
~ 
~'- .:Ie 

To appear in RobotI With .Rtdurad.cmcy, A. Bejcr;y (Ed.), 
Sprineer-Ver1a&. 1989 

Harry Wttel'\Sl.: i.tt I1M'11'1e%'l'llan 
OeQartll'lllnt 0' c~t.t Science Oeoart~nt 0' Electr1cal Engl~rlng 

Ceor91 Mason university 1.1'1~ers1ty 0' MIMesota 
talrta', VA 22030 1011nneaool1s, ,.. ",," 

Abstraet: we sU90lst the dlstrlbuted associatlve II'II!I'IIOry (OAM) l'IIOdel 'or 
oistrlt1uted and 'ault-tolerant eomoutat1on as it relates to otlject 
rec~1tlon taskS. The 'lNlt-tolerarce Is _i.:h resoeet to geometr1cal
dhtortions (scalt tnd rotation). reisy Il'\f:)uts. oceluslon/O\lerlip. ~ 
memory 'Iults. W. hlv. developed -" e_perl-ental syst~ 'or 'IUlt·tolerant 
stru:tvrI!I f'eC09"lUon whlcn sMwS the 'easlt11l1ty of su:;n an Ippro.:n. .. 
further e-tended our apprOlch to tl'le protlla. 0' lIultisensory dlta 
Inte9ratlon and applied It suecess'ully to the recognltlon ot eolored 
polyhedral abjects. 

-? 

The chll1tn;r1 or the visual HCOC7'1t.1on prabl...t_ traI the reet 
thlt the projection or an abject onto In _QI CIn be ccnrOU"ldld by M'YWral 
dllllenslon. or Ylrllblllty suCh II uncertain p.rspectlv., cnlftQlnQ 
orl.ntatlon Ind SCI1., 111'1.0: noh. and occlus1Oft , and non-un1POtll 
llll.ftlnaUon. • vlIlon syst .. lUSt net anly be IIbl. to ..... thI l~ty 
or In ObJ.ct dt.plt. tnl. vI:llblllty, but .u.t .110 bt tbl. to 
d'larlcterlze IUCh YUIlDll1ty- bee... the variability ~t.l)' curl. 
IIU::h or the velUlbl. lnrozutlCl'l Ibaut the world. 

Our god II to d.rlvt t,r.e runctlonel cnlncterlltlc. or luge
rtprestntatlon••ultlbl. ror Invlrl.nt r.cognltlon u.lnG dl.trlbuted 
proc:esslng .tI'IocSI. CInII.,.. to selk CPl'ODrllt. tl'll'\.r=-tlans II.ch tI'IIt 
lnUnction. b.twlln tn. Inttrnel .tructure or tn. relultlng
repreWltltiCll"ll yl.ld Invarl-"t recognit1on. AI SJa:In (lJ82) poinu out. 
III .Ithe••tlcil d.rivltlon Cln b. vl •••d si-pl. IS I chin;. or 
repres.ntatlon, _aklng .vldlnt .hat .as pr.vlou.ly true but ob.cur•• 
Solv1ng • pZ"Clbl.. tIWI .IN tnn"oraing It 10 as to IIIkI the 101ution 
transparlnt. 

".. fIC:OCP\ltlCl'l procn. Ihould ..tct'l • derived trout representlUCI'I or 
the ron tam..::r:ry (S1'M) lOlinst lan; terti ....cry (I.nI). We supst the 
I..TM 0I'gIft1zat1C1'1 In t.-. of distributed assoc1ltlve ...ary (QN4). no._ 
11 relltld to QIInIf'Il1_ ..t~ ruters «(M') (C&!lrltld ret ..1nbftg, 
lJ82) WId synthetic dlscr1alnent r\IICtlCllt'll (517-) (Hester and ClSuent, 
Iflll. UJce tt., DIMI att.-pt to c.ptun a distributed represent.IUCI'I
.tIld'1 averlQllS over the variations !:MIlon;lng to the SftI class. OAMI allow 
'01' t,.. llftDUclt ~tntitiCl'l of structurel relatlansnlQs tnd conte-.ctlAl 
Infor.IUon, help'ul constraints 'CIf Cl'looslng lIIIong d1trerant 
Inttroretltlon.. Flnilly, because In f ormatlon ls distributed In the 
IIIIIIIOry, t'" overall r\IICHon 0' the I'fteI'IIOry becQl'/les res1stant to relse,
raults In ~ryt and degrlded stlmulus key vectors. 
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Thls secUon describes our in.... ar1ant Object recognl tton system In 
det.il. .e be~ln by ell""inlno the prepro:ess1no system whlch prodl.ClS tl".e 
~e=tors .ssoclat.d by the d1str1buted 'SS~c1Itlvl memory. Then the 
dlstrlbuted .ssocl.tlvi ~ry InC our ..t~ 0' 'uslng ~ltlpli sourees or 
In'ormation If. described and analyzed. A Oloclc dllgrMl or t!'ll system is 

- shown In Flgu:1 1. 

~ In.....rlant Representation 

The ~OIl 0' th1s subsection Is to e...,.l,.. the v.rlous c/JIOonents used 
to prOduee the vectors whlch .re .ssoclated In the dlstributed .ssocl.t! ....e 
t!IefI'IOry. The block d1agrljll ~1c!'\ descrlbes tne varlous 'illCUonal lIIits 
Involved In obtainlng an lnvar1ant lmage re~resentltlon ls shown 1n rloure 
1. The image Is eomplell.log eon'ormally -aoped so thlt rot.tlon and sclle 
chlnges become trlnsl.tlon In the tr.nsfore domaln. Along wlth the 
con'ormal NCl)lng. tI'te 11111ge is Ilso fUtered by I splICe varlant flUlr to 
reduci thl ,'f,ctl of .11IS1no. Thl confor•• lly .apPld 1.lg, 11 then 
processed thrOUf1\ I I..acllclan In ordlr to SOlvl sa. probl_ UIOC1ettd 
wlt1'1 the con'ormal uppin; (See 2.1.". The Foutllr trW'll'=- 0' botl'l tl'll 
eon'orm&lly IIIIPPtd 1ta1Qe and the I...,laelan processed 1JIaQe procb::e the 'out 
output vectors. The l'IIIr;J'ltude output vector 1-'1 1. Invariant to lwar 
trans'oI'ftl.Uons of the object 1n the lnout i.IIIIQt. ".,. phase output VICtor 
~ 2 contalns In'OfllllUon coneemln; the $!)lUll properties 0' t/'Ie object in 
tI'II Input 1nIIgt. 

2.1.1) Co!El,II-LOQ !4!pplng !!!t Space Varlant Flltl1'1ng 

The 'lrst box 0' the block dl.gr.. glven 1n Figure 1 conslsts 0' two 
cCII'II)OI"Ients: ~lelC-IOQ 1'alPP1no and soace variant 'Utering. C"l....lOQ 
mapplng tranlforal an 1111ge fro.. rectlngular coordlnltes to polar 
e~Ual coordinates. Th1s tnns'or-at1on c:I'IanQeS rotaUon rd scale 
into translaticn. It the 1.IIIage is Ift8PI)ed onto a C_111C plane then laen 
phil (lC,y) on tI'te carteslan plane can be described ..thMaUcllly by 
z • lC + jy. The CGIIPlllC-l~ aaoped points. are desc::ribed by 

•• In(z) • In(1zl) + j8 (1)z 

....re tzl. (.z • ,2)112 .,., 8z • tan-l(y'lC). • 


Our syst.. IImOled 2S&(2S& pi.el 1maqes to construct 641164 ="le.·109 
fft8QC)td 1l1'li915. SMples were taken along radial l1nes spaced '.6 degrees 
Clut. Along eacl'l redlal l1ne tl'le steo slze between s~les lr'ICfllsed by 
pa.ers 0' 1.08. These r'U!1bers are derived rrall the rurber or 1)1IIe1l 1n the 
or 191".1 image and tne r'U!1ber Q' s~les 1n the conplell-log ~ed 1maQe. 



