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1. EHELRER

HEHE - RIBEALIFINDBRNH D, —HITIE, RO oNa<IZRZ, EHon
EATRA D E S D,

LinL72Rid b, EHE - RIBAITOESOBETIERW L, BAEFH - FRREWVIEZ
FRENEAB 2 bOTHY . TORXIZIEIFN G H D, 72L& 21X, TRPEBEOLAE LM
MDIZHRBF LY S FRNCAZ D ANZ O THLHH (K1), EEDAEHDOLEITZ DR
5 (K2, ZOFRRKELTUIDR<EL 22900, 1 DFAMET —~DOEANIEKHETH
D, B2 1DFa FTFAFDOIRTHL, 2 T AMDERLIL, =2 8T X FEND
e FF ORI T A PR EWEIBIZHANTESICRA S (K 8) LW HETHD

(e.g. O’Shea et al., 1994, Vision Reseach, 34, 1595-1604)

1 BILREOH---Frht 2 BIARROEE - F 3 JVISAbEEER- - ERTIIRWNEA RS
FLNEFANICRABZAN HFRLNEFHNICRZS A HEIVISALT, FRICERZA®TV. ARTRAD
4N n&<B3, EARINEIVESANT, FHICEZ®T L,

T, BIERBROTERS 1 A- ML EBNTREADRIRNKEL,

2. BIAFHR

KT OERECHIET 5 &, FE TITRITROF LY b FANCRA, REFDPXBITE
ROVERERE O NTIERIEHE LY FANCRLZ 22, REFITITAXDOEBEOZIT IV E WD
W5En & 5 (Oyama and Yamamura, 1960, Psychologia, 8, 191-194), Z OMFZETIX, Aot
T —v ThHIHONEHEOANGERERE L TWD, kb, ARRFEOANL, ROJTF
RIZANETH DL TH D,

L72L725 5, Oyama and Yamamura CTHIE 472 6 OIEMEEEREFR CH 0 | HLR
THRIABERTHDL, —FH, AMENT —~ & T D5 E AL, BRI ORGSO K- T7
W OFEXFINLE T AU IS S MRS H TH D, LR ->T, TUbiFioboThH s,

NI RPL (chromostereopsis) DEFEE LTI, TNNMHRSMAEH TH D Z &, HIRTIX
BREOMETNABH SN2 &, O 2 EBAMLETHDH, AT, EOMET T
FROCBINEMFET D E NI B BT 5, LinL, LNICIR~D K9, Bk
DL LTRSS ZIT ARG TWD THSMNER | 2B EH D WVITEIEL T, FxMBE D

[ELOF) AT ITiRE T 5,
_3-



3. Bh EmyREsR
BINGEDE 2 L LTiE, fil L EalGE L i aIGER H 5,

il Efl7 (longitudinal chromatic aberration) &%, IRONFRITAINGELEHIET H A

= ALNRIRNTZD | JBITROREVEEOE VL (FEh) IEREFTFEO/NSVERDOREWND
ot GRESE) Z b, LU XIZEVWITRIG TS (K 4), ZoFWREKAFIAT 207 LK
ETHE HFbOIFLVEIE, RObDITEVIEIZRADLEFEZD0 b Litian, 72
b, B<OLDITELSDHLDOLD b LU XTIV THBRT 5006 Th 5,

or or

4 B EEUNES--FEFRIDEERMICLYIFNT
BRI TEUICRZBEE 2B,

ZOBEZRFT T, BIRTHDOE2 L THENERARL LR TR b0, LinLadib,
HIR TR TRIZFFD K 5 RiWIIRIT KON D, £z, ANEETIE, Rko X 512,
HFORED FANCRZDANDERP VLD THLA (F 6 H [METEEOEAE]D .
fill_E I ZER TIE R TE RV TR ZOFEETH LANGERDOKGETH 5,

4. B FEINEDEHE

ZO XS, BNEREOWF RO T T, Bl EANGEDOE X FITH S HICHEESNDHDOTH
L3, DD E AN GENESRRIZ KT TR EOBIRII 0 SN TI oz L HITE
o BT, THITELT, 2 DOMBERELZITV., FFMRBEBEZ1TRo7,

MR ED 1 DX, EBEICZOANEITSH LD, LW R Thb, FROAFEIZITY
ROZEDIHTENINTNDEDN, HEIZBWTRWEDEFWLOER T, Ebon—F
PONMETTRZDEWVIREBRIZI LA, ZOREECTHEEXZHWCHIEELZE Z A,
HEEBEY OESTNRBEINT-, RIZE PRE-S2TWE EXIHFENITTRL., FiZ
BV R ES TWAEHIRBIET TR ATZOTH D,

BZEOLL, BETHAHMITHEREXTIZRNWI &0, FEELLLN KL L
ZRIRA LT, ZOEATARDNLRNE D ARG 2 MAFEBAI/EY HL TN DOTH
AH, DED, ME LTI EANGEIC L 2EATIUIEN RO TH L0, AFEIZEN
T, AFROERTH 2 ELMOGmMIME 722815 L LT, & LABEBRNIZZ 0ESTho
FEEZZ T AND D TH D,



BB OREE ST DE, ROMIE Y EBESTHDANREL, HOMIZE Y F A
STWS NFD otz LrL, ZHIROWTITEERO NTFICE Y FRAEVRT IV E S
T, BIEFIERDOANB L P07 L ENZORRIZEEL D LI Thot, 72k, il
DODANTH, FMICHZESITHE, BV EBREIMEDRLLHFICBH L, ZIUIROE
PFENRF LV /NN, RICE Y EBAEDRL oM, RFERBE L ha/bE 5
MEZEREMIC 7 FLTebD B2 N5, EROANTETFRORENEFIZE Y 26
PDETHESOBRFERDONE LRV,

MR ED 2 DHIL, Y NOHABKRTHLINEF THLHME VD Z & EENAHOMA
7= (RPTFENCRZDANEENFINCR A D ADRNDZ L) OFRTHS, b LINGIZHE
B d 572 61X, T - ZE L AN REOMANZE GRFERT - FFA0D DHEETL 2 L0,
B CHLIRRWEER AN E X HEN D, L LR S, A RIOFiAAFZE T 028 10 AFE
FELVDETED-7-EXE 4. MONOBGRERETZH0E Aotz FRAERE
DRFOFHERTORMAE (5 6 H [BAEHEOMBMAZE]D THLHERFERTH -7,

5. Bl EUNEER

/a7 (transverse chromatic aberration) &%, t b~ ORERITAEEHEFMHND 5
EHHMIZALTWS 2, HFLEICEET 20607 ) XA 2/l > TRz LR T
Ll ZOLEOEFROETHEIIMRD R EFOMENTNDL, EWVWIEXLTTHD
(X 5), BRI, MmiRE b, RIEHFICHATOMA (BHD 2 sns 2 &ithsd, =
MR- T, RBEF L WIR A CTFRNCAZ DRA &R 2 MIRRENGOND, E& X
LT THD,

ANTHELH D WEIER— a2l L CHlME 556, BHlCE R —1%2EL LRNT
ANCRZ (K6), BANCEL EHFENTFRNCRZLEWVWIBER™HD (X7, 2y, filishaE
=% TEFT DRI E ST,

artificial pupil

X5 @ EEINESR---Jt2Emh K6 ATEAICLZBIAED N7 ATBEIICLZAIFRD
BEIONEICRNTWACEIC  IVME—IIL(BAIEE)---C0s JIV-IL(RAIEE) 05
JOTBRINENEZEERZD, &. =R FFICRZ3, &. 8 FFIICRA%,

ETAM, TOBEZFHTIE, HEVRLY FRNCHZ 281838 OIRKR DT FroME X, 7
Y LI RORHT, HFEN IR L 0 L RANC XL TWD Z &Il D, T D X D) 7R FrIFEIL
TEHNTRNL, HYVXEI BB, ZHETOMEICEBWNT, 20O &I I kel
TEXDbITFTHHN, T ZITHFMANGER OB RTINS 5 Z & AR L7z,
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6. BILARDODEAE
YEBNBROLAE, RRFINCR A, BNRICAZ28RIZHS (K1), ZhboEmixsl
LEOWFEITBIN D75, RV OBEF LI, ENFANS, RPRIZRZ D, ZOFFET
FATHIFRICE R SN TIIW D L OO0, s @I IS i/\brfﬁb\fﬁ%fﬁét&ms HEV
IS FIBHIVTNRY, Fx NI OET —~ CTHERHERE LR (LEBAE - EA—5 - EBR
(2005) BIFHRICHITZEAE - REROZE - HFLVETFIL TEDR BAEEYS 2005 FEFKS),
MEOHEMFIZ S FERFRICAZ D ADEENT, WO TH-o72, BHL LA LW IH K
ﬁﬁf*%of:cig‘f%éo
ZOEHT, BRI RERBEAERDH DO TH LN, HEITEN L RSN TN
v, Fex AR T —% (Kitaoka, Kuriki and Ashida, 2006, SCERERAT) & L Cix, 20 AT A
LT, 16 ADRFEBFRNZRAZ DA, 4 ABREFERFRINCAZ DN TH720 B, 80%& 20%
ThD, IAXT—& L LTH, HFRARED [HRELET) O#FR TITR-T2ilE (756 4)
TliX, TN T1% L 21% TH o7z FEVIEL, REFEFRCEITXICRAZT), AIZBELO
b OBUENEE TR (LA (2005) #RAICETIEO®E OL7ILEERT—Yav T
2005+ % 2 @ T8 7— k294 TR 2 (0EE?2 REHERE? - BERTH 010 5—) (89 200 44)
THEFERDIEI—ATIE, ThEN8H, 2FRRE L AL bz,
INLEBRETDE, K431 T, BBRFANIRZDANEZ N, L) ZEiZkhd, bbH
Al BENTENCRZ D NIDEIREIIE Z 100 AF 20 AbWD07ENG, L0 bz 3
AL TEBWNTENEWNZEDLETH AR,

7. BIAARBICRITTRIERMONE

EANTABLIE, B ZELS DOMD T T RHIRNREN BRI TNS, LiL, £h
FRDFANCRZ DN L DMETH D, AR THZORITHER LI, R FANCR R
DN BB R E NN EEARENKRE D (ZOEAEIEERIDICFRNCALX D) &
& #sx L7z (Kitaoka, Kuriki and Ashida, 2006, SCER#SfT) (X 8) Z L. AWFITDFsE &
5289,
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8. ANERDEILAR

RN TFENC R XD AN 8F, HNFRNCHAAZD AN 2ETHD, Lo HEX, AflED
HaAE (K1) oLAIEoN b OTHL, TNTIEHEENA (K2) 1ZhdEH7kD
MEWD & RZNRWEET 50 TH D, BAEMIZIE, BB FRNZRZ T NMTF N TR,
BN FPANCRZ T NIRN TN 2 2 HcZed 5, 72720, BITX0EOHx &
TR L, WCBATEICAZL EMET D088 A 5,

ZOBGIE, R ORE L ROME L OBRTIRE>TWL LI TH D, BlxiE. M9
WZBWT, EoFOAGORET 8 IO NTIFTFRNCR A, AOBEBITIRICARZS, TO
FITHLENROFEIL 8 FIONTITFANI A, AmOBEITIRICRZ 5, —J. 2 O AN
IO T %35,

ZOWGE, BRIIEFL LOEML TR0, FORBEE WD Z & TR, REITR
EHEDERTHIMINTND, ZOHE, ROMWEMELELTCND X THD, K8 Tl
RNOERANEBROH D ERREIZEDL > TN A, FIE ETREITHTE D ANEE D D50
HbH, TOHTVITRBZL I EEERLHETE, T2 EHEICL 0O &SI OMEE A ME
EENDHEBZZDHENTX D,

9 BIAKBRICRETEEOREN—BE K&
8 BIIKBICKETEEOHNR B ROBEEORZE. AREGELUEERTORILK
BIMEET S RORZICFLLDELNELY,

bolt, HMIZZ 9EZ LT TR, K2 BEHTE RV, WML LW D 71T
5. ROEFBLHEOEH B LEROANEIILLROIENE, BATEITENHRNZ LIZR5
M. E D TR, B85 WAL TR <. AW HIEWAIE 5] & F L 7o Tk
FoTWLEOITEAL (K9 23, KAWL TIEFEBRA MR ITITR > T2y (of Winn,
Bradley, Strang, McGraw and Thibos, 1995, Vision Research, 35, 2675-2684)

I OMWE NN EIGET T TE 20008 5 TR E Ly, e b, Sl
ERZREICRANPENT D L0 D THIUL, BALEFITHEMZDEFROB G LD K DI,
A HNORIEDOIER L B S To@SIRDBR T D Z LA TRBT 506 Th D,

ek, BT B0, BB E L UIRERD Z & 2R _XTW L EITHEIEH 5 (e.g Faubert,
1994, Vision Research, 34, 1165-1186; Faubert, 1995, Vision Research, 35, 3161-3167), L
L. E OWFFERR S D FEF XA AINGERDL 2 35 T TIW2R0Y,
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9. $RFERKE

BN E = s b — T SR E LT, FREEREN S D, ABFTEE HEET 2 LLAT
(CHADPHMBETREALIELDTHLD, WIRO Bl ZHE 02K L TE S L FRFRIC,
BORHZWAR D &l 2 L 28 L CE D EARDFANCRA AL, LI bDTHD (¥ 10),
Wi & L CTiE 2~3em MEDJEMS LA, ST+ TH %,

Appearance: blue in front Appearance:red infront

10 $BHERKE - BRAORTFEEIEFNFAICRAMERNEEN (ER) . RRORBFEEIEHRNF
HIICRZABMERNEES (AR . REOHP LI TEIDELILBVOT, BEHCOTRIBMOBERIETHS,

