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LB, BESLY TRAR EAE A A0 4k TN RO 6 A M ATIT, TS &R R IR AG B 1L ARG 1R ARIR I R,
KRB E &I Sa, iEILREIC R AT B R g, BEANR B ARG F L EEILY K, @
EBARBAL S+, ZI000 R0 2 AT aEILY K LA R, A 1 ILH 0 2L, 1EILR BT T ARk
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BEFLSZ A F W& RG L, T B2 0L
(sphincter pupillae)F1FF K l(dilator pupillae)PiZH
X400 1 LA o LR /N B IR Y J2
K 9T (light reflex) F 0> ¥ & 4] (psycho-sensory
reflex) P A 7 2032 BH (Beatty & Lucero, 2000) . Y6
S48 G e ik A MR A S, L S i B K ok
W AR R OGR . Hord, FR5E IR 58 25
ALY 5K /N EZE N ZR, I A 5 B 4 i e fi
LY 45, 55 B BE IR BT I L 5 3K (Loewentfeld,
1999) . 17 A AL 40 3B 559 2 48 A X 1 AR 30
W 5 38 38 1) il 4T BB 5 i (sensory register) ),
TR et 0] e AR AT N0 n T e B 2 R L B Bk B
Weds, R L B AR 0 AR Ak AT LA B e S A R
A J 3 BN N 3 72 (Goldinger & Papesh, 2012;
Loewenfeld, 1999; Montefinese, Vinson, &
Ambrosini, 2018), EA WA, F & (Unsworth
& Robison, 2016). %1%/l T.(van & Band, 2013).
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ML Gel; AkITIC R, MEILAT B R IRF)IEIE

% %% (Bayer, Sommer, & Schacht, 2011; Hess & Polt,
1960). iC1Z(Bradley & Lang, 2015)%1# £ .0 BUTF
¥ o mn AL AR RN,

Wang, Boehnke, Itti 1 Munoz (2014)8 T %%%
fiE L O B S G  BEAE S, A IAE R L T P SE
SRR, IR T E R 4 R T A A 1
LEART, 4R EM, TN 2T 8 E
S5, TR YR IR R A1 34 23 5 R /N IR E 1)l
LYok, RGN, e ERIE Y 5K o
LAY X A AR A 2 5 LG S R IR TR, o
WF5E AL A e Lo BRI R A S W e b,
ISR R, FEFEA B AR R, A
5 2R B bRl o ek, AL 5
VIE IR KR, AL S0 YR 38 (Pupil response
onset latency, PROL)#E %, {H J&A #4 f i A5
A,

fi L 400 B S5 R IR T R B 2 IR S
HAR AL, L 1Y B4R AR A S O i g 7K SF- 1 41
JaAmag, AT LA Wit iS5 G 00 T bR 2 R A IR
1% IR 25 (peripheral marker of arousal, Appen, 1993;
Mccormick, 1989), Reimer 5% (2014)ill & % R £
Hii X 40 B L PN FEL 43 (intracellular membrane potential)
JfRB R AL E R, SR KM, w5
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G B J2 AT ) T 7K S R 28 S PN AR A 91 35 7
O, TR AL AT 5K 5 R i B 2 O KA
%, Joshi, Li, Kalwani I Gold (2016)3# i #8Z li
FLoC B S 0 A B & B, AEHEATIEI TAT:
I, R 7 s R A T e kA AR A, SRR
PR R4 R RE R B R R RS, RS H
IR ZE R %i(locus coeruleus noradrenaline system,
LC-NA)B A& G TR 2 ARG b 238 o i
FLAE L 6 0% F50 S 3 B 3 26 v 15 5 A AR AL e 22
% % 5T (de Gee et al., 2017), IAh, RREIZEH
B4 B 28305 Bl A 2% 51 e M FL B R 8 T R N . B,
Reimer 45(2016) &3, KB bR R MG Z 1Y
B BebE S 3h, 51 AL p PR gk i R e A 2
TCANZE R 3 5 R FL RS 3k A 56 4L,
P L X i 8 T R A 1) A8 b R Ry R, 2 SR
TN T e 7 v G 3 0 ) R A

BLTE 1966 4F, 53 RIR R IC2 N Tt
PR LR (L, BEE BRI H AR BRI, 4
FRAFFE IS T 38 PR, AR SCR X ICAZn T4 B
B FLAS A o MO B SURTFA R

2 TadmAE B BE FL T AL KX ig 12 A S
HO T3 4 A

2.1 TRIEMEAIEFL T

AR AR B0 G BN T AE T4 R B B (pre-
encoding phase) [ AR HF if, {HAEAFAELEAE 55 1fE
#& sl BE T A0 0SB, JF SR kLA
Kahneman £ Beatty (1966) T YW 21 75 2 5 B Bt
FAAEREFL AR . MR W 58 TAEICAZAT:
%, BRI ECT, SRR, TR
R T R AL R O BE WA . Ak, Y iR
IR T O AT 55 RO, LG TE R R
BLly BRI IR, Bk SR 4 v i
Haom, SRJE A KA AL A K IR I 45 (Beatty &
Lucero-Wagoner, 2000)

