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D K D IR EF L H OBIGHI Tl —my
EHEATEORITICEHENZNEZ E 7257
AR 7 B RO R PR EHE D E C %, Eem
JCHEY LI NS EEED 5 B, 5Rb
HOMMERNICHEIGE 2521 % T L TH U B K68
FEIRICDWT G, ZOHBWEGICE R 2508
DREEDD, MRS « FIFLOHAIC BT %
AR ONG LR > TE Tz,

UL E XS ERMREH DTN, EH
FN7EEE) - AR S AR BuEIC
MEIZ R NE DD, KD ERIERAIRED H
MEEZZITTUESERND B, &2
EHTEAEMEORE 22 e B EIC BV T,
1%, YERTH COZLMAE T, BFMNEITE)
MRS 261D H %, T 5 Uk RikkEHER:
FHIWETRELSHENTZEDTHBMN, £
DX BHEOFEZMHICHL LDTEE 5
& EHHTRr— A DY Phineas Gage DIERI7Z
%9 . Gage [FFRERIEIER LHHPOHKT
WGz > Tz, 19 A DREFITH S, B
RTFOMERRE UTOMEREF, REDOFR
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DT DDNFENRFE L, T K > TRT
H U 7e#BIC & > T Gage IR S 80
T TEEM A EEZH STz, LML
fi2l&. Harlow ERIDIBRIERIC K O AFPHRHYIC [H]
U, EEIMGZ323 7o H ORI e
DOETIIMEEZ RS &, & & A EHV > Tl
B - EREE LIRS &b o 72 (Harlow, 1848,
1868), LA L Gage 3 HMtk. TNETD
Ko GRmMEZZd L, BORODOTED
ERHMTHEHFICDOVTEMEAICK>TL
Folz, TDOXK D% Gage DMEAKHI TOEAL
. FHIC K O REGBUGEZZ T T-RIEES
£F prefrontal cortex (PFC) DOHHE & BIfRAY
H 5 EFERMETN TS (Damasio et al., 1994;
Macmillan, 2000),

BUETE. miESTICBEZ 2T T B
BT, FEFERD - JEH) - 730 —75 L
XX REFMEATHORDNE 52 &H
D> TWB (Fuster, 2008), T 9 LIzER
MabkReRs T d. EENIC A IR & v 5 3N
ZHOWTHXRXONTZEDTIF ARV, UL Ui
ficamlreLolc, HHERIE T F XA
BorEmicsnem Lz NERZ29 5 ]
EWVISE - L L EBNEEETDH S, Ko
TZOREN LD NUE, A - WA ZRTD
T HHWZHRICONVTHITHSHIWT S
eI, TRV —kRODIEIRZ 2952 &
MYRENS, TOEKT, AiBEHEAE OH
HIC KO BIERE NS HREOE NG, wifgH
B & AHNEIR & OBHEZ R d 2 & D &
BB TEREAD,

—7j. Petrides and Milner (1982) (¥, HZ
ERF D+ 5878 self-ordered task & FEIXN %
—fiD A HEIRBEZ VT, mBEERE
BHEORRRER ) Z2MEt Lic, T OE
T3 6-12 DA Z A MDD N TR 2
REN, TNHDA T A M 2HEKEEL. AH
RIETT RTHRINNEIRT 5 EHRD
5N %, TOMBICBW TSI ICH

BrEEDOEEIE, I TCICHERLIATAL
ZH#ESO THEZERLTLESHAMAALN
7z (Petrides and Milner, 1982), T 9 L7z
B, HIGRHCET 5 BRI TEI O
Re I DRRHEZ RS 5, [FRROH CEF D
EIC BT 2K N, PIVIcEI%E
{AIF1EE8E SEF dorsolateral prefrontal cortex
(DLPFC) DOBUEEERIC K> TEHMEENT
W% (Petrides, 1995),

% 7z Hadland et al. (2001) (&, RIERFES
B &RlBrepetitive transcranial magnetic stim-
ulation (rTMS) %WV, HHEIREREZ T
H DR 18 ORTEE S ERREZ HE L T
TTEIOZA 2Tz, B e TiZE THW
SNICAEICBNT, HHEERZT TAL,
ATMEITIR S T RISDRYZFE L TH
< ¥EEEC1E working memory DEZEMN G F
NTOIeRZHHIL., RRROERZETRV
H HEREREZ R L. BTSSR A H
HZEIRICEE 59 20 E 5 D diNTz, 8T
FEADNEZRD B/MED 8 KDzt
2y EVTICKBZACIHFDOFHRETH D,
FEm HEIAHRRIEF TEERS XV E
VIRATIES kRO ENTL, TDEE,
EDIETI CICRIGZITE > e s -
ICERENTD, HIEEADDITR> T
HERORIN 250 L T BEZE B> T,
DX BFEMTBNTE, ITMSICEST
AT SE OWREZHE T % & SREDXRIT
IKEENECD T b oTe, TOT EM
5 H AT DO EIC 1) 2 R S O BY
Hid. BEHRORY 250 L T MFERLIEA
ORI KB EDTIE R, AT HSHMHIC
FEIRZ1T755 L0 5 HHEROBEHZ D E D
CEIELIZEDTHAHT EHREENS,

COEXIIT, b MREREYICHT ZHEE
e 6. AiBEGHORIG L. AFRITEIO
A HEIRAE S DR E & OBIE AR E
NTE e, TADLHTHEEEIE, HHER
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TTEIORIUCBN T, ] 5 DEBEEZREZ
HoTWadEDLEZ BN,

1.2.2 HEEEMIRNA A —2 >V TS

5 LTRGBS OS2 LI, IET
k. HEREBYAK A X — > ¥ functional brain
imaging O Fik 7% H W 7o T O RKTEH)
HIA S ATEE G & B HER & OB %
MRS NTW%, Frithetal. (1991) 1%, 4§
Koy ¥V TS XU HEERREEIC BV
T, K hEA TSN ERZ T2 HH
BIRGEM L RS2 HER 9 % sl EE
REMZHHL T, BEFREEBRGE
positron emission tomography (PET) IC X
D RATKIMREOEWZ KRG Uiz, Z D
. HHFEREMHICBW T, DLPFC LRl
IREZ & anterior cingulate cortex (ACC) ®
MMM A L D SNz, FRROFEFIE, ¥
BER LR SR LIS B f5% functional magnetic
resonance imaging (fMRD) 7% 725258 C
&R E Ntz (Hyder et al., 1997), DU, &
FIEAHFEZHNT, HHENEN 08
HEIRSEAT D B\ 72 THATEB) 2 ELfig ™ % fiff
WIMTIRDNTHD ., ZLOHFEICHBNT,
DLPFC % & & R & B MRl sl e, ACC
7 S RTHE G I NHIREES £ misiE s
ZHub & U TSR T OTEEI S TN T
W% (Deiber et al., 1991; Bunge et al., 2002;
Jahanshabhi et al., 2000; Rowe et al., 2000; Lau
et al,, 2004a,b), T7ILFETIE, MIKTEES
SRR NIEDR)ISZ TS 27T I—T «
VI HCTEWIRIC K O AT EE O
T OTEEIN 5. K0 IEMEIC 7 /1E OFERZ
THTZZ LWV WMENENTVS (Haynes
et al., 2007; Soon et al., 2008),

U7 U H H13E R & R ifiEIR O & W72 T
HETEG 72 BT el L 7233, SRIFRIC B0
T, RHINAR DK E X2 E DD ERIC

EEMECD LW ENRET S, T2k
ZIAXBEIRZIT72 5 T DITIE . IR K5
L% B BN DEELETH 5 e, 5aiil
NSO & DO EER 2 3 I 5 56 & X
% &, WENERICHE TOMRE conflict 21K
&< 755, ACC I T 5 LTt DRI &
RGBT ESEHTE LD, £
< DTATHEN SRENTUV S (Kerns et al.,
2004; Passingham et al., 2010), X > THijEH
A B A IR D B HER I B0 % )
k. THOLEBEOMEZKMLIzE D
T, HHEROMBEZDOEDICHE L TW
DT TIEEVATRETED S %, Nachev et al.
(2005) (&, FREIC B 2R OMRA & R
M E oM S 2 ic b E 8, Zhzhic
BRI BI G- 9 B NI 2t LTz, 2 DR
R BIGHENTF DU LD TH 2 FiflE EENEF
pre-supplementary motor area (pre-SMA)
BT, RS E HEEROZITIC, Wl
B AMEICBI G LTV T LAVREEN
T2o ULHLCOWIFICBNTE, HHBERSE
TR 3B DBEE DEET 5728, Ml
pre-SMA 7Y H HH3EE R D HICEIRICEE 5 L
TV EINEZHSH TRV,
CTOXSIT, BHEHITET 5 HEEEMNMN A
A= T OFEATHE. B R & Rl
PREWV S FRER T DMK D/ 32— > 72 Lk
9% ET, MEESELHHNEROZE TIC
BG4 52 eZ2RmLTE, LM LIEADR
FEERIC K2 HIRRZR EM 5. FRER T DR
5 HHGERO MR 20X 57 7o —7
i, BREADMAET %0 HHDERIC BT 211
HHHE B EF OIREOEPGHIE D X 71 = X LD
il id, ELAR R R B DR SR ]
72T ICH X SR, KO MANE L)L
TOFHREIIIEDRE L N5,



8 Fl1E PIEoNEL A
Lize LHOLAENS, 0w Z{bEnizf[—
1.2.3 BREEFHHAZE BRI O HHRINGE T, iR L350 .

H R ORI AR X A1 = X L OfiERHIC
&, BERERIIN A A — > ZIC BT % JRP ki
Him DO & S R ERNEMRIE T Tk
<. IREREAY « ZEREANIC K O IS OV EESC
RPN R TH B0 EEE <
DDFEATIIZE TlE. EEREIC I 2 181%
LB EM DL HHBERIC BT 2 aiaid
B O TR O R E DN SN T
W5,

Coe et al. (2002) . Y IVICTIF % H—
Za—a GOt EERICKD. B
HGERR T O « BETHMEI O = 2 —n1
EE RNz, TOMETIE, Za—n Y
DRREF receptive field 35X U7 N & EN
DALED 2 7 AT &R & 7% 2 Rz
ERU. ZOWT N AN\DHE TS ARER
HE) 21T b e, HEAICISEEZ
DORIEEARE frontal eye field (FEF) - ##EHE
% supplementary eye field (SEF) - LIP ®
Za—BVIEHRBRICE D, WTNOE
D= a—urd, HEDOZHEENORIEANEE
RENTEATICBV T, K DRVInEZ AL
Teo F72T O UTEREMBEY 27 ABELD
EUWDE, RO 2RI OR RN ST
TWe, sl ne, Fatirsz 2 7k
PRI & 7 5 HHBERENED, 77y
JELTHOBRLERENECLICKEZED
rZetbam Uiz, O OHEBRICBWTIE, HHE
FERFET O 7 T ETEDHNEE >
7o B CERIDERENKIT /20, ¥
IVEHBEREZ R e &, BAIThRIceiTL
CTHBZHE)E L THEL T MR > b
5TCTH%, DH AT Coeetal. I&, FlExmH
I C O INBE R B O AL D B X 72 PRk
U, BRI TOENE > L EREL S
SEF B HHBERICE W TEETH D & Tk

IV THHERT DOV D DI T &8N 1T
BoTHEL T ENA[EETH > /7. SEF T
O LERSI U IR SR I DTEREN D 22D, AY
WEIRZDE DZR MU TzE D2 > Femicid
SEMIDR S o

—J7 Barraclough et al. (2004) &, #F% %
75 BRI E WIS L U 738 2 FH L T
H HNER% 79100 DLPFC O = 2 — 1 V% #)
ZHE LTS, HHEE, WA s
IRENDHBEHED S B—F5 7%V I3
REE 3, HHEREOHREREBIFRRE A UV
Teo TOBMETIE. BfTHTOYILDER E
Wifr L., GHERE7 LTV XL K> THEN
T AT, 37 UL EADBIRZT 785
Too TIVETVE 2 —ZDOFEIRND—E LT
TICBWTY IV Z 52 S N7eh, i
MERZ S TEHEHITHMIE S Z 5N G-
7z. Barraclough et al. (2004) 51 C D
Z (D% Vi) EMEATWS, GHEE
TudV XL, v Y a YORED SBIfE
DITE TOY VORI ZGLER L TH
D, ZHUCH DN THILVORDOFZFRIL,
752X YIVOZEIR & BE51F 5 OFEIRLL
ZESKXIICTOTITLENT W, ZD
e OB, HHERE MBI NTTV
ZH00D, YU E > TIE, AT OER
FMSITARAT U CEH T % fidh OFIRAL DO
MR (ZNZRARESITHRMDE SN
MDD L) & LI, BRI Oz E
L. ZHUCHDWTCGERZI 755 ETH -
TetEZBNS, EEBE. COFETIE. YU
MEL SN OB ZRTHTH L, T
VIV ZLEEROBEN S ZNZRHIL .
YV DiELf L ORI RS K S ICE 5T
B, PIVMELNSMMEIZE->TLE S,
Ko THIVIT & > TORET RIS T,
FOMD 75 < | ifT ORI 2 SR i 5
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e ThHol, TNIREZDT — LHERIC
B35, EWHHT—LDF v 139% Nash
equilibrium ZDEDTH %, DB D
B, STDOBRIICHT 2T VX LIk

FER O il 2 B KIS VISR % 3 T H
D, AWIFEOERICIIT B HAER & 13 E
% PRHBERE D MREFHBE Z X TV 5 & AT g
TEWTES,

TOXIIT, TNETWVL OO DOBELEH
EHZHC BV T, ZTNENOEERT. Bl
BEIREEZEITH OIS EI DRSS N T E e,
LA LENSZNE DO, FHERE ED
MR, HIGISE « BREMIINA X— >
PRI BV TS NI RTEEE G R ORE & D
BIROBIE MM DWERIE T Tlda<, B
FICBOCHIBEHGHAHE S ZH| 0= 2 —1
EE LNV TOMRDIZD, E BIRBW5E
WAETH %,

B

HTEIIC BV TR, B HERO R EARICES
HY B I NETOMZZHHICHEMT U, #i
FEAT O E HEIRICE S S % TRl & §5
FiLTzo AW TR, T LI oRtEs
LI, ATEEBEFICE ) 5 = o —1a ViEE)
&L @AM E S BHER & OBfRZ e 9
%o ARHEITI, AWZRICHT 2 L BNz
TORT 2 DI B, BIHEEGE &V S s
RS DN T ORI AN G R 2 Z 2
%o & ITARMZHE, ATBhEEE MR D
Za—nEEE HHEROBGRZ FE L T
512, AEFICBNTE, B I/MUlFTEEH
BE ORI AN RICERZ B <,

1.3 BITEE

1.3.1 RS RSH

AIETESEIE, KIKDE - & BRTHICAIE
9 % K ED—1 T % (Figure 1.1),

t MBI BHTEESE L, SHUED S i
DETHEOREEZEFR E L, ZNEOHTHD
e UTHRFIAICER S NS, —/7. =
RYPIWRT ATV EDR A HEOY
WIZBN TR, BBEMNICSIKE arcuate
sulcus & D & §ij /5 DA AT EE 5 EF ICHH
29" % (Petrides and Pandya, 1999; Petrides,
2005), E k- HFLOVTHICBNTE., it
FIEERY RIS I DWW T, BEE A I 2ME
HiSEE S B lateral PFC (IPFC) - R{AIEIEE
#AF medial PFC (mPFC) - EBERIERE
orbitofrontal cortex (OFC) @ 3 DIiZblF H
N5,

ATEHE S . Y BIEEFENIZ B frontal
granular cortex & & PFHIN, MfAEEAIC
WX ZDH/D L B0 FEE L ZFERE granular
layer (REEE IV E) Z&D, AU
TR RERLE 72 b T2 70— G Bl B S0 8 Bl i B
x L OEBERIKE agranular cortex & Hff
WK% I 7l LORETH O . EHBE
WO N2 ET22%E T H5TINEDOKE
W E . RO AT X % B LR 2 4
S HTHE G & OBBEEVWZ KM L 726
DIREZEABNTVS, MIEFRICHEDE
K EZn LTz 70— R > OkiX
(Brodmann, 1909, 2006) IZ B\ Cik. mijZHEH
HEICIZ BB EMNIC 8-10 - 4447 17 (Ml
). 14 +24-25- 32 8 (WM. 11-13 &
(AREm) TENEENS,

JR PRI 7R R & LT misE A E O
Z a2 — B RO B HEE)E & F5 0 . B
B 72 44K #83& columnar organization 7% ﬁﬁ

U7, Tz & 20K OE THE 5 Y 0 iy S e
ﬁwﬁ\%ﬁ¢%$9&%%L%ﬁﬁk%

Rzt D= a—0 DB EFEET %D (Funa-
hashi et al., 1989, 1990, 1991; Barash et al.,
1991a,b), LIP 7& & DUATHIHIK T i3 [Fl— DR
BRHES 7 IGEREZ E D= o — 1 UV
RICEE > TWBDITH L (Thier and An-
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Figure 1.1

(b) Monkey

t P B XUYIVORTEES

th (@ BRUOSAHAREDOYIV (b) ICBT 2uEHEGE OB, KiEzWHle U, EERDNEE. FEROIHmE,

Petrides and Pandya (1999) %z & & IZAEK.

dersen, 1998). 1PFC Ti&Z D & 5 7 AiE &
FELZWVD, HBHELTEDHVENTHS
(Rao et al., 1999; Goldman-Rakic, 1999), %
R RE R EOMMREH LTI, &
HOW—DIC N L—YZEATEZE,
TNOREEND & B R MO
PZ TR E TN EHithrd 5. MHEICHERKRE N
Fe=a—na VOO % #%EEMHE functional
column W, /NEBHEAIKRD ARy & LT
Big X N % (Fitzpatrick et al., 1985; Blasdel
et al., 1985; Kisvarday et al., 1989), L» L
IPFC IZBWV T, FL—YDnmidET L
WCRZZNNE2—22ED, ke UTHEM
HRIRMEIEZ D DI D KO JRWEIPFAAN
EHEELT % (Levitt et al., 1993; Kritzer and
Goldman-Rakic, 1995), T T L IEATEHHA
BT, BIL 7 HREm IR 2 69 %
Za—a VR, BRERE L ETAENS
BAROZAA RN & L U & O #EMER Rl
SRIGIC & > THEEENTWA T LZRK L

TWa,

TR A DA J)SZ—2THB & i
S S I R E D b ORG 2%
. FEDBHEERY 7 1 IS IRV RHE
157z %2> & % (Barbas and Pandya, 1989,
1991; Petrides and Pandya, 1999; Petrides,
2005; Cavada et al., 2000; Goldman-Rakic,
2011), [AIKFIC . OFC % ACC 3 = ¥k &
amygdala 7 £ O ) B EH sH B S D5
% 3%} (Carmichael and Price, 1995; Cavada
etal., 2000). ACC IZ DWW\ TImBARHES -
BUR TS « (2B £ & & I KBBFR
limbic system Z#§/% 9 % (Groenewegen and
Uylings, 2000), — /7. 1 OBEDN S .
AT S IO mIGESH T H 5 HIE G
WAL h17%3%% LIAIFIC (Goldman-Rakic,
1988; Cavada et al., 2000). fifi &EFHE - &E
AT 2 EO@mIEHHENELH 1 ZED
(Bates and Goldman-Rakic, 1993). #¥jD1T
BRIl TVd, KE MRS DOV T,
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KAAELER basal ganglia ORRSRAK striatum
15 X UIKEEK globus pallidus I 513 % &
& 1T (Alexander et al., 1986). fBKE
{8]#% thalamic mediodorsal nucleus & D7
WHARSBEGZRZE DT ENHILNT NS
(Tobias, 1975; Ilinsky et al., 1985; Giguere
and Goldman-Rakic, 1988),

PN P PR

B3I BV T EEZ ik d % &
x| BB OXG & 7% o T B KRNI O AHE M
MU LIEREE 55, BIYIFERIC X - Th
TE DIHEALOREREZ D L)L TaARTz &
LTE., ZOmEEA Lt FDOKICIITF % EDEL
MICH T2 DML EITNE, BE5Ni
FEROMACLEICHIENECTLE S, £2 T
AIHTIE, B3I THTEESE 2
B - FET 2 HEZEHRICE D DT S,

AIEHTHA Lz L B0, misE S M
MR b FELZ IV EZE D E WD R
ZHT B, UL URMEEOHIMRER A
PIREIC K > TRESEHED T EAHSNTH
D, T ORI B 2RI B 5 aigihd
BHOREICHAT 2D LNEEZ SN
TWa, ZHEZHE FRIUICBWVTE, i
S A O Nl P HRES T IV E O3
WARTH O MBIREERTZ T 70 D TS &
EROERZERT 5 T LIIEND S,

Z C CHIBEGE OMERIFEEIC I, FiEAR
BT oI R R 2RI T 2 2 &
2V, B TEHIRE NI & O E RS
DR, & bETEEH S OLHEIC Dz >
THENIHBRICA SN R TH S, Tk
HARENEZD 5O BT, 240
ATBESEFICKIE L TWVWD, T LIFIR
2t i, HIRE N Z i sEE S 2 A D
FME TS DA IOk EH75d T LT
(Markowitsch and Pritzel, 1979). C O H#%

1.3.2

$2ZHHIE LT, 2L OYfE ChishEs
ZEIET 5T LN TES (Akert, 1964; Divac
et al., 1978a,b), &L HA A, BIEHHEAEFICIZ
T NHEZLA ORI 5 D AT EAFE L,
[FIREIC T NIRRT ETE S EF LN O EICE
Rz E > TWAB T, TOERLHHIZL
EDTIEEV, ULHhh LEIETIEZ S OZEHE
M. T LIRS\ 2— 2 ORIz 17 218
e L, ThICHIlMERE LOREAEZDHD
B3I LT, SREELEWREICIOTHIE
HEHZFET 5 ITEICER L TV,

C@ﬁ&h&b%@@Aﬁ%E%?%&
t DA, KM E D h TriSEES

@5@5&&@%@%Aa$%%m%aa
0. AIEEEEE DN EERDO LN THED K
TRRAEZHEDTNSB Z b5 (Fuster,
2008), ZHUCH L. b MaimkaF >V
V— (17.0%) 7 7YV (11.5%) THHi
FEHAH O LD 5EGIT e ML TREL
WAL, A2 (71.0%) >33 (3.5%) Tl
RO 1 EIcbifilchnwkEI s, T
DX D ICHIEHHEAE O K E & 2 EYRER T L
B9 % L. COMEEN, b MCESRRE
DR TEERIHT LORHRICAEE N, B R
BOTELICRESHEELIMENITH S C
b, TOZ EIEFEESED., HE)
REH L Vo 22 OB ImEd 547 E
AAIRIGHEBEICIZEHER S LR n—AT, &
FeWSTICBWTEEICHE L, 5ib -
BE - Heins £ OFINTEBIC BT EESR K
BRIz U TCOBTREME 2R T 5, HHiy
B2 ORI 72> T 5,

1.3.3 REFRFH

HIHD &350 . WSS RAFEA AN
WCHT LW KRIMHT B OME T H B0, [ARF
I T DI, EARFEAEIC BN TEH LK
T E WA B, AL RIRFEEZRED
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K9] S T EEDEBD, AEEHEEIE
FAEICBIT ZHEMNEL, B McBW TN
EDSRNIHICWZ 5 T, EWIZ T
THAT %, I ZIE = a—a Dl
ATIDOHLL & 7% % BHAZREE dendrite D774,
&, ATEEEAEFIC IV T HAER S TR ARA
ThBM, FBHEDHNIZIC 5-10 fFICH
mi. Z0%. 2EE TOHWIHEINZ Kl
% (Mrzljak et al., 1988, 1990, 1992), [Ak#IC
= a— 1 OB BV T EE R EE
FHRI2$F T X synapse ICDWTE,
DREEE L X JTEEAF S T T A%
e ZDHBONDIAFIC K B ERAADEFED
BEWE WS IEDNDH S (Huttenlocher, 1979;
Huttenlocher and Dabholkar, 1997), % 7z #f
E’é axon 3= 2 — 1 DOMEWRMN I DETH %

v TOERIRIEDMRE & 228 P24 5 iR
@%LQM E myelination [CBIL C & HiEEEHE
I KA L (Flechsig, 1901), #JHHR A
HOMEENITIC B 72 2 BB I Tld. ROl
BED R, HAERSTICBO TR LD 1
LTWBA, miEEHEE Tl 20 micwie
LETDHNED > O LHEHENETTI S
EVWbNTW5, 5 LIHiBEEE OFRA:
AR E L OV ORI, IERENIC T
DFEBAME S FEHIFERE D =1 X iU D
EHEE 2R T 5 DT TEEN, LA LED
5, AR R BB EFIC BV T
\%$®@%®&%#Eﬂ@%L%&W%
WFHATED ., —75 CalsBEE TS D
RN F T O ¥ DY 2 38 Lfﬁﬂ%%ﬁ
% LR ET S L. miTHEAE OMHN A
FEAEOBIRE. BEEE L~V DOFRHIFEE DA
ERARL TV B ATREMED E W E R E N T
W5,

1.3.4 BEXEEFEY

COX D ICTHTBEERX, RPW - A
R 5. b MBS SRR R IR RE
DEEE LTORENEREMTH B, LI L—F
T, BEHENICIGEEC A EREICE G587,
AmEERICERTT 5 K5 GREZH > TV
RO AN, HIBEEE ZHG L TEHS
IR FREP R R H ML B T L3
5L, ZTDOPRINEHREZ RV HWIZHEE
NTETz, Gage DIEGNIATHEEE &t b
D i3 R HIBERE & DBIFRIC DWW T D 2
BER UMD, 2N Th. KREREEZ%Z
JCE HE RIS E 2 & 729 R 5 5
PEEHAVRS RN EWV S DI, MREEINICIEIE
WIS TRAIVRE]) JEITH Tz, TDIED
HEE G, HREZ2RT TEMLET S
IRWVEZE ] & LT, JLERES silent area &M
NacltdHotz, T LImBEEHEEFRE
DARMEREEDRICIE, T OFIKD= 2 —
02 DIFTe b ERERGHNS T ENRART
Hotz,

