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i E ARSI, WSS EDE ARG ™ A s R a0 R A I T VR I S A B
GIE S, FERBCFIN AT LA X7 A R S T B, T R g A SRR A —— DL S a2 >

W2 773, ATARAHU T A T 3o AR BN, 45 s e A3 i S A B R T 5 DU U R ) T S A A 3
AT S = A EEE T RAED TP SRR, SR AR BA A RIS R
BORON), i B2 SE I B R S AR B AR A DU R A R T CIY S AU o ARSI BE 1 X
DUFRBI R AR RO UGR, Sy U a9 A U e e B R SR 4t 1

KR FHEFRR, a, i, Peag U
5SS Bs42

1 HiE

DU A ] s R R A E B e 35,
2 W] A8 B M A, HE I 57 3% B (Orthographic
regularities) 5 52 2 (BR K2R, 1983) . AR 21T B il
I FHUNEAR T LA, FERNFRHAERZ
A AR A S, S L AR TR R BLOR Pk A e 4
45 2018; Krizhevsky et al., 2012), $Kifii, 371 ]
HEAERFALGIUNT 5T RS . I
ESEN T E5RFHIPLER, R . T4
SRR BITHYRAE ST AL, A HE A IS E L
FIR; FAMEE I 25, 2016; Li et al., 2020; Zhang
et al., 2020),

FE AR T R 3 SO A8 A B A A o R B S
(Analysis-by-synthesis process)i\fy, A A FULHR 2
P 2 R SR g AR A I R A S ) b B SR T 7 A 1Y
SIS R e — IR S R o TR X — it 45
W, NP R GE 2 H R DI a8 i O =X
PG AT =4k f¥) (Grenander, 1976; Yuille & Kersten,
2006). Biltm, AATRESEIR LS A bR G AT R

W F 3B): 2022-01-14

T — ORI L T, AL R G20 g
PAT T 2RI R DU 2 A4 R E
T A ZE 1 A S A RN A S A i A O,
PUF PN AT GRS AR 4l e 3 — i A R 45 2R, 3 )
R ILAT SIS PSR, I A 5 A vl he
FH IR DR R A N o 3207 A 2R A SR A b SRR
TRENET N2 i B2 U4 19 52 FF(Gershman et al.,
2012; Kok et al., 2013; Laeng et al., 2014), AJ UL, 40
BB FRGE— DA, B4 e LR %
DUF S e] 7= A= 1

DUF I N 3 2 IROC R I 45 BT TE IE 9%
oS AR . DU EARL R 2 D50
R R )RR, BN RSB AR (Huang &
Wang, 1992). &A1 A4 AH EL A AR (2 45
B, KA, 1997). Z2RZEEALA(Taft & Zhu,
1997) A% AT EL (WAL B, BAEE, 2004),
R SAAE fr 225, (HEMRE T —3 WA,
B2 1 2 I A RN U Y e /NG . AR TR
A S AR 2 DU A R i HE R, I A BR A A
] R AE 7 Y S DU U B T

* R HARBL R A RIH (32071044 31871096) 1 H g i 1 S ARl 55 2% & I 4% 4x %E B1(2021FZZX001-06)
WAE1EE: JH5 WL, E-mail: jifanzhou@zju.edu.cn; A% T, E-mail: mwshen@zju.edu.cn



1904 N H

L

55 %

AR B TR DU B /N BRI Y L B IR A
G5 S RV & DR gy AN =3 1155 § IV s = T vk
YUBUN; o 58 I EU800 2 e A AR 2 i D0 T A
MEo WEFE I, OIS | B 2 1 & IR T
FAE TR Z A E] (GRat [, Y, 1992), [RIATIERGHR
FUHEA S EARCBIR A, w1, 1982); HIWr—41%
(TP o i o o I e AT E R i S 07 P Y (A R 2
S (P HHE 45, 2008), LiRBFIRHE AN, BFEA
THEER L, TFEN TR EREREE, X
R WD FFIE NN T B/ NRIT . AL S
EEMUAN [] F) 24 1o 7 2R = 1Rl v B AR ] A
GERIR, 25 W 1 S I LA I b R SR R L,
AP R TR R (EE A 4, 2013); DA%
A T ) 28 W A B SRRk, B B IS s Y 42 i o
A BT IUFfr 4 (Giovanni, 1994), X sbgh B 37 4%
28 S TR o R Y SRR BT, A T i 37 2 B
BRI S AR BT A S R T, AR R
M, FBRAA A B 2 A T R R
PEAE B TR K (Yu et al., 2018), & BAH1 52 4225 IH
FI S AR R B RS AR, H U S8 T8 22 0 (G R
K AF, 2002), LI BRI FFEEE & THRERW
AR E I,