Kucewicz 5 (2018)H [F] 7 it 52 B Ay Tl 4 )
W B R [RIAZ 2 BB B i L LR AT XT LG . 45
RIR, TR G B e L AR 2 N TR E B
L0 G % By B 1 i AL AR P (R A0 2 i T4
W B b/ ME, T T2 4R B B i L 2 (B i
T & B B i R (B . Mo, PR BeliifL A2 1k
FUAASIA) . T0UGR A% By B M FL B AR A B K P 3R
1 30 00 85 5% 300 o L 3 O 2 Wi s T TR B B

¥ B3 i FL 4% ) A g (3% 45 T [ (Kucewicz et al.,
2018). S TgmiE K BoAH L, $REUY BEAIC I T far
BOR, IR B BT IR B T, R iR L B AR
WYk BIE(E, WAmIBI B LIS M ZAEF R
B, [HH R A HLE] MR B, — R e i SR A T
FIE A2 AT A 31 2 {8 1 A 308 () % ) 38 52 300 19 B 1] 5
TR TR 15 B, AR ORI ZE P R LK {5 B s
KIATREDLIL I E ML 2R
22 TRBMEREFLWHERESBEEICIZRM

BxX

T 2t A i B P 34 L S48 W R T S0 A 12
%5 Kucewicz 25(2018) & i, 7E2A{R) 5 PLHT 200 ms,
P2 B e A 1 BRL] 8 2 /N T 3 T Y B A
T 2 itk 400 V) A e FL AR, RO IC R A 00 H A T 4
fih B B i LW 45 F2 B o K, Starc, Anticevic Al
Repov§ (2017)R H%s Al & TAEICAZAT 5t & B
THMURE . xRS, Binig 2 R 2
OV PR RO A R . B R R, BB
i L SE O, R IR P, A i R e
K, ZSIAIE B iCAZARAER o T4 A5 B B i L s 4
W B X e A2 B S 1 T g R B 5 P IR i KT
A OC o PUE T R T A s A Sk
FORFLRTIE, "L RER, HWNEEESEA
12 FEAMAPER, MTiGI& B R A8 il
JInT.(Miiller & Rabbitt, 1989), TEiCIZAE:4%H, i
il 9 B3 ML AT 4 i B AR, AT AR ER T TR
FENETRERS, SEETRERRS TXE
SLCAZ RN T g, AT B 411212 855

3 RIHBEMEEFLT KEWEZRK
HiuiER

3.1 HEMEBELY KRAREZWEER

8 g B B B BRI A2 17 2k B B (loading
phase), R AT 52 B A4 HI) S0 PR AT R BT B 10 FN 4
T, dEH, ERSERE, wmALgwmoR, Jf
£ 800~1400 ms % ] K (Kucewicz et al., 2018),
X A L AS Ak 5 4w S T K (rehearsed or
recirculated items; Kucewicz et al., 2018), 10301 3
S I o R B R T VR R AT S B S A,
LAY 5k . FERIECE R 45 T, AR
Wik A IRAS, A TR I IR ALY K. X S
A SRS — B, Bl 2 A TGk A
T, IR A A I iR 241014 (Lacey, 1959).
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Kucewicz Z£(2018)IAhy, #ifidh i B £L (104" ik A2
b3 B AN R 1 ) FE 0 B AF (A 4 3 22 T o
W RAE) . B > Efd A A 2] Hm L3 5 i
TR RE

T 0] 985 5 R R i B P i 1C AT 55
PR AR T H 52 B R] AT AT 520 2 i, o ek
SRR AR R G AL N L AR . BT R
W B AL ke i B2 5 G 00 H i . SRR AIT 55
MEREA G, FERM AT H mi i E | MR
AT A% AT 55 X R B v M AL A R (Kagan &
Lewis, 1965; Unsworth & Robison, 2014), |0,
Kahneman £l Beatty (1966)%& B1, Hill i 0 1% 22 52 1
oI R ik . AT EORPOICIC I 2Lk
A 4~7 (5, S5 LB, e B B B,
EINERE R EUS R G I INTTRES: TR/ 3
1M HZ RSB F B £, AL 3K B R
AT 95 X B A 2 52 el 2 B4 B B AL sk R B2, 112
LACRARIAS 1§ ¢ EEIV-AE A ERUN €K/ 3
FEEER, Wr BT 5 BEAT N 18 A L B Al B il
AT 55 51 K B ALY 5K BE SR . A ) 5 BRARAT:
% 1, Just Ml Carter (1993)& K, K% AT 5 24tk
P, BEFLY TRIRBE TR . &5 b, nAt i B ALY
KM BE T RE 5 AT 55 MERE A OC, AT 55 ME DB, A
B B ABR, RO KT R, 51 B AL
IS ) NS
3.2 RADM ERBEFLY KR B 3T 4R BN S SR A9 U

ER B

Sanquist, Rohrbaugh, Syndulko #1 Lindsley
(1980)ZERF 5T i Ik R B, 1 o $2 B 4 iR S R
FR 35T H 18] Rl 2 BT 199 2 S R R AE TR IO B,
WAEG A B 2o th B )] 2 19 403 18] B4 b 22 4=
FRAF 5 n] LATOI 4R B B i iC A2 i B, X — Bl %
W N AR AR IE 12803 (subsequent memory effect),
XG5 RAAT I i L 25 R Y SCHF(Vogelsang,
Bonnici, Bergstrom, Ranganath, & Simons, 2016),
TEfE LA bR LA ABL, Kucewicz 45(2018)iH it
LU 35 102 B B T 8 40 L o0 A A 4 4 L 1% BRI 7
S B o B 2 R P AL TR AR Y 22 5, R B R B 1]
o B B LY R APk, HAE 800~1400
ms 3K B R, (H PR LR AL 9 5k AR B AN [F]
FLOR SR Iy AT 4 5 0] 5 B 55 s ) SRR A LG
TE RS S R], |38 LU 25 A% e AL T AR 4 (e
RN . BRIE OO S5 A, LR TR fE

