observaedi in the interactions of methane with
thodiun. I% has previously baen found {33.34] that exziting the v stretohing
zoi2, vhich has an enargy of 3.5 kzal/mole, is ineffactive in accellarating
iaconpraition. Tais is 20w jquite unlerstaniable. Aa energy of 1! k:1l/vole,
auch more than i3 availabla in the Vi vibrations, nust b2 suppiiad %o m2thane
in order for it to disseciats. Most likaly i% is the 3Vy baniiag amoie thas
Tust bYe 2x3ited ia oriar 4o 2nhance tha rsaction on rhoiium. D3tailed
praiictions of the affect nf isotopi: substitition have besn mala, bYagal mn
the assumption that vibratinnal axzitation i3 iaportan%: 4h2se preliztions

are in gnod accori with 2xperiments.
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3

e work z2arri2i oat hzr2 nas 2larifiz2l the role of She z3as in th2
i3canposition reaction. 3till to b2 explored now are %ths contridbutions »f the

30111, ani sh2 axt2a:nt to waizh %h

o
[
w

are sp2cifically aff2ctedl by %tas aftoni:

irrangexany it th2 surfaca.

7.2 Jiffusion and Raactivity on 3ilicon®

\

Although the importance of gurfacs 2ff2cts in 30lil stage levices is

g2n2arally racognized, ra2latively 1ittls is xnown about +th2 gpropertizs of

surface laysrs on semiconiuzitors. ¥3 have been zoncantratinz our 2ffris on
obtainiag iafarmation on the spatial stability of such laysrs. As part of

%2282 invaestizations w2 have 1a2valopel a tachniqus for lirest 212ciroan daam
Jriting on silizon _7.2}. In this methol, molacular aitrozen is physizally
aisorbel on siiizon, maintainad a4 low temperatures at vhizh a monolayer o

zor2 i3 formal. Molacular nitrozen oa thz surface i3 4hen 1issociassi wy

al2ctron b2am Impact. On warming tha sample, undissociated mols2cular aitrogen

3

avapnratas, Lle2aviag behind a aitrogen laysr wWasravar tha 212c%ron bear has

T3

3tTask, 2s 3nown in Tz,

arrent 2ff%rts have been frcusel upon charactariziag the 20alisions

4

a1ier wizn thes2 aibtrozz2n laysrs ars formed. Jur ghiudias inlicate that

2l22%ron izpact i3 quite affizient in premoting lisseciation of aisrogan.

i
283 than 3 ¢ 1297 slactrons/cn® suffice o 2reats a3 31%usation layar;

farthzr berbarinent 1o23 a0t incre2ass th en chemizally Youni

w
[
W
83
o]
5
o
o]
Y
5]
o
oF
'3
2
]

Lo *h2 asilicon.

Th232 sataration layars are actually aisriias, 7ot jusht sha2risorhel
lay2rs of nitrogzen. It i3 clear from Fig. 7.4 that the 3L{LVV) Auger 3pactra
of th2 layars proluzed by 2l2cron dombariment ar2 ia gool accorl wish th2
3pactra r220rilal Zor 3ilizen aitrile producel dy z2hamizal vapor {2position
T35

prnz283, M3t arpars to be 3 2hemisorbedi layer of nitrogzen 1oes forrt. Tais

;v V2 hava basn able %o show, a2owevar, sthat jucing the 2arly 3%a1zas nf the
i3 illustra%t2l in Fiz. 7.5, vh2re $th2 intensitizs of various Augser liies ars
310w 1f%2r iqcreasiaz expn3uras of aitrozen and conznnitan® borbariment ¢ith

2l2stren3. Tha 33-a7 line zharactaristis of <hs aisrila ioes 0% app2ar 3%

* i3 w7k 413 3uppo 2y Y12 Taiat

" ; T 8 Progran
71030 Aruy., 103 Yavy, T 2
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Fig. 7.3 Secondary electron images of nitride structures created bv electron

beam writing on molecular nitrogen layers held on Si(100).
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Si(LVV)
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83 83
(a) (b)
. .1. 7.3 Comparison of LVV Auger spectra for nitride layer produced by

electron bombardment (a); and by chemical vapor deposition (b).
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Fig. 7.5 Auger intensities observed after increasing nitrogen exposures t
and electron irradiation. The 83-eV nitride line only develops

after an induction period, during which a chemisorbed layer forms.
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a2 vary 3tars. Howsver, the 330-2V line attridutel %0 nitregen is apparent
373 1% v2ry low 2xposuras, inlizatiag that there is 2 nitrogen layac pr

Shouzh it is 20t a aitriia. Te nitride laysrs formsd aftar extensive
2xposurs ar2 mor2 than one lay2r thick. The mechanism of formation of thsse
aitrijes is not el2ar, dut it i3 gquite complax and aay iavolve 2 competition

b2twWeen 2lactron impact lesorption 3anl iissociation.

Slectron deam induced formation of gilicon naitrile is a parti:zularly
arp2aling process. I gives us the capabilisy of formiag aitrils structures
ander 2entrollel aanl very clean conditions. A juastion immediiately arises -
i3 this ta2chniju2 applizabla to ths forwation of other films a3 well? We have
razently a2xarninel the faasibility of zsreating oxiiz2 laysrs on silicon in this
¥iy. dn 2xposing silicon to mola2cular oxygen, 31 ctherisnorbed layer fores on
th2 surfaze. At roor femperature ani bvelow, oxilation is gslow; 10 w¥evar,
2l2ctron dombardment 2nhances the oxilation rats. As i3 apparent fron
.5, 1t 1is therefore possibls %o form oxile strustures by 21az2%ron H2ax
irraiiation of an oxygen czoveredi 3urfaze. Th2 most ilrantageous zoniitions

for this process are now beinz eoxplorai.

7.3 Atomic Ixploration of Jrystal Layars*

Jvar th2 y2ars zonsilerablza information *has been aczumulatel in this
1aboratory about ths behivior of iniiviiual =netal atoms on zmetil surfaces
i7.1]. This nas been possiblz through the use of tha fieli ion mizroscope and
its ability %o resolve sinzls atoms. Wmile work on siagle atoms has
sontinu2i, w2 har2 also been exarining the %zhavior of overlaysrs, #ith the
int2nt nf contridbuting to a battar unlerstiaiing of crystal and film 3rowth

)

pa2nonana; ia  th2 past +th2s2 phenomena have not  b2en a3ce3Isibls o

o¥9sarration on the atomiz lavel.

Ini%ially, w2 have concentrat2l on a aurvay of overlayar forzation on
W(119). M2tals fronw the platinum family fort two-iizensional layers, provilad
ol
1

T

W

3131%01 conzantration on the aubstrata is hizh 2n0ugh. A3 i3 apparent in

T

%]

fi2l1 ion micregrapas in PFiz. 7.7, individual atoms in tha layars arve

21l2arly resolvai., Tais is juis2 1iffarent f-rom +hat i3 ffunl when *ha

* Tais _work wis supportai h2 Natior 3cisnc2 Founiation urier grant DR
37224951 aai tha Joins r 1i rogran J.3. Arny, J.3. Navy,
J.3. Air Porce) under contra o= ‘

S A me o mtmaald
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Fig. 7.6 Secondary electron image of oxide structures formed by electron

beam writing on Si(100).
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Fig. 7.7 Platinum metal layers on W(11l0). Shown in order are palladium,
iridium, and platinum monolayers, as well as a schematic of a

P(2 x 2) structure.

Fig. 7.8 Field ion image of silicon layer on (110) plane of tungsten

(left), and proposed structure at right.
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substrats itself is imagedi. On a W{11D) plane of the sare size, iniiviiual
atoms =annot be iiscerneil. The spacing ia the layesrs of platinum, pallaiium,
and iriiium must therefore b2 a multipls of %the substrats spacing. This is
not necessarily trus for othar metals; for rhenium, iadiviiual adatoms are
not resolved in ovarlaysrs on ¥{1!12), and wa therefore infar a zuch ienser

packiag.

y particularly interesting behavior has b2en observed for iriiium
clusters. Their arrangement 2and stability is strongly depenient upon size.
At 452 X for =2xampls, a 2lustsr of 16 or more irilium atoms on q(11)) is
stabls in 121 rhoabohedral configuration. A =lustar of only 15 alatezs,
anwever, oc2curs in a2 square arranzement. ™is i3 1ot an ar%iface; “h2
alustar xmaintains i%3 shape under repeatad neatiag iatarvals. When 31 3iagl:
ator i3 removel from thia layer, the arrangement becomes unstadbls - a2

sluster dbreaks up iato indiviiumal iridium chains.

T™is sort of behavier is 20t limitsd ¢o iriiium. As an izpor#ant pact Of

onr stuli2s we 1ave basen looking at silicon laysrs on W(112). Yodarate ios2s

™
3.

nf 3ilizcen 2quilibratai at 300 K yiali a v2ry open overlaysar, shown in

k)

7.3, tmaie up of silizon chains oriantei aloag ﬁ113?. The 3pa:ing beswa2n
shainas 13 21leos2 to 2.5 2. ~loser pazkal layers :aa ve formed, howerar, dy
2quilibrating heavier doses at highsr temperatures. 3y fi2li avaporation th2
soncantration of silizon alasoms 31 be losered a4 will. Re2peatei Tia21d
araporation followel by equilidration 2onverts thase iense laysara inte >mlia

e

arrays, aaalogeus to thoss ian TFig,

~

. 3. In further relucing the ailateoxz

pooulatinn, $h2se overlayars iiaordar sizilarly %o irilium laysrs.

The formation of thess loosely siructured layers on W(112) has 104 been
pravicusly observai by oth2r fechinijues tRS]. A surv2y has been rale of
3ilicon layars on other planes. 30 far nothing unusual has baen obsesvai on
¥31Y), 1319) or (129). It is alrealy clear, howevar, <that fiszli ien
misrosceopiz 2xaminatinn is capable of yi2liing interesting informratinsn abous

ovarlayars, anl these stulias a3 w21l as other measurem2ats on inilirziinal

2013 1ni azall :luast2rs are zontinuiag.
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3. SLICTROVAGNETIZ COMMUNICATION, RADIATION AND SCATTRERING

Faculty

R. Mittrsa

Fraduate Students

M. Desai R. Lampe 3. Ray
R. Xastner J. Naguire T. Trinh

R. Palz%a

3.1 Millimeter-Wave Integrated Circuits

In the past twelve-mcnth period, w#we have made siznificant precgress in the
1evelcpment of devices and structurss for use in millimeter-wave intagratsd
cirzuits. A number of analytical tschniques, 2pplizabls to the diszlectri:

vaveguiles used in these circuits, have also been 12valcped.

A particular ares of intarest has been that of disleciric antennas. W2
have iavestigated a type of leaky-wave antanna which ccnsists of a 1ialectriz
w#aveguiie cn which are placed pericdiic metallic perturbaticas. T™is antenna
is frequency scannable and is rsalily integrated wish a receivaer-transmitter
gystem. Prior to cur investigation, it was beliavei 4%ha*t the perturba‘ticns
nal to be uniform. dur a¢periments have shown that ncnuniform perturbations
r2sult in significantly bettar antennas. Antennas with 25 4B suvopresscn cf
gilelob2 ani 2ndfire radiation levels have been built. Thes:> antennas =2an

have beamwilths in the plane parallel to the antenna axis as lew as 3.3¢,

* This WwoTk W13 3up
1.3, Aruy, 1.3, Navy,
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3. ELECTROMAGNETIC COMMUNICATION, RADIATION AND SCATTERING

For some applications, the raiiation pattern of this antz2nna in the plane
transverse to the guile axis may be toce breoai. To reduce this beamwiith, 13
new gstructure was dsveloped in which the dislectric guile with periodic
perturbations on top is embedded in a metal ftrough with a2 metal flare attachei
on 2ach side. With this arrangement, the antenna behaves liks a linear array
in th2 longitudinal plan=s, whilz the raiiation pattern in the %ransverse plane
resembles that of a horn. With this structure w2 can achisve 7° beamwiiths in

the transverse vlane.

Many passive ccmponents in a dizlectric-based millimeter-wave integrated
cirzuit, such as ring resonators and couplers, are comprisad of curved
#waveguilzs gections. Therefore, it is necessary to have 2 gocd understaniing
of the behavior of the fiell in the neighborhood of the beni in order <o
prailict the coupling and radiation characteristics. Jeneral analytizal
approacn2s %to this preblem have been very involvel to 4ate. We have found a
simple, appreximate technique for zalculating the fi2ld .n a3 curved iisl=actriz

#aveguile ¢f rectangular cross-section.

Jur analysis is based on 2 conformal mapping which is usel tc transform a2
nomcgensous curved waveguide into a straight wavaguile with an inhcmegenecus
refractive index. Soiution of the resulting equaticns yi=lis Airy functions

#nizh accurately describe the fi2ld beth insile and cutsile thz wavaguiie.

In the area of active 1ievice 4esign w2 have work2d cn the problam cf
IMPATT oscillators which are directly integrable with diz2lectric wavaguiiss.
Jsually this results in axc2ssive mismatch and raliation loss. Through the
1382 of vpartial shielding structures ani bettzr matching natworks w2 have

reduc2i thes2 losses gignifizantly ani realized oscillators whizh work 2% 34

A new methed cof solving dielectric wavegzguile idiscontinuity problems i3
also being developed. Jnlike a clcsed waveguile, dielectric waveguiizs
support radiiaticn mcles w#ith a3 continuous 2izenvalue spectrun. ™is makas %2
applizaticn of wmcie-matehing andl related techniquas very 1ifficul-s. Jur
m2thci 13 basel ¢n the speciral icmain m2thol ani uatilizes %he TFT algecrithm

rather *han matrix inrersica, At prasant small steps cn 1i2leziric wavaguilas

e

nave bvean hanilai sucsessfully. We are zurrently inccrporating a variaticna

acxprassica to enhanze acnvergenc2 for larzer liszcntinuitieg.
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3.2 Slectromagnetic Radiation and 3cattering

™is area of our research is primarily concerned with the 2fficisnt and

accurats calculation of electromagnetic radiation and scattering prcblams. We

have concentrated our efforts in the high frequency ragion where mcment method
solutions become impractical and where, either by body sizs or =zcmplexity,
asymptotic solutions are not applicable. Ian the past a 3pectral domain
approach has been formulated and applied ¢to thin plates. Recently wz have
been able tc accurately axtend this technique to two-iimensional bodies of
significant size, which may be either perfectly conducting or iielectric in
nature. 43 this technique is iterative and uses the FFT algorithm, it

scentains a2 built-in boundary condition check and is very efficient.

W2 have also done experimental 2and thecretizal stuiies of twist
polarizers. Thase polarizers can be used in radar systems where traiitional
gimbaled systems are too slow, 28 the twist polarizer is very lizht weight and
can be mwoved rapidly. The theoretical 4analysis uses the aspectral domain

tachnique and givas gocol agrzement with =xperimental ressults.

-—-—-—-—---’
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3. PLASMA PHYSITSH*
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3.1 3tatistical 2roparties of Zlasma Turbul2nce

Ta2 objactive of shis researsh is to 3tuly the statistizal propartiag of
plasma fturbulancza. The systam undser invastigzgation i3 the positive zelumn of 2
i1z-1i3acharze in n2lium #izh 13 unstabls with resgpact to th2 3pontanaous
axz2i%tatinon of ion acoustic waves. Flactric fi211 fluctuatinns Hf  the
Sarbulant wave £i211 are pick2l up by 3 Langmuir prebe anil ftheir probability
{istridution is =measurel by a1 fast sampliag zethol. The measurai laviations
fron Faussian bHehavior zaa be fittzl to a Sram-Thariisr 2xpansion of the
probability 1istridution incluiing terms up to fourth orier. Th2 a01-31133i{1n
tharactar of 22 probability distribution allows zonzlusiong %5 2 irawm a3 5o

th2 aature of th2 2nsamdbla of tha waves *hat compose th2 turbulamé fiali.

* T4i3 work was suppartal by the Jaiversity of Illinois.
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10.1 Rarefisd 3as Dynamics¥*

Rarefied gas dynamics deals with non-2quilibrium gas flow problsams in
which microscopic treatment according to kinetic *hsory 1is necessary to
jetermine the 2ffect of intermolecular collisions and zas surface interactions
on both microscopic and macroscopic gas flow properties. Such rarefizd gas
flow problems occur not only in aerodynamiecs, but also in elecironics,

aeronomy, 2nvironmental fluid 4ynamics, and other relatsqd fields.

The aim of this reszarch program is to ievelop numerical methods %o soive

1 Wile range of oroblams under conditions far from and near *hermnal

) 2quilibrium. A Monts Carlo method hnas bsen developed 2t the <Coordinatad
Sciance Laboratory ER1] to solve directly the 3Bol<zmann 2quatioson and has been
used by ths Boltzmann group to 3solve the 3Boltzmann equaticn for sevaral

rarefied gas flow problems under a wide range of nonegquilibrium and bdoundary

conditions [32—37]. The gsolutions we have oSbtained  yieliled ietailad
microscopic and macroscopic non-equilibrium propertiss, most of whisn have
nevar been treated and stuiied Dbvefore. We Thave also studiad numericsal
solutions of other kinetic <equations and other numerical =methois ¢5 solv-
rarefisd gas flow problems, including the direct simulation technijue.

* Tmis work was supportad by NATO R2search Frant 1275 and by the University of
Illinois. ‘
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10. RAREFIED GAS DYNAMITS AND COMPUTATIONAL JAS DYVAMICS

Nonlinear =evaporation-condensation oroblems are =2ncountersd 1in such
iiversifiad areas as upper atmosphere metzorology, the zooling of nuclear
reactors, lesign of space =experiments, petrochemical engineering, vacuum
technology, and the intsraction of hizh power laser radiation witn m=tal
surfaces. The treatment of these problems requires first the consideration of
vapor kinetics problems characterized by the nonequilbrium vapor motion in 2
Xnuisen layer at the interphase boundary. Under a joint research =affort, we
have successfully studied the evaporation problem [381. Jur 3oltzmann
solutions =stablish the validity of the Xrook solution and Y&rehus” Xkinetic
theory approach [39]. This approach <can bYbe wused %o zalculate *the jump
conditions across *he Xanudsen lay2r and the net mass, momentum and heat fluxas
[3101 and, together with the conventional continuum mesthod, %o calculata the
flow oparameters at the oufter adge of the Xnuisen laysr for oproblsms in which

avaporation occurs at the intervhase bouniary.