I EERE TP L OB 2 S 220D T, RO ZEN Lz 2 & 2wl & 3 2 a5tk
CBINAERICAF] TH D, b LHISMNN AR O SCFFE Y, FH S D et Ol TR & #Ek £
TORBED LD 1 ATER, BHHINDEEDONROMEDHTH 5 &\ 5 B ZTTITE
ET20R01F, AMFERZNANLFERTLIELMEF L TH D,

EZAT, FHIERIEZZRLIZOITFRAPENTHLETFRLIEZILIEF, BARETH
S>7=mb L2, Howard and Rogers (1995, Binocular vision and stereopsis. Oxford
University Press) ([ZIZFEEDO FEOSENH D Z L 2RICADITZNETH D, ME—DiE
(T, Fox OFETITHOE D ORBITHE S 20 LW D RTh D, SEATHISE TIR BB K
BRE A= RIEORSEN L L TE SN TO D06, fLEofEF 2 %I L Tlwn
DU TR,

10. EIDER

PAREPEHIE I K DR R AR SBAT 28 2 5 & LT, Fx IXE L (center-of-gravity
model) ZZET 5, H LIV T, JROFTE EONE TR O ORI Y 72
DEHLTIE R <L DTS T 2 MEEBOELTHD LB R D,

B HGHRE Tl B OB S 2R L Gl S LD, €575 L., RS
T 55 DA LA\ B, MRS R d o7 & 2 A %Il L7 e o s 2 v
T, FEONMIEZITRD D Z L1272 D, b LIROKFRBAHEL L XL LTTETNT,
il EANGER RN EGET VUL, RIERE AR MO — I L T\Wb Z &2
DD CEARERERE TR O H 0T ONCEITZE L Lisn E R T 5, Ll EERICIE
PARBFIERE TR E H ORI EEZEZ ONDDTH LD, il EANGEIFETHZ &
ARV VIRV

i EEIGERTFET S L) Z & 1E, RICEY RG> TWAREITIIFITITE Y 3G -
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Twﬁw TRDOBEEENITHEE L CTh 2 —EH#PICIIH L TRE SN TWD Z &b,
W2, FIZE Y BB > TWARCIIRIZIIE Y FRE > TR, T4 bbREIERE I
Eif%é ERPHICHE L TR SN TS Z LR, AT ZOMBHERL TS (56
4 T [Hh B EOBIE]),

ESCEN i‘f’l:“/}\?ﬁi‘/a\ofb\‘( FIWEE Y PRAE>TWARWIREEZEZE X TAHA LY, 2D
e, BIEL U XITEVIICREB L, MRICITE R A B X TRZE L TUAR >N EET D
Zlict (M4 o—FLEOR), Z 2 CHEHEBFERE CEMZIER T2 &, RIEEY B2
Ao TWDOTHENWLE D721 T, MES~ORILEIIED LRV, & 2AN, Bt
R ORI CHM O KN ERE S LD 72D, MR ETIXEM O RIS, fERE LT,
HEXOEGITHMIZTD Z L1272 5D,

COFRICEHEST=HONOMEEZ EHRDLDE NI RIZBWT, ELRTIEZOELEY
WM5EEZXDDTHD, £HT2E. HBORPED T OMNEIZEMIZEHED Z L2200, MW
IRE S HROMERZ LD ThiX, EORBICAZEZRAZZ 5272 LRITERY, HiX
REVEFRNCRZDLIICRDHEBZDHZENTELHDOTHD,

IEY EBRESTWT, RIZIIEY RG-S T eWREE . mEIEFRICTH D, K

;i\ﬁ@ (RERFHY O O¥EE) | E/FﬁaofwékﬁELkEA®$b®%
@%E%Lto:@%éﬁ\ﬁwmﬁﬁ Ko, M RIXFIFEMNC, RIXEMICE LN
@%?éoﬁ%m&%ﬁ%\%%w#x%ﬁ%%ﬁxé®f\%iibim_\ﬁi;@ﬁ

WICHRADZ LIRS,

71 R

11 EDHROBERXE---IRERLEXDE D E
EDHDLEETHEE XD,

O, B EIGER OFEL & L TRl S D B R —aatge (55 5 5 [ahsh U zEwid)
OFRBZOEEFHHATE S, SHIT, EVAR—APEEL T2 o6t AIT2MAZ5
DTHLN (Fx B THHMRFA) . THUTELR TIIHHRICHATE 2, ol b, @lsh
IR THHATEDL L FRETHABND G Livevy, £ X5 72 Nk, BEOFITES
BUGER DO~ THD EEZX LS LR, Fhx & LTI, BHOd2 MEEREIAM R )
EWVNHZLTHHDRNWEERXD, 2L, BT LANEDFEELET /L O PITLE
AHRIZ2EDE L THAANTEY . ZORPIEROH EAIER & #7225 Z & 25 LT
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BETZu,

11. EDREFARIAREEORERATELIN?

HOPUIENEEAETAT2ETLE LT, BIIEOL ZARR N THD, EFHRXITEZ D,
ZH T, BOBITESAEEOEHRRE EORERIATE L0 THA O H, MmzLicsd
L. EORE LB S,

LA HHATERWESRN 3 255, 1 DHITBROIEHE RO Y v — T T OR—EK
ORI, 2 5B ITHREEREN BRI RET 2R, 3 0 BIZBAREIES L~L & ASTIRE & DR
RThD, 2B, D BIEROESIMAIZED TR TX 5 b Tlidlu,

1>HOMETH 58, fil EAIZEIC K > TREDEDIEBR L TV A EE, AR Bidy v —
TICRZDGHEEFTTRALDGERNH D, BHFAERICENT, REFPMF AL TWDHIR
BTELLMANIFT TRZDEEWVD Z L2, CRT X LCD £=4% —RLEZGHIETY
R THD, ZORITE. HILEANOIZTFIIMMEEL THRE EIX 27 U TICHENTDHAD
=AXAANRD D, AREEMZ TR EZHRTE 5, bbAA, TEEIZIE) LIZIREE % R
Ty y—CRZ DT EER0] VO RBMEENRS L3, Ziud THEERIIENT &
ExRENTZLICRDDT, FOBEAN=ALATIHEELENRWEENELZ LIZhD
e ThD] EWVOBMHANARETH D,

2 SHOMEIL, REMARKE 20 L ENEEOBENET, WH FEETHDL B 7
H [N AR RIETREEREOZIR]D . EH o) & FICH 231 5 & AR
DKL, EWIHIBEOFTNONYLT VNG Ly, ZhEBAT 52T, H1ERR
C7xb, B THOERIEREORITE BITFHE LV R 20 b, EWHIBXHFRAE LR
bivd,

Hbold, HIRTBIELERKZIE, BTHZ0LONRKONLTWVAE LI THHLIND, &K
N KON D DITSER TIEAR <, ANZEORTRRENR & 5, AIZEDE 2 FITFRITEBT
HHDIEITE NI FEIZH LD 0, < THO% R DRIIBITRITH 3 O CTERIEITIE
LChBnLL 2, L, FEIFITHD,

INEMIT DO A2 DR L2 1 SOERNE, ES 2R & EORFRITOT HH
DI TETWDEN, EBL ZRDRHIFEERAHO T Y ALAPHEANEZ %] E0W) D TH
% (Kitaoka, Kuriki and Ashida, 2006, SCEIRAT)), € OHEELT Y X LD OMENZEITKAT
LT, RRFRNCAZ DEEIREF N FRNCAZ 2DEIRICHPND, E 0D B HTTH D,
b HA N, ZOWENE SR DR « AR RLITM S Tunign,

3 DHOMEIX, HRIEG L~L &SRS & OBIRTH 5208, BIENMANC /22 & (Bl x
BRI/ D &) BANREORIZIRELS RDZENHE CTHLBRTE L, FNFRNCH
ZHNBIENAS L~V TIEERFANCRA D LR DLEVIMERENRH LR TH D (eg
Kishto, 1965, Vision Research, 5, 313-329), #%#& 2O\ Tid, FHx 3FEBRMICHR TE
ol THUEFR A OHEAE (BFENERETIER N7 E) BREREZEZ LS,

WA D EENAHROMENRKE L 2D LW HBIEIT, BOMICE D, WIERIC X - Th
ENKREL DL, i EOIEGERETNLTH D, —J, BIER L~V TRA TR Z
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HADBENFRNCAZ D L OICENT D V) L, TORCIEa LEW,

12. ZDHDBSEL -BRE

RSEREEIEREE L2~ B YAORIIREFTOXNLTETNDEDITTH DD,
Y B ORI E R T, ANGER D DIETROICHRPLFNIAH L TRZD Z LTk,
AR EZ ISR RN DL, IS IE LTb\ét?sf)&%zé@ﬂgéf%é Z DD
MIEZ LRV 288 & UL IRBURAF ISR A H 2 (K 12), iR TIREEAZ 227 T
HNE. BELACHMITTRIZETCZORE RS &, E¥a0ZnZno B0 EH B LML
fiteon ek, AANTEA (b2 WEA Ly Uf) ICR2D, 2O, FEOOIEFEOMm
NTFRAIZ R R D, BEEEIZMTIZSGEIE. FTESOENENOROIELEOLEANTEERD
A (BDHWIA LV UA) AAIIKAICRA D, ZORE, E¥OOEH ORI E
IZRZ2 %, BRSO WIFEROIRGEZ T TWD AL, ZNORHICR 2D, ZIUTIREED
ST FNUT TV AL ERUTHDLZ Lnb, Hu@fﬁﬁft A XL ERZ Lz
DEBZHND, REZNITTORVANIE, HEOT Y XA LEHoT, MUMERERDZ &
N TE D (cf Faubert, Simonet and Gresset, 1999, Opthalmic & Physiological Optics, 19,
336-346)

12 #ERIEIREEMRFrvh—iR— K] (OAkiyoshi Kitaoka 2005) , AREEIKTE
BINEEBRDO—BITHD, REAICOVTIEARLSE,
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BREFORLEENSHIVTRASER HOMHAKEDES 2 AOFENE LTHEL, b
D1 OO AE 1AL BOBERE UTHIET S & BiEO 2 AORBENIT WK, %ZEE
THRZDEWVWIERTH D, I2& 212, K13 IFROEED LICEROEHE TTE Iz — P
&L ENEHTFOIESETTECND, 2 TR EFOEENITVE, o n— MNEAE)
WCTHRZ %, ZOFBHE LT, REFITEENTNOT, EHLLOMEEELT DI G 8
H (AN ROCASNAER]D) BAREEL 2D | REENDRES, H2DWITZoHicg) &b
HEFICAETANERE D & LI, #EmEPAENN TR 2 280 CIEs B (ZoGa13Mil
DFEDERSY) XEP72 VWL IR E S LT HHWENH L0 (Kitaoka, 2003, SCHARAT) |
NHIDOEBEDN—FOHGPFEINTENNTHZIDEEXDHLENTE D,

X 13 {ESIE8%)\— b 111 (OAkiyoshi Kitaoka 2005) , =/ZBkHTIVBEF T, 2
WN=IEINTR X%, BRBACOVTIIA XS,

2B TOSEHEIZOWTIX, FHEE IS WEE R 5 O Fn R O TEE)E EE 23 FE I )
HThD, LWOBHLAMRETH D, 4B OMFEZET D,

I, FxIZOOENCEIMEOHAEDOARLZENEARET H L, FHiLEAENTRHR X
HEERD S L, BITIKTFEDORO HID XA T OWL DB HH TE 2O TIXRW D & HF5E
el CTE 7= (e.g Conway, Kitaoka, Yazdanbakhsh, Pack and Livingstone, 2005; Ashida,
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Research note

The Center-of-gravity Model of Chromostereopsis

KITAOKA Akiyoshi'’, KURIKI Ichiro®’, and ASHIDA Hiroshi®’

We propose the center-of-gravity model to explain chromostereopsis. This new model assumes

that we perceive each color position at the center of gravity of diffusely projected color light, and

that these positions gives binocular disparities to generate binocular stereopsis. This model fits the

paradoxical pieces of findings on chromostereopsis better than do the previous two models.

Key words : chromostereopsis, longitudinal chromatic aberration, transverse chromatic aberration,

center-of-gravity model

Introduction

Chromostereopsis is a binocular stereoscopic
phenomenon that for many observers red
stimuli appear to be in front of blue ones even
if they are placed in the same frontoparallel
surface (Figure 1). There is, however, a
minority in which observers see blue in front
of red (Hartridge, 1947; Howard and Rogers,
1995). Our preliminary surveys suggested
that about 80% of observers see red in front
of blue while about 20% see blue in front of
red.

Moreover, chromostereopsis is a function of
viewing distance, as suggested by Faubert
(1994). We confirmed this function that the
longer the viewing distance the stronger the
effect. This function held true for both the
majority and the minority (Yamauchi, 2004)
(Figure 2).

1) Department of Psychology, College of Letters,
Ritsumeikan University

2) Tohoku University

3) Kyoto University

Furthermore, it has been reported that the
red-in-front-of-blue stereopsis reverses to the
blue-in-front-of-red stereopsis at low
illumination (Kishto, 1965; Sundet, 1972, 1976;
Simonet and Campbell, 1990a). We have failed
to detect this effect clearly in our casual
setting. Inversely, we observed that
chromostereopsis tends to be enhanced under
dark adaptation, possibly depending on dilated
pupils.

The longitudinal chromatic aberration model

There are two major models to explain
chromostereopsis. One is the model based
upon the longitudinal chromatic aberration,
while the other is the one depending on the
transverse chromatic aberration.