An ,.cellent , • .,.,lnltion of t~ ~1ffer~: conditions involved in selt:~1~ 
tl'e loprocrlltt l"IIJIOer of Sll'I'IOles for I COf'IIO:''hl09 IIIloced l~aQe is -;iv.... 
1n (~assont tt. 11., 1985). The non·li~ar sa~o11"9 Cln be s~lit i~t~ t.~ 
distinct outs 110"'9 eac" rac:lial 11r-.. ~:.ard tt'le cerlter of t"'le ili'.a;! ~"'\f 
slIb;lles Ire dense ,nOUlt' tl'\lt "10 Il"Itl-alia·sl"'g fUter ~s l"Iet'~e::. Sa:''O~t's 

. taken It the edQe of tl'\e illllQe a~e lI:;e ano In Inti-allasin; fUte: is 
necessary. The imaQe flltere<l 11'1 th1s ~l"l'Ier "'as a circular regIon a!'J'J'IC: 
the center which corresponds to In I:el or nl;nest resolution. Tne size o~ 
th1s region i. I function of I nUllloer of Ingullr simples Ind radial 
Simples. The rllterlng Is Cone, It the same tlme as the sampl1ng. by 
convolvlng trunclted Bessel functlons with the Image 1n the space d~aln. 
The wldth or the Bessel fl.l'lCtions IIIlln lobe is 1nversely prooort101'1al to 
the eccentrlc1ty or the sample polnt. 

A prOblem associated wlth tI"Ie c~l..-lOO maOPlng 15 sensitivity to 
center mlsal1gl"Ylltnt of the s~led l.''IIaoe. . Small snifts frOll the center 
causes distortlons 1n the cCJllOle1C-log IllaPOed 1mage. lAIr system ass....mes 
that the Object 15 centered 1n the 1mac.;pe fn"". Sl1g"1t m1 sa l1gnments are 
considered nolse. ~arQe mlsallo~ts are cons1dered IS translations and 
c:~lo be Iccounted for Oy changi"'9 the gaze 1n such I wly as to Or1"'9 the 
Object 1nto the center of the frame (see l.2). The decis10n lbout whit to 
brl"'9 1nto the center of the frllNl is an ecthe funeUon Ind ShcJJld be 
determlned by the task. An e.~le of a system wh1Ch CCNld be used to 
guide the translation process was developed by Anderson et 11 (1985). 
Thelr pyrltllid system analyzes tl'lt it'CIUt l"'-ge It d1fferenniiiOoral and 
spaUal resolution levels. Their SIIIart sensor .as then Ible to Shlrt 1ts 
'1.... t1on such that Interestil'l9 parts of the 11118ge (1.1. sc::rnethlng large 
and mov1ng) was brought 1nto the central part 0' the fr.. 'or reeog'llUon. 

!:l:ll F'OUfler Trans'of!ll 

The second box In the block dllgra. of F'1gure 1 Is the F'ourler 
transform. The F'ourler transform 0' a 2-d1mensional lm8ge f(lC,y) is given 
by 0# 

F(u,v) • If f(lC,y)el(o[-JCUlC+vy)]dl(dy (2) 
-0" 

Ind can be descrlbed by two 2-d1menslonal fU"CUons correspond1ng to tne 
mag'\ltudl 1F'(u.v)f .-Id Chase reu.v). The IIIIgnltude c~onent of the 
F'outler transfor- whiCh 1s invariant to translation, carries much 0' the 
contrast InforuUon of the 1mage. The Chase c~t 0' the F'outler 
tr.nsfofll carrles Information about how th1ngs are 01lc:ed In an 1l1li01. 
Trlnslatlon of f(l(,y) corresponds to the Iddltion 0' a 11near phlse 
CCIIIC)CInent. The cQllPlel(-log II'IIpp1ng transforms rotaUon and scale 1nto 
translation lind thl l1l9'I1 tude of tI"Ie F'C)Jrier transfOfll is invarlant to 
those translations so that 1-'1 will not Cl'lange 51gnlflcently wlth rotlt1on 
I/'CI scale of the Object In tI"Ie 1.IIIage. 



The LIPlIclln l."'lt w! '..;S! 15. Cl1f'1'u!t"Ice·or·Ca'Jss!.at"ls (:J::: 
,lPpro.!~atlon to theV~ runct~:r, as ;1~!t"I Oy warr (1982). 

(3) 

The result ot convolving the Laolacian _lt~ an image can be vIewed as a two 
step process. The image 15 blurred by a Causslan kernel 0' I spec i fie:l 
width is. Then tl'le isotrcclc seconcl derivative or the blurred Image 1s 
computed. The width or the Gauss1an kernel Is ChOsen SuCh thlt the 
conrormally mapped Image 15 visible •• appro~imately 2 pl.els in Ou: 
e~erlments. The Llglaclan ",arpert, the edges or the object in the image 
and sets any region thlt did not change much to zero. Below we dlseric! 
the beretlts rrCJII using the L~laclan. 

The Lachci,n el1l11inates the stretching grobl.. encountered by the 
comple~-loo mappIng due to Chanoes In object size. When an object 15 
e~ganded the c(J'lOle~-log fI'IIPPtd image w111 translate. The ph.ls VIClted 
by this translation -ill be tilled wlth -ore pl~els s~ltd ttal the center 
ot the scaled Object. These new phels w111 not t)e slgnltleantly d1frerent 
than the displ.ced phels so the result looks like I stretehlng 1n the 
ealll)le~-log mapped im.ge. The Laplacian ot the c~le1C-log IIIaPC)ed ltAage 
will set the new phels to zero t:lec:ause they dO not sign1ticantly ch~ 
rrom their surrOl.n:Ung phels. The l..aohe1an el1m1nates hl~ rrtc).lency 
Sl:lreadlng due to the tlnlte stl'\JCture or tNt discrete Fouriu transrOfll n 
ert\ances the difrerences between IIeftOrlzed objects by ICCeI'ItuaUng edQu 
and de-emphasizing ueas or little Cftat9t. 

'.,- !:l.l Dlstrlbuted Associative ~ry (~) 

The putieular tOlll ot distributed associative IIeftOry that we deu 
with In thiS paper Is a ~e~ory IIIltrl1C wnlch modi ties the tlow ot 
inrormatlcn. St1JJulus vectors are associated wlth response vectors It'Id the 
result ot this Issoclltlon Is spreld over the entire memory sPice. 
Dlstrlbutlng 1n Ws IIItW'Ier lIItInS thlt InrormaUon about I SIIII11 portion at 
the Issoelltlon can be found In a llrge Irea ot the .emory. Ne. 
associations are placed over trIe older ones and are Illowed to Interact. 
This Mans that the size or the memory matrh stlYs the SaN regardless or 
t.he nulCer ot ulOCiatlans that have bean memorized. 