FE AR 2 I S U7 72 A FR B A o, B4 T fiit
28 1 TR ML, T R B A L TR S e R 1 i
FFER . SR E T A DL S i 28 1 ZRAE 7 A= LI Y
AHSGIESE . BB A Brt, WA — DY
SRRSO B A S S T AR AT B 1 S A 2 B
Pt R, XL S B E A, EAI
JiT 7 A B 3 HE B A8 UK R B A 0 o A BSR4,
AR EIL B I, R Ry K T — A
s, PO R EX A S R SR RS
PRI — A3 EN DT e o Bian, il e g i K
F—AN T SR B« T 5, 38 ] BEAEAZE P 43 F1 7
80 CREYTET RN CRIRE; PSR R — I 4
AT UL s BRI A P AV A 2 T 2H 5 AT LA T 0 A
W R R — SRR Bk T A X T n AN S AR
M, A W A ES A A M), NS
DI, A (n)2x Bl RS s AR 19 28 I BGR S I K . [\
B, XFE&AE mA T ENNE, G5B FENBTEE
A A A(m), DA ()t 2 & A5 (1T

MR WA, FEHERASGHESE ., BEER

U SER AR, FEREmALRR, MELGE S bR
S B L 7 SR

PR T BB BT SUTCAR BB, (5 TE A TR 1 2 1 ) wfE
JEE— R .

X RSR A s Tl ik KAy Ia) @, 1A R
RELA DL et S0 i L 1 O R R O A R SR i
Jik . Science 1T 2015 4F 12 H i SCH A4
T T A I Y DL ST R4 27 2] (Bayesian
Program Learning, BPLYELHL, Y FAF AR I E—
AN FE T A AUBE A Y S ) HE B o ## (Lake et al,
2015), A ARAETE, 4 HbnZE i y AT T
NRIAE i X SRR, R p = (XY = y)
(Meila, 2006), H&T77 A= Y Sz ) 4R U] AR A L
A XoR A B i Y it AR, A 80 Biw v
Yorroee Yo, QSR ER AR Y y, 7724 X HERE 5
THAEBR, BIATCH Y A vl GeH y, 74, WIEK
57 Bin B s Ui, hw ey A Al —
BPL BAAF, SO F5 745 it 2 T DIRESS 4R
Se TR rh SR BT A, M2 BT A ml BE P AR T
MUWFEEITCERM TR A G X PR IEEITM C
RIS E AR, R AT A R R
J K i A FAF 0 7 A O SCORUECHE JE b R R A Y
7T AT AR RURE LA, DA AR RS A
AR E AR B T 5 F Rk, ERAITEA
TFAFE BRSBTS ik 8] T ANZEKF iR 51 5t
% (Lake et al, 2015),

& be DU SRR 2 S B 3 i 7 A U]
B P DT AR A A Y 30 HE B (Yuille & Kersten,
2006), PUF(ART B AE R AT DA A e
FE ST EEAR WA S, B 2, I
WA s 1 2E WA A AR, 2 BRSO DU A s )
PrERENTHE ok, Wity g, a4
PO N2 AR R B, ROEZ AT B 5t M
PO AT B TG, Jedt T2 Besg s P LR
ML BENCE A R A S E A T 5
PR T 285 T S 0 AR A 0 o FE P R R AL
%, MIARAS 5 A 1977 42 77 X (Gershman et al.,
2012), HKEHOAZHFEAFERI R =4 X5 2 5
FEARBLESF, DU Redin A0 S SR S, DI 8 B
FI AR TNE, #ie LRSI 24
MR R RIRE: & TP R ik,
SR PATHRAR A A, DT3RS B A AT BE = A Y
A AT G %, ZJR VB K EHC T2

? BPL AN IR AR & TS, — AT R ICAE 7 5
AR AR, T REEMRETH S SRR (BY
M3 EE A IR
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R—ng SE W T S TE TS AR B4R 1905

PEr= 0 S Z AR B =, T 52 R

BEAk, 7 AR R B Y 56 50 I T RSk IR T
AP ERE ., KEMREY], B5RRMEHTFH
BURNR A B2 R EE 4%, 2019): — 51, B5 3
AE T L0 58 D0 1 9 40 O B L 2 ) R AR, DA &
. . Xk, R R I SR IL 2B
B (Tan et al., 2005); 75— J71H, FEESCFETHAA
XA 2 25 Rz sh AR, RBIE FE LK
SCTFAH T 0 7 43 5 | R IR GG I Bl R 2 I SR K
i (Cao et al., 2013), Z& G774 X HR AL ML F A
B, FEFHE, vTREIE &5 T et
AT eSS, AmNFERE MM E LT
(W25 T iz B 22 2R R, DL A s AR 4
W5 1328 A SR A IE B I P R AR R R

