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Neural Architectures and Bidirectional Model for Object Recognition
Hiroshi Ando

ATR Human Information Processing Research Laboratories

This paper discusses computational and biological issues on object recognition in the 3D
world, and presents an object recognition mode! that is based on view learning and bidirectional |
relaxation. The paper also compares the bidirectional approach with the conventional
unidirectional approaches, and describes its relation with some recent ﬁndmgs in psychology

* and physiology. The performance of the model is further evaluated through computer
experiments that use gray-level i 1mages of several 3D objects. )
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HAABMIL, 3ATHRCBIA2WEOZHEEZVED mﬁmmo TWAEIKEBXB. . LdL,. %hkﬁ
CLBRR R EEBTERIL LS L33 LT LB TRV I Lihe 5. 2N, EREOSREELS, £
A LBEROEAICLIVELTWERLTHS ). TTE—DERI, HBYRICELTEOBRRLT 7 AF v
PERIERT A ETH L. BIC, BERLHEREIRMEYESEMNR T2 256, SITRMN 2R EFE
THOFRESRD. B, RARLE - RYEEAORYEIC I N ERIEIFLIERTS. Thid, BT
D EOFALEG TR WEOBRTERIC L) EOBRCEROFERIBOA LW LICERT . £, #K0
MEHFET 254, ShN- BN ER (E2D) »*ELR. B, BheHmE OERFKIZLY,.
CEHEETHEONERKE SIIEbFET S, RIS, BHOKICLY, BLBECEEELS. Thbo
EARERICIMAT, SAE-HEHO A LT ENERICHENELS. TOLIRRBR-FZAF v BB
B-AES-BEALECOEICEEY 2EHFBART NERYIS, O L5 XTIl EREBTELIOTSH
Bd 0L YBREROGTERBLERELRES L, AERFLHERBEOLBORETHL L
Bib. FRTRE, . [WERERAOEE) RV [RAMEMEE] 288 LT 20HEEET T VIIOVTHEN,
F OB L ERPHAERNZNLZLHICOVTRFL, FHERIC I ZBEOERFIZRTT S (Ando, 1996;
 EHETHE 1997) . I3, LTREFLRAWFEOERBESI IOV THBELT 2.

. #E (leaming) ¥, —HWIBEHBOEREEUHETH L, BENCHREEROKITRBLRALTZ
LA TE2 (Duda & Hart, 1973) . IS, MBI TR (BT TEOBA RS ERESFESBREAT
& T2 (Hertzetal 1991; Bishop, 1995) . Hl% &, #Hid 92T (supervised learning) DEAEL, BHEEM (
function approximation) Ta& Y, ARA DB (examples) 25 () BEO/TF A7 2HETHHETH L.



—BAT A—FARINE, FEBCACTORVASBISH LTS, BEOMMED 5 LT ErEs T
&% (ML) . #iZ, MLP (Multi-layer perceptron) %°RBF (Radial basis function) % & DIEMERIBAT—ARIZ
Hwbhs, ZhoDBKiEdy b7 -2 TRATETHY, +5%2= v IS NITEEOHRTREEE
PTESZ LHFEHA SN TV S (Funahashi, 1989) . —75, #bifz L#¥E (unsupervised learning) 1, Hi77% M
TMICE XY, MERAPEZUNOBMRZTTHF— 7 CBURREL BT AFETH L. HLE, RTEMR
RIFGRAEN Y TPINICHET S, BRI, ERLONY - VEBOTERETHS (Duda & Hart, 1973) 2%,
Bl G IR ERLYEIRORE TEEBNICAVS R TE TS (Nayar & Poggio, 1996) . I hid, Thg
OPBEHBRICEICFEINAT, HEIN2FEERVT, LV REKZBHEEREBHELTVEPLTH S,
I, AERICBVWTIR, EELEGIRE - 20 SHERII BV TEKNLRBREHERLL TR LELLNRE,
~7, BALE (bidirectional processing) & IZH— MBI T 2HETHY, LEZERMICEDLD
THEZL, ERORBROMTHRE BRI LNBHRERT. DEZRRSTRENS (OBREIX, —&
CHEOBERICREENR TS0, HEORBROFONELHEST S RAmp 28N, Toebb#Esic
L 24H (analysis-by-synthesis) FHEME LTV L EZ bha, 2, LENKREEL BOBEI, Eir
(BR) ORBROHREZ T (BR) ORBERICT7 14— FNv 7 LTELBRT2Y). IOk & L OMER
o OEHIE, THORERINT 2 EHECTFH L LTHEIET 2. Az, DEZEROPHREL U TEHRSW
PEGERET2IBE, ADERICMR T, BRERISERSNDHEAA-TVEFHATLZLIZEY, &
HERETELODLELD, HoTIE, [EREAVERE] FHEEALTILHTES,