The above discussion lllu_ln.t,s sev,ral properties ot 
dlltrlbuted associative "'"01'les wl'llcl'l are dl Hennt troll t~e more 
tradlUonel enes about memory. Seeause tl'Ie .ssociations are allowed to 
Interact with each otl'ler an impl1cit represeMatton of structural 
relltlonsnlps and cont'~tual information can develOP. and as a conseQUence 
• very r1Ch level of Interactions can t:le caPtured. Slnee there are f... 
r1!strieUons on .nat vectors can be asSOCiated there can edIt ,'ltentive 
1.ndedng and cross-referencIng In tl'le II\8I'ftOry. Slnee the InformatIon Is 
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dlstributed. the overlll ~tlon Of ~ syst~ is resistant to flults 1~ 
the fIIefIIOry .-.:I degraded stilll.llus vec:tors. Oistrlbuted associltive Iftemory 
C:lotures I dlstrlbuted representltion whi~ is c:ontelt dependent. This is 
quite difrerent rrom the simpllstiC: be~a~!::a1 model (~O. 1949). 

3_ 

2.2.1) Cc:nstru::tlon Ir-e:j Reclll 
_4_ 

The constructlon StlQl ISSumes that therl Irl n pllrs of m-dlmensional 
vectors thlt are to be associated by the distrlbuted Issociative fIIe!!IOry. 
This can be written IS 

.i.- .~ 

Mil • rl for 1 • l, ••••n ,
---.here 1i denotes the Ith stl~ulus vector Ind 

~ 

rl denotes t~e ith 
corresporid1ng rE~ponse vec:tor. We .ant to construct a memory matrll N sucn 
that when t."'- k stll1l.1lus vec:tor 1.c is projected onto the spac:e defined by 
N the resul ting projec:tion .111 be the correspc:n:llng response vector rile' 
Specl 'lcally .. want to solve the following IQUation: 

(,)-'~-
4 _ 4] 4 • _]

where 5 • [slls,! ••• Isn WId R • [rllr2' ••• Irn • A 1.1\1~ solutlon rar 
this eQuation aoes not nlclssarlly I'1st for Iny arbltrlry group or 
assoclatlons that alght be Chosen. Usually, the ~r of assoclatlons n 
is smaller thlW' at the length of the wec:tor to be associated, so the syst .. 
or eQuatlons Is undereonstralned. The constraint used to sol~ for a 
\.I"\lQue ..trh W is that of .ln1l!lizing the square Irror, P~II • tlhlch 
resul ts In the solution 

.~ 

.~ .nerl s+. is known u the Woore-PenroSl generaUzed Inverse of 5 (I<chonen,
1984) 

The recall c:oeration projects ." IJ'icrown stl.uus vector ,. cnto the 
memory spacl W. The resulUng projecUon yields the rtspa'lSl vector 7. -r • MI- (7) 

If the ~r1zed st1nlllus vectors are Independent .-.::I the 1.Iic/"Olln 
stlnlJlus vector'" 11 CW'II of the IIIeIIIOriZed vectors s.c. then the recalled 
vector w111 b. the assoclated response vectorrk' If the memorlzed 
stwlus Y8Ctorl an dependent, then the vector recalled by O"W or the 
...arlZld It.1aJlus vectors wlll contain the associated reSPonSl veetor W'Id 
sc. crosstalk frae the other stored respa'lSl vectors. The resulting noise 
or crosstalk 1n thl output Is due to the sl~liarlty of the memorlzed 
vectors. 

The recall e.n be vlewed .. the wel9"ted SUi or t,.. respcnse vectors. 
The recall be¢ns by asslgnlng .el9"ts aceordlno to how well the I.I"knowI'I 
stilllJlus vector matches .ith the IIIeftIOr1z~ stlll'AJlus vector using a linear 
least sQuires classlrler. The response vectors Ire multiplied by the 
welghts W'IC! sl.llllled together to build the recalled respcnse vector. The 
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recalled resPCJ'lst vector is usuaUy elCJ!Ill'11ted by the IIIeIIIOrlzed resoons. 
vector that is closest to the \SIkr'lOWr'l stllllJlus vector. T~! d1strlbut~ 
assoclatlve ~e-ory wl11 ~Ive Intlract10ns bet.len tnt dirr.rlnt 
alsoe1atlonl end ~11 allows lome Qenerallzltlon 0' responses to prev10usl, 
\l"'i<r'ICl'W'n st 1mu1us • 

1 "Iult tolennee 1s a byprOduct or t!'le Ijlstrlbuted nature al'l:! error 
corre~:lno capabll1ties or the dlstr1buted assoe!ett't'e mel'llory. By 
dlstrlbutlnq tnt In'ormatlCJ'1, no sl"91e ~ry cell clrr1.s a slQnlrlclnt 
portion or the Infor-atlon critical to the o't'erlll perrormanee of tne 
memory. Ass,""" tl'\at there are n ISSQ:laUons 1n the II'Iemory II'ld tac1'l or ~e 
associated stilllJ1us lind 2tsponse vectors have II el.-nts. This means tnat 
the IIIeIIIOry matrh hIS II elements. Also ass!Jlle that the noise ~at Is 
added to eaCh element of 1 memcrlzed stIl1lJlus vector 1s Indeoendent, zero

2meW'l, .1 t.I'I I varlance or 61 • The reclll rrOlll the IIIemOry Is then 
..... ...... ... ......... 


(8)r • rk • i 0 • M('Ie • ~1) • rk • MYI 
II - _ 

- . lIhere 'It 11 the lrout noise vector end 'I Is t.I'II outpUt nolse vector. The 

rltl0 or the IverlQ' output nolse vlrPance to thl Iverlge Input noise 


• - vullra ls 

:\ 

In 2!. • ..!.. T:(*T1 (,)
0'..'" • 


For the autolssoclltlye el.. this s~llfles to 

1_1_ ~ 

~.~ (~ 
'1- cr..· 

ThIs sayl tNt when I noisy YerslCJ'1 0' I ..,rlzld Input yector 11 1CIOl1ed 
to the IIIIIIIOry t.I'II recall 11 ~rOVed by I 'actor correspcnd1ng to u. rltio0' the number. of -emorlzed vectors to the nunb.r 0' .l...nts 1n t~ 
vectors. For the heteroassoclatlYI IIII!ItIIOry Ntrh I sl1111111' '0%'I&Ila MIdi 
IS lcng as n ls 11Sl than • (Stlles IRS Denz, 1985). 

a. 
:L !;, • ..!.. Tr(MT1Tr(sTS}-11 (11) 

0;. •Another way 0' vie'dng ~11 error correcting proc.ss 11 to notice tNt the 
II'IIIIIOry IIItrh 11 the orthogo'\ll proJect1CJ'1 ...trh ror tIW set 0' st1n.llus 
vecton. The noi.. 'lector In thls a-d1menslonll sptICI _111 be projected 
CJ'Ito the SOlce SO.,....., by the n IIIIIIOrhed v.etors. The pvts 0' the nol. 
vector that Ire orthOgOnal to the n -.mor1zed stl~lus 'lectors will be lost 
and t.I'lls ICCCU'lts 'or the noise reducUCJ'I 11'1 the outl:Nt recall 'lector. 