T & 64T 55 o B B2 4 i o Einhduser,
Stout, Koch Fil Carter (2008)%L3K #4347 N
B0 /R 3L 7 MR 5] (necker cube) | iz Bl 4 #4) B A
(structure from motion)ZF M e AT 55, 4R KN,
fil L B AR AR A L Sk 44 T S T 3] 0 S IR A Y
e, HLEEFLYT TRAR B AT DL B0 g ) o SR A5
I Howh e 3 25 191812 (Einhauser, Koch, & Carter,
2010). %3 b, SmAd BB Ly AR B Xt iE il 1e
B 25 0 LT S0 0 A 55 v 0 o R S T B AR B T
MIAVER, LA AR A A AN Y A ) P ie

S35t A 5 B HEE L A7 5 AT L 030 B S 1 1242
BT, T RE [ ALY R T B AR R
M. CAHVTREIMmAS BBt fLY 5K 5 B An g
T B RE A G . FE 48 B9 5 5 R (vigilance
decrement)WF5E i, WF5EE R &5 (alertness
paradigm) 2 5K B 78 22 4> b UE & T A &
(standard stimuli) H 182 51 {8 & & & $] $4 (deviant
stimuli)o £5 9 & B, B I 2 e BlUa vk AT 55 0
[ A AT R B . WS INN, ST RN 5k T
A4 7 7 7K OF R B (Beatty, 1982), Kristjansson (2009)
T AR 9 2 WSS A R 2 A Y R L AR
R IR U R4 T L B I (DAL v AR BB A
7 TR YFT LTG0 R 3008 e B s I s, R AL
SR /N, T B R, 1 I 2 A A ] e Lk
S ) 6k 55 5 T A K TR R G

4 REVMERREFLE

TE 4 A% A2 B8] 9 12 14 PR 45 B BE (maintaince
phase), T #tfistis, HEFLERFLLY K, IFAE Dk
[l {24 5 i SR B A e R P Y B = e, L
{5 B2, %I (H R & (Starc et al., 2017)
WAZER B — 38 B i B FTF TS . A
F 10042 B 2 SR X T %o 4 B X e iZ A R AT 3k
et AR 55 Rt — FR 50 T3 i T H 5%
A T H, BRI AOT IH W,

41 HBHEIZESHHEFLE K

TE B B EAAT 55 i R B B, BP0 fir 380 28
Bt (unloading phase), f#fL2MBEMA S, BH—I0
H & Bt /N g 47 5K B9 42 (#8520 . Kahneman F1
Beatty (1966)7EMFFE K IZI L, I45 3]
JEEERF I B HE— 2L L 5 AN, VS 55 (2010 (7]
TCHEV G B A BT JE P B, % 30 Rl 4 BT~ Bt
FUE 2 BoMH L, LA I S . FEWH 2,
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Kucewicz 45 (2018)¥4 42 B[ B v 112 19 B[] 15 1Y
GRBUCH A RS RTR 4 1 s) A [RHZ 39 0 18] 5 4 Y F
Wy L 10 AR AT X LG, 1002 S0 e 1] i A L
AR K o I RAE AR KT 52 8 AP A,
I 1 1 L 1 FRAE 042 B BB AR 4 /)N, (HAE R —
51 H AR A 2 /MBS 5K B LA (Kucewicz et al.,
2018). H B FMZAE 55 i S8, e L AR AR AR
oI e A2 AR AR IBUX — B — N HITE 351 K .
fif LA > i B Be i BE W, T e S A i
H N C 12 22 v 8% b B 0 | /S Y 1e 12 97 A ) 20A
Ko THTER— T R A R IO A i L B O, T
e S AL . NHFZ B ER A R
42 BAESHEFLTHUEREZWESR

FRMESS A B . IHPIR RS R B, PO e
S RAORN (142 5 BRUA5 SRS LG JS A BE AR B TH A
Wr, J&—F b B B EHZAE 55 T 5 2R A R i L
o IHIE BT AT B AL T b 22 B0
IR TS e LR R Tl I B QA
(familiarity effect)s T [HZL N (pupil old/new effect ;
Vo et al., 2010), Gardner, Beltramo I Krkinsky
(1975) 18 Uk BLH- I B B 2 B TH A 4] L 52 B8 i)
L BRSO, Bl S BIFSE B SR T TE 8 4
(consonant trigrams; Gardner et al., 1975). A1
fL(Maw & Pomplun, 2004) . %4 &l F(Otero, Weekes,
& Hutton, 2011; Kafkas & Montaldi, 2011)55 3256
WAREES e BT R R A A Y LT TH 000 o