ARTH, TTF2HIEBVT, fEROE -FAMLRABEFNVERBRL, WHMAROKYEL B<5. 35
T, BOFBRBERICET A OEEN EBENAREBEL, AT /Uu-FLoREEZRINT S, 4 HTE,
WHAREZFE L - DEZEE EF VLT I2RACOVTERSE. TOEFNIE, RARECTER} Y F 77—
 O%F L RS BHGEIC L AR CHETVTVE, SEHTH, IOEFVERAVAFHEREROERO—
ERT. 6HITHR, $BRICBRSNABRELZRLIE, FRMEFD S,

2 %1*585&-157'111 ERF@MPYF7 7O—F

RETRER OWHEZEBT FVEBBEL, NHMRE X577 0— —FORYMICOVTHERE, 7, B
HBREOHE LT v TWLFELLTE, XOLI2000H5. H—I2, 3RTHRE (D primitives) ¥4
AEb¥T, MEWEOMEL Yk LERRTIRAT 55 (Structural description approach) & 5. Hlxid,
—#%{tFI4 (Agin & Binford, 1976; Marr & Nishihara, 1978) 2 #lA4 &b THHEL BT 2 HEIRRI TS,
T, 3RTERBEL PV LB 2 WEZHBE TN L L TIiEGeon modelH*$H % (Biederman, 1985) . Shb
DFEETHERE Y SEIRBTENITERHTH LY, IARREELMET 2005 H X Mt a L,
BEROBRILT LD IRAREZCRSORTELVEICHBEND L £2 00 5. £, BU¥HALE
" {Geometrical invariance) DRI X HZRBEFETH S (Mondy & Zisserman, 1992 2.L) . T OFEREEN L
BERICET ARERYEDH A, EHROSHLYEFERICERN L TAEREBETIORLTLIESTR
ZWEBDbND. EZOFER, BALRSY L BLDERYEEARKAL LTAV ML (View-based
approach) T 5 .- Ullman & Basri (1991) i, PHOMEIEER (view) OBEHE S THEEORERERBTES
TLERL, COFEXYERMICHEALTWS, T/, PoggiokEdelman (1990)it, MBOZEEBEET LY
7abryA4FL LTHEL, FAL0WHE (L) kD RAFRERE KB T ARBFAY M7 -7 ETF L 2R
KLTWE, 8512, EHSHOH KLER) 2HAVTEERTEEML, ERTEMTIATHWEORNET L
3 FEIRBEINTWVS (Murase. & Nayar, 1995) . = 1 b View-basedDFikld, MBOFBREREL 22
BOBHENEL, LBEFEBHEM THL I LIFRTHE, R L—RIZ, erxfmtmvz ;&
BRIBATHERDH L0, BEIR M 2HIETA2TRIDEE 5.

I =DNTTU—F, Py ABETERLABMERTHS (Lowe. 1987; Grimson, 1990%) ." =
nit, BRE-RIEBOFETH), FPOERBLTEVEYEROET TV LARE WM ORI IS L THREIHNIC
BV B4 (Model-based approach) T 2. TOHiER, ANWRZ > LEEEBRT 50 RELKER, 6
21T, MEOWERMTERNFE L TWE L) ML EROBITICE, BICHHE2RET 5. FlXiTLowe (1987)
13, BRAOBOICERR S Nk R T 2000, 3ATMLYBETNE BT, ANPHROBSFRz#E
L, 2OHAY» S RAEREDBEF VL VAR LTANEREBEZIT 2oTwa, 1L, TOFEIBA



BT ITRAFHALES (BOOBARPETELY) 2AVTVE 20, MRYEIIERTEE I NS EAE
IBREERTWS, —F, Wiskottk Malsburg (1993) idview-based® FHE%R->TH Y, GaborlK THB & h7-
ﬁ&iﬁéﬁﬁthé,ﬁﬁm%wﬁE&b STHET AR BEAMRERE) X L THEERO®RE
LBERThoTWVA, 72721, BEEISHRT 21243, B4 28 HE LS R0WEE L BRWBAIC
VELZEEOHEILEELH22) . #oT, HEEGLZBICERL CADERICUTIDEZTTRL, ¥
IV YEERLEEL, TRALEANIBLTEDIIIBRL TV P EFEFTMET H2LENHS S .