Studi2s have also been made for the ~zondsnsa%tion problam t10.2]. e
aon-2quilidrium vapor near a condensing surface 4iffsrs from that near an
2vaporating surface because of the 1iifference in =2dge condition 3% <the
intsrpass boundary and its behavior is more complex. Our Boltzmann solutions
yi2ld 4istinct non-squilibrium behavior in the Xaudsen layer of condensing
vapor. For example, +the temperaturs gradient becomes negative near the
interphase under czertain conditions. The condensation ra%e as a2 function of
vressure ratio was found to depend strongly on a substance parameisr which is
proportional to the ratio of th2 latent hea*t and 1i%ts 1ligquiil surface
temperatura. Soma of our vresults were found to be in agresmant with those

obtained by using the simple apnroaches of Jguchi (3111 ani Yireus tR12?.

We olan to study further the evaporation and th2 condensation problems by

considering more complex flow and bowdary conditions.

10.2 Naval Yydrodynamics*

Free surfacze wave oproblems =2ncoun*eredi in Yaval tyirodynamizs ars
charactarized by ~omplaxities in  flow gzometry, flow <2a%ur2s ani bouniary
conditisns. The flow has an unknown free aurface ani i% i3 oropagzativa ani

* T #ork was 3upoort2i by the Office of Yaval Resear:zh n

hi L 1
JO0214-30-C-2743 and “he YVationa Science Founiation unier 3ran
T7-20435.
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transient. The boundary condition at the free surface 1is of a =ixed,

parabolic +type and it contains highly nonlinear terms. In the steady state,

3
: there also exists a radiation boundary condition, since the waves, once
. generated, vpropagate downstreanm. These complexitiss have 1l2d to several
: computational Adifficulties: accurately accommodating the free surface

geometry, satisfying +the boundary condition uniformly ovsr the free surface,
treating the radiation boundary condition and implementin the Toundary
condition at the contact line of the free surface with the solii surface of 1

partially submerged body.

In the initial phase of our study, we have jsveloped two time-dependent

numerizal schemes w#ith Tulerian grid systems for solving staady and unsteesdy

potential flows for mnonlinear free surface problsams. In one me thod

[RX%,R14,R16], we use the finite element method to deal wi*h the geometrical

e

complexity and the free surface boundary condition of the nonlinear frae
surface problams. In this scheme, the finitas element method is used to maxe
the field calculation and the finite difference method is used for the ‘time
avolution. We have used this method +to solve two problsms: 2 pressure
i1istridbution moving with a consian:t speed and a moving submerged =lliptical

c2yliner or 2 symmetrical hydrofoil.

W¥e have also ieveloped an explicitly time-dependent finite differencs
scheme [3171. Bxplicit schemes may be more favorable for solving largs scale
problsems on "supercomputers" which havs more  stringent  implementation
requiremants. Ne have used this method %to 30lve two problems: 12 prassur2
jistribution moving with a constant spead and an elliptic cylindrieal,

[ surface-pisrcing strut accelerating from resst,. ™r solutions serva 2
dsmonstratz the fe2asibility of using the amathod to solve two-iimensional 2s

w#ell as three-dimensional problems.

The results of the initial phase of our stuly wsre ovrese

n
: P : r 1

Second International Conference on Numerizal Ship Hydrodynamizs [R'53.
In both numerical schemes mentionei above, the computatisnal domain i3

sxpanded downstream periodically during ths computation as the iistarbance on

l the free surface i3 propagated close %o the dowmstream boundary. Therefors,
the uniisturbed condition is applizd on %he cut-off downstream douniary.




AD=ALO4 727 ILLINOIS UNIV AT URBANA COORDINATED SCIENCE LAB F/6 9/2
ANNUAL PROGRESS REPORY FOR JULY 1r 1980 THROUGH JUNE 30, 1981,(U)
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1J. RAREFIED 5AS DYNAMICS AND COMPUTATIONAL GAS DYNAMICS

In order to obtain the longer time and stsaiy stats solutions, we have to
use a fixed downstream boundary set close %o the disturbance so that w#we can
increase the computation efficisncy by dealing w#with a2 small computational
iomain. The present phase of our study has been focused on the application of
our numerical schemes to the nonlinear free surface probleams with a fixed,
small computational 4domain. There are three major tasks involved in this
study: (1) investigate the implementation of the open boundary condition at
the outflow boundary to allow the waves to pass through it, (2) improve our
numerical schemes so that accurate numerical solutions can be obtained using
the open boundary condition at the outflow boundary, and (3) apply the methods

ieveloped %o selacted nonlinear free surface problems.

e have studied in detail the method ¢+to implement the open boundary
condition used by Chan {313]. t is based on Orlanski”s scheme f319] in which
the Summerfsli radiation condition is applied at the outflow boundary and the

vhase velocity 1is calculated numerically. Wa have conducted numerical

W

xperiments to study systematically the errors of Chan”s numerical scheme <o

e
implement the advection equation and to stuly ways to minimize these errors.

P

W2 have studied two approaches for solving potential flows for nonlinear
free surface wave problams using a fixed, small computational domain. 1In each
approach, we have used Orlanski”s method to implement the open Dboundary
condition at the outflow boundary. The ¢two approaches differ in the treatment
of high frequency errors that appear in the solution and that inhibit accurate
treatment of the open Dboundary condition. In the first approach, Wwe used
filtering to minimize high frsquency errors. however, it was found to be
2ffective only at an early time; therefore, it is suitable only for obtaining
transient solutions. In the second approach, we modified our +time marching
schemes g0 that the schemes are characterized by damping. This damping is
more affective in controlling high frequency errors. Transisnt and steady
state solutions have Dbeen obtained for the pressure distribution and the

accelarating strut problems.

Fig. 10.! shows the pressure distribution problem with <he ousflow
boundary set close to the iisturbance. The appearance of a two-zril intarval
wave in she solution of this problem near the outflow boundary is shown in
Fig. 10.2. The =2liminations of thizh frequency waves in the solution are

shown respectively in Figs. 10.3 and 12.4 for two methods, using filtering
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Fig. 10.1 Computational domain with fixed outflow boundary (x ).
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Fig. 10.2 Appearance of two-grid interval (24x) wave in the solution of

the pressure distribution problem for Fr = 1//27 .
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Fig. 10.3 Elimination of 2Ax waves in the solution of the pressure

distribution problem (Fr = 1/v271) at t = 1 by using filtering.
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Fig. 10.4 Solution of the pressure distribution problem by using damping

in the time-integration scheme.
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10. RAREFIED GAS DYNAMICS AND COMPUTATIONVAL GAS DYNAMICS

and Jamping. Fiz. 10.5 shows the steady state solution obtained by using
iamping for a fixed computational domain. Fig. 10.6 shows 2 <ransi=znt

solution of wave height for the accelarating strut problam.

The results of the second phase of our work were presentsd at the Third

Intarnational Confarence on Wumerical Ship Hydrodynamics {10.4?.

[31] A. Yordsiack and B. L. Hick, "Monte Carlo Bvaluation of the Boltzmann

Collision Integral," in Rarefisd 3as Dynamics, p. 6795, Academic Press
(1967).

—
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—

3. L. Hicks, 3. M. Yen and 3. J. Reilly, "“The In%ernal Structurs of

Shock Waves," J. Fluii Mech. 53(I), 35 (1972).

[33] 3. M. Yan, "Monte Carlo Solutions of the Yonlinear 3Soltzmann Zquation
for Problems of Heat Transfer in Rarefied Gases,"” Iant. J. Heat Mass
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[R4] 3. M. Yen, "Yumerical Solutions of Yon-Linear Xinetic Bquations for a
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[351 3. 4. Yen and W. Mg, "Shock Wave Structure and Intermolacular Collision
Laws,” J. Fluid ¥ech. éi(l), 127 (1374).
"25] 3. M. Yan, "Solutions of Kinetic Bquations for the Yonequilibrium :as

flow 3etwaen Zmitting and Absorbing Surfaces,” in Rarefiad %33 Dynamics
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R2s2arch ia this ar=a is ccncernei with cempusar systems w1izn nar2 bhosh
nigh performance and high reliability, andi which z2an b2 ievelcped usiag Var
Jizh 3peai Tategratel Tirscuis /VH3IZ) tachnolegy.

1*.1 2erfcrmance Ins*%ruction ?ipelines

-~
-

An instricticn unit viveline {iff2rs frcm a Ffinctional aaifb osinzline in
that it 1is 3udjest *o 1z2lays from systam ovhencmena  23x*araal S¢ if4self

2, 3. memcry 211 Suncticnal aai%s). Thus a3 s23mant in an instTucsicn unid

* TMis werk w13 suvppcriad Qy the TJoiat 3ervicas Tlacironics ?vczvam.'l.s.
Aray, J.30 Yary, J.S. Air Tors2) uniar contracs TIN011-73-7.3421, hy twa
J.3. Mary anier dcatract UMN32-37-223555, and by 2 Hewlatt-Paciaard Coempany.
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pip2line may take more than one time unit in the event of cache mniss, mnencry

ccllisicn, 1ata iependency, 2tc.

An exact soluticn for pipeline performance was obtained by consiiering
the axscution time of any given segment tc be a2 discrets raniom variable which
is governai by a multinomial 1iistribution. T™e expectel wait +ime of an
instruction in a given segment can be recursively i1efined in terms of the
2xvected wait +¢ime of the instructicn immediately vpreceding it. If the
liffarence of these wait times is negative, ths actual wait time w#ill be zerc.

Jnfortunataly, this solution is not in zlosed fcrm.

™e affactive bandwiith of the pipe can be ziven as a function of the
expectad time gap betwesn the ith and (i+!1)th instructicns. The stationary
valu2 of this axpectation requires that i be infinite, but it was founi *that
for wvaluss of i as small as 3, =stimatcrs can be obtained for the vparametar

ranges of interast xith a2 hizh degrze of confiience.

A zlcsed form solution was obtained heuristically for a3 pipe consisting
cf Y + 2 segments. ™e two enl segments are variabls-time gegments, ani the
1iidls Y segments are all constani-time segments. The opurposs of this stuly
423 to detarmine the degree to whizh a finits-length buffer coull iecoupla the
b2l behavior of two variable-*time segmentis. Tis solution was founil by
matching bouniary conditions {cm N) against an exponential function of W, ani
ccmparing against a wide range of simulatad wvalues {729 points 1in all). This
solution hadi an srror range < 4%, with an RIS srror of < 2% cver the simulated

13t2 usel in the comparison.

.

N

Tagt Jeneraticn for Tcomplex Digital Systems

A new and general fault mcdel for micrecprocessors has been jevelcpedi, ani
tast technijuss have been derivel to d2tect all tha faults iz the fault model
tli.B]. A methodology was found for generating combinaticnal structarses frem
nigh-laval 1s2szriptions (using assignment statsments, "if" statements, ani
single-nestsi 1lcops) c¢f register-transfar 1lavel cperators {11.11. Tha
generatel strustures ar2 cellular, and are interccnnected in a ftree structure.

A Zeneral alzcrithm has been develcoped to test 221lular tre2 siructures with 2

t23t length wMizh grows only lin2arly with the siz2 of the tre2. It 2an be

¥

proved that this test length is optimal %o within a

cnstant fazter. Ways of
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making *he structures 321lf-2h2cicing 1ave 3lso hean FHuni.

wl

1.3 Zcnecurrent Irrer Da2tacticn in Arithmetic ani Tegiz Jnits

A n2w wmethel of zoncurrant tion 1ia Computar

1
Zogic uniss n1as hHean  jevised. i 2xplecits *ne inharent oh

3
radundancy of ccmponents ia the *ims jomain., This 42chnijue is

all co2raticns ¢f a1 typical ALU. Tn this sense, our method
Arithmetiz

ALY,

238, which are apolicable %o caly the aritnme<is cperzticns

Sed
Tirthermere, cur method also works wi*n many %types cf zarry lcck

circui®s. In t2rms of +%he arrcr coveraga =apadility, cur

faverably wita 2 juplicatad ALJ methci ¢f errer det2sticon. In tarts cf %ae

nardware ccst, cur method is suverior *c bein tha Arithmeti:

fuplizatad ALT.

Systolic Structures

3vsteliz arrays have  heen oprovosadi  for  ceavenient  anl off

imolamentaticn c¢n a2 VL3I ~hip. Howavear,

[}
<
ul
ct
(]
8
»l
—
Jg

systoli:z

varallalism in +th2 1ariwmrs. Y2 hava

111 +he inh2rant

1 faztor of twe cor

systclic systams by r2arranging the seguznce ¢f fhe iata flow a1l making
3lizht wmciifizaticns %o ths c¢riginal systolis systam. 12 adiisicn, 3 nizhn
lavel 2rrcr is2facticn technigue has been founi for use with svstolis systams i
parforning masri multivlication. TMis methed dces nct use tuch 2¢iTa
hardiware, bdu*t #ill orcviis opretecticn azainst besh +ransiamt and permaneas
2rrcors.
i1.5 Memcry Aidressing Architacture
For a2 r2dusticn of orecessor-memcry  address  daaiwiish, w2 have
i2velcpei an aliress oreiizticn mechlanism. An aiiress predictions<ack 0lis
12 alirsss2as cf instructicns ani 1273 #hizh Mavae 1 1izh odrebadility cf veing
rafarencad sccn. ™2 reiucticn 2f aliress baziviish is azniavaed Hy 2nz2ciing
oc3ificns in %h2 stiack 3truszture and sandiing an 2nceciai oesisica ¢ %a2 memcry ﬁ

3ubsyst2m 13 11 2liress. Th2 Twemcry sys+<2m i22ci=s
aopliag 1% %c anii2ntizal stick stmicturs maintained vi4hin th2 Temcrvy.

M3 inforaticn in i3 s%aqk,

thae mamcry sys%am 211 ferm 1 ~omolatz 2l
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11. COMPUTSR SYST®AS

A 111 2diress is transmitted cn 3 stack miss.

An IRY replacement policy and several line ipdate schemes were =valuated
by simulation. The simulation results proviie an ianformation theoretic lewer
bounl cn the avarage number of addiress bits needed per memcry referancs. This
becund requires frequency encoding of the stack positions and miss inilicator.
Jonventional fixel length binary encoding, which is mcre easily izplementabls,
raquires only one or two extra bits per adiress. For the frequency 2ncciing,
as the stack depth increasedi and the stack wilth remained relatively small,
the average number of bits neededl per memcry reference continusd +c iecrease.
This phenomencn 1iil 1ot cccur in the case ¢f the conventional dinary 2ncciling
because after 2 cortain point a vprice, in terms of =x%ir: bits neeiei for
enccling, was being paii for the greater number of stack lceations. 3tacks cf
meciest size using ccaventional enccding can reduce the averags nunber c¢f
alir=ss bits neeled ver memecry raference tc balcw 3 bi%s, 2ven wWhen the “cial

1iiress spacz is very large.

11.5 Shared Cache Jrganizations for Multiple-Stream Ccmputer Systems

Jrganizaticns cf parallzal-pipelined multiple instructicn s*reanm
orocessors with shared +two-level memery hierarchias have baen stulisi. The
cache memory interference and the shar2d cache hit ratics in such systams have
been investigatel. ?Performance analysis 1is czarried out by using discrete
Markov Chain and probability based thecrems. P2rformance is evaluatad as 2
fanction of hit ratic, 4%he number of oprocessors, *he number c¢f vipeline
segmenty ani the zache organizaticn characterizad by the number <% lines, *hz2
number ¢f cacha wmcdulas per line and the czache 2ycla tima.  3Scme de2sizn
traizcffs are discussed and examples are given to illustrate a wvariaty cf

iesizn cptions f11.12].

11.7 Multiprccesscrs with 2rivate Cache Memcrises

12 nave ieveloved an avproximate analytizal mcdel for the verformance c¢f
multiorocaessors w#ith privat2 cache memcries. All orivats cache mamcries ara
ncnnectel %o a2 single sharei main memcry via an interacnnecticn network. Va2
hava ax%enied an  =2arlisr analytizal model  4¢  inclule zemplex  2ache
crzanizations 1lik2 write-through, lozl-through ani1 Dbuffered write-bacsk.

Zonsilering the complaxity of such organizaticns, cur aporoximate analysis is

R

it
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1Y, COMPYITIR 3YSTTIS
11i%2 zced ovar a wiis ranz2 c©f system parazsters. Th2s2 daramatars iancluia
22a2he =iss ratic, blc2%  %ransfar  tims, ani  3iz2 ani <yo2 cf <*he
fmeayn PRI wl 1 7
ins2arecan=2tticn 12tworks L3

R2323arzh is ian preogress waicst 2xpleres  thaz  i23izn ¢f 1 emcTy
ar2nisacoure for sa2 support c¢f oparallal opreocessing. Ve have definei 2

preliminary meucry systam archilecture whizh zcnsis®s ¢f a set ¢f =zemcry
332233 r2712st3, responses, and th2 32mantic acticn asscciaztel with 242
transaz=icn. This arechitacture will servr2 %0 i2fia2 21 :zcmmunizasicn orctcccel

¥nizn san 22 applia2il %o a varizaty c¢f parallal wemcry ssructuraes ani oarallal

R2s323rshi Mas been in pregress in the area ¢f d2signing  diresetly
intarpretadls languagzes 'DIL7s) for nigh lav2l languaze support. T2zhnities

for the Tormal i= aticn ¢f DIL"s desizned ¢ 2ffizianly suppert 41izh laval

th

languagzes are ia2scridv2l in a3 paver waich nas bH23n sudbmiis2l for pudblizazicn.
Rzsalss iniicat2 that 1% may in she fasure b2 poasidbls ¢ svystamatizally

- Al

{23izn 2%fician® DIL s frcmw a formal sp2cification ¢of <hz nizh lav2l languag:

tc D2 suppert2l. Wa ar2 currenily exovlering sh2 vossidbility cof systamatizally
jesizning *ha JIL in%t2rpre<ar fren 2 formal specifizaticn ¢f %“he symiax ani
semantizs of the D2IL. The obj2ctive is %o 2xvlere f22hnijiees e a2 2cmpiat2
sy3s2matiz d28ign ¢of a1 igh lavel langua 31900T% Dprozesscr. T14s, “n2

1a auscmatic 123izn rerifizaticn fazility i3 deing iavaleoel fov cur
A2 3vstam. Y2 har2 Tals orczress i1 defining *he orcblem <¢f iasizn
ravifizaticn. T2 preblam 3ub-1ivides inse four sp22ifin tooiss:




60
11. COYPUTER SYSTWMS

(1) determining aporopriate 1esign language restrictions for the high-level
functicnal iesign language, (2) translating %he thigh-level oproceiural
isscription ¢f the system function to 2n approrriate lcw-level reprasentation
#hich is suitable for comparison, (3) translating thas hisrarchical jescription
of the systam structure to the low-level representation, and (4) performing
the ccomparison betwaen the low-level ijescripticns of the system functica and
ths system structure. Work on the fourth sub-topic may be aiiei by recent
#ork in the literature on an analytic verification algorithm which uses binary
jecision diagrams %o represent 3igzital functions. W2 hMope to be ablz: ‘¢
inccrporate such a3 verification methodi as part of our hnierarchizal i1esizn
verificaticn systsm, since this apprecach could potentiglly eliminate the need

for simulation in the design verificaticn process.