BB A LA bR BRI, AT 50 i)
I AR R B DL BRI (1) A BCR RN . AT
B SR — DU P A 1 28 R X B
X A B A TR AR A 2 R AR AT, B
A AR Z, HAEMARE T 585 T, WIAE DL
(i PuR s R N N SN 0 N N £ | K IR 2 A
AL HAT RS . ()9 s BERN . X Tk
S 2 S S A N, FR T B O v A Y A T S
[ BCA PER, R T i )i as ], U 25 AR
TG RER . Wk, 24 A AR
TR R ME B . AUl 552588, 4
SR BRI RN A5 2% BEAION i A5

2 SEER 1 W AR RN

ARSI ) H A TE TR0 S B, RIS
TR 2 I E B R B
21 #ik

SCH RS 26 WL R 2E22A4(10 53, 16 %),
AERETEE 17 2 26 ¥ (M=21.31 %, SD =243 %),
FI A B B Y S DUE B A R T o A sl
B IEAL IR
2.2 LIgit

SEER A 2 (G 2 AR ) <6 (2
BUEF[E]: 10 ms. 20 ms, 30 ms. 40 ms. 50 ms. 60 ms)
PR R A N iR 76 N FITEAE 6 AP AT H] T 4
A —R, B O SE i 456 MRk R
ST S8 BENL . AR BRI 55 1 TE i 252
SIS o 376 HCZ2 1 ) 38 S BT ] () S PR, L

AR, AT o s A I Y Tt AR S A —
B AR RS PR A R GOm Tad AR R AR

PO R GG T 99 S AT BT R i T U R G5 2k
FENLT A, ARG YRR BT A I, PO R A i 2
BRI . B, YO RGP T B —E N
TUREER 7 e eS8 P4 L R IAH RN . T8
AN B iff X5 1 ) B T) 8 1T, A ST R P ) 9 2 B
(B BUE 27 T 2R FAIOU & A6 325 0 AU 5 (TR A T,
RAFE, 1997; PR T 4%, 1998), PRIHEAFRILT
DUF I T AR A B FRG 405 B
2.3 It

Tl A pR 2B B B, T SO A T R AR
(4952 W) ] DA Sy L b R AR 3 ) U Bk L
] I A S 35 A P A A Ry S b e} oS24 h 2
B BERNIE SRS B B, 2> B BER I A 5 A
FLFEM S AR, IS5 i A 3 4 38 N L
TR 38 MERT . HP TN R 2 S R
S, ATE 19 MU 3 8] 6 A E TN, 5
T 19 08 24 S LT, 2
(M =3.95, D = 0.97) /D15 s ZH(M = 1.32, SD = 0.58)
R RE S B, df = 1, p< 0.001, %> =29.04, P
ZH AR 2 1 BSOR SFARAH DE i 22715 f A5
HIGEHE 13 ANVUZE T 6 A TLEEM T, 18 i s
155 38 WAL T 10 LT N 28 B 48 22 (http:/lingua.mtsu.
edu/chinesecomputing/)ifi i& £ 717 15 41 A9 T 0070 &
2217~755256 WK, FH1h 44856 Ll 10 MK
XPEL), AT A R A 312~2237915 ¥k, N
4.94 (AR LA 10 AR FIRTE0) o 1B Pl L2 28 il AR
P E R Ak, WARE T S A
WiZH, HiE 1940 3 8] 6 M S R FLLE, JaH
B 19 A4~ 0 2] 2 A0 SR, 20 AWM =
3.58, SD = 0.90) 5 /b7 S5 4(M = 1.26, SD = 0.65)[1Y
WEWMEFEE, df=1,p<0.001, x> =29.44, Jyiz
FHERB MR, HARF AR L 5 R 2
P, fdi 1] Photoshop CC 2018 ¥ it A ELAR F il {FE A
150 B R/ A, iCE T 130 R EMRA
EF TG o AR S 1) FLAR A DL 1,
24 EWEBRIRIE

SCEG AR R Psychtoolbox Zm'5, EHLT 17
If CRT B b, s HFREE R 1024 x 768, WIHTHEH
100 Hz, SE5643 0 Tl 45 52 46 A E 2 SE 50 A B B .
FETA S S By By, 333 2 s 5 5 0 1) Bl i 1 A
SEU R AT 55 o Pl e S g R 5 IE S g — 2L
mE 2 iR, R IETT 20 MR I 252 DL

C Ol T R ECR IR IESS 435, #CR ] Mann-Whitney U £35%
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500ms 500ms 10/20/30 200ms #HEFfEyj 2
40/50/60 ms