DLEMRALFERFE R LT, RN 2ABERRIEL NS, H—HMAE CidERoRB2E KRNI
FIOKHLT, RAMLBTEIR 2 2LABROMTHREBERSES. ZOFRTIE, EROLBROBT
RHAERERBREL RV ETZLIZED, REDLVAVOBERLZBAL, &ML REL RO L2 EEL
T5. 52, BEIZHCBNTE, ATERIOEZATETL S LREM L REERY S WERER TR S
THREEERETAZ LI VEEOFEELEDS. 8610, IVFEKEIRAFALEET 20100, B85t
EHIYERBEETFORLICRELALY, BICE&TOEBELRET 2011817, REERLELYERR2¥Y
XD HBTAIHERNET L, 45T, T0LILBEREERLE—2OYERBEFTVIIOVTIHRRS,

—%, SHICRLZRAEMNZLEEIIMIbRREATEI TS, T, Mumford (1992) 137 1 — K5y
IN—TREUCRREFTNVEREL, BOTHBBL LTORYEETRIF LTS, F7-Ullman (1996) b, HE
B H ORI & BT 2T, WAMM2ERHE 7V (Counter-stream model) ¥ F#E L TV 5. Ullman®%E
FATIR, BROP»280ELHE2ETA0, L& - THEOTHHAPLEEDORALER L THEFIN
KEBAZTRIFZFFRELTVS., 7L, MROEFLIBENEBALICE o TBY, ZORGNE
EBHRIIL T L OB TII R\, T/, RaokBallard (1997)iF, Kalman fileter% AV C L4 5 FREOFHE % £k
B FRT2ERMETVERRL TS, 27L, TOEFVTIRELR 2RAD 50 EEROBBRITE
TVRW, 512, EROEZOMEDMBET NV LIREER TS (Olshausen et al,, 1993% ¥) . ZHEDEF
LTI, EN»OWERBOEREIT 2 LI I, THNOXRBREZERL (0H) Ly, EFRAOERD
OB ET 2> T3, —F, WEBBUNORETL WFMORBEARIRREIN TS, Kawatob i3,
R TNV EROREES NV E LTERL, ERHMCS T 2 0EERHECREOFREME (Kawato et
al,1993) ISHMAIL, ZOAMEERLTYS. BB~ 512, RAMEEIC L4 2BREATRTHD,
FROOMES TEERTEIEIZVY, SBRORMIMRENIEIFLETELL.

3. MRRICE INGHRA L BMAE

FETIE, € PRFLOHERICEV D MARMEICEL T, WEERLRMBEL VI ZooRA» S
CRITHLATVAMAYERL, RARNEFVEOREZRRTS. 7, WERBCBHLTE, z}oﬂ
HAFHE CEYHEERTRIETAZ LIL Y, 3RTWAOARKXAIR ATEIRAKESI LV ) BRI LS
NTEL, IRRLRBERA TR VY, XD 7T —OWEZR (MLATFORIILEY) TR, HATML
i L TEE DB ORMATEE (Biederman, 1985) 774%, T2 5 ADZM (B4 2EOBMALY) T,
BAIRTE L 2 R T8 & R TV S TR AT\ (Bulthoff & Edelman, 1992; Edelman & Bilthoff, 1992).

=7, WREEBZOKRICINI, YA FVOKBREOTHEE (TH) O (TEF) ik, HEY
B2 — VBB AMRSFEL, LAY - VIS ET 2RI RIS TITA (EVa-N) %
BB L T2 Z & A57RM & LTV 5 (Tanaka, 1993; Tanaka et al., 1991; Fujita et al., 1992). IS, 3RTYHEIHL
Tid, ﬁz@ﬁﬁ# RIYHRIEET 2 MBANTE I FET 52 L MBS N TS (Logothetis & Pauls,
1995; Logothetis et al., 1995) . & 512, ABOBERIT X HAICEEL 255 2RT 5 &, BT 2 HRATTH
DERRE 2 RO BT 2 2 & AFRFIUELACLERTHRR SN TS, RAKE L RRERD
A LTV BT BN S LTV B (Wang et al,, 1996). ' :