The longitudinal chromatic aberration
refers to the optical phenomenon that in the
eye's optic system the focus of blue light
(short-wavelength light) is inevitably nearer
to the lens than that of red light (long-
wavelength light) even if they are projected
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Figure 1. Chromostereopsis, a binocular
stereopsis based upon the difference in color.
The majority sees the circle of red random
dots in front of the surrounding annulus of
blue random dots. There is, however, the
minority in which observers see blue in front
of red. Chromostereopsis is strong when
observers watch this image from more than 1
meter apart.

from the same place (Figure 3). This
phenomenon depends on the difference in the
refractive index, in which the index for short
wavelengths is about 1.5 or 2.0 diopters
greater than that for long wavelengths
(Uozato, 2000). The model using the
longitudinal chromatic aberration is that this
foci inconsistency informs that the blue source
should be farther than the red source. It is
because the farther the source the nearer the
focus to the lens if the refractive index is
constant.

This model, however, has been discarded
because chromostereopsis has to occur
monocularly in this model but it actually
needs binocular viewing (Howard and Rogers,

1995). Moreover, this model cannot explain

[—@— majority (n=16) B minority (n=4)

3 r
2 f

100 200
I

Rating score
(=]

Viewing distance (cm)

Figure 2. Chromostereopsis as a function of
viewing distance (Yamauchi, 2004). Rating
score 3 was given when “red appears to be
in front of blue strongly” ; score 2 was given
when “red appears to be in front of blue” ;
score 1 was given when ‘red appears to be
in front of blue slightly” ; score 0 means no
chromostereopsis; score -1 was given when
“pblue appears to be in front of red slightly” ;
score -2 was given when “blue appears to be
in front of red”; score -3 was given when “blue
appears to be in front of red strongly”. The
used stimulus is superimposed. The
“majority” means the observers who usually
see red in front of blue while the “minority”
refers to those who usually see blue in front
of red. For both groups, the longer the
viewing distance the stronger the effect.

why there is the minority of the blue-in-front-

of-red stereopsis.

The transverse chromatic aberration model

The transverse chromatic aberration refers
to the optical phenomenon that in binocular
viewing blue light is projected to a more nasal
part of the retina than does red light because
the optical axis of the eyeball is slightly
(about 5° from the visual axis: angle alpha)

shifted in the outward direction from the
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or or

Figure 3. The longitudinal chromatic
aberration. Blue has the focus nearer to the
lens than red because of the difference in the
refractive index depending on wavelengths of
light.

visual axis (Uozato, 2000) (Figure 4). The
model using the transverse chromatic
aberration is that this angular difference gives
binocular disparities to generate binocular
stereopsis (Hartridge, 1918).

This model has widely been supported. In
particular, the pinhole study has repeatedly
supported it. When pinholes or artificial pupils
are placed just in front of the eyeballs,
chromostereopsis depends on the position of
the pinholes (Terada, Yamamoto and
Watanabe, 1935; Vos, 1960, 1966; Owens and
Leibowitz, 1975; Simonet and Campbell, 1990b;
Ye, Bradley, Thibos and Zhang, 1991). When
they are placed on the temporal sides,
chromostereopsis is red-in-front-of-blue
(Figure 5a). On the other hand, when they
are placed on the nasal sides, chromostereopsis
is blue-in-front-of-red (Figure 5b). These
effects have been regarded as evidence for
the critical role of the transverse light
projection.

This model, however, cannot fully explain
why there is the minority of the blue-in-front-
of-red stereopsis. If this model tries to explain

this, it should be assumed that in the eyeballs

Figure 4. The transverse chromatic
aberration. Blue light is projected to a more
nasal part of the retina than does red light
because of the difference in the refractive
index depending on wavelengths of light.
Note that the optical axes disagree with and
are diverged from the visual axes.

of the minority the optical axis is rotated in
the inward direction from the visual axis. This
assumption is not plausible because it requires
too much anatomical distortion.

This model cannot explain the effect of
viewing distance, either. If this model tries to
explain this, it should be assumed that the
crystalline lens changes its orientation to
make the optical axis agree with the visual
axis when observers see stimuli close up. This
assumption is not plausible, either, because it
also requires too much anatomical
transformation.

Furthermore, this model cannot explain the
following phenomenon (Howard and Rogers,
1995). When the temporal half of each visual
field (the nasal half of each retina) is mostly
occluded, with the foveal vision being intact,
blue tends to be perceived nearer than red
(Figure 6a). Even the majority can see blue
in front of red in this method. On the other
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(b)

Figure 5. The effect of the position of
pinholes or artificial pupils. (a) When they are
placed on the temporal sides,
chromostereopsis is red-in-front-of-blue. (b)
When they are placed on the nasal sides,
chromostereopsis is blue-in-front-of-red.

hand, when the nasal half of each visual field
(the temporal half of each retina) is mostly
occluded, with the foveal vision being intact,
red tends to be seen nearer than blue (Figure
6b). Even the minority can see red in front of
blue in this method. Since these methods do
not disturb the central path of projected light,
little or no changes in chromostereopsis are
expected in the transverse chromatic

aberration model, but this is not the case.

P @

(a) Appearance: blue in front

(b) Appearance:red infront

Figure 6. The effect of occlusion of half of
visual fields. (a) When the temporal half of
each visual field is mostly occluded, with the
foveal vision being intact, blue tends to be
perceived nearer than red. (b) When the nasal
half of each visual field is mostly occluded,
with the foveal vision being intact, red tends
to be observed nearer than blue.

The center-of-gravity model

To explain these half-occlusion effects, we
propose the center-of-gravity model of
chromostereopsis. This model hypothesizes
that the position of color is determined at the
center of gravity in the range of each
projected light onto the retina.

If red light is just in focus, blue light is
projected diffusely. In this case, the position of
the red image is in focus while the center of
gravity of the diffused blue light represents
the position of the blue image. On the other
hand, if blue light is just in focus, red light is
projected diffusely. In this case, the position of
the blue image is in the focus while the center
of gravity of the diffused red light represents
the position of the red image.

In general, when the temporal half of each

visual field (the nasal half of each retina) is
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mostly occluded, with the foveal vision being
intact, the center of gravity of red light shifts
in the nasal direction while that of blue light
deviates in the temporal direction (Figure 7).
These shifts give binocular disparities to
generate the blue-in-front-of red stereopsis.
When the nasal half of each visual field (the
temporal half of the retina) is mostly
occluded, the positional shifts are the reversal
and the appearance is red-in-front-of-blue. The
center-of-gravity model therefore can explain
the phenomenon observed with half-occluded
pupils.

Moreover, this model is perfectly consistent
with the pinhole study (Figure 5) because
the retinal position of the projected light
through the pinhole equals the center of
gravity of the light. Furthermore, the center-
of-gravity model has an advantage to take
into account the longitudinal chromatic
aberration (Figure 3). However, the center-of-
gravity model could also be regarded as a
modified version of the transverse chromatic

aberration model.

Speculation

Although the center-of-gravity model
explains chromostereopsis much better than
the simple longitudinal or transverse
chromatic aberration models, it cannot explain
the effect of viewing distance or why there
are the majority and the minority. One or two
independent mechanisms are then necessary
to explain chromostereopsis fully.

Our speculation is that there might be
individual differences in the changes in

possible off-axis-viewing effects, like viewing

7 R

Figure 7. The center-of-gravity model. It is
hypothesized that the position of color is
determined at the center of gravity in the
range of each projected light onto the retina.
When the temporal half of each visual field
(the nasal half of each retina) is mostly
occluded with the foveal vision being intact,
the center of gravity of red light shifts in the
nasal direction while that of blue light
deviates in the temporal direction. These
shifts give binocular disparities to produce
the blue-in-front-of-red stereopsis.

through prism, in the optical characteristics of
the overall ocular media, when observers
change the viewing distance, especially when
observers see into the distance. It is assumed
that there are two types of off-axis-viewing
effects, one being like prisms tapered in the
temporal direction while the other being like
prisms tapered in the nasal direction. The
majority might depend on the former while
the minority might reflect the latter.

There is no physiological evidence for this
speculation at present because of difficulty to
correctly measure the optical characteristics
of ocular media in vivo. However, in our
preliminary study, we observed switches in

the depth order by using prisms in an
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ophthalmic corrective-lens set, as mentioned
in Howard and Rogers (1995). This may
support our speculation for the explanation of

individual differences in the chromostereopsis.
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Abstract

In contrast to PET and fMRI studies, color-selective responses from the ventro-occipital area have rarely been
reported in MEG studies. We tried to minimize the stimulation to all areas in the visual system except the

color-processing ones by using a color space based on psychophysical and physiological knowledge in order to
maximize the signal-to-noise ratio for MEG responses from the ventro-occipital area. MEG obtained from long
intermittent reversals (2.0-3.5 s) of isoluminant chromatic gratings showed two major peaks at the latencies of
approximately 100 and 150 ms. The estimated location of the equivalent-current dipole for response at 100-ms

latency was in the calcarine sulcus and that of the dipole for the response at 150 ms was in the collateral sulcus in
the ventro-occipital area. The response around 150 ms was uniquely observed in MEG elicited by chromatic
reversals. The average of lags between MEG responses from the calcarine sulcus and ventro-occipital area was

43 ms, which suggests sequential processing of color information across the visual cortices.

Keywords: Color vision, MEG, Ventro-occipital cortex, Calcarine sulcus, Temporal lag

Introduction

The locations and functions of the cortical areas that selectively
respond to chromatic stimulations have been extensively studied in
monkey (Zeki, 1973) and humans (Lueck et al., 1989; Sakai et al.,
1995; Zeki & Marini, 1998; Bartels & Zeki, 2000). The majority
of the studies on human subjects measured the regional cerebral
blood flow or the level of blood oxygenation using positron
emission tomography (PET) or functional magnetic-resonance
imaging (fMRI) techniques, respectively, to visualize active areas
in the human visual cortex.

Electroencephalograms (EEGs) and magnetoencephalograms
(MEGs) have advantages for studying the temporal characteristics
of the cortex because they record electromagnetic changes with
high temporal resolution. Some MEG studies with color stimuli
have reported responses from the occipito-parietal regions (Regan
& He, 1996) or cuneus (Koike et al., 1996). However, none have
reported MEG responses from ventro-occipital areas, which have
been suggested to play significant roles in color-information pro-
cessing in various PET and fMRI studies (Lueck et al., 1989;
Sakai et al., 1995; Bartels & Zeki, 2000). It is curious that MEG
has not been able to record responses from ventro-occipital areas,
while fMRI and PET studies have.

Address correspondence and reprint requests to: Ichiro Kuriki, 3-1
Morinosato-Wakamiya, Atsugi-shi, Kanagawa 243-0198, Japan. E-mail:
ikuriki @brl.ntt.co.jp
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Many EEG studies have reported the characteristics of visually
evoked potential (VEP) with changes in chromatic characteristics
of the stimulus (Rabin et al., 1994; Buchner et al., 1994; Crognale
et al.,, 1997). A study by Buchner et al. (1994) succeeded in
showing that some of the responses arise from the ventro-occipital
area after elaborate signal processing. Therefore, we used rela-
tively longer interstimulus intervals (ISIs), which is expected to
improve the clarity of MEG response from the ventro-occipital
area.

Another important factor in recording clear MEG responses to
locate the focus of brain activity is to minimize the number of
cortical areas that are stimulated in each trial. There are two major
possible reasons previous MEG studies were unsuccessful in re-
cording responses to color stimuli in the ventro-occipital area. One
is that the intensity of the MEG responses to chromatic stimuli from
the ventro-occipital area was not strong enough to cope with the
responses from other cortical areas. The response from cortex, which
is closer to the sensor than the ventro-occipital area, might have
masked the response from the ventro-occipital area. The second is
that MEG response from the ventro-occipital area to different fea-
ture of visual stimulus masked the response to chromatic stimula-
tion. Since a blank screen can be thought as a figure, the procedures
with both the appearance (onset) and disappearance (offset) of stim-
ulus pattern from a blank screen stimulate the part of the visual
system that selectively responds to figural changes in the stimuli.
The candidate area for the figural information processing is the
fusiform gyrus in the ventro-occipital area (Zeki & Marini, 1998;
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Grill-Spector et al., 2004). This area is very close to the color-
sensitive area in the ventro-occipital cortex. Therefore, to improve
the signal-to-noise ratio of MEG response to chromatic stimulation
from the ventro-occipital cortex, we presented long-intermittent color
reversals as the only change across MEG triggers.

The primary purposes of the present study were to record
responses to chromatic stimuli from the ventro-occipital area of the
human visual cortex with a whole-head-type MEG sensor and
clarify the temporal characteristics of the information processing
in the visual areas.

Materials and methods

MEG recordings and analysis

We used a whole-head MEG sensor-array system (CTF, Canada)
whose 64 axial sensors are equally spaced around the surface of
the subject’s head. Data were recorded at 625 Hz for a 1000-ms
interval that started 200 ms before the stimulus trigger and ended
800 ms after the trigger. The data were stored in a computer
through an analog/digital (A/D) converter without any hardware
filtering. Data were recorded at least 100 times for one stimulus
condition. Epochs with strong artefacts from eye blinks or eye
movements were omitted from the analysis, but the total number of
epochs for each condition was not less than 90.