WI suggest IW1lt using dlstrlbuted assoclatiye IIIIIIIIOty to 1nteqrat. 
vl,uIl In'or.ltlon rro- _ultlple cues or sourees 'or perror_lng 1.IQ' 
Int.rpr.tltlon tlskl. A source amounts to • 2-dlmenslonll 'unction 
elCtracted 'rora an lNge "'len curles S3!Ie dIstinct InrotftllUon IDOut the 
'-dimens1onal scene. In our particular case the sources 0' Inrormatlon ean 
tlke on two 'GrIllS. dIrect or der1ved. A d1rect source 15 one ......re the 
lnformaUCJ'I Is directly In reglstraUon .1 th the leonle l/111ge. tlCarroles 
wa./ld De In'ra-reel lmages, range images, spectral band lmages, etc.. A 
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derlved .;:a;;; 11 one whlCh reQUlres SCN t~ or pregroc:esslng before the 
IPltlal Inror.ltlon ls !laOe fIlpllclt. Preprocessing ellalllgles are 
Itereoosls Ind ogtlcil flow derlvatlon. Integrltlon eeans COlllbin1n, 
Infof'!tat1~ 'rCIII Slverll distinct sources to oroduee I resoonse 1fI'l1cl'l 1s 
oossibly Qultl different frOM tl'le Inout information. An e.a~~le Or 
Integratlon would bl the IOlllty of l'Iuman vlslon to elltract relIable 
vlewer- centered degth 1nforMat10n froa the binocular and Motion 
lnformaUcr'I contained 1n I set or i!lllgts. In this Casl tI"Ie 'sensors'. 
st.lreoosls and ootictl flow, Are cHst.1nct but. bot.h Cury geomltrlc
Infor_at.lon about the scenl. In ordlr ror Inror.ltlon frOM dist.inct 
sourees to be lntl9rlted at SOIfte ::IOlnt tl"ey -.s.st speak the s.MIt language. 

Lncklng 'or I generll IIIthod ror clJllll:l1n1ng II.Iltlgle dhtinct sources 
Into I II'trled Interpretat1~ is I greol.. whlch has been e.. amlned frOll! 
.."y angles. Stltist!cal IIPProaches SUd'I as carvey InCI Lowrance's (198) 
threat assessment for bettle _nagemfl"'lt .nit:rl uses Oemoster/Shaffer lIIOdel 
for sourc' Integratlon, need auch I-grlorl Informatlon about the 
staUsUcal varlaUons between the dlfferent source lIItasurlr.\ents ard Ife 
cCIIIgutltlonllly v.ry ,'o.nsIVI. Hybrid approach •• such .s Wa.man and 
DI.I'IC::.n's (1986) st.reamotion, USI I.tenshe knowledge ebout how the sources 
vary wi th elCh ot.ner In croer to devtlap the!r Ilgorl tJw, n IS I result 
art not generel or lully I.tenslbll to tr'!e edd1tlon 0' other SOI.IrCes. 
Both of these _thOd.s need h1~r level proces.lng to hirdl. CCI1rUctl in 
source Intlrpretltlon. 

DJr ClProlCh Itt~tI to ovarcCllftl the IIbo¥I prabl.... WI ISII.N that 
the MI:IUt 0' the source. vary con.istently tor • O1ven s..rout. 

, 	 Let S • (T11~1 ... I~] ..., It • [?], lfil ••• I~] be the It1a.rlus ..., 
respon.e .Itrle•• re.pectlv.ly. EaCh ,tlaulul v,ctor II ••de up 0' 

-" 	 ..T ~TriT ~T 1 _T
,lement. cW.ng f'rcn the c:tlf'.rltlt sourc:e. II • LI"w 'SaI •. "'if whll'I I,:; 

conshts 0' el.."U frca the Jth source. TN ...ory ..trh 11 con.tru:tlCl 
in t"- s_ 'Uh1on .. before, M • AS·. 

Integration 0' .ource. 1n thl. aanner has sav,ral posltlv. prapertl.s.
rlr.t, It Is QUit, general Ina .. SUCh It Is ...lly ._tensLbl. to -ultl0l. 
SOUtclS. If new sources nee::! to be IdCIed they slJlply ~t the prlYious
stl_ulus v.ctor structur.. Second, priorltlzlnO the In'lu.nc. that a 
single scurc. C8n hlv, on the outout can be dane by adjusting the Sizl 
andIor the Cj\ant!ZlU~ of .lements thlt source CIonItes to the .t1aJlus 

~ 	 vectors • 

..,-.n Egt1llent1 
II) 

In this IICtlon we dlscuss the result 0' COIIPUter .t.UIUons 0' our 
IYlt... ~ 0' object. are first preprocessed thrCUi1' the slJlsyst.ea
outlln.d In lub••ctlon 2.2. The outout 0' such a subsy.teM Is four 
vectors: 1-11' .1' 1-12. InCI 4> 2' We construct the IIIelIOry by associlUng
t"- sUllUlus vector I. r1 wl th trle respa\se vector 4> 2. for ea.c:h object In 
the datablse. To perfQl'll I recall frCIII tnt IIIetIIOry the ~ lmage_is 
pre;>roclSl by the ... slJlsystem to orodl.lCe the vectors (';1 1, 4>1, 
1-1 2, and 2' T'he resulting stillUlus veetor 1';11. h proJected onlo \:Ae 
IWIOry matt _ to produce I response vector IIhlC1"1 1S 11'1 estimatl of the 

~ '.­
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me.morhed li'\ase .2' The esUllllted !;tine vector'2 and tl"ot I11111'1t....:» 1':"11 
ue !A'O to r~struet tr. ~rlzed otl...l.ect. Tl'i! dHt'eret"Ce between t.I'Ii 
est1mated ghas. Ch tN:l tl'll pnase'ch is used to est1!1'1at. tr-.e II!O.tIt 

.L- 0' rotaUon WId sealt tl(l).rlerced by the otiJ.ct. 

L ill Il"IvullJ"lt ~eeognlUon 

"- The database 0' 1ma;es consists 0' twelve objects: 'our keys, f'our 
••chanlcal parts, and 'our 1.avI.. The object. were chos.n 'or t~.lr 
essentially two-dlmenslonal strl..Ctun. EaCh object wu l)I'Iot09raphtd uS11'IQ 
a dlgltlzlng vldeo carnera 'galnst a blade blClcgro\J'ld. We II'fO"\lSlz. that 
all of' the ll11ages used 11"1 creaUI'IQ ..-., tesUI"IQ the re<:og'llUon .ysttlll were 
taken at dIr'.rent tlmes usll"1Q varlous c.wtra rotatlons and dlstarces. The 
ImaQ's are dlg1tlzed to 2,,1(2", .IQht blt Quantlzed 1)11(ell, and each 
Object covers an area of' about 401('0 pl-els. Thls small object S11. 
relatlve to the blclcgrOll'ld is necessary due to the non-l1rear slfTC)l1l"1Q0' the c(Jftplu.10Q 1II1PC)11"1Q. The otljectl wert centered withln the 'ra-ne by 
hand. Ws is the scuret or IIII.d'I 0' the I'IOlse and eould have Oteri done 
automaUcally usll"1Q the object· scanter 0' IIIISS or SQll'll other crlter11 
determlne~ by the tasle. The orlentatlon 0' each .~orlzed Object .as 
arbltrarl1y Chos.n SUCh that t~elr .ajor a.ls .as vertlcal. Tht 2· 
dlmenslonal 1mages that are the outout 'rOIl the Invu lant reoresentaUon 
suCsysttlll are scanred horlzontally to 'ora the vectors ror ...arlzatlan. 