11,11 3imulaticn 2ackages fer Jomplex System Design

In any 4esign work, simulation bacomes an important part of *th2 desizgn
zycla. 3inc2 today”s lcgiz simulaters are basel on ITL ga%te-level structuras,
many MOS circuits cannot be faithfully mcdeled using them. Zircuit 1lavel
simulators requir2z a2 high computaticnal ani memcry space penalty and zannot be
asel for large circuits. A lecgic level simulator callei TRTSIM for 03
intzgrated circuits has bheen ideveloped. The simulator <%akes into acccunt
slowiown dus to capacitive 1leoading and therefore gives accurate ‘uning

2gtimates in addition to lcgic values.

A preprocessor based simulation system has also been develcped 4hat
allows the specification and system level simulation of i1igital systems. The
simulator allcws hisrarchical specificaticn and lcgical connection of mciules
ani comprises about 5000 lines of code (including iirect support code). Tt
has been usedl to examine multivprocessor bus protocecls, memcry cganizaticn in
multiprocessor systems, and failure modes for 2 multiprocessor systam. Since
the system can deal with a multilevel specification, it is fairly officzient
and 3 real time %o sigulation time ratio of 39,070 for systams with a mincr

2lcck cycle of 10 ns has been observed. Theoretical mciels for such systams

are under development, and will be calibratei using th2s sinmulatcr.
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SD COMPUTATION THEORT*

Taculty ani Senior 3taff

D. J. Brown D. =. lar ?. P. Preparata
qo 2. Ioui 3. Swamy

3raduate Staiants

7. F. 3ilardi R. 3. Johnson X. 2Praczhi

.1 Tatroductinn

M2 primary obj2ctire ¢f the researsn reported in this section is *he

lavelopment of 2fficisnt cemputational tachnijuas ani th2 analysis of ths

i%i2s of vrarisus =zmodels of :computatioa. W=z are concernad with the
r230urse3 - 3uch 13 tim2, 2quipment, Temory, intarconnection - 2aithar us=21 or
1223121 in th2 alzorithri: solution of given problems. Tais iynamiz iiscipline
- Icacrzi2 computational zemplexity - is a0t only czentridutiag *to our basi

undars<aniiazg of computing, dat it i3 extremaly r2lavant %o actual practice,
both ia hariwars anl in softwars. The relevanc2 i3 greater, the cloger th2
1inp%21 z2o0mputation models ara 4c JLurrent or proj2ctel computing systems.
, 1% 13 only na%tural <$hat +th2 great technological 1ianovation

-

raprasental oy Tary-Large-3czale-Tatezrasael 7L3T)

-
)

ircuitry has alreealy 12l a
3abv3%antial  impast oa  the iiasciplin2, ogening 22w orizons anl  posiag
challanging prodlams. Inized 2 subs®antial zart °f our rasearch, -crganizati
welow  in foar subsactions [™arallal Tomputation ia TLITT, " lawpatational

Jaotatr. ", "Approximation Algorithma", and "3torags a1l ico

P
w
[0}
.«

2
77}
w
-

Iafrreation Rairiaral") iraws its motivation frem this important %echnelogizal

* Taiz worikx w3 suppozial by  she Joint  3erviczes Tl
“1.50 Amty, 1.3 ’; J.3. Air Parce} miar “hﬁt? : 13311

eha Titinnal 3:iane2 Mundasion unier §*ants AC3 7S-1 3342, MCS 31~)5552. N
3)-33354, 37 3I0-12210, ani I3T 30-1 2243
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revolution.

12.2 2arallel Jomputation in YL3T

Parallel zomputation provides a funiamental answer to  the 12ed1 of
inzr2asing comput2r processing powar. Tzchnological advances 1ave mile 1Y
possible to realize parallel computing systems. OJur stuiiss in this area are
soncarned with th2 1avelopment of realistic computation moiels, the2 zonception
of powerful intsrconnasctions of modulas (architscturss) realizadlz in the
chosen moiels, ani the analysis and jesign of algorithms to b2 2vecut2i on
thoss arshitectures. YWithin the commonly accepted "synchronous model” of VL3I
somputation, w2 have studi=d th2 realization of algorithms and have {eveloped
ari-time optimal schemes for zmatrix operations i|2.13,12.19], for the FFT,
and for the mnultiplization of integers il2.20]. Ae have also isvelop2i a
aritigue and an appraisal of gurrent VL3T models -~ basel on a physical
anilysis of propagation ielays - an1 have bagun the 2xploration of

t1r22-4dimensional TLST t2chniques {papers in preparationl.

12.3 Computational eometry

Computational gzeomuetry is relevant to 2 number of 2pplicational areas,
such 23 operations research, statistical analysis, ani design automation. We
have 20ntinued our lines of iavestigation, and have devaloped time-optizal
algnrithzs for a variety of problems concerning ftwo families of orthogonal
sazments t|2.6,12.7]: this problem i3 very relsvant to VL3T design. W2 1aave
alsn begun th2 2xploration of a class of problams of planar realizability in
the presence of obstacles, ani have developei 2 time-gpace opiimal algzorithm

for the cage where th2s obstacles are podelled as parallal segments tl2.16].

12.4 Approximation Algnrithms

Hotivatadl by the intractability of maay important problems, w2 are
2nas3rnedl wi*h th2 levelopment of 2ffizisat approximation algorithms. Our
Aork  with two-dimensional bia packing t12.1.12.4,12.211 moiels 22rtain
achaiuling applicatinns and also relates to VL3L placement prodblams. V2 nava
recently 3taiizl TL3T 3treet routing problems anil have obitainal both 31 lower
bouni on the aumber of f$razks requirel and have iavalopeid an algzgorithe whizsh

: . r - .
iz at moat 157 worss than optimal  papers in preparthonw.
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'2.  APPLIZD 20MPUTATION IYSORY

12.35 3torage ani i2c2ss Josts far Taformation F2trisval

In any iaformation-»2%risval systam, 2ffiziant storage anil accassiag of
11t1 3173z 2ssential. Y2 ar2 gtuiying particular 1ada ssructurses ani the
3%or132-1022s3 Stal20ff3 iansrent ia pe2rformning associa®t2l operations. This

i

Ui

l2a2liaz 3o £z 12valeopment of analysis t2chnijuss whish 2an D2 appliail %o
7arious ratriaval orobdlams, using 208t measures approprizte %o ths partizular

applizations.

¥2 nava alao 3tuiia=Ad il2.2,12.151 a2 general 2liss of rasourze sraianffs
h1% arise i1 such problams as parallsl sorting algorithms, line2ar recursion
3zharata, TU3T layouss, anl searching alzorithms. Thas2 $raieeffs 3pan 2
rariaty of resourc2s, allewing us %o iral2 $ize against 3pace, arei, nrograt

siza, 211 number of prnsessors.

A 1a%ta structure with local acs2ss permiss an aceess poiatar into

W

ssrusturs to hange i3 value from ons location only o an aljacant leacation

in %ha stracturs.  Mfltineal Turiaz machines molel 3torage anil refciaral
oparations in thage ata 3trasturas: Lrae n3cniaes for L3223,
zultiiiznansional mashines or arrays. 43 nav2 usel these gashines o lav2lap
n2¥ wmathnls Sor ziaizizing access poiasers i1%o 4reses aal arrvays. Ivary

17
v}
<
W

1 tree misvin2 of tim2 z20mplaxisy £72) can be sizulatai 9In-lin
P
tn23 machine with only £wo 122233 a2ais 1a tiz2 {t'2) log £(a)’log log £/ a2)}.
A =] > 2
Jr27y  rwul%ine2al  2-1izm2nsional  zazhiaz :an b2 sizulatai on-liazz dy 1
i-d1in2nsional rac1ine ¥ish anly Y O} 1272288 M2ais in tina
KA
L . . - .
YR ) ®R w1/ . 1/42) log £72)) T12,17,12,227,  The simulation far tress is

cptizmal.

PROE
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Faculty and Senior Staff

¥, Ahuja J. M. Hammer 5. 9. Rouse
R. 7. Zhien 3. Johannsen 4. 3. Rousge
3. DeJong Y. B. Johnson D. L. Waltz

L. R. Maran

3raduate Students

A, 3rew B. 500iman Y. Yorris
Y. 3rijwell 3. Haiden Y. Pan

7. Brooks J. Hammer J. Pollack
D. Zhen R. Henneman M. Reidy
5. Zross W. Ho 2. 3poor
J. Fath R. Hunt 2. A=bster
3. Flatcher J. Marshall Co Ziegler

D. Aorzheadl

13.1 Vatural Language Jnderstanding*

Res2arch has continu2d in both theoretical and practical areas ralata2i to
computer understanding of natural language 2371 the obtaining of iaforuation
from 1ata basss. Attantion was focused on axploring ani1 Sormaliziag the
ralationship b2%tw22n language ani psrception. "3Ivent simulation”, the procass
of zonstructing a1 sequance of sets of assertions to represent tha meaning of
santances, was proposedi ani investigated as 32 method for julging the relative

plausibility of various real worll intarpretations of s3entences 1les:ribiag

® ™Mis work « supported by the Office of YNaval R2sa2arch aniar Zontrazt Yo,

13
I 1-75-2951
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scenes and actions; 2vent 3imulation vas 1ls3o showm *to be asafil for filling

ipt3”. ?rizitire avent sizulation %f2rmus

in zaps in %23¢* ia the absenze of "3z

ar2 beiag lesignel to orovils a 3ounl bvasis for wol2ls of language
acquisition, =zonc2pt l2arniang, language zg2n2ration, ani “zczmon  32n3e”
t!3.29}. The primitives ar2 %asei in oart on »ur stiiy of 3Southeas®t Asian and
Tative Amerizan languages, anl $h2 azethols <h2y use %o 2xpr2s8s s3patial ani

avent-relatad information.

The problem of avaluating natural languaze 3y3tams wva3 investigatad, and
3 auxber of novel svaluation technigues 2anl 1imsasions for 2valuation wers
jevelopei. 3valuation methols wers d2sign2d to h2lp ia the grialing
improvement of +th2 t2stad systems; methols were t2st2d on PLANES ani cther
natural language s3ys“2ms, and an axtensive analysis of the %28t =»3s3ul%3 was

zarried out and documented [13.37].

J3L, the relational ia*%a base quary language system used in PLATES vas
cempletely rewritien to allow "cooperativa rasponses”, probability, and ¢he

. ; . \ . r
slanning of optimal 1a%a base searsh strategizs 13.301.

Vorz #as zomplat21 on 3ROWSER, 2 3ystam whizh automatizally attampis *o
find iataresting patiarns and facis in a 1ata bHase 213.311. JROWVSER is iriven
9y 2 moiel of what is iatsresting, in terms of 3stasistizal »atéars, m2asures

signifizance, and moiels of the real world actions ani objacts vaizsh are

W2 havs also Yaen working on a zompiater systam *hat can leara Srom is3

w

tperiz2azas with the worlil. 'hils iesizn2i primarily for a2 natural lanzuags:
roce

&
ssing systsm, the research is applicabls fo other AI ilomains as w2ll.

3

The %sschnijue is 2alled Bxplanatory 3chama Azguaisition and i3 a2 %ial of ons
trial or iasight learning; wvith this techniqu2, 2 natural languags processinag
3yst2m will b2 abl2 %o learn beth the vozabularias anil concsepss of naw
owl2diz2 lomains iirectly from i%s iaput 4axst. For 2xanpol2, 1 a3tural
l3azuage syatam that ‘mows 1otaiag adout, 3ay, Hlac‘cmail will »e adlz2 40 lz2am

that onzept from a2 iaput story 12scriniag a hlacxmail 2vemt i1 30wz 12411,

TM32oretizal work 2as been z2arriz!l cuf o1 %he use of 1oval "messaza
p2133iag” alzorithms on 3 n2¢agenal array for 2omputing vigh laval visual
f2a%1res ‘2.3, 3yam2try aal shape) of objacis, and for iafining aopraprias:

12izborhecels far objers3 in1 322nes {!3.33]. R23ults n=2r2 2ave  broai

=w
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significance, 3.g. for VLST design of high level vision processiang hardware.

13.2 4 {nowledge-based 3ystem for Intelligent Monitoring and Diagnosis*

: The goal of this research is to develop a knowledige-based =xpart system J
capable of performing intalligent diagnosis on 2nginser-designed systems. As
trailitional expert aystems have been oritizized for lack of unierstaniing ‘
about their working 3iomains, our effort is to join the power of axpert

h2uristics with the completaness of general iomain knowledge.

In our approach, an expert system acts as the front-end for a 1iagnosti:z

procass. 1% afficiently postulates plausible failures to =xplain an observed

abnornality based on the powerful, yet not perfect, diagnostic hsuristics
a2quirei from human 2xperts. In the background, postulated fault aypotheses
are scrutinizad by a rationalization process. Jsing a constraint moiel, the 1
glcbal 2ff2cts of each hypothesis are thoroughly deduced and then zomparei +o

observel sensory 1ata for consistency.

3y 2mphasizing coordination between proposal ani verifization processes, ’
1 basiz 2xpert system caa be 2nhancel by the leep-thinking intsllizencze. ™2
philosophy of our iatslligent expert approach is wusaful 710t oaly for 3

iiagnnsis, dut for other a2xpert problem-solving systems as well.

13.3 Automated \ir Traffic Control** i

Alr traffic control can be subdivided into a set of tasks 2ach 1aving
only ons orimary concera. Such tasks include *the avoilance of collisions,
iangerous weather and restricted airspaces, 2ni1 the zontrol of flow rate %o
airports. However, 1 3et of techniques to perform eiach of these tasks
iniepaniently 1oes no%t oroiluce a a3systam which perforas 1liksz a3  thurman
sontroller. #hat is requirai is an architacture that suvports 1 construstive
iialogue among the =xperts comprising the 3system. Such 2 sysi3m has behavior

that depends on the powar of the axpert iantaraction language.

* T™is work wa3_asupport2i by the YVational A3zronautics a1l 3pasze Adminiatration
unier contract VASA JAG 1-30.

™ This work wa3 suoportel by th2 7J.3. Dapartment of Transportation iniar
Contract 20T FA73-WA-1359).
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Jur reszarch 11s produced tachniquas lik2 those ussi by the 2¢perts, as
w211 a3 13 planning proz2ss iavelving the use of zsritizism and suggestions from
3 boly of axperts. Ixperts constantly monitor sraffic for oprodlems ia

parallsl. 3houll an asxpert istect 2 problem, it plans 2 solution 214 submiis

-

t to the other axperts for analysis. This process may cysl2 before a final

snlution is adloptadi. The =2xperts share 1 common conceptual language

i2scribing air traffic and each xnows 1its own wrelative importance in the
3 Po

sontrol task. Thus the 2xperts can "argu2” and ieciie prioritizs. This
archifscturs =mphasizes modularity whils maintainiag the <zohesive naature of

numan controllar performance.

3till the system will 2ot improve with %ime anless it 13as a l=2arning
capability. Jur axtensive reviesw of litarature on l2arning yieliei no general
thaory, altaough some simple 12arning n3s been ismonstratai. dJork is
continuing to isvelop learning techniquas %o improve expert p2rforuiancs

through =xparience.

13,1 Theoretical Zcmputer Tision®

A boox on the gen2ral subject of modeling spatial vattarns was complatal
T'1.11. Most of ths Yook is devotad to 1 1iscussion of <%h2 propersiag,
synthesis, a2x*t2asions and perspective 1isplay of mosaiss, soveraze pattaroas
a1l long crestel wvave vpatterans, waish are  2¢plored as moisls o planar

t2ctures. doi2l bas2i Laxtur2s measures are 3130 1iscusset.

=
[

Aporoaches to planar 1scomposition for nisrarchizal imagzs reprasantision
¥2re stuiiad t13.23]. Sjuare anil friangular juad sTe2s ware found 4o »2 tha2
only £223idl2 xnethods, naving the same computational complaxisy. Tor zvii
imagss, th2 type of grii {triangular or squar2) {etarmines %h2 apprcpriate

22l tr22 type [triangular or 3quara),
1 g

A new zlassifization of low level image =mci2la vas proposad iniar zh2
: , + - 2 s e -
za%23oriza of nitel based and region Haszed wncisls 13.11°. Traii-icnal meials
0

w272 3urrz2y21 w¥ithia this framework.

* TMi3z vor¢ was 3udperial by YT anier zrany IT3-31)52733,
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13.5 2ilot Interaction with Automated Airborne Decision Making Systems*

The purpose of +this program of research 1is to sxplore the issues
sur™uniing problems associatsd with human-computar iateraction in flight
zanagement. During the 1last y2ar, three oprojects have been pursusi:
aulti-task decision making, measures and models of planning behavior, ani
onboard computer-based information systems. The multi-task decision making
project has been involved with applying the modeling and function allocation
notions devzloped earlier to realistic full-mission simulations f13.18]. In
the basis of a previous rsvisw paper tRZW, the planning project has avolved %o
3 gari2g of oxperiments to study the planning process of airzraft pilo%ts in
amergency  ani abnorzal situations fl3.25,13.261. The computer-basei
information system project startel with an initial fairly simple sxperiment
{13.17] ani resulted in the 1esizn of a systsm for full-mission 2valuations

"13.27,13.28].

13.5 Juman ?roblem 3o0lving Performance in Fault Diagnosis Tasiks**

The purpose of +this project i3 to Adevelop an understanding of human
performance in fault diagnosis tasks a3 well as ails for use in training
aumans in such t2s3ks. In ths last y=2ar, two large oxperimental stulies of
zantenance irainess wers performed. The first experiment w#as the thirdi in 2
gariess of studies of human performance using zomputer simulations of aircrafs
poder plants. Th2 goal of thase three experiments was %to study how suboptimal
performance is ianfluenced by a wvariety of factors t31.13.351. The second
axperiment performed this year iavolvel 2 second study of fraansfer of training

from computar simulations to real equipment.