M LB [H 00 32 1 2 I R 52, 55—,
PR o BIFE R B UK 7 s ) R <15 (i
MWW, 4 & A i FL B 18 %L (Montefinese,
Vinson, & Ambrosini, 2013; Otero et al., 2011), H.
BRI 5 2 2 3 i B AL B, LT TH AL
N % B . (Montefinese et al., 2018) . Papesh,
Goldinger F1 Hout (2012)% H 75 & Jl i A& B [w) k¢
ML, FERINNMGHE & 55 75 5 5 A
R i LT TH %00 Ji 2 R T (AR B 58 4 AN [) 1Y
BiH. %7, g, Otero 4F(2011 )il i $
T BB B 2 ] R IR Z RS AR B
VT ST B R i A, SRR AT
PIAEAE R ALOB IHZ800, (HLR J2 4 i 1) 35T H i FL 3™
5K LG A LR B SR SR A R B =, FRATIUN
Mill, O’Connor FI Dobbins (2016)3% FH 4k B ic 124
K5 (Explicit Memory Cueing paradigm; O’Connor,
Han, & Dobbins, 2010), &> oA 8 5 30 iy

P 2 2 (O H v BB IH/3T, “Likely Old”
o “Likely New” )R ¥ il # i A Bl . 45 R &K,
Ml U A TH B, R LB IH S T 2k, A T
1A B B AN R T 0 S5 0F R, LT IH 50
A2 I . ML & DR oK LI TH 300 Bk A << T
W A9 P A SR (unexpected recognition effect),
4.3 BINRAFREFL AN FA R 5

3 33t 43 BT L AP S0 160 B T[] 25 £ 1 s
Mill £(2016) & LT PHAS DI REA S A9 14 - - HH 4R
& B, 43 (early amplitude) 5 W H] #i 2 AF R % 45
(trailing slope). IR IS NN <“IH I H 5
PON < Hr i35 5 2 IS 750~1000 ms (5
FIHR BN 450~500 ms)FF 44 H B0 L&
RS, IHER—-HRHSFRFIE 1500
ms 2247, i, FEREIE 1000 ms Bk E] 5
Ko T B 1A 416 2 A 4 R A R i 38 Hh B 1500 ms
VUG, L AR DA UG A [ BE R i bR L iR
A, 3 B AL A PR B O D) 3R R A
LA S, AL AR A 06 Ak A uk 92 12
TR

TR W 840 T LA 25 2% P AU v B TH %K
N, FEI R R A< TH 3 B R HG R B R <oBr
B3 H LA TR, i ALY ik R
Ko Fihh, HEFLTE PR SR i F S0 i 1 . 2
HOCE FAP B B O TOE S A — Bk
(Whittlesea & Williams, 1998; 2001), TN T4
Sy SRR 2R I TR i AR PP A L R
A5 AR 2 AR Al 1 AEGE HSE A T AL R R
s A O A GRIRE, BI T W I3 72 (Nelson,
1990), XA [ 150 /K- 1) 22 5t 1T UL 7 510
YRR b B Papesh 2(2012)% 5k Bl iz Wy B8R 3T
W12, I BER A IA B B R AT 30008 i 1F A
Wr, DAK AR O R R 255 R B, {5 O
7, WEFLY ki B i (Papesh et al., 2012),

T 1GR9 2 A o3 B 4 5 FIA R 3 1) e SR o
A 5 o Mill 45 (2016)38 1 X bt v A 4R 300 B i
FLAEMR I 22 5, 2 PR B SR 79 3 A7 7 i LB TH 2K
o BRI R4y, ELTE Lk B (R Tl )5 3648 K
AN B[] B2 T [ R SR A A I 25 S o AE TR
i I B LR R T E LT R R R,
FLEAR TR BN B Ko BLRT, W2 AT AR
CLUFERH, e S g ok B Lt v S i B A
I (Ratcliff & Murdock, 1976), Mill %5(2016)i#
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1t £ J2 85 (Multi-level modeling, MLM)Z3 7 & 3,
T T i BB i L 2 A3 25 A 9030 T DA Sz I Bsf 0 1 A
R, PN R I AR L PSR R T
AR —F, MR M RN, S i
S5 5N vh SRR 2 M 5 LR B ALY TR ISR
(Laeng et al., 2011), RIFFIA S I B 5 TH0HH — 3501
AEEAK. Bk, ERFES A LT A
%% J1 (voluntary effort) Fl /A #f %€ 1 (uncertainty) A
K, BT . BT TN S ) ok AT J W 1y T
i 2 AR 3 B 1 1] o

5 CRZESHELRNAHEXER

5.1 FEFLTWAIAZNGATIIRIS

TAFN G faf BEE DA Ay LA A 2 DA B0 A 38598 119
H %W (Cognitive Load model; Wel & Steenbergen,
2018). MRHEIZIIE, WAL NAE R A 25
SrBEFE NS BBk, PR EE S A -
T AR T2 0 VR 40 e AN = W 5% 1 R FE AT 2K (Beatty,
1982; Kahneman, 1973; Kahneman & Beatty, 1966),
R H GBI 2R 2R AR W R B, Y45
SREGMES, EE-LRY LIRE RGEESER, b
253 TR AR B3 5, NI A £L 95K (Goldinger
& Papesh, 2012), X —&5 5 Jp A 0 17 g BRIG FRALL
T 24 PR IR S (Laeng et al., 2011; Steenbergen
& Band, 2013),