K2 S 1 RIS R K

LI RE . SEd e e R R e R N
M, R E BT . R TR T
WA BT, RS IMDAAER . FEROH s, 2K
B SR S b ) BT I A ) R R L I
B, JF4% T AN 4
25 XWHER

AR S P R A v O T Y
NAG ], PR RO B A IR R, DL E A
TE AR R AR BRI A SO I I LA 3 AT o AS SCIT A
SEEHRAS B Fy R Fy A iR R T R B T H Y
VA ixt
251 EmMX

IEf R BEAR T IE R 63%, PRifEZEN 29%.
TE i 2% Bl 5 B[R] (A8 A S an 1] 3a FR . #HE
W& 77 2200 R B, W R R ERON B, Ry (1,
25) = 9.65, p = 0.005, 3 = 0.28, ZZ5K) 95% CI =
[-5%, —1%]; F» (1, 18) = 4.56, p = 0.047, n; = 0.20,

S 95% CI = [—5%, —1%], £ 57 HIER%R

(M = 57%, SD = 35%) % & fm T/ 75 S F(M = 55%,
D =34%). KR IR EROV 53, F (1, 25) =
113.29, p < 0.001, 03 = 0.82; F, (3.37, 60.70) =
501.33, p < 0.001, n3 = 0.97, FfiSEERAIHEE, 1E
2 0

I T4 0 2 B B PR 2 TR) 32 BOAE R 2%
3 F) (5, 125)=1.998, p=0.083, 1> = 0.07; F, (5,

>l TFHGRTE 40 ms K A B B TR J5 B A s AR
J) Wt (IE B 2R 78 T REHLKOE 50%), WSz 20T 7 40 2 60 ms 1Y
Kk, MNERZEERN: Fi (2, 50) =472, p=0.013, n} =

90) = 1.12, p = 0.355, #F—L0Hrk: Yl
BRETEIY 40 ms B, PLAE TP EAM = 71%,
D = 21%) 5N T IEMF B E KT EFE LT M
(M =78%, SD = 21%) 41, t (25) = —-3.51, p= 0.002,
Cohen’s d = 0.69, ZZF1) 95% CI = [-11%, —3%].
FEZ LR EH 50 ms 451, D15 SF(M = 85%,
SD = 16%) 5 £ 5 F(M = 88%, SD = 16%)WIE1E
H 2SR, t (25) = —2.17, p = 0.040, Cohen’s d =
0.41, 251 95% CI = [-7%, 0%].
252 &RzAt

SN I () B RS- 4 2 908 ms, R ifE 25
218 ms. AN[A] I ] 554 (9 S B B DL [T 3b., B
SN FR Ty 25 A T A B, T R Y RO A
Fi (1, 25) = 0.19, p = 0.663; F, (1, 18) = 0.08, p =
0.785 . HIFEE BRASHA] A9 F2 3500 250, F) (1.64, 40.97) =
7.55, p = 0.003, 03 = 0.23; F, (5, 90) = 4.01, p =
0.003, Pifi et LA 3G, S0 A dnd 2 020 o

ST 0 o b K B 2R ) 22 BVR
F\ (3.75, 93.66) = 3.52, p = 0.012, 0} = 0.12; F, (5,
90) = 0.74, p = 0.599, #t—L T kM il
BRI E] A 40 ms B, B A7E B 75 (M = 876 ms,
SD = 160 ms)ZPF T (14 S0 I i 3 1 T B 22790 a8
(M = 806 ms, SD = 144 ms)5fF, t(25) = 3.67, p =
0.001, Cohen’s d = 0.73, 255 95% CI = [31 ms,
110 ms], 7ELPRFEIL 50 ms HISMETR, 1 A7
(M= 841 ms, SD = 138 ms) 5L 5 F(M = 787 ms,
D = 135 ms)WAFFESEBRUN 25, 1(25) = 2.36, p=0.026,
Cohen’s d=0.61, 2517 95% CI =[5 ms, 105 ms].
2.6 itig

ENSMERE I v A D = S R 1T
PeHi, I A T v 1Y TEAff 258 R0 T Y S B o IR
R FE B S BRAS (8] 24 40 ms A1 50 ms A g 2, 2400
PR B[R]0 F 30 ms B, S BCE IR LA
BN o I FSP A 0T B 1 ST T T ff 2R AR T BT AK
S, U I A A ] T AR TC R BN AR S I A <Al
ORI o SRR BRI EA 2 60 ms B, B AT
DX B A T A3 FRAE, MG I A 5 R S I Y
FAIE NI

zE ERTR, FERLHE 2 G0 BE 78 0 BRI A B 4y o5
fEERRE S, AR, a4
Bl BBEEE, T RG] LR AR A 80

0.16; F (2, 36) = 2.48, p = 0.098, n% = 0.12.,
& AR FA AN £ Mauchly BRIE ARG 56 (1) 8 52 48 5 22 70 M &%
SR 1% H Greenhouse-Geisser J7 4% 1F o
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100% ~ * 1100 -
| @ Hk _b
80% - - 1000
s 6% & 0o}
& E L
= 400 | 5
0% X 800
20% 700 -
L - DY EEFA | e A EEFYH
0% Il 1 1 Il J 600 L L | L ,