The data were averaged across the epochs, and a low-pass filter
was applied with the cut-off frequency at 40 Hz. Up to the third
gradient and the DC component of the data were removed.
Equivalent-current dipole (ECD) estimation was performed using
software supplied by the manufacturer of the MEG system. A con-
ductive sphere was used to estimate the ECD. The radii for the three
subjects were 7.5, 7.3, and 7.25 cm. The size and the center of each
sphere was determined from a structural (T1) MR image for each
subject to minimize the distance error from the surface of sphere to
the cortical surface. The T1 images were taken with a clinical mag-
netic resonance imaging (MRI) scanner (Siemens Magnetom Vi-
sion, 1.0T, Munich, Germany), and the resolution was 1 mm in
voxel size. In this paper, we will show ECDs that met the following
criteria: (1) Goodness of fit (GOF) of not less than 80%, (2) no
significant residual error in the occipital cortex, (3) persistence of
longer than 10 ms, and (4) the 95% confidence volume of the ECD
smaller than 4 cm?. The GOF is defined as follows:

64
> (m; —mf)?
i=1

GOF[%] = | 1.0 — X 100,

64
> m;
i=1

where m; and my{ are the measured and estimated outputs of ith
sensor, respectively.

The estimated ECD was superimposed on a T1 structural image
for each subject. The subject wore three positioning coils during
MEG data acquisitions, one at the nasion and two at periauricular
points. To be more exact, the two coils at the periauricular points
were placed at the small flat space near the bottom end of the helix
and the tragus of the left and right ears. Before every session, we
recorded the locations of the three positioning coils relative to the
positions of the MEG sensor coils. To spatially align the MEG
data and the anatomical MR image, liver-oil droplets were applied
at the same location as the MEG-positioning coils during MR
structural image acquisition. The locations of the MR image and
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MEG data were aligned by minimizing the deviations at these
three points.

Visual stimuli

Apparatus and chromatic calibration

Visual stimuli were generated with a VSG 2/3 visual stimulus
generator graphic board (Cambridge Research Systems, U.K.).
The luminance and chromaticity were carefully calibrated with a
SR-1 spectroradiometer (TOPCON, Japan). The stimulus was
presented from a DLA-G10 LCD projector (JVC, Japan) placed
outside of the shielded MEG room to a screen placed right in front
of the subject. The distance from the subject to the screen was
1.4 m, and the screen subtended 40 deg X 30 deg in visual angle.
The screen was placed in the shielded room and the door of the
shielded room was kept open to introduce the projector image to
the screen. A previous study confirmed that the recording of MEGs
with this system yields reliable results with repeated recordings
over 50 epochs (Takeda et al., 1996).

Definition of chromatic modulations

To minimize the activation of areas other than the color-
processing ones, the direction of modulation must be precisely
reproduced on the screen to restrict the channels stimulated. Stim-
uli were modulated in two directions in the equiluminant plane and
in the achromatic direction.

The directions of chromatic modulation were defined by the
so-called cardinal axes of color space (Krauskopf et al., 1982;
Derrington et al., 1984). The cardinal axes consist of two chro-
matic axes (L—M and S—(L+M)) and one achromatic axis
(L+M+S). Electrophysiological studies of monkeys (Derrington
etal., 1984; Lee et al., 1988; Kremers et al., 1992; Hanazawa et al.,
2000) have confirmed that each axis corresponds to the selective-
ness of the luminance and chromatic channels in the color space.
Taking the similarity between the monkey and human visual
systems into consideration, we expected that the stimulation in the
directions of the cardinal axes would selectively stimulate each
channel (Valberg et al., 1992). This has already been reported in
previous VEP studies (Rabin et al., 1994; Kulikowski et al., 1996),
and we used the same axes to define the chromatic stimulus.

The cone response was calculated using Smith-Pokorny cone
fundamentals (Smith & Pokorny, 1975). The center of the cardinal
axis was the metamer of equal-energy white, whose chromatic
coordinates in the CIE xy color space were (x, y) = (0.333, 0.333).

Fig. 1 shows the chromaticities in the sinusoidal grating at the
maximum amplitude. The amplitude of the chromatic modulation
in the L-M direction was determined from the maximum extent of
the color gamut. The extents of chromatic modulation were 0.08 in
L-cone contrast (= AL/Li) for the L-M direction condition, 0.80
in S-cone contrast (=AS/Syhiee) for the S-(L+M) direction condi-
tion, and 1.0 in cone contrast for the achromatic-direction condition
(MacLeod & Boynton, 1979). The detection threshold in each chro-
matic direction was measured in a preliminary experiment with a
0.5-s flash of a 3.2 cycle/deg (cpd) grating, and the ratio of thresh-
olds was used to determine the ratio between AL/Lpi. and AS/
Swhite- The chromatic modulation in the MEG experiment was
magnified by a factor of approximately 70. In the achromatic-
direction (luminance) condition, the contrast of the stimulus was
100%.

Equal luminance of the chromatic stimuli was confirmed by
heterochromatic flicker photometry (HFP) at the center of the
screen. Two lights with different chromaticities were presented
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Fig. 1. Chromaticities of chromatic and achromatic stimuli in CIE xy color
space. The chromaticity for background grey was a metamer of equal-
energy white (x, y) = (0.333, 0.333). The directions of chromatic modu-
lation in L—M and S—(L+M) were determined to selectively stimulate
differences between L and M cones (L—M) and the S cones, respectively.
See text for details.

alternatively at 20 Hz in a square (2 deg X 2 deg) at the center of
the screen with uniform grey (equal-energy white metamer, 25.0
cd/m?) surround while the observer fixated at the center of this
stimulus. This HFP setting reduced the luminance artefact, which
was caused mainly by the difference in the spectral luminous
sensitivities between the photometer and each subject. To be more
precise, the point of equal luminance gradually changes across the
visual field from center to the periphery. This is mainly because of
the gradual changes in macular pigment density with the retinal
eccentricity and because of the nonuniformity of neural circuitry
across the retina. The effect of macular pigment density appears
mainly in the form of luminance nonuniformity across the visual
field. If this nonuniformity seriously affected the result, one would
expect the MEG responses to the chromatic reversals to show the
same pattern as the MEG response to luminance reversals, or the
luminance-reversal result to contain the same waveform compo-
nent as the chromatic-reversal result with a much stronger inten-
sity. But it turned out that the MEG response, whose ECD was
estimated to locate in ventro-occipital area, appeared only in the
chromatic reversals. Therefore, our method of separating chro-
matic and luminance stimulation was effective enough and suffi-
cient for the purpose of this study.

To find the individual S-cone direction, we slightly tilted the
direction of the S-cone axis around the calculated S-axis direction
based on Smith-Pokorny cone fundamentals (1975). It is known
that the S cones do not contribute to luminance sensitivity (Eisner
& MacLeod, 1981). On the other hand, by searching color pairs
that do not allow the subject to conduct the HFP task under
isoluminance, it is possible to search S-cone axis. If there were any
residual stimulation to L and M cones, the subject would be able
to carry out HFP adjustments. The hue directions in which the
subjects were not able to carry out HFP adjustments had a certain
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range around the calculated S-cone axis, but the range was not
small enough to determine an axis. We performed another kind of
test where we presented one color (yellowish green) as a back-
ground and the other (bluish purple) as text and rated the subject’s
performance (Mullen & Kingdom, 2002) while varying the hue of
the text. The result was basically the same as the HFP tests. We
finally took the S-cone axis determined by Smith-Pokorny cone
fundamentals as the S-cone direction stimulus. Since we presented
the stimulus in a full half-screen, it was not possible to define an
ideal S-cone stimulus for both the foveal and peripheral visual
field according to the difference in the density of macular pigment
between fovea and periphery. To be precise, our S-cone direction
stimulus mainly stimulates the S cones but it is not possible to say
this is an exact S-cone axis for each subject in overall screen. In the
formal sessions, we conducted HFP with a red-green pair (L-M
direction condition) before each session.

Temporal and spatial configurations

The stimuli were reversals of a sinusoidal grating, which
stimulates the visual system only at the instance of reversal in the
chromatic grating phase at random intervals between 2.0-3.5 s.
The minimum length of the intervals (2 s) of stimulus alternations
was decided so as to provide the observers with a more convincing
color perception than in previous studies (Rabin et al., 1994,
Regan & He, 1996; Koike et al., 1996). In terms of contrast
sensitivity near threshold (Kelly, 1983), color alternation at around
1 Hz seems to be optimal to differentially stimulate parvocellular
and mangocellular streams, which might be similar to the charac-
teristics revealed in the electrophysiological study of monkey
lateral geniculate nucleus (LGN) (Merigan & Maunsell, 1993).
However, the aim of the present study was to record the response
from the ventro-occipital cortex, which might process higher-order
information (presumably closer to color appearance, rather than
detection or discrimination) than the LGN. We performed informal
observations of stimuli by presenting various intervals of chro-
matic reversals to naive graduate students in our laboratory. When
the students were asked to name colors of light alternately pre-
sented for less than 2 s for each color, they yielded a “cluttering”
percept and the task was very difficult. The same kind of phenom-
enon would be observed, if subjects were asked to match one of the
colors in a flickering square with a static one. Subjects may not be
convinced of the target color to be matched at higher temporal
frequency, and the difficulty of perceiving it would increase under
higher temporal frequency. The subjects will not be able to make
convincing matches at the temporal frequency above 0.25 Hz or
so. It should be noted that color percept is used in this manuscript
to mean color appearance at the suprathreshold level. We pay more
attention to percept in order to stimulate the higher-order color
appearance system. Interval randomization was used to prevent
subjects anticipating the next reversal, which would happen if the
reversals had taken place at an even pace.

The long interval of 2.0-3.5 s between the grating reversals
also prevents apparent-motion perception. According to the results
of studies on chromatic motion perception (McKeefry, 2002;
Dobkins & Albright 1994; Baker et al., 1998), an isoluminant
chromatic grating can evoke continuous “signed” motion percep-
tion, and this should be avoided. A faster reversal of the grating
might evoke continuous apparent motion, if the visual system
tracks the peaks and troughs of the chromaticity or luminance.

The screen subtended 40 deg X 30 deg. Since object edges may
activate many parts of the visual system, which processes figural
information, we did not vary shapes across the MEG triggers. In
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addition, we tried to remove figural changes during the course of
a session, because the appearance and disappearance of a figure
would also affect the visual system. According to the results of a
preliminary experiment, there were no prominent differences be-
tween stimulus presentation in the left and right half of the visual
field. Therefore, we precisely examined the left hemifield (right
hemisphere). We used three spatial-frequency conditions for the
grating, 0.025, 0.4, and 3.2 cpd, to examine whether the color
sensitive area has any specific selectivity in spatial frequency. The
0.025 and 3.2 cpd were determined from the overall size of the
screen and the spatial resolution limit of the projector, respectively.

Procedure

The subject sat in the shielded room and preadapted to a uniform
grey screen (equal-energy white metamer; in CIE xy coordinates,
x =0.333 and y = 0.333) with the luminance of 25.0 cd/m? for at
least 5 min to prevent unexpected chromatic adaptation and dark
adaptation. Before starting a session, a subject conducted ten
repetitions of HFP settings to a pair of two extreme chromaticities
in an L-M grating. The equiluminance pairs for chromatic gratings
were determined based on this result. During a session, a subject
was asked to fixate on a dot presented at the center of the screen
with a slight (0.5 deg) horizontal offset from the exact center in the
right half (uniform grey). Within a session, the direction of chro-
matic (or achromatic) modulation and the spatial frequency of the
grating were kept constant. Therefore, only the reversals of the
polarity of chromatic modulations stimulated the visual system
during the MEG recordings (Fig. 2).

An epoch of MEG recording started 200 ms prior to the grating
reversal, and the recording continued until 800 ms posterior to the
reversal; overall recording duration was 1000 ms. This was repeated
for 100 trials, and a complete session took approximately 20 min.

fixation dot

2~3.5s
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JMRI data acquisition and analysis

To confirm the location of the activity estimated from the ECD
analysis, we conducted a supplemental experiment using the func-
tional MRI (fMRI) technique. MR images were recorded using a
Siemens Magnetom Vision Plus (1.5T) clinical scanner with an
external trigger input. The visual stimulus was generated with a
Macintosh PowerBook G3 computer with a C-language library for
psychophysical stimulus presentation (Vision Shell, MicroML,
Inc., Canada). The stimulus was presented on a plastic screen
placed in the shielded room with a liquid crystal projector (TH-
L777J, Panasonic, Japan). Subjects lied supine in the MRI gantry
and viewed the stimuli through an oblique mirror mounted on a
head coil.

The observer viewed chromatic and achromatic gratings pre-
sented in the left hemifield of the screen. The stimuli were pre-
sented with a block design, in which five rest scans and five task
scans were presented alternatively. In task scans, either chromatic
or achromatic gratings were presented in the left hemifield of the
screen. The definitions of achromatic and chromatic gratings were
the same as those in the MEG experiment. The polarity of gratings
reversed at random ISI between 2.0-3.5 s. To suppress artefacts
from the stimulus presentation order, the task stimuli were de-
signed to present chromatic and achromatic grating conditions in a
random order. The total number of scans was 160; 40 for the
chromatic grating condition, 40 for the achromatic grating condi-
tion, and 80 for the rest (uniform grey screen) conditions. The
screen subtended 20 deg X 15 deg in visual angle, and the spatial
frequency of the grating was 0.4 cpd.

Functional images were taken with the T2* weighted protocol
(Ogawa et al., 1990), with 45 slices of scans, 3-mm thickness with
64 X 64 pixels in-plane resolution for the field of view (FoV) of
192 mm X 192 mm (Voxel size was 3 X 3 X 3 mm). Acquired
functional images were preprocessed (motion correction and smooth-

mm : MEG recording period

" g00ms 5

200ms ¢

Chromatic- or luminance-modulation reversals
(MEG triggers)
Fig. 2. Time course of stimulus presentation. The stimulus was presented continuously, but the polarity of the grating modulation was

reversed across the MEG recording trigger. MEG recording started 200 ms before the trigger and finished 800 ms after it. Inset at the
left top of the chart shows the size of the screen in visual angle.
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ing) with SPM 99 software (Friston et al., 1995). Statistical images
(z-test) were generated using our in-house software. The threshold
of the level of statistical significance was set at P < 1.0 X 10™*.
The isolated dots disappeared at this significance level. To com-
pare the focus of activated points in the fMRI data and the
estimated ECD location in the MEG data, the level of statistical
significance was set as low as 1.0 X 1076, The Talairach coordi-
nates for the focus of fMRI activity were consistent with previous
fMRI studies (summarized in a table in Bartels and Zeki, 2000).