1960-70 fFAIC AT T, HELREED I
BWTC, BHRREZ THORAD = 2 —1
OIEH)Z EHEGLE T B HEMDHE L E N TS
oo THICEKD, ZNETEEHEDDNS
o e AT O E 2 Midvg#Eio L
NV THETT 5 T EMAREICE > 72, &K1
FPISERIC BT, 20 HRCRTRIC B VLT,
YILORTBEHE T ZHH#E T 5 2 & T, BIER
IS BV B FIHRLE O EREEICRTENE T 2
Z &MV h o TW iz (Jacobsen, 1935, 1936),
Z D= HETEHHE A I 9 2 W O <4
HEERIWIZE Tl B 2zRA S, %
DHNFICDNTH LML FHERHRZRD S
BERSEERE delayed response task = >
T AREZ T ORBEAH O = 2 —1a V1%
FHFHN S N7z (Fuster and Alexander, 1971;
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Fuster, 1973; Kubota and Niki, 1971; Kubota
et al., 1974; Mikami et al., 1982),

Funahashi et al. (1989, 1990, 1991) (&,
HH O 2R AEZ VGRS 8, BHoD
EEIED D BICZ DALEN & IREKGHEE) 21772
¥ % BIEAREKEE)ZRRE oculomotor delayed
response task (ODR FF&) Z MW, TILoD
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Za—aid, BERTRICR Y ST E)
IR BT ENIHL MRS Tz, Figure 1.2
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THiR7z & CICHREKGEE) 21775 5 BN E T
T, IS0 = a—uarDiE#E)D FEF
> _E i superior colliculus (SC) D =1—1
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and Inoue, 2000; Constantinidis et al., 2001b;
Takeda and Funahashi, 2007), E7z. HENL
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. ANENZREEERE 19 2 EHE
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MR 2 -V, H HEOE T H O RITEE G
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1.4.3 SETHEORBES
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FES %, ULDiE, ENT XA L DR
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COXIBEFHEZEDE L THILATA > TV
TR, HHEIR E AR 20 E 5 i
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WT, FEIEEEY Y v a v OYILOITENCE]
WEINTFZMET 5. T LIbrid,
RITHTOTE) (55 2 35) DMREIREIOHER
(33 LIEHEEDS LNIVOITEIAN R
ZRE LI DTHD ., HITT 5 TGS
%NA & DOEFEEDOBEMEIRND, ABFZED
HEMRK WA Z E THEMC G Tz, &

SEPoE L BT TORIRIC DOV TDDH 5727
HMHTH %,

BRIRICH 5 BT, AL TR L NIAER
e F e, EDZ T HHNERITE E 2 12
XA B MRERE AN EIRIC DOV TR BB R 21T
9,



32
B
€18

AT T, BPIFERIC X D HHLERO#
R LX)V THEMCT B 721
TRGEIR OGO ERAE R BRE B R 2 YU
AR U Tze AR T, EBTHWREB X
UTFiEZdlHLIz0E, T8 THEoN
TeT—2%28R U, AR OV )L OERITH)
DR ITEI AINICHET %,

21 S5

EEPUEREIC BV T, BiofTrEhidisER
FDOEDETFIEHMHEICEK > THBEZT
%o Tz & ZITHHEAMOEOREL R E . Pyi
N H B REEDEMSEZH UTER O A IE
e LTHIIC O, ZhlsNEiRE e
AR ENTHMZEF O NTVDOTHNIR, F)
I IE LWRS R & o 7RI O B 7 31T
5 LT B, RTGERNT LITTTH) L OfifH
NEIR D | B 2B ORI LD & 2
< DOHMZE 5 Z %D THIUL, BNIS5E
R K02 GBS, UL UAIIZETIE, 5
1 & Cifiam LIEMIAE st E HN S SR
ICE 57 BHEU 2 DORIlIZERILT L L
TERL, ZOEBLEEATEHICERD
WG 5N 5 HHERGREZ R L TY
JCHEITE /T2, T LIz HHGERGmIC
BOTEHINE DX 5 558N 2 AL ZMICD
WTE. BT OImE N DRV, 22D

21

EIRGRRBICHB TS5 TIVOERR
BIEDITENIFHRST

AT, ERDERICEHYICERLNTY
ZDT., EEEMDEYD & 2 BT 72 ]
32T LIETERY, ZTORYD, REERT
1D IPFC DOiEH) %2 B E B AR ELER S %
Za— 0 UEBRCERO RN B, 1TEhHE
BT, ARHUEIC B BEIY O EA N 7%
TSR =2 RIS NICT 208 H D 5,
B DS B ENZFEATE B CHERN
FHN3 L& TETEARRZ ED K S gz
1725155 & 2R HEAERED
BIC BT, 2 DOPHCBE CHEMmD A -
Te HBRGeaR AR Z H S & 5 IR 2# 2
TH5b, WoehkDFoR L3BHCHRDOR H
IWEATHNE L, EEEDRXVZ LT
Pz E -7 UTH. ZOMRIHNS BF
b, FONAMEOBEREELE DL, T
DXIFGE, WMRIEBECEOMELND
DIEME, H20LIITERICT Y ALITKRE
YEThE LNk, LAMLUEICKS
TiE. T BRI ED S RWICE DD
59, WOE—HDRESTeREZ IO 2
fdclddbnr%2%5, cheBilc
EH, BYIOTENCEETE %, WiEk
A Y a—)VIC B BN 72 8 BER T
B %< v F 7 DER] matching law 1 XN
. Al EOFMZERE DDV ETlE. B
DRISEBECEFICHEENBIETTHS
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(Herrnstein, 1961), —7/3 CaldD)L— )L 7z
TCFEE L, EAGERE L XS & ERIED
ZHHIENC ML TLXRAR, B
HbEDTEBOBEIRFEANE KISz DT %
T LmL. HEIRF - TERI D H 72 #E Ut
F5X21Cx50E LRV, FEER, it
FICHENTE, IVDZS LEEEILEN:
[RAGERZ ]S 2 7zdic, HERELLED
RAGEIR 250 Uiz &0 D il 2 38 L
Tz (Watanabe et al., 2006; Watanabe and
Funahashi, 2007),

COEK S ICHHERIGIIC BN T, fEtk
WELD 5 B3 IND /82— 2R FIGICK E 7%
HHENMFET 5, T T TARETIE, ANF%E
THWz HHBEIRIC X % A R BRE E)
HREDFHE ZFHALTZS AT, TOBEIC
BOTYIVAFE THESITE OF 2 et 3
%o fEfrCIECUChnA, HREREENC BT %
BOSIRER (EMEE7 & OB A1)/ ST X — &
R, FHMEOHBICE L CEMat L, C
S LI 6. 13T 0BT IV ED
KB RA I VT TERZITIE S TOTEDD
ZHEE L, BBEORICHIT %= 2 —1 U iEH)
T — R DFFFTIC T > T IRERES) 518100 H
HEROERIS DWW T TEI A A REA B 2
1759,

22 HiE
EEREN

2 BHDO =R Y)V Macaca fuscata (monkey
O BXU B) MFEECBhI LTz, B fER]
JF—ITEEB L, 7—JICBI B8k
HIRR & N, B 7R IK o7 1 BRI B IE
D& UTE AT, sREmM77ZT Tt
NIRRT 2GS NI S Ta. B 7%
7 — I TEIMDOKIKPE R « YOG 2
1750, BRI RZMi> T RTZRIKT

2.2.1

LI 1 HZREH & U, Tokiakzelr
ol

YILOEE « EHBXCFBRTREE. =
R RFWEHT (2010) BXU =K
YV NAAD Y —HEEEREE (2007) D
FREHCHEIMLU 720 ARWIZRIE HUARR Y K2R
UNLIRE:- s 20 A SN R ) L7/ qTpiE =)
ZOHEGEDE & TH L Tz,

222 REFEE

FKERIP SN E NGB N T, e i
FOL LfTiEoTc, Ylidtyray (E
BH) Tl —IYhSEVF—F T
BL., ZR7—AcBH Lz, 7—ANT
& AT 2 U ABGHAEEEEIC K D P
DB ZEYF—F = 7ICEE L, BE 2]
FRU7zo SURHEHIEARATH 40cm ICERIE LTz
20 1 >F CRT 7« A7 L (Dell UltraScan
D2026T-HS, Dell, Round Rock, TX) I 2/
UTzo EBh, YILOREHE X CIRERGED)
(&, IRERHG I EROIA A TEIRER Y —F- a1 )L
KX DEZZ L, YIVIIIRERGES) 2 v Tt
RICBT 2 RIGZ1TE > Tz, s DHET, Hl
WER, ARERES) S OIS 35 K T H il )
l&. TEMPO ¥ A7 L (Reflective Computing,
Olympia, WA) ZH\W\Ti77%-> 7,

2.2.3 &

AWFFE T, KRR E S XU H i
B 2 MBI ORBGESHEZ H iz
(Figure 2.1),

58 #1338 IR 38 = instructed choice task
(ICT) . HEMICEREINIHIAONE
Ze . FOEEHART O O BICHREREBNIC X > T
WE S5, HERPEEEGERETH -
7z (Figure 2.1 FEY), &a1TOMMGE. H
RIS 0.50° O RERME LT
ERUTee IV 1.0 BRI OER GERES
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Instructed Choice Task (ICT)

Fixation (1.0 s) Pre-Cue (1.0 s) +

) Delay (1.5-3.0 s)

Cue (0.5s)

Response (< 0.5 s)

Figure 2.1

SEEIRERE & B HEIRERE

SEHEFERE CT) T, YIUETFDD DR RINC 2R E N ilBIE 230 B U, 1.5-3.0 BORIESR- DD 5,
IR AHRZ BRI T OB\ CIREES 2177 > 72 (EBD. AHRERENE (FCT) T, FH0 D EREIC 2
DORIPMFERHC R E N, PINBBEHOK 7 L TIE—HZEIRT 50BN B> 7 (TR WINORBERKZ 3R
L7cas, IV ICT LREOHRM7Z 5 A 5Nic, M e &, EHAHT 5 0.5 LUNICIRERES) 252 T TE

o G EIRRE L AR ENE,

fixation period) I[CEYIL7z5. HEHADNE
8 A, A 13° Ofi@EIC. #fA 0.75°
DO+ FE—FICER LUz (RTREHEE pre-cue
period), T 41U SIGREIC HRBRES) 0D JLHE
TH2—7y MIMTH > Tz PIVIEHTHI
HWHHDRBE Tl T D2 —7y b EEEL,
REREAZTFERALETRINE RS D>
Too FAZ—77y FOERNS 1.0 R, T
NS0 8 ridWVI M 1 7T, i 2.5°
DIEMZ, FANDHEE LT 0.5 BHE
RLUT (FHD Y FIBETE cue period)
T D RO EoRFE 7. 1.5-3.0 D
—kEDH T BT VR LR B RN GEIERE
delay period) 73X A, FOREH M ZIEAT
LTz PIVIZTEHFR DI 2 GRS, Z D
ITCFEIDOREENE RENTALBEAN LR
KEH) 217755 T ek b N (RIGH
response period), 1ELWHZ—7"v hADHR
BEFHODE, 0.3 BEOTHEZHFFTEN
X, e LTOROY a—AE5 X,
SR 1%, BRORITRIIRO DB Gk T
ZHE LTz,

FRITHARA DTEMD B I i B O A STE AT
ETOHWE, YIVFERZRG Uil

59, HADEHLD S —EER (AR
2.5°) DLEEENT=56 . FH IS — fixation
break I X 2505 L Hix Uiz, InHIicBN
T, THSENETH S 0.5 BUAICWT DD
2=y FAOIRBKGHEB) 2175 DR > Tz,
Fiold, RIGEIC 0.3 RO 22—y kD
FUTRI LT E . FRICGRE L Lz,
TNOHAEE ., IWENEE IR TZOMRIT
FRTEN, 10-15 WRRED XA LT FD
DB, KT Lz,

B H#IRERE free choice task (FCT) I
BOTE, I TN ONEF > FEpeRf,
HHWHETICT L E o7z H—& LT,
72U FCT Tl&. Fh0 0 i 2R B0
T, ICT &7 CIEMZ A 2 o i[RI
Sor U7z (Figure 2.1 REY) . YHUIZEAERH
DL, ZORITTEREINZ2 rFIDS B
WD ICIRERGES) 21772 213, A
Bz 5N7z, FCT IZBWT 2 DOREMNE
REND BB, RO LA 4 771
DHE LTz (Figure 2.2a), &> T FCTICH
BRI ERE DS 6 @D Lo Tz,

FERTIE, ICT BX U FCT @ 2 MR E
D172, vy a RILBWTI VA LK
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24 H2E HHERE

I BT 2 VORI PUEEFE DI T8I ARG

(a) Possible stimulus locations

ICT FCT

(b) Display configuration

Figure 2.2 §#OFEME LT A X

(a) ICT * FCT I B 2 HFNIE, FH0 0 R E
W8 7AiD5>5 1 7T (ICT) F3EAU4 7iD5 5
2 7t (FCT) IZ8mUliz, (b) MY A X, 8T
SRRSO L ABORBENEE VTR 7,

JEfF ClIRE B LR TIHML 7z, ICT & FCT
EFDD 0 I E RN E2IC R CT
BB, PIVIERITHEER. FHH 0 Rk
MEREINBZXTOHWE, ZOiITHICT
1T FCT AT 25 T LIETEah -5
Too AREUETERMGIGEME R TITAV. HiHEY
53 100% Ht, X TORFHIE 50-80% i
EOHRBTE/RLUz (Figure 2.2b),

224 EERFHE

YIVIEFEERE B X OB ZEAD 5%
BIEODS, FEHERN R MR McB»n
T FEEREEEE & BRERY —F a1 )L 2 e
AENT, FiMcBOTE, 23y (&
Z—)L ® MiEH 500mg, H— =k,
HED 50mg I KB AEkDoDBE, XY AN
JWER—VF RV TL (R TXZ—=)L®F
B, RKHAF KSR S, KO &K
25mg/kgBW I X > THFRIRREZ LR > T2, il

I EAH ADIC X B REMERF 21720, D
BRHC X O HEIRRE L DBSEER E= X L
Too HHRETENE, MROTODAT VLA
B DBUA R EEEICHDIAR, ATV LR
BUGHA I EEE & BICHRHE X b (2
ZT77AN FIYR, V—— Hy) T
G2 Ulzo ARERY —F a1 )Lid. ARBRESE
YIBHIC X O AR SIAATE (Judge et al.,
1980), flitk. [AI1E D7z DK 2 EM OIKE
5 Z T,

YL OEIER%, FiE. RERIEEAOFIHZ
fiizo 0B, Hif Lo+ FOHHE. A
O FIFHANOHRER BT, LR 7RO T
NI O FFENTE AN DOIREKES) D JIE T ICT %
AL 7ze TV ICT Z R LTHh 5,
Yy a YNO—EBORIT TN D fREA
2 DERFICE/RENS FCT Z8 A LTz, Y
IVHIWT NOFBEIC BT E T Rz
B U 7R Rl 288 7 & L, 2 h LB
ARy v g v UTITEI T — 2 Rt O 5
& L7z,

1ty yayRNIZBWT, ICT & FCT &
BEGbEINT VA LEIEFTHEEL,
WEETTT LT, fRE N, £iEHTh
BN L 72T O R E R BRE B
S22 175> 7o Fat{TH ICT - FCT OV g
Nz ME, T OBIERFIC O Ea—&
KXo TV HLICREE NI, £/2ICT -
FCT IC B %itf7C & DRI ERMIES 5
VA LCTPE LTz,

T —ZEh

T RCOMAENTICIE . HFHRNTERBE R
3.1.1 27z (R Core Team, 2014), €D
FKEEZIMICE R LEVWHNED 5% & L,
BRI ORE % —BEOMRKT & L TR 5 @
EHVE U lmaicld. Sk 7 —2icon
T. Bonferroni ®J5iEIC X D BIA/KUEZFH%E

2.2.5
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U CraRgsRz i Uiz,

SHITRM

fRNTICSH 720 ICT « FCT DREEDE N |
DI, BREZEMF PSR, £z ICT IZHB VT,
ERENTZFDD D JRROALE DS 72 Hl3%
SMEEMER, [ARRIC FCT IZBWVW T, BRE
N7z 2 DOREF DA G R 2T & &
RO, BRTEMORITICBNT, VIV
T 5 AT T M DS 72 IR &S
AEZEMHE ICT « FCT O 2 &1, ICT DRl
SMf1d 45° FEHD 8 ST 8 &, FCT
DXV EME LN 4 D55 2 7k
RGBT 6 S BRI BT
RS DOWVWT 2 %ML/ > 72 (Table 2.1), X
TS LRI OB B DEDO K S I, #
BOZEMNOMAEDLRICOVWTERT 255
IKid, FLOTEITRME LTS L ET 5,
ICT - FCT IC 35 % i - Fl - F7 -
BIROITARNTOEMFEEDE S &, 20 D
FIEMEDFE LTz, 72720 ICT @ 8 Hlise
DV TIE, FCTICBWGEREE LTE
REND B EFEAD 4 kB i
NEe Utz fTEdTic LT, icihib
5RVIED IEEAITOT— 2 DI ATz,

IEER

FUIRGEAE I IR BREBE T X, U IVIZHREK
HEIEZRITT 2 ETOHVE, HFRIHND
TERHzZMEiT s ez RkOENS, KIGH
IZ A% ARSIV O S 2 BN 7z
ity TORMITIRIHT I —liTE A AT h
b, EEROBEMIC NS DRITIZEHE
Molze THEHDBEERERMICHIT 2 EEF
. PIVHRISIE CHEHL S —Zlc X T
WCHERZ RS T8z Rk e L, 2
5, ELWE—5y MiEA & REGES) 2
T laidtrfioBg L Lic, 2hiddivo
MR ITIE E LT, EFRX—2 3 YOKR/N

IC KB IEHMERFROZF OB ZHE L, =i
EOAERIC K B KIED SR 2G5 78T
H%o

EIRE < FEITFIEL

FCT idfTClk. EREINTHIHRT D S
BLEBELDAMZEALTE, Bk CEORM
WHEA 5N, TOEXDEFEMNFICBNT,
YPILWED KD Mg THEIRZITR D e
HANB T, By va BT, RT%
T EICZENTNOT M2 SER R 2R
L7z,

—7i PIVHRFE DTNt U CE 2
Lo TWEEA., TORAMNERKE LTE
EFNEZRTTHNE, WITNDXRTENTE
FTNEZBETRTVEEZDBND, TH LN
TIAKAF LI\ VB 2R D 728, X775
EDSRUTHNT & OFRR L U THEER
£ total choice proportion Z & U7z, J7If)
d DFRFFEINE Py 1Z, Ty g icBwy
THm d AR & UTE/RENT FCT id
NS HTT % 7710 d DHERE Nz D E]
He L. fHla & b EZERSNTY IV
a ZFATE FCT idfTO8% nyp, £ E£DI T
bl o R AN

Dizd N, i

Fa= Dizd (Ma, i + 1 q)

KXo TR LT, MBHRENEWZE, ¥
Wb 2z ERENEE, EDKI
X7 LTERINENMICEDST ZENZ
BURITN S EZEKRT S, THICE
WINRBEIREZ ENEAD 4 AT
e U, B3HRENE - L& @b o e Hm
1. &> &8 &Ko7z 5mZ 4 ik LT,
4 FFIANC R 2 BEAFPE DR E Z AT D L
1o T 7 BFIEfI preference rank & RS
T T B, BEFIENITEY Y a T EICHE
U, &y > a ORI K ST DD/
2— ekt Uz,
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Table 2.1 ICT - FCT IC ¥ B 23 75

ICT
SN
il 0° 0 45° 90°  135° 180° 225° 270° 315°
0° O )
45° O
90° O (k)
135° ®)
180° O (f5)
225° O
270° O (M
315° O
FCT
R
M7 0° 90°  180° 270°
0°vs90° O O (Fvs B)
0°vs270° O O FHvs )
0°vs 180° O @) (5 vs /£)
90° vs 270° O O (Evs ™)
90° vs 180° O O (Evs /)
270° vs 180° O O (R vs /o)

FEFRRIIAKTITIZ 00 & LI KRRHE O OfAfiE, K DET D 5 2HE-#ROMEAEDEZ R &5

TN AT O T EA OWRR & DXfIG,

BUFIEN O Y ¥ 3 VR OERICIE.
BHENTDOWT, kv ¥ g vl Eh
DOHEFS 72 R EHE run length encoding L .
A RO 2R L, LA R3H
HHEMN 10y > a ryOHnizick > E
NDHERE DY [2-2-2-1-1-2-2-2-3-4] THo
ey, EHEHME U AN 2-1-2-3-4],
Bl 13-2-3-1-1) &35, FHEE:E
BREBEDHINS 2.0 LitHEINS, C
AUTE D BT IRIOZBUFNEN DT 75 K
ZOEOLIEE LT, Bk UEIFIENIC E
NEJOHE EX>TW0iehZEE LT,
A NEEE R OA BHMEICE, SEKICDON

Ty yaryolzs > X L AN Z Tl
NGB ZEARZHH L, RT—2 LR CFHi
ST R2RH Y 200N A E 2T
To iz, KT &IC, FRF NI 1000
ORI Z TR0, FHE S Nz
NEE e D 77D B FEEE F 95% A3 FEIX [
ZEHUTHET—2 LR Uz, MR 2 A
AKTIE. TNZNDFANENANIC x> 72[H]
BIIRT—2EZDERV, KoTTheE
T — R BT B P EE 2 e 5 C
&, AMT & DOFEGFNAN DR —72 sk U
Tz 9 Z COFEHR EORHEZ RS, £
MO OHBERADH MG Uiz,
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AREREEN

ARERY—F a1 )L 5 DE51E 1kHz Tid
B UTz, BUEZITH OV IV OTERRIGDH]
TEICIX, Sms & & O DEMAIED x «y
Bz W T2, FRRATH O 7 — &I 1ms
T DRI DEEZ W, RITICH
W, x +y BEIE{ES Z1E 31ms @ boxcar
T4 VAT L ., G /A X% & DR
Wiz,

ARERES OFHANC BV TId, FRIFSEIC &
LMD B DESD R Y 7 kO8N
I 5NIRV, F T T, ER SRR BREHE) O AL
MBI BT 2 ATICER LT, adfr &,
X5 & 75 2 BRI O I G OVE R ONLE 2 i &
TBH5XIT—AZWIEL THW, HREKE
BIORT O CTld, FikfT. ARBEREHS)
70 500ms FiH 5 300ms [ E T 200ms
MO ZEFRE L, Zhuctd 5, BRER
BN 7% 100ms 75 300ms F T 200ms
5 D15 e A 7 AR BR B O A& i & U 7z
& Feid T ORI B OHERIC S % ffhfr T
. Fakl T, WEEROBER A S 200ms Hi
X T 200ms MO PSR FHE L, Z0
7% Z DFAT T OIREKGESR) 7 — 2 D x - y B
EVANEY: S O] 1Y/

BIREZHREOZERMUBEDE

1 AATTHNICBNT, IV EDEAIV T
CHEERES) 771772 3R L TV 2 O 217817
IS B 728, T D il E RN 5
PEIERNC T TOEMRONIERZ, BREARY
ST BT 2GR CLIR U e, AigT
W&, a7, W E/ROER]T 200ms [H0
VEER R 2 R e T A K S HEIELTz, #
WERD SRR 3.0 MREIOELEL O £ T
@ 3500ms [ OERBEED T — 2 2 iz,
FFMHTICIE, 10ms T D AT A K9 % 20ms
DB ZRWV, &2ty a o7 —4%ZiH

Tt Lic =V LTV,

RV LI, 2 FOFERSEMITDONT,
Z DIRFIZRIC 31T % 45 7T DIFAHD PR D
HYMEZRDTz, T HIC, FHEINIZF5ER
SAFIT BT B AL E O YAER T O B
ZEM Uz, Thud. YV B4 CHERIT
W BREN, FOIRDN S RN TS
BREITR S T2RITOHVIET, AN H)
BRI BIEIA O R AT EHOAENE
NFERZSTOVEMZFRLIZEDEVZ
%o HAHRFFICTHBNT, YIVAVEK FZAREREHE]
FAZzER L TOE iR, £ DR TOHE
BINLE OFEIREAF M TDEFIT A S NENIE
TTH%, N, HIRHITBNTHIVHHER
BOEE 2B R LA TWeha, Helc
ot < BOGHNC I 2 C ¥ 7% % J7 T\ & HRERGE )
W2 TR>TWVWA T MU T, FHD
PEREIC E DT MR ENE L, TN EEEIRSE
TFOFMEAMER OB ORIz & LT&RDbN
LAREMEN DB, T LI, 8X7%
TR DWW TR T L1185 T & T, ER
S DERINLE O 72 Clhsh % R HERS
Mo, RERGES G OFRO X A X > 72k
L7z,

FEARANT B DS 2 SO A B DREIC
&, IR DT X LRI EIC X B
AMERITE S Tee BT M - REHIZRICD
W, i U7z 2 FOBREEMEOITO T —
2T VA LICANEZ % T LT, EIRGA
ORZHE L IMNEZEAZ M Uiz, C
DAREZFERICENT, ET—R2EBEL
Flot & THEIRSLA- 8 O 1 AR [ 0D i 72
HHT 2 LT, tOT—RICBWTHRE
U9 % 2 &MFMOERMED T NZRD T,
DX D AN E ZAREADFHNL 2. A
I DWTHINZIC 1000 [FIfTRW, 1§ 5N 7E
ROEMOERO N S EM 1% /KHED
EHEXE ERERD Iz, RTF—2NEH5
NI ORI E O EREED, W
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ZREANSHEM L2 D 99% ZHEX [ 7% 10
fHDE#EKE S ARFHRTHEA Tz &, 2D
X [ D e ] DBFRIZS D BbR S 2 . 5D )L
DFRZ KL L T EMEO T hOAF >ty
MeHE LT,

2.3 ¥R
EEE

BEARICDOWT, 12y ¥ g YHTOIESR
AT T8 100 AfT A LD o Tey v a V%
Mt & Uiz, monkey O 1Z 98 v 3
VEZRITU, 1y ¥ a D EFHER 600
fTZEE LTz, monkey E & 98 2 3
YRBETL. 1y ¥ YITDE TR 500
RITZIEE LT,