The rlrst e.ampl. or the operatlon or our syst.. is shown 11"1 Flgure 2. 
'1;ure 2a) is the lmage or one 0' the key u it .u ~rIzed. '1~ 3) 
11 the I.ti<nOwn obj.ct I)resented to our syst... The \I"lkrIown object 11"1 tn1s 
case Is the SMe leey that has been scaled. Fl~re 2c) Is the reealllCl, 
reconstructed 1m.. The to\I'Ided edgeS or the recelled IJIIIQe are uurlets 
or the C0l'01I...log I118PPlng. Notice that the reconst.r\lcted recall 11 the 
~rotated IIIfIftOrhed leey w1t1'1 some relse caused by enors 11"1 the recalled 
I)hlse. Flgure 2d) Is 1 hlstogra. whlch g;apnlcally dlsplays the 
classl t1cat1on vector whlch corresponds to ~ ~ hlstogrwa shows ttw 
Interplay between the IftIIItIIOrlzec5 11111gtS and II1kt'lOtfn s..g.. The -2- an the 
bargrlOh Indicates whLCh or the twelve classes the unknown Object belongs. 
The I'I1stogran Qlves 1 value whlch 1s tI'Ie best U,.ar .sUlNate or the 1mIge 
relative to the memor1zed objects. Another measure, the slgnal.to-no1se 
raUo (SNO, is glv," at the bottoll or the recalled 1.cuQe. ~ CCJIIPUIS 
the vlrlance or the Ideal recall If'ter processlng with the vlrlance 0' the 
dirrerence between ttw Ideal and IebAl recall. This 1s I _asurl or the 
~t or noise 11'1 the recall. The ~ does I'IOt carry au::n In'omaUCI'\ 
about the ~ity 0' the recall lllllgt because the nolse _lSured by the ~ 
Is dUI to .any 'Ictors SUCh IS .1sallgnment or the clnt.r, chanQ1ng
rerlectlons, and deplndence betwe.n other ...orlzed objects .... tlCh 
arrtlCt1ng quality .\a a yulety 0' drs. FlotaUon and scale estlmltes are 
..ciI ~ng vector G correspondlng...to the dl,rerence between..lJ'le I.M1cnown 
vector ~2 If'd the recalled vector $2' In an ldeal situation '0 will tit I 
pl.... .nos. gndlent Ind1cates the react ~t or rotation and sca~ the 
recalled object ""S e1CQer lerced. In our system the recilled vector f 2 is 
corf\.Cjt.ed wlt1'1 relst which means rotation If\d scale have t.2 be est1rlll'ted. 
The .stimate Is made by letting the rirst order dlrrerence 0 at each polnt 
In the Dlane vote f'or I specl'ied range 0' rotltlon or seale. 

Figure , Is the r.sult 0' randa-ly settlng the elements 0' the memory 

..... A'. -.. 11'11' .... 
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..trh to IIro. F'1gyr. ,"i) ,,",OWl tl'le 1dell' reclll;- F'lgl.lre 'tillS tl'i" 
recall Ifter )0 percent of the memory Mltrl_ has been set to zero. F'IQure 
,c) 11 the rtClll for 50 percent Ind rlgur! 'd) Is the recall 'or 75 
percent. E~ when 90 percent 0' t~ memory ~atrl. has been set to :e!o a 
ra1nt outlIne 0' the pln could still be seen 11'1 t~e recall. i~ls result 1s 
~ortant 1n two Wlyl. F'lrst. it shOws that the Clistrlbuteo associative 
.emory Is robl.lst In the presence of nolse. Second, 1t shOws that a 
completely connected network 1s not necessary and IS a eonseqvence I sCheme 
ror dati c~nssiCW' of the IIIIhOry Mltr1. CQJld be fCU'd. -eehsler Il'Id 
Zlll'l'lllrmll"l (1989) provLde lddiUonll detaill CW' thl InYlrilnt rec09"llUon 

_5_cutl1ned 1n t/'l11 sectlcn. 

Thls sect10n describes a series or e.per1ments .nose gOll 1s to Issess 
QJr IPproach to the data ruslon proolel'll. The databased 11 lIIade I.C or 15 
elasses or colored polyhedral Objectl. The Objects were vldeo taped 'rom 
dlrectly aboye whl1e slttlng on a rlat sur'aee. Each Object class hiS at 
least one otl'ltr cllss wh1cn presents the SIJlle shapt In the lnIage. Also 
severll or the classes conslsttnt of Objects of the S..I color. As 
d1seussed In secUon ,., tilt ItllllUlus vectors art or the fora 

... T ~T ..T .....T 
'1 • \.11 111 ISlil ....1"1 A. C. I corresponds to the tid. gr.en. n

il 6­
blUi channels or the video recorder. ".. gea.trlcal tun. rOftllltlCW's 
wert Obtai,,*, by rotlUng or trll'lslaUng tl'le vldeo CIIIIIU. The If'111ges used 
to test tilt sYlt.. were taken at I dl"trent tlme t.Nn tt. O'IIIS usld to 

1_ construc::t Ws IIeIIOry. 

Tlble 1 IPtclrl,s the dltlblSI (01) Ind the trlnsfor~atlons tht 
objects wert Sl.bJect to be'ore tl'le IIIIftOry recall operation 11 performed.
Each object, NlJec:t to t.ht lineer transroE'lllltlon specifled In Tabl, 1 Is 
correctl¥ recognized. The actull reclll histograms ate shown In Tlbl, 2. 
Tlbl. , shows thl resulting histograms obtalned In the presence of 
occlus1on or nolse. Approdmately 11) 01' t.ht yellow 12 slded object wU 
erased fro- the 1.fIIa9t. A cCJIOarlson can I)e !!lade between the results .01' the 
recall wlth and wlthout occluslon. A unlfor.ly dlstributld nolse of 
variance and _en eq.,al to tl'lat or t.ht image of the green sh slded object 
was 1CIded. ".. object recall. althQ.q'l dt-inlshed. was stUl correct. 

".. ....t sedes at ,.r1lftents was 11JIed at • .ploring the capabllity 
ot our syst.. ""*' pPOsed to overlap situations, 11kl those tnCOU"It.rtd 
uin; bJ.n..plcklng. ".. dltabase ror this ..cry consists or sh obJects. 
Three of the objects have • side view leu,,*, state Ilc:r'IQ .ith the stnlrel 
~ dew used 1ft the prevlous e~le. This I8IIOry ls telted using 
tnte. objects III\lch OVId., (t.ht central object Is ~rt'd by the other 
bIQ). The c.lre .:wes. slatla: to • conveyor belt, an::I IlmPles the lIftIQe 
1ft the d1st1.nct locetions. F'l9Urt" shOWs several grac:t\S which Indicate 
heN tnI recall hl.togratl vlrles as the cl/lllra 1s lIIOVed. The top thr" 
graghs IhcIIr the response of tt'll tht" objects wh1ch were used In the test. 
EICh or thel' objects were .emorized 1n two views - one from the top
lOClldng do.n and • second view frQII the side. The dotted line on all 0' 
tnI graphs shows the l1181(inua response glyen by any object 1n the memory. 
The results shOw thlt for polnts close to the central locationl or the 
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Objects betng vtewed the resoons. h correct. For vll'11Oolnts bebeen two 
Objects tnt respClnH .IS dominated by one 0' the cZJects gresent 1n the 
1nput. The dra-tng a.) ShowS the pla~t 0' the S~led center golnts. 