Subjects

Subjects were two undergraduate students (KS, KA, both aged 22
years) and the first author (IK, aged 32 years). Two of them had
normal visual acuity and one had corrected-to-normal visual acu-
ity. All of the subjects were right handed. Subjects KS and IK
participated in both the MEG and fMRI experiments.

Results

Fig. 3(a) shows a typical time chart with a stuck plot of MEG from
the 64 sensor channels under the chromatic reversal condition.
There are two prominent peaks. The first peak appears at around
100 ms of latency and the second at around 150 ms.

The MEG peak at around 150-ms latency was specific for the
chromatic stimulus conditions. Fig. 3(b) shows the MEG time
chart from a typical luminance reversal condition for the same
subject. The magnetic field map at the latency of the most prom-
inent peak, at around 100 ms, shows a clear dipole near the
occipital pole.

The MEG corresponding to each peak that persisted for more
than 10 ms and whose pattern shows a clear dipole configuration
was analyzed by equivalent-current dipole (ECD) estimation. Fig. 4
shows typical MEG patterns from a chromatic condition [Fig. 3(a),
158 ms] used for ECD estimation.

Fig. 5 shows the locations of the ECDs estimated for the
recording from subject KA with L-M direction stimulation with
3.2-cpd grating. The ECD estimated from the latency of around
100 ms was located in the calcarine sulcus, which means the
estimated location of the activity was the primary or secondary
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visual cortex (V1/V2). The second ECD was estimated from the
map around 150 ms and the estimated location was in the ventro-
occipital area. After a precise examination, this ECD was found to
be located within the fusiform gyrus. The ECD estimated from the
MEG at the latency of around 100 ms was generally located in the
calcarine sulcus, and the one from the MEG at the latency of
around 150 ms was located generally in the ventro-occipital area.

The latencies of the peaks at around 100 and 150 ms were
reexamined after the locations of the ECDs were specified in the
structural MRI image. The latencies of the MEG amplitude peak
that corresponds to ECDs in the calcarine sulcus (V1/V2) and in
the fusiform gyrus (ventro-occipital area) are plotted with different
symbols in Fig. 6. There are clear latency differences between the
MEG amplitude peaks with ECDs in the calcarine sulcus and
fusiform gyrus. The average difference in the latency was 43 ms.
We varied spatial frequency among the three conditions. However,
we found no common tendency among observers in peak latency,
MEG amplitude, and the location of ECD

For two of the three subjects, the locations of fMRI responses
were compared with the estimated ECD locations. Fig. 7 shows the
result of the fMRI experiment and the estimated ECD location in
the same slice from one subject. Since the stimulus was presented
in the right half of the screen, most of the voxels with high BOLD
signal locate in the occipital cortex in the left hemisphere. The
location of ECD in the calcarine sulcus and the V1/V2 activity in
the fMRI show good coincidence. The ECD in the ventro-occipital
area was within the fusiform gyrus, as were the foci of fMRI
activity.

According to the studies by McKeefry and Zeki (1997) and
Bartels and Zeki (2000), the response to stimulus presentation in
the top and bottom half of a screen distribute over the collateral
sulcus. As shown in Fig. 7, foci from both fMRI and MEG
measurements appear to locate medially to the collateral sulcus
(i.e. lingual gyrus). Our data are consistent with previous results, in
that the fMRI response would span across the collateral sulcus if
the significance level were raised. The results for both modalities
of measurement are summarized in Table 1, which includes as a
reference the focus of fMRI response in the right hemisphere
obtained by McKeefry and Zeki (1997) when they presented the
stimulus in the full field of the screen.

Table 1. Summary of ECD locations and fMRI activity foci®

x (mm) y (mm) z (mm)

Data source/subject Modality avr S.D. Avr. S.D. avr. S.D.
McKeefry & Zeki (1997):
Right hemisphere, full field fMRI 30 —78 —18
KS fMRI 24.4 —68.3 —-17.7

MEG 233 2.28 —74.25 1.99 —16.5 2.45
IK fMRI 18 =81 —18

MEG 15.9 1.3 =71.1 4.8 —20.1 2.1
KA MEG 30.0 2.4 —67.2 2.1 —15.4 1.7

“ECD locations were summarized by taking average and standard deviations (S.D.) across MEG
experiment sessions. The foci of fMRI activity for subjects KS and IK were determined by using high
significance level (p < 1.0 X 107°). As a reference, the top row shows a data of fMRI focus in the right
hemisphere from McKeefry and Zeki (1997), which was obtained under full-field stimulation condition.
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Fig. 3. Typical stack plots of the 64 MEG channels. (a) Result for subject KA from L-M reversal of the 3.2-cpd grating. The first peak
appears at 93 ms, and the second at 158 ms. Insets show MEG field maps corresponding to each peak. (b) Result for the same subject
for luminance reversal of the 3.2-cpd grating. A prominent response is found only at the latency of around 100 ms.

General discussions This source location was confirmed by f MRI with the same visual
stimulus and is consistent with the previous PET or fMRI studies
(Lueck et al., 1989; Sakai et al., 1995; Zeki & Marini, 1998;
The present study has successfully recorded MEG responses to Bartels & Zeki, 2000). The latencies of MEG peaks in the present
chromatic stimuli whose ECDs located in the ventro-occipital area. study are consistent with those in previous EEG studies, although

Efficiency of long-intermittent color reversal stimulus
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(¢) Difference: (a) — (b)

with one exception (Buchner et al., 1994), these studies did not
attempt to localize the ECD (Crognale et al., 1993; Rabin et al.,
1994; Gerth et al., 2003). Our stimulus was slightly different from
conventional ones, and our result suggests that our method was
effective for recording MEG responses to color stimulus from the
ventro-occipital area. The second peak at around 150 ms of latency
in the present study, with ECD in the ventro-occipital area, has not
been successfully observed in the previous MEG studies with
conventional visual stimuli (Regan & He, 1996; Koike et al.,
1996). It is known that the electric current source for MEG and
EEG are common, but because of the geometric and electromag-
netic difference between the evoked potential and magnetic field,
some brain activities are not always recorded by both modalities
(Haméldinen et al., 1993). From previous MEG and EEG studies,
it can be inferred that recording the activity in the ventro-occipital
cortex, stimulated by conventional onset-offset or reversal stimu-
lus, is advantageous for EEG.

As an aid in discussing the reason for our success, we would
like to introduce the result of our preliminary experiment. In this
preliminary experiment, we recorded MEG responses while pre-
senting two chromatic stimulus conditions (r/g and y/b) and one
luminance stimulus condition within a session in a random order.
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Fig. 4. The left column shows maps derived from the second-
peak data. (a) Recorded MEG data; (b) calculated magnetic-
field map for ECD estimation displayed in right column; (c)
the difference between (a) and (b). The goodness of fit
(GOF) was 84.4% for this result; residual errors are small
and restricted to the frontal area. The MRIs show sagittal,
transverse, and coronal views (top to bottom) of subject KA
at slices including the location of the estimated ECD. The
small ellipses in the ventro-occipital area show the 95%
confidence volume for the ECD, the estimated location of
which is shown by a small dot at the centre of each ellipse.

Each stimulus was presented with the stimulus onset (the appear-
ance of a grating from uniform a grey screen) preceding by
1.0-1.5 s (randomly perturbed between trials) the single polarity
reversal of sinusoidal grating. The grating was modulated in either
color or luminance with a spatial frequency of 0.4 cpd. In the color
conditions, gratings were modulated under isoluminance, and in
the luminance condition the average luminance was kept the same
as the uniform grey background. The stimulus went back to a
uniform grey screen at 1.0 s after the single reversal of chromatic
or luminance polarity. The other details of the stimulus were the
same as in the main experiment. MEG responses were recorded
from —200 ms to +800 ms of latency with respect to the instance
of reversal, and the data were analyzed by taking the average of
more than 40 epochs for each stimulus condition. During the MEG
recording period, the stimulus condition was completely the same
as in the main experiment. However, the result showed peaks only
at 80—100 ms of latency, and the ECD was estimated to locate in
calcarine sulcus. Unlike in the main experiment, no peak response
was observed at around 150 ms of latency. This was consistent
among the three subjects in both hemispheres (6 samples).

This preliminary result suggests that the MEG response to the
onset of chromatic stimulus, which changed in color and shape but
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Fig. 5. The results of ECD estimations. Rows (a)
and (b) show the results for the first peak and the
second peak for subject KS, S—(L+M), 0.4 cpd,
in the left hemifield stimulation. Rows (a) and (b)
show the location of the estimated ECD at 96 and
130 ms, respectively. GOF for each ECD fit was
84% for the first peak and 83% for the second. The
three panels in row (c) show results of ECD esti-
mation from the same subject under the luminance
reversal condition (0.4 cpd, 103 ms). GOF was
91%.

not in luminance, was strong enough to evoke brain activity that response from the ventro-occipital area at the latency of about

interferes with the recording of MEG response from the ventro- 150 ms is not robust and easily disappears with the changes in
occipital area, which is evoked only by a color reversal 1.0-1.5 s preceding stimulus condition. Since the fusiform gyrus in the
after the onset. At the same time, this implies that the MEG ventro-occipital area is estimated to process figural information
200
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EZ) ® Fig. 6. Latencies of the first and second peaks in
- [K{U'O') each stimulus condition for the three subjects that
50 allowed the estimation of ECDs satisfying the
constraints listed in the text. The three shaded
25 areas represent different stimulation conditions,
such as the L—M, S—(L+M), and luminance
]"IM S-(L+M) I"um 2 conditions (from left). The open symbols represent
0 2 latencies for the first peak (located in the calcarine

0025 04 32 0025 04 32 0025 04 32 sulcus; abbreviated c.s.) and the filled symbols
represent latencies for the second peak (located in

Stimulus conditions / spatial requency (cpd) the ventro-occipital area; abbreviated v.0.)
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p<l.0x10°®

Fig. 7. Comparison of ECD location with a fMRI statistical map. The ECD
location and statistical map from fMRI analysis are superimposed on the
same plane of the transverse section of an anatomical MR image. The ECD
was derived from the magnetic map recorded from subject KS at the
latency of 130 ms (Fig. 5, bottom row). The green circle represents the
location of the ECD from MEG and the red blob represents the fMRI result
(t-test, P < 1.0 X 1073~1.0 X 107°). Talairach coordinates for the focus of
fMRI activity are shown in Table 1. Both the ECD and fMRI activity
locate on the ventral surface of the occipital lobe.

(Zeki & Marini, 1998; Grill-Spector et al., 2004), the response to
figural changes in this area somehow disturbed recording clear
MEG responses to color-information processing area in the ventro-
occipital cortex. This might be the reason previous MEG studies
using the conventional method of visual stimulation were not
successful in recording responses from the ventro-occipital area.
The present study and an EEG study by Buchner et al. (1994)
recorded current source activity in the ventro-occipital area at the
latency of around 150 ms. Although Buchner et al. used a color
stimulus with luminance distributions, both their and our studies
presented no figural changes across the color stimulations. This
indicates that our attempt to avoid presenting any figural changes
in the main experiment prevent the occurrence of any disturbance
from stimulating the cortical area sensitive to changes in the
figural configuration. In our stimulus, we also made the screen
isoluminant in chromatic conditions to prevent stimulating subsys-
tems of human vision, which obtain information mainly from
luminance distribution, such as shape, motion and so on, from the
subject’s involuntary eye movements. This is because responses
from these subsystems seem to disturb recording response to color
from the ventro-occipital area, especially in MEG recordings.
Another similarity between this study and Buchner et al.’s is
that the length of ISI was relatively longer. This might be another
important factor in successful recording of MEG responses from
the ventro-occipital area. Gerth et al. (2003) presented either onset
or reversals in multifocal stimulating procedure in a random order
(12 bits m-sequence) and concluded that a color-onset stimulus

291

was more effective than color reversals. The multifocal stimulation
is based on assumptions that linear summation of each evoked
response is equivalent to the recorded waveform and that the
response to each stimulus presentation in a rapid sequence is
robust. Several studies suggested that this method would be suc-
cessful also in MEGs (Wang et al., 2001; Tabuchi et al., 2002), but
the source of the responses were mainly in the calcarine sulcus.
The robustness of responses from the calcarine sulcus at around
the latency of 100 ms seems to hold. However, as our preliminary
experiment showed, the robustness does not seem to hold for MEG
responses from the ventro-occipital area with a rapidly changing
stimulus. Therefore, we infer that the use of the relatively longer
IST (2.0-3.5 s) in the present study was effective for observing
relatively weak MEG responses from the ventro-occipital area.
The presentation of a long-intermittent single reversal of a
grating may evoke an apparent-motion percept. However, this was
not the case in our experiment. Two of the three subjects did
not perceive the apparent-motion percept in any condition. Sub-
ject KA reported an apparent-motion percept for a few times in
the highest spatial-frequency condition (3.2 cpd). Especially in the
case of 0.025 cpd, one half of a grating was shown in a full
half-field of the screen; therefore, the color reversal did not appear
as motion at all. If the motion percept had strongly disturbed the
MEG response, the resulting MEG would have shown some
systematic change due to spatial frequency of the stimulus.