10 20 30 40 50 60
B E] (ms)

10 20 30 40 50 60
L P [E] (ms)

B3 (a) IE A 25 2 BB ) 2 Ak g R 35 T () s g i i 522 300 B[] 2 A 1 s 5 %]
o RELM R IR, * p<0.05, ** p<0.01

B, 5 T BT OIS, i, AR
UE T BB 5 e B A DL i S8 7 A s 28 B
RO 4 SRR AR

30 SEER 20 RN

PO 22 B ) 5 5 7E A T 3 2 ) AR v e 4R L T
wE R,
3.1 #ik

29 (EHIT R 2R A (10 5, 19 702 51ERE R,
ERRTERE 18 & 26 (M =21.14, SD = 2.18), FFA
WA — 18 = oA DUE, M eE S IE IR .
3.2 EWigit

SRR 2 (HE i S AT ORI o AT B ) X
2 (MRS 1 WA AR 5 ) x4 (EIUATE:
60 ms, 70 ms, 80 ms. 90 ms)= [ EHIAN I,
160 HIFEAE 4 Fh 2 BRI T 20 5 B—k, A
BRI 58 B 640 IR AN 2 BT 58 4B AIL o
PRI 725 8 A = 4 AT 55 1 T 53 R S I B
3.3 I

Sy it — 2L BN AR R VR, AR
B BT S 55 1 B AR A A S R, A
PR FRAS R AT DAy — AR, s fGE st T
PLAROE 9 A ZE 1 AE, R R A LA A R g
TR SE A N SR B BERNE USRI B, Sk
T B B RO 5 AR S M, IEUSEER Y
S A FH 55 ARG 80 A~ LT A 80 MR T o

FH T 2 U AN ] ) 28 T 7 R R ) B
A YA FE (Giovanni, 1994; EEF] 4, 2013), #E
T A RIS B AT S s R B B, AT RE S A2
SRS A BN, BT, D, AR SE e A4
5 A5 A R B T 0 UE T A R AR RN o Y A5

JF Ry — AN DL 4 JE bR o ZE 5 55 B s ARk ™ A
I

FE SCTT S B2 4 B DR 2 a5 R R T A
ARSI, H A S T Y T B O R B A
BanF R S R3S . A 3 Bk 4 AN TR LY
WS FRON R 2T, e R R B, R
G ST S W 0 S S R S I R S W R 5
ML 20 A5 1 s R T ELYY A5 (M = 2.00, SD =
0)HIE 1 19 U 2475 1i(M = 3.60, SD = 0.50) 1) K.
5, BIRFEPE LWANEREEREE df=1,p<
0.001, %> = 34.82; 20 M55 5 W AR R MM =
2.00, SD = 0)F120 ™27 5 5 s J2E 441 s(M = 3.45,
D = 05HMEF, Ky mEREERbEE, df =
1, p<0.001, x> =34.71), AR ILFIE 15555
S 8, Doy BRI s s . 4l
X FLFA AR 4 28, BRI G R A B R
— AR A, L AN B A
FLF A RTFAAE B B T T
RUFNSE00 LB AVCEL (L2 1), 2 B RS
FEHFR, AL Fr il R E 4 PR
34 LWEBERRIE

SCEREE S 1 A TSR 1 Pl R
PLBST [E] 35 5] 40 ms B 1 5 B0 A2 0 il ) W = A
S, Jf HASSCI A BHR T o B 28 Gk, B
I R PRI P 60 ms & 90 ms, FiAB A
Harg 1 —3.

R1 W 2PN EMHEME
A 1 EESR SR AR S SR

B I 10.85 10.70 10.25 10.30
FA(1g) 4.16 435 4.19 431
AR 2.45 2.65 2.55 2.45
Rt 5.75 5.75 5.80 6.00
HFLEH B 6 A F NIRRT 14 DN LS A T
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L