~ 

a) Co~luslon
L-

Our I.p.rl.,nt. d.-onstrltl the r,aslbl11ty or our system ror 2­
d1tnenslcnal 1n.,.r1ant rtCog11Uon n data ruston. Inr01'ftllUCW'I, l"",Uelt 
In the input paUern., is IIIlde ..pUett through the preprocessIng 
slilsyst... Th1s 11 rollowed by tnt dlstrlbuted assoc:1aUve ~ry ,,"len 
stores rid retr1.vtt InrorrlllUCW'I. The DAM, because or its dlstr1buteo 
nature, lends robustnes. to the overall syst .. runctlon In the presence 0' 
noIse. occluslCW'l, and other 'actors If\lCl'l degrad. per'o.rmance. There Ire 
SO'fIt prtlPerU.s or the twI .nlch If. cruclal ror data 1ntegraUon. In the 
~. t~ parameters necessary ror cOIClnlng eultlple sources are extrlCted 
'rom the tnvlronmeMt rid reelll 1s eont••t sensltlv.. .. reel In Important 
as~t or our syst.. 1. the naturll .Iy it proc.sses lCCW'Ile Inrot1llatlon 
""len Is In contrast to Al ')"'IIbOlle IQC)rOld'lU. 

The DAM, 111e. IICst other ~ IIIOdtls, does not 'lCCIlolt thI tooogrlj)hlcal 
power naturally present In vl.ual In'or-Itlon. E...1nIt1ons or the vlsual 
CCl'ltellt 1'11'1' sno.n that v1suel 1nror'llaUon is I'.lrocesMCI throur7' IIIUltlpl. 
I'IIIClP1ngs 0' the visual tielel.. Incorporation or thls type or InroJ:'lllIUon 
1nto I NN model could lead to dt.-.tlc co-press1on 0' the nec.s.ary number 
or ccrrec:Ucns and IIOr. processing I)O'IItr 'or .,tsUll tasks. All PIt t.m 
recognlUon teehnl~s. Includ1ng ~, Ire ..,.1U". to the nature 0' the 
trl1n1ng set. It the tralnJ.ng s.t Is ,.,t repr.senuUv. ot the cla... 
1fhleh will be eneo.ntlrtd 1n the tnvlr~t then the abll1ties 0' tnt 
syst. to classtry rid general1ze .111 be I'\Mc)el'td. ResearCh In the Ifli 
or NN Is In Its 1ntlncy. we ••p.ct the tutur. to br1nO b.tt.r 
IS'derst.andlng 0' theM Characterlstles Ilon; -lth new _thodI ot learnlng. 

Thec~er vislon .yst... pr'SII'Ittd In thts PICIU ... desl~ with 
only 2-dJ..menslonal ..trlc dlstorUcns In .lnc1. W, hive shown some ability 
to deal with clustered )....d1menslonal pol~dtI end Ire presently ntll'ldlng 
our work toward '-dlmenslonal Object rtecq'llUon. .. Pf'OC)Ost to use ... 
aporoach based on cnaracterhtlc vlews (Chakrl.,arty end Fl"ttIII.n. 1982) or 
lsoects (lCo......r11*: II"td v., Doorn, lJ79) .n1c:h suggests that tI'II Intl.nlte 
2-d1tlenslor-.l projections ot I )-dlI1111!!1"1S1onal Object c., be grouped lnto I 
rtnlte n~b'r ot topologlcal eQuhlllrw:1 clastts. An .fficl,nt ). 
dt.'tslCNl tecc9'llt1on System would reQUire I peullel Indedng methOd to 
s.arcn 'or object -odels 1n the l'.lresence or gec:re.trlc dlstorUons, nolse, 
ItId occlusion. o..r object recognlUCI'I syst.. using distributed Issoc:lIUv. 
tIIIIIOty can t'ul'l1l thOse reCf,llrements with resoect to c:naracterlstlc vl...s. 
The strenoth 0' b101001cIl vision Ind the .ellen,sse. In computational
vlslon lINn it =-t to analydng, SWlSing, II1d integrating 1ntOflllUon 
rrc. tN envl~t. suggest that certlln upectl need to be Incorporateo
Into tuture Iyst_. First I the 1nterpretation of the .,vlrcnment s/'IOuld
be done 1n )-<ll_enslons beeause the world I. '.dlaenslon.l. Second. 
IIII.1nta1n1ng spaUal lntl9rlty 0' the seene ....:I Its projeeUCW'I is e-tremeb 
I_portant tor r.cognlt10n and Integration, Third, tne 1ntegration or 
Inrormatlon should talee place ln an Ictlve manner. rinilly. Ind most 
i""ortantly.... thods ot Integratilrl reed to lrclude lletncds ror verifylng
assunptions II"td learning trOll the arwlrO'llllnt. 

http:tralnJ.ng


-------

, 3 • 	 ., 
I 

..l.- __---- ­

1. 	 Anderson, C. H., P. J. Burt, end Q. S. Van Der .11: ~ange Ceteetlon 
and tnd<i1'l9 using pyr -"ld tuns ror'!'ll teehnlQUes I Proc:. or t~! SPIEirat 2l Intell1Qef'1t Robets. ~ COI'IOJter ~, V0r:-57r. PO:"' n:-m:­

2. 	 Clulfleld, H. l. Ind M. H••elnber;: Computer reco;nitlon 0' 2-0 
pattern usll'l9 generalhed IIIltc:l'Ied 'Uters, Aool1td QPtic:s, vol. 21, 
no. 9, 1982. 

J, 	 Chakrlvarty, t., I/'ld H. 're.an: C!'Iiracterlstlc vll!'WS as I basl$ 'or 
3-D object recognition, Proe. SPIE 0' RObot Vlsion, Vol. n" !)p. 37• 
•', 1982. 	 -- -- - - ­, 

-.. 	'lUgeru, O. 0., It'd M. Hebert: The reoresenhtion, recognition, II'!: 
pas! tlonlng 0' ,..c sha:Mti rrOll rlt"lQe dati, Te<:hrlli1" 'or '..c "'"Chlne 
Perception, A. Rosen'eld (Ed.), Nortn.-HOlllr'Cl, 1)0. )..~l~. 

,. 	Hartl1ne, p. L. Kass, and N. loop: .... rgll'l9 of _IUtin 1n the aot.1c 
teet...... : In'1'1Iud and vl$ual Integratlon In the rattlesneke, Sclenee, 
Vol. l.ft, po. ,.,.'4.8, 1978. 

,. Hebb, D.O.: !!:! 0rnanhlUon .2! Behavior. - York: 11111. 