About the MEG response latencies between visual areas

A recent study presented a series of electrophysiological record-
ings from monkey visual cortex and reported a series of differ-
ences in the latencies (Schmolesky et al., 1998). In that study, the
latency between V1 and V4, which are considered to be homo-
logues of the ECD locations estimated as V1/V2 and ventro-
occipital foci in the present study, was approximately 20 ms at the
very first instance of activation. According to the difference in the
time course of cell activity growth, the latency became about
45 ms at the level of 75% cell activity (Fig. 2 in Schmolesky et al.,
1998). However, since their results are recordings of single-cell
activity and ours is a MEG of the human brain, these data have to
be compared carefully.

The difference of 43 ms in MEG latency from the calcarine and
collateral sulci (Fig. 6) is not unusually long for the following
reason. The latencies of the ECDs located in the calcarine sulcus at
around 80—100 ms have been observed frequently in various MEG
studies using a visual stimulus. However, the source of the MEG
signal has been estimated to be a result of the synchronized
activation of hundreds of thousands of neurons (Hamildinen et al.,
1993). According to the inherent characteristics of nerve-cell mem-
brane, the temporal-frequency limit of the nerve impulse could
reach about 200 Hz. In general, the frequency range of the firing
rate is about several ten to 100 Hz. Basically, a nerve impulse itself
does not carry specific information; the frequency of the spike
codes the intensity of the signal in a neuron. In addition, each
neuron has spontaneous discharge when idle, which is expected to
be ignored, and the frequency of the spike train itself randomly
fluctuates (Teich, 1989). Therefore, the receivers of the pulse,
probably synapses or postsynaptic neurons, have to analyze the
incoming pulse train for at least several milliseconds to determine
whether the incoming spikes contain signal (Teich et al., 1990).
Taking the above discussion into consideration, a neuron in the
following stage of information processing has to wait more than a
few milliseconds after the first nerve impulse with some signal
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reaching the synapse terminal. The mechanism of transition from
single neuron activation to mass activation is still unknown, but it
may take more than several ten milliseconds (the time to decode
the strength of incoming signal) after the arrival of the first
impulse. This can be easily imagined from the difference in the
time between the estimated time of arrival of the first impulse
(40-50 ms) and the first prominent peak of MEG/EEG activity in
the primary visual cortex (70-100 ms) (Schmolesky et al., 1998).
Therefore, the major factor in the difference between electrophys-
iological single-cell recordings and the MEG response may be the
time needed to initiate the synchronized activation by a huge
number of cells (Himiiliinen et al., 1993), and this should be taken
into consideration when reading MEG data.

Temporal characteristics of color vision in MEG and
psychophysical studies

It is commonly known among color-vision researchers that the fast
alternation of lights (about 10 Hz and up) of different chromaticity
does not provide convincing perception of color. However, the
difference in the luminance between two lights is visible in the
form of flicker. This phenomenon is thought to originate from
differences in the temporal-response characteristics of the human
visual system.

In psychophysical studies, one way to study temporal response
characteristics of the chromatic system is to measure contrast
sensitivity to flicker (Kelly, 1983). Another is to use chromatic
double pulses while changing the stimulus onset asynchrony (SOA)
to measure subthreshold summation. Uchikawa and Yoshizawa
presented two short chromatic pulses (20-ms duration) with a
certain SOA and asked the observer to report whether any pulse
was visible. By varying the SOA and the intensities of the pulses,
a time course of detection threshold was derived (Uchikawa &
Yoshizawa, 1993). The results showed that the additive effect
between two pulses lasts about 0—200 ms after the onset of the first
pulse, which means the pulse coming 200 ms after the onset of the
first pulse was treated as an independent one. This implies that the
chromatic mechanism has to wait more than approximately 200 ms
to complete a series of information processes for a single event.

Ohtani et al. have studied MEG responses to chromatic double-
pulse presentations (Ohtani et al., 2002). The focus of the response
was estimated to locate in the calcarine sulcus (at V1/V2, accord-
ing to their expression). Their result showed that the temporal
summation effect in the MEG lasted as long as 50 ms with the
SOA at the level of response at the V1/V2. This means that, at
V1/V2, a series of information processes is treated as a unit during
the first 50 ms after the emergence of the first chromatic stimulus.
However, this length of time is significantly shorter than that
estimated in a psychophysical study: 200 ms.

The psychophysical data tell us that somewhere in the visual
system, which is closely related to the percept of chromatic pulses,
there is an accumulating period of 200 ms. A pair of two indepen-
dent pulses with 100 ms of SOA is treated separately in V1/V2,
but they are treated as a single pulse when the signals for each
pulse pass a stage within the visual system. This accumulation of
visual signal for more than 200 ms must occur at a stage after the
V1/V2. At least, the present study suggests that the ventro-
occipital area is a possible site; our data indicate that the ventro-
occipital area selectively responds to chromatic stimuli after V1/
V2. However, it is not possible to argue that the ventro-occipital
area is a possible site of temporal summation from the data in the
present study.

1. Kuriki, K. Sadamoto, and T. Takeda

Conclusions

We have succeeded in recording MEG responses of the human
visual system specific to chromatic stimulation from the ventro-
occipital area by using the single reversal of color grating with ISIs
of 2.0-3.5 s as the visual stimulus. The difference in latency
between V1/V2 and ventro-occipital area (presumably human V4
homologue) was approximately 40-50 ms (43 ms on average),
which was consistent between subjects.
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Abstract

Neuropsychological studies have indicated two distinct visual pathways in our brain, one dedicated to conscious perception and one
to visuomotor control. Some psychophysical results support this idea with normal subjects, but they are still controversial. This study
provides new psychophysical evidence for the dissociation by showing action-specific extrapolation of the visual target trajectory. When a
moving target disappears, the perceived final position is liable to be shifted forward (representational momentum). In experiment 1, larger
and more robust forward shifts were found when the position was directly touched without seeing the screen (open-loop pointing) than
when the position was judged perceptually. The most striking dissociation was that fixation did not affect the forward shift in open-loop
pointing while it almost abolished the shifts in perceptual judgements. In experiment 2, this action-specific result was found to disappear
after a response delay of 4000 ms. Experiments 3 and 4 confirmed that the results were not affected by the external reference frames. The
specific forward shifts found in open-loop pointing suggest that the visuomotor system compensates for the neural delays by extrapolating
the target motion. The results, together with earlier findings, lead to a psychophysical double dissociation of the two visual pathways.
© 2004 Elsevier Ltd. All rights reserved.

Keywords:Representational momentum; Visuomotor; Reaching; Action; Visual motion

1. Introduction & Fahle, 2003. Given that a dissociation between percep-
tion and action has been reported in many other cases (e.qg.
Neuropsychological studies on brain damage patients Bridgeman, Peery, & Anand, 1997; Burr, Morrone, & Ross,
have indicated that the human brain has distinct visual path-2001; Dyde & Milner, 2002, the weakness seems to be that
ways for action control and for detailed visual perception, action is always more immune to illusion, a claim which
a conclusion which is also supported by monkey neuro- has no a priori justification.
physiology Milner, 1999 Milner & Goodale, 199% For Yamagishi, Anderson, and Ashida (200d)ovided the
example, a patient with ‘visual form agnosia’ was able to counterpart to complete the double dissociation. Using drift-
post a plaque into a slot without being able to report its ing Gabor patches, they demonstrated that the positional bias
orientation. Together with the knowledge that damage in due to carrier motionAnstis & Ramachandran, 1995; De
the parietal cortex can lead to visuomotor disorders (Balint Valois & De Valois, 199) is more pronounced in an imme-
syndrome), there seems to be a double dissociation in termgiate open-loop reaching task than in perceptual judgement,
of both function and physical pathways. Psychophysical showing that action can be more prone to illusion. The time
studies on intact observers, however, have not shown sucHaken for visual processing is a problem when determin-
a clear picture. One line of evidence for separate functional ing the location of a moving target, and one possibility is
pathways comes from results where the grasping actionthat our visual system anticipates the target's true location
resists visual geometrical illusions such as the size contraston the basis of the motion signaifstis & Ramachandran,
effect in Titchner—Ebbinghaus circleé\dlioti, DeSouza, 1995. If so, it is not surprising that a larger extrapolation
& Goodale, 199% However, there are possible artefacts should be found in a real-time reaching action in order to
(Franz, 200}, and dissociation in the results might not be avoid missing the target. This idea, however, remains spec-

evidence of two pathways$Bfuno, 2001 Franz, Bulthoff, ulative because anticipation is not a real requirement in the
case of motion-related positional biases because the enve-
E-mail addressashida@bun.kyoto-u.ac.jp (H. Ashida). lope pattern does not move. We need to test the anticipa-

0028-3932/$ — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuropsychologia.2004.03.003
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tory effect for a moving target in a more straightforward of action. The results also provide another piece of evi-

situation. dence for the distinct visual processing for perception and
While anticipatory mechanisms in the retina of rabbits and action.

salamanders have been reportBérty, Brivanlou, Jordan,

& Meister, 1999, it is unclear if primates or humans, with

their more complex visual systems, have a similar function. 2 General method

Discussion on anticipatory visual coding has been active in

psychophysics since the rediscovery of the flash-lag illusion 2.1. Observers

(Nijhawan, 1994, in which a continuously moving target

is perceived ahead of a flashed stimulus when the two are HA was the author, and MN was a senior researcher. NY

physically aligned in space and timiijhawan (1994)ar- participated as an undergraduate course requiremeiteNa

gued that the visual system extrapolates the moving object'sobservers (RS, SY, HM, and Tl) participated in the two main

instantaneous location to compensate for the processing deexperiments with payment by the standard of Kyoto Univer-

lay. Although it is an intriguing idea, later results are more sity. All the participants except the author himself gave their

favourable to other factors as the cause of the flash-lag il- informed consent before starting the experiment. All were

lusion, for example, processing delay for the flashed target right-handed and had normal or corrected-to-normal vision.

(Whitney & Murakami, 1998 or time averaging of the po- ~ Their age ranged between 21 and 34 years.

sition of the moving objectHagleman & Sejnowski, 2000

and discussion on the flash-lag continues (Séjbawan, 2.2. Apparatus and procedure
2002. Since anticipation is particularly important in direct
action (Nijhawan, 1994, 2002 it is notable thaNijhawan Stimuli were generated by a framebuffer system (Cam-

and Kirschfeld (2003jound a similar flash-lag phenomenon bridge Research Systems, VSG 2/3) and were presented on a
between visual and motor domains. They showed that per-CRT monitor (SONY, GDM-F400) that was equipped with a
ception of a flashed visual target lagged behind the posi- four-wire resistive touchscreen (Touch Panel Systems, Inc.,
tion of an unseen rod that was manually controlled. While AccuTouch). A pair of liquid crystal shutter goggles was
they argued for analogous delay-compensating mechanismaised to restrict the observers’ view during the responses. The
in visual and motor processing, they did not provide clear transmittance of the shutter was about 30% when open, and
evidence either against the other theories of visual flash-lagwas reduced by more than 10dB when closed. The screen
or against the possibility that all compensation is accom- was turned off when the shutter was closed, and nothing
plished in the motor system. remained visible in a dim room. A trackball (by Logitech
Here we address two main questions: firstly, whether the Inc.) was used for perceptual cursor adjustment, which, un-
brain operates purely visual extrapolation to compensatelike a mouse, neither required arm and wrist movement nor
for the neural delays, and secondly whether such extrapo-allowed unconscious feed-forward control because the ob-
lation selectively affects direct visuomotor co-ordination. servers did not use it daily. A chin rest was used to restrict
To answer these questions, this study investigated thethe viewing distance to 40 cm.
judged final position of a linearly moving target after it In experiments 1, 2, and 3, the monitor was positioned
suddenly disappeared. The perceived final position is aptin front of the observer. In experiment 4, the monitor was
to be shifted forward, an effect referred to as “representa- positioned on the left side of the observer, who viewed the
tional momentum” (RM), because it seems as if the inner stimuli through a front-silvered mirror that was placed at an
representation has momenturréyd, 1983 There are angle of 458. In that case, the touchscreen was placed be-
two major advantages to using this phenomenon. First, thehind the mirror at the same position as in the other experi-
target actually moves and the forward shift is more straight- ments, so that the observers touched the screen without see-
forwardly explained in terms of extrapolation than in the ing their hand and arm while the stimulus screen remained
case of the Gabor stimuli. Second, since observers are notwisible.
asked to point to the target itself, compensation for motor The display resembled that ¢iubbard and Bharucha
delays is not required. A substantial shift in the motion (1988) As shown inFig. 1, a black disk (1.0 in diameter)
direction would therefore be a signature of visual extrap- was presented as a target on a white (45 éjifectangular
olation along the target path. The main interest is in the background that subtended 25t®rizontally and 17.3ver-
way in which forward shift occurs in perceptual and motor tically. The target moved horizontally from the middle of the
responses. left or the right edge of the white area at a constant speed,
While RM has been found for several kinds of motion, and disappeared at a random horizontal position. The ob-
a linear and smooth motion as tested Hybbard and servers judged the final position of the target and responded
Bharucha (1988}s the most desirable for the current pur- with their right hand.
pose. Two main and two control experiments revealed a Three types of responses were tested: cursor adjustment,
distinct pattern of results for open-loop action, evidence closed-loop pointing, and open-loop pointing. For cursor ad-
of specific visual extrapolation for the immediate control justment, the observers adjusted a screen cursor to the re-
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Fig. 1. A schematic illustration of the procedure. A black target disk appeared at the left or the right edge of a white rectangular area, and moved
horizontally to the right or to the left at a constant speed. The participants judged the final position where it disappeared and responded either by
adjusting a screen cursor or by touching the screen with a pen. See text for more details.

membered final position of the target, as in previous studies 3. Experiment 1
(Hubbard & Bharucha, 1988; Kerzel, Jordan, & Musseler,
2007) but using a trackball instead of a mouse. For this test, 3.1. Method
the shutter was always open. For closed-loop pointing, the
observers touched the screen with a rubber pen. The shutter Cursor adjustment, close-loop pointing, and open-loop
was always open and the screen, the hand, and the arm repointing were tested with and without fixation. Three speeds
mained visible, thus providing visual feedback for the point- were tested (10, 19, or 35). For open-loop pointing, the
ing action while adjusting the pen toward the remembered shutter was closed just when the target disappeared. In this
position. For open-loop pointing, the observers touched the experiment, the observers were not required to follow the
screen with a rubber pen, with the shutter closed before theytarget strictly when there was no fixation mark, but all the
started the pointing action. The whole visual field was invisi- observers tried to do so according to their later verbal report.
ble when the shutter was closed. Shutter timing varied across As a more genuinely perceptual judgement, a control con-
experiments. Under all these conditions, fixation was either dition was tested. Target presentation was the same as in
free or maintained at a fixation mark that was presentet 4.0 the other conditions. After the target disappeared, a probe
below the centre of the screen. The fixation mark, if any, disk of the same size and colour was presented just below
disappeared during the judgement. Eye movement was notthe target path with a delay of 500 ms. The observer judged
measurable due to the shutter goggle. whether the probe disk appeared to the left or the right of
The observers initiated each trial by pushing a button with the final position of the target. The probe was presented at
their right hand so that the reaching action started from the five positions relative to the target’s final position. Data were
same position. The direction and the speed of the target werecollapsed across motion direction and the final position of
always randomised within a session. Four sessions were conthe target, and the relative position that gave 50% responses,
ducted for each condition, resulting in 20 responses in eachestimated using probit analysis, was used as the amount of
direction. forward shift.