13.7 Modeling of Human Behavior in 3eeking and Jenerating Tnformaticn®**

Thias project i3 atuiyiang online use of computars by s32iantifis versonn2l

in w0 areas. The first involves the use of online 2iitors for praparation of

5

* This work was suppor by the Yational Aeronautics ani Spaze Aitniaistration
G-21

a
ander Srant Yo. N 1

4
9.
** This work wWwas supported by ths U. 3. Armay under zontract MDA I03-73-7-04721.,

*’: Tgis fork #23 supportad by th2 Wational Sciznce Founiation unier grant
=3m_391 2 DL
LIa 2
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programs anl locuments t13.341. T™e second iavolves th2 online 3earsiinz of

full-t2xt bibliographic 1iata bases f13.351. The zoals of both of these

subprojects include devalopinz mathematizal models of ruman dbehavior that ara

suitable for use as lssign ails.

T21]

Yafarances

.

Re M. Junt, "The Human as 3 Pa%tern Recognizer ani Iaformation 322k2r in

)

aul¥ Diagnosis Tasxs,” ?1.D. Thesis in progress.

3. Johannsea ani W. 3. Fouse, "Mathematizal Conzepts for Mpisling Human
3ehavieor in Jomplex Man-Mashine 3ystems," HYuman PFactors 2!(3), 733-747

{(Dac. 1973).
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Paculty and S2nior 3taff

M. 3. Williams L. 4. Lannom 2. 3. Robins
J. L. Divilbiss 3. B. Preeca e 2. Smith
3raiuate Stuients
d. Cheng {. Pun L. Preec2
J. Manicza 3.-2. Yang

14,1t Introiuction*

During th2 1930-1331 time perinl tha Iaformation Retrizval 3Ies2arch

Laberatory [IRRL) conductad 2 aumber of ressarch and levalopment orojscts ani

ted th2 operation of the University of Tllinois” online search sorvice.
fajor a2tivities includel analysis of d4atabasz 1at3; 3 *ast of tha2
f2a3ibility of automatically Jstermining +hs ovarlavp Dbetwesn Dbidblingraphiz
iat1bases; ia2velopment of 12 czomputer-reaiabls ia%abase 1iirsctory: ani

nanagement and iirection of the University of Illinois” cnline searsh serri:zs.

11.2 Analysis of Database Data*

The TRRL maintains a2 boly of information about zommersially availablz
iatabases 23ll2i the Da%tabagse of Databases. Y2  have zcountiauzl o 3tuly
various statistical charactaristics of +this population bhasel on  *she =watarial
i1 our iatzbazz. 3uzh 3%3tiatizs ani analys=2s are a32f1l Hoth so researsiasrs

i1 th2 area andl to tv2 users and osroducers of iatabases.

Th2 particular informaticn ievelopel in th2 stuiiess parfortei in th2 last
y2ar onsiisrel +tha age, 3iz2, tyve {sciantifiz, medical, 2tz.), ani souraes

{govarament, priva%e, otz.) of the databases zoverei. 4 prasent, 1328

* Tais work was support2i by the Tnivaersity of Illinois.

i sciiroe.
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1atabases are coverel by our iatadbasz of 1atabases, but any ziven stuly =zizht
inclule only 3 s»ecifi2i subset of *those iepeniing on th2 needs of the stuly.

The zpost recent analyses are for the year 1330.

The software used in this vresearch =zonsist2d of 2 program framework
containing slots into which logiz coull be iasert=21 %o perform specifis data
s2laction, clz2aauvp, ani analysis. The data was first extractsd from the
jatabase by our 1ata access program J3ER and written iato 2 files of [tag,
valae) pairs. The analysis programs read that fils and selsctad the tags of
intarest. An  2ffort was made %o overlap multiple analyses by re-using 1ata

32l2ctal ani cl2aned Sor prior use.

Jross %tabulations were male basedi on i2fined groupings or actual valuss,
ispeniing on ths ia%a involved. Thus, zross tidbulations werz leone iavolving
both 7w y2ar of origzin versus group2d sizs and grougel year of origia versus
gzroupel 3iza. 3tatistical summariss includedi wmeans, ranges, and staniard

javiations of raw 3ata and zorrelation conafficisnts hetwesn raw 1ata aai

zontaiaing ill2zal or missing values.

The vork iavelv2l in this projact al3o iaveloped a framework for further
jiss of +th2 11atabases availabla %0 res2archers %0iay. W2 ara currently
ating th2 ia®adbase and improving $ha covarage ani consistency of 1a%a
1

is that are likely <o be important in future studiss.

g

14.3 An Intagratai Man/Machine Iaterface % acilitats Vetwork R2source

Jtilization®*

For the first time in Tistory computsrizasi information retrisval i3
4ilesoreal ani economically riabla. 3Ividance of this i3 shown i1 ths volume

of machine-r2aiadble

8}

ecords, iatadbases, online software 9vackazas, vso2niors,
s. Th2 major por*tica of the zurrently ocublishad
scizntifiz andl %Sechnical 1literaturs zan b2 ii2a%ifi21  throuzn  computar

323r2hes, Hecausz th2 rafarensas ar2 in sompubtar-realadbl: fortn. Th2 m3jeristy
i
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shal abstraczitiag 371 inlaxing litarasare i3 in

appors21 by ths Vational Sciz2nc2 Touaniaticn anier Srang
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I zroupal iata. Detaction of bal data  inzlulsd  iiensifization of records
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computar-readablas form. There are more than 530 publicly available 1atabases
zontaining approximatasly more than 159 million recoris (citations). More than
75 zillion of these recoris are now available through the various online
systam venlors ia ths U.S., Tanada, anl Zurope. Some of the major vendors

in2luie: the Yational Library of Yedicine (YLA), Lockheed Information Servize

~

-r=

(LI3), System Development ZJorporation {3DC), Bibliographic Retriaval 3arvica
"BR3), the Canaia Institut2 for Sciesntifiz Iaformation /2ISTIY, anil the
Juropean Spacz Agency (3ISA). Thesz online servize organizations use 3 varisty
of sophisticated onliane software vpackages such a3 3ILHILL, DIALOG, IORBIT,
3TATRS, CAV-QLE, 3RI?, and RECON. Sarvices from the iatabases, *through the
online veniors, are proviied by iozens of z2enters, librarias and broksrs and

thay zonduct nearly 5 million retrospective searches per y2ar.

Jnfortunataly, there are no 3tandaris governing the format of 1atabases,
she 2lamants and vocabularies included in th2m, or the onlins systams for
s2arzhing them. The lack of standards forces searchsrs £o become familiar
vith 2ach  axistiag database”s coverage and vocabulary and with 2ach systezn”s
iccess protocol, system features, and command language ani o k220 up %o late

#1i%h changes maiz in all of them.

Many of th2 1iffarances and variations -zan be male 1la2ss apparant by
i2valoping translators or transiucars for converting th2 proceiures,
cenvantions, and  %t2rminology of one systam  into  2quivalant  proceiures,
zonventions, anil t2rminology of other systems. These convertars voull maks

3ystams appear 2liks to the searchser ani makz 4atabases function as if <“hazy

1321 th2 same vecabulary. Such aiis woulil makz th2 1iffarences %ransparent io
12 users; thus th2y can  be 23allad  Transparency Aiils. in  in%=2gratai

20llaction of transparency aiis can be s33ii to zomprise a Transparent 3ystam.

The aiis th2n ar2 the Transparency Subsystams.

Yith the reduction of 1iffarences thz2 1latabases ani systams Hacene 2asizr
to  use; the searching environment beccmes more us2r-crizntad. 11 2 Teore
a3avr-oriant21 environment th2 rejuiremsnt {for intarmeiiary searchars i2cr2isas
a1l w2 be3zin %o approach the 1lay when no3t szearching #ill b2 icne Yy 2ni1 132rs

“those Shat po32 the 32avch juastions).
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2arch prozran stuii=l methods %o incrszass  <h2  fransparency of
making <he 1iscrectsasss of 32parats Task3 1298 obvious ani
»y ma<ing th2 variaty of systam and iatabase iiffarences l23s obvicus. Within

Mis oprojact wa: 1) designel a3 zeneralizei modi2l for a Transparant 3Sysiam,

-
ol

“3) axaminaei altarnatire factors affacting th2 Transparency Intarfac:
built zemponensa of a  agar-orientad  %erminal, ani (%) integratal sxazpls

Transparency Subsystema.

Tm2  Transparent Syst2m is comprised of: usar intarface programs;
zomaani languaze used by ths Transparent 3Jystem; Swanspar2acy 1aiis
2rforming various fuac*tions, such as czonvarsicn of cotmani languages or
32120ti0on 09 1a%adbases; iata fil2s z2cntaining lescriptive and statistizal
1a%2 about 1a%abasaes; +£h2 connections %o d1atabases 311 a=2twork resourcses.
T3 Tucie cf *n2 Transparent 3ystem lays out th2 relationsnips amcng Shass
2lamants. Th2 al%zrnatives studly axplores aivantages 2ani1  1isaivanbtages oF
rarious zclal sonfizurations. Jarelopment of 2 oJrototyse  sudbsysten
iamonstratss tha aivantages of a3 Transparant 3ystaz oy showiazg 0w 3ubsyshaus

2an intaract in performing tn=ir functions.

The generalizel model incluies 3  2omprshensive liss of axisting,
prososed, ani potantial transparency 2iis aleng with  2s%izmatas of Shair
intarsormunication requicetents. The altarnativas revias th2n consilares  the
921 ¥ilth of ceommunication paths requirel for various :onfizuarations ani ¢z
2f€232%3 on raspoase tim2 aanl parformancs of shanges i1 zonfiguration. T2
?rototype for si2 3=2archar’s Workbench 2TSW) izmplamants a sirussuradl iialogus

clel s=arch systam. Th2 dialogue is  then  Smanslatad
into the form requir2l by real-world gystems o be usedl. Th2 strusturaed

1logue intagratas ascess to  two 2xisting  transparency ails, 2 1a%abasa
-

—

on 3ivisar and a vecabulary transforzer.

t3.4 Directory of Zomputar-2221abla 3idxliozraphi:z Databasaes®

Th2 Zompoutar-22211bl2 3idliographi:z Databases - A Uirectcry ani  Dat%a

Sourszaboax, 2ompilail and  2dissd by Prefasgor Marsha 3. Willizms and 3andrm
Fous2, a3 publisznezl in 1375 by {nowleizs Talus<ry Pudlizasions, Tns. ‘Todases

o the Directory w2re {3siu21 in ipril 12377 ani doril 373 A n2w ii-entory,

-

* Tmis work is par“ially szuooertal by {acwleige Industry Pudlizations, Ins.
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including data that was relevant as of Dacemwber 1373, was publisned in autumn,
1379, The computer generation of the printed proiuct is supportsi by tne
Amerizcan Sociaty for Information 3ciencz. ‘Tpdating of ths underlying database

in preparation for 3 new 21ition to appear lat2 in 133! is now unierway.

Jata Jollaction

1. Database processors in Turope ani Yorth Ameriza we2re zon%tictei by

nail for information on the latabases shay proviied ascess “o.

i

[N

. ™= 13 page gJuestionnaire esignai for tha firgt iirectory was
revisel %o achiave 2 mors consisitant format ani 2xpaniad %o inzluie
aon-J.3. 1a%a. B turnarounti quastioanaire i3 neiag
souputar-zgenserat2d, containing *she information it cur fila2s for the
1a%abasss coversd by tha first 1irectory. 3xisting iata an<riszs nead
only o be wverifisd or changed anid missing information supplied by

the 1atabase oroijucer.

3. The gu2stionnairss were mailel to the databass producers and J.3. ani
Canalian oroducers were subsequantly zon*tact2l by s2la2phone for
verifization of the iata and assistance with juesticns  they mizht

aavea,

1. Information on “he availability of new 1atabases w3as obiained from
tne publishad literature ani sontacts with latabase
processors/producers. The proiucers of  new iatabases A2re
interviswed first by phone. Th2 zomplatel juestiocnnaire vas then
zail21 %o them for verification and if n=cessary, <ollowel up by
t21aphone. Jnly online 1atabasaes that wvewr2 publicly available ware
tre2atad fully. Databasas available for intarnal use only or +hizh

ar2 only 2azcessible offline w#ill be lis%t21 separaialy.
5. R2turael guestionnaires vers sheckei ani data 2ntrias staniariized.

Data Intry

1. Data will be 2nterel online into the da%abase of 1a%abases fila using
the D3IV program. intrias can then be priatal out, verifi2i, and

corracted 3al 241it21 as n2czgsary using the DBIDIT program.
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Jrzanization

The iirectory is orzanizsi alphabetically by iatabase namz2 and incluies
an introiuztion ani four indaxas: Subj2ct Iaiex, Database

Jama/Acronym/3Synonym Inde2x, P®roiucer Tniex and Prozsssor Index.
Information on 2ach latabase follows the zoneral format:

{1) Basi: Iaformation

"2) ?roducer/distributor/32nerator Iaformation
£3) Availadility and Charges for Da%abase Tapes
{1) 3udject Mattar and Szope of Data on Tape

’3) Subject Analysis/Iadexing Data

73) Jata Ilsments Present on Tape

ffaradi

O

77) Database 3arvices

{3) Js2r Ails Availabls

2roiuction

The bidbliogzrapay #ill b2 zomputar 3$ydeset using RIIL sofiware 1mi 2

-+

v2rial oprintar on TRRL s mzicrozeomputar system. ALl iniexes will th2n be

w

ana2ratel wubtomatizally from the iatabass and Sypeset similarly.

ug

Juring the past ya2ar, the University of Tllinois Jalin=2 3S2arch 32rvize,
anisr the g2neral supervision ani coordination of IRIL, 2xpanied its s2rvices
to th2 students, faculty and staff of ths uynivsesity. Ia cooperation vith :hs
Jnirsrsity Lidrary, searching is now availables 2t 11 1i€f2r2n% locations
around the 23axpus, with firther zrowth peniing. Lozations wiare 32arshiang is
offarai %0 univarsity atudents, faculty and staff iazlude IZRL, 2F2rence Jooz
of the YMain Lidrary, Chemisiry Library, 3iclogy Library, labor andl Indussrial
R21lations Lidrary, Iducation and 3ocial Sziencas Library, Agrizaltur2 Lidrary,
Yatural distory 3Surra2y Lidbrary, 2aysizs Lidrary, Vatarinary M=2iiziae  Lidbrarvy,

-

d2alth 3ciences Library, Agrizuliural 3conouniss R2aiing wom, F2clogy Lidrary,
i 1l 3Surv2y Lidrary.

(S
42
)
]
W
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—
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* Ti3 work wa3 sudporsed by th2 3tat2 of Tllinois.
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dnlins systsms available through the 32arch Sarvizz inclule Lockhsaed”s
DIALDS, System Devzlopment CJorporation”s JRBIT, the 3ibliographic Retriaval
Serviz2 3ystam, and tha Yational Library of Medicin= MEDLARS systam.

Tniiviiaal iatabases available from these systams total 175.

Jse of all systems iuring FY 3! is given in the following table. The
zosts givan represent the total amount pail by the Univarsity :o the online
reniors zoncernai. Apvroximately 90% of this was recoverel from the users of

th2 3earzh 3ervice through the charging of fees.

J3E OF ALL 3Y3T®MS ®Y 91
Connect
Hours Josts
333 3%4.22 23,554. 31
.33 125,35 11,3128,91
30C 1.7 1,310,00
NL4 5.52 135.0
TOTAL 1727.154 11,4%30.35

Th2 totil cennect hours used  represent approximataly 2470 inidividual
32archas, a search being jefined as a1 3ingle ss2ssicn at *hs terminal,
r2gardless of <h2 aumber of 1atabases or systams accessad. 2f  thase, w2ll
or2e 577 42r2 2onductad and pail for, at least ia part, dy Jnivarsity Saculty,

£. T2 remainlar vare coniuct2l by I3IRL or library 3%1f°
2ith2r a3 praztic2 13 thay l2armei %o 133 th2 3ystam or for zeneral refaresnca

or rarifization vork.

3z2yonil proviiing general 1iirection ani coerdiniation, IRRL performs the
following 3spe<ifi: %asks relat2l to the dnline S2arzsh 32rvize: n2gotiation of
contracts with online vendors: $raining of new searchars; sonsultation on
system oproblems or iifficult searches: *e2ping statistizs on all asvects of
th2 3e2arzh 3Jerviza:  accounting vork associat2l with  0llecting  faes  ani

pa7inz bills.
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11.5 Database Analys. a*

TRRL is coniucting ongoing snalyses of <+the MARCT 1atabase. Tis work
involvas proc2ssing the annua’ files 4istridutei by the Lidrary of Tongress
111 gen2rating a letailed atatistical analysis of *th2 rats of occurrenss ani
3iz2 1istributien of 2ach fi2li of the recoris. Thaz r23ulting %£1bl2s3, +hi:zh

o

)

s

i2l

(3]

ths percantage of records in which it appesars, (2) the rata of oceu

r
w#ithin recordis wh2re it appears, ani {3) the 1l:ngth of the fi2l1 in

1ag

charactars. or {2) and (3) we report avaraze, minimum, and wacizum valuas

and s*tandari isviations.

The ijistridbution of recoris in Dewey and LT :zlassses i3 13also reportad
alonz wish average re2cori la2ngths for =2ach class. Summary s%atisztizs ire also
list=21 separately. Finally, w2 report the changes batw2en reportiag periods
{showing, for iastance, which fi2lis are us21 =er: n20w% Shan 2% %12 last

.
r2pors) .

¥2 have 2lso begun a second projact usiangz th2 same zemputsr ovrograms  So

inalyzz the IOU3SER 1atabase for th2 Jouncil on Library R3sourzas.

Thasz2 iata allow users of th2 iatabases %o optimize +heir applications

for %h2 actual sharactzaristizs of th2 4a%abases.

14.7 Automatic Datactica of Database Jverlaph*

This ressarch program 2adiresses tha problem of ovarlap coverage of
journal articles amonz multipls iatabases. Jrarlap 1l=2ais o luvlizative
procassing of matsrial by 1atabase producers; iuplizatire2 orocessing and
storage of mat2rial by online and batch veniors of 1atabase servizes; and
retriaval of luplicative matariial by uagers of jatabases. Tha a2t r23ult i3
reflacted in so8ts associatad «with +he 1atabases 4ni1 an unnecessary

axpaadisture of tim2 on the par%t of users.

* T™Mis work was support2l by th2 zouncil on Library R230urzas.