7. 	 Hester, C., and D. CaSlsent: Int.re1UI dlsert..1nlUcn I.aLng 
syntheUc dlscrlmlnant 'uncUons (SOF), Proc. SPIE on Infrared 
Technology. for Detection and Clasd flClt1on, ~r,-oo: 

8. 	 Koenderlric, l. l., It'Id A. J. y., Doorn: Internal flC)rae"\taUon of 
soUd SI'\apt with resl)tet to vision, Biologlc:.l C)'bet1"lttics, Yolo 32, 
no••, pp. 211.21', 1"9. 

9. 	 Kc:tIonen, T.: Self-orgal'llzation £!! Assoelat1~rlest Springer. 
Verlag, 1.9&&. 

10. Massone, 	 L., Q. Sandii'll, and Y. TI;lllsco: ror..lnvlrlant 
topologlcal -.polng strategy for 20 shape recognition, Ca!pJter !!.!!!!l 
Qnphlcs !!!!. t.ge ProceSSing, Vol. )0. 1&9.188, 198'. 

U. 1CC1elllnd, J. L.. D. E. AIotIelhut, WId the PCP Research Qr~ 
(Eda.): Parallel DIstrIbuted ProcessIng. Yolo 1, 2, NIT Press, 198&. 

12. S1D'I. H ••• : !!:! Sclences 2!. ~ ArtificIal (2nd ed.), MIT Pr'''. 
lJI2. 

13. 	Stlln. C. S. ltd D. L. 0enQ: On the effect of nol,. on the MoOn-
Penrose glnlralhed Inverse assoe1ati vI memory, .1m. .!.!:e.:. 2l ~, 
vol. 7, no. 3. pp. 358.)60, 1985. 

1•• 	Wl1CllW'l, •• M., It'd J. H.~: Blna:oull1' Imeo. flows: steps toward 
stereo IaOUon fusion, .!m. ~ 21 e!!l. Yol 8, no. &, 7lS-729, 1986. 

"" ...... r._. _ 



U. weensler, H. and C, 1.., Z111'merman: 2~ lrwu1ant object 
usln; distributed assoc:1athe 4!14!'1\ory, ~~~~ 
198', 

rec09"1t1cn 
(to aooeat), 

, AeknowledQement: Tnis work .a, ,u~~orttCl 1~ ~.rt by Natio
Fouooatlcn under grant NSF-EET871)S", 

f 

nal Selenee 

., ,f. Fl 
t fit; 

..L. 


-
'_1_ 

f 
~ 

'_3_ JJ , ,..•f. ,
'T 'T. .. ..• - - •- •It 

f 

,., 1 
JI 

l_'_ 
.... 
:.: ­

"_J_ 
f !". f- r'r­I' 



• 


, ., 

I 

Ori&iIIaI 

!s..im:uc4 1O«,a\.ion: 90" 
SNIl. ·3.3'7 Db 

'-' ­

.~--



20b - 20 .ided lIIItCl11J1 blue; rohtlon IOpro•• 30 rll)"1t
20g - 20 ,lded gr.y; rot.tlon l' lert 
12r - 12 ,lded rid; ~ll.r wl~ rot.tloni very dim 
12y - 12 .ided yellow; smaller 
lOb - 10 sided light brown; smaller rotated 20 
100 • 10 .ided orange; rot.tion AO 

eta • • .ided l1~t bllA; rot.Uon 30 

Ibl. • .ided black; taIlIer; e.tr..ely di_ 
10 • • sided orangeilarger 

lib • 'sided dIrIc blue; larger 

60 • 'sided gr..,; rotaUon .,

6y • 'sided yellow; larger
4b - ••ided dark bllAj rotation .,
4g - • .ided light bllAj satller rotation lQ 

4p - ••ided lavender: rotation 30 


Tlble 1 •• Description of 1..5 C1asse, of Colored Polyhedral
Objects and Thllr Correspondlng Transformations. 

'. 



'11., • scaled and rotated 
20b • -o.onl22 
:lOg • 0.1l2992 
12r • 0.014910 
12y • -0.002110 
lOb • 0.~899" 
100 • O. ""9'0' 
Ib • -0.008116 
80 • -0.0~10 
Ibl • -0.260'" 
Q) • -0.0'9565 
6g • -0.01.,91• 
6, • -0.0'402. 
..., • 0.010666 
40 • 0.0188S2 
.., • 0.08'681 
...1_: lOb. 0.58991} 
.tn....: 8t>1. 0.26O"} 

III - roteted 
20b • 0.U9'H. 
200 • 0.226"9 
12r • 0.091095 
12, • O.O"UI 
lOb • 0.012598 

1100 • -I.~049 
lib • 0.55'082 
10 • 0.211205 
Ibl • O. "2811 
Q) • -D.UseI9 
6g • -0.04)8)6 
6, • -0.0)(867 
..., • -0.0~1010 
4g • 0.010805 
4p • -0.20111' 
..d_: lib .. 0.55J082 
.In.ta.: _.. -0. '2(112) 

" ..I 

20b • rotated tv - -=eled Md robted 

l

20b • 0.669n8 20b • 0 • ..".62 

20g • 0.085861 20g • -0.0054•• 

12r • -0.06'5)6 12r • 0.101125 

12y • -0.021161 12y • -D.092'28 

lOb • 0.011957 lOb • 0.102195 


,100 • 0.051"4 100 • -1.020118 

'Ib • 0.0J8651 8b • -I.02O}5} 

80 • -0.021160 80 • 0.1"-82' 

Obi • -1.206991 ObI • 0.2}9798 

Q) • 0.18951-\ Q) • 0.1171M 


I&) • 0.01M89 6g • 0.0"'" 

'6, • -0.01)011 6, • 0.007695 

., • 0.001625 -., • 0.1l~ 


14g • -0.00055' tv • 0••'1811

4p . 0.08072. 14p · 0.02'719 

..d_: :lOb • 0."9121 ..d_:.O· 0••51811 


1.1nl..-: 1Ib1 • -1.206991 .1"1_: 12y. -I.092.J21 

Table 2. Qesponses 0' t.te ruslon MeMor, 


100 - rotated \12y - sc_led 
2Gb • -0.107486 2Gb • -1.016'7. 
200 • 0.016014 ?Do • -0.0104.2 
12r • -0.019175 12r • 0.007098 
12y • 0.026568 2y • 0.684418 
lOb • 0.21'287 lOb • 0.0685}9 
100 • 0.519119 100 • 0.002150 
lib • 0.01"49 Ob • 0.0n255 
10 • -0.0A9224 80 • -0.121156 
IIbI • -0.481672 Obi • -0.156196 
Q) • 0.266687 lib • 0.258971 
6g • 0.055481 6g • -I.0852U 
6, • -0.006067 6, • 0.0"109 
4b • 0.015186 ..., • 0.0.4082 
4g .. 0.061)62 4g • 0.116001 
_ · 0.2OfMJO 4p • -0.021.50 
_d...: 100. 0.519119 ..d_: 121. 0.6aU78 
.ln1....: Obi. -I.4816n :.ln1llul: Obi. -1.1561961 

.., ~, :1 d !I ,.1 ·A 

lib - sc_led 
20b • 0.12118} 
20g • 0.018289 
,12r • 0.078140 
'12, • ·0.0A1012 
lOb • 0.0820511
100 • -I.~2Ui 