2.3. Data analysis 3.2. Results and discussion

The horizontal shift of each response from the physical The left panel ofFig. 2 shows the forward shift aver-
position of the target disappearance was analysed. As thereaged across four observers. A three-way (response stype
was no consistent effect of motion direction, the results were fixation x speed) repeated measure analysis of variance
collapsed across motion direction so that a positive value (ANOVA) revealed significant effects of response type
indicates shift in the motion direction. The 40 measurements [F(2, 6) = 14.9, P < 0.01] and fixation F(1, 3) = 57.3,
were then averaged for each condition and each speed. P < 0.01]. Open-loop pointing yielded more shifts than
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Fig. 2. The results of experiment 1. Mean horizontal shift in the motion direction is plotted as a function of the target speed for open-loop pointing
(squares), closed-loop pointing (triangles), and cursor adjustment (circles). Filled symbols with solid lines represent the free vieworgy aadditpen
symbols with dashed lines represent the fixation condition. The left panel shows averaged results from the four participants, with error bags indicat
standard error of the mean. The right panels show the results for individual participants, with error bars showing 95% confidence intervalsieFor obser
HA, the diamonds show the results of the control condition (probe judgement), which are horizontally shifted Eyr tlarity.

closed-loop pointing and cursor adjustmeft € 0.05 by
Tukey’'s HSD test,P < 0.01 by Fisher's LSD test), but

Neither fixation nor speed had a significant effect on re-
sponse time. The average response time from the offset of

closed-loop pointing and cursor adjustment did not yield the targetwas 2.16 s for cursor adjustment, 1.24 s for closed-

a significant differenceK > 0.1 either by HSD or LSD).

loop pointing, and 1.16 s for open-loop pointing. The cur-

Interactions were significant between response type andsor responses were slower than the pointing responses by

fixation [F(2,6) = 130, P < 0.01], and between re-
sponse type and speed(ft, 12) = 9.43, P < 0.01]. The

about 1s, which is probably due to slower control of the
trackball, but the very close results for cursor and close-

simple main effect of response type was significant under loop conditions suggest that the timing of judgement was

both fixation conditions [free viewingF(2,12) = 184,

P < 0.001; fixation: F(2, 12) = 26.7, P < 0.001]. Simple
main effect of fixation was significant under closed-loop
pointing [F(1,12) = 45.4, P < 0.001] and cursor adjust-
ment [F(1, 12) = 34.5, P < 0.001] conditions, but not un-
der the open-loop pointing conditioF(1, 12) = 0.0007].
The right panels ofig. 2 show the results of individual
observers, with all showing similar tendencies.

similar in these conditions. The small difference between
the close-loop and open-loop conditions might suggest ad-
ditional feedback control for closed-loop pointing, but it is
not statistically significant. The difference in the judged po-
sition is therefore more likely caused by different initial vi-
sual representations.

The results are summarised in three points. First, close-
loop pointing and cursor adjustment yielded very similar

The results of the control condition, using the probes, are results. Second, fixation greatly reduced the forward shift

shown in the panel oFig. 2 for observer HA. The shifts

for close-loop pointing and cursor adjustment, confirming

were nearly as large as those for open-loop pointing, but the results oKerzel (2000) Finally, the forward shift under

they were reduced to almost zero by fixation as found in the open-loop pointing condition, which was the largest and
cursor judgement and closed-loop pointing. Large reduc- varied most linearly with speed, was not affected by fixa-
tion by fixation is therefore common to all the three meth- tion. These results indicate that the open-loop pointing re-
ods and is considered a signature of perceptual judgementlied upon a different representation from that used under the
whereas, larger shifts in open-loop pointing alone may not other two conditions. A different output gain in the open-

be so. Reduction of forward shift by fixation was also con-
firmed by a néve observer (YW) who was tested only for
the highest speed. The amount of shift was 1.@be 95%
confidence interval: 1.02—-1.8pwithout fixation and 0.82
(0.65-0.02) with fixation. The néve observer showed sub-
stantial forward shift with fixation, but this could be an arte-

loop pointing may explain the larger shifts, but it cannot ex-
plain the divergent effects of fixation. These results suggest
that the open-loop pointing was supported by the direct vi-
suomotor system while the others were possibly supported
by the perceptual system.

One could argue that cursor judgement and closed-loop

fact of unstable fixation, at least to some extent, because thepointing were not genuinely perceptual. The former case is
observer had no prior experience of psychophysical experi-then crucial because the latter is considered perceptual on
ments. The shifts became smaller in later sessions, but thehe basis of its similarity with the former. As to the for-

numbers of measures were insufficient for formal proof.

ward shift, it has been shown that mouse pointing is differ-
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ent from relative judgemenkeérzel, 2002 but is similar to not visible. This was not crucial in experiment 1 because the
manual pointing Kerzel, 2003. Also, correction of mouse  task of judging the final position was the same. However,
control was shown to be as fast as that of manual pointing this can produce a significant artefact then the results are
(Brenner & Smeets, 2003Pointing using a mouse cursor compared with and without delays, because the target dis-
could therefore be regarded as a more or less direct actionappearance is clearly perceived in the latter. A short delay
In the present case, however, a crucial difference is that thewas therefore involved in the immediate condition in this
cursor was controlled by a trackball, which is different from experiment.
a mouse in two major ways: its control does not include
arm and wrist movement and the observers were not trained4.1. Method
in its use. Its control with an index finger (or possibly the
middle finger) is far less direct as a reaching action, which C|Osed_|oop and open_k_)op responses were tested in sep-
normally requires more deliberate correction. It is unlikely arate sessions, for three speeds (10, 19, ofsp8Response
that the observers in this experiment, including the author, de|ays of 200 and 4000 ms that were tested in separate ses-
were able to control the cursor in a fast and efficient way. sjons. Fixation was always maintained. During the response
Furthermore, the reduction of forward shifts by fixation in delay, the fixation mark remained on the screen. The ob-
the probe judgement, which is considered more purely per- servers kept fixation until a sound notified the start of re-
ceptual, supports the idea of a common perceptual represensponse. The shutter was closed at the end of the delay period
tation underlying these conditions. for open-loop response. The maximum speed was reduced
because the fiee observers in this experiment claimed dif-
ficulty of judgement at 39s during practice.
4. Experiment 2
4.2. Results and discussion
It has been suggested that the visuomotor system works in
real time, and delayed responses must rely on stored infor- The averaged result§ig. 3, left panel) showed that the
mation in the perceptual systeidy, Eagleson, & Goodale, open-loop pointing yielded significant shifts with a 200 ms
1999; Hu & Goodale, 20Q0vamagishi et al., 2001 If so, delay but not with a 4000 ms delay. It was supported by the
delayed open-loop pointing would not show the specific statistical test; a two-way (response typespeed) repeated
pattern of forward shifts. As experiment 1 confirmed that measures ANOVA, performed separately for each delay con-
closed-loop pointing does not yield action-specific responsesditions, revealed a significant effect of response type with
but relies on perceptual information, only closed-loop and a 200 ms delay (1, 3) = 1067, P < 0.01] but not with
open-loop responses were tested in this experiment. a 4000 ms delayq(1, 3) = 0.063]. No other effects were
One problem with open-loop pointing in experiment 1 significant P > 0.1).
was that the shutters were closed just when the target disap- Neither response type nor speed had a significant effect
peared, which implies that target disappearance event waon the response time. The average response times from the

2 r
o) AVERAGE
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k=)
N—r
g 17
=
n
e
© 0 1
=
o
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_1 L

0 10 20 30
Speed (deg/s)
at at
0 20 30 40 0 20 30 40

B0 Open-loop pointing mA 200 ms delay
AA Closed-loop pointing  0OA 4000 ms delay Speed (deg/s)

Fig. 3. The results of experiment 2. Mean horizontal shift in the motion direction is plotted as a function of the target speed for open-loop pointing
(squares), and closed-loop pointing (triangles). Filled symbols with solid lines represent the 200 ms delay condition, and open symbols witleslashed
represent the 4000 ms delay condition. The left panel shows averaged results from the four participants, with error bars indicating standareagrror of
The right panels show the results for individual participants, with error bars indicating 95% confidence intervals.
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end of the delay period were 0.95s with a 200 ms delay shift. This would apply to cursor adjustment and closed-loop
and 1.15s with a 4000 ms delay, the difference being only pointing but not to open-loop pointing as the background
marginally significant by a three-way repeated measureswas not visible during responses, and the discrepancy in the
ANOVA [ F(1,3) = 7.54, P < 0.1]. results could therefore be explained.

Of primary interest was that the difference between the  The following two experiments are designed to test this
open-loop and closed-loop conditions. The difference was possibility. In this experiment, perceptual cursor adjust-
clear with the delay of 200 ms, but disappeared with the ment was tested with and without the white background
delay of 4000 ms, as would be expected given the real- being present during the response. A main prediction from
time operation of the visuomotor system. This indicates the reference-frame hypothesis is that more forward shifts
that two different representations were used for open-loop should be observed even with maintained fixation when
and closed-loop pointing only for a 200ms delay. A sin- the background was removed and the reference frame is
gle representation, which serves conscious perception, wasbscured. Forward shifts with fixation may not be as large
presumably used with a 4000 ms delay. as those found with eye tracking, because the field did not

The significant effect of the response type at 200 ms con- become totally dark, but substantial increase of the for-
firmed that the results specific to open-loop pointing was not ward shift should be found to support the reference-frame
predominantly due to an artefact of missing the target disap- hypothesis.
pearance event. However, as the difference between open-
loop and closed-loop responses was much smaller than thag 1 nethod
in experiment 1, such an artefact might have some effect. Or

evena delay as short as 200V|:r/1.shrré|_gf]fht redu<l:)e the effect of di- The method was the same as the cursor adjustment in ex-
rect visuomotor responses. With different observers grOUpS’periment 1 except as follows. Responses were delayed for

firm conclusion_cannot be dra_lwn_on this_; point, which is any- 200 ms. After this short delay, the white background area
way not essential for the main discussion. turned black or remained unchanged. To minimise the af-

_Crl]losed—loop hrespo_nﬁes yielded dsolmewrﬂt Iarhger hShiftsterimage, the outer area of the CRT monitor was painted
with 2 200 ms than with a 4000 ms delay. Although a three- in grey whose luminance was half of the white area, which

way ANOVA only showed marginal interaction between turned black together with the white area. The remaining

the response type and the delay({, 3) = 6‘99’_P 5_0.1], weak afterimage, which was not very obvious, should not
the simple ma_ln_effect of the delay was S|gn|f|_ca_nt for have worked as effectively as the remaining background.
c[osed—loop pointing £(1, 6) = 6'63.’ P< 9'05]' Th's In- Pursuit and fixation conditions were tested. The two trained
dicates that the closed—lgop condition yielded significant, observers were instructed more explicitly than in experi-
though_small, forward shifts When ther.e was a 200ms de- ment 1 to track the target with their eyes, although the eye
lay, which was not the case in experiment 1. As we see movement was not measured. The shutter goggle was worn

in thle rigfht EaHEIS O_:_:IigAa this ?ﬁ?Ct r_noshtly rﬁflectts) the to equate the viewing conditions, but it was always open.
results of observer TI. A speculation is that this observer .o speeds were tested (10, 19, Gt/SB

performed the pointing action less carefully (i.e. using less

feedback control) so that there was more effect of visuomo- _ )

tor responses, but this is not supported by the fact that theS-2- Results and discussion

averaged response time under this condition was slightly

longer for TI (1161 ms) than for the others (766-1033ms).  Fig. 4 shows the results of the two observers. The error
We cannot draw firm conclusion since this observer did bars that represent 95% confidence intervals clearly show
not participate in experiment 1, but note that even for this that there was no effect of background removal. Observer
observer there was clear difference between the open-loop

and closed-loop responses with a 200 ms delay but not with © 2] ya 3T wN o Eili;i“;‘n
a 4000 ms delay. The discrepancy between open-loop andE %