Kz, BEBRCHLTE, MEPLVIE, V2B, VAFER UTHICE2 QIEF~0&E% (ventral
pathway) FEERMZFBROFKNLEZ LN TV S, Thorpe s (1996) 13, LIERE (HERICBHWHIEETL2H0%
HIK) ZAVCe FOROFRWEEN (ERP) ¥ HIEL, HIHICES 2BEAED TEY (#150msec) = &
R, RDMARVE-FRRETHELERLTVES, LPAL, ZOEBRTEIESINZEE FEr 5Ty —
DRH) FAVERTVEE L bz, ERFHBNER GHRYEEIE—THE) Tho0, BEOBMELE
BT, E—HRAEETTYERIRITE IEMTH S, £, LEABRRSLOTROLESORLETR
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g LEENRR L UT, BROEEOES S 2 HILEROTHBRE (B2 1IMumford, 1992) FHILA TV,
¥:IZ, Cavanagh (199D, ZICHD 2 LHBRRE G LT, BEOBRFANERZ T ICESCOTREL,
EEEERIBRICES LTVwA I L EERL TV, éBkﬁﬁ:Smmk%gm(w%)ﬁ 2N e Sac /01
HES (HErSO3RTHENE] KBS 22 L2 RTLEERETEV, BT uﬁmﬁﬁﬁr/
T N TEE R L TV 5.

—ﬁ,Eﬁimum.#»0%0%8@1@%%%Kﬂﬁ@@%%ﬁﬁ&?é:tﬁﬁﬂimu%a#mé
ATV (Felleman & Van Essen, 1991) . %7z, BREBZEOERY 6, BROAF» L OF#s & RET 2
FRERL LT, VAFOMBOBEN AT DA OBRLERI L VET 52 L (Haenny etal. 1988) % &9
FHhD, X512, PETRMRIE V1o - FHEROFHHIRE 2 AV AR L ) R 5 OBES X -V OBER
BARBRONTETWVS, FlziE, Kosslynetal. (1995) (FHEA A—VHVIBTELTWAZ L 2FKT 2
PETOEBMRERE LTV 5. CHETHET»L OMEIc 2b0rEr 005, 2720, BEA AT
DERBFFEE CBEESNA I REEEo TR, FIXE, HMEL-ERE BEERE S LICHR 28T 2
L X, FRES» CEEF~ORANRIoTWVAH T &2 RET ZPETORE ( mmleww)bﬁb B
OEBFFFEIES L TWAI LFEILND.

uxmﬂﬁ#%,Wﬁﬁkhﬁb%ﬁiﬁt*ﬂﬁﬁumLf,*wlitvx%Aﬁmﬁféé.1)ﬁ
EEE L EREA OB RCABNIC I SR YT ER, £ 5 AR BETT L EHRF T HERE
IS ARICIERNS, 2) ML HROWARBICB VT, BB, O TRETICE2B—HREkREic
m%f,ﬁﬁOﬁQMvmuﬁmW&ﬁﬁﬁﬁ#ﬁ%&&ﬂ%%era.tﬁL,:5AW®§ﬁ%ﬁ,iﬁ
WROAEY, FFMTEESNAEBNELY, TOFMREZHEICREY. HEROMERZOENI,
%ﬁu;aﬁﬂ%mbﬂ&&ﬁe;*ﬂmﬁmuﬁLTMﬁiéﬁwr,%m%ﬁﬁﬁ%ﬁ&Lr&at&f&
5. KRB CHRSAIHBEFNIE, TOLI 7 TU—FIlilo THREN—DORERKXERL TS,

4 PEBROVEEEFIL

FHTHEND 3 R HIEATE 7" Wik, IEAZ’J BCHEERY T2 (Mixture of auto-associative networks)
PEVARAKEERORE L, RAEE EREE ERERBELITE A B%W&H?A%ﬁtr 3 W%
F15+% (Bidirectional relaxation) 2 X D E N T 5 ‘(Ando, 1996; BEH & %07, 1997) . HOEER Y =7
X, BEEGPEHTIEE -7 bOYThHY, ARHRBICKRTREBOLI=y MEAHIR S N &
BoTWA. foT, ANRORTE PHBTEML, AH OHEHAA P ERGCAEL TV ART (58
BT A= LATE S (Hertz et al. 1991; Bishop, 1995) . IBOR Y bI— 7 RV HE, WEERO-F
&T&biﬁﬁﬁﬁ(ﬂm)k$ﬁ%kﬁ%0km&ﬁ%ﬁ&7utﬁﬁénfw%(mmwm)'~ﬁ 558
(EsEMR 3L ATIIE OFy 7 7 2 AOREER, EREORTEREITEI I EHTEL LD, &
h 3 CHRTIT — 9¢§E&®Eﬁ(mMm&Cmm1w%) SHBORKEIL (Usui, etal., 1992) , %ﬁ%ﬁ
D7D OBEYE - EHFEROKEE TV (Uno,etal, 1995) SITFIAENTE TS, & 5IRA, Dayanetal.
(1995)i%; m&%lﬁﬁ?baaﬁﬁ%fw%&XL,bh%mmmMmmthzHHTW5 —%, BEB
DETERR Y FT—7 13, ﬁﬁﬂﬁaﬁ@%zz—w%MWTﬁ£77ZC&k%mEﬁT%%fﬂf%U
B|ALL 2 F R ITREIATWS (B & %, 1993, 1996; Suzuki & Ando, 1995; Hinton et al, 1995; Schwenk &
Milgram, 1995) . %512, Suzukik Ando (1995) 1¥, REROBABERET L (Jacobs, etal., 1991; Jordan & Jacobs,
1994) ZHRLT, BM% LEBICEY ANT— FORMYR I TRAE ) YT RFLI FELRRLTVS