HER AT ELAEE 11 A

R

BEERMEIT R BEAENESTR  BEERNEST A

B

h=i

v+ [l

K4 S50 2 msesa s pbn

35 LIHHER

ARSI R L F A I IERR R, DL R N IER
TR AR 13K 1 SR B A 43 #T o
351 IEmMX

IE R A AR TR N 79%, FrifEZE R 21%.
SR TR 1RSS5 1 A, SFERIBIE S5 IR R b
SEPUAE] AAR T AN R 5 TR . AN O 250
Mrok B, TS24 0 B, Fy (1, 28) = 6.93,
p=0.014, n; = 0.20, ZZ5HJ 95% CI = [-4%, —1%];
F, (1,19)=0.73, p=0.404, 35 5 2% 77 5 1 IE# %
(M = 81%, SD = 21%) &k % T #5551 B9 S A0 IE
T 3%(M = 83%, SD = 22%) ., 5 F A 6] %) 3235007 1 3,
F) (2.22, 62.14) = 8.06, p = 0.001, n3 = 0.22; F, (3, 57) =
7.69, p < 0.001, n°, = 0.29, B BAFEIHE, 6
I R U Y RN AR B, (1, 28) =
1.74, p=0.197; F, (1, 19) = 0.32, p = 0.580.

100%r A ot
oo, e SAWA

J&ﬂ' L
= 80% |
e L

70% |

60%

100%B - -
90%

Ly

&= 80%

70%
60%

60 70 80 90
ELH (6] (ms)

Bl 5 (AEZEEE 1Y A5 IE 30 3R B 52 B0 ) 1) A8 Ak 1) e 3
B, (BYHERGEE 5 17 5 B 1E A SR i 42 e (] A b 1Y)
JEE]

e RELMAFRER, ** p<0.01, *** p<0.001,

TORSES I H AT AR B, ATRESR i T A S A 2
B, R SR ERAETCER . S 3 X BRI FE ML S,
MEENT Fp LY RFLES

52 2% FE RN SUE Z Rl 38 BEAE R 2, Fy (1,
28) = 11.56, p=0.002, n3 = 0.29; F, (1, 19) = 2.49, p
=0.131, HRWMZEAEMNARE: A mEm
IR Z B 22 BAE R, Fyo(2.29, 64.18) = 1.34, p =
0.266; F> (3,57)=1.32, p=0.277, 1 I Fi 2 80
A Z B 22 HEAEH, Fy (3, 84) = 0.16, p = 0.926;
F,(3,57)=0.10, p=0.961, =K K Z[H 3 HAEH,
Fi (3, 84) = 0.93, p = 0.430; F, (3, 57) = 0.57, p =
0.636.

AT ERARN, S Hr 2R W, X TGRS 5 Aok,
S E T E I IERRM = 79%, SD = 18%) i &1k
THERS BT S(M = 84%, SD = 21%), t (116) =
—5.22, p < 0.001, Cohen’s d = 0.48, 251 95% CI =
[=7%, —3%]o XTFIMUFE 1101 8, MR 421 S
HIIE (M =83%, SD = 19%) S5 A A4 5 (M =
82%, SD = 19%) L EFZER, t (116) = 0.57, p =
0.572.
352 &RzAt

JNES SRS A 929 ms, ARifEZE A 210 ms,
3 0448 T AN (RIS B A A s R s LT 6, o A
ST ZE AT R IR, Y ST RN 2 B[R] 2 A 4 3 H
YER R, Fi (3, 84) = 4.14, p=0.009, n3 = 0.13; F,
(3,57)=0.16, p=0.020, 03 = 0.16, HAx ¥y 3 5% % A
LHAEMBIARE: WAERENERN, F (1,
28)=0.35, p=0.558; F, (1, 19)=0.33, p=0.575, &
LIS (| ) ERNE, Fy o (2.45, 68.56) = 2.27, p =
0.100; F, (3, 57) =2.70, p=0.054, 5 s ¥ 1y 4%
I, Fy(1,28)=0.34, p=0.566; F, (1, 19) = 0.08, p =
0.780, & Z4BE I i)y Z M A HEAEH, Fr (1,
28)=0.85, p=0.366; F, (1, 19)=0.16, p=0.693, &
Z% B R BT R) Z [ 22 BAE, Fy (3, 84) = 0.36,
p=0.786; F, (3, 57) = 0.52, p= 0.668., —[KZ [
A2 HAE, Fy (3, 84) =1.05, p=0.376; F, (3, 57) =
1.45,p=0.239,
3.6 itig

ARSI AP, A AR R LU TR BT O
PRI F= A TR, RIR A E AR AR, %300
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AL TR B S 2 ] P R A, S5 AR A
57 N2 TR, EZR R E
RPN S 31X 0 DU S 7= A XA R i T £
R AR BRI T R R

WA RN AR 1T s, AT REAE
TEPITT TR N — 2B BRI 55 1 iR AR
AR . BRI 1Rl R AL T E L, AR
HAZ RIS | A 7RSI H000 . SE AR X H A
AR, HARRE TR R R, M
AT SO R R B A R . TR A AR
T A T AT A B AR o T A ph A 1 S AT
By, FERE B —E R RTSE T, S T
A R DI e B D), A E S A S E
AN T I B DI NS B R, R VTR B 2B
AL, W IZIET S S R T
PRI R R