ICT « FCT I B % &k D [EE R
&, monkey O TiX ICT T 96.1%. FCT T
98.0%. monkey E Tl ICT T 98.1%. FCT
T97.9% 12> 7z BOEDHKER. monkey E T
BRI IEBERDEFI AL NZD S T
CHLEDH B ¢ #E. p = .40). monkey O T
& FCTICBWTICT K D HRICIEEENE
Motz (p<.001)s LA L monkey O ICHW
TH. ZTLZEDIEERITHT 5 HESEM -
TOIEBFEFEDAZIFKE L2 (Cohen’sd =
60) . TIVIEHBEL TRV E CHE 2 R 1T
L7z,

2.3.1

FEIRE

FCT | 35\F 2 RRERES) /5 171 D B HERIC
DNT, VB ED X S I AIRIC K DR Z
T > TV 2GS 27285, K7D
RBITODWT DN 21775 5 T

FCT ifTic BV T, ERELD 4 D
2B T VA LITERINT 2 IR T &L
TEREIN, YIVRZDEINDUFERIZS
Ze IR U TG LTz, Figure 2.3 13 638D D

2.3.2

X7 MDD IEERITICONT, YIVhTa->
TR OEE R R LIz DTH S, Hiflifke
t. ZLDORTEMHITBNT, —HD%
95—/ &0 EZ FERT SN ZHE Tz,
FE DFESR. monkey O Tld 6 Z&4H 5 DD
AR7 5T, monkey E Tld 3 DD &Mt
T, BIRERN 50% KO B AEICH> T\
(p (EFEER I 1 KA ¢ ME) . T DRI,
HRENZ27AiO>BbELELERATE
FLWVLHMASES5NS FCT ICBWTE,
IS T2 5 > 2 NSRS 5 D Tldx
<o TS D OFFIRFEHEICHE DD THENE D
EiE S O ZZ SEIRL TVl bz
RLTWV5,

T DX ST FCT I BT %Y )L DR TH)
W&, AWNSHS B8R AL NIz, D
BAEORIC OV T E SICHETT 5 720,
v g VRIS B O HER &2 3R X
Teo FIVDRE THEIRB DO ARG HHEIAD
WEHDOEFICKHKNT 2D THNE, FRH%
Xl ity v a BT, BT
IK—EBERHRASNEZVEZTTHS, /. Y
JVIMAI S D DIEAEIC K D FFED Iz XKD
ZBATWE TR, 7 OBUF LI IR
MRS %y > g YEITRIZNTWS
AREMED D %, T LItMatDizd, &t v
T a BT, ENTNDFMERL &
L CERENZRBUCHT 5, BIRE N zlE]
Bodla e LT, A & OREREZE T
LTzo FD S AT, $OERFEOEWVIEICK ST
[ DFELFNAN 2 E L. T DXy ¥ 3 Vi
BTz,

Figure 2.4 12, IS/ AICBY S % BEAFIEAL
DOHEB 2R, T M T L DFEIRKOfiE
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EWHRITNUE, FCT THIAA & B BT
ELTERENIERITICB T, IR
DIFHMBE DAL NHZWVHE LRV,
Kl AVIVINERETR -7 LT h,
Z OBRENCIEHEONE IS ET B L1
RS9, 2% UES EFERZIT5- 72
BT, HEMOMENER LIk Uo % TREN:
LHb. I5bbH, K THMN/z FCT IC
BU B EFENE O T NI, BEIRA
TolBEHET 2D TR, HLE
TZORER KOO ETHhDRA IV T T
BIRDBEA TV EZRTEDIEEEZD
N%, &> 7T monkey O THDLNIFHALE
DD, 49 LE ORI,
T, itfTADEL EFTERNDPERE I N TV
eI FFTBHED TR,

Ko, —HAUTIHME O ZDEEH D
HWTZICHKRT B IOV TE, RO
MB35 282 OFHOEEICER L
T3, ICT O—EBORRHEEITTld. BRI
DHWIEFHRNEN T AT A LR DRISTT
S > TEB L TWL T EhBIgE N
M. TR TR TORBESEIFIC BN THERAL
ENZE Ui 2 T & Z2IRGES 5D Tldix
Vo 7o & ZXHR RO BoROBERIE . PrEE
HICHEIDN R REN TV A TH, ThICDH
NTHHOMENIRE{EETNEHE LI
Vo LA LZNBEICE, FHTI—Ick
BV E D [EHZ kT 2 & U D GRS
SRAMEARICIER T % 7=, —HAB N7
HNEOTNA, T OHRICIEINAT S TEE
MEdHs, &oTFCTICHBWT, BN
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MICOEMMBEDOAENE LMD LWV T,
TN LFORITNIIC—H LU THER S N
felr 3 LIRS R0, T DDA TR,
F03 0 R SR IA D B AENIC I T O
WENDDOREAIC BT, SR T
MDA BN, LUSORITHHROH
WRICEMER L TOWIEETE, 20K
ZHBGIRIE O DGR & HiR LT,
& <IC monkey E &, monkey O & FETHE
BGHBNE T D/ A AVDIR L HERNEL
TWAEMMNH - 7z (Figure 2.11), T5 L
TAG SR O—ERIE, HEERY —F a1 )LD
PRI DR E DB N EDT —F T 7
JrEEZBNSH, —75T monkey E 137
E T L TROHERFDRERE CH > TeTe IS,
WEINC BT 2 HERNE OB N DEL . ZTh
PIARFRITIC 3803 2 AR ERIC DR > 7o)
Rt HZ LEZIENS,
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SEEEHF—1—0OC
BIE TlE. ECEAEMAREGES 2 W28

HEINGRREIC 1) % )V ORI T B DR
. fTEPEIICHRET U, AEETIE, B
H HEREE A F VT, AR T OB LR
SHE AT MG SRl L = 2 —a Ui
BT OWVWTHET %,

3.1 #E

B1ETmUREIIC, PUcBITFR TN
i?@:l—myﬁﬁﬁﬁ®ﬂﬁﬁ . HijEH
BEHMUTHEI 22 B RIC B0 T
igﬁxﬂ%mo&%zamfm%omm
Za—aid, ZERAEICHIG LT RE S
Za— R URORRAETT & LT, AR
DIFIE R TH., BHD RIS AT EHZ
{R¥59 B H%EE7%Z & D (Funahashi et al., 1989,
1990, 1991, 1993b; Goldman-Rakic et al.,
1990; Constantinidis et al., 2001b,a), ¥ )l
(Funahashi et al., 1993a; Sawaguchi and Iba,
2001) "> & I (D’Esposito and Postle, 1999;
Miiller et al., 2002; Mottaghy et al., 2002) I
BUF BARGIITO. BERERIIN A X — 2 FH
7% (Courtney et al., 1998; Zarahn et al., 1999,
2000; Sakai et al., 2002) 25 &, [AIBRORSF
MESNTND, TOTEND, ZEHIERD
KHEREFE. IPFC DE 725 2 HfRT 2
DA TH LR BHRETZ L E 2 51 % (Fuster,
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ERICE VT B

~D1%E

2008)s

—JiC. T LI IPFC Za—1 Y OHE
BEELEEN I 22 IR G K O & Gk
RICTHT B2 EEE (Rowe et al., 2000) 2%
7213 & (Lebedev et al., 2004; Messinger
et al., 2009) DFEAEICBI G L7z DL T %
TR H D, LXICE FDARX=I Y
W T, miEEEE A HRITEY H b
BPUCBIE L THEIIT % &0 5 2 < OME
W& % (Frith et al., 1991; Hyder et al., 1997;
Lau et al., 2004a,b; Haynes et al., 2007; Soon
et al,, 2008), LMWL INEDHIR L, ER
AHPEINICAR BNz IPFC = 22— 1 Y OEH)
R LDHWEICIE, RERTEMDFEL
T3, TORFEDMRICIEZ, TNXTH—
Za—n riEBEdEE O eE TRl E
T E TR RS MEIRERGES) S F X1 LICH] -
Ty s 2 VT, 22 REAE O R
& HEEIRA, IPFC —a—Bu>ickb &
DE I IHDLN TV B0 Z2RETT 20680
%, TITAZETIE, 1 DERIE 2 DD%E
ffiEZ 2R, TIVICZEDS B 1 ’fﬁmiéﬂ
TERA SR BRET) 21775 D8 2 1TEIRE 2
W, AREZRI T O YU G ﬁﬂ%@ﬁ
NS a—n R E LT, AETIE,
92 mTHMT LA Z Vv, TR b
IPFC = 2 — 1 iR BIRCER D SR T & 72 3t
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L, S5l a—a DG e, ,Tin ,
L « 3 o neuron’s
P ILFHG B IS AR 1 SR T8 5 { @ i) preferred
£ DBIRIC DOV T ORI RIS 5. S | direction
—
~, é.
32 FHi P23
TOPP Tout € {Tipsi, Tcontra, Topp}
321 REREM Figure 3.1 ZABFIIED E A5 U 72l 0E

AT OITEI ARG & 575 U 2 SO =R
YHYIVIEEBRCSIM Uz, YIVORE - EH
BRUOEBRFHE &, BT BRI
(2010) BXU =KV NAF VYV —R
HEZEE (2007) OFEFHIHEML 72, AW
ZRS IR K2R N« BREEAIZERE A
- B ERmHEZEEROKED L & THE
L7z,

3.22 REREE

FTEh AR & [ — D REREEE & V.,
JICATEIRRE 21175 % L AR, &
BRSO AR EREH B 2 5l ik U 7z, T IChn A,
DLPFC ZHul & 3 %9 )V IPFC 5, §iE
BITHOH—— 1 —a GBI L, B
ML Te= o —m v oOfEENE. Mk Uiz
24 I VTNE#HE LT TEMPO ¥ A7 LIS
KoTidgk Lz, El—#DtyarT
¥, LabVIEW ¥ A7 L% W TIRIET— %
Ze i TRCER U7z,

3.23 &

MR EI IR T, 1TE) SR & Rk O]
EHERE (ICT) BLUHBHERERE (FCT)
ZHWT, R THD IPFC —2—1 >0
) ZEdEk L7z (Figure 2.1),

H—DZa—nViE#zEL7z0b, 0°
OKEA ) Z i 8% 45° T ERD 8 7
FiZe W7z ICT 23 )Viciiiabe iz, 5]
BEAFIT DWW T 8-10 179D, ICT &

Za—a VGRS v v g Y THWERBALE O %
Mo FCT IZ B 238 NIZ, —a—ma v OZRHFEN
(Tin)« Tin DIFEM90° (Tipsi)« XHAI 90° (Teonwra)+ 180°
(Topp) D 4 7 iDS b 2 7 fic BRE N,

o= a—nroE#Ziik Lz, 20
ICT FOiEE % & LIC, = a—1 ViGEOH
REREHME & TR 2 MR LTz, S hic K
DEITHOWT A OFBEIHIC BN THM
BN RIGEN 2 R L= a— 1y DAk
AL 7z O TR e L UE 1L 2 3.2.6 T
).,

RO = o —a BT ERERMEE R L
et FRDNORBAIEDOD L DN a2 —
OV OZRBNICHEI NS X5, R0
ZHEMARE DO ICRERE Y7 (Figure 3.1),
COMFLEREEZ AV, E5ICH—D
Za—0u>Y®ICT « FCT HDOiE#) 258k L
Too ICTIZHBWVWTIE, Za—BaYDOZEEFOD
NEZENE T 45° EEHD 8 7DD
B 1 7 ACHENERE NI, FCT IcB\»
T, Za—BYOZARTFONEZRM L
95 90° TXHD 4 rEIDSH 2 Al
WM ERENT, [BlE L7RBEATED 5 B
FCT I BT 2 #IRNEMWERENDS % 4 771
IZDOWVWT, D, = 2—a Y OZRBONE
% Tiny Tin D5 EIHIPEREFNIC 90° B 7z
OB Tipsis SHA 90° DALEZ Teonras 180°
HENTAIE Z Topp LS. £ Tip LS D
Tipsi * Teontra * Topp Z DR T Ty EMFEST
L9 5, WVITEIEREBE UL, 2R
ENTZ1HWVL 2 7D S BTN O
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EANGEAG M REGER 217755 &, W
ELTHEDY 2 —A%21%7 (Figure 2.1),
ICT BXU FCT ilfT1d T > X LzlEIC iR
B THM L,

3.24 FTEREEFHEIER

AW T, BRHER 7 S U A R R T
W& 2 V. YV ORTEE G E BRI R
peri-principal sulcal area /"5 H—=— 1 —1
ViEE) ZalE Uz, BiiCIE AT AHE L
TeEED TV Y 1A & (IkHz TDA
E—X V2 0.5-3.0Q) %2 Mz, o]
AiF, WEXD~Y A /v al—%—
(MO-95, BUXRlAEMITZErT, R uD %2
Wieo Y22 L—RIEERT — XD
SIMEF a—TIC k> CERRIEL . Flik
T i EEANRIA LTz, BHUS L7E 51
A5 5H 7 > 7 (DAMS0, World Precision
Instruments Inc., Sarasota, FL) I1Z X > THIig
L. KEGEE 7 ¢ LRI K ZEN%. 4vn
Aa—7 (SS-7802A., ‘At S, W
F) KXo TEZA LT, EHICTORESD
5, Y4 Y FUT 4 A7V Ix—% (DIS-1,
Bak Electronics, Mount Airy, MD) I X D
WEES LICH—— 2 —0 v OREE % /) B
LTz, ZfEfbE NiEEhENESE. AE—
HBXCA YO Ra—T =W TEERR - 1
WNICE=ZX9 % LRFC, 7FIrJ-7Y
VL 1kHz OV > 7Y 7L — R T
AVEa—RIfRFE LT, —&otya
YT, LEOFREIICKDA T AT
HEEL e RAZA I VT ERZRTTET 2D
EFRHT, FEDWIET— % %2 B1F LabVIEW
TS LEBET TR ANEY 2V
(NI 9215, National Instruments Corporation,
Austin, TX) Ic X DaEdik L7z,

3.25 HERFHE

YIVIDBREIC T EARLTzD B, BEEE
BEE B K CHRERY—F 2 A VO D AFH T
EFIRROD IR - FRFHEREE N C. SN A O
F 2278 (MO-903E. USRI EatbtZein .
HE) ZHO I Tz0 F o 27BN E
X, H5H CHIRGE LIME MR $72 8 &1
REL, BT LA EIERICB T EE
M B HET/T 30.0mm, EFERD S AHMAT 15.0mm
ZF NG Uz, TORZHRONCER
200mm D L7 ¢ CHEHEEZHEL, 7
DS ZICEERHF = B O Yz, Fx
VINEAT VU ABIR DI K o THBFICH
B, tEHHE A > b TlEE L,

e, PILO TR EIEZRE > T, HEK
TEOMERR & Al - b DFTEN IRt v > 3
VERHE U, & 5IC, Rl E & T
EbDICTVALCREEEE T ICT BXU
FCT Z28itz v > a 77w, JIAiE O
HRIC K> THILOBERGEEME N LianwT &
R UTze TOX D RAIET. RN
IPFC = 2 — 1 Y DA E DR TR
B2 VR EBTHEICBN T, YILORE
BATICRIEN RN C L 2R LTIzDB, ikt
EERLER 2 BG LTz,

MRS IRCERIC BV T, B~ a—1a >0
AT 2 ETOH W, YILIEITE)
FER L ARk, R E 2 [l TR
ICT * FCT ZiftE Nz, YIVICHREZZRITE
BENPEIZEaL—2EEEL, —a—01
IEENERR U, B2 o — 1 VEE
LTz B | RSN E % [AlfE & B0 8 5T
ICT Z# DR LS L, AHEM s iEama
AREREHENZI T D= 2 —1 V DFAISE—
ATz TR ITROT— 2 Mg 5T
RS T. ICT hofE#izd &ic, —a—1Y
TEEN OO AERE M 35 K O mnEIRYE O A
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Wt Ulze AIAERIEEINA SN e =2 —
OICDOWVTIE, EHICZFOZABFICE &D
W E %2 AR X ¥ 72 ICT « FCT O 7 —
SZzadix Uiz (55 3.2.3 HBID), SRk
EHELAVWZ 22— D0 TE, — DM
REHARIC B SRS B 2 - 7o & DIC
DT, FANLIE Z2 [al8E L7V X K T FCT
DT =R LT, T—2EDAEN S
C DIEENT DV TIEARG L TS LR,
J3 EIRINTE B 3 X OB iR TS By A
HENIEHh o= a—1a IOV, FCT
DT —ZEERE TR biEh o Tz,

3.26 T—A2fER

I RTOMEHENTICIE, IS K LUavnh
T E 2 BOITHIAINNT & Bix URE%ER
Az,

H AR

Za— B VEBOMITICEE L TE. BTN
DORRIFEEICIR > T, X=X F 4 >~ Hf base-
line period. ;¥fRHA fixation period. BjHRIE
HA pre-cue period. FHH Y FIHZTHA cue
period. ZEHARTHA early delay. XEZXEHAHA
late delay, RIGHA#IHA early response. KI5
HA#%HA late response, ¥REMHA reward period
D 8 DORHIZE 2R E L7 (Figure 3.2),
N—=RA T A VHDOFNFEZ, F1TICH
V% AR EBA I O E R 1.0 PRI OFEAHE &
UZeco TEMIA - GRS - 2D 0 %2R
W&, zhzn, ddEg - Bl 2—7y b
R PO ORHERCIECES 1.08 -
1.0F) - 0.5 B & Uz, JAE a1 AE
JABAED 5 1.0 BHZE TO 1.0 M. Bl
BINI SISO T D 1.0 BEin 5 0.5 BoaiE
TD 0.5 M & Uiz ROSHTRTIIG RISHE T
D 0.3 HEiD S RISH 7 ETD 0.3 M, K
ISR SOSHE T D 0.3 BBE TD 0.3

L Uleo IS Z R0 5 0.7 1%
FTOD 0.7 MM E Ule, FREBIETES O it
OMFNTIE, LA DZ 22— I DVT, i
LD BRI 2 RAHE R E
HL, N—=ZF 142 & 8 DDWFHETDHR
NARPE D 7% Dunnett D J77EIC K Bl (EAF
ELHEILTHE Lc, ZORE, U EDL
FOFEHBIC BN TR=ZT A4 U 5D
HREGRNEE DM H S NTGE. 20
Za—nrzdidEEE 2t O a—n Y
& LTz,

=2 — 1 EEO 77 BER P ORETC
BIEANY N VLR KO R R 72 v
74w T4 Y T02 EEERVE, SR
N7 MNEICBO TR, ZRZ o E
IZDWT, 8 D ICT DF—&%E LI
BRI T & D FFENBEZ RD T, TDF
YRS 72 2 NV E NORIETT AN 5 N
JRIVD/IVLEL, 8§ DDONT MLOMZ
(T LT, TOREWMICE TS =2 —n
VIEBIOE RN N IVOJTIEEH U,

rerEL.

M,, : T w TOMSEERIOAMAY kL

M, o ¢ W w + BIGRAE d TOTAIFEIEE
tg : RGN d ORAT

ng : RRHEAE d DFRITEL

oot BT 1133 BIFRIZR w COFNAE
eq : Jill d NDOHARY | )L

£9%, LD, iD= a—a N
ZFNZNORMERICEBN T, DR TE
RGN 2 LW ehZRG Uiz, &K
N7 MVD VIR ETNR, ZDORFHE
IKBWT, = a—1a UHREEDOREIEOR
1T CEIRMICEETER L T e T L ZEIKL
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+
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+

Fixation Start Peripheral Target On Cue On  Cue Off
\Y \' \'
l l l l 5
1 1 1 1 ?
L 1 1 1 1 1
Baseline Fixation Pre-Cue Cue Early Delay
(1.0 sec) (1.0 sec) (1.0 sec) (0.5 sec) (1.0 sec)

Resp  Resp

Start ~ End Reward

Wy v

1 1 )
L 1 L 1 1 1
Late Delay N K] Reward
(0.5 sec) Q&@a ‘g’@a (0.7 sec)
S 5503
Q) @. V @.

Figure 3.2 MR ENfEATIC 351 B HfHIZR
1 alfTNIC BT B EHEZ L. YIVORAHERE R 6 K ORGSR O RFEZ,

TWa, T LI EZ & 5Ic
EET R, e a—maroRk
B f 72, SallT ORISR d OB E L
TIEIAMEIER 727 (von Mises 777i) 1C XD
TAvT 4270, Za—aEEHDOF 2 —
N Y S

exp (B - cos (d — p))

f(d|u.B,B,R)=B+R- exp (B)

jziz L.
f(d) : RIS d T8V B I NHEE
B: RX—ZXT A VRNFEE (>0)
R: ¥— 7 A BT BHAMEE
w ATERE (E— 27 A1)
B : BERE

ThHb, TNUTKDRDITF 2 —= > Jihif
ONENTA—R u7z, TD=2—H12DZ
AEFME Ulze W NOFBEIAR OFE AR
EICDWTE T v T 1 VTR LEh >
58, FOZ a—a V3 mEREE & 7
BTNEHIFZ LT,

ROC 2tk

AW T, B 2ITRMFMTO= 2 —
O OFRNBIEDALEZ ERT 51 DREER
{45 £ #24 Receiver Operating Character-
istic (ROC f##fr) Z#F|H L 7z (Britten et al.,
1992; Shadlen and Newsome, 1996), ROC fi#
Frid, & & LRSHYIEED SIRE LIES
BHEEROPHHARICIB N T, 2 DOLHEESD
HOEEERT BIDDFETHS, LhL
EETIE, 2 BEOFEKBEE T — ZICDNT,
ZONHMOBNERZERT 5 72DDFL
& LT, ERAEHPAIIZRIC LS M ENT
W5,

fiEtTlE. 50ms D% 7Z 25ms 97D A
T4 REE, FFHR T LIS OFNIHE
DEVWEER L, SFEERTOZ2—1Y
DFENBPLITDNT, Ll d 3 2 ZfHc T %
N %17 TORYIMED B IR KIEE TOHIPHZ
100 738 UTzo B0 8N & 75 2 FENBEIS D
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WT. ZOfHK D RO FENEE 24 U 7zak
T10EIGZ ZNENDORITRIFIC DOV TEH
LC7ay 932 & T, ROC BHgZE72,
& 51 ROC i ~MAifi#H (area under the
ROC curve) #& % T & T. 2 &MERIDFNX
SEIE AR D EEZ ROC fEE L TR LTz,
ROCHIZ O D 1 X TOEZE D, 11Tk
WIEEHMET 5 ORITERMETORX
SENENC &, 01DEWIE ExflaRE L 7z
%8 95— DRITERM TOFNBEN &
T e EKT %, ROC fEHD 0.5 THHIUE, 2
DG TEATI THNAEE S DV Lol
MENT L2 EKT 5, D ROC iz &K
MR TRD S T & T, 5 TORNIA
JEDZEDERZ ROC HORHHER & U TE
B U7, NS E 5% = 2 —0 VREOKEE
MR TOWEFICOWVT, G SNz ROC A
D05 MEDEBZ 1 BA t REIC K D BE
L. RS NTIEFEE p Vi L7z 5 DL
L OREZET 0.05 Z FEl> 7z L &, ZDH
M O—FIYI OB DU Sz, SAFRITD
HEEIEHOZEDL Yy h &Lz,

RN

IPFC O AERME = o — 1 Vic BT % 24
MO E H RO RFHC . FIRANE B RRIC
K D FEICIKRAE 2 Rt NS HERF 97 5 ik el 2
Dy NI — RN EEL EEZOND
(Tsodyks et al., 1999; Kenet et al., 2003), —
SIARIZE T, TNETICHSN TV S IPFC
Za— Y OVEEREREICED, ke
IZ K B ZERINLIE D H HERIC 2 3 &2 5
MCI B ezHNET S, €T T, alixd
NIl 4 D=2 —a DN, H5HEED
TEEND, K72 51T 72D B DR IC BN T
ENRIFHFRENTVWENZHHNE T LT,
MiaC & ORI 2 ER L. TS5 Lk
etk & B R & OBEEZ M5 L 72 (Ogawa
and Komatsu, 2010),

Z o — O ORI RO ERICIEZ. Y
JUINZE R E S ORI R EZ E U
% F A DRI OTES Z Wiz, miflig
HCBWTIE, Z O T OESMR -
RT7EMFEPIVICH S ENTWRWZSH, A
fiEt Cld I N CoRITEMEZ T —IVLTH
Wz MRETICBOTE. T RIS OB
% 0-800ms DA %2, 100ms T& D 8 D
DOIFHEZEICHE Lz, T D DOREBRICD
W, 1T L DFNBEEZ KD, 5
ICIFZR L D= 2 — 1 > O RN
ZEH L. Z Oz Bs CREEDOKHITT
DFKBEN S A LGNz, THISED, 1
1T T & TORMERE TOFRNIRED, ZD
Za—BaYOPFHNERIONZ—U B EN
RIRE5DO20Twah BB LE, 2D
Z T, —EDOWEZERT T2 2 DD FLx 2
2D H 12T Pearson DRRIHBIREZ FHH
Ltzo HRIEOBHWIZORRIE Oms GHifid
% 2 DOREHZE) H 5 600ms (1D 100ms
EP%D 100ms DHFRIZE) T, 100ms &
EHDT ML Tx> T, 8 DOKFHZIC KD
DK ENBMAEDEDS B, KifEh Bl
K2 % X5 R Hix 2 RMEBEDOHAG DR
TV L. U EDDRREMCDODVTTED
DHBEFRBEREB Lz, chickoac o
Za—a VDOV, Oms 5 600ms £ T
D T DOWFREMITDOVT, TOESH#NT-
AU D 2 DORHZEDHWIZ T, 1T
& DFENIRREDEIR DTN E NI HERF
NTWah 7z, 7T OOMHBEFREKOME LTEE
HLTz,

ISI DFRFIMERS

RTSE DT TlE. R 2 RA O MRS S O
WERIAHEE D B, = 2 — 1 > ORI %
ER LUz, LM LTS LTKRDIAREIE, &
FrBERTOER T &0 S RS Nz R O #h
RIEENZ 28 LICRHRE SN DTH S,
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ZzZTanEFANC, ek Uiz OrED)
el LI a— 0 Y OEER R e R
T 5)51kE LT, RINA 7GRS inter-spike
interval (ISD OXRSHHEIZHIH L7z, ISI
ORIIHBEDFI I, L D=2 —m i
DWNTC, atfTRbR R EEEs O & BT
iR LIe 2T — 2 AV, BT S5O
K2 S IS 2R R LTz, D5 2T,
%9 % ISI DH 72 T Pearson DFERAHEEHR
Bz RTe, HEGRED @WEE, HpLE
ISI AR X Zhic ke < X IS %<
X ISIAEF UK ISI & EL & 5 6m
CHB T 2ERT 5, ISLFSBHEICET
%= a—0YOFNBEEOWHICH Y L, 7
KBEZDE D & B < MMOTEERIRED
EHEDIRIETH % T8, 1SI AR AR
LTV ENH T EiIF, Za—aryhBEWnE
R Z G L T3 T EEKT %,