AT faf BRAE DA IE 245 B B B AL 3 5K A
W4 2 B4 B BOOA S0 47 19 28 Ak (Janisse, 1977).
FERIA, FICE IS AL RE A g5 10 1 A 3
S 4 5K (Beatty & Kahneman, 1966; Karatekin,
2004), S¢S JE 2 TP Y Be B B S 1Y B2 By
B, fEAE (R B IRPLS S IR AT R RE, e PR
X i ) R i (i) S 0 T 1, A TR B B A
WEFLIE I 5 £ P i K (Verney, Granholm,
& Marshall, 2004) . TAHI G fif BLE S 2 T HIF5E & Y
TZINTT, i 058 35 R D0 4 Ay 1) 72 Ak fig
i FL A0 BRI B o

SR, AN B0 ar BILVR TS 4K TG 12 e B L 229012
PG Blan, D far B A K I FL X BT IR R R
FP T AR B AN W) R B T i v 5 TR B AR R T AN
%% J1#) 22 5% (Goldinger & Papesh, 2012; Papesh et
al., 2012; Vo et al., 2010) FEEALAT IH AL 177 A 2
T B2 IHI B &2 E KNS ), METRER
FLT I H D% S B B 2 BRI H 175 505

B, TR R ) TR 3 Al 8% 7 5B (Gardner
etal., 1975; Vo etal., 2010), #R1fi, JCRiiE£1TH
WFIEUESE, AN B PR 5 SR AT 55 2 R BUR R R 4R
{7 (Dobbins & Han, 2007) . o7 & I 1% (Wiese &
Daum, 2006) 5% F {5:0F#{K(Jaeger, Cox, & Dobbins,
2012), & —FRINFT R RIS IR S8 ERE ST b i &
A —F, PR 7E R T N A B R R ) e L
PR AT AP B S EE SR . AR O B (Rateliff
& Murdock, 1976), It4), Otero %5 (2011)i8 i #45
Y B VR B A e IR 28 PR TR A B ) 3 L L Ve A 1
ORI, WA H TR B AR IS
Ao ARAE T B, BRIBCER S ) 1 35 H A
Bfar 80N, AR AL AR TE N, SR S BR
SEREN KB, TR I E LB IH 800 S
T3Eh, WA B 4 R R AL 7 A S
5NN S I (Granholm & Steinhauer, 2004).
g5 b, W IH AN B 7 A IR EE R TH 3 H R0 B A A
TS 22, AR A A B O A B 58 4 il R A I
CICHEFE & B AL S AL .
52 BEFLY KA ER R IR

A0 A7 fef BLIE SR U A LT F (top-down) 2% A
F 3 (voluntary) B 1 B IR BL o 10 5E 1] J o B8
598 B T _E B (down-top) B, H & 3 (involuntary)
Y VE 2 %% U 43 0 (Friedman, Hakerem, Sutton, &
Fleiss, 1973; Hillyard, Squires, Bauer, & Lindsay,
1971)0 X T RESLTEICAZIN T SR, A& ) S
HOEIA T, I TORNZ A RS | R R LY ik S
INHI%% )16 ) (Kahneman, 1973) #5140, 7F Oddball
U, HTEARMERDEOE 51 vt B U A
251 % P300 B4 B FL R B4 (Friedman et al.,
1973; Hillyard et al., 1971),

Mill %5(2016)R I ) S FS B T FFA
W B i i FLAZ R RS, T AL S B AETE A 3l
Jin TR 43 (involuntary component), 4% 2l Xt #3#
T R, S BRE BA S TH AR, poK7E
WCAC MG R B 5 50 H AR 1 e fE B
I 25 5] ke B Z S BUE 1] v, HRIS A
K SE A | K WAL RN R — B, P e LB
[ 28007 S A T 400 17 L A 1 2y i R TH i 5 | &
Y5 Il AL SR Y o Ak, D RE MU BT 5840
R, I TART 2 N ARy, B R R
AH O ik DX 85 06, RS2 3 T X — K (Cabeza,
Ciaramelli, Olson, & Moscovitch, 2008; O’Connor
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etal., 2010),

WF5E 5 30 Jo B4R BN TN, SCHE 10 1] S
RIS o AHANBE A VOB IH SO I AL A7 7E DA 67
ZE 5, BEALBIHZOY AT REth A B R BN A SS
R 1) SR SR R e g R A
o5 2, € I SO S A A i ALOBT [H 00 2 5
TEFUHZ AR IHIE 51 & T 38 2 M SR IEHR A,
T3 480 o 5L PR Ry — b AR B 17 A o i —
BB RS . B, PIRRELESR LY o i
B AR SE XS o

6 SERIAREIEEARKRE

LA TH R, BG5S SRt aF S
MEE R B (B, MR, 55—, W
TP 5 5 04T 55 B Berh i R fe a3 A — 2
P Bilhn, EWgRASEY B, BEALAE, v (5 SR
1% 7R R A Y Be, BESLBWY K, 1y F5 W
3458 (Kahneman & Beatty, 1966; Kucewicz, 2018),
55, LA 22050 R H A B 25 7 0 B 22
BER, KA E B 5 A 4L 124400 (Kahana,
2006), H. 5 FL A8 AL A UL, i, Ezzyat
SEQOITYFI LA % 2], BRI BEAT A d E12
55, 25 F & A 0] 52 30 2 w4 B A ) R R
Wik, 4 B A 00 3 198 B R) L i 3t s 1 0 35 5
WOIRT m . 8=, DMERFSEH RA] ERP 4645 %
ZEF IS5 0T IHASO0E, T 5 40 W A TH A9 0 98 L
TE T T S T R 2 5 | R T TE Y I (Allan. &
Rugg, 1997; Inaba, Nomura, & Ohira, 2005; Johnson,
1995; Kim, 2011), X5 AL IH AL 1945 R0