-

3212122 Toundaticon atiar Irans

** iz work va3 3supporial by S12 fational
37 137 73-2' 0 3.
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Th2 truae 3xtant of +tha problem is uankaown. 3evaral 3tuiies have
aiiressei +thes Juestion of journal coverage ovaerlaps, some have aidiressedi tha
question of article overlaps in aarrow subject areas, ani one has attacked the
problen of identifying maximum possible overlaps among specifisc iatabases.
Yone has studisd the problam of letearmining ths actual ovarlaps among 1atabase

32rvices.

A2 are developing a methodology for automatically determining overlap
among la%abases and testing and implementing this methoinlogy on seven
1atabages: AGRIZOLA, BIJSIS Previews, 7ZACon, 32xcerpta Yeiica, Hzdline,

Science Jitation TIndex (3CI), and Social 3zis2nce Ji%ation Iatex 73331). Ta

n12thoiology involves analysis of the Jatabases %o izta2rmine the 1ata  212mants
pr2sant in 2anl1 common to multiple 1atabases in order to ietarmine 2ff2ntive
%2 for watzching records in multiple filas. The matching process will be

VE)
ione in at least two passes. The first pass or broad sereen w#ill as2 2 matsh

y #ith 1igh {iscrimination power to iisntify candidatzs iuplicate records. 3
set of finsr scrzens #ill bYe wus2i for verifying pairs of reczoris as
iuplizatas. The second pass w#ill amploy Harrison keys ‘whizh are it striag
rapr2sentations of 4itlss) ani Hamming 4istance tachaiquss {for ovarcoming
slizht variations in representation of titles) together with matches on othar

1
2laments as nesded.

Results will be tested: 1) by using manual verifization of a
statistizally representative sampls in order to ietsarmine zmismatches, ani 23
by using 21 ‘mown set of Juplicate records %o se2 if they are ilentifial by the
33resens. Tae avaluation in terms of mismatches [wrong ma‘shes) and mnissai
natch2s #ill proviis a measure of the 2affactiveness of ths tachaijuas.

Fuarther evaluiation in terms of gross zosts #ill b2 carrizi out in order ¢o

T2 3tady w#ill proiuce overlap statistizs among sevan 1a%abases, 112t
2l2mant frequancy s%atistizs, and 2 m2thoiology for iuplizate ietectinn %that
night be usel by ia%adbase oproiucers or 1atabase veaiors. T™e r2sultint
zethoiology aouli be us2l as 1 ora2processinz 3t2p to r2duce storage ani
proc2saing z08%3 or as 1 post r2triaval s3%t2p to 2liminate the Juplizatire

outou*t ielivereil %o users.
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.,

Juring this first year of tha project tapes nav2 been acquirel from  ths

ia%abase proilusars zoveriaz tha 1373 - 1379 period. 3ample subsets havs he2n
reaj and or2lminary planning for tha file 3tractures anl prosa2ssing flow  has
bean 1lon2. The contents of the sampl2a Mave bsen stuiizi atatiatizally o
ilantify iata 2l2ments useful in *the mat:hing procass 211 %o allow 2stimation

of storage resquirements.
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. Zruz Y. Rivani 3. Verdi

. 3Inge M. S. Wallace

15.1 Multiple-Terminal Digital Communications*

This 1is 2 major research area which includss various problems in
sprzad-spectrum communications and random-access communications networks. The
topics that were investigated Jjuring the past year include the performance of
spreal-spectrum multiple-access communications systems, *he =ffaects of faling
on spread-spectrum communications, communications in %the presence of jamming,
conflict resolution in  random-access communications systems, packat
communizations systems, and signal 3etaction in multiple-access channels.

Progress in each of these areas i3 described in the subsections +that fallow.

#* Tnig research was supporteld bx the Ar@y_ Research i
DAAG279-73-3-711'4 anil contracts DAAG29-31-{-00h2 ani DAAG%9-61

Joint 3Servizes Electronics Program under 2ontract YOO
Yaval Research Laboratory under contract ¥O0014-30-C-28302, and by the Vational
3cience Foundation under grant NG 73-26A30.
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o STMMNTIZATIONS

15.1.1 3preai-3pectrum Yul-ipla-iz2cess Tommunications 3ystems

Daring the piast y2ar se n1ava obdtained rany n2w results on the probler of
avaluating the avarage prodability of 2rror for asyanchronous 1irect-sequ2nc=
spr2al-specstrum zultipla-access {33MA) communizations systams. 3Because »f the
aaturs of ths =zultirle-access iatarfarence, standard naurerical integration
tachniques require an 9xcessive amount of computation in orier %o proviie
apporoxirations that meet a prespecifi=d jegrze of accuracy. We have ieveloped
upv2r and lower bounds #hizh zin be avaluated with 1 moderats arount of
erroutation for direct-sequanc2  SGMA  systams w#ith qp to four or fiva ]

situltan20us $ransritiers. ™e becunds are pres=atail in ZRST along wi%h

autarizal results wynizh illustrats their appliczation.

12 nav2 al3o iazvalopeil accurat2 approximations %o the avarage probabilicty

af 2rror for iirect-sz2gqu2ace 3371\ 3ystams. Thaese apprexirzations are bas2i on

a2  in%227ra%ion of the  2characteristi: fanction of  the multigla-access
intzrfarancs, T2 privary aivantagze of thsse approximations is that the

b

4tion required for %their evaluation grows only lin2arly is th

W
S
2
cr
9
'Y
(9]
3
fal
e
~
ot
w

auther »f  3zizultanenus *%transmitters increases, +vhereas th2 amouant  of
1

computation =equired by 3tandard numerizal intsgration ‘ani most okher ‘miom

By

. s - |
nnigu29) increases sxponsntially. In '_17.33T W@ presen

or

apornxination %22
r231l%3 on th2 approximation of th2 average 2rror probability for binary P3X
iir22%-32qu2nce 35MA syssezs. 3xtanaions o quatarmary systems with possibly
nff32% in-gnasz and quairatar2 compnasnts ir? given in ﬁ??}. In i?13 #2 1130
21llnw chip waveforms of arbisrary shapes 30 that th2 xncdel includes as spacial
s1ges tha forms of lirect-sequence =rodulation known as quairichase-shifs
x2ying (323X), offset P3X, and minirum-shif% %2ying (1SX). The approximation
m2thnd that we present gives sufficiant accuracy for nearly all applications.
Yowarzr, if n2cessary, 2ven greatar ascuracy can ba achiaval by ising %his
agproYization %o obdtain an 2¢panaion point for a Taylor s2riss raprasentation
of the a2%1al proadability of 2rror. 3y omploying +this zorbination of sha
sharack2riatiz f1astion m2thol followedl by 1 s23riss-avpinsion zetinl, ve :an

ob%2in any presoeifial l23ree of accuracy.

D

Tirthar result3a 1272 1l30  b2en odtainel on  the perforrance o f

paratefars., In _13.!1T tha 3iznal-*n-nois2 ratin i3 iavessizatal for rarious

typea 2% P3X anl off32% P3K 373tams. Tn  parsicualar, 4hs 2992243 ¢ ,
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t13.2] the signal-to-noise ratio is

joubl=2-frequency t2rms are considerei. 1In
analyzed for general gquatarnary D3/SSYA systems. Yumerical results ars given
for JPSK, offset P3K, and MSK systems. In [15.10] optimal phases (with
respect to signal-to-noise ratio) are leterminel for m-sequences of periois
ani 53. Jsing the phases 1iet2reinad in [15.10] anl the syster 2analysis of
{15.2] we have shown that the signal-to-noise ratio c¢an be siznificantly
increasel by careful selaction of tha phases of a set of signature sequences.
Jur subsequant work on the probability of arror fe.z., K15.391. [31]. and
[?5]) has shown that similar improvements in the bit evrror rate are also
obtainel. The offacts of the shape of the chip waveform on the performance of
Jirect-sequance S3MA systems 71as been investizated. Results on the sine pulse
v3. *ha2 rectangular pulse are given in f15.2] and {31], and 2 more extansive

stuly covering various pulse shapes is prasented in t15.64].

Mearly all of the analytical results on th2 parfornance of
li=22%-sequance 35313 communications systams are restrict2d to sysiters for

wnich the number of chips per Jata bit is an integer-multiple of tha perini o

(]

of e2ach siznature sequence. That is, there are an intagral number of periodls
of th2 signature sequence in =each dJata Yoit. Tor certain applications,
aowaver, tha2 necessity to Jdiscriminate agaiast zultipath anil f£o reluce the
provabillity of intarception lictatas the use of very long signature sequences.
Tyoically %his w#ill in turn necessitat2 thz ase of direct-gsequence zoiulation
#ith multiple 1a3%a bits per periol of th2 signature sequence, ian which 2252 ¥
m3y o2 nuach smallar %than p. In a DS /SSUA systam with multipla 1a%a dits per
pariol, the performance depenis on the partial correlation propertizs of the
siznature 32quences ‘rather +han ths aperiodic correlation propertizs as in
th2 special case p = 7. In t15.52] #e analyzz the performance of 3 D3/331)
syster for whizch p > 1T and ¥ ani p are relatively prime. This analysis %akes
in%o account *he affacts of partial correlation. In particular we compare %th2
multipla-access zapability of %wo :lasses of D3/3314 systats wish Y :zhigs per
ot #hen  tha performance xzeasure is  th2 twemn-3quare  vilaz of the
2rn332orrelation. Y2 find that the multipla-access capability i3 l2ss for tha
claas in w#hich p and1 ¥ are relativaly prize than for the class with one His
per pariol. This is primarily because of izprovemanis %that result fror tha

optitnization of tha phasea of the signature s2quancas in the zase p = 7.
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In aiiition to +thz «work d1escribeil above on iirect-sequence 3317
zomtunications 3ystams, sevaral investizations of freqency-hopped 334

zoxmunizations systamg 1avz2 also been complated. 3poth fast-frequency~horping
t!3.33} and slow-fraquancy-nopping nave been consiiersi. For slow-fraquancy-
10rping we have invastigzatad DP3Y [15.35] ani 75X 213.13} data moiulation, ani
results have bean obtainadl for aybrii direct-segquence fraguency-hoppred

spraai-spectrum systems 15.35).

~

15.1.2 Communicaticns

e

ffacts of Pading on Spread-Spectrum

Savaral of our current research projects are 20ncerned with the 2ffaects
of faiiag on %th2 parformance of spreal-spectrur communizations systams. The
faiing zay e 2ith2r salactive or nonselective and either Rician or Rayleiza.
30%h fraquency-nopping ani direct-sequenc2 spreal-spectrum systsms 7lave baen

zon3iierad.

in {13.401 bounis 2ani approxizations are derivad for She  avera

U9
W

-
e

probability of error in an  asynchronous T3X  slow-froquency-hoppel 33
2ozrunizations systam. Thr2e {ypes of chaanels are zonsiiarei: Sh2 aonfaling
21iisir2 si<2 Jaussian noisz 2hannel, “h2 nonselactir2 Rician faiing channel,
a1d th2 {oudbly-selactiva wilz-sense-sta*tionary uncorralatai-scatsaring [W3ISU3"
faling  channel. T2 two  types nf hopping pati2rns  consilerel  are
i2%arministiz frequency-hopoving pattarms bvased on 2221-39lomon 2oilss  anid

sanior Ir2qusncy-hopping pattaras. esulis for nonselastive Raylaizn faling

]
3
(11}
fe}
(o)
ot
JG

1inel 28 2 3p2cial z2ase of the results for nonselectiva Rician fading.

In {!3.35] #2 invastigata the performance of slow-fregqueancy-hovpel 33114
13inz DP3¥ iata moiulation. The zhannels zonsidered are Raylaigh WS3U3 faiing
channels. ?Preoquency-s2lective as we2ll as time-gelective faiing channels 1ars
sonsii2rel for 3ystexs wi*th various 1ia%a pulse wavaforms andl channel

-

sarralatioa fiaaztions. Analy%izal results for tas avaraze probabilisy of

1

2rror are pr232atal, and numerical axamples »f She wosyt izmportant 21323 are

2ivan.

a2 perforrancze of lirect-sz2qu2nce spreai-sp2etrin omnunizasions ia 2
2 q 2 B
av2zular-zaltipath faling 2avironment {3 iavastizastal ia 135.3'%. Tw2 boaniing

tet1ls of 13!, whiza were lavalop2l for zultiple-access intarfarenize, ara

azplial %0 spesular-zulsipath iatarfarence in 135.37°. 1% i3 31om St our

'l

agprneization %0 th2 prodadbilisy »f arror %Mt i3 Hasei on th2 3iz13l-%0-n0i3e
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r Pl . o .
11.2] also gives very 3oo01 results when appliad to the

3r2cular-multipath prodlsm.

The improvements that can be obtained by smploying error-corrscting coiles
on a slow-frequancy-hoppel SSMA syster have been investigzated. OIne conclusion
of our results {2.32., {15.40]) is that in a2 Rayleigh faiing channel, bit error
ratas on the order of 1977 to 1077 cannot ©be attainei in =most
slow-fraquency-noppad 33MA communications systems without ths use of
arror-corracting zolss. “HJowever, the application of certain srror-correcting

zoles will bring the bit 2rror rate jown to this range.

'5.1.3 Tommunications in the 2resence of Jamring

Las%t y2ar we began an investization of th2 problem of cowmuniczating in

th2 vpresence of hostile jamming. Y2 hnave formulated +he probler in
: zane-theoretiz tsrms, using Snannon”s =mutual information as the payof®
faaction.  Je showa2d that uander certain restrictions the playars ia this zame
f*h2 czoder ani the jarmer) have simultaneously optimal {saiilapoint)
gtrategias. Tes2 3tratsegiss arz zenerally aemoryless, anl so in an
informasion-theoretic sens=2 the commonly-used intarleaving strategias are
suparfluous. Ve nave 3also jetermined that in the presence of binary z20lingz,
anifort Faussian jamming i3 in general infsrior to pulsel jamming. Howevar,
v2 founi that proviiad a modest amount of baniwiith 2¢pansion is tolsrabls,
3ui%sabls colinz can neutralize a2 pulsel jammer. These results are presantad

ce T = hi I s s . . . .
in 13.49; for systams wnizh utilize phase-shift-%2ying rodulation.

H

Tor tha case of frogquency shift aying (75YX) wodulation wve investigatad
th2 21pacity in the presence of partial-band jarxzing and nonselective falingz.
We founi that thare i3 an optizmal positive code ratz that minimizes th2 2nergy
o2r dit required to achisve reliable comzmunication. Alse, ve ghowai Shat for
low 20ie ri%t2s /7 .37 suffices) uniform jamming is optimal for *h: jammar.
Tinally w2 analyzzi the performance of 12 vazifiz 20ling 3cheme for

3
. . N . . - 1
cartial-vani jamming. Thes2 results ars preszatal in 13.53 1,

15.1.1 Jonflict esolution in andom-~-Access Tommunicatinn Vesworks

Jonflizt resolution congiats of 3tratagiss wizh allow remot2 3%aticas +o

ghare 1 2onaunication channel of lizited zapacity in 2 i2centralized fashion.

Wiz 3tratagy i3 appropriata 1epenis on *he jemanis of th2 statinns ani on
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th2 f2edback information availablas %o tha stations. Ve have darived upper
bounis on randon-access throughput, 3nd we thave isveloped ranioz-access

3%rat2zizs for 3ituations whzn f2eiback is saveraly lirit21 and unier several
2s of

cr

¥o 3tation iemands.

A bounding tazhnigue inspir2l by %th2 stat2-3pace approach of 3%tochastis
zontrol is iatroduced in [13.3}. It is usel %o 2stablish an apper bouni of
.A3125 packets/slot for the throughput of a time-slotted multi-access broaicast
shannel subject to an infinite population of user stations (zoislad by a
20isson proz2s3) usianz feedback information consisting of a 2, 1, or ¢ +to

isnot2 2 3lot with zaro, one, or at least two packsts, respectively.

Ta [15.15} and 515.12] a class of simpls recursive ra2traasmission control
s%rat2zi2g is zivea for the raniom-azcess broalcast channal, again subjecs <o
init2 population of users. They proviile stabls <hroughput ap %o 2=
gazkats/alot uaier a variaty of faeiback meilsls, and +they are iansensitivs o
fluctuations in traffic intansity. Analytical ani numerical performance

a7aliations are zgiven,

N

A :2lass of random-access stratezizs, tarmed acknowlaigement hHase

re%ranstissing control {A3RC) sirategizs, are analyzed in t?%] for both finis

W

and infinits populations of users. The only feeiback a2ed2d %o implament an
A3RT stratagy i3 ¢that acknowledgement of a1 successfully Sransmisted packas
Tust 2e givaen to tha transmitter. Jn the basis of an equilidbrium analysis ani
ths lozal Poiason approximation {atrodued in f&5.15] it is showm that *tha2 A3RT
stratagiss proviie satisfactory stablzs throughput 1€ thare is an appropriately
chosen uppar bouni on the nurber of retransmission attempts 1llow=2d %0 any one
aser. Ixpressioas for delay, throughput, and probability of rejection are

found and 3suggestions for th2 zhoize of parametars are ziven.

Another type of user ismand is ailressed in 315.443. Jare th2 us2rs 2ach
23v3 1 3tealy s*r2am of packets to tranamit and thus a TDML ace2s8s mole is
appropriata. Howevar, if there is limited communication among the us2rs, ani
tor2over, if %12 population of actire users i3 Lime-varying (as, for 2a¢ampla,
in 2 mobila 2ommunization a2twork) Sh2n some atratagy Sor lozking inte A
vyith lizmised information xmust H2 used. Pr2livtinary vrarsionas of  3uzh

3%ratagias and gerformance avaluations are given in _!3.111.

o
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15.1.5 3eneral Yumerical Methods and 3ounding Technijues

for Packet ZJommunication 3Jystems

Jne numerical technigue we have investigatel is the method of phase-type
darkov processes. 2hase-type processes ars farkov processes (Wt,gt) £ >0
wa2re the component (Qt) is 1itself a1 Harkov cprocess, =2allei the phase
prozess. For example, Ny may represent the numbar of packests jueuel for
trangmission at 31 communication station, and 3: may repr2sent the phase of 1
TDMA protocol, or Qt may model fluctuations in incoming traffic intensity, or

both. Numerical results of this application are reportai in 226].

New Dbasic results in the computationar and conceptual asvects of
\ ot . ry= ann
phase-type Marsov processes are pr2sented in ;1w.11]. In particular, 2

3ysi2matis method for treating zeneral boundary states is founi.