RITHER
JFREIRYE IPFC — 2 —m Y O E LT
DFENIRAEDIE N2 I TS TS 5 72
». EM4% R principal component anal-
ysis (PCA) 7% W= Rockiiz i/ Uiz
(Briggman et al., 2005; Broome et al., 2006;
Churchland et al., 2007; Shenoy et al., 2013),
COMI T, HLZD= 2 —1/IZDNT,
FE R D £2000ms D 4000ms [ D3
T4 TOTEHE 2, 25ms $DATA R %
50ms ORI T Lz, 25 LTHRL
Nic= 2 —n VEMOFENFEHERE 2 MXN
DiTFE U, Bl mathziH Lz, 22T
M EERTTERME L 1 AT T OIFZEL DR,
N SR E LicZa—na ol TH 5,
FRRIT IS K > TRENTZH 1-3 TR
ZEllc, FRTEFTCOZ 2 —a VEF O
FNSZ— 2 OIRREZ b2 3 ToTZEHINIC
BUIZROMMBMELTED LI, TD 3K
Tz — 1 — OV EREVEEIC K B IREEZTE

[ neuronal state space &PES, JREEZZRIC
BT, B2 TOERDFEIN

R—DEWVIE, WIRT 2 2 KOO H N

OI—27y FEHHICE > TER LT,

EFESDRARER

HUMVZE RN IE 72 3 SEFE T IPFC = 22—
02 DRET 2 ZERNEFEHRNED K S ICE
td 2 EMGET %728, ICT & FCT ICH
F %= a—u VEROFEKNZ— > OB Z
AR, Z O Z SR TR Uz, ICT
IKBWT, YIVFH—D Mz 2RI, B
EREBI D T ETOH VI, T OMWEHRE IR
FLTBMRTINEEE R, Ko T
ICT DIEEHAITICH T 2 KISDERTD IPFC
Za—a VEMOEENE, H—0zE mu%r
Wz RFE L. Z DX AN\ OREKHES) 2 77
U LKA TIRREE AT T N TES, —
HTECT IZHBNTIE, Yk 2 DDz
EREN, ZDS b0 )2 HT h5iE
A CROERR IR BRE S 2 3% 17 L7z 1 ik
EHIRV, TOEE, R 2R E N
TR 2 DOZERINEF#RAD IPFC =2 —1
YOEMEE E UTRHBILE NS D, KL
MEDITDN, ZOTEHNE 1 T HANDOIRER
B2 HEfF LTV ICT D& DICHELILT
WL ETREND, Z T TAMZE T, FCT
AITHIC BT B A ABERE IPFC =2 —1 v
DIEE S Z— 2, ICT IS BV % [ ISHE
DIRREL EDOREL TV R ZHFHNRE T &
T, HRERES) 510 H HEIRIC A B R 22 ]
EEHROGE L RED, ATETE AT O M E
FRDIENTED K S ICFEITEI NS M ZME!
L7z,
ICTICBIL T, =2 —B1ICDWVT,
ARBREHIFE 7 D 1000ms FiH 5 500ms A F
TD 500ms MDEEHZIAZ R E LT,
AT L DFABE 2 KD Tz, FCT IC
LT, BITNReEKIC b0, Ims T
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DAT A K93 250ms DRFEIZEA W Tk
11561 C & DFABIE R D Tz, X HITHKI
MR TRDIFMEEICONT, Za—1 YV

T &I Z DORFMER TO R O 3K
B 2R L. O & KM TORNHE
EDEZKRDIZ, THICKD, ZD=2—1
Y OTEEN, RO & g U THatTT
FMETENZEEBL WM ZREH L,
TS5 LTROIAEITDNT, HBHNE R
)& U7z ICT et D SOGHTIERTORFHZER & | %5
E UKz 5EATRIGL 72 FCT &
FTOFBFHZE L DH V72T, Kendall DIENL
MIBGRE kDI, o8 21X T NERIGL
i fFIc DV TIX, FCT DEART7 &M E
WTHILD Ty Z2H T HBRATZRIT (T
FEPEATT) TOWEE &, ICT ICHBT 5 T, #H
WEIT T OGS & DOMEIZ . FCT ICDWT
FFZE % lms §DOAT A4 RSB ANSHEH
U7zo Tin SO HIANE SOG LTz TICD
WTIE, FCT OFRT ZEFICBNTHILN
Touw ZHTHERATRIT (Touw 3ERFAIT)
TOWEE &, ICT ICBWTBEUAMZE
RENTERITTOIEE) & OB ZR Uz,
F 7z Ty DAANKISE U7z FCT BAfTICBI L T
E. BEU Tou ICRIGZITIE S 72 ICT #lfT
EDOMHBAZZT TR, ICT O Ty, #RGERTTIC
B 2 KISERTOIES) & OB & MET L iz,
CNUE FCT ICBWVT, AT Ty, 232
eh o FadfFIC B % IPFC = 2 — 1 > D%E
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ZRFFL TR L ZDEH & ED X S I
N EFANBIDTH 5,

ICT LHEM L= a—a VEMOEH) S
Z—h, FCT IZ B 2L RA1ED &
DRAIVITTHLNI LD BN ZRNS T
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T EICICT & DHBREZGIR T 2 LRk
I, OB OH EM 2 AR MEC X O i
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99.9% 1oz WINDEKICHENTE,
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GHISDH % ¢ 1E., HEFEE p = .35, .09), ]
O IEERTTIC B 2 KGRI monkey
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R0 ERETOREEEEHSNED S
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X E TV 8 5D ICT D 1 DL ED
AR BT, 77 MNERN RIS 2 7R
L7z,
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% ICT D)5 RNTEE 2R d . D
Za—aXid. A ESTAICHEERED SR E
N2 &—MIEDMNEEZR L, & HICERE
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ATz, T URihEhE. o5 flEs
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(Figure 3.1), T 5IC ICT & FCT HoiEEh 7z
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DT TR, WHIIC Y IVICEREN TV
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TRV PIVHT 5 D SHREREB) /5 [\ 7%
TG 2 XS RIEEDAEMN, T Uit
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W 5 DOFEZH>TNBE T 2R LT
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XOE S5O wIREEA OGS Z2 37X
7zo ZOREHE, ICT ORGFFEIFHICIE Ty, HI
FAITE Tow FIHEITRITHEIOZEZA SN
mhofeht GHIGDEW t BGE. p = .86).
FCT ICHBWT., D= 2—u VI
DR CHERERTIIEE 2 HE TN T
EWbhoiz (p<.05, BIFREIHICENT
W EFRFNKERD N8, SKIFRTOFRX
PO NI NEOD, FHH D HEER
HTHOENTZD LRI, 2OZa2—1v0D
WEINE. OBICY IV Ty, ZBIRT 25071
BT, Tow ZEIRT Z5TR D EDTMNIC
L o TV, 2D, HEREDRE
RICEITLTHD NI, HiD Y IV OER 2
THIT 2FNBED A, FITHERF AR
Z& early choice-predictive activity &5 C
LL9%,
AHFZETHWZ FCT T, T DIl
WA riins BT U A LI 2 FTCERE
NZ7D, YIVERERTDERENS X
T ZOifTTEDNENERAL L 55D
bh b5, 7/ ICT & FCT 135 VR LI
BETEREINE D, FIVIEFEND D HlE
EIRIHICA S £ T, ZOITH ICT H FCT
MWD EnoTlz, T LIEFRHE LD
HRIM S, FCTICHBW T, VA RRE R K
DEFX AL, ZTORITTORIL 2R L
TBLLIERHETH>Tce TDOXIEH
RIS BV T, BTREEH DR R B = 2 —
0 OEENICY IV OFEIRZ TR 5 2205
HoNFzT Lid. TOMREEEIDEICHAD
BHROFERZ KL 726D TiExRL, 2oL
e a—arOIEFOM S MDOBERIC K S
SEIHS. RISk < VIVOEINFTEN 281 T
2T BEIEA LIz &Rl w5 CGF
3.4.1 HBIR),

3.3.4 &£MHEH

REFI D= 2 —1 > TR S NISER T
PEOFENBE DIENR, FHD 0 FIH SR
RTOEATIEEIR FRISE . Fodk L7z /e
M= o2 —a VR OENTEEIC BV T LI
BEMNTz, Figure 3.6 1&. FH0 0 filIHER
W MR 2R Uz 59 o =2 —1 >
IZDWT, ICT « FCT I B 3 Salf 75T
DGFENIBAE & | Tin-Tou a7 TRIA L
7z ROC HDH#eE Z R LTc 8 DTH %, ICT
ICBOTIE. Tin BIEERTT & Tou FEGET TR
T a—aEIMCAENECZDIEFENND
O RRDBETH > T2, FCT IZBWNT
(& Tip BERGERTT & Tou BEHGATTRITL B
BWHEADKE I BRI BEIC N H DN, S
FIPERIR TS E &, T 2RI LTE
B3 DORTEMNFDTXRTTHLNTZ, K
&L O a—a VEREHN S, T
FGRAIT & Tou BIREAITHI TOAHRRFENK
B DRI, FIBERD 750ms fif DRE AT
WHOETBR TN o, TR LTS
T eich s &, BIEHHBRE TIChITT
OFEIRTFRIEE X Tin vs Tipsi N7 RMFTH
R55< L Tin V8 Teontra P Tin 8 Topp DT 5%
fFEbew-<K b eAERT ZEmICH -
(Figure 3.6d), T 9 U7z Tiy-Tou S-IERITO
FNFEDEF, ICT IZBN TR E RO
150ms ZLARIC O AHBID A, ARSI 1Z A
ENEh o7,

N7 G KB FEIRTRNSE D58 E DD
ZWRETd 2720, B0 R R BT
% = 2 — 1 Y DO EPFENAEE 2 5 T4 T
e U7z (Figure 3.7). Fh3h O HlI 2~
WHTAERE A R L= 2a—8a Y (n=759)
IZDOWTC, ICT OFHHD b iSRRI D
FEKBE X, Tin WIEEATT (20.2 Hz) 1BV
T Tipsi FEEATT (12.0 H2) * Teonra FIGERTT
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(11.6 Hz) * Topp FIEEATT (9.8 H2) DUV
NEveEh > IEDH 5 ¢ #E, FH%
BHp<.00), £/le, ThHDOZa—1 Y
D FCT OFHH 0 JIE RO 5 A
JEICDWT, [[A— 7 &M THRRZERZ L
PR TR TR % & Ty ERERTTIC B
T Tow EIGRITE D & Eh o Tz GAEE R
p < .00, R7ZMEMT Ty, BIRRITOFE
KBER LSS 2 & Ty vs Tipsi st {7 (19.4
Hz). Tiy VS Teontra 8847 (20.2 Hz) . Tin vS Topp
itfT (20.6 Hz) D 3 DOXTEMHMT, &
DHAEDLEDHVIZICEAEEZENIIH
SNiahoTz GREEH p = .94, 89, 94),
75\ Tou BRI T TOFNEE 2 R T SAF
T % & Tin vs Tips a7 (16.9 Hz)
IZBWVT, Tip V8 Teonra itd 7 (149 Hz) B&
U Tiy v8 Topp a7 (149 Hz) OWFNED
EINBEE NI AR S Nz GREER
H p =.060, .065)c Tin vS Teonwa o & Tin
vs Topp RIFEDHNTETIE. Tou BIREAITT
DI ICH F R 23 o Te GREHE
p=.97),

DX DI MERME IPFC —2—1 >
. RIS IV Z D= 2 —1 v OZRE
ONEZESRIT (Tin EHGETT) Tl L
o RIS D 5 9 7% CRRE DR E)
BNz s iz, — ) THIVHDREINC = 2 —
02 DOZRBONMEZ I TR VERTT (Toy 38
PG Tl BREEDO S BU EDHBHTH
LOZRFICETEENTVWZELTE, Za—
O35 LS Liahotz, 72720, ¥
JVINVEATE Toy BRI = 2 — 11 2V DZA
PRICR U CHRMPEHERIC D > 7o 88 (T vs
Tipsi ST D Toy FRERTT) . IR L 72510
PRHAPEREFIC B 5558 (Tin v8 Teonra B &
U Tin vs Topp SMFTD Toy FIRFKIT) &L
NTC, Za—a i I6E T 2 Emb
HHENT,

FREDFERIE . T 0 fHE RO

D ROCHD LN B 1G5 N
(Figure 3.8), FWh O il o= BT /7 1 338
REERLIzZa—Ba DT, FHAND
R SRR DR SREE T D ROC 72 5
L7k T A, Figure 3.6d THLNTW\zE
O, Tin 8 Tipsiv Tin VS Teontras Tin VS Topp
DFTRTDOXNTZEMEITBNT, FHD ROC
fEIFARIC 05 KO REM-7 (A IR
E. EE A p < .00, LA ULRT MM
THIT 2 &, Tiy vs Tips SIHCHB T 51
ROC fEANE > L H/NE L TONTEMFIC
BOTE, Tin-Tou F&IFHETOFIBLD
BOWNE ST T EATRBE NI,

EIRFAGE & BBMERHTIE

C DX S ICHTEHEE O AEHRE= 2 —
0 id, Bk E UGERRL O ZE MO E S
e NG—ICKB L, PIORRTX D5 <
ZRHEN TR, ZOIT TR
A D WEAEA R E Nz, LM LA
BUIZITARTOZ2a—arNT DK S iR
THNEE % & > 72D Tld 7z, Figure 3.9
l&. Figure 3.6 <7~ L7z ICT OF0H D HIH
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IZ FCT IC B 2 AR « F030 0 HHE
RHAOFERTRINEDERIC K> T L.
ZTNTNOEMDORE 2L —2a Ve A
FLEFNEEDTH B, NIRRT EEBD,
FRERME = 2 — 1 > nicid, FCT &t
1T ORTFEER TN D ERENC, Th
XTHATELX S TERTNISEZ AL B
—a—n Y (Figure 3.9a) &, ZDX57%&iG
B3RV 2—n > (Figure 3.9b) DN
HIMFEL T,

INSD2HEHE. HSEXTFECTICEITS
HEIRTANSEDOERICE > THBHLIEEDT
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FH 0 I ERE K CHREGHBRE 705 ORFE. HElidRIEEZ LD T,
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(Figure 3.9a), T 9 U7zBAEHIC B %33R
ST OIEF DX, ICT IV %L
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S, FDZ 2 —1 VU H 2RI E SRR
BT IRFF T BHEN 26T 5 b L mHC B
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TDOXSIc, FCT TOHREREE) 5 mDH
HEERICB W T MERE = 2 —a U 5 2
FBL. R OBEISE & U TBIgtE
N5 &%, 2HhEERZ REFT 5 IPFC
Za—HVORMNAREREL L TS
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RD 1000ms FiA 5 500ms % % TD 1500ms
) ICHBT BIEENCDONT, T &R T —
WU, Tin 3BREATT & Tow BHREAITOHWE
T ROC iRz, T T DHARICE
J%. Za—aYOERFUISEDRE D
Rl AT T EMTES, — /., ICT D
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500ms [) DOIEEID S, Tiy FEEAIT E Tou
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ZHUE, FHD D FEEMNHIT SN TEEB,
Za— B YHZOZEMMEOERZ. BHD
RAEE L TENRIFRFFLTELL L
MCTEEN2RDIRELVWAS, Thb
DIHER OB Z TNz T A, ICT IZBW
THRERMEERIGE OV = 2 —1 Vi
E. FCT I BT % uifl i ->F 03 0 HH
SEURHDFR RSB DR T &b 7z
(Figure 3.10a, p <.001), TDZ &, FCT
ICEWTH AR = 2 —a YO RO
DL DT IVOFIRE i d % &S Big
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% T T Figure 3.9 £ 57 U<, FCT Dii
HEIE - F03 0 RIS R T OFEIRTHIG
BoGRICE->TCma—aryaEaEL, 7
IW—THICHBNT, = a—1 v OiEEhHER:
Rt feiE %z Lhig Uz, Z D855, FCT IC
BOTHRHOBERTAISE 2R =2 —0
ViE. BHBRO & B O ICT TO I AR E
AEHARI G EN ViR < (Figure 3.10c, RGO 7%
W BRGE. p < .00D). K 7ZRiHEIA O 1S S)
IKHBNT, BVRRRIC K o THRTH Nk
MZEDHWIZTE, BITT & TOMIDFEX
JREED EHEHERF E T 7z (Figure 3.10d.
p < .05, THICISI DRYHEI S E
FCT THEIOFENTHNISEZ RS =2 —1

YOIE S, EIEEIHERF R 9 2
507z (Figure 3.10e. p =.07)

3.3.6 KEZEREZRWEFESHD

a4

BT ZAMD FCT il Tic BV T, Fi sk
KM= 2 —a I K B HREHOHER 251
N7, EWI I K B0tk &L IR
REZER 2 W e = o — 1 VR M O TR B IR AR
DAL ZEIT RS> Tz, TOfT T, 3T
DN EFERE= 2 —1 > (n=84) DOifEh%
b ic, Bl RFO TR 0 Fl 2R
R DFENI SR — 2 DiENW | RAEZERIN D
s & L T&Db LT (Figure 3.11), ICT IC
BT, Tin * Tipsi * Teontra * Topp D 4 HZE
fFOWERE, FHH D FRE R A% F
T, ZEHNOEFEOHANICE EE > TV
7z (Figure 3.11a), €D, TN D HHE
RHEICA S &L FERIC K B 77 ER
IO PN E 2 KL T Ty FRSGEATT
DA D RS O 5 K E < 573
BEL7z, —77 FCT ICBWTIE, Ty IR
1 & Tou RS OB FiRIHOHIC 7 B
LiIEL®. F0H 0 RIS RIADBRIA DI
T, ZERNDO DT MCEEN T ATEICE L TV
7z (Figure 3.11b), D%, fIEMNEREIN
%L, Ty B#PGERIT T ICT O Ty, WREGET T
12\ Tou EREAIT T ICT D Tou HITHETT
ICENZRLILU T2 & 0 | SRS
TRELBENTATENEBIT LTz,

UM U Tig vs Tipsi N7 S D Ty HERG
17T, IREEZEEINIC Kb E N EMIEHIS
2=, MMOXT Zlf & R Ty, IR
DEDICKVIEVEIEZ & 2N H 5N
Teo TOLERTEMDMRZTERT BT
B, BT D Tip-Tow BIRGAITHIT. %
I & ICxn g % 2 s #2315
% T & T, 2 DO B ORFHER 7 i
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() ICT OEEHOTETH S EH Uil BBESERE & . FCT ORTRIEY « T3 0 R R~ OE#H» 5 &5
U 7RSS OB, WO H W EITIZROIEOHBNAR SN (p <.00D), (b) FENZDRRHIFHENIC X
DROTzZ 2 — o OFFHHERRE ORI LLE, ERTHIEE 2RI Za—my (B & KORVIRTHRTS
NTHFHZEDBHNETE, BN SWRMEEOHBZ IR > Tz, (o) BIRFRISEOFMRCLS. FIV—TH
TOFEFHERRHEOISFED L, FCT ORI FAD 0 i 2 RINSER THICE 2R 9 =2 —a vid, ICT ©
BIEHN R ENR 2R L TR D (o). BRORRGEATOFRIMEE S @ o7 (d. FifR=400ms), F7z ISI
DRI BN TE, & O EWHEIHERRHEZ A2 I H > 72 (@)

N7z (Figure 3.11¢)o ZD#EH. Tin VS Teontra
BERU Tiy vs Topp N7 EMETIE, Tin B
1T& Tow BIRGAIT TOFBH OFEREZ. F
P3O RO BoR L RIRHC K E <L 7,
UM U Tin vs Tipsi N7 S TiE. F030 0 #il
BRI BU 2 B O RREEE Ly E
<. D%, BEHIC T TR ATE A & B8N
LTV HMAICH > Teo T D R E R
CEENZ RS TD Tin-Tou IR
PREEDFEIE. Tin vs Tipsi N7 5&1FT 247,

Tin VS Teontra N7 51T 66.5. Tin vs Topp “N
T AT 72.8 £IR D Tin vs Tipy X7 5M
TE> BN oTz, FIEDH S t HIEIC
KO TRTOXRTEMMT. FH0 D filK
EURIAD Tip-Touw EHGEM MR B 52
MAHLNTz GHEEH p <.001),
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i & T B BIRGE 2 72 & 2 ATREMED
REEINE, TOULIEWMREREAT 2720

ICT « FCT &\ 5 Hx33EM T, —a—n1
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Figure 3.11 CIRAEZERTIC 351
ZEMNER) S 2 —

(a+b) HIHIEEAD SEIEHEEE T
DOFEFERME= 2 — 1 > DTG EREE
O, R a—nVIicBF %R
FEMETOEBOHR % PCAICELD
JoThERI L IREZE N Ofili & LT
£b L7z ICT (@) BXUT FCT (b)
TOWEHE, BH—DPCAICKDB&
U BRI 22 AN L7z 3, #eho
FRAND Tz DRME DI S IVICEIR L Tz,
B O I ESM ACT) F/zidx
75 (FCT) 2&KbH L., FCTICHBUF
BHE FHRE T BRT Toy 3R
SZMERT, TIVT 7Ry ME, F
NZNHTRIEEH (P: pre-cue). FHD
DRI ERE (C:cue) 3B CHEIEHR
(D: delay) DFAMBEDFSEZRT, ()
FCT I % Tin-Tou SO HIHHR
DOERHE, AR ERD B DR,
Meah 3 IRRE =M N T O, T
D FERE GRENI 1BV T,
Tin vs Tipsi S TR O 2%
TEED BB NI o T,

Tin v8 Tipsi
Tin V8 Topp

Tout choice

DK TlE. ICT T3V % ARERES) I e i

DFFAEIRE= 2 — O Y ORISR — 2 72,
DZEFNEERZTSELTWVD & &

@uWC®E$MEﬁM EL BRIz LTz, ZD
9 Z T, FCT IZ BT 2 MEEHMN T DRA
REEL EORREL TV B EFIND T & T,
FCT T2/ ENTEROZE BN E G 5

KD B N IRERGEB) S D Tz 8 DB — D% %
MEFRNED LS IR ENZ DN E, 7
152 XT M - BRI THIR U7z,

Figure 3.12a * b l&. FCT IZB1) % %2
DFITICDWNWT, ZDOFMEBE U RANE
[0S Utz ICT OiEEh & O FHE 2 Ji R 7z A5 R
ZRL TS, HERENESL<E31EE.
DI RIC T % FCT O 75 ApERME= 2 —
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Figure 3.12 FCT IC 1) % ZEHINBERRIV

HGEFE
ICT IC B 2 KISEFTOIEB)IRAE & OB SRz,
FCT O {T5MHc 351 % 22 RIN B £ RO BB,
R AT T RRR . HEsh IS AEBE R, B2 % ld FCT
IKBF BT EMERD L, ROIKREEESHBEDOR
SNz, SxIV ESBO=ZAREZEOF 2y b
%19, (a) FCT DERT LMD Ty, BIRGRITTOWE
B, T, MERENT ICT ORISHERTTORES) & OF
B, (b) FCT @ Toy FRFAITE . BEUHMMERE
NI ICT D Tou HFFHEIT & DB, (¢) FCT D Toy 3
PEMT L. ICT O Ty, REEATT & DFHBY,

0> DS Z—2 0, F75 CHMANORREK
B OUE(R 2% 2 72 ICT O KSIAERTOIR
HELHLIL Tz & %R 9 Tin VS Teontra
BEU Tin v8 Topp N7 MTE. FHD DR
WERHORAPZN LI DR R 5 A=
SN A SN, B TOR RGO A
Y MiE. Tin vs Teontra sl CTRHFHER
O 142ms #i (Tin FHGET) KT 48ms i
(Teontra BERGEAIT) | Tin vs Topp -1 Tld 90ms
i (Tin FERET) BXT 113ms 17 (Topp 1
PET) 725720 —J50 Tin vs Tipsi N7 5&1F
DA, BESHBEOA 1y FE T, 3R
AT THIAE/RD 408ms 2 TH D, Tipsi 1
a7 TlE. ICT TOWEEINZ—2V EDRE
B S N oz, TDT &I, 2
DOERILD FAFEHEFNICAFAE T 2855,
HZ 5N ST DDZEMNERRN S —5H
FHRE N 20N, BRI 75 2 HHEFIC
bDIhNTVBEELIFHRZIHERZES L
ZEMHL TN,

& HIZ FCT @ Toy EREITICEIL Tl
[F]— D75 MO N2 fREF LTz ICT 31T
L O T <, ICT D Ty, HIEGERTTO
SIS AT D75 B & DO AH B D RERIHERS & 51
N7z (Figure 3.12¢) ZHUZ Toy Z Y IVHIH
T OBATZRITICE N T, M2 REN
Tz Ty, #ROERZ ., ZONEZHES
MR a—a R EDXSICERBH LT
e EHRSD 12D TH %, RITOFE. Ty
VS Teontra 98 KT Tin Vs Topp N7 &1 D Tou
EIREAIT T, FISERD 296ms i X T
158ms HiH 5, =2 —1 Y OFEHE)SZ—
ICT O Ty, HIEGRTT £ 13820 IZ U, LUK
ORIV ZE U TENDHERF SN TV 5
e o, §5HbHT I LT Toy 12
PEIT T, BHEBRRE LT T, 8 8RE
NTEWZE DD, IPFC = 2 —1 Y Di%H)
& LT, Ty, OZEMNEE#Z RS LT IRRE
WKIE7E > TV o leDIZeEZ ST ENT
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WS IV Tipsy 23R L TcidTTE L Za—
0 > OEMIEEND ICT O Ty, #iETEH
HICHEZDIZITCHZDIE, HIEERD 941ms
%BTH-oTz. TORRIE. 2 DOFHMN D H]
WDNFEIIPEAREFNIC 8 23515, RorSICIEE
RENZW Ty, OZERINETEERD Ry BT —
N SR E NS £ TIC KD EWL
REED DB T & ZEH® L TV 5,