4 SCEe 30 U IR ERION Y FEAGL R

ARSI H B R — DRI U AR .
F 75 55 MY 55 48 G A U v i VR B e S
(Lee et al., 2006), H 15 i 774 77 T BE 2352 M 17 A5
SORFRRE, PROHAS S 30 g TR A R RS 7 A T X
FERWAS A AR B T ER
41 #Hik

26 PEWIT R 2R (10 5, 19 702 51ER R,
WAV 18 & 25 (M = 21.50, SD = 2.02), FFfi
P 1B TR DGE, W8 R IEMLI B

42 LIWigit

ST R 2 (A AR SURNHE 55 AT R )
x 2 (HEFEA 5 LR SR SRS LT ) x
2 (V7 5 PR A A ST PR A T A AR AR B EOR
i e A SR RN T, 240 A HIELTE
60 ms EHEAFE] T BB — ik, BRI 5E R
240 AR o LAY S BT 5¢ A REML . PRAR RS
TG 55 () TE A R0 BB
43 LIawR

ARSI DL PR SR 5 0 A R AR S
PR, SCE 5 Ry 2k > B B RNE U SE B B B, 25 By
BRI 5 DN ETFM 5 AMRT, TE RS2 53
534 120 A~ EF 120 MR

T B AR 21 i RS2 2. IESE
SRR & 120 AL RO 120 Bl . I
TR AT AT P 5 T 78 (FF & SE sk i A2
PTG HCRM D, BORRAD, 408 8 41, H4l
15 A~ BARHI . B4 B sy 8 4, R4
B R 6T 7 ) B i — SRR A, LR 4
RGPS T . 8 IV FAEE ML, T
WA, TR, TESR | TE R A A
SHEE R . 7 S5 AN R A 7R 55 48 A i DA DG i
(W32 2), EARTF IR 5 AR AR SC50 il
AR 7 iR o
44 LEEKERRIE

SCHORE E S S0 2 MRl TSR 2 il R
BRAHE) IA 3] 60 ms B E ] WA R4 55 2 4 Rk,
AL SHe A 512 56 v 30 38 P S I AT ) 247 °R 60 ms,  HiAth
M58 2 —5,
45 IR

AR BT B IER R, DL E TN IR
TR AR 13K 1 S5 1 B A 43 #T o
451 IEMWE

B B ARSI 72%, PREE N 18%. F
FUMAE S5 IE#f RN E 8 i Jr 2= BB, 5
2 2R FE I FRLN B3, Fy (1, 200) = 8.32, p = 0.004,
n2 = 0.04; F, (1, 112) = 5.69, p = 0.019, 03 = 0.05,
3 2 2 B IER R (M = 68%, SD = 19%) %
K48 55 7 BT A B IE AR (M = 76%, SD = 16%).
BROEZE AR ROV AN B, Fy (1, 200) = 0.01, p =
0.911; F, (1, 112) = 0.02, p= 0.902, T & /=4 )7 =
B =R A B3, Fy (1, 200)=1.70, p=0.193; F, (1,
112)=1.42, p=0.236,

ST AT B, AR AT 5 g =
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Ak CIP CJpP CIS CJS SIP SJp SIS SJS
FE P W A 11.27 11.47 11.27 10.80 11.67 11.47 11.00 11.73
TR (1) 2.77 2.93 2.76 2.69 2.81 2.68 2.86 2.92
¥ 55 2 I 4 4.87 4.60 4.60 4.73 4.60 4.13 4.13 4.57
JE 5202 (1g) 491 5.00 4.62 4.95 5.03 5.02 5.06 4.84
B4 5 () 2.38 2.44 2.37 2.09 2.28 2.18 2.32 2.13
75 55 2 W 4N 6.40 6.87 6.93 6.73 7.06 6.73 6.87 7.27
7 SR (1g) 4.90 4.66 5.03 4.93 4.67 4.84 4.93 4.85
7SR (1) 1.98 1.87 1.95 1.73 1.68 1.72 2.00 1.89
HE: CFIS 43 R <A 2T 5 AT BATY 5507, T AN T 49 ) e < i 2B Wi 58 )P A il s 28 A 32 7= 42, P RN S 43 B 7R “or 1 7% 55l
“hi FIHE,
EERZXEE EHE B A ZHEARZ XA EiE B
o _-_7& L < > -I;G -'; 97 S
il E
N lll_ R < e t".\ .é l\/Ai $__'__ P2 —
iH BB &R
Bl 7 S50 3 M ScEe i Rls =
100