Th2 methodl of pnase-type Markov processes i3 alao appliai in i?ST to fini
th2 averazs jueu2ing delay in é link of a zommunication n2twork when <h2
incoming traffi: i3 obtained from a Poisson stream by 2 zeneralizai rounti
robin [33R) routing mls. Tader ]I routing, successiv2 packats zoming into a
1012 are routsd out of the noie in 1 pre-determined sequence according %o she

orier of arrival. The delay for 3RR strategises is of%ten signifizanily szaller

"y

than fo

2}

the staniard indspenient 3arnoulli splittiag routing stratagy.

A 3eneral bouniing tachnique basel on irif* analysis is ziven in
3itple zonditions are ziven to ensure that 1irift implies =zonvergence. OJne
application in i32] is 3 proof of channsl stability under th2 retransmission
policiss introniuced in 215.15]. A stability result and bounis on waiting
times in 51/3/! jueues are also prasentsi in i22].

n CRJI it is shown +%that among all arrivil processss ‘not nacessarily
stationary or rvenewal 4yp2)! for an axponentiil server jueuz with specifisi
arrival anl servize rates, *hat +the arrival process which Tinimizes *ha
avaraze i2liy a1l relata2i juantitiag is ths prosess wi*h 2onstant intararreival
tites. The proof is basel on a a2wly 1iiszoverai convexity grogerstv o
2xponential 32rvar ju2u23 whizh i3 of inispenient intarest. 3ince the sraffi:

a2ed 0% be stitionary or renewal typ2, she theoram proviles lower bounis
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(#nich are readily computable by sxisting methods) to *“he average ilelay in a
network of queues under rather general routing disciplines. Some related

bounds and comparison with some numerical results are presented in [367.

15.1.6 3ignal Detection in Multiple-iccess Yoise

A proj2ct in multi-user communications that has been initiated recentl

D

is the study of optimum 3ignal detection procedures far application in the
multi-user 2avironment. Such procedures are inherently nonlinear because of
the non-3aussian nature of ¢the multiple-access interfarence in the channel.
Thus the initial goal of this study is to detsrmine the degree of performance
improvement axhibited by optimum receivers over the more conventional linear
{matched filter) receivers, and to identify +those situations in whizh

parformance 1is sufficisntly 2nhanced to justify the use of the more zompl

{1

X
nonlinear gystems. 3arly progress in this study incluiss the derivration of an

optimum {minimum-error-probability) receiver structurs for 2 ‘wo-user channel

and the devalopment of simplifying approximations to this optimum receiver

that #ill facilitate the iesired performance analysis.

15.2 3ignal Detection, Istimation, and Tiltering*

Progress in this general area has involvei %wo primary continuing aresas
of stuly as well ag the initiation of a new area. The two continuiag topics
of study are: (1) robustness in detection, =s%ima‘tion, and filtering, ani
(2) the issizn and analysis of digital detection systems. DProgress in <nessz
t@#o areas is described in the following subsections. The new area of study is
signal detection in multiple-access channels, and e2arly progress in this study

is reported briafly in Ssction 15.1.6.

15.2.1 Robusiness in Detaction, Bstimation, and Filtering

In general, the area of robustneas ieals w#ith the desizn of aystems ani
procedures whizh are rela%tively insensi%tive (in terms of perfirmance) %o small

javiations from an assumed medel. Robust tachnijyues are of in%erest in 2 #ile

* Thyi3 researsn was supportad by the Ary Researzh 2ffice undar oniract
DAA329-31 -X-J0DA”2, the Joint 32rvicas 3Ilscironizs Program unier contraczt
MOON14-73-0-0424, the dEfize of Javal 323earch ‘miar tontract
0001 1-31 -2-0014, ani the Yational Sciance Touniation  under gran%
3CS-73-15453,
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variety of applications including radar, sonar, ani seismology, inaszuch as
inaczurata models are the norm for such situations; 2nd robustness has been
studisl widaly in the contexts of communications, control, and inferential
statistics. The basic assumption for the analytical study of robustness in
jetection and filtering is that the statistics of siznals ani/or noise are 1ot
wown 2¥actly, but rather are Xmown %to be within some {usually nonparametric)
classes representing uncertainty ian the underlying model. The primary

technique for iasizning a robust system is to seek a system achisving the best

(0]

dorst-case performance over the relevant uncertainty :lasses; i.2., th
prizary 1esizn philosophy is minimax. Within *his context several dstection
ani estixmation problams have been consiiered under this project, ani these are

iascribed in the following paragraphs.

The problem of robust linear smonthing of 2 stationary randor siznal with
angcertain spestrum observed in aiditive noise with uncertain specirur is
zonsiierel in {13.211. Yere, a general asolution to this problem is ziven for
spactral unsertainty classes of a general %type basel on Thoquet zapacitizs.
T™is type of wodel includes staniari uncertainty models such as ccataminatad
zizxtures as well as several topologizcal models of uncartainty. The usefulness

£ these results is 2xtanded in t|5.55] by generalizing the <lass of moiels
that can be 4$reated in the framework of E\5.21]. Moreover, an 2axtansive
numerical analysis {!5.56} indicates +that *h2 worst-case performance of *h2
proposed tachniques is generally much better than that resulting from designs
#nich sinply ignore the presence of uncertainty. More general problems of
robust =stimation of stationary signals {including smoothing, filtaring, ani
prediction) also have been consilerel for the case of discrete time fl5.37].
Yere, a2 genaral =zinimax result is given from which robust solutions to 2

varisty of problems follow straightforwarily.

Also consiierei in this general context 1s %the oproblam 27 3%at2
2gtimation in linear stochastic systemg with uncertainties. Two approachess
nave been z2ongilered for this problem. Odne of them is to zonsiier =zinizax
jesigns for systems with uncertain state 2nd observation noise statistics
215.28,15.511. Yere, under +the assumption that $he noise 1is white with
aacartain  zoecponentwise correlation, it is  showm  $hat  the  ainimax-

mean-square-arror stats estimator is tha ¥Yalman filter for a least-favorable
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roi2l, anid several axamples are consiiered. 321a%t24 resgults for tinimax
lin2ar-quairatiz control ara found in ;l3.47} anl are 1iscussedl 1in the

s

J2cision and Control unit of this recgort. Another approach o s3stata
astimation with uncertainti2s concerns systams with randiom jumps «#hich are
tolal21 by consilering the staniard linsar system moiel with 21ii%ional rarked
Poisson input noisa. A suboptimal sequantial smoothing alzorithm for chis
noiel is levaloped ani analyzad in 515.57. ™1i3s schem2 involves istacting the

inciience %times and 2stimating the marks of the Poisson input prozess and than

3

econstructing %the state with a  (conditional) <¥alman smoothar. The

e

o}

erfornance of %this schame is seen to be superinr to %that of optimum causal
tizators aad lin2ar noncausal 2stimators, and the implementatinn of <h=2
schem2 is superior tn the optizum {nonlinear) smoother, whizh i3 lescridei oy
11 infinit2 a3equence »f filtaring equaitions. A relat2i stuiy is fHhund ia
:‘3.3"] whiza consilars the problems of =xzinirax {or wobust) filtzaring ani
3%1%2 2stiration for obs2rved nonnomogeneous Poisson processes wvith uncertain
ra%2 Quactions. In this si‘tuation, analogiss with th2 case of :zontinuous

no3awritions can b2 3xploitel to larive minimax iesigns.

32varal <opizs in robust signal detactioa have also been :consilered.

-

aree basic problems have been tre2af2i in this context. TFirst, “h2 ral2 »f a

[£]

zenaralizadi measure of signal-to-noise =atio [known as sh2 deflection) in
: . . . . . [ :

i2sizniag robust detection 3ystems i3 2onsiierei in ;17.23]. Tt i3

ismenstratel that this critarion is oftaen much simplar than 2arlizr criftzria

far us2 in robust d23ign because 2 congtructive mzethod for finding robust
solutions is available for the new 2ritarion whereaa no such general methoi is
172ilable for =arlisr formulations. 4 second problam iavolves the 12gign of
robust systams for ietecting signals in the presence of 1ispanient 1aoise
i13.26]. The proposei $e2chniguz uses a Toving-avarage moisl fir anise

anience 31nl considars i2sizns that are mianimax robust 50 first srier in 01

w

i2
iagree of 12peniznce. Th2 thirl 2ffort ia this rea  invslves finiliag

13,33,

1
solusiong to the prodblam of robust discrete-tize matched filiaring

-

™2 problem of robust matzh2d filtaring 2as been 2nasiier2i praviously withina
1 genaral Hilbart space fMHreulation 135.27], ani 15.53
o)

solitions for tha particular problem of iiacreta-sime matchal filtaring within

a vari2%ty of uancartainty zcials frr 3ignals and anise.




90

15. COMMUNICATIONS

15.2.2 Digital Detection 3ystems

Tha gsecond continuing area of study in 1iletection, estizmation, and
filtaring involves the analysis and optizum design of 1izital siznal-detaction
aystems. This problez is of interest in a wile variety of applications in
which receiver ligitization is increasingly izportant for efficient
implementation. Rscent progress in %this general area can be liviled roughly
into two main topics: optimum data quantization for ietection systems and

ovtirur nonlinear 1esigns for signal detection in iependent noise.

Progress in the first of these ar=as is reported in i13.4], :15.29], and
tl3.33}. In f|5.4]. results of an earlier study on optizum 1ata jaantization
for coherent ietaction systems are 2xtenda2d %o systems for the ietaction of
purely stochastic signals. Optimum and suboptimum schemes are comparedi, ani
it i3 seen that significant detaction efficiasncy zan be zained by implementing
an optimun guantization scheme rather than, for example, by using staniari
ninimum~iistortion juantization in 2 guadratic receiver. Tiese results are of
interest in sonar, raiio astronomy, ani seismological applications in whi=zh
siznals ar2 oft2n moialad as nondeterministis stnchastic processes. A further
study of gquantization, {15.30], consijers the 1design ani analysis of
quantizsras for use in memoryless (recursive) signal Ad2tsction aystems for
ieteztion in m-dapenient noise. Tt i3 lemonstratel hsre that, by utilizing
the dependience s&tructure amongz noise 3amplas, one can improve =memorylass
i2t2ction performance coasiierably without increasing complaexity. Morsover it
i3 1lemonstrat2i that, in the presence of s3trong Jdepeniencs, quantizar-
letectors utilizing even small aumbers »f juantization la2vals 2an be nearly as
2ffizi2nt as the optimum (Veyman-2earson) detector for the case of 7Zaussiin
aniase. A thiri problem consilered i3 tnat of 1esigning optizum input
amplitude compressors for coherent 1etection systems utilizing unifom
quantization. It i3 shown in t|5.29] that th2 optimum 3uch input zomprassor
i3 a2 scalal version of th2 locally optimum detection nonlinearity, ani that
th2 perfortance iegraiation (over locally optimum ietentinn) resultiag from
th2 propnsel Juantization scheme is negligzible for only a moierate number n»f

juantization biks.
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Procelures for designing eoffizisnt systems for 1etecting siznals in
l12penient noise bhackzrounds hava been discussed in two of the above contexts,
notably E15.26] Which leals with robust detaction in weaxly depenlent noise
ani [15.30] whizh 12a3ls with optimum quantization for letection in m-depenient
noise. Jptimum detection for the weak-depenience model of t15.26] is
considerel in E13.25]. It is shown here that, for a moving-average ievendence
nodal, 2fficient detsction zan be achieved by reshaping the indepenient-noise
optimur detection nonlinearity with an additive linear correction term. in
investigation of several commonly usedi noise molels indicates tha%t the
resulting performance improvement i3 most significant for impulsive tyvas of
noise. In t|3.46] similar modified structures are considered for detecting
3ignals in ¢-mixing noise. It is demonstrated that the ¢-mixing model with
only the =wixing coefficients given 1is not sufficiently 1escriptive of
i2vendence 3tructure to aimit a design which is uniformly better than the
indepenient-noise desizn {This is in contrast to the moving-average model of
i|5.251). HYowever, optimur memorylass desizns for ¢-mixing and other
ispendencs moiels can be ilerived using general results of f15.22] proviied
that <tha second-ordiar distributions of th2 noise-process ar2 nown. The
nptinum system in this case is the solution to a Treiholm oparator 2quationn of
th2 second «ind and, as such, =2an be charactarized in +t2res of the
3arrett-Lamparl expansion of the aoise process. A further resulft in this
general area involves the comparison of wmemoryless 1ietactinan systems to
systams with linear memory {(such as the Veyman-22arson lstector for ths case
of 7%aussian noise). 1Ia f|5.34] it is showm that, for a general situation
involving stationary noise, memoryless syst2ms are asymptotically as offizisnt
a3 systems w#ith linear wmemory. This indicates that implementation zomplaxity
zan be raiuced without sacrifi:zing performance for such situations involviag

larze sampl2 3sizes.

15.3 Data Inmpression Theory and Technijues

Iir researsh 91 iata compression 133 been 2xtaniei intn sgeveral navw
2la3zzzs of prodblams including tha :constructinn of universal source :coles,
sounis »n th2 reiundancy of universal 1ata 2o0tpression t2chnijues, aal an
invastigzation 2% +sh2  redundancy »f Haffran coias. Iixig%ance resgults,

raiuniancy dounis, nd construction tachnijues for 1mivaersal sourse :o0i23 Sor
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classes of memoryless sources are given in [|5.9]. The z20des consiiered are
fixed-length-to-variable-length (FL-VL) source codes. Yew results have been
obtained on other types of source codes including variable-length-to-
fixei-length (VL-?L) codes. TFor short block leagths w2 have founi that
properly iesigned VL-FL universal source codes provide lower redundancy than

our best FL-VL source codes previously reported in [15.9].

Jur investigation of PL-VL universal source codes for unifilar Markov
sources nas proviled several new results. A computational formula was found
for avaluating upper and lower bounds on the redundancy of weizhted universal
coding for a binary two-state Markov source, where the weizhting distribution
of the transition probabilitiss is uniform. This foramula was also analyzed
for large block lengths and foundi to agree asymptotically w#ith the upper bound
on the redundancy for minimax coding. 3Zarlier results on upper bounds on the
reduniancy for minimax coding for unifilar sources were o2xtended %o cases

Wh2re tha structure of the unifilar source was unxnown.

Another problem which has been investigataed is that of tha redundancy »¢
Huffnan coiing. quffman”s alzorithm is a1 well-%nown proceiure for
zonstruzting a variabls-length code of minimum possible average lanzth Sor a
3our22 with przcisely mown statistics. The rejundancy of a Juffman cods is
12fined to e the 1ifference Dbetween its average l2ngth and the a3our:ze
antropy. Ye have ieveloped a powerful general tachnique for 2stimating <his
r2iundancy. It izplies for example that most sourcas have redundancy near <ha

valus logzlogz e“/3 = ,023766373, and that apart frot a2 f2w 2¢ceptional

2ases, 1o <2ode has redundancy 2xceediing 1 - logy, 2 + lozy, 2 logz, o =

«B5071 332, This #ork is reported in {13.48].
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15.1 Computer Algorithms for Integrated Jircuit Design*

In this research a study was carried out on the use of partitioning and
tearing algorithms for the analysis of large-scale circuits and systems. 1In
this approach the circuit is partitioned into subcircuits, sach subcircuit is
solved separately, and then the subcircuit solutions are combined to obtain
the solution of the entire circuit. Tearing provides many computational
advantages, especially in the simulation of large-scale integrated circuits.
First, computer storage can be reduced if identical subcircuits are created.
Secondly, computer *%ime can be saved by exploiting subcircuit latency; *that
is, subcircuits that are inactive during a given time interval can 2asily be

by-passed in the solution process. Thirdly, the use of %earing methods allows

* This work s supported by the Joint 3Services 3Zlectronics P*ogram
(7.3, Army, U.3. Yavy, and U.S. Air Force) under Contract YJ0N14-79-0-0421%,
and by the National Science Foundation under Srant ECS 30-27075.
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for the parallel processing of subcircuit equations. Finally, tearing
facilitates the use of reduced-order or macromodels in the analysis and

permits the application of mixed-mode simulation.

In our research, equation solution techniques for the analysis of
circuits and systems were investigated. 1In particular, when tearing wmethods
are employed, there are a number of solution techniques that 2an be used to
exploit latency. These techniques have been studied and for electronic
circuits the most efficient solution technique has been identified [16.381.
In conjunction w#ith this work a fast and reliable ordering technique for the
modified nodal equation formulation was found [16.6]. Qur ordering procedure
2liminates the time-consuming pivot selection process that is usually required
for the solution of the modified nodal equations. In addition %o the above
work on the solution methods, varicus latency criteria for the transient
analysis of Jjigital circuits 'were studiad. In order to test our algorithms
the SPICEZ2 circuit analysis program was modified to include tearing methods.
This new c¢ircuit analysis program is called SLATE [16.31]: in general, this
orogram runs faster than the 3PICE2 program for the transisnt analysis of

digital logic circuits and yields the same accuracy.

In related work, algorithms for efficient solution updating when large
changes in the values of some system parameters occur, have been derived
{16.4]. This problem has also been investigated when changes occur in large,

partitioned systems [16.22].

In addition, the problem of finding the shortest path in a network, which
occurs in network routing among other applications, has been studied 2nd an
efficient updating algorithm when changes occur in ¢the network parameters has
been derived [16.217.

In many cases alactronic device models are representad in fabular form.
This tabular form <zan be wused %o approximatz the nonlinearitiss Doy
piecewise-linear functiona. In our research the properties of the solutions

of piszcewise-linear circuits have been investigzated in detail ' 16.5,15.201.

Ragearch has also been 3jone on +the use of piscewise nonlinear models.
The use of piecewise nonlinear models for the axponential nonlinearity of 2 on

junction offars great flexibility in modeling [15.29,16.%3]. However these

models 4o nct satisfy the requirements of the standard iterative solution

r
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techniques. In this work we have explored new solution algorithms tailored to
the piecewise nonlinear models and compared, computationally, the nrew
algorithms and models to many of the traditional methods used in programs for
the calculation of the DC operating point of bipolar circuits. OJur results
indicate that the piecewise nonlinear models and algorithms compare very well
to the best methods that are available today [16.30,16.36].

Future work in this area will include theoretical studies of the
algorithms for piecewise nonlinear models. Also the applicability of this

type of modeling for use in MOS circuits will be studied.

15.2 A Yew Structured Logic Array*

The use of highly structured architectures is becoming necessary to take
advantage of the advent of VLSI circuits. One area that lends itself to
structuring is that of logic arrays. These arrays, such as ROM”s, PLA"s, gates
arrays, and custom logic cells, are widely used throughout the IC industry.
T™e success of these structured logic arrays is in large part due to the

1avelopment of successful CAD tools for their design, layout, and routing.