@1Lr1lvk.$%?wwﬁﬁ%u IROBAASBETEERY b7 — 27 (WHmE Y 1~w)?
BRENCVE, ADERE, 77 ARKECL)PHEsh, BFUBCBVTRRENBESAT, &
ETA-NADANERD. HET 2 -V, B OYMEORE A BN S S ORBEREERL, BUALR
fﬁ%ﬁx?%ka+ﬁﬁﬁ&bné bbb, COEFLELTHHEOLTHEOT FREERLOT
%<, Aﬂ?—&@ﬁom§ﬁ%mb%<xaﬁﬁﬂEﬁﬁﬁbh EROEREFIEEILTVARENE
%If&%fﬁﬁﬁhmﬁﬁJﬂmméhb WL, AHOWERBRIH LT, SV 2 VRN
mEiEEL, %htﬁfT%%%ﬁ%@ﬁLf&b?% ZHrE, ANEEZEDBFCERTSEY 2NV E
BIRL, %hbﬁf?a%ﬁ%ﬂ&%waLfHET5 %w%ﬂﬁ?a%W?(dumm)tLru UFo
ka%/l—wmﬁmﬁﬁﬁmmW&&whmmam1%”



f=exglHy 3]/ 2, exs[-h-s[] &
CBALIbDEAVE, 2T, y*ly3Th®n, FENEV - NVICB AN LBARRT. ZOHI
Fit, EEBREONEVET 2 - LTI 1 IZEVWER, FOMIZOISEERZH T 5.

FY P72 ORFILTOLIATL). D VEE TR, PBhLET2-VoXEHEEEZFOEREL,
AHHOBAREREEBNCTAEICF Yy VI =205 2—% (VFTAME) FETH. —F, ¥@nL
FEOBER, BEEEEETIC, EROYEORLR TS OWEEEY BEBINICZ S5 V7 LS,
BFEV2-NVOEFERT). ZOPERLET 22— VOGRRR, ANBOETHEECELTEES2- VDR
HEEETAHEEHB BV THEEEING. Zhix, BMEL

s exi[-aly*-y]

Z eXP[—IIy -y, H]
OBRKILICE DERE NS (Suzuki & Ando, 1995; $iRE KR, 1996) . T 2T, aidEV2— VHOBEOMHX
PRODIEHTHE. COFHELILRLEDIBOEV 2 - LVOARN ¥ —BREEE2—FT, BIDET 2—
VOABRITBELENS LR DS,
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1 I EODHEEF L
KIS, BAEMBMEHCEICPERRICOVTHNZ., —RICBERFICBWTR, #4520 AHFAP L0
WhESAN S NH L b, MBEN, ERAOE, EAR: COERERe, EHOWEKOMTHRINL
ERFELHEL, 6oT, BB, BE (view) OE, DEERORE, TROBE (AHEL ERED
¥E) &5, ThoBEERFNRRICH LD, ThOLTOHREEFABICED DUENDS. LoT,
BFoL5 ZrHERBOBENL (22 FOBME) L LTZOMEOERLETRS !

zdi,j[l(dxi.i’dyi.j) - R(I)]z
023y, =)'+ (b=, )+ (s, =)+ (-, ) ]
+172(1 -d, j) - e

TIT, TRy bU-s DR, RBERGERDL, (b ,dy, ) REF (6,]) 1B BEZEAS b1

rEDT. RI, oT(dv,dy, )ORMTHS. $7:, d 12 WHEERIEF 2R, 0) O 2 LK (data
process LEER) Tha. AL RENTHE. #oT, # LEINEERAOANRL ERBOBEOEENE,
2R (EAMLE) REMAZ FLOZMBLELF SOEAVE, $3 HREREE~OSF VT 1 2RbL
Twa. ZOFMREOREMICL Y, BRMELED T (dx, . dy,,) EWEERETFT d 2 ROB. —F, &