3.4 E%®

AT TIE, HRERES) /5 00 B g R ER S
Ze G R EEE A B A AR 0D 7 e EE AR
Za—aYAHHERICBWTAITREZ
Mat U7z, FCT T Ty (Za—m YDA
NORENE) DRAEINICEIEN S TICE
W, T R R R A D 75 AR TS B
d. Touw MEENZEITID L@ o7, T
5 LIBEIRTRIGE X, TOAD DS RE
DEHTOREEMN B HSNUT CH TN,

IPFC = =2 — 1 2SR A7 1 72 B HA
IR B 2RI RO IRICBI 59 5 T &
MWHISENTWATS, T5 LK FCTIcBT
%3N & B U 7= Fh3 0 O il SR - widil
HHAOEE L . ICT IS 30 EICBE L 7=
EIEI D1EE) & DRIRZIRNTz, T DRGR,
ICT DIFAEWNT U T A ABERI R Rt e
BEHERL TS Za—mIFE, FCT DT
P ORISR « FREEEIC BV T, mn
BEIRTHNCE AR Doz, e
Za—u Tk OIEIMEFFRIE DT S
BEIRFHIESEZ D= a—m g, iGEREE
ZHEFFT ZREIME D LT EAVRE N,
INSOFERIZ, IPFC = 2 —1 VA ZE /AL
ERROB I X > CTHRERGER) 107231 7
A9 2RI, TEBPRREDRERIC K D 45
BWOIHAAE P T2 R T 57200, F
FAlEZ S A B Al A R E B & B

R UMRREBNEEG L Tna 2 2Rl T
W5,

I HICAZE T, FCTICBIF 3 2 D0
B ORLE D, ATEH B D24 M B RS
MDA ED X S x5 2 2 72 i
Teo TORH. Tou BN Tiy #HEBEL
PHEF AL S 256, W& e DA
FicbhnTiESIN2HEEX0 &, IPFC
Za— B YOHEZFERTRIGENGIN T &
Nbohotz, TOT EIE, IPFC O E
M F5UF B R D ZE NI B R G COM A+
RRRIE, ZTNOEHEZ £ ShEMNIC
A7 L C. B3 2 Rl Ehaelc K 0 EfTd
ZAHEMEERL TV 5,

3.4.1 FITHBERFARETDERR X
ya iy U N

AIFFEDFERFHiZ TIEICT & FCT Had
Tl A LCERENT, £z FCT
AITICBVTE, BIRKIE 4 HFDS B2 %
Fi o Y A LICEREN, ZDIdY )L
& FOD DR RIICA S £ T, ZOi
TTIC B THRERES /5 [ 2 A9 B RS 2
RUHNBHZMNE S DE, ZOFEREAVT N
DHAEDORICEZZDNEH DR > T,
T DX I FNERE I 3\ C & RHIEIINC 3
RFEWWEBEDRASNTZT &iE, IPFC = 2—
02D 9 LIiGEIAHIC Y )L OFEIR DS
REKBMUIZEDTIE R, YIVOERITN
AT AZH5Z3RKTHAH LZRBLT
W5,

FOD DR ERENDLENCE . J51
BRI IPFC = 2 — 0V OEENE—RETld iz
<, Il iclBROEHOMmIEEHE L T
W3 EEZLNS, TO LEEHDODPLE
&, BITBARART DR T IPFC ICTFES 522
BINIERRD, X—=ZAF71 D5 EL R
TEMNTED, TOXKD EITHIARTO
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ZEEMERZOD S Eld, HLA D=2 —1 Y
THNICHE T TV B DT TIEERL ., AHapER
P o —1 URICAAES 2l - HiElEkic
Xo T, ZLOMMTHAEEINTVS EE
ZbNd, b bH5ITORMBRTICH N
T, iD= a2 —a v ORNEEN - -
FEholzbdhnd, 2O a—nm v el
FEGERM 2 & D= 2 — 1 O E M EAE
W2 LU TRREX D, WX S /7 ER
MEE S a—arOEEIE, MEZa—
027z Uil Z2323 %7, &0 L
FHLNET ENTREINS, TOXI IR
RRICBWT, o= 2 —0 V OZREL
B (Ty) ICHEREDERENS L, BLd L
FAE LT mWGERRICZIT L SN B
MeB T, lH KD B8 Ty OMEHRNESR
ENd, ZOR, ZOBROBEIAICEIT 5
2 BHEMOBEERCBNTE, NN,
AT T Ty MMUDTTHDORRITHT S
5. RN IVD Ty, 28RS % A HEME:
N5 eEZABNE, ZDID, YILN
7755 TEROFE I DN TIRIT 2 0 ET
% L. B OR R TRl D=2 —1a v
DIGENDE D it Th BHRGRAHIC, K
Mo T2l ITHY Tow BREMHICED BNS T
DI, EAD IR DIEHRZ FI 5 72 ORI
RUFTOREEN S IR THINEN A SN S
LEZLNS,

O LIMBIEEOw S &l X %k
DITEIN DB el D < BERRE
(Platt and Glimcher, 1999) S>H1H Y& Bk E
(Shadlen and Newsome, 2001) D /i THFZ%IC
BWTEMEINTWS, 7z & 213 Shadlen
and Newsome (2001) 13, T VX LK hE—
va ViEZ W, YIVLIP D= 2 — 1 Vi
B B %551 0O YL OHIE 7RI D [R5 DV Tl
TEBHTEERELTVD, TVALERY
FE— g VEEICEBWW T, MRS D[
WD E < FROBIED S 1E LW RIG T

AR HINTC Z BT BV TE, ERE
FIEIS % LIP = 2 — 1 > O TG B i
ERBICRAICECIE TS S, ZHUCH L,
B EIHD 0% DTERICT ¥ & LISRIED
ERENERTICBOL TR, FIERED E
BV ERFE T et D EEIR & MBI 2 1H 8 D 2
MH5NS, —J77T Rolls and Deco (2011)
. TOX D HEATTHIRETICIEE S 5 ik
EEIOW S EN, HIWMERBICHKY T —
TRARE LTOERZNATALS BT L
% . integrate-and-fire £ 7 JUIC X % 3t HEH
YIal—yaryEHVTRLTVS, K
PFFRIC BT, & o & & AL E NIERE
i Cd 2 HHERFEICBWT, T Lk
1TgE & —30T 5 AT IR T HINE DA 5
NIz &3, RSO 5 FC K 5 HRA
DN, FHE OFEERICKFE . B
PUE DR A A A = X LB W THEE T
ZHEARFHTH 2 AHEEZ R T3,
3.4.2 ERELEBREDHLBOME
Bz

CNE TORIERIGHE Z FH T 5E
5. IPFC I 31 % 77 M3 dR M oD Kyt AR Ak
TS EN &, H2% M PR SE R0 IR O pf it S g
72 #EZ 5N T4 (Funahashi et al., 1989,
1990; Goldman-Rakic et al., 1990; Miller and
Cohen, 2001; Fuster, 2008), sclEANEITILN T
Fe¥ia % = a—a VEMO, BEH ms 5%
KD 22T < m B EEFEMCIRRE DHERF I
H—= 2 — 0 YN TOAFAREE DS T
SN TH %, TDTHT S5 Lz IPFC
Za—aVOIEEREE. BRET o —F
Ny I AN X BINV—T a8, widEs
T OMBRIEREEICI > TLABNT NS
E#EZ 5N T3 (Constantinidis and Wang,
2004; Wang, 2013),

AWFEORRIZ. T 5 Ulcnighd G E o
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RS I B RN, BEBOZERNIEER 2 BEJOBREAN DAL, IPFC O/ AR

KR TOBAEZNT 2 EERESHICBNT
. R RIS TS 5 S ERE DD 5
TrFii - IRE R, TOD 5 ENC, Ffé
RO INA T AT B2 DN %RE5Z
HEREZS>TVDBTEZRLTWVS, T4
b, ZERfEFROMNERZHS IPFC
O ERE = 2 —aic kb %y hT—72
. HOZATEE >fc=a—aVELO
FHEfERIC KD, 178 LEEE K5 H—0%E
MBI Z R OIFIE T EMEFF L. [
FRCHINR T 2Bz o lc = a—m Xt
IHHHNC KD, MEARE = 2 —1 VEMD
THENC & B RLIRIEMAD T2V TV 5,
Z U CHEBREHS /5 110> B HERGEIC BV T
(&, T D IPFC IR 2 ot [ i AR 72
UC. RiREHHOMEEE DD 5 R E
N, WIRERE THERFE NS 7ic, HIEE
ROBE ms BIORE D S R F RIS E D

bRzt DEEZBNS,

3.43 FHEFN/METOEMAUBERSR
ROH S8z

AR A B 12 350 C I Z2 R0 T R 4

WHET 2L T HICHRD 2D, R
X Tlk. FCT D¥ix 2 X7 ZME T, YL
O & B U 7o i rE B O B O iR %2
e Uz Z ORGER. Tin vs Tipsi SR ORIT
Tl&. Tin VS Teontra ¥ Tin Vs Topp ST DEATT
EHA EIRTRNSEOARE 5570 > T2
(Figure 3.6d, Figure 3.11), O Ti, vs Tipi
ST 35U B ZE AN IE 1 R 0D 35 5 IR D
BAEI, Tou BIRSEEORIT. b BTD
NV &SPV Tipsi TR U Tzl Tic

BT, BENGED) -T2 Ty, KRBT ZED
%J—D/bm@%ﬁ<ﬁﬁbfbi5ﬁﬁ
BFETE > 7z (Figure 3.12),

C DX D 7EEHURR T O ZEHY R B iE IS K

Za— B YA T BN i Sl &
Bl LT3 EBbnd, HZEMMEERERK
RICBEd 2 TNETOWIETIE. PIUICH—
ORFERZZRU, b ThzsdE L T
WA D= 2 —u AEEFENS N T E
(Boch and Goldberg, 1989; Funahashi et al.,
1989, 1990; Rainer et al., 1998), 5 DHE
ZEC BT, IPFC O AERE = 2 —1
ﬁ\£ﬁ¥ﬁkﬁﬂ® ERINIEICR AT Z

AOMEZNT ENREENTVS, X7
W@%%‘%wf% AP DT S
GBI KD FHUANDFRCER %ﬁ%ﬁ@%#
EEHEINS Z EH/RENTUV S (Funahashi
etal., 1993a), T 9 L7z#iiid, ZeINiEE
HOREZH 5 IPFC OMFEEIEEMEA., WE
BUEDMIE A ONWHRALIR %2 15 5 (R KL
HIZBWTHIENTWAD E[HE, ThZh
DR LATHRAIPEHEF DR R 2 BT 5.
SHANEN 2 A B 2 R 2 59 5 2 L7z
ML T3,

DX BIHERE= 2 —m DRy b
T— 7 WNECT 2 EE L. R ORI E R
FEDOHFHEIC K D H—DFm 23R % Hl
BERORIUCBNTE, RIS Z DIFER
OB ORIV EZ 5 X 5 %, UMLK
/5 Watanabe et al. (2006) 35 X U Watanabe
and Funahashi (2007) QST CTld, i
1. BOSNT 4 7 Ard N TUICHBEE 2R L
Tetzd, PEHEFN I X OB O 22 R0 E
KEMNED XS ICHENEH T % D7z ket
THT LI TERD oI, AWIZETIE. T
RO EH RS2 W25 2 & T, 220
R OREFNIC BT 2 M E & . £ D%
RV E L 1 i P D 3Bt 5 st R & DB R 72 ARt L
BRI Al —FHEFNICAES 2 & &, 22
MEXREOBENEL RS LZRTL
Too TORERIE. TN TOMRICHBNTH
5Nz AR YE = 2 — 1 > OSHME AL
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ERBRLTWA EEZBNS, IPFCICH
T, BE5PHBICRAT 2L D= a—1 Y
A3 5% 5 PRI DD N THFEIE T ST
hEl, 9 LicZa—a VETOMASE
R, W7z ot U T EER L EAS M BT 7%
%o —H. B7x CHBRICIZZ DX DOHEFIC
RHRB L D MERE S - UL
ZN5O= a—1 &, PEERNO R EE 2
WMUTXOEGMEERZHT 2 LD T
MENB, T LREEEIC K 2580
FHEAEIC KD BARUFHBENICZATZE
DZa—HYDOHWETIE, mifiEHcB
ZRREE O 5 EEHEINDS %, T5D
LEINsDZa—u VTR, HEEhzw
HEDS, HERZINA T AT % K5 Tk
EEOFRTDAEDNDEICL L, RRERMDHES
WKREDN DL ETIKK D EVHBIRAD D %
DELEZEND, HEDRRINGZ V)V
ICH Z &7z Matsushima and Tanaka (2014)
DESEDOWIFUCENTE, [FIEREF N D2
FNMERSRE K OHAFERH LTV EAVR
ENTNB, TOEXIIT, R THBIE SN
T RIIECE I K 2 3R IS E DOy o Ak
HEOEWE, 2N EE#RZH S IPEC H
A9 2 R RS OB AN ST E %,
felz Uy ARWFZETHOW I H— IR 8 Tl
RO 2 —a VT, BREEHICE T 50
5 DA DR E 2 EHEIICBISET 2 DA
HTHD, T LIREDMPITIX, FRD
7RI BT % R Rk D T 72
Wz, JTABERYE IPFC = 2 —1 > O KB
[FERFRLERIA A RIZEE X B NS,
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4: U % E 0T TOTEI O BRI DWW
THET %,
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Aristotle (& NI D172 [ AA&IEHR DK
1T DRETTd %, (We are what we repeat-
edly do.) ] &KLz, TO—HIIIHMICE
bINzd LB, HZH0ELODOTENE. Fitk
DX HY) 0 EEE NN OFHG & LTHT
B 2D T AL, BEH T &IicOE
DELITRbNAITEIOERIE LTHD 5
TWa, ZTUT, %k 2T 205D
TR e & BT, d@ii LzTT
O T, AFDOELEOTTH) & T DRER%Z
EZZY T, FRATHZZLEETY
SRENDH B, ZTDId, HBLEfTE->T
TN KR ZE 25 LD, B3
LTENZHDIRT EDICES, — /i, BB
TN & K BRWVESIRIC DM B T Ebhhn
X, B Z 0%, BRCITHIZESDER

[l ihe L IFEEhe
2ERTE &L EFE
DHBHEAS,

FEREREEICB N T, T LIeRITENC
B TREDKRERD SBAEDITEINZ T %
BT ITHIOBIERIRE L THISiT 5 L
MTE5, ELIGEFETIE, flifEicE I E
HPGEDWFFRIC BT, 575 2 At D R
[T D3R %2 3K &b % i R 3 F &
A LICE D AITHRO LGN T, BiEE
DRI D K O KOERTTIE 239 % it fE
DR ENT VDB, =&z, PV (Lau and
Glimcher, 2005) *># #$ (Kim et al., 2009a;
Sul et al., 2010, 2011) DFEERTIE. B
EOTT TR Z 13 5 N7z 3R O [ 15 33
Rzf—/H7T, £EE0, #HEDMITTL
A DRI Z A Ay F9 56
MMNH2 T ENHENTVD, TOXI %A
YOI IE, THRER & #EHX exploration
and exploitation| &MXN, HARERE FT
OFFETH R EICBOTHEMN RS, EHIS
Wiz Ak izeEZ 5N TW5 (Kumar and
Varaiya, 1986; Bertsekas, 1987; Stephens and
Kli%noL@L&ﬁ%\:®$5&ﬁ
Tt R 22 BREIC B T BN & B TEN
HERAL ORI & 2 35 0 M ISR E
N5 Vs HEO)L— iR HKIE Nz g
DTH% (Cohen et al., 2007), ZD&H, L
WLz X 2 RIEBAZTNETNORBEN R Z 2
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S HEWOITEIN, AR LI O
WE BN TEEL S 20 EINTDMN DS
A4

X2 INSDFATHFIC BT B EIEIR O
Mt Cld. 202 <. BIIEOHYDEIRIC
T HMEDRES e, MEDRITICEIT S
BB $5 K ORI IR D RIRIC DU T
L TW5 (Kim et al., 2009a; Sul et al., 2011),
FEREREOMR L, WEOHITICBNTH)
YIESMNE S TATEIN, BIEORITTORR
WEICEZ 258 Th %, —ITIRMBREDR)
R ek, WEOITICBOTEWID IR 215
SN E S I, BHEDRIT TORERIE
L5258 ThH%, TTTHREDRITTD
Yo 178 <id, [H 23R ZEA T
&9 3&IR decision &, [HERICZFDEATE
BRI ERIGLTZ] &5 iEE) action &
VNI, 2 DDBENFTENT NS, FEITH%E
DZ L OB T, BWIOfT75 - 2%
. RAKTHB) & L TRITEND 20,
TS OWFEIEXATET, WEDITEIDNE
IR E LT EXEDIHEDN TS, L
M UEBRICE, DEIR] &0 9 285 0ER
[T D178 L DA 3 A - D LRz DR
THv. MHEF ] FHRIFISHIE LTz BIRHN
IREIHR T O & 12 BT TH S,
Z DD T NG OFEMALEEN, TOIEEh
ZHC, FEROBEIOTTENC N U H R %
SIREFIEL TV B ATEENED B %,

HIERE TOEBD ., AFETIETIVICRE
D iz s il 2 sRHbEREE (ICT) &,
BT 5 KIGTT A28 % H R AR RE
(FCT) ZH\ . B HEER O it R 72 f et
Lizo TOREICIHWNT, HiIFOMETIZY
JVIG RO ML S ST 217755 DY, %
FOMETIEZNUTINA ., KIGTTI%Z S
DESHENOBENRNETH T, TDI
B, TND R OMITIMEDRITT
DY IV DFERICH Z 5508 2G5 T L T,

FEATIRSE T BT X T o 738K L #HE) O
JERERN R 72 i L TGS % 2 LD ATRETH
%o Flo. HER AR 2 VTS L
D, AR TIEEARBRDKIGZLES &
&, YVIEHEROHMMZES LN TE .
ZFD T OFEICBN T, Wiz o X
5 IR IR AR AR 7 L s, BREVE
BN TEWID G DG REm 25 T
EMTES, TTTARETRE, WIEXTTIT
%o 7z 1 EITIN T OEIR OB Z O gk
AHZ X LD EIERDOMEN S, w7
RINCBOTHEBOAITZ R B ENAN
Y TH U BRSOV THRETT %,

4.2 Hik
T2ty b

852 BOTEIENET TV D LB
BUT—&%ZHH LK,

4.21

422 T—REEWN

IR TDIFEHRENTICIE, MICE R LUEHD
T D 2 HOITEIANRNT & B7% URHEZ
iz,

AYRAT « v 7 ERSH
WEORTT T 7R o ATEI D BIE DT
T ONREKEE) /7 1R DFEIRUC 5 A 5 782 TN
7. AYVRAT 4 v 7EIRETIV logistic
regression model 7z f{W\ 7z it 21775 - 7z,
C DfRFT T, %4 D FCT #1TIC BT 24
IVOFERZ, ZHICHATS 5 10 IT0H WV
EOTENDIEIEN ST L, AREKHES) 77D
HHNEIRIC R R 5 2 2 BN Z Tz, 37%
DH, FILAEITT 2TICBNTH S Al
NEATEZITR ST &, TR K > T
DT TZ D ZERT BHERDEDK S
IS 7, a7 EIcHEE LTz,
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ETWMICHBNT, 179 5% ICT adfT & FCT
AITTORIGIE. BUEDRTTTDOEINIC Hx
DB A % EIRE LT, i d B
FCT sdfricBIL Tk, BIEDITTERE
NTNWB0D EB7E CHERRT DERENTEA
17 (FCTs adf71). BUEDRITTHET S 258N
eD—757% . BHIEDMTT & I3 R 2R
hSEAZRIT (FCTd iff7) . BHIEDORITT
U D B3N D— %2, BUEDORITL 352
2 BRI T 5 o 72517 (FCTu
M1 O3 FEEESICHEL, TNENbL
TR ZHEE Ules RTICIXIERRATTO
T =R DIE Nz,
BEAICDNT, A A BXU B 2R
& T 2EEDXRTEMICDODNT, £ty
2avDT =25, TOXNTENFD FCT
AT THIVEA RIS A, BRUTZHIC
19 % 10 T H VW ORITIREZHED
Joo TOT—RICLATOOTY AT 1 7[H|
RETFINEHTIIH BT LT, i 5T
WHUHEDFITTORINICG X 3Rz e &
L7zo

-10 -10

log(p—A) = Z Lj‘ij + Z gjs;
P8/ i j==
-10 -10

+ Z 6j'dj+ Z vjrujty

=1 =1

72720 pa BEXU pp &, BHEDKITTHIA
ABLUBZESERTH D, 228 i« s;-
dj 3. PIVWEBRIATIR S TATENC K B )8
R R D IZART, jRITaiD ICT sdfT
(i;) *FCTs #1T (s;) - FCTd itf7 (d)) I<B
T VIV TR ANKIGL TV EE 1, /7
M BANKIGL TV & -1, A-BWLWIne
ERZBZAMNKIGLTWeEE 0 & L,
2B up 3, PIVIERRE LTERENG
ICE BB TITRDEh > TATENC X % JE
R LD ITERT, j 71D FCTu st 1T
IKBWT, YILRERENTAM A 23S

otz &1, HM B EEIEh- L E
-1, 2o L= 0 &Lz, ; ACT) * o
(FCTs) + §; (FCTd) - v; (FCTw &, k74
ORI T 2R THD ., y 34T A
HTH B, 1j+0; 6, IKOVTE, HEEEN
FARBDIEIC KR EVZ L, (79 2T TR
IS2AITIE > Te T D%, BIIEDMITTE 3
URTWVC EZEMRL TV S, I H R R
Beic kI, 19 207tz -o
TeDEBR KIS, BIIEORITTHRDIRL
KK B TV LZEKRT %, v; IKD
WTIE, 79 %7 THIVEA TEIR
Mol REREL T 5726, REDNEICK
TWZFE, 179 % FCTu adfT CiEIZ R h >
12T DI B DORITTEURd < Al
RKEWVIZE, BIT9 5T TR ST
MZBEOMITTEETICS VEWVnS T kR
EWKd %, FCTs idfTTld. —7/7DJTHANK
JSEfTIE ST LI K BRIRE, 5 —/TD
AN (BRENZICEEHb5T) KIGLk
Mo Tz T I K DRNRDERENMEBRICH
D, TEETERV, £/ ICT TR, 28728
1 DOFERFE UM ERENEZ WD, BRE
NIBRE RIX e o T T LI KB 50RIE
FANENIZ, ZDD, {1blho 1T
W & 2B RIE. BfEDRIT & Ba B
TINERENTZFATT S FCT &AdfTicBIL T
DIEFTATRETE o Tee INF j &, FEEDSM:
DiTOHZM> THAZDTIFEL, B
DITRINCBWTEIEDRITZ 0 L LItk
X OMITRIC X B2~ 9 (Figure 4.1),
T 218 3 1, BIfED FCT T TRREN
TWAERDOS 5—AM, x5 E 35T
FTD ICT sdfT CORIGAME>Te & &, Bl
FEDITICIBN T, Z DS HOFRERN L
DX BT 22RO LTS,

FROETIVICKD, ZEE, 63ED DX
VMOV T, ZTNEN 40 (D[ ARE
(4 Z&F x10 G817, /3 7 RIEHIZBRL) HVE
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previous trials

Figure 4.1 T Y AT 1 v

current trial

Z R B B 258
REDOFHTRINZ HVie, nY A

Ty J RIS BT % B2 R E

DR, BIHEDRITZ 0 &L, 63

~.