™ere are two  broad classes of structured arrays: customer
reprogrammabla and customer nonreprogrammadble. In this work [16.341 Ae are
investigating a new architecture for a customer reprogrammable logic array.
This array structure, known as REPLICA (Random, Tlectronically Programmable,
Logic Integrated Custom Array) is a regular structure of NOR gates with
regstricted fan-in and fan-out. We have developed CAD tools for the
minimization of 1logic realizations in REPLICA similar ¢to the folding
algorithms used for PLA"3s. We have also developed guiielines for the optimal
forn for the logic equations to be implemented in RFPLICA. Several examples
o9f logic functions implemented in REPLICA indicate that it competes well with
PLA”s and has some features that may make it more desireable than PLA s in
situations such a3 realizations of sequential logic. Work is progressing on
comparisons of REPLICA with existing structured arrays and on improving the
CAD tools necessary for realizing larger test examples in the REPLICA
arcnitecture.

® ™ia work was supported by the Joint Services lectronics Program
1

427322204214,

1.5, Army, J.3. Yavy, and U.S. Air Force) under contract ¥ON00
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16.3 Hierarchical Desizn Techniques for VLSI Systems*

With the complexity of the systems that can be realized on a single VL3I
chip the design time is, using conventional techniques, on the order of 100
man-years. In order to reduce this wunacceptable design time, structured
design techniques are being investigated. 1In this work {16.37] *he impact of
a2 structured design methodology on the design of a VL3I system was studied.

The design and testing of the chip were both considered from the beginning of

the design process. As 2 test eoxample a CORDIC function (used for realizing
trigonometric functions) was desizned. The function to be implemented was
studied by simulation in order to finalize the architecture of the desizn.
Then followed a structural design, a physical design including layout, and 3

verification using different simulation tools.

The investigation clearly showed that, with some sacrifice in chip ares,
1 structured design approach was feasible for VL3I. Various other systems are
no¥ being studied for implementation in VLSTI using structured design
techniques. The goal of these studies is the refinement of the tools and

techniques necessary in the desizn hierarcy for VLSI systems.

16.4 The Use of Multiole Criterion Optimization for the Design of

Digital Filters**

s i Xinl i

The design of digital filters, both FIR [16.12.16.32] and IIR, using

competing criteria [16.3] is Dbveing stuiied. In particular, wvarious
formulations of the 4esign problem which trade-off between magnitude and phase
performance are being considersd. These formulations involve the
specification of a desired phase behavior as well as the standard desired

magnitudie behavior.

Performance zonstraints, such a3 monotonic magnitude response in the
transition regions, are also imposed on *the behavior of the filter. In order
to solve these rather 31ifficult optimization problems we are modifying the
sequential juadiratic method for constrained optimization proposed by Han and

* T™iis work was supported by the Joint Services Zlsctronizs Program
(7.3. Army, U.3. Yavy, and U.3. Air Force) under Contract ND0014-79-3-0424.

*% This work was supported by the Joint 3Services Zlactronizs Progranm
3.3, Army, YJ.3. Yavy, and U.3. "Air Force) under Zontract YOOO14-793-7-0421,
and by the Yational 3cience Foundation under Grant ZCS 30-37775. ;
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Powell. We are also exploring the use of a dynamic frequency grid which will
allow, theoretically, convergence to the true solution of the design problem

and not the approximation that is found in all existing digital filter design

programs today.

16.5 Analytical and Computer-iided Design of New Jircuit Structures for

Switched Capacitor Filters*

Research is being conducted in optimum switched capacitor {(3C) filter
structures and in computer-aided analysis and design (CAD) of SC circuits.
Recent studies of optimum SC filter structures resulted in two Jdiffsrent
jesigns using the bilinear z-transformation. One design uses 2 state space
tachnique f16.11,16.14,16.17] while the other uses a2 follow-the-leader
fsedback (FLF) topology [16.10]. Both techniques allow SC filters %o be
implemented w#ith stray insensitive first order modules (such as forward Zuler,
backwari Zuler, or bilinear 3Jescrete integrators) or second order biquadratic
modules. OJptimization procedures were applied to maximize 4ynamic range while
minimizing sensitivity, capacitance ratios, and total capacitance. Impressive
improvaments in sensitivity, as analyzed by Monte Carlo analyses, have been
obtained for an example of an optimized fifth-order Chebychev LP filter

legigned with the state space and FLF approaches,

In the area of CAD, a user-oriented program, SCAP II, based on modifiad
nodal analysis, was completed. Frequency and sensitivity analyses were
demonstrated on a wide variety of useful SC circuits taken from the literature
[16.25,16.26,16.35]. SCAP II is capable of performing frequency analysis and
frequency domain sensitivity analysis on SC circuits that contain MOS
switches, capacitors, and voltage controlled voltage sources, and which
operate with a 2-phase 50% duty cycle switching sequence. The 1analysis is
efficiently implemented with sparse matrix numerical methods and a specially
lesizgned 2quation ordering strategy which minimizes fill-in during computa‘ion
of the LU factors. Sensitivity analysis, which is an implamentation of first
order rela%ions obtained by differentiating the origzinal modifiad nodal

equations, is =ffici2antly implemented for capacitors, capacitor ratios, and op

* This work i3 supported by the Yational S3cience Foundation unier 3Grant
ENG-79~17315,
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amp gains by using the same LU factors as already computed for the frequency
analysis. SCAP II requires approximately twice the machine time as the
previously reported block-partitioning technique of 3CAP I, and hence appears

to be a useful aii in SC circuit design [16.7,15.231.

The most recent activity in SC CAD has been the development of a3 very

general Y-phase SC analysis routine, referred to as SCAPY [16.13]. In
addition to using sparse matrix methods and proper reordering techniques SCAPY
uses a specially jesigned "pre-LU factorization algorithm" which minimizes the
amount of computation that must be done to update the LU factors at each new
frequency. SCAPY also features a very =fficient sensitivity analysis based on
the adjoint network concept {16.14], and a nonlinear distortion analysis based
on the Volterra seriss %echnique for analyzing %the effects of iriving MOS

. . o . . . F Yo r 4=
zapacitors and amplifiers into nonlinear operation Lna.17].

153.5 Automatic Tuning Algorithms for Analog Filters*

. S T "

' To meet filter response specifications analog filters usually must be
tuned or adjusted, orefarably by computer automation if the production lavel
is high. In this research three generalized tuning algorithms have been
studied on the basis of their architecture, computational complexity, zand
affactiveness. Turther, a method has been found for the tuning elament and
frequency selaction problem, a problem relevant to all three methods. Monts
Carlo simulations have been done on several active filter circuits in order to

enhance the comparison and provide a demonstration [16.23].

15.7 Fault Isolation in Analog Circuitg*

The objective of %“his research is to be abl2 to isolate faulty components

in analog circuits from +2st point measursments. Presently the only approach

that has had limited success in practice is the faul% dictionary methodi.

®* This work was supported by +the Yational S3ciz2nce Toundation under 5Srant ING
73-11753.

**This work was supported by the U.3. Naval Air 3ngineering CTenter under
Contract ¥63335-30-2-3506 and by the Join%t 3ervices Slactronics Program
7J.3. Army, U.S. Yavy, and J.3. Air Torce) unier Jontract NOOO14-T3-0-2424.
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Unfortunately this method requires that one anticipate all possible fault
conditions in advance. This is usually an impossible task, and reliable field
jata is required in order to update the dictionary. Typically it is also
necaessary to confine the dictionary to single catastrophic faults in order to
avoid excessive storage requirements and long search times for the fault
conditions. Finally, in the fault dictionary it is not easy to determine the

testability of the circuit from a given set of test points.

In our work we have shown that a sensitivity matrix can be used *to
isolate both hard and soft faults. The idea behind the method is that if the
columns of the sensitivity matrix are linearly independent, then any fault in
a component will cause a unique shift in the test point voltages. The method
can locate sgingle 2s well as multiple faults in analog circuits. Furthermore,
the independence of the columns of the sensitivity matrix are a good measure
of the “estability of the circuit w#ith respect to the given test points. The
sensitivity matrix is computed for the linearized circuit model at the nominal
parameter values in the pre~test phase. Thus, only a few simple mathematical
operations are required in the test equipment. A sensitivity matrix must be
computed for each test signal, and assuming that the rank of the sensitivity
matrix is equal to the number of test points for any c¢column ordering, then the
number of faults in the circuit must be less than the number of tes* vpoints in

orier for the method to give reliable results.

o
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17.1 Control and Decision Strategies for 3ystems Under Imperfact Information*

Jncertaintias arise becaus2 of unknown systam paramaters, unknown 3ignal
anviroaments, and  hardwars tolarancas. Relat=21 zomplaexitiss arize in
situations 1involving multipls system performance 2ritaria and mnultipla
iscision makars. The objective of this project is %o z3in 1 basi:
anierstanding of 4he behavior and zontrol of 2ompla2x 3systams. During <he past

72ar, at%ention 7as been given %0 several topizs. Hdighlizhts are sumnmarizai

<

n the fallowing.

2

tronizs Progran
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Saveral results concerning the sensitivity and robustness of zon‘rol
systems %o unc2rtainties in the plant model have been obtiined. We have
jeveloped bounds on the magnitude of 3llowed perturbations whizh guarantee
that the perturbed system performs better than an equivalent open loop system.
These bounds are axpressed in terms of *%he singular values of th2 return
iifference matrix. We have also developedi the sgingular value seasitiri‘y
function 38 3 robustness analysis tool. Singular value 3ensitivi®tiss can be
ased o analyze perturbations /such as multiplying inciient vperturbations or

structurad perturbations) for which the gzuaranteed bounis 1o not apply.

In the area of funlamental system theory basiz 5 zontrol stratagy
developmant, three general topics w2re the subject of investization this past
y2ar: (1) the ianput-output behavior of some nonlinear faadback loops, (2) the
invartibility of input-output systams, and (3) the 2xistence and propartiss »f
"strange attractors” ian system theory. We zive below 3 briaf account of %hese

stuiiss, concentrating on the last osne, since it is new.

1. Ye have *reatad the "locking” of 1 ~lass of nonlinear f=2edback loops
%0 2 cer*tain set of input siznals; 3suffizisnt -zonditions for *he
lockddng have been obtained. Purther, suffiziznt zonditions for <*he

srazking” of the input siznal by the output have been funi. Thesa

results are being extended; 42 manuscript is in orevaration.

2. 3iven an output, what was the input to the system? It is this whizh
constitutas the juestion of invertibiiity. 3Some partial rasults have
been achiaved, in +%the gense +that 3ufficiznt conditions far <h2
invertibility of a class of input-outout 3ystams nave been Founi.
These conditions are fairly straight-forward 2xtensions of previous
#ork. Currently, efforts are being made to generalize the zonditions

so that they are applizable to 2 wide class of aystams.

3. A varisty of systams ars suspected of axhibiting "sirange” behavior.
3y this is meant something of ths following sort (the iefinisions
varying according to the investigator): There oxist <4rajectorias 3f
the system which, startiag close to each other, iiverge 2xponentiall;
inisially; <hese trajectorias remain bounded, however, for all %Sim=.
Finally, the trajectoriass approach a 3et of pointa 7+he "strange

attractor”) which are not periodiz orbits or a fini%e se* »f 3iagular

L —
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9oiats.

Tha forcei van der Pol =quation with very 1large damping 12nd

roportionately large sinusoiial forcing and similar such 2quations

g

are the only 1iffarential equations for whichn 1% has been proven that
1 3trange 1ttractor exists. JNumerizal solutions of the Lorenz system
and of a version of the forced Duffing squation sxhibit behavior much

like that of strange attractors, but proofs of this are absent.

I* has been suggestad that some of the properties of turbulsant
mixing and of a naumber of other vhenomena could be explainel if

strange attractors existed for the gzoverning equations.

N2 have started to study strange attractors, by ropeatiag some
5f the numerizal work revorted in the literature, and by a2 review of
the theory. We W#ere unabla to duplicate %he results on *the forced
Duffing-lixe equation faor a2 long time until #e useil an
Adams-Bashforth predictor-corrector 1integration routine for the
numerizal sgolutions of the 1ifferential 2quation; now our results
agree with those published. We are in the initial s*tage of what aay

be a2 long term project.

Nell-posedness of leader-follower strategies obtained from singularly
serturbed reduczd order models has been investigated in 2 manner similar €9
our approach praviously developed for Nash strategizs for reduced order
modals. W2 have derived order reduction proczdures whizh l2ad fto well-posed
fornulations of the leadzr-follower zontrol o5f singularly perturbed iynami:z
systenms. Ne have investigzatad the 3%rong connection between information
structure and well-posedness of singularly perturbed Y¥ash games and «e have
iiantifisd +hy +he natural order reduction is ill-posetl 23 w2 reportad
2arlisr. DJther sftructures +whish preserved infarmation «w2re lemonstrated *»

12201 %o well-posel 3olutions. Details are described in the jouraal ani

The problam of controlling 2 linear stschastic systam 30 23 %o minimize 1
1uairatic steady stat2 cost functional with uncertain oroc2ss 1ad soservation
noise staitistiss was investizated. The problam was frrmulated as 31 mininax

sptimiza4isn. We showed that the minimax 30lution is obtained by %the usual

- A+ St an.
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linear juadratic deterministic gain multiplying the state estimate provided by
a linear filter. The linear filter is a3 Kalman-Busy filter for a particular
worst case pair of spectral density matrices. These results parallel those of

the minimax state estimation problem discussed in Area 15.

17.2 Implementation Constrained Decomposition and Hierarchical Control*

In large-scals systems, control tasks may be decomposed and hierarchical
levels may be imposed on the basis of analytically derived stratzgies. Thias
project is devoted to the fundamental problem of investigating an analytical
framework for incorporating realistic constraints of a computer network.
uestions concerning information flow, time scales, and loss of feedback loovs

are examined in coordinating the multiple <ontrollers in a nstwork.

We have 1investigatszd and developed several classes of hierarchizal
optimization algorithms. Classes of algorithms which =xploit a weak
structural coupling between variables of an optimization problem were analyzad
asing local convergenc2 theory. Natural decompositions were defined in *2rmus
of splittings whi:zh directly exploit +the structure of the problsm in the
i2composition. We iemonstratad that iterations defined by natural
d2compositions would converge whenever the coupling is sufficiently weak. We
2130 have daveloped 2 hisrarchical optimization algorithm whiczh 2an be used %o
solve the linear gquadiratic robust control problem. The algorithm exploiis *he
structure of the 4ual problsm to define a simple hisrarchiczal algorithm whi-zh
1oes not roquire 2 stabilizing initial point 4and which thas guarantzed

sonvergence propertiss.

A common feature in 1large scale system practize is that 4iffarent
lecision maksrs agsume diffsrent simplified low-order moda2ls of the same large
scale system. This may be 1ue %0 the necessity of =2asing the sompuiational
burden in evaluating stratagies or the lack of ailequately moizl2d iynamiczs of
30me parts of the largz scalzs systam. Based on these 3implifiad4 models, the
jecision makers would then attempt ¢to arrive at low-order iecentralizel
strategiss which would be sconomizalily fessible to implement, 3%t the 331e tine
preserving near-optimality. The problem of d4esizning control strategias for

decision makers under a situation where they have 1iffsrent models, 1ifferent

* Dmis work w#as supportsd Dby ‘the goint 3ervices 3Ilectronizs Program
(3.3, Arny, U.S. Navy, and Y.3. Air PForce

under Jontract NOOOT4-7323-3121.
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infornation sets, and diffsrent objective functionals, has bheen adiressed
vraviously within the framework of multiparameter singular perturbations. In
this framework, 2 large scals system is viewed as comsisting of a "slow" core
couplad to 2 number of "fast"” subsystems. A multimodel situation results wnen
2ach decision makar retains the dynamics of one fast subsystem and the s3low
core, while neglecting the d4ynamics of the remaining fast subsystems. This
y2ar the general problem, +Wwher=2in the fast subsystems need not be weaxkly
couplad and each fast subsystem might be affectad by more than one iecision
makar, 1as been aldressei. A procedure has been formulatad to obtain near
optimal djecentralized Nash strategies in the two player case under 3
multimodel situation within the framework of mnul%iparameter 3ingular

perturbations.

17.3 Zontrol 3trategies for Complex Systems for Tse in ierospace Avionics*

‘Menevar mod=2l uncertainty is present or 2 range of operating conditions
i3 antizipatedi, engincering analysis and 3lesign must i2al w#ith juestions of
sensitivity. Parformances of manufactured components are n2cessarily

sp2cifisd with nonzero tolerances. The parameter values whizh characteriz

(]

thase components are therefore uncertain. These parameter values may change
iuring the operating 1lif=times of the components idue to aging and du= <o
changes in environmental coniitions, such as pressurz and tempzrature. In
ailition, mathematical models used for 2nalysis and 1esign of actual systems
2annot possibly 1l2ad to oredisted performance which =2=xactly matches the

performance of the actual systems. It 1is useful to regard some of th

D

parameters of the models as uncertain in order to maks these models more

r2alistic., The combined eoffaects of parameter uncertaintiss on overall syste

=

benavior are of principal consiieration in any system i12sizn.

W2 investigate uncertainty using three tachnijues. DOne point of viaw
r2garis +the parameters a3 unknown but i2terministis, and stadii2g the
‘mmeertainsy situation using parametar 3ensitividty methois. Vew ragults here
includ2 =2stablisment of some relationships betwsaen singular valie robustiness

oaches and1 the now-stindard comparison s2asitivity methois. Jesgign-
srianted tachniques are being 1aveloped for large parameter variations in

linear ani nonlinear aystams.

Forese unier 3rant API3R-73-3537%,

* ™Mis worik w23 3supported by She J.3. Air
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A second approach models the parameters as random variablas. The %ools
for this approach are stochastic control and dual ~ontrol theory., including
stochastic multi-controller situations. The 1interplay between 1information

structure and control has been smphasized in our recant work.

‘e nave expanded our basic research to encompass an area of increasing
importancs in control research andi aerospace applications - adaptive control.
Jur approach focuses on the role of singular perturbation theory in the
ievelopment of model refarence adaptive systems when the plant and reference

model have different orders. An iamportant possible interaction has been

iiscovarad vetween frequencies present in a "sufficiantly rich" adaptive inpu*
gignal and neglected high frequency terms in a reduced-order model in 2 model
reference adaptive systam. Details of these results may be foundi in the

journal articlss and confarence papers listei in the publications section.