NIIIERBORBILI R 5720, T OFMHERBOTFSEENET 2 L L b, ERBRTH®RICLY, [*yby-—
ZIZE BT - WHRERER] & [ERBEANROES WEEROHE] #RE LSS, RBEOREE
TR, Tk ERE, B1ICRTEEBHZLBEROM L RFEMIIRLS Z itk s,

5. EtEKEER

BAiFTNT T, FERTERLYE GHERWE) SEWE (AB) OBREGREZEVT, REFLO
45 % EERAICRANT & 7- (Suzuki & Ando, 1995; $i7k & K, 1996; BEH L %7, 1997; Fujita & Ando, 1997) . %
OFR, UTo L) 2B on. 1) EREE: 2y b2 0%BI2L 0, HEFRICHET 5HRS
PERBICHE D, 2) Bk RBEMSEORBERAOWMMICLY, RLesRALrL0YBREERTE
5. 3) WHOEE Xy b7 OETHELACTHAOBBISTRETH LS. 4) HOERED  BFE
OFy FT—=21%, HELAANER Y LTHEEGEZ P2 VBETE 2, 5) LS | ENSBOWE
BOFET, RELPRPOOWKMELERTES. 6) ML LEE . WhOFAVES LTI, WikiEons
FAINYTHTRAA. 7)) RRBIELSEHL RARBMEEICL Y, HaoE, EREROBIE, Wk
ORI T2 D, 1L, DERRAFHITEL2IOTELR, BAL2BERFEHLZLEMFIMATS
R, CoPPLaEbicBELERERY BT, TOERELIPLELIFLTSEL

H2it, v b7 -2 2EWEOHRE R COENRMENL) TEF K, BomicElR (KB Lig
1bEE (LEBES  FRLER) 2 ADLAZRLTVS, 5y FT— 2 0HDER (RERER 13, BCE
B LY, BEEEICENL 2 EEA ER SR TV A, ANRRERSTERSNLT VW20, Whoss
EEPLEMECSPABLTERSENTVS., LoT, ABRNEROFEIGERR (FERER) ERFERICL
TLH—F LRV, 22C, ELEFEROAEREROBRETHERAL, COEBRBFRY P7—2ICAHDL,
FEHOREETRY (ELY25E) . 0L 2RARHLAEBERYET I LICXD, HRLAEREBROE
ERENF LB L LI, REH (£%) ORELIELVWEICET I LAb2 2 (EFl2HEFIN) .

|niﬁ‘al state —» Final state

B2 : EAMEEES A LR

B33, WHOWEIE: > THET 2 HRICBIT2 A (£%) #E, NERE BXUDEHLOERE
ARLTCWVE. LEROMOKR, TROYGEFFLALLEDERT7 LV -LAONEERLTVR2OIML, M
Bk 7R PBICERLAEE T L- A OBRRLTYS, WAL RF R EORE, ENOWEI /T2
BB LA, WEERORESBYICAEbNS XS0 (FEOR) . 2612, WHORL 3E$I:
HFUTY, BEUCYAERFSRER ALYV HEATVS, 2, 22 TRRESATVERVY, FHCKET
YT X D BAMERAE LA T, Ak UERE AL onTERAERIEOA TS,



H3  HBOWKHTELZ > THETAHRICBIT 28N (53 K, NERE, B LU

6 FERETED

NI COREDHFIRIC BT, Be 2FECERIERENT E 70485, SERNLZERMET IR 27
LADFOBNITERMCRIIZVE I ICBDND, THIREICHERIC B 5 X FROEA S LHFIMERES
Lo N OB TR, ERMAHERESRATH LS, L TREVES S . KFETIE, W
BATHEECELRLZ2O0ND (MEREBROFT] & [RAHMLE (HEER) | 2HV—20WEDE
EFVERRL, TASEDICRET 2ERAEZRLA. LAL—FT, BB OREINHRIIRIA TS,
BT, LVEBLEREY (Ty U B SEREERE SRTHEL LX) 2AVEE AT Y TREOKE
ThHAH ETIMI, Vo7V UER (BROWE- S M- 2E) ORENLRBEAETHS. B,
INLEHETALIVONR 2O RYETALT) ZLAORNTHL., ThsOTEEHELEL ZAE» LE-
T T ki, Wﬁﬂ%kﬁﬁ&ﬂ%wﬁﬁﬂﬁil&IOBWt#za '

EEW : ‘

G. L. Agin and T. O. Binford, Computer description of curved objects. IEEE Trans. Comput., 25 (1976) 439--449

H. Ando, 3D Object recognition using bidirectional modular networks, in: $.Z. Li, ed., Recent Developments in Computer
Vision (ACCV'95), (Springer-Verlag, New York, 1996) 467-475. :

L. Biederman, Human image understanding: recent research and a theory. Computer VlSlOﬂ. Graphxcs, and Image Processing
32 (1985) 29-73.