THE CORITEMANRDO LED

—~iocoiocio|®
Lioioio|d

HE Nz, BRI L EDOTTE & DR
R0, GRAEGER « B HBER &V S BRE D SR
DFEVNBUEDAIT TORIRIC G 2 % %
. FEEDRARTIHKF LGZ N EE A BN
%1z, 135 NTAREE T S T Ak
L. BEERICDWT, 40 DR iR
157,
FFREE LCER Lzl E DT OE
JENR O A B2 S 720, BT3RS Dl
NBZICEKD, TNEDFRBUC DN T OFE
HEH 95% (BRI ZRD Tz, T DEHT T,
FIEDFL Yy a DT —RICOVT, £
FCT #1172, M—tv¥a YHNOBHRLENX
7 A DORIDRATT L IIERICANE R T2, T
T D, 2Dty a YINTOERRT &M
ICBUT B BINED, 7T & THIHIER
OBIXOEYy Y a YNTHIVORRE L TEE
SR T M DIAF 75 Eld R > T X X,
FCT i1TIC B B IRDFERZ. T ik
119 2 (TR T BT EHTE S,
CONCEZT—=RICONWT, T —2 L H
BRUFHEICKOOVRT ¢ v 7 ERE TR
5 & T 40 HOMEFE 2152 EMNT
T %, TOUWNYEZ L AR REOEH Z M
I 2000 H#E DXL, 135 NTBE&MO bl
RO (i) Zt ki, FiEKMZ
AR LTz,

i.
1.
Sj fiﬁfcéﬁ%\ ij'Sj'dj'uij§&:%)
d; iz mRd, BREFZDOHITICBL
"j TERENTERIE, KENE IV D
SETT L
MLFEBETIV

OYRAT 1w ZREFETIVEFRNC, 1T
I BETIC RS BB - FERERE OB DR
EZEENCHEET 2720, BEFEETIV
reinforcement learning model 7 F\ 7z fif#t it
% FIf L7z (Sutton and Barto, 1998), T Dfi#
HrCid. ENEA &V BRI ZNZ N E
RANCATENN (ffERSEX value function) ZH
L. ZhhalitziEsicdn, YL TE-
TeATE 72 & LI ¥ % BB HT value update %
ZT T EWVSREDE &, FCTICHT %
YIVOFERZENIC TR LTz, 72720, Af
BT 2IERT XA LTI, BRI
X %R 2 W22 < DS TS &
$7% 0 (Lau and Glimcher, 2005; Kim et al.,
2009a; Sul et al., 2010, 2011). YIUVIZIE LW
MENISETTR ZIE, BT FEOHM 15
HTENTE, 20D, TTHOREER,
AR SNz E 5 Wi K o TERE £ D 5
¥z Lol 2 —izs{b 28 € 7)1 & i
D AW TIE. WA E D K S 75564 D
TicBNT, EOXSZITHIc K> THRLMN
D2t LI, FIFTOAMIMEIC 7% % B
i Ul ffEREEX D BEFICIE, D J51n
MIEFEOEH & L TRIGENTT LIckDH
B (AR). YK > THIT M SEIRE NI
CLILXBEH (Ac). BREINIEDDE
RENEh -7z LI KB EH (Ay) D3
FHOHEHIST A—2z2H\izc, if7ilcBlr
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%) A OAfifeZ Qa,; £ 5 & ZDOFRIT
DFGR, J71A A OffifiEld

Oaiv1 =a- 0 i +A

KK THEHEINZ, 72720 A, HmA
M ICT SAITIC BV TKIG L2 T D55
Ar. FCT IZBWTEIRE NS LI 5O
A AR + Acy FCTICBWTEREINTZED
DFRENTD S TEHMDEGEE Ay L. %
OFITTEREN TRV ARICOWVTIX 0
& LTeo BRI o FRAITREBIC & 175 S fiifE
G| ETHD, T ICBVWTHIMA &
B DRE/RENIEE, YILAG A ZESR
MR pa, i W&, V7 b=y 7 AR

pa = — P (Oa, 1)
! 2aeia, B} €XP (Qa, i)
KX THRETNEEDE L,

L E TV EROERT TR, &3
DHEHINTA—=2D S B, KEITETIVNT
BRI 2R A—2DMBEDEELEZS
TET, 3EHOET IV ZEMG Uiz, 1D
ETIVTIE AR DHZFRAL. Ac & Ay &
0WCEE LIz, o TTDETFIVTCIEK, YV
HEMERLEZ, B 0ELahoizc ke
I & 2Rl BE BT 3 A e 9, ICT &
FCT T RIL /T A DMED AN BHR T K S
ICHEF SNz, TOETIVE R BTV LN
Ko RETFIZ, sffbA B RO RIS B
T, WD 5 NATEI DD A D ZL
T 5N Q HHETIICHIET % L
759 C &/ TE % (Watkins and Dayan, 1992;
Sutton and Barto, 1998), &2 DETIL T,
AR WA T Ac ZHRH L. Ay 3 0 ICEEL
oo XD TTDETICEBWT, FCT T T
G UTzAmE, SIVEENHT NS ZD )
7238 A 72 & D BIITHEDWT, ICT i1
TORIGITI & 75 BMEEHT (Ar +Ac) %
ZFiz, TOETIVE R+C ETIVEMES,
HB3IDETIVTIE. AR * Ac * Ay DITXRTD

INFGA—ZEZRHA LT, £>TZDETIV
TlE., FCT MfTicB L TEREINIZE DD
ERENGh->ToAmE,. 2828 EREN
IEI o T )7 & E R S EE T (Ay) 232
7o TOETIVZ R+C+U TV EIEE,
R+C+U €7V, EEITIZERI LA - 7255
PRI DONT, RISEA TOIGE ORISR 2
SRl TS K2 MEBIBOEH 2+ 1& L
TeFRATHEDET IV EFIT 52D TH S
(Lee et al., 2005; Abe and Lee, 2011; Hayden
et al., 2009),

Blyraryor—ZiconT, LiD3
HHOET IV ENTNZ IV IR TR -
TSERORVNICH TIED, £V T &IcAlifE
BHRT A—ROEEHE LIz, ET VDD
TIEHITIE R DEHEERIEL optim ZfEH
L 7z (Nelder and Mead, 1965; Nash, 1980),
YIVOITENCH T B ETNDHTIEED DK
Tid. FtiEIRERE Akaike’s information
criteria (AIC) ZfWVCL L7z, iz, €
TV D LE#IC X, leave-one-out T & T
DIZERZEE cross-validation I X 0, H#EE X
NTAMEE T/ 8T A — 2 D2 FV iz,
T A My g TOYIVDERO TR
DItk > 720 TDTETIX, FETIV
IKDOWT, 1y yaryzlRuwizfiosety
a3 VOIS T A= ZHEEED V%2 K
ZOEZME>T, BN LT A ey gy
DT —ZMENTZT EFEIC TR TE 20 %
Nz, ETIVOTFHIESGE, T Ay T3
> D% FCT adfrBUTx U, BT 1A D fillifi
DIE 5 WIFER G MOMEXL D Em A>T
Wiz (PIVDVERERICTT75 - ToEIRDIE 5 Hid
TORTVEET IV THILT) BT OE
aelic,
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4.3 #HR

ATy ZEEBETIVIC
HEOCBEMR

OV AT 4w 7 ElkinHr Tlid, BIED FCT
AT T ORI L DFRTT TOITE O JE i
WK K-> TR 2%, ICT 1T TOITH)
(ICT). BAED#TT & F572 AT D FCT
AT TOITE) (FCTs). BIEDRITE H5 5
RT7EMD FCT idfrce o7 (FCTd) B&X
UL 5kh-7178) (FCTw) O 4 FEEIC)
HL7zo 205 2T, BUEDRITH S 10 i
TRTE TOIND 4 FOBRERNROEE %2
QAT ¢ ZRIFCEBT BREIFHREE LT
Ee LTz,

Figure 4.2a * ¢ (&, BEAICDNT, #EES
Nz 4 FORBEHREDRT &M/ TOF
ZROLTND, EB5DMIKICENTE,
FeA79 % ICT ICBIT 2 AR REUE. BIEDR
170 34 TR CRMITIE F L7z, Thld
FCT IZBWV T, ZOITOEMEGEITOH
W/ZIC ICT THgifil E Nz mhhER & L
TEREINTE, PWEENZHETIT o
Tl LZEKT %, 179 % FCTd + FCTu
RITORHRICDOVTE, FCTd I DWW TIIE
IZ. FCTu lZ DWW TIEBEICEFNZE DTN
T RLTWVEEDD, # L TICT DWERER)
REHFLIL TV, Thbbh, BIfEDITE
BRI BHPART WEIRENTZFEITT % FCT
AITICODVTE, ERIGEATEMER D >
FemicBb 59, SEEEORITCER E LT
SEoREN A, BEL THLISEIENIC <
{EoTWikZEeEhbhoTlz,

LA U, BIEORIT L 572 CHRERT e
RENTHEATT B FCTs ittt 0shH4d. ICT -
FCTd * FCTu &l DWW T H BNz X —
VERELS L STV, monkey ElCHWN

4.3.1

T. FCTs adfTDRIRREIE 10 BATDEITS
ZRITOHVIEHICIEDMEE &, BIEDR
17D 1-2 G TR DA T T DA 7
5N 7z, —J7 monkey O IC BT &, monkey
E L [AkRIC FCTs #t1T DBl REIT IEDEZ
e L7ed, BHEORTTO 1 BITRIICEBNT
DIHEFL, IFFE0 Lxot, THbEB, »
FTNOMAICBNTE, TIVIEBE CHFENR
7O FCT ZiE#E L CERENS &, #HWED
AT BARUERZEORITHEHAND - 7
7. monkey O ICEBWTDH, HikiL7z 2
TTTBHECHBRTWERENE L. ZDIE
DIEFENRMNER LTz TDXIIT, WED
TR 4FICEL, aY AT 1w Z ARy
WS K - TIEIER AR 2 it UTeAS SR, 2 B
YPILTHEL CT—H LIARMES NI, |
1D FCTs it TN IS AR ZE E I 5
N7z,

4.3.2 FREEFDRESWED DB

HIEOO Y AT 4w 7 EIFETIVICEK S
kT Cld. BEDRIT TORERDMEE DI TH)
MBI 2 BN Rz WEDORTTOREHD
HENOHZERE L THRE Lz, UL LIHEE
IZl&, ICT & FCT & X < 7z frEE T H
D, ZNHEDFTHERDOMITICE X %%
. EOINCHELIL TOBATRENEDR D B, Z
TC. fERITOTI=DICBE L TNBIEHED
HEETOLEN S, FNFhOHEIC BN
TREE N2 BRENEHEEDO TN TN
M, BEEOITTOREIRUCE X 508 25T
L7z

ICT IZBWT, YIVIZHE—DFHD D Il
XD RIS mzZiERE N, A THh 5 ERE
1775 5 Aph 7 <L sBHilic Z DFF AN & K
ZiiEbERINEES R, Ko THITT %
ICT AT &R D FEIRITENC 5 2 8,
AT % H % FEANOHRERHEB DI TH, D
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Monkey O
(a) real data (b) shuffled data
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Figure 42 BI AT 1 v 7 RI{RE
OV A7 4w ZEGESHIC K OHEE S NIz, 179 217D 4 #1778 (ICT « FCTs » FCTd « FCTuw) T & D)@
JRESR, BEIIREDRITICHN T % /0179 2 ad 8l Ml mIRIRE. OB XORMOEWIT 4 BORITHEERD
L. T N\—@RXT7 M TOREAEERZ, (a-c) FHTF—Z%2d LICHEE S NZRIRERE, B ODRENmH, i
N ZREA L DHERIC K D BRGEREIRZ R UM (b d) WNE Z KA S EH U7z A 95% (5K .

LEDBZ0 M HREMGERT S L0 T Table 4.1 #1708 & UENEEZ O MG

LIEGABRENTE CIHOBEND 2L pmm e b A 2 R

HRIFTENTED, —F. FCTIZBNT.

ICT JEHE])
PIVIEERENTZ 2 DOFEN S — DI FCTs SN + )
7% B0, Z D5 & HREREB G A 1775 FCTd SR 4 SES)
5T & T, HIHDDRIROIERELIHT S FCTu IR

WENH - Tz, TixbBH—0 FCT it
T. YLixb 2 HEBIRTaC L. D BUEORIT L DBIRIC K DB LI, #8979 % ICT -
BN 5T Lo Ly S TSR,

N x5%hoT, &> THITT % FCT i

IOV DRI TENC 5.2 5 8IE, JedTd

% 3 % BIRM RO BEIREIC G R 5%

CERDOEREMNF) L. RERKICZDHHAD

[IS7Z2t17% 5 T T, TNH RO ZIEIRE
IC5 2 28 GEBORENID ORLAED
BREEEZZDTENTES (Tabled.1),
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IN5DT EMNS, FCTICBIT B3 IRE
SCICTI[) = 1SIE Saax: AUNIE S RaWal ik /N
% T & EUARIC X B /K58 IR O @RS R 72 78
=Y 57, HE TN FCT ORIF R E .
EHOBRENRZDOEDICH=RLEZD
N% ICT OFEFREE DEZFHR LUz, C
DfEMT Tl FCTs &M DOREIRHRE o B &
U FCTd D[ RE 6; B FHnd %
AT j O ICT Z&MFDRIFRE ; Z2E LT 0
1z THUTEK D, FCTs 35K U FCTd 44D
FATT B TICBW T, VIV BHEDRITT
ERENTWEEREO—75 L BERCMZ%Z
HEIRL TV &, ZOBEDERMVEED
MITICEZA 2082, ThTho; -, B&X
U6 -1 L UTHEM UK,

Figure 4.3a (&, #EE X N8R & EB D&
RS2 £ZD LTS, MO EEN R
5ol E NTEIRD BRI R FCTs &1t
KBTI, Wik e 079 % 10 5870
HOWEFICEDEZ D, & ICBHEDRTT
DIERT 34 FAITOMHMIC X, WU Z AN
SEMNIEHEXE (Figure 4.3b) ZAE <
dbEbol, —F. EHOBENREN S5
Bt U7z FCTd 17 1) 258 IR D JE FE3N R
. WINOMEEKICBNTEHEL, MOEX
BARDRREARICH TS Ld A>Tz,
NS DRSS, BREKESE] /71710 H HHZERER
BICHBNT, YILDAHTHEMTE-1H%
FmOFERIE, BEORITICENT., o7k
B CHIRIED SEIRZ1T 75 S BEICD

W MIFT e ERLT VS, HETD
FCTs 3171 DRI REIC I D N T AR 225
(Figure 4.2) 1. monkey O IZ W\ THED
B OBERENRNRLS . F DN TEIRDIED
JBEESIENM T B I NERE LTELKED
DTH-HIEEZIBND,

433 BILFEBETIVICEDCERE
hER

OV AT« 7 EGET IV Wi
X0, 79 2ETICBT BIEIN & ET L,
ZTNENHRIZ B0 BT, BHEORITICB
ZYVIVOITENC R 52 5 5 T LHVREN
Jco ZT T TNHDOEBEMRZ, & EMD5
BIR BMEE T/ ST A—2 & LTETIMEL
P bR ET IV E VT, ZOREBEDRE
IrEENICER L, TOETIVTIE, L
N A Z N LD T 1A DM A6 B % 2
HL., ZOMHEIF. 1FfT7TLICY Ve ST
TTENCIEDNW T, BR2 BT A—RIc K
DEFE NI, AWZETIE. RETIL - R+C
E7)V - R+C+U EFIWVD 3 FEDET )72 H
WV, BETIICBWTHEE S NT/ST A—%
DR, BRTETIVETOYILOITEIE D
—HEOE X DR Z TR 5Tz RETIVIC
FBUWTIE, ICT « FCT D ESEF DR A% < |
YIVBRGEITRS T & TlRESs L L
BT HMOMEDHAZ, AR ICXDBET
XIIWCHEHF L, R+C EFT IV E R+C+U £
TIVTIE. FCT IZBWTHILAH T 53
R85 Tc LS FRICK BlfEDZ L7z
HE L, FCT a7 CORIBAMICIE AR Ih
Z T Ac DffifEEEFH M52 5N iz, R+C+U
ETNVICB VT, EHICFCTICHBNTY
IVHNEIR TR > Te A ISR LT Ay OFffifi
BFDIMA bz,

Table 4.2 12, IHEEIC K DEENT=E Y
2ayEDNNTA—RDOHEEM., BXU
BETNVOHTIZED DX EDIREDFY
7% 139, AICICHED K BT VRS,
Ac 3T A= EEZLETIV R+CETI -
R+C+U ETI) DIEFSM, AR /8T A—ZD
RICEBETIV RETIV) LOEZER
EN7z (moneky O TliX 98 v 3 »Hi 96
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(a) real data x (b) shuffled data
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Preceding Trial Preceding Trial
Figure 4.3 3 & HEE)DJE IR

OV AT ¢ 7 RO SRSz, Jei79 % FCTs - FCTd iRfTIC B 2 BIROBIREZ R, 757 DERIE
Figure 4.2 I1¢5 . BDEN L 2 EIER 2R D U, FHE monkey O, Hi#iiE monkey E DT — X 27w, HF)
DIEERRIE. Figure 42 1B 255179 % ICT AITORIRRBZZDETHE L, () T —XZ2L LICANE
NTBENRORE , (b) W ZAFEAD S U IEER S 95% (SHIX .

Table 4.2 58(LFHETIICET 2HEE ENT23T X—2 & TRIlEHE
a AR Ac Ay AIC Prediction (%)

Monkey O (98)

R (2) 096 +0.17 -0.16+0.35 — — 1.34 +0.05 52.8+45
R+C (12) 0.98+0.08 -0.08+0.28 0.13+0.30 — 1.26+0.11 63.0+6.9
R+C+U (84) 090+0.22 -0.16+035 006+028 -021+029 123+0.11 62.6+4.2
Monkey E (98)

R (3) 098 £0.06 -0.09 +0.27 — — 1.35+£0.06 52.0+6.6
R+C (15) 098 £0.03 -0.06+0.18 0.16+0.23 — 126 £0.11 64.0+7.7
R+C+U (80) 092+0.12 -0.13+£0.28 0.11+£025 -028+027 123+0.11 662+5.7

HRIVDMEIE T + BERE, Ly a0 AICKK. ZOXy ¥ g VIcEI) 5 FCT i THTHI S T & THMEL
LTz, RSB ICETIVAICEET 25EINOBTIE. TOMIKICHT 2ty 2 a Y BXT AIC IZEDNWT

ZOEFVIMGEEERE NIy ¥ 3 VBERT,

v 3>, monkey E TiZ 98tz g
95tva), MiED2ETINVDHNET
¥, R+C+U EFINVDIFINE RIRENT
Wz, HILOITEIO TRIREEIC BV T, i
BHIIFEAEEDS RS, TNHE 2D
DETIVIEBWTHEE S NTZ/ST A— 2 &5
Rz TA, WTNOETFIVTE, A FHE
IZ 0 XD/NEDh o7 (Wilcoxon DJERIFIKE
E. R+C EF)V « R+C+U BTV ZENZFNIC
DU T, monkey O TIFFAEEH p < .01 B
XU p <.001, monkey E Tid p < .01 BX
U p<.05, bbb N5DETILVTIE,
YIVIND B AN ERISZTTRS T LT, %
DI DLRFFS 2 MMERI R A L. i

RITTZDHMMNEREN SR Z FF 577
MiciE7zbnicZ b s, —F. Ac i
METIIVTHEIC 0 XD KEL (Wilcoxon
DIENFIBGE. R+C ET )V « R+C+U €TV
ZNFNITDOWVT, monkey O TlIFREEEFH
p <.001 BXU p < .05, monkey E Tld &
£ p <.001), YILHHT H 5 AREREE) /T
7239 % C & AkiE. T DM E DA
HZHEMEE21375&%Z L, R+C+U £
FINCEN TR, Ay ZERICADHEZ LD
(Wilcoxon DJEMAIE. Wifl{k L & aREEHE
H p <.001), BaRENTHFMZTIVELZ
TERI G-I E 2D MO E DIfifElE
K RLEZ LAVRENTZ, TNHEDORIRIEZ.
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0P AT 4w 7RSI B N TORE E N7
LB, (b2 1rAZEIRTSCL] & [Z
DITARRBICEITT BT & M, &l
FTIC BT ZEPIOFTENC S U CTHINK S % J@fiE
MRZH5EZ 55 RRLTWVS,

4.4 ER

AREETIE, SRR & E R ORI
PERRBREENRRE A JE T 0y Z ek T T e b
B5ZETHOMNCE Tz, iTd %8R E
B O T 2 BIENFIC DOV THE Uiz,
ERPVEREZ OO 43 3R TH O %f
WEFRNDMRITIBN T, BT - F255E
ROFEFI, REES) & LTHITEIND
REWNDH BT, ZLDEAEING 2 DDRE
HEFEZIE E A ERAIENTWIRL, LML
IR BRI TR, FNENDEREEDIRITIC
W UTHZZBEMFICERT ST LT, B
PIATENC 351 % 3R & SEE O RN H 2 5 L
Too FeATT 2T CORBIRE L. HHOR
ricBWTCH—OEBRRELHIC B NI
L&, BEUEROBORUZEE L, Z
MUK U, HeA79 20T COEHFATIE, %
FEOITIC BV TZ DITE ORI E ot &
V2R 52T, TNHOERENRIE 34
MITOH N, & IKHE BN TV,
INSOFERIZ, BV AT ¢ ZHERETIV
it EEETIVEV S FNENRGSH
RIS D W BTV TOMITIIC BN T —
HBLTWik,

441 EBMOTEICEIFEREDE
iF & Skt

AAHLDBSRERIC B VTR, b MR E
ICT VR LERISZ RS TE. —RICH R
CATEIOME DR L 2t 2 N A 5N S
T EMNHSN TS (Brugger et al., 1996),

To & Z I3 XLFRBF ORI EKHEIC BN
T. B PRECENS VALK D EFREIC,
Bz CEZRDEKZ Zktd % (Rabinowitz
et al., 1989; Brugger, 1997; Falk and Konold,
1997), LA L—J5 CENCIE ERIC B
CATEh 24 0RZ 5 L9 5 Mle LIELIER
H XM % (Sandson and Albert, 1984), T 9
U 7etmid, IR I BV CEB) (An-
noni et al., 1998; Na et al., 1999) > 5 iE 1Y
(Cohen and Dehaene, 1998) 35 X U JE S ZEM
# B (Goldberg and Tucker, 1979; Cosentino
et al., 2004) ICHN B HIAIC AT EN S,
BIGHNC BT B IRFE, AR OB ) D>
T&L 74 ROV H— R 4EERE Wis-
consin card sorting test THI5 N5 X 5 755
RERHISREIC BT E A EH 5N S (Milner,
1963; Nelson, 1976), TN S5DHIRMN S, H)
YNFATEI D1 %2 kT B ) & s o M
KA >T0B T LAREEND,

— /. BEBRICB VT, BRITRIND %
M TOFYOITE OHER 2 st L 7228 D
Z &, R4 2 5R(ER OB T O He
ff 2 2P R 2 D o lfEic DO < B
WEDIIETH %, Tz 21X MF5Eb R T
Y a =)V VTt I ZGNE T, BiE
s bR O gR AL IR bR D FL 7% 2 R D = IR 72
HZoN, ZOENTHDIRLUKIGZITED
(Herrnstein and Loveland, 1974; Shapiro and
Allison, 1978), #hHEMITHM 2152 =D
&, BNEERTTERRIC X o THFM B 72 © Dl
tFENK DB A5 ZHR LT L, 2
DFERPNEFR O IR URISZTT7R 9 BN D
%o LM LZEL DL AT Y o — )L 0t
FAPBE TR, BUEDRIT T LicEYICH
585 eIV E N, ZNXT
BRITE - TR, ZERARTEIRIC 2
HENS, TOROEYIE. OCLTUEEL
Te IR D BRI T ) — )2 & LITIER
EBERUCKIGZ#ED IR UKl 5D TIE7% <,
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ZEIRDIV— )V DWHRIAHA T, &5 — 7D
RN B RSB DENEIE TR ->TH
SRENH 2, #iRE LT, T o LIciidts
BICBWTIE, Bid B C1riio1E D%
ff & =il &0 S W5 DMz A G R T
RAMgz &%, TNIHERFEICB TS TH
LEPE L LTHIEN S, JFRIC—ME
B OTEIE T H B,
COXDGEMEBRTE IS NTAT

MAgMERIE, & MZBWTHLNTATEIIE
OiEEhf & O & —R—% L T»b, L
MU LEFEBRICENTHALNS [HER
EPEIL DFTREE, RIEAT Y 2 —)bD)b—
JUR . HREROWHRIC & & 75 5 itTTER &
VI ABINICD L SNTRRERRICHIR L
TW3 &EZ 5% (Sutton and Barto, 1998;
Samejima et al., 2005), TD7ZHINETD
WHE2 5 Tld. © TR N TE R E
DEERF & kDD, EEREICBWTE
HHENZMEMTIFRRDD 5Tz LA LA
przE i, iR A EEBEO X S sk
B9 Bl <o B ERE NN
KDZMDERTHL— 2R IRTH &
T, HTHEROMMZGE T ENTE, T
D& S EREMRIC BN TE, TIUIKED
BRI DO HZHE 0 IR ULECHUT 5 K 9 2R
ZEERETEZD TR, BEDORITICE
BN ZHE 0K 9 —)5 T, MADMIT T T
Bo T RIGORED IR LI ST 5 05, IE
BT DIBREN R HETes T LIATR
. ek - BYORGIREE N, BEU
1TEN D 1E 23350t - kb9 2 HHK 9 21 TEhF
WOz~ U, fAD % I BEPVEICE
2 SNSRI 2B 5 LTz,

442 —EEEICFEBEETIVED

5]

ARRFZED FCT ICBWT, YIVIEEREN
IR OWT N BARZE LTE, 95
BOWMZSRSL TN TE, TDEI %
MR BN TAHA SN T IV ORI
KR U, @b ETIVOFEZEHT 5 T
Clic kD, AWETIE, FAT79 %17 T
ROV AR DAt iE B £z S hn & 8 % DI xt
L. SN ERREOMER S Z A &8 % C
&, EIREHBOMK T 2 BN R 24U
BT EEHESMLE (Table 42), L
MU S — N 7a 58 L8 € 7V O
BT, BMDRH 517812 L >TcDBIC
st E NG, OTHEIO & DS
#4119 % (Sutton and Barto, 1998; Samejima
et al., 2005), T DX 5 I AMfEBIEDEH I
TR it 3R 222 B Tl G N 7 1 T8 /5 i 72
E7IV7 1) — model-free THEIST 570D
E o L EMRANZFEME > T3,

T LIBlRn bl HEHi 2 OERE D
i i B 0 72 kD> & % &0 5 ARFZE O RS R
F. —H. AR BZNE LNGEY, TO
XD BT L OA—FE. HHBER W
5 AW OBERRIC R LIz D EZ S
N5, HHERZEICIT %8RG & Bk
D, AWFED FCT ICHBW TH IR T4
THMZIE DNz fzo, ISR R Ig &
AT RRIC K o THDI T RHEIT BN -
Teo THRDHBARWIETHONTEDITHE)
. HESRORAIEE VI FHIICE > T
45 NIZE O ETE ORI TR <. A
HZATEIRYICBWTAL NS, FDOHR
TITERAIZ . EZ BT ENTES, TD:
B, RFFICBNTHRILEEET IV SHEE
SNTAMMEE R/ ST A— 2 OfEIZ, —7x
s AE TV O L EENIC IR TE %
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ELEDOTIEFR,

FEIRDERERNRICEH VT % R
FrEM

OV RT 4w 7RSS W T, A
Tld. LT3 2 ROME R | BRI B
U (FCTs) ¥7zid%¥7%% (FCTd) #1T7D%)
RICTEEL, ZNZTNIC OV THIEDRIT
BT BERNORZHRANRTz, ThHD 2
ZAFE. BUEDRITTRU S 252, #
EDFITTHINAT IO INBATZE VD
TREEELTWAD, TOERZEDX S
R7 MO T TR Teh v, FHROD
XNRDE IR > T, fEFTORE, BIED
T E o7 BARUEBRBKOXTHERE
NIFTATRITIC BT 23RO AN, RO IE
DB R 2 540 U T, BIEORRIT & Bk
AT S DERIT, ICTICK > TER
ENTEH ORISR LA EBETR
FORERL, BHEORITOEN (j= -1
IZ BT E 7 B D JEIEN R 2 R LU Tz,
Thbb, KFFICEO TEREE NIRERD
IEDRBIREIRIE, X7 U TORRSR
ICHRAF U, $575 UIEIRIRD FCT slfTiC
WTDOHFEH LTz,