17.4 Large 3cale 3ystems*

Several new results have been obtained in multimodeling, that 1is, in
modeling ani control situations in which different decision maksrs employ
4iffarent mnodels of the same system. Multiparameter 3ingular perturbation
tachniques are =2mployed to capture the multimodel naturs of fast dynamiz
subsystems interconnectad through slow variables. In one problem stuidied, 12
decentralized filtering and control scheme was developed for obtaining low
srder Nash equilibrium stratsgiss in a3 multimodel setting. The idecision
makars hava decentralized information structures and are constrained %o use
finite 1imensional compensators. In another study, physical sexamples (e.3..
networks) are used %o reexamine the role of modeling in larges scale system
analysis and design. A general property of the systems consiilered is that
they are strongly coupled (physically) in the slow time secale, and w2akly
2oupl2d in the fast time scale. This leadis %o 2 multimodel situation in which
every subsystam controller can neglact 1all other fast subsystems sexcept his

oM.

In the area of stochas*ic multiplayer strategies, an indirect metnod *o
osbtain the S3tackelberg solution of two-person nonzero-sunr 1ifferential games
#ith general 4ynamics and cost functionals has been developed with the l2ader

:91‘}11?967(0:'1( #a3 3upported by the National 3cisnce Foundation under 3rant EC3
73-19 .
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having access to sampled values of the state. This new method involves a
three-step optimization, and convarts the original dynamic problem into two
open-loop optimal control ©problems and one staticz finite-dinensional
optimization problem. Solutions of these optimization problems are obtained
as solutions of a set of differential equations with =mixed Dboundary
conditions, which in turn leads to the Stackelberg cost value of the leader,

ag wWwell as to a class of strategies that yield that cost level.

Chained aggregation, an iterative approach to large scale system model
reduction, has been dsveloped further. The resulting systsm representation,
the Jeneralized Hessenberg Representation (3HR), has been shown to exhibit
axplicitly the system observability structure. Gecmetric (in the sense of
Wonham) properties of the GHR representition have been sxposed and exploited
in *he devalopment of a three-component decentralized hisrarchical feedback

design technijue.

Finally, coherency, a concept widely used in power system studies, has
been examined from an aggregation point of viaw. Specifically, the
relationship among coherency, aggregation, and obserrability has b2en
slarifisd, 2and 3 fundamental relationship between "slow cohersacy” and weak
2oupling has been 2stablished. Details of these and other results are given

in the list of journal articlas.

17.5 Power 3ystem ¥Yormal and Security State Assessment®

Normal and security state 3ssessment of large scale power systams
requires the 2analysis of power system performance under all levals of likaly
load and contiagencies. Performance is measured in t2rms of bus voltaze
lavels, line power flows, stability margins, and their sensitivitiss %o larga
changes in network conditions. 3xplicit load flow solutions hava bheen
javeloped to provide near closed form analysis of network response to *otal
load. These explizit forms may be used to produce *%ime varying solution

trajectori2s and exact stochastic 1oad flow 3olutions.

(s
i
wd

* "vig work was supportai by the National Scisace Foundation undar Jrant
73-75534, and the Yniversity of Illinois Power Affiliates Progran.
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Many optimal load flow algorithms require stability margin constraints.
These constraints have typically hinged largely on bus voltage angle limits.
When finite VAR control is included, these angle limits have been shown to be
arroneous and in some cases unfeasible. Extension of these realistic

stability margins to an arbitrary network is currently being considered.

17.6 Control of Stochastic Systems Containing Parameter Uncertainty*

The main result of this research is the ietermination of algorithms for
3ensitivity Adaptive Feedback w#with Estimation Redistribution (SAFSR) control.
This type of control, which we proposed and developed, has 3iual properties in
the 3ense that the control takss into account future parameter 2stimation
accuracy. The parameter sensitivitiss are altered by changing the sensitivity
w2ighting coefficisnts in a composite performance index. Jur =arly w@work on
this problem 1e2alt with a general multivariable statz space formulation which
lad to gjuite complicated algorithms. We continually simplifiad the control
3lgorithms by first considering input-output representations, and finally
single~input single-output representations. Much of the application of
adaptive control is for +this latter class of problams. Very substantial
reductions in computation are achieved not only because of the minimal number
of uninown parameters in the single-input singls-output case, but also bacause
of our use of only two sensitivity functions to capture the impact of all the
parameters in a 3AFER control setting. Jur simpler algorithm for SAFER
control nas been demonstrated to yi2ld verformances which are suparior %o the

certainty squivalent control.

This project is a cooperative eoffort between the Zooriinated Scisnce
Laboratory of the University of Illinois and the Systems Sngineering

Laboratory of the Venezuelan Instituts for Sciantific Research.

;7T§§;6;ork #as supportaed by the National 3ci2nce Foundation unier Srant INT
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17.7 Aggregated Hierarchical Control*

The objective of +this research is to 1investigate Thisrarchical
jecomposition algorithms for which the problem 30lved at =2ach level of +the
nisrarchy is approximated. Standard Thierarchical decomposition theory
requires that an optimization problem bYbe decomposed 2xactly 2nd that the
iteration defined by the decomposition converge t5 the exact solution. We
have relaxed the exactness requirement by allowing the 2xact problems at 2ach
nierarchical lavel to be replaced by 2an operator theoretiz aggregate. The
hisrarchical structure is determined by the composition of an exact
jecomposition and an aggregation. Conditions under w#hich the approximate
decomposition iterates converge to an approximation of the 2xact solution have
been dstermined for linear problems. The s2xtension of these ragsults to
nonlinear problams through the use of nonlinear aggregation and nonlinear

splitting functions is under current investigation.

* This work was supportsd by the National 3cience Founda%ion unier 3rang
ING-73-23773.
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Faculty and 3enior Staff

B. I. S1-Masry W. X. Jenkins D. C. Munson
T. S. Huang A. Steinbach

Fraduate 3tuients

A. C. Bovik P, Hong A. C. Segal

T. ™ T, C. Martin J. H. Strickland
D. A, Yayner J. D. N 3rien T, P. Walker

4. 2. Higgins D. F. Paul R. Y. Tsai

J. Posluszny

13.1 An Invastigation 3f Residue Vumber Architectures for Digital Filters

A4ith Tault Tolarance®

This project involves a study of how the theory of redundant resiiue
nunber systems (RNS) can be Adeveloped and applied to +%the isolation and
detection of hardware failures in digital processors, with subsequent "soft
failure", that allows a faulty processor %o continue operating with reduced
capabilities. The class of systematic redundant RNS codes was analyzed and
simulated, thersby establishing preferred iesign procedures and iemonstrating
failure resistant behavior irn recursive digital filters [13.121. At this
time, the theory of failure resistant design for the systematic RNS 20des is
relatively complete, including bounds on the necessary r2diundancy and
procedures for identifying faulty modules andi for reallocating resources
fallowing soft failure. Te major issues now concern reliability of the 2rror
chercking hardware itself, a3 well 23 new t2chniques for ainimizing the

* Tis work was supported by <+the YVational 3Szience ™oundatisn unier 73Frant
ENG-79-21586.
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complaxity and cost of the overhead hardware.

Progress has been reported in the design of complex residue arithmetic
for use in speciral analysis, processing of bandpass signals represented in
analy*tic form, and in complex cepstral analysis for speech
[13.13,18.30,18.32]. Also a design has been presented which permits the block
2lements of a general mixed radix converter %o be controlled in such a way
that <the general converter can be electronically adapted to sequentially
gensrate all projections that are required for error location (13.261. 3ince
this is a significant step toward being ablzs to implsment an 2ntire error
checker on a single VLSI integrated circuit, a3 gresat ieal of =ffort is being
expended to extendi this concept in order to bring failure resistant concepts

into oractical usage

A new offort has been started to evaluate the advantages and %o extend
tha theory of redundant A’NS product codes for 1igital signal processing.
3ather than simply adding redundant residue digits, data is encoded in a
product code by multiplication w#ith a z2ode generator. An RN3 product zode is
an arithmetic code which is preserved under error free arithmestic operations.
Wnile not too much is known about the theory of 3NS product codes in signal
processing, initial indications are that{ they have useful properties worthy of

further study.

13.2 Roundoff Yoise and Limit Cycles in Digital Filtaring®

It is well known that canonical implementations of narrowband recursive
dizital filters can exhibit large error due to arithmetiec roundoff. However,
this error can be reduced at the expense of additional hardiware complaxity.
¥ar axampl2, Mullis and Roberts have developved 2 procedure for finding the
minimum roundoff noise linear state-space [(L3S) filter s*ructurs 310
Another realization for reducing errors ia dizital filters i3 the arror

spectrum shaping (3SS) structure [R2,R3]. ™e BSS structurs u%tilizes

(9]

quantizer faedback and generally has a1 simplar implamentation %han +“he L3

3tructure.

lactroniss Program
4-73-3-0424.

* ™is work was %ported by Joint 3ervices I
(1.3, Aray. '7.S. Vavy, Air ?orco xnder Jontracs YONO!
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We have comparsed the noise reduction performance of the BSS structure
with that of the optimal LSS structure for second order digital filter

sections. It was found that optimal direct form 1 and direct form 2 3SS

[ realizations always have a higher signal-to-noise ratio than the optimal L3S
structure. Several suboptimal 5SS structures with simple hardware
implementations were also considered and optimal values for the ESS
coefficients in these structures were derived. TFor filters with zerces at z = 1
-1, it was found that several of the simple ESS structures can outperform the
optimal L3S structure. For 21liptic filters it was found that the suboptimal }
iirect form 2 ESS structures perform poorly, but that the direct form 1 ESS

I

structures perform well. We are currently investigating high-order ESS

structures 2and developing ESS implementations with low coefficient

sensitivity.

Our work concerning 1limit cycles covers two topics. First, we have
studied the concept of accessibility, introduced by Claasen 2t al. fR41. A

zero-input limit cycle is accessible if it can be reached from a stats which !

is not a stats of the limit cycle. It is important to study accessible limit
cycles, since they are most frequently observed. de have shown that l
accessibility places restrictions on the error sequences introduced at 3he

filter quantizers. 1In the case of two rounding quantizers, these restrictions

-———

can be used to derive a lower bound on the minimum amplituds accessible limit
cycle. A related, but 4ifferent, result holds for two truncating quan®izers.
We have also shown that only certain states can directly access a limit 2ycls ’

and that large limit cycles tend to be accessible.

The second 1limit cyzle topic is that of Jdetermining exact maximum
amplitude 1limit cycles in digital filters. We have recently devised an
algorithm for finding the maximum amplitude 1limit cycle of a2 vparticular
period. This is accomplished by considering all possiblz initial states,

#hizh can be maximum amplitude states of a limit cyecle. Results have been

obtained which asignificantly reduce the number of states requiring

consideration, thereby resulting in a computationally feasible algorithm. .
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13.3 New Techniques in Digital 3ignal Processing for Synthetic Aperture Radar*

Research in synthetic aperture radar (3AR) has been conducted in four
iistinet, but relatad projects: (1) analysis of inherent pnase distortion in
rectangular format FFT algorithms, (2) 3 SAR computer simulation wi“h polar
format F®T vprocessing, (3) a study of 2D 1in%srpolators for polar-to-
rectangular transformation, and (4) an investigation of number theoretic
concepts for high speed failure resistant d4igital orocessors required in
r23al-%ime SAR. Recently, 3special smphasis was placed on analysis of spotlight
mode operation, including requirements for 2D spatially-varying in%tsrpolators
for polar-to-rectangular coordiinate ftrangformation required in F*T processing.
Five 2D intarpolators hnave been analyzsd and simulat24: (1) 1st order inverse
iistance {nonseparable), (2) 1st order separabls bilinear, /3) 3rd order
separable Lagrange, (1) separable optimal FIR filtering, and (3) zero order
interpolation with over-sampling. Attention was concentrated on low order
interpolators because they are simple 2nough %o imvlement in practice.
Although wmany juestions remain, it appears that <the use of optimal
space~invariant FIR interpolation coupled with nearest-neighbor selaction
{zero orier intarpolation) may be the most 2ffizient computa‘tional means %o

achizsve high resolution performance.

It was discovered that in polar format FFD? 3AR orocessing, 2ach line of
recordied Jata is the Fourier transform of 3 density integral of the target
area, collected at a2 specified look angle. 3By interpreiting the data recording
in this way, it was possible to 2stablish that the 3AR oprincipls does not
depend on instantaneous motion between the target and the radar, but rather on
the total viaw angle through which projections are taken. This orinciple
seams to be obscured in +ths present literature, wh2are 3AR is discussed in
terns of Dopvler frequency analysis, thereby implying a d2pendance o
instantaneous Doppler fraquency. 3Recent work has concentrated on lsarning how
reconstruction can best be accomplished from incomplats frequency lomain iata,

w#hizh results in 3AR 4due %o limited viaw anglas.

* ™is work was sugoorted by the Air Force JIffize of 3Sciantific Researsh unier
Frant AFO3R-79-23294.
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13.4 Yew Directions in Multidimensional Signal Processing®*

‘de have recently begun 3 program of basic research in multiiimensional
signal processing spanning the areas of digital array processing, linear space
varying processing, and nonlinear processing using order statistics. In array
processing, efforts are bveing concentrated on the development of a common
mathematical framework for computer aided tomography (CAT) and spotligh%-mode
synthetic aperture radar (SAR). The underlying principle in CAT is *he
projection-slice theorem. We have shown that this same theorem also forms the
basis for spotlight-mode SAR; Thence similar processing is required in both
systems. TFuture work will explore the possibility of applying officient CAT
algoritms to SAR and vice versa. In the area of linear space varying
processing #e have extended recent resulis concerning required sampling rates
for time varying digital systems. Unlike the time invariant case, the
required sampling rate depends on both the input bandwidth and the lesired
analog impulse response. We are presently investigating the use of simple
time varying digital filters %o perform time invariant filtering. In the area
of nonlinear filtering we have studied a generalized median filter whose
output is a3 weighted sum of order statistics. Assuming 2 constant signal in
wWhite background noise, a procedure has been developed for finding optimal
Aeight values. Deterministic properties of the generalized median filter and

various possible recursive order statistical filters are also being studied.

13.5 Image 3equence Processing and Dynamic 3cene Analysis*®*

The processing of images 1involving wmotion has Yvecome 1increasingly
important. Applications include target tracking, dynamic robot vision, image
bandwiith zompression, Adynamic medical imaging, and highway traffic
monitoring. Inage sequence processing involves 2 large amount »>f 1ata.
Jowever, because of the rapid progress in computar, L3I, and VL3I
technologies, many useful processing tasks for image sequences <2an now b2

performed in a reasonable amount of time.

® This work was supported by the Join%t Services TElectronics Program
(7.5. Army, U.S. Navy, U.S. Air Force) under Contract NOOO14-79-3-3421.

** T™is work was supported by the ¥ational 3Science W™undation under 3rant
4CS-73-13206.
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A central issus in image sequence vrocessing is motion estimation.
During the past year we have developed a number of =2ffiziant algorithms ®or
estimating the <thrse-iimensional motion vparameters of rigii bodies bo+r
translation and =ro%ta%tion) from +two +time-sequential image frames. The
following unigueness %heorems have also been proven: ’i) For a3 rigii planar
patch, two solutions for the motion parameters will =xist in gz2neral.
(ii) For a rizid curved surface, the solution for the motion parameters is

unigue.

18.5 Undzarvater Image Processing®

e nare been collaborating with the Yaval Research Laboratory on a basiz
rasearch project in underwater image processing using both op%izal and sonar
sensors. Applications include searching for man-maie objects on *he ocean
floor and ocean mining. During the past year, our research has czoncentratad
on studying the 2ffects of ocean water on ovtical and sonar images and on
finding shape and texture f{eatures of 1images of ths ocs2an floor that z2an

iistinguish betwesen man-made and natural objects. Successful algorithms

ry

or
extracting shape features have been davaloped. We have 1also studied <he
characteristics of various acoustical imaging me*hods and concluded *hat
synthetic aperture sonar and holography are the %two mos*t promising approaches

for underwalter imaging.

(=11 2. 7. Mullis and R. A. Roberts, "Synthesis of Minimm Roundoff Yoise
Tix2zd Point Dizital Filters,” IZIZE Trans. on Zi 2uiss 1andi 3ystams
743-23, 5512582 [3ept. 1375).

* ™is work wa3 supported by the Iffize of Varal Rasearsh -unler Zon%wacs
20001 4-30-7-0354,
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T. Thong and B. Liu, "Error Spectrum Shaping in YNarrowband Recursive
Digital Filters,” IZEE Trans. on Acoustics, Speech, and Signal

o
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A. I. Abu-81-Haija and A. M. Paterson, "An Approach to 3Iliminate
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19. POPULATION/FOOD/CLIMATE 3TUDIES*
Taculty and 3enior 3taff
P. Yandler J. Kane
3raduate Students
J. Posluszny M. Tao-Liou Jo Zielinski
13.1 Summary of Progress
This group has two primary areas of interest. Te first is

zomputer-assisted aducation in population and f30d and their impact on other
social and sconomic areas of society. The second is concerned w#ith climate
and food and the impact of large interannual variations of climate on ‘he

availability of food for the world”s growing population.

In the first area, opopulation and food, we have JIesigned a
computer-asgisted education program concerned with world population as w2ll 1s
specific countri2s. The program is available in BASIZ and has been adapted
for use on the Apple computer. The program is used in over 220 24ucational
institutions each year. Many of the vprograms are used at the high school

lavel where distribution of the programs has just begun juring the past year.

In the second area, food and climate, a retrospective study nas been 1aie
of +he relatiounship of crop production to c¢limate anomalies. Various
interesting climate sequences have been observed where a zertain <ype of
ealimate anomaly in one region of the world iz very frequeatly followai by

another anomaly in another part of the worli.

* This work was supvortad by the National 3cisnce Foundation unjer Srant 33D
79413501 and Tnited 3States Departmeat of Agriculture Jontract 3EA
53-513B-7-334.
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Thase sequanc2s of climate anomaliss ~2an be usel as 2 means of crop

forecasting ia the region of the later anomaly. Various techniques are being

3

jevalopel to attsmpt to recognizs these sequences in the world zlimate pattar
of the past twenty years. ¥nen special pattaras are observel they ars t2stad
1gainst longer i1ata dases. 3om2 of the iéta ar2 20antiainel in %time s32rizs
#1izh 30 back %o 1353, A paper 1lescribing the relationship of :zrops in
Australia and Indona2sia to th2 2limatz anpomaliz2s of the tropizal Pacificz dcean

nas been aceeptal for publication by the journal Climate Change (19.1].
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