C.M. Bishop Neural Networks for Pattern Recognition."Oxford University Press (Oxford, UK, 1995)

H.H. Biilthoff and S. Edelman, Psychophysxcal support for a two-dnmensxonal view mterpolauon theory of object recognition.
Proceedings of the National Academy of Science USA, 89:(1992) 60-64.

P. Cavanagh, What's up in top-down processing?, in A. Gorea, ed., Representations of V1s1on Cambndge Umv press (1991)

P. Dayan, G. E. Hinton, R.M. Neal, and R.S. Zemel, The Helmholtz Machine. Neural Computation, 7 (1995), 889-904°

D. DeMers and G. Cottrell, Non-linear dimensionality reduction, in: S.J. Hanson, J.D. Cowan, and C.L. Giles, eds., Advances
in Neural Information Processing Systems 5, (Morgan Kaufmann Publishers, San Mateo, CA, 1993) 580-587.

R.J. Dolan, G.R. Fink, E. Rolls; M: Booth, A. Holmes, R.S.1. Frackowiak, and K.J. Fnston, How th e bram learns to see
objects and faces in an impoverished context. Nature, 389 (1997) 596-599. :

R.O. Duda and P.E. Hart, Pattern Classification and Scene Analysis. (John Wiley & Sons, NY 1973)

S. Edelman and H.H. Biilthoff, Orientation dependence in the recognition of famxlxar and novel views of 3D obJects V:smn
Research, 32 (1992) 2385-2400.

D.J. Felleman & D. VanEssen, Distributed hierachical processing in the primate cerebral cortex. Cereb. Cortex 1 (1991) 1-47

1. Fujita, K. Tanaka, M. Ito, and K. Cheng, Columns for wsual features of ob;ects in monkey mfcrotemporal cortex. Nature,
360 (1992) 343-346.

T. Fujita, S. Suzuki, and H. Ando. 3D object recognition by couplmg mixtures of autocncoders and dynamlc matchmg,"m.l\
Proc. of the Inter. Conf. on Neural Info. Proc. (Hong Kong, 1996) 377-382. .

EERE, ZRILE WABREIIET L 3 RTYHRERDTHL, 15253, NC96-46, (1995) 55-62

HREBE, RRILE 3 AT ERAOEE EHMEHE TV, BEER A 7 1 7F L8, 51 (8) (1997), 1249-1261

T. Fujita and H. Ando. Image segmentation for 3D object recognition usmg bidirectional networks Proc. of the Inter. Conf.
on Artificial Neural Networks. (1997)343 -94¢

K. Funahashi, On the approximation realization of continuous mappings by neural networks Neural Networks 2 (3) (1989)



183-192.

W.E.L. Grimson, Object Recognition by Computer. The MIT Press (Cambndge, MA, 1990)

P.E. Haenny, J.H.R. Maunsell, and P.H. Schiller, State dependent activity in monkey visual cortex I1. Retinal and extraretinal
factors in V4. Experimental Brain Research, 69 (1988) 245-259.

J. Hertz, A. Krogh, & R.G. Palmer, Introduction to the Theory of Neural Computation. Addison Wesley (Redwood City, CA
1991)

G.E. Hinton, M. Revow, and P. Dayan. Recogmzmg handwritten digits using mxxtures of lmear models, in: G. Tesauro, D.
Touretzky, and T. Leen, eds., Advances in Neural Information Processing Systems 7, (The MIT Press, Cambridge, MA,
1995) 1015-1022.

R.A. Jacobs and M L. Jordan, Learning piecewise control strategies in a modular neural network architecture. IEEE Transactions
on Systems, Man, and Cybemetics, 23 (2) (1993).337-345.

R.A. Jacobs, M.L. Jordan, S.J. Nowlan, and G.E. Hinton, Adaptive mixtures.of local experts. Neural Comp., 3 (1991) 79-87.

M.L Jordan and R.A. Jacobs, Hierarchical mixtures of experts and the EM algorithm. Neural Comp 6 (2) (1994) 181-214.

M. Kawato, H. Hayakawa, and T. Inui, A forward-inverse optics model of rectpmcal connections between visual cortical
areas. Network 4 (1993).415-422.

S.M. Kosslyn, W.L. Thompson, L. Kim, and N.M. Alpert, Topographical representanons of mental images in primary visual
cortex. Nature 378 (1995) 496-498. .