9 LA, RITHIC BN TEED
TR DRI TIC G Z 5 BRI FIC . 3R
GHOXMRMNERE LB 2R TWVW5,
SR BITEIOEIFENRIE. BN EDKS
TR L, EOX S EEZ TR > Teh D
HixBF ., FNNED X S IR O A S
OEOENTITRDbNIZONMTEBFRL TW
Teo 7212 LT DOFEHRICBI L ClE. FCTs &4
DIEIERNRIC DN T, FROFNR & IEERD
SIRN TSN TORVRICHEEEZET 5,
FCT i1TICBWVTH 2 FmZzE L mh - 7z
T EDOFNRIF. BUEDRTT & Bix <7
@ FCT A7 BN TDH FCTd & FCTu D

4.4.3

IR E U CHEn R TdH o 72728, FCTs D
ZARICIE, IR - JEEIR DT ORI
LTWbEEZBNS, THld FCTs itf7ic
BT, H2HHDEREE S —FDFHD
IR TR EWBERIC D > 127D TH
%o IOENEE VTG, BN O
R - JBEIROBIGRN—RICIRE>TLE S
Je&h, ZEILRE 2 Ok LD Sl R R
EMALICERT B DRI AATHETH
%o HEDERGH & B2 CXIRICHE T %
WEDITOBRER - IHEROM R 2 77 EET %
FedITld. RAKTE =R OB 2 [l
ICER L. IR IEEIN O — R BRI R 2
GBS e % &, 2EAREE
O hua—)b U TRk R F O 72 SEBR A2
HWEEZBND,

4.44 FHRIJ[POLE

AWFZETIE. IPEC —a—aVicHbnik
AREREHB) B RS 2 5li 9™ 2 HW . GUlE
FEMEIREGET) T XA LDE &, PIVICHR
HOET MO HEERZR LIz, DX 5%
ARERHEBIFREIL . BHADEE) 2450 1HIFR U 7%
MOBELREEZITRDbERTENTES
Tedh, FIVOBEKEANIERIC BN TIAL
AwbshnTnd, LhL—/T. IRERZERNR
tn & UTEENE, BN D O HRERRITE)
EWVSBIENDIE, HRZENT LT, X
R BHEHI M2 HENEET S L0
BEW®EE D, ZDd, K THLNIAT
BN, Tz & ZITHRNGERBRRITHO L 5
7. FIVHVEIRINCE S 2 IRERES R IR
£ LT B a[REMEIEHIFR T E 5w, BVEIC S
WTHIVIEEA TR D H W A HIC H Z28)
MU, HEFNOI EIxGi 2% T L INTE
Felz®, BTSN T TREEDZE RN E %
Rz LV BEOUNREREERE 5
FelEEZICS WA, WITHUCLTE, ftho
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SR W T B T & ARFSE & AR DAS R
WMEENZMME, FRDERDRETH %,
e 23T B W T Lee and
Schieber (2006) (&, iz 2 F W72 5G ik
XD PIVORYIKISIC I % EADIEIERN
RZWMELTWVWB, AW TORIGHE
ICBWTHVARICRISZEREE5 &, ¥
JVITE T DRATT & 3 0 2RI 72 338 S fgd 1
Holze TIHLIADBENRIE, AWFZED
s LICEINDOIEDOEREMNR L FJE L TV
LLEZBNE, LML—/T. TOMRITHE
FICBNTE, YIVEREA (EAEEBDL
DARZ 72T 2k 2T Ty 0 &
ABIT TR RIoK (FHEBLSDFT
RIST 2 2 HICY])D &2 %5 Em 7z
R UTeo ZD7T-8 Lee and Schieber (2006)
. EHOFRICEB N THLNTZEDBIER
Rz, FEOFELZHICHWTKIGT 5T &
IS B IVDBIFIC K B8 D LD
F7ce TOEXSBINBIROLEALIC KB 0%
(&, MIHRAN RIS A U s 9 % HREKGE
BV TRFEELEVEDTH S, TD
Koo, RYGEFGEICI 2 @RI,
PRI BV THIW B 30 Rz DRI 58 < AR
9 %, TDIH, FREHETIC K B3R
AT LR W IB IR R 2 Miet 9 % 72 91T,
EXRIELMRR R E L, SIREBOFA
275 E DB E R U TR R iR R
W EZR MR ETH %,
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AT, RIFFEORER TBIR S NIz
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51.1 FHEDFERDAILE

AW TIE. HHERANOE GV R® SN
% RS A B B T O ML 2 PR
T 3ICHT2D . IPFC = 2 —n1 > OFGEIFH
W& S HIS N TR IEEE SRR S S5 &
A L7ZRAL, SEOREEZTIR>72, T
L7 7ua—FIic &b, i#kii5iz% IPFC
Za— O YHET 2RI EERORREE W
S REZHEIC LIz AT, Hixd=a—n
VEEHIC K D KRG E NI O 2RI ER O
A Ko T, H—DNMEMNERE N5
ZHSMMC Uiz, & ICZERNE SR T o
BEOREFIEFE L, Vo TEAT R TOERL
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WNELIEREINES A THRAENILCES0D
Tld7a <. FRNCAMERIEEHENICAFEE S 215
O 5 FITHK LT, BN & 7 % 5%
RANC KRBT BT, BHDMEARDZHR %2
HRICTHTZ BT DR —HRERDIEK
SNBTENHENCES T, TDXK D 55
REEFAT 25 EDFEIX, AR
K& UTIREFT % T & DT & 2 iEIHERR
&, b0 L L HEBERIE DRI ZLE L
TIR(FT BHEHIRARRSRHELE VS | RiTEE

BEORy FT—VRHICHk TR D e
EZbNd, b5, IPFC Za—urh
HREKES) /7110 B HERIC G X 55080, C
OINEIKD = 2 —a ic 52 5Nz B—nzE
MIRTEE IO ZERIRFF L VO EREE . D
FBAD Tz DI RIEE AV 9 B KU IR L
TVWaAEEZBNS,

T UTefERIE, IPFC = a—n1 Vh3 %
PSRRI 2 I RENCE D & | AlIEAE
MEHRERES) S A LR LT & THS
MCT BT EDTE, RSO Ta—F
DEfEVWA S, LMLZD—J5T. IPFC
Za—uYNZEZEHS TV B ZERINE N
HOKRBUCHRHE U7, TN
BRRGIRD B REE OIS « B B X1 ISR
5750 H HEIR— A O MR I DN TE S
?5%@@%%&&% To & ZIEARMFRICH
WTHRERERTHISEN BRI N e =2 —
D/@\%hE#%&%a$%ME%ﬁ%E
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= a—HYTHH., hOITHIEEENZERI]
EHERNT 2HETH-> B2, ZOFH
HIDOTHENIRAED, BRZ T 53 b %2
ot DEEZIOND, TDID, T& %
LEINED=a— B UDBRIE LRV S 73K
o HEERERE (e.g. BERRIFHICE DWW IR
HIEE) ZHWESEEICE,. BACZa—
0 Y5 E L FRIROBER TN E 2 HE 5 &
FEZIC WV, DX DAL THS L ml
R IPFC = 2 —n1 i & % HHBERON
AT Al DX TIOREST XA L2
WGSBS EINEHRTHD . IXTOD
H HGERUG IO U THESRIFIC/MFTE % &
DTIETE,

UL U—75 CARMZEE., REEDTEHICER
MEL > a—arOEHH. ZOHER
RIS 2 kD EERE IS B2 52 5
BMICBOT, EIKEOMERREE VS
IPFC O [BIESRFEMNE BB & 72> T
5T kxR LIz, TOIPFC Za—0 YDk
ORI, HRO—RRFFE WS &
TBHEEDT=DICERH VWS 2T TR, &F
X RERHIBEREIC B D B mR AR & U Tl
PEHA 2 —a N ET S, o b HE
THEOU EDIEEEZBNTUVS (Wang,
2013), TME EBICHE I3HTm kD
. HTBTESEANGZ, HEORICE EXDX
WE XTI EREFEERD AT NS (Barbas
and Pandya, 1989, 1991; Petrides and Pandya,
1999; Petrides, 2005; Cavada et al., 2000), 52
BX IPFC IC B\ T ERUAEBIP IR D & | RF
TEDBEHANE (Bodner et al., 1996; Romanski
and Goldman-Rakic, 2002) > {44 J& 4 4] 3
(Romo et al., 1999) I BN RIEEEZRT
Za—HYWNFET BT EMHIENTVS,
XoTTH LkZa—arOiEEn, fhigo
JFIE T T HAREORHiMEZE > TS
T &T. HEFHLN ORI 5 Hl
BERICHBNTE, AW THENTZEK S 5H]

PR RAT O ARG EIIRREIC X 5 BERADNA
TAMKET D D B, TOEMT, ESIGEGE
& U CIETNRREZ iR S 5 B Rz L.
MOE X E KRN HRAER T 2 AiHES
BPid. AHEZE TR 2 i i A R ERE B) <
FHEA LIRS 70, RO B HERT 18 2
AT % EA s pk AR O )75 kil &
AbNd,

51.2 HHEFBROERDER

AWFFED H IR T, 2 DR LT
HWHEFLD S B— 2P IV AT EIHEIE
. ZOJFIAN L R EAEEIREGED) 21775
bz, FHUTHK Lxfid & 7k 2 oI
RETIE, — ARz MR R & L
T, H—ORNMEOEE . ZDHHAD
PR T OIRERES) 2Kz, FH N
T2z LI, ITHENBETIC BV T,
ICT - FCT [t COHRERES O P DE N0,
ICT THOENTERMNBEOHRE Z T D
IZ. FCT I 1) % HREREE) 75 1 DEIR D &
A IV T OME RIS Tz, Flema—nY
LI OfRAT Tld, ICT ICBW T T BRI %
MU= a—0>® FCT HOIE#IM 5, %
FOYIVOFEIRN TR TEH & ZRM L.
AR T O MRTE B O LI O REHIC K o
T BT MO ITIC BN TH—DOZERIN]
EAEIREN TV E@REE XTI,

T O LI MR it id. FCT IcHW»
CEIRODBICH S N2 EED, HEIRD T
DY ANEELEWVICT KB\ Tiikbh
TWVWAHDERZCERIZEWNS Tz, BEE
DI BICHIRE LI DTH B, bbb,
B BEITICB O TRl U EF 21775 5
NREH[MNCETZUCRES>TLERRX, 71
MICT KBV THRENIzEDH, FCT I
BOTHITHLRALE DN ZEET 04058
375 YIVEZFD 1 DOZERIN BIH IR {F
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F9 5 L0 BARUFEZZRTI NI,
N Z IREGEE SO HE TOERE NS
BEDOIE(ET S FCT 1. RN D91
ICHBWVTIE ICT LHHMEIC R 2D, R
IR RISDRE IS HBWT, ICT & FCT 3 RH
NCEE TR E LOENZL BTV EED
LRIETTENTE S,

Uh LIEAFIIZRIC IV TlE. &I T
INRZERIENBEE L TH>TH, TNHE
HICTERENIZE DOh, AT HEDEEIC
Ko TERLIZEDMICK > T BRI
bNZEFRHICENA SN D | HB)EE(H
WCBE U7 IS g R a2 L VO iE S
BENTWVWAD, 7=k Z1E Obhi and Haggard
(2004) 1%, RO X v E JHEIC BT B 1iE
SRS, HEHSBKUTEENCIE, F4
IR LS K 0 & %2 < OEBHE{ D 175
bndulfetEZ/R LTz, %7z Fleming et al.
(2009) 1&. Vo 7z ASMIICHE /R E T2 IENIIC
FER U 72 KOS DWW T, HEROMEHIF TR D
EFAIC, RInZRORIGICYIDEA T/
GrEOFMIEDO RN S, EHHER & gRifilEER
BT, BIROK TRRICTT DN S EH)HE
IEERRICEEBVND B T ZME LTV,

T 9 LIATEIIRIC & % &M 7@ B D
R FNUCWTE B T TOMBRERIAR 7
BEfREEOEWVE. RIFFRICEIT S ICT
& FCT DH WIS AL LTen[ReEDN D 5,
54 HTORBBENROMITICIBNTE, HefT
T 5T THILDARTH LEINE TR L
WO HEMN, BUCZOHAANEEE LIz &
SO 2RI LIz LD Dk
CEEFCTILBWT, HBHH—D )%z
U AT, ZhEBESTERLIzE W
5 ARG, EARDFED B ERITIER L
T3 EnH T eiFERICSW, aiilER
H HEIROS M T, R R AR
TRER O K E T Z2H#i T % DI —MRICINEET
& %7 (Botvinick et al., 2001; Hadland et al.,

2001; Lau et al., 2006), NAYICEIR E N7k
ROMWERMN, NCHRRENTERE 255
A Z AL K > TR E NS ATRENE
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ZIE, & BNETEICIHERIL—IVDVERE S
nrcARETHNE. BYEHRE RO BN
TTEIOBHRI T 23R L, 2 DS D5EER
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TRLEOMBED LEBELIZEDTDH
%, Te UM HHEERETIE. EAGER
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PR Te I REE OB AICEEbIF &
N9, ERINTZVTNOERLEFRE N
oo TOTENL, EDXIITBIEH R
ENTEETICENT, ED XS MERZ LTz
ELTE, HICBERUMMMNGZ 515 &0
IRREREIROKT T LT, IR, EB5k
BATHEDEVE VS HHBRIROMES 218
B9 a LR EEADBNS, TH LK
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Mochizuki K, Funahashi S. Opposing history effect of preceding
decision and action in the free choice of saccade direction. J Neuro-
physiol 112: 923-932, 2014. First published May 21, 2014;
doi:10.1152/jn.00846.2013.—When we act voluntarily, we make a
decision to do so prior to the actual execution. However, because of
the strong tie between decision and action, it has been difficult to
dissociate these two processes in an animal’s free behavior. In the
present study, we tried to characterize the differences in these pro-
cesses on the basis of their unique history effect. Using simple eye
movement tasks in which the direction of a saccade was either
instructed by a computer or freely chosen by the subject, we found
that the preceding decision and action had different effects on the
animal’s subsequent behavior. While choosing a direction (previous
decision) produced a positive history effect that prompted the choice
of the same saccade direction, making a saccadic response to a
direction (previous action) produced a negative history effect that
discouraged the monkey from choosing the same direction. This result
suggests that the history effect in sequential behavior reported in
previous studies was a mixture of these two different components.
Future studies on decision-making need to consider the importance of
the distinction between decision and action in animal behavior.

free choice; history effect; decision-making; memory-guided saccade

AN ANIMAL’S BEHAVIOR is composed of sequences of actions. To
behave properly in a complex environment, an animal has to
monitor the results of its own actions and be able to change the
next behavior flexibly based on previous experiences. If the
previous actions were valid and produced a positive result,
the animal should maintain the same behavioral strategy and
repeat the same action. However, when previous actions
were unfruitful or had a negative result, the animal must
change its behavior to prevent future losses.

In recent studies, how an animal’s behavior is influenced by
past trial history has been extensively investigated with prob-
ability learning tasks. By assessing the animal’s behavior
during the exploration of multiple options with different re-
ward probabilities, the experimenter can examine the animal’s
ability to flexibly change its behavior based on past experience.
For instance, previous studies have reported a history effect of
past trials in monkeys (Lau and Glimcher 2005) and rodents
(Kim et al. 2009; Sul et al. 2010, 2011). In these studies, the
animals tended to continue to choose previously rewarded
options, along with a general tendency for alternation from
their own previous response. This competition between repeat-
ing and changing from the previous response is often explained
in the context of “exploration and exploitation,” which is
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advantageous when foraging in a natural environment (Bertse-
kas 1987; Kumar and Varaiya 1986; Stephens and Krebs
1987). However, in the framework of probabilistic learning,
animals are highly trained to always beware of a possible
changeover of the reward contingency and to search for a new
response strategy (Cohen et al. 2007). Therefore, the animal’s
behavior and resultant positive and negative history effect
observed in these studies might be caused by the specific task
structure in a probabilistic learning paradigm with contingency
reversal.

Moreover, previous studies have mainly focused on how an
animal’s choice history and reinforcement history could predict
its response in the current trial (Kim et al. 2009; Sul et al.
2011). In these studies, “the decision to make a particular
action” and “the physical execution of the chosen action” were
not distinguished because they necessarily coincided in their
paradigm. However, when animals make a voluntary action,
there must have been a decision to do so before the action is
executed. Although this close tie between decision and action
is inevitable and the difference in their behavioral significance
usually receives little attention, these two processes are not
equal. While action execution requires precise planning and the
actual transmission of motor commands to lower centers,
decision-making involves the representation and evaluation of
multiple options for motor output. The difference in the bio-
logical basis of these two processes may result in different
effects on future cognitive functioning. Therefore, a preceding
decision and action can have different effects on subsequent
behavior, and they can be dissociated under an appropriate
experimental setup.

In the present study, we investigated how an animal’s
behavior is modified by the preceding trial history, using a
memory-guided saccade paradigm with macaque monkeys
(Funahashi et al. 1989; Goldman-Rakic 1995). To dissociate
the history effect of preceding action and decision, we used
two types of tasks in which the monkey made a memory-
guided saccade toward an instructed or personally chosen
spatial location (Watanabe et al. 2006; Watanabe and Fu-
nahashi 2004). While the monkeys were required to choose the
saccade direction by themselves in the latter task, there was no
such requirement in the former task. Thus, while the action that
the monkeys finally needed to make (a saccadic eye movement
toward one direction) was identical in the two tasks, only in the
latter task did they have to decide where to make the saccade.
By contrasting the behavior in these two tasks that did and did
not require the animal’s own decision-making with regard to
the saccade direction, we could dissociate the influence of the
preceding action and decision on the following behavior. In
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addition, the monkeys were always rewarded with the same
amount of juice regardless of which task they performed or
where they chose to make a saccade. Therefore, in the present
study there was no task-structural bias for switching the re-
sponse among possible actions, and the animal’s natural ten-
dency to repeat and change from the previous behavior could
be examined. As a result, the preceding decision history had a
positive effect that promoted saccades toward the same direc-
tion in subsequent trials. On the other hand, the preceding
action history had an opposite effect, preventing the animals
from repeating saccades toward the same direction. This find-
ing offers new insight into studies of animal behavior and
emphasizes the importance of distinguishing “the action itself”
from “the decision to perform the action” in cognitive science.

MATERIALS AND METHODS
Animals

We used two Japanese monkeys (Macaca fuscata; monkeys O and
E). The monkeys were housed in individual stainless steel home
cages. Water intake was restricted in the home cage but provided as
a reward in the laboratory. Additional vegetables and fruits were
provided to fulfill the required water intake if necessary. All experi-
mental procedures were conducted in accordance with the guidelines
provided by the Primate Research Institute of Kyoto University and
were approved by the Animal Research Committee at the Graduate
School of Human and Environmental Studies, Kyoto University.

Apparatus

During experimental sessions, the monkey sat in a primate chair in
a dark sound-attenuated room with its head movements restricted by

A Behavioral tasks
Instructed Choice Task (ICT)

HISTORY EFFECT IN FREE CHOICE OF SACCADE DIRECTION

a head-holding apparatus. We used TEMPO software (Reflective
Computing, Olympia, WA) for task control and data acquisition.
Visual stimuli were presented on a 20-in. CRT monitor (Dell Ultra-
Scan D2026T-HS, Dell, Round Rock, TX) that was placed 40 cm
from the subject’s face. A scleral search coil system (Enzanshi Kogyo,
Tokyo, Japan) was used to monitor the monkeys’ eye movements
(Judge et al. 1980; Robinson 1963).

Tasks

We used two types of memory-guided saccade tasks (Fig. 14): the
instructed choice task (ICT) and the free choice task (FCT). In both
tasks, a trial started with the presentation of a fixation point (white
cross, 0.5° in visual angle) at the center of the monitor. After the
monkey maintained fixation on the fixation point for 1.0 s (fixation
period), eight peripheral targets (white cross, 0.75° in visual angle)
were presented at an eccentricity of 13° in visual angle (0-315°,
separated by 45°). The monkey had to neglect these targets and keep
watching the fixation point for another 1.0 s (precue period). Next, one
or two visual cues (filled white circle, 2.5° in visual angle) were
briefly blinked over the peripheral targets for 0.5 s (cue period). In the
ICT, one cue was presented at one of the eight target locations. In
the FCT, two identical cues were simultaneously presented at two
peripheral locations. After the cues disappeared, the monkey had to
maintain fixation for the following 1.5-3.0 s (delay period). At the end
of the delay period, the fixation point was turned off, and the monkey
was required to make a memory-guided saccade toward the cued
location. A saccade to either of the two locations was regarded as
correct in FCT trials. Every correct response was rewarded by a drop
of juice, and there was no difference in the amount of reward
regardless of the monkey’s choice in the FCT or the type of the task.

ICT and FCT trials were not arranged in a blockwise fashion but
were intermingled in a random order from trial to trial. The location
of the cue in ICT trials was randomly determined as one of eight

Cue (0.5s)

Fixation (1.0 s)

Pre-Cue (1.0 s)

Delay (1.5-3.0 s) Response (< 0.5 s)

Fig. 1. A: schematic illustration of the 2 tasks.
In the instructed choice task (ICT), the mon-
key was required to make a memory-guided
saccade toward the cued location. In the free
choice task (FCT), the monkey also needed to

choose 1 of 2 cued locations before making a
saccade. B: example of variables in the logis-
tic regression analysis. The values of i; (ICT),
s; (FCTs), d; (FCTd chosen), and u; (FCTd
unchosen) in relation to directions A (right)

B Example of variables in the logistic regression analysis

current trial

and B (upper) that are available in the current
trial are shown in a matrix. Circles and ar-

previous trials .

rows indicate the location of the cue(s) and [ ] 5 B®
the monkey’s response in each trial, respec-  +ee | &0 @ [ [ = ) (= ) OA
tively. Q p

-6 =5 -4 -3 -2 -1 j

0 0 0 0 0 1 i

0 0 -1 0 0 0 s;

0 0 0 0 1 0 d;

1 -1 0 0 0 0 uj
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peripheral target locations. In FCT trials, possible cue locations were
limited to four vertical and horizontal locations (0°, 90°, 180°, and
270°) to reduce the number of combinations of cue locations. In an
FCT trial, cues were randomly presented at two of these four possible
locations. Accordingly, trials consisted of eight cue conditions in the
ICT and six pair conditions in the FCT. The proportion of FCT trials
was approximately three times greater than that of the ICT to promote
data collection regarding choice behavior.

Surgery and Training Procedure

We implanted a stainless steel head-holding device and a scleral
search coil in the monkeys. A scleral search coil was implanted onto
the right eye globe by dissecting the conjunctiva (Judge et al. 1980).
The monkeys were first anesthetized with an intramuscular injection
of ketamine hydrochloride (10 mg/kg) and then an intravenous injec-
tion of pentobarbital sodium (10—15 mg/kg). Heart rate and respira-
tion were monitored during the surgery. Stainless steel screws were
put into the skull to ensure firm adhesion of the head-holding device.
The connector for the search coil and the head-holding device were
fixed to the skull with dental acrylic. All of the surgical procedures
were performed under aseptic conditions.

After the monkeys recovered from surgery, we started the training
of the tasks. We first trained the monkeys with the ICT. When the
monkeys learned to perform the ICT (~85% correct on >5 consec-
utive experimental sessions), we started to intermingle FCT trials with
ICT trials.

Data Analysis

All statistical analyses and data plotting were performed with the
statistical software R 3.0.2 (R Core Team 2013). We used Bonferro-
ni’s correction method in testing statistical significance in multiple
comparisons unless otherwise noted. The proportion correct was
separately calculated for the ICT and the FCT by dividing the number
of trials with correct target capture by the number of trials in which
the animal reached the response period. To examine the individual
differences of directional preference between the monkeys, we ap-
plied x-tests to the number of choices in the FCT. We first pooled the
sessions within individuals and then performed x*-tests to compare
the number of choices in each pair condition between the subjects
(pair-based preference). We also compared the number of the choice
of a given direction against the number of trials in which that direction
was available between the subjects (direction-based preference).

Logistic regression. To quantify how behavioral history in past
trials would influence an animal’s own choice of saccade direction in
future trials, we performed a logistic regression analysis. We inves-
tigated how the monkey’s choice in FCT trials could be explained
based on the behavioral history in the 10 preceding trials. In this
analysis, the effectiveness of preceding ICT and FCT trials for
predicting the monkey’s choice was separately estimated. Addition-
ally, we divided preceding FCT trials into two types: those in which
the monkey was presented with the same cue pair (FCTs trial) and
those with different cue pairs (FCTd trial) compared with the current
trial. On the basis of this categorization, the 10 preceding trials were
classified into three trial types (ICT, FCTs, and FCTd) with regard to
the current trial. By applying a logistic regression analysis, we
measured how likely the monkey was to repeat choosing the same
direction for a saccade that was instructed or freely chosen in preced-
ing trials. For each monkey and for an arbitrary pair condition with
directions A and B, we first collected the subject’s choice in FCT trials
with that pair condition and the prior behavioral sequence up to 10
trials before each of those FCT trials from all the sessions available
for that subject. Then we estimated the history effect of preceding
trials on the monkey’s choice in the current trial, using the following
logistic regression model:

925
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where p, and p, are the probabilities of choosing directions A and B.
The variables i}, 5;, and d; correspond to the effect of the previously
executed behavior and are 1 if the monkey responded to direction A,
—1 if the monkey responded to direction B, and O if the monkey
responded to neither direction A nor direction B in the jth preceding
ICT, FCTs, and FCTd trials, respectively. The variables u N correspond
to the effect of the previously withdrawn behavior and are 1 if the
monkey gave up direction A, —1 if the monkey gave up direction B,
and otherwise 0 in the jth preceding FCTd trials. The coefficients ;
(ICT), o; (FCTs), §; (FCTd chosen), and v; (FCTd unchosen) denote
the four types of the history effect explained above, and v is a bias
term. Note that there is no direction given up in the ICT, because only
one cue was presented. Also, for the preceding FCTs trials the effect
of not choosing a direction is not dissociable from the effect of
choosing, because not choosing direction B is the same as the choice
of direction A. Therefore, the effect of not choosing could be a subject
for the investigation only in the preceding FCTd trials. The lags for
the trials (j) were computed based on the number of trials from the
current trial counting all the types of previous trials (ICT, FCTs, and
FCTd) altogether. For example, ¢; is the effect of the previous ICT
trial located exactly three trials before the current trial, and not the
effect of the third latest ICT trial by selectively counting the previous
ICT trials (Fig. 1B). Estimated coefficients were then averaged across
6 pair conditions, resulting in 40 coefficients for each monkey (ex-
cluding the bias term).