:Ib • 0.009119 
10 • -1.085697 
1b1 • 0.21.761 
lib • 0.'100.' 
6g • 0.152556 

6, • 0.0401.8 

..., • 0.006260 

4g • 0.005951

4p . 0.0919" 
...I..,ln lib. 0.1)000 
.lnl.,.: 80. -0.085697 

,.., - rot_ted 
20b • 0.0"Xl6 
.200 • -0.04"'2 
12r • 0.10211) 

121 • -I.osn.. ' 

lOb • -1.021697 

100 • 0.0..,7.9 

Ib .0.01n" 

10 • 0.127751 

IIbI • 0.J0210t 

CIb • O.O~ 

6g • -D.060U'

6, • 0.0,11.' 
..., .0.,Ua.t2 

eo • 0.089829 

.., • 0.012'" 
..d_t -.,. 0.,..7M2 
._In'': 6g. -0.0QM69 

I 

.... <.1 
• II 

I 

http:0.021.50


c 

: - 1'0 - rotal ed 
2Gb • -0.0.9967 

: - '200. 0.068956 
121' • ~0.166610 

: 12y. 0.00".0 
lOb • 0.IIM96 . 

.~ 	 100. 0.0468" 
eb • -0.OO1'H. 
eo • -0.0In62 

~ ebl. 0.009852 
tib • 0.012869 
6g • 0 ••61146 
6y • 0.210.18 
.,. 0.080210 

~. ~ • 0.052528 
.., • ~0.0180.' 
Nd_: 6g .. 0.6&116& 
• Inl....: 121'. -0.166670 

.., - rotated 

2(1) • O. US660 

200 • ~O.O'U77 

121' • -0.016622 
12y • -0.010." 
lOb • O.O.~I 

A 	 100. 0.081.27 

eb • -0.062108 


• 	 eo. 0.044841 
IIbI 	.o.n.... 
tib • 0.06}891 


.. ". 0.06,.15 

6y • -O.022J05 


N ., 0.05918'
• 

-0 • 0.042'.9 

_ Ap. 0.'29,'9 
..-,-, Ap. 0.»9'" 

I .lnbIuI: lib- -0.062108 
--	 ~ 

Ibl _ scaled 
20b • -0.00917. 
200 	• -0.018269 
121' • 0.046817 
12y • 0.016891 
lOb • -0.014.01 
100 • 0.012176 
'" • -0.000099 ,eo 	 • -0.00698' 
.,1 • 0.4.58" 
6b • 0.099'5086 

,60 • 0.017941 

e' 

6y • -0.01'268 
.., • 0.02SSM 
~ • 0.020772 
Ap • 0.08796' 
..d_: 81)1. 0.""" 
.lnll11l1U111: 200. -0.0112" 

,12r - .caled end rotated 
2Gb • -0.10121. 

:200 • 0.061621 
l12r • 0.":M25 
121 • -0.011'12 
lOb • 0.090512 

1100 • 0.107102 
lib .0.1M2)59 
80 • -0.090681 

.,1 • 0.138120 

tib • 0.119825 

" • -0.071757 

6y 	 • 0.077901 
i'" • -0.016150 
~ • 0.0)2028 
.., • 0.05".2 
.d....: 121'. 0.»,.25 

l.ln1llUll: 2Oh. -0.10121 • 
Table 2. Responses or thI Fusion ...,.,..., 

6, _ scaled 
20b _ 0.0260~ 
20g • -0.0449)1 
121' • -0.276118 
12y • -0.0'-'081 
lOb • 0.1010'4 
100 • 0.0.,92' 
., • ~0.078'11 

• o.o'~ 
.,1 • -0.725961 
6b • 0.(66)02 
6g _ 0.60221 
6y _ 0.68'28' 
4b _ 0.088817 
-0 • 0.024'70 
Ap • 0.0'2"8 
..ICI...... : 6, • 0.68'28' 
.lnt...: 12r. -0.216118 

) .\ 

80 - scaled 
2(1) • 0.061:J67 

200 • 0.056499 

12r • 0.108'" 

121 • -0.00'58} 

lOb • -0.117'20 

100 • 0.009010 

eb • -0.051742 

80 • 0.98&751 
ebl 	• -O.IfM4S86 
lib 	 • -0.202'216 
" 	 • 0.0'1411 
6y 	 • 0.OU449 
., 	• 0.0"2~' 
4Q 	 • 0.124651 
Ap 	 • 0.'1146' 
..d_, 80. 0.986751 
.1nl_= 6b. -0.202216 

d 	 ~ \ ~.1 

2DO 	- rotated 
2Gb • 0.01.9" 
200 • 0.789062 
12r • 0.209688 
121 • -D.O.J2nO 
lOb 	• 0.009'" 
100 • 0.001790 
lib •• 0.091038 
80 	 .0.Ug, 
IIbI 	• 0.08:J690 
lib 	 • 0.187161 
" 	 • ..0.0667"
6., 	 • 0.0738)1 
.b 	...0.1.5125 
~ 	• -0.0465" 
.., 	...0.28)062 
.d_: 20g. 0.189082 

I.ln....: 4p. -D.28)062 

u 

.1 .rl ... 
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20tI • -0.010" 2oi). -o~ "1517 

20111 • -0.0)()'u2 209 • 0.0"1., 

12r • 0.007098 L2r • 0.0'&15& 

12y • O.AoU" 	 L2y • o.6)soe


lOti • 0.084086
lOb • O.OA'" 
100 • 0.059S82 


8b • 0.07'22" eo • 0.0869"" 

100 • 0.002150 

. eo • -0.1281" eo ••0.14027Q 
801 ••0.1561" 81:>1 • -0.56685' 
fib • 0.258971 Q) • 0.11~ 

6Q • -0.08'213 &;3 • -0.09"'79 

6'1 • Q.034109 6'1 • 0.0436Q7 

&b • C. 044082 4b • 0.1187&1 

6Q • 0.116001 4Q • 0.107182 

to • -0.02l"50 4D • O.loon, 

IIIlt It/uII: 12y. o. a""11 madllUl: 12y. 0.6)80" 
aln1A.n: 8bl. -0.1561" aln1mum: 8b1. -0.56685' 

wlth occlusionwI thout occlusion 

&;3 - rotated 

20!:1 • -o.om" 2Gb • -0.0)9071 

2DQ • O. 0A'56 200. O.~ 

12: • -0.16U70 12: • -0.14173' 

12y • 0.00]7&0 121 • -0.008002 

lOtI • 0.1186" lab • 0.110771 

100 • 0.04&837 100 • 0.091245 

8b • -o.oon7& ., • -0.05186' 

eo • -o.0772S2 80 • -0.045021 

.,1 • 0.009852 flb1 • O. CI'7o.92 

Q) • 0.012869 Q) • -o.042J76 

'0 • O.&till&ti &;3 • O.l13"l 

61 • 0.210&1. " • 0.204100 

&b • 0.010270 &b • 0.01T7" 
ag • 0.052521 6Q • O.Oflll7 
to • -0.0710'9 to • -o.097f03 
udJ"''': 6Q • O.&till&ti "'Ills...: '0 • 0.'13"1 
alrWl\..ll: l2r. -0. U6&7O 	 .uu...: 12:. -0.141735 

"ithOJt ,.,1.. 	 not. CD•...,.,,) 
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