SR, ICACWF 5T P il 22 05 5 i 45 R B = —
Hobe i, AARCIZBONPT I, IRALT A bR
[E) PR AR AU 2 S i A A SR M AN e —, AT BESE T
fMRI 155 B[R] 73 BE A B | i A 55 A TR 0
PR 43 A7 Bl DX RO AT PR [) S 8, D540, Bl HLAR 5
TEZS ) Sr HER EAAAE W W 25 3, ARECNT , MESL
BB AR TR iR, FHA
B e I 23 3 PR AR B R B A TR P AR
(Granholm & Steinhauer, 2004), 5 4 {# F ) i
P2 A e AR AR B . BRI, SR FH i AL
KAMERIEIZ I T A 1 bs 18 iR FEAT A AE LA T 1
Z ),

6.1 FEFLIBFRMERMITE AR KRIEKR—H
i FL /IS BE A HUIN T3k B 19 47 AN i AR Ak,
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LA b (Jutras, Fries, & Buffalo, 2013),

A ff HR h 38 B e 2l B 2 R S R, X
FICIe bl 2 AR EXREE . KRR
AT LA Ti] s S 8 N0t v A0 LA 5 R v A B R IR 3B
BE(ES, flhn, 454 EEG LG BE 5 AR X FI 4%
JCAC RN AN TH RN 563042 B4 4T HF 9% (Rugg
& Allan, 2000). A, YHETHFFEH ARZB ICIZ M
TR H A 7E AR ZhiB BE 8 bR, Q0 U A Je) A
B E AR A R Bk R i 2 A BEE bR A R A
BESIREZ, TFEERNFICZATS BT E
L AT

SE 0k

Allan, K., & Rugg, M. D. (1997). An event-related potential
study of explicit memory on tests of cued recall and
recognition. Neuropsychologia, 35(4), 387-397.

Appen, R. E. (1993). Archives of Ophthalmology. In I. E.
Loewenfeld (Ed.), The pupil: Anatomy, physiology and
clinical applications: Vol. 1517. (pp. 11-27). Detroit, Wayne
State University Press.

Ariel, R., & Castel, A. D. (2014). Eyes wide open: Enhanced
pupil dilation when selectively studying important
information. Experimental Brain Research, 232(1), 337-344.

Bayer, M., Sommer, W., & Schacht, A. (2011). Emotional

words impact the mind but not the body: Evidence from



3

T A gL ATz i T B A s 423

pupillary responses. Psychophysiology, 48(11), 1554—1562.

Beatty, J. 1982. Phasic not tonic pupillary responses vary
with auditory vigilance performance. Psychophysiology,
19, 167-172.

Beatty, J., & Lucero-Wagoner, B. (2012). The pupillary
system. In: J. T. Cacioppo, L. G. Tassinary, & G. G.
Bernston, (Eds.), Handbook of Psychophysiology, 2nd ed.
(pp. 142-162). New York, Cambridge University Press.

Bradley, M. M., & Lang, P. J. (2015). Memory, emotion, and
pupil  diameter:
Psychophysiology, 52(9), 1186-1193.

Cabeza, R., Ciaramelli, E., Olson, I. R., & Moscovitch, M.

(2008). The parietal cortex and recognition memory: An

Repetition  of natural  scenes.

attentional account. Nature Reviews Neuroscience, 9,
613-625.

Dobbins, 1., & Han, S. (2007). What constitutes a model of
item-based memory decisions? Psychology of Learning
and Motivation, 48, 95-144.

Einhduser, W., Koch, C., & Carter, O. L. (2010). Pupil
dilation betrays the timing of decisions. Frontiers in
Human Neuroscience, 4, 18-37.

Einhduser, W., Stout, J., Koch, C., & Carter, O. (2008). Pupil
dilation reflects perceptual selection and predicts
subsequent stability in perceptual rivalry. Proceedings of
the National Academy of Sciences of the United Sates of
America, 105(5), 1704-1709.

Ezzyat, Y., Kragel, J. E., Burke, J. F., Levy, D. F., Lyalenko, A.,
Wanda, P., ... Kahana, M. (2017). Direct brain stimulation
modulates encoding states and memory performance in
humans. Current Biology, 27(9), 1251-1258.

Friedman, D., Hakerem, G., Sutton, S., & Fleiss, J. L. (1973).
Effect of stimulus uncertainty on the pupillary dilation response
and the vertex evoked potential. Electroencephalography
& Clinical Neurophysiology, 34(5), 475-484.

Gardner, R. M., Beltramo, J. S., & Krkinsky, R. (1975).
Pupillary changes during encoding, storage, and retrieval
of information. Perceptual and Motor Skills, 41(3), 951-955.

Goldinger, S. D., & Papesh, M. H. (2012). Pupil dilation
reflects the creation and retrieval of memories. Current
Directions in Psychological Science, 21(2), 90-95.