N.K. Logothetis and J. Pauls, Psychophysical and physiological evidence for viewer-centered object representations in the
primate. Cerebral Cortex, 3 (1995) 270-288.

N.K. Logothetis, J. Pauls, and T. Poggio, Spatial reference frames for object recognmon tuning for rot:mons in depth., AL
Memo No. 1533, C.B.C.L. Paper No. 120, MIT, 1995.

D.G. Lowe, Three-dimensional object recognition from single two-dimensional images. Artif. Intelhgencc, 31 (1987) 355-395.

D. Marr and H.K. Nishihata, Representation and recognition of the spatial organization of three-dimensional shapes. Proc.
Royal Society of London B, 200 (1978) 269-294. .

D. Mumford, On the computational architecture of the neocortex II. Biol. Cybern. 66 (1992) 241-251.

J. L. Mundy and A. Zisserman eds., Geometric Invariance in Computer Vision. MIT Press, Cambridge, MA (1992)

H. Murase and S.K. Nayar, Visual learning and recognition of 3D objects from appearance. Intemational Journal of Computer
Vision, 14 (1) (1995) 5-24.

S. K. Nayar and T. Poggio eds., Early Visual Learning. (Oxford University Press, Oxford, UK, 1996)

E. Oja, Data compression, feature extraction, and autoassociation in feedforward neural networks, in: T. Kohonen, et al. eds.,
Artificial Neural Networks., (Elsevier Science publishers B.V., North-Holland, 1991) 737-745.

B.A. Olshausen, C.H. Andersen, and D.C. Van Essen, A neurobiological model of visual attention and invariant pattern
recognition based on dynamic routing of information. The Journal of Neuroscience, 13 (11) ( 1993) 4700-4719

T. Poggio and S. Edelman, A network that learns to recognize three-dimensional objects. Nature, 343 (1990) 263-266.

R.P.N. Rao and D.H. Ballard, Dynamic model of visual recognition predicts neural response properties in the visual cortex.
Neural Computation, 9 (1997) 721-763.

H. Schwenk and M. Milgram, Transformation invariant autoassociation with application to handwritten character recognition,
in; G. Tesauro, D. Touretzky, and T. Leen, eds., Advances in Neural Information Processing Systems 7, (The MIT Press,
Cambridge, MA, 1995) 991-998.

P. Sinha and T. Poggio, Role of learning in three-dimensional form perception. Nature 384 (1996) 460-463

i%ﬂcﬁ BRI, €Y 2 — VEGIC L 5 3 RTTWHRORH & 7. 5FHH, NCI3-62, (1993)59--66

Bk, ERILE, 2 KTHESRS S0 3 ATHHORBES -V a2 - ViBEE RV HRNZ LEFET V-
B HEEFEARICEE 179-D-11, 7, (1996)1291--1300

S. Suzuki and H. Ando, Unsupervised classification of 3D objects from 2D views, in: G. Tesauro, D. Touretzky, and T. Leen,
eds., Advances in Neural Information Processing Systems 7, (The MIT Press, Cambridge, MA, 1995) 949-956.

K. Tanaka, Neuronal mechanisms of object recognition. Science, 262 (1993) 685-688.

K. Tanaka, H. Saito, Y. Fukada, and M. Morita, Coding visual images of objects in the mfcrotemporal cortex of the macaque
monkey. Joumal of Neurophysiology, 6 (1) (1991) 170-189.

S. Thorpe, D. Fize, and C. Marlot, Speed of processing in the human visual system. Nature, 381 (6) (1996) 520-522.

$. Ullman and R. Basri, Recognition by linear combinations of models. IEEE Transactions on Pattern Analysis and Machine
Intelligence, 13 (10) (1991) 992-1006.

S. Ullman, High-level Vision: Object Recognition and Visual Cognition, The MIT Press (Cambridge, MA, 1996)

Y. Uno, N. Fukumura, R. Suzuki, and M. Kawato, A computational model for recognizing objects and planmng hand shapes
in grasping movements. Neural Networks, 8 (6) (1995) 839-851.

S. Usui, S. Nakauchi, and M. Nakano, Reconstruction of Munsell color space by a five-layer neural network. Journal of
Optical Society of America A, 9 (4) (1992) 516-520.

G. Wang, K. Tanaka, and M. Tanifuji, Optical imaging of functional organization in the monkcy 1nferotemporal cortex.
Science, 272 (1996) 1665-1668. i

L. Wiskott and C. von der Malsburg, A neural system for the recognition of partially occluded ob]ects in cluttered scenes: a
pilot study Im J of Pattern Recogmtlon and Artificial Intelligence, 7 (4) (1993) .