@0 Background on

e

closed-loop condition is thus evident for all the observers E ! 2 A4 Background off
with a 200 ms delay but not with a 4000 ms delay. T e % 1
s I A T R
o
- [T 0
5. Experiment 3 0 10 20 30 0 10 20 30

There remains the possibility that the open-loop effect was Speed (degls)
caused by the lack of a spatial frame of reference and weFig. 4. The results of experiment 3 for the two participants. Mean hori-
do not need to consider the visuomotor respong8esnQ, zonta_l shift of the cursor responses in the motion directign is plotted asa
200:')_ According to this hypothesis, fixation would lead function of the tgrget speed with (tr_langles) or wnhput (c!rclgs) the white
to more reliable positional coding of the target against the background during the response. Filled symbols with solid lines represent

. : the pursuit condition, and open symbols with dashed lines represent the
background and thus to suppression of the illusory forward fixation condition. Error bars show 95% confidence intervals.
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HA showed an increase of forward shifts without fixation, - m Shutter open
but not with fixation. It is therefore unlikely that the un- 3 2 2l Ny O Shutter closed
availability of a reference frame was the main cause of the E/ 1l 1l
open-loop-specific responses with fixation in experiments 1 <
and 2. T ' o

Observer MN showed some forward shifts even with g
fixation, but this is not crucial here because the overall I_SL 1 1

amount of shift was much lower than that with fixation. ’ (; 10 20 30 ) (; 10 20 30
It is not important for the current discussion whether the

. . . . . Speed (deg/s)
shifts are totally eliminated by fixation. Fixation might have
been inaccurate, but this was not very likely for this trained Fig. 5. The results of experiment 4 for the two participants. Mean hori-
observer. Perceptual forward shift could probably happen zontal shift of the pointing response in the motion direction is plotted as
even with fixation in some casekdrzel, 2003. a function of the target speed with the shutter open (filled squares with

The average response times were 1.32s (HA) and 2.36 §o|;d I|ne§) or clqsed (open squares with dashed lines). Error bars show
(MN). HA was much faster probably because he became 95% confidence intervals.
experienced in cursor control through experiment 1. Note
that there was still no forward shift with fixation, which is 7. General discussion
not consistent with the results using a mousergel, 2003.

It is suggested that the control of a trackball with a finger is 7.1. Separate visual processing for perception and action
far less direct as an action than that of a mouse.
The forward shift in the perceived final position of a mov-
) ing target was more pronounced in an open-loop reaching
6. Experiment 4 action than in a perceptual judgement. This result is consis-
tent with a recent report dferzel and Gegenfurtner (20Q3)

In this experiment, the effect of visible frames was tested pyt now a qualitative as well as quantitative difference has
the other way round, that is, by testing open-loop pointing peen confirmed by the selective effect of eye fixation; it
with a visible screen baCkgrOUnd. The observers viewed thEQreaﬂy reduced the forward shift in a perceptua| judgement
screen through a mirror and pointed behind the it W|th0ut but not in an Open_k)op action. This is not exp|ained by any

seeing their handsramagishi et al., 2001 possible difference in the output gain. The results therefore
support the idea of separate visual processing for percep-
6.1. Method tion and action Milner & Goodale, 1995 Evidence has

accumulated for the functional difference in the ventral and

A mirror was placed in front of the touchscreen at an dorsal brain pathways in monkey physiology and in human
angle of 48 so that the observers viewed the stimuli on patient studies. The present results add another piece of evi-
the left through the mirror and pointed to the touchscreen dence, showing a psychophysical double dissociation when

behind the mirror. A black panel behind the mirror prevented taken together with earlier findings. For example, the result

the observers from seeing their hand and arm. The shutterof Burr et al. (2001)s noteworthy because they also tested
goggle was used to control the viewing during the responses.manual reaching action while many others tested grasping.

The response was delayed for 200 ms as in experiments 2They found that open-loop pointing was accurate during
and 3. Fixation was always maintained during the target saccadic eye movements while perceptual judgement was
motion. Three speeds were tested (10, 19, 6s)5Trained compressed toward the saccadic target. In other words, they
observers (HA, NY) who had participated in experiment 1 showed an example where manual reaching resists percep-

were tested. tual errors. Interestingly, they found that manual pointing
was prone to compression when the reaching target was vis-
6.2. Results and discussion ible (i.e. closed-loop pointing), as found in this study. It

is therefore the underlying representation, not the response

Fig. 5 shows the results. There was a technical problem mode itself, that must be considered when we discuss dis-
in that the mirror setting restricted horizontal arm move- sociation between perception and action.
ment, and the results were a little less reliable than in the Recently,Dyde and Milner (2002demonstrated a psy-
other experiments, as the larger error bars indicate. It is chophysical double dissociation in the effect of simultaneous
nevertheless clear that the forward shift was not substan-orientation contrast. They found that a far frame induced a
tially reduced when the shutter was open, that is, when perceptual orientation contrast but did not affect the posting
the screen was visible during the responses. The amount ofaction, while an adjacent grating affected both perception
shifts was nearly the same as in experiment 2 with the sameand action. When the far and the adjacent inducers were op-
delay. The average response times were 1.03s (HA) andpositely slanted, the effect of the adjacent grating was nulled
1.51s (NY). by the far frame in perception but not in posting action, re-
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sulting in larger illusion in action than in perception. They be drawn. Also, inconclusive is the question as to whether
argued that the adjacent grating affects both perception andthe purely perceptual or cognitive extrapolation was to-
action because the orientation contrast occurs at an early cortally excluded in the present setting. In some cases, small
tical site before the two pathways are separated, while theforward shifts remained in perceptual responses even with
far frame affects only perception somewhere deeper in thefixation, suggesting weak effects of perceptual or cognitive
ventral stream. While further investigation would be neces- extrapolation, although imperfect fixation or partial action
sary to confirm the neural correlates, their claim that “we components of the responses may explain it.
need to ask first where the likely locus of the illusion is go-
ing to be within the brain” Milner & Dyde, 2003 p. 11) 7.3. Frame of reference for perception and action
seems to give the right direction to sort out the controversy
on the psychophysical results so far. It has been argued that differences between relative and
With their view, however, we should note that their results absolute judgement¥ishton, Rea, Cutting, & Nunez, 1999
did not complete double dissociation in terms of the two or in the reference frame8(uno, 200} are important in
pathways because they did not include a case where a dorperception and action tasks. The present results cannot be
sal pathway plays a major role. We have previously demon- explained solely by an artefact of available frames of refer-
strated such a case where action is more prone to the illusionence, because external control of frames of reference did not
of motion-related positional shift&¥amagishi et al., 2001 change the pattern of results (experiments 3 and 4). But we
There remained, however, the possibility that an automatic can nevertheless interpret the results in terms of the frames
gain enhancement for immediate reaching action might ex- of reference, providing further insights into the underlying
plain the quantitative difference in the positional shifts with- mechanism of visual extrapolation.
out the need for separate visual representations. The current The results are consistent with the idea that the visuomo-
result of qualitative difference adds strong support for sep- tor system innately uses an egocentric frame of reference
arate representations, suggesting that the positional illusion(Milner & Goodale, 199% In this case, the egocentric frame
occurs within the dorsal pathway supporting direct visuo- can be either head-centred or body-centred, but it must be

motor behaviour. independent of the eye position. The specific pattern of for-
ward shifts in open-loop pointing is explained if we assume
7.2. Action-specific visual extrapolation that visual extrapolation is facilitated in the egocentric rep-

resentation. The results of the other conditions are explained

The forward shift is considered to reflect visual extrap- if perceptual judgement depends on both egocentric and al-
olation in our brain to anticipate the position of a moving locentric representations. When the eyes track the target, the
target, which is particularly important for motor responses retinal slip obscures the screen frames, and the judgement
towards a moving target, given the large delay associatedwould rely more on the egocentric representation. Smaller
with physical action. Generally, larger and more robust for- forward shifts in perception than in open-loop action could
ward shifts in action support this idea, suggesting that the be a result of an interaction between the two representations.
extrapolation occurs within the visuomotor pathway. When the eyes are fixated, the background is more stabilised

Extrapolation would be also necessary for perception and the judgement would rely more on the allocentric rep-
to compensate for neural transmission and processing de+esentation. Moreover, if the egocentric representation is as-
lays, but it should not be as urgent as for motor responses.sumed to be available only for online processing, reduction
Perceptual forward shift is therefore likely supported by a of open-loop responses after a long delay is also explained.
cognitive, or post-perceptual, mechanism that is sensitive to But note that a simple retinotopic representation, instead of
various parameters such as gravity or friction, as the term a genuine allocentric one, can be used in the above discus-
‘representational momentum’ impliesigbbard, 1995a)b sion for the present results.
Perceptual forward shift has been found to be more promi-  Physiological findings support the above idea, indicating
nent when the motion signal is weak, such as in a sampledthat the posterior parietal cortex is involved in co-ordinate
motion display Kerzel, 2003. In the case of smooth mo- transformations from retinotopic into head-centred and
tion, as in the present experiments, the effect may not be abody-centred representations for action contfahdersen,
result of cognitive or perceptual extrapolation. Judging from Snyder, Li, & Stricanne, 1993; Cohen & Andersen, 2002;
the crucial effect of eye fixation, it is suggested that the Rizzolatti, Fogassi, & Gallese, 199Tt would be interesting
forward shift is mostly caused by the tracking eye move- to see whether a position of a moving target is extrapolated
ment. It is possible that the overshoot of eye, after suddenor not in the related parietal areas, compared to a stationary
disappearance of the target, leads to a shift of the persistingone. The egocentric representation could affect perceptual
image Kerzel, 2000, but there is the alternative possibility judgement as well, because the parietal lobe has been sug-
that the visuomotor signal to control the eyes somehow gested to have a role for spatial perceptiBizgolatti et al.,
affects perception. The latter seems interesting, suggest-1997). The site for the allocentric frame is less understood.
ing substantial interaction between the two pathways, but While supplementary eye field in the frontal cortex has
more investigation is required before any conclusions can been suggested to represent an object-centred sQésmn(
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2003, further studies are required to understand how such Burr, D. C., Morrone, M. C., & Ross, J. (2001). Separate visual
a representation is build up. The current results do not have representations for perception and action revealed by saccadic eye

direct implications for allocentric representations, anyway. _ MovementsCurrent Biology 11, 798-802.
Cohen, Y. E., & Andersen, R. A. (2002). A common reference frame

] for movement plans in the posterior parietal cortbbature Reviews
7.4. Concluding remarks Neuroscience3, 553-562.

De Valois, R. L., & De Valois, K. K. (1991). Vernier acuity with stationary

In summary, this study revealed that the distinct forward _ MoVing GaborsVision Researchdl, 1619-1626. .
Dyde, R. T., & Milner, A. D. (2002). Two illusions of perceived

shift m the f'nal POS'“O,” of a moving target for Ope_n'|00p orientation: One fools all of the people some of the time the other
reaching action is a signature of target extrapolation spe- foois all of the people all of the timeExperimental Brain Research
cific to visual processing for the direct control of action. The 144 518-527.

underlying mechanism of extrapolation is not specified in Eagleman, D. M., & Sejnowski, T. J. (2000). Motion integration and
this study. One possibility is that extrapolation is inherent _ Postdiction in visual awarenesScience 287(5460), 2036-2038.

in the front-end §U Sh dD 200% d Franz, V. H. (2001). Action does not resist visual illusiofsends in

in the front-end sensorgu, Shen, an an ( hov_ve Cognitive Sciences, 457-459,

that filters that have bi-phasic temporal responses yield t0 arranz, V. H., Bulthoff, H. H., & Fahle, M. (2003). Grasp effects of
spatial shift of the response distribution, which is obvious the Ebbinghaus illusion: Obstacle avoidance is not the explanation.
for blurred stimuli but not for broadband stimuli with sharp Experimental Brain Researcli49, 470-477. _
edges. This idea is consistent with the conjecture that eXtI’ap-Freyd’ J. J. (1983). The mental representation of movement when static

|ati in the Vi t t th h the d | stimuli are viewed Perception& Psychophysi¢s33, 575-581.
olauon occurs In the visuomotor system throug € dorsa Fu, Y. X., Shen, Y., & Dan, Y. (2001). Motion-induced perceptual

pathway, which receives dominant input from the magno-  extrapolation of blurred visual targetdournal of Neuroscience2,
cellular pathway and is considered to show a low-pass spa- RC172.

tial frequency tuning that causes blurring of edges. Contrary Hu, Y., Eagleson, R., & Goodale, M. A. (1999). The effects of delay on the
to this idea,Nijhawan and Kirschfeld (2003$uggested a kinematics of graspingexperimental Brain Researcti26 109-116.

ibl tral origi f Vi | ticinati M . Hu, Y., & Goodale, M. A. (2000). Grasping after a delay shifts size-scaling
possible ventral origin or visual anticipation. More precise from absolute to relative metricSournal of Cognitive Neuroscience

understanding of visual extrapolation is therefore open to 12 gs6_s6s.

further studies. Hubbard, T. L. (1995a). Cognitive representation of motion: Evidence for
friction and gravity analogueslournal of Experimental Psychology:
Learning, Memory, and Cognitior21, 241-254.

Hubbard, T. L. (1995b). Environmental invariants in the representation
of motion: Implied dynamics and representational momentum, gravity,
friction, and centripetal forcePsychonomic Bulletin and Revie@(3),
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