Granholm, E., & Steinhauer, S. R. (2004). Pupillometric
measures of cognitive and emotional processes. International
Journal of Psychophysiology, 52(1), 1-6.

Hess, E. H., & Polt, J. M. (1960). Pupil size as related to
interest value of visual stimuli. Science, 132(3423), 349-350.

Hillyard, S., Squires, K., Bauer, J., & Lindsay, P. (1971).
Evoked potential correlates of auditory signal detection.
Science, 172(3990), 1357-1360.

Inaba, M., Nomura, M., & Ohira, H. (2005). Neural evidence

of effects of emotional valence on word recognition.

International Journal of Psychophysiology, 57(3), 165—
173.

Jaeger, A., Cox, J. C., & Dobbins, I. G. (2012). Recognition
confidence under violated and confirmed memory
expectations. Journal of Experimental Psychology: General,
141(2), 282-301.

Janisse, M. P. (1977). Pupillometry: The psychology of the
pupillary response. London, UK: Wiley.

Johnson, R. (1995). Event-related potential insights into the
neurobiology of memory systems. In J. C. Baron & J.
Grafman (Eds.), The handbook of neuropsychology, 10.
(pp. 135-164). Amsterdam: Elsevier.

Joshi, S., Li, Y., Kalwani, R. M., & Gold, J. 1. (2016).
Relationships between pupil diameter and neuronal
activity in the locus coeruleus, colliculi, and cingulate
cortex. Neuron, 89(1), 221-234.

Just, M. A., & Carpenter, P. A. (1993). The intensity
dimension of thought: Pupillometric indices of sentence
processing. Canadian Journal of Experimental Psychology,
47(2), 310-339.

Jutras, M. J., Fries, P., & Buffalo, E. A. (2013). Oscillatory
activity in the monkey hippocampus during visual
exploration and memory formation. Proceedings of the
National Academy of Sciences, 110(32), 13144-13149.

Kagan, J., & Lewis, M. (1965). Studies of attention in the
human infant. Merrill-Palmer Quarterly of Behavior and
Development, 11(2), 95-127.

Kahana, M. J. (2006). The cognitive correlates of human
brain oscillations. Journal of Neuroscience the Official
Journal of the Society for Neuroscience, 26(6), 1669-1672.

Kahneman, D., & Beatty, J. (1966). Pupil diameter and load
on memory. Science, 154(3756), 1583-1585.

Karatekin, C. (2004). Development of attentional allocation
in the dual task paradigm. International Journal of
Psychophysiology, 52(1), 7-21.

Kim, H. (2011). Neural activity that predicts subsequent
memory and forgetting: A meta-analysis of 74 fMRI
studies. Neurolmage, 54(3), 2446-2461.

Kristjansson, S. D. (2009). Detecting phasic lapses in
alertness using pupillometric measures. Applied Ergonomics,
40(6), 978-986.

Kucewicz, M. T., Dolezal, J., Kremen, V., Berry, B. M.,
Miller, L. R., Magee, A. L., ... Worrell, G. (2018). Pupil
size reflects successful encoding and recall of memory in
humans. Scientific Reports, 8(1), 4949.

Lacey, J. 1. (1959). Psychophysiological approaches to the
evaluation of psychotherapeutic process and outcome. In E.
A. Rubinstein & M. B. Parloff (Eds.), Research in
psychotherapy (pp. 160-208). American Psychological
Association. https://doi.org/10.1037/10036-010



424 DN = = S i S

%28 %

Leonard, T. K., & Hoffman, K. L. (2017). Sharp-wave
ripples in primates are enhanced near remembered visual
objects. Current Biology, 27(2), 257-262.

Loewenfeld, 1. E. (1999). The pupil: Anatomy, physiology,
and clinical applications. Detroit: Iowa State University
Press, Ames/ Wayne State University Press.

Mccormick, D. A. (1989). Cholinergic and noradrenergic
modulation of thalamocortical processing. Trends in
Neurosciences, 12(6), 215-221.

Mill, R. D., O’Connor, A. R., & Dobbins, I. G. (2016). Pupil
dilation during recognition memory: Isolating unexpected
recognition from judgment uncertainty. Cognition, 154,
81-94.

Montefinese, M., Ambrosini, E., Fairfield, B., &
Mammarella, N. (2013). The ‘subjective’ pupil old/new
effect: Is the truth plain to see? International Journal of
Psychophysiology, 89(1), 48-56.

Montefinese, M., Vinson, D., & Ambrosini, E. (2018).
Recognition memory and featural similarity between concepts:
The pupil’s point of view. Biological Psychology, 135,
159-169.

Miiller, H. J., & Rabbitt, P. M. (1989). Reflexive and voluntary
orienting of visual attention: Time course of activation and
resistance to interruption. Journal of Experimental Psychology:
Human Perception and Performance, 15(2), 315-330.

Nelson, T. O. (1990) Metamemory: A Theoretical Framework
and New Findings. Psychology of Learning and Motivation -
Advances in Research and Theory, 26, 125-173.

Netser, S., Ohayon, S., & Gutfreund, Y. (2010). Multiple
manifestations of microstimulation in the optic tectum:
Eye movements, pupil dilations, and sensory priming.
Journal of Neurophysiology, 104(1), 108—118.