To examine the statistical significance of the estimated history
effect, we used a shuffling method. For each session’s data, we
shuffled the indexes for FCT trials respectively among each of the six
pair conditions. Thus the monkey’s choice in every FCT trial was
exchanged with that of the other FCT trial with the same cue pair in
that session. By this manipulation, we uncoupled the result of the
monkey’s choice from the trial history prior to each FCT trial. The
sequence of task and pair conditions as well as the overall number of
choices in each FCT pair condition were kept unchanged. Since the
potential influence of the particular order of trial conditions possible
in the data was preserved in this shuffled sample, we could dissociate
the genuine effect of the behavioral history by comparing the results
of regression for real data to those for shuffled data. We performed
resampling 2,000 times for each subject and calculated the confidence
intervals of every behavioral measure in the logistic regression
analysis.

Reinforcement learning models. To directly estimate the history
effect of preceding decision and action, we used a reinforcement
learning model to fit the monkeys’ performance (Sutton and Barto
1998). For each session, the values of each saccade direction were
maintained separately and updated on the basis of the monkey’s
behavior. We assumed that choosing, not choosing, and responding
to a direction would independently influence the values of the
chosen, unchosen, and responded directions. In contrast to the
probabilistic learning literature (Kim et al. 2009; Lau and Glimcher
2005; Sul et al. 2010, 2011), the monkeys in the present study
could obtain the same amount of reward for every correct trial,
regardless of the task or response direction. Therefore, the value of
a direction was updated by simply adding a different increment
based on how the response was made. We used three increment
parameters for values of directions that were responded (Ag),
chosen (Ap), or unchosen (Ay) by the animal. The value for
direction A in the ith trial (Q, ;) was updated by

Opis1=a Qp ;T A

where A is Ay, for the response direction in an ICT trial, A + A for
the response direction in an FCT trial, A, for the direction presented
but unchosen in an FCT trial, and O for directions that were not

J Neurophysiol » doi:10.1152/jn.00846.2013 « www jn.org




116

(B

926

presented in that particular trial. Coefficient « is a discount factor. For
an arbitrary pair condition with directions A and B, the probability to
choose direction A in trial i (p,,;) was calculated according to a
softmax function as follows:

pai= exp(Qa. )
o Decinm exp(Q,, 1)

We compared the three reinforcement learning models by embed-
ding different combinations of the increment parameters to examine
which model best illustrates the animal’s behavior. In the first model,
we implemented only the A, parameter for the value update and the
other two parameters (A and A)) were set to 0 (R model). Therefore,
the value of the response direction was equally updated in the ICT and
the FCT. Although there is no variable to denote the presence or
absence of the reward because of the guaranteed reward delivery in
the present study, this model corresponds to a standard Q-learning
model in which the values are updated only by the experienced
outcome (Sutton and Barto 1998; Watkins and Dayan 1992). In the
second model, we used the Ay and A parameters but A, was set to
0 (R+C model). Therefore, the value of the response direction in the
FCT was updated by A in addition to A. In the third model, we used
all the Ag, Ac, and Ay, parameters (R+C+U model). Therefore, the
value of the unchosen direction presented in the FCT was differently
updated. This model corresponds to the models with value updates
for unchosen alternatives used in previous studies (Abe and Lee
2011; Hayden et al. 2009; Lee et al. 2005). For each session’s data,
we applied all the three models to the animal’s behavior and
calculated the parameters in the models, using the maximum-
likelihood estimation method with the optim function in R (Nash
1980; Nelder and Mead 1965). We compared the goodness of the
model by calculating Akaike’s information criteria (AIC) to inves-
tigate whether choosing and not choosing a direction in the
animal’s own decision exhibited unique effects on the values of the
spatial locations. We also compared each model’s prediction per-
formance of the animal behavior by a leave-one-out cross-valida-
tion. For each model, we averaged the parameters of the model
across all the sessions except for one test session and then applied
the same model with the averaged parameters to the test session.
The prediction performance was calculated as the proportion of
FCT trials in which the value of the chosen direction estimated
under the model was greater than that of the unchosen direction.

A Example of saccade

Monkey O

Upper Lower

HISTORY EFFECT IN FREE CHOICE OF SACCADE DIRECTION

RESULTS
General Performance

Both monkeys learned to perform well in the tasks. Monkey
O performed 98 sessions. Figure 2A shows an example of
saccadic responses in the ICT and FCT. Each session consisted
of ~600 trials, and the average proportion correct was 96.1%
for the ICT and 98.0% for the FCT. Monkey E performed 98
sessions. Each session consisted of ~500 trials, and the aver-
age proportion correct was 98.1% for the ICT and 97.9% for
the FCT. The paired r-test revealed a slightly higher task
performance for the FCT in monkey O (P < 0.001 for monkey
O, P = 040 for monkey E). This might be related to the higher
chance level to capture a correct location in the FCT if the
monkey makes a saccade to one of the eight target locations by
guessing. (There were two correct locations in the FCT, rather
than just one.) However, in general, the monkeys seldom made
erroneous responses in either task. In total, data for 59,454 and
47,301 correct trials for each monkey were acquired and used
in further analysis.

The monkeys exhibited directional preferences but chose
both directions in each FCT pair condition (Fig. 2B). Overall,
the choice proportion was most biased in the upper vs. lower
condition (0.26:0.74) for monkey O and the right vs. lower
condition (0.64:0.36) for monkey E. To compare the preference
for saccade directions between the monkeys, we applied x*-
tests to the proportion of choices in each pair conditions. The
proportion of choosing each of the two directions was different
between the monkeys in all pair conditions except for one
condition (y*test, corrected P = 0.74 for right vs. lower pair
condition, P < 0.001 for other pair conditions). The propor-
tions of trials in which the monkey chose right, upper, left, and
lower directions out of the total number of trials in which that
direction was presented in the FCT were 65.1%,31.3%,49.5%,
and 54.7% for monkey O and 53.6%, 53.8%,52.5%, and 40.0%
for monkey E, respectively. This direction-based rather than
pair-based preference was different between the monkeys for
all four directions (Xz—test, corrected P < 0.01 for all direc-
tions). The inconsistency of directional preference between the

B Choice proportion

Monkey E

Left Lower Left Upper  Lower

Left Left Lower Left Left

100

40

R

oo Yoo -
| oo

Choice Proportion [%]

100 +

1

80

60 o

40

20 4

Choice Proportion [%]

T T
Right Right

T
Right

T
Upper  Upper Lower

Right Right Right Upper Upper Lower

Fig. 2. A: example of saccadic responses in a session for monkey E. Saccade trajectories for all of the correct trials in a session are plotted in different colors
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monkeys suggests that the preference for a particular direction
was not a principal source of the characteristic history effect
reported in the subsequent analysis.

History Effect Based on Logistic Regression Analysis

To quantify how preceding trials influence the free choice of
saccade direction in the current trial, we performed a logistic
regression analysis. In this model, the history effect of 10
preceding trials was used as regressors to explain the choice in
the current FCT trial. Regression was performed separately for
each FCT pair condition. The effects of preceding ICT and
FCT trials were independently estimated as different predic-
tors. The effects of preceding FCT trials were further differ-
entiated into two conditions, i.e., the effects of preceding trials
with the same (FCTs) and different (FCTd) cue pairs compared
with the current trial (see MATERIALS AND METHODS). Also, the
effects of choosing and not choosing a direction were sepa-
rately examined for preceding FCTd trials. Therefore, there
were 3 conditions of preceding trials (ICT, FCTs, and FCTd)
that constituted four types of history effect (preceding ICT,
FCTs, FCTd chosen/unchosen), and a set of 41 regression
coefficients (10 preceding trials for 4 conditions and a bias
term) was estimated for each FCT pair condition.

Figure 3, A and C, show the averaged coefficients of logistic
regression for the six FCT pair conditions. In both monkeys,
the coefficients for preceding ICT drastically decreased three
or four trials prior to the current trial. This indicates that the
monkeys were less likely to choose the direction that they had
been forced to respond to immediately before that trial. The
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coefficients of preceding FCT with different cue pairs (FCTd)
were similar to those in the ICT except for a slight positive
shift in the chosen direction and a negative shift in the uncho-
sen direction. This suggests that the monkeys had a general
tendency to avoid choosing the directions available in the
previous trials, regardless of whether they were chosen or not.
On the other hand, the coefficients of preceding FCT with a
cue pair identical to that in the current trial (FCTs) were largely
higher than those of the ICT in both monkeys. In monkey E, the
coefficients for the FCTs condition were positive throughout
the preceding trials, indicating that the monkey was likely to
choose the same direction when an identical cue pair was
repeatedly presented in adjacent FCT trials. There was a slight
increase in the effect in the latest and second latest preceding
FCTs trials. In monkey O, the coefficients for the FCTs con-
dition were also positive for most of the preceding trials but
decreased to nearly zero in one trial before the current trial.
This indicates that the monkey’s tendency to choose the same
direction in the FCTs condition disappeared when the same
FCT condition was repeatedly presented in two consecutive
trials. Thus there was an individual difference in history effect
when the preceding trials were divided into four conditions.
In the logistic regression analysis based on the shuffled data,
the results were identical between two monkeys (Fig. 3, B and
D). Because the choice in the current FCT trial is uncoupled
from its original history of trial sequence, the coefficients
remained constant across preceding trials in each condition. In
both monkeys, the regression coefficient for preceding ICT
trials was virtually zero. For the FCT, the coefficients for
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preceding FCTs trials and choosing in preceding FCTd trials
were positive. The coefficient for not choosing in preceding
FCTd trials was negative. These history effects in FCT trials
can be attributed to the animal’s overall directional preference
in each session, which led to correlated choices by chance in
FCT trials within the same session.

Dissociation of Decision and Action History

The logistic regression model described above was based
solely on the categorization of the trial type and does not
consider the cognitive processes in each condition. Therefore,
we further examined the effect of preceding decision and
action history based on the coefficients obtained from the
logistic regression. In ICT trials, the monkeys were only
required to make a forced response toward the instructed
direction and there was no room for a choice. Therefore, the
regression coefficients obtained from preceding ICT trials
could be directly regarded as the effect of preceding actions.
On the other hand, in FCT trials, the monkeys needed to both
choose the saccade direction by themselves and make a re-
sponse toward it. In this regard, preceding FCT trials have both
decision and action aspects, which could independently influ-
ence the current trial. Therefore, the estimated coefficients for
preceding FCT trials would be a mixture of decision and action
history effects.

To separate the effect of decision history from that of action
history and solely examine the former, we subtracted the
regression coefficients for the ICT from those for the FCT. The
history effect of decision in the jth preceding trial was calcu-
lated as o; — v; for FCTs trials and §; — ; for FCTd trials.
These differences of the regression coefficients between FCT
and ICT trials could represent how the monkey’s tendency to
make a particular choice overcame the effect of the past
saccadic response toward that direction.

Figure 4 shows the result of the dissociation of decision
history from action history. The effect of decision history in
preceding FCTs trials was positive for both monkeys through-
out the 10 trials of the analytic period and exceeded the
confidence intervals calculated from the shuffled data (Fig. 4B)
during the five trials before the current trial. On the other hand,
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the effect of decision history in preceding FCTd trials was
weak for both monkeys and did not exceed the confidence
intervals from the shuffled samples. These results indicate that
the monkeys tended to repeat the same decision in adjacent
trials, but this effect of decision history was specific to the pair
conditions. The individual difference of the regression coeffi-
cients for preceding FCTs trials between the monkeys (Fig. 3)
could be the result of a strong negative action history effect in
monkey O, which could have canceled the positive effect of
decision history and led to a deterioration of choice predict-
ability in the FCTs condition in one trial before the current
trial.

History Effect Based on Reinforcement Learning Models

The results of the logistic regression analysis suggested that
the preceding decision and action have different effects on the
choice in subsequent trials. Therefore, we tried to directly
characterize these effects by applying reinforcement learning
models in which the effects of decision and action on the value
for each saccade direction were separately implemented (see
MATERIALS AND METHODS). In the models, each direction retained
its own value and the choice in FCT trials was determined
based on a comparison of the values of the two presented
directions. We used three models. In all the models, the value
of the responded direction was updated by Ay in both ICT and
FCT trials. In two of the models, we tested the effect of the
animal’s own decision of saccade direction by further updating
the value of the responded direction by A in FCT trials. In one
of these models, we also tested the effect of not choosing a
direction by updating the value of the unchosen direction by
Ay in FCT trials.

We fit the models to the animal’s behavior separately for
each session. Table 1 shows the averaged parameters and the
goodness of each model based on the AIC and the prediction
performance. The models with the A parameter (R+C model
and R+C+U model) performed better than the model with the
Ay parameter alone (R model) in most of the sessions (96 of 98
sessions for monkey O, 95 of 98 sessions for monkey E).
Between the former models, the model with the Ay, parameter
was more frequently selected, but the prediction performance
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Fig. 4. A: the history effect of preceding decision and action calculated from the coefficients of a logistic regression analysis. Data for monkey O (solid) and
monkey E (dotted) are plotted together. The history effect of preceding action is a direct reproduction of the regression coefficients for the ICT in Fig. 3. Making
a response to a direction decreased the probability of choosing that direction in subsequent trials (light gray). On the other hand, choosing a direction increased
the probability of the same choice in subsequent trials when the same cue pair was presented (black), but this effect of past decision did not take place when
the cue pair was different (dark gray). Error bars indicate SE based on the 6 pair conditions. Filled symbols indicate the statistical significance based on the
shuffled samples (upright and inverted triangles show significant increase and decrease, respectively). B: the confidence intervals for the history effect of
preceding decision and action based on the shuffled data (95% confidence intervals with correction for multiple comparisons).
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Table 1. Average parameter estimates in reinforcement learning models
« Ag Ay AIC Prediction, %

Monkey O (98)

R (2) 0.96 = 0.17 —0.16 £ 035 1.34 = 0.05 528 =45
R+C (12) 098 +0.08 —0.08 +0.28 0.13£0.30 126 +0.11 630+69
R+C+U (84) 0.90 = 0.22 —0.16 £ 0.35 0.06 £0.28 —021 £029 123 +0.11 62642
Monkey E (98)

R (3) 0.98 + 0.06 —0.09 +0.27 1.35 £ 0.06 520+66
R+C (15) 0.98 = 0.03 —0.06 +0.18 0.16 = 0.23 126 =0.11 640 =77
R+C+U (80) 092 +0.12 —0.13 +0.28 0.11 £0.25 —0.28 £0.27 123 +0.11 662+ 577

Data are means £ SD. Values in parentheses next to the names of the animals and the models are the number of total sessions for each animal and the number
of sessions in which the model was selected to be optimal based on the Akaike’s information criterion (AIC), respectively. AIC was standardized by dividing
the AIC in each session by the number of free choice task (FCT) trials in the same session that were used in the maximum-likelihood estimation. The models
with the A parameter (R+C model and R+C+U model) were more frequently selected than the model without the A parameter. In both the R+C and R+C+U
models, Ag was significantly smaller than zero and A was significantly larger than zero.

was similar between the two models. In both R+C and
R+C+U models, Ap was significantly smaller than zero,
indicating that making a saccadic response to a direction
decreased its value (Wilcoxon signed-rank test, corrected P <
0.01 and P < 0.001 for R+C and R+C+U models in monkey
0,P <0.01 and P < 0.05 in monkey E). On the other hand, A
was significantly larger than zero, indicating that choosing a
direction increased its value (Wilcoxon signed-rank test, cor-
rected P < 0.001 and P < 0.05 for R+C and R+C+U models
in monkey O, P < 0.001 for both models in monkey E). In the
R+C+U model, Ay was significantly smaller than zero (Wil-
coxon signed-rank test, corrected P < 0.001 in both monkeys).
These results indicate that “deciding to make an action” and
“making an action itself” have opposite effects on the value of
the executed behavior, which leads to the differential effects of
decision and action history observed in the logistic regression
analysis.

DISCUSSION

In the present study, we found that preceding decision and
action had different effects on the subsequent behavior of the
animal. These two behavioral components are generally con-
sidered to be indissociable in studies on decision-making, since
the result of a decision always needs to be carried out as a
physical action to be observed by the experimenter. In other
words, the strong tie between decision and action makes it
difficult to differentiate their effects on animal behavior. How-
ever, in the present study, we could successfully separate these
two components by comparing the history effects in the ICT
and the FCT. Choosing a direction produces a positive history
effect that promotes the choice of the same saccade direction
when the identical choice situation is presented repeatedly. On
the other hand, making a saccadic response to a direction
produces a negative history effect and discourages the monkey
from choosing the same direction. Both of these effects were
strongly manifested during three or four trials. Consistent
results were obtained from the analysis using the reinforcement
learning model.

Competing Tendencies for Repetitive Behavior and
Repetition Avoidance

It is known that human subjects generally tend to avoid
repeating the same behavior (Brugger et al. 1996). For exam-
ple, subjects make more changes in their response than math-

ematically expected when asked to generate a random se-
quence of letters or numbers (Brugger 1997; Falk and Konold
1997; Rabinowitz et al. 1989). On the other hand, it is also
known that humans sometimes show a robust tendency to
repeat the same behavior (Sandson and Albert 1984). Persis-
tence in repetitive behavior becomes particularly apparent in
patients with brain damage and disorders, such as persevera-
tion in motor control (Annoni et al. 1998; Na et al. 1999),
verbal expression (Cohen and Dehaene 1998), and nonverbal
expression (Cosentino et al. 2004; Goldberg and Tucker 1979).
Perseveration is evident even in higher-order cognitive func-
tions, as seen in the Wisconsin card sorting test (Milner 1963;
Nelson 1976). Thus humans seem to possess opposing behav-
ioral tendencies that support and discourage repetitions.

However, in animal studies on decision-making, most pre-
vious experiments have been performed with tasks that provide
behavioral options with different reinforcement probabilities.
For example, in studies using a concurrent reward schedule,
animals are provided with two response options (e.g., left or
right key) and allowed to choose one of them (Herrnstein and
Loveland 1974; Shapiro and Allison 1978). These two options
differ with respect to their reward ratio or interval, and the
animals need to find which one is more advantageous by trial
and error. In addition, after the animals learn the highly
rewarding option, the reward contingency with two options
changes without any announcement. Under such a task contin-
gency, animals should continue to choose the same option once
they identify which is advantageous. Nevertheless, they also
have to keep monitoring the results of past trials and sometimes
seek other choice options to deal with a sudden change in the
reward contingency. Accordingly, animals often exhibit a
mixed strategy of choice repetition and occasional alternation,
which is reminiscent of the competing trends for repetition and
repetition avoidance. However, this behavior may be an artifact
of reinforcement schedules that include contingency reversal
that are characteristic in animal studies. Recent studies using
reinforcement learning models for probabilistic learning
(Samejima et al. 2005; Sutton and Barto 1998) may have the
same problem. Therefore, a detailed investigation of an ani-
mal’s choice behavior under a task structure without contin-
gency reversal was needed to investigate the conflict between
repetition and repetition avoidance that has been suggested in
human studies.
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In the present study, there was no task-structural constraint
for the monkeys to alternate choices because the same amount
of reward was always delivered regardless of the saccade
direction chosen in the FCT. With this experimental setup, we
could avoid the undesirable bias for response alternation pres-
ent in the probabilistic learning paradigm and examine the
animal’s innate tendency for repetition and repetition avoid-
ance. As shown in RESULTS, both monkeys exhibited opposing
history effect that promoted and restrained response repetition.
This finding suggests that the competition between repetition
and repetition avoidance is a common behavioral principle in
humans and nonhuman animals that organizes the animal’s
choice behavior. Our work links human and animal studies
regarding the choice between equally valuable options, and
provides insights for future investigations of the nature of
internally driven free choice behavior.

Generalization to Other Decision-Making Tasks

In the present study, the monkey could obtain a reward every
trial regardless of the task or response direction. Application of
reinforcement learning models to the monkey’s behavior re-
vealed that making a response decreased the value function of
the response direction (Table 1). However, in standard rein-
forcement learning models, the value of a given action in-
creases if the animal receives a reward after that response
(Samejima et al. 2005; Sutton and Barto 1998). In fact, the
increment of the value function after a reward is one of the
most fundamental features of the reinforcement learning
model, which enables the animal to learn an appropriate
behavioral strategy. In this regard, the result reported in the
present study may appear strange because it claims a decrease
in the value function every time the monkey made an action to
a direction and got rewarded. This discrepancy could be
attributed to the task design used in the present study. In
contrast to the decision situation in probabilistic learning, the
animals in the present study were able to receive a reward
every trial and did not need to search for an advantageous
behavioral strategy. Thus the animals’ behavior in the present
study was not determined in terms of reward maximization.
Therefore, the reinforcement learning models and estimated
value updates in the present study cannot be directly compared
to the other existing models for probabilistic learning.

The difference in task structures between the present and
previous experiments could raise a limitation in generalizing
the present results. The decision-making tasks used in cogni-
tive science are composed of various complex features such as
reward expectations and risks in value-based decision-making
(Barraclough et al. 2004; Dorris and Glimcher 2004; Platt and
Glimcher 1999; Sugrue et al. 2004), discrimination about
physical properties of the stimuli in perceptual judgment (de
Lafuente and Romo 2005; DeAngelis et al. 1998; Newsome et
al. 1989; Shadlen and Newsome 1996), and the relationship
and interaction between actors in social decision-making
(Chang et al. 2013; Yoshida et al. 2011). It is not clear whether
the animal’s tendency to avoid and prefer repetitive behaviors
observed under a free choice condition with none of these
features operates similarly in other decision situations. How-
ever, because the free choice paradigm we used did not depend
on any of these specific task components, the present results
could represent an innate behavioral tendency of animals that
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may take place in any decision-making situation. According to
the task constraints that strongly determine the optimal behav-
ioral strategy in probabilistic learning and other types of tasks,
whether the animal’s natural tendency can be actually observed
or not depends on each experimental paradigm. Nevertheless,
knowledge about the animal’s fundamental traits may help us
to understand the behavioral patterns under various task con-
straints that take place over the preexisting natural tendency,
and possibly resolves the inconsistency in observed behavior
among different studies and tasks. Further studies are needed to
investigate how the animal’s own tendency in behavioral
repetition is taken over by the requirements of the tasks.

Context Specificity of the Decision History Effect

In the logistic regression analysis, we differentiated the
preceding FCT trials with the same (FCTs) and different
(FCTd) cue pair compared with the current trial and examined
their effects separately. Although these two conditions were
identical in respect to “the effect of the past freely chosen
response toward one of the two directions available in the
current trial,” they had quite different effects on the monkey’s
behavior (Fig. 3). The choice in preceding FCTd trials exhib-
ited an effect similar to the preceding ICT trials and strongly
prevented a repeated response to the same direction in consec-
utive trials. In contrast, the choice in preceding FCTs trials
showed consistently greater coefficients than those of FCTd
and ICT trials and mostly facilitated the repetitive response to
the same direction throughout the 10 trials of the preceding
trial period, except for the —1 trial for monkey O. Even in this
exceptional case, the coefficients for the FCTs condition were
neutral (about zero) and much greater than the coefficients for
the ICT and FCTd conditions. In other words, according to the
effect of preceding ICT and FCTd trials, monkey O had a
robust tendency to avoid repeating the same response, but this
tendency was counteracted for preceding FCT trials with a cue
pair identical to the current trial. This result clearly indicates
that making a decision promotes the same decision in subse-
quent trials, but this effect is highly context dependent and only
manifests in trials with identical choice options. By canceling
out the effect of preceding actions from the effect of preceding
decisions (Fig. 4), a consistent result was observed. While the
decision history in preceding FCTs trials positively influenced
the choice in the current trial, the decision history in preceding
FCTd trials exhibited only a small effect that did not exceed the
chance level taken by a shuffling method.

These results suggest the importance of the decisional situ-
ation in sequential behavior and the history effect it exerts. Not
only which action was chosen by the animal but also among
which of the alternatives it was chosen may be a key to the
history effect it exerts on subsequent trials. However, the effect
of choosing in preceding trials was examined independently
from the effect of not choosing only in FCTd trials. The
dissociation of the effects of choosing and not choosing was
possible because the cues presented in the preceding FCTd trial
were different from those in the current trial. In FCTs trials,
two cues available in the preceding and current trials were
identical, and therefore not choosing a direction necessarily
means the choice of the other direction. Because of this
coupling, we could not dissociate the effect of choosing and
not choosing in preceding FCTs trials. Therefore, it is not clear
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whether the effect of the preceding FCTs trials was derived
from a unique effect of choosing in the same decisional context
or can be fully explained in terms of the negative history effect
of not choosing that might have taken place in these trials.
Because the strong coupling of choosing and not choosing in
the same set of alternatives will cause a multicollinearity of the
explanatory variables, the dissociation of these features is
difficult. Future studies using experimental tasks with three or
more action alternatives in a trial to sufficiently control the risk
of multicollinearity will reveal the respective effects of choos-
ing and not choosing under the same and different decisional
contexts in the animal’s free choice behavior.

Dependence on the Effector

In the present study, we used memory-guided saccade tasks
in which the animals had to express their decision by saccadic
eye movement. However, with respect to information seeking,
making a saccade may not be a mere designation of a location
but rather a completion of scanning that visual field. Therefore,
it is possible that the monkeys’ choice behavior in the present
study was affected by their innate behavior in visual foraging,
and thus limited to the saccadic motor domain. Since the
monkeys could freely see everywhere during the intertrial
interval, it is not likely that the urge to watch a certain location
of the display made a large contribution to the choice behavior
in the present study. Still, it is not clear that our results
regarding decision and action history effects can be generalized
to other effectors.

Previously, Lee and Schieber (2006) reported a monkey’s
tendency to switch its response direction in a hand-reaching
task. When monkeys were allowed to choose from left and
right targets by themselves, they frequently changed their
response from the previous trial. This switching bias may seem
to contradict the positive history effect of preceding decision
observed in the present study. However, they also reported that
the monkeys showed a robust tendency to change the hand
used in target reaching in consecutive trials, as well as a strong
preference to choose a target that was ipsilateral to the hand in
use. In light of this finding, Lee and Schieber (2006) suggested
that part of the monkeys’ tendency to change the target choice
could have been driven by the bias to switch the hand in use.
Also, the effects of preceding decision and action were not
explicitly separated in their analysis. Therefore, further studies
will be needed to determine whether the difference between
our result and those in the previous study was caused by a
difference in the effector or some other experimental factor.
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