O’Connor, A. R., Han, S., & Dobbins, I. G. (2010). The
inferior parietal lobule and recognition memory: Expectancy
violation or successful retrieval? The Journal of Neuroscience,
30(8), 2924-2934.

Otero, S. C., Weekes, B. S., & Hutton, S. B. (2011). Pupil
size changes during recognition memory. Psychophysiology,
48(10), 1346-1353.

Papesh, M., & Goldinger, S. (2015) Pupillometry and
memory: External signals of metacognitive control. In G.
Gendolla, M. Tops, & S. Koole (Eds.), Handbook of
biobehavioral approaches to self-regulation (pp. 125-139).
New York, the United States: Springer.

Papesh, M. H., Goldinger, S. D., & Hout, M. C. (2012).
Memory strength and specificity revealed by pupillometry.
International Journal of Psychophysiology, 83(1), 56—64.

Ratcliff, R., & Murdock, B. B. (1976). Retrieval processes in
recognition memory. Psychological Review, 83(3), 190-214.

Reimer, J., Froudarakis, E., Cadwell, C., Yatsenko, D.,

Denfield, G., & Tolias, A. (2014). Pupil fluctuations track
fast switching of cortical states during quiet wakefulness.
Neuron, 84(2), 355-362.

Reimer, J., Mcginley, M. J., Liu, Y., Rodenkirch, C., Wang,
Q., Mccormick, D. A., & Tolias, A. (2016). Pupil fluctuations
track rapid changes in adrenergic and cholinergic activity
in cortex. Nature Communications, 7, 13289.

Rugg, M. D., & Allan, K. (2000). Event-related potential
studies of memory. In E. Tulving & F. I. M. Craik (Eds.),
The Oxford handbook of memory (pp. 521-537). New
York, NY: Oxford University Press.

Sanquist, T., Rohrbaugh, J., Syndulko, K., & Lindsley, D. (1980).
Electrocortical signs of levels of processing: Perceptual
analysis and recognition memory. Psychophysiology, 17(6),
568-576.

Starc, M., Anticevic, A., & Repovs, G. (2017). Fine-grained
versus categorical: Pupil size differentiates between strategies
for spatial working memory performance. Psychophysiol ogy,
54(5), 724-735.

Steiner, G. Z., & Barry, R. J. (2011). Pupillary responses and
event-related potentials as indices of the orienting reflex.
Psychophysiology, 48(12), 1648—1655.

Unsworth, N., & Robison, M. K. (2016). Pupillary correlates
of lapses of sustained attention. Cognitive, Affective, &
Behavioral Neuroscience, 16(4), 601-615.

van Steenbergen, H., & Band, G. (2013). Pupil dilation in the
Simon task as a marker of conflict processing. Frontiersin
Human Neuroscience, 7, 215-223.

Vogelsang, D. A., Bonnici, H. M., Bergstr M, Z. M., Ranganath,
C., & Simons, J. S. (2016). Goal-directed mechanisms that
constrain retrieval predict subsequent memory for new
“foil” information. Neuropsychologia, 89, 356-363.

Vo, M L., Jacobs, A. M., Kuchinke, L., Hofmann, M., Conrad,
M., Schacht, A., & Hutzler, F. (2010). The coupling of
emotion and cognition in the eye: Introducing the pupil
old/new effect. Psychophysiology, 45(1), 130-140.

Wang, C. A., Boehnke, S. E., Itti, L., & Munoz, D. P. (2014).
Transient pupil response is modulated by contrast-based
saliency. Journal of Neuroscience, 34(2), 408-417.

Wel, P. V. D., & Steenbergen, H. V. (2018). Pupil dilation as
an index of effort in cognitive control tasks: A review.
Psychonomic Bulletin & Review, 25(6), 2005-2015.

Whittlesea, B. W. A., & Williams, L. D. (1998). Why do
strangers feel familiar, but friends don’t? A discrepancy-
attribution account of feelings of familiarity. Acta
Psychologica, 98(2-3), 141-165.

Whittlesea, B. W. A., & Williams, L. D. (2001). The
discrepancy-attribution hypothesis: I. The heuristic basis of
feelings and familiarity. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 27(1), 3—13.



3 T A WAL TR B A Y bRie A 425

Pupil size as a biomarker of memory processing
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Abstract: Pupils were found to exhibit consistent changing patterns in the same processing stage of
different memory tasks, and the changes in pupil size reflect the activation state of the nervous system
during information processing. During the pre-coding phase before the stimulus is presented, pupils contract
as the individual's endogenous attention level increases. In the information encoding stage, the degree of
pupil dilation is used as a bio-marker of the subsequent memory effect, which can predict the memory
performance of the future information retrieval stage. In the retrieval phase, when the free recall task is used,
pupils contract rapidly with the release of memory load, but the report of each item will cause a small pupil
dilation; In the recognition task, pupil dilation is more pronounced when old stimulus is presented than that
with new stimulus, producing pupil old/ new effect. Pupil size is a sensitive and stable bio-marker in
memory processing. Pupil tracking measurement is an effective approach to explore the physiological
mechanism of memory processing. In the future research, pupil tracking along with multiple research
methods should be used to further explore the physiological mechanism of memory.

Key words: pupil; memory; subsequent memory effect; pupil old/ new effect; eye tracking