go| WEZFH BEHIN

JP IS JS

FITT AR

B8 HIBIAL 55 Y I R
T RELANERIMER . 1P FIREW 38 X2 E RIS 15 51, 1S
FOREWAZ A I SN A, TP RN B EAHEE P AR I 5
F, 1S IR B AR A 0 55T R

eSS

HIAZ HAER S, Fi (1, 200) = 3.87, p = 0.050, n) =
0.02; F, (1, 112) = 1.96, p=0.165,n> = 0.02, Z 2 &
FER R Z M A EAEIA B3, Fr (1, 200) =
0.01, p=0.908; F, (1, 112) = 0.00, p = 1.000, #F
FERUVF S AT N2 S BEAE A B3, F (1,
200) = 0.08, p=0.092; F, (1, 112) = 1.42, p=0.236.
“HZEZ BN HEAE IR R, F (1, 200) = 3.24,
p=0.073; F, (1, 112) = 1.326, p= 0.252,
2T R, X T AR A 2 i AR T

$ M FAT R R 2 T R AL B ST R A, AR R AN S i )2
YOI R AL AL d 2 A, T REAT AR AR FE 09 5719 i AR T 5
AR AR B, B E TR RE R o BRIy TAR R T4k
PR/ P S 375

AT H I IETREM = 68%, SD = 18%) 3%
T HE 25 T BT (M = 80%, SD = 16%), t (102) =
—3.67, p < 0.001, Cohen’s d = 0.73, 251 95% CI =
[—19%, —6%] o XT T 28 1 28 Sy H 5 o5, 555 2 2
A IERREM = 69%, SD = 19%) 5 #E 25 & 2oy
FL(M =72%, SD = 16%)JC . & 25+, t (102) = —0.89,
p=0.378,

452 &NRT

BB AT E 1240 ms, FRifEZEH 386 ms.
TR TS5 Vst WL 9, T 2240 B oA e BRAT ] 3
RS ZRE, Fy (1, 200) = 0.17, p = 0.678; F,
(1, 112) = 0.93, p=0.338 #F KA F, (1, 112) =0.21,
p = 0.651; F, (1, 112) = 0.86, p = 0.357, 74
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PR, Fy (1, 200) = 0.40, p = 0.527; F, (1, 112) =
1.45,p=0.231),

A R BRATAR 28 FAFE 15 2 52 2% B R 1 2 1
Z s EAEAAS R, F (1, 200) = 0.01, p =
0.909; F, (1, 112) = 0.18, p= 0.676. 7 5 5 2% A Fl
F e R BEAEAA R, Fr (1, 200) = 0.06,
p=0.804; F, (1, 112) = 0.52, p= 0.474, B2 F17y
s T AR EAERAN B, Fy (1, 200) = 0.85,
p=0.356; F, (1, 112) =3.13, p=0.08, —[HZEZi]
122 HAEFHIRAS B35, Fy (1, 200) = 0.10, p = 0.751;
F, (1, 112)=0.75, p=0.390).
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46 1Tig
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() EE 2 A 58, S0 T s 35 1 SR A A AT A
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ARG, 88N — 05T AR S A AR o 0 DGR 5
Wi PR 25 1 o A2 A% MR S RURAEAE 38 HAE HH,
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TE 55 RIS 55 745 15 43 ) B R T R0 76 /i ML IS
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TS SR R TP VR P R B S A LI
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SRR R SR RIE 55 LA sZ A B B 225 5

S SI2 55 38 2k TR A S B, S — 25 U
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BT AR 2, R R B SR s, I I A
FERWIARR 2SR 7 i 4R AL 5| 15 BAFFE 22 7
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— o BRI, 1SRRG 2 A Y A I R AR FR
T AT LR EE LR,
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%, Jeri K EIr g & BB 5 R 50 B RE S AR IR
XX RCRTIE 25, 2019), ANHIBIZRLF1F 4
FEW, A LS AR ORI [ FN 22 )85 T ] 45 et 22 1)
24, belistad AR h B A S 1912 sh D) RE X L S0 .
TPR2ERR R R B, IF 155 T iz sh LR BE % 1
P B B SRR 2 I TE 8 (Tan et al., 2005), A
MT0] LUAE 15 U7 A9 i R v 2 o 1) 48 13z 3 1)
AR, IZ ISR 2 [ LT 5 e X 2 i Y 1 )
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SEEY 1 AR R SRR S A, RIS
M Z, Mot Zaen] VAR A Sk 5y
FLZA R A5 B Y 25 1T LUAE AN TH #E 5E Z2 B (8] 119
HIAE T UM A9 5 S0 ME R 0T PRk S A, DA TR IR
AR R FPUNSS . XTI AR,
ORI T SR A FIE R, T2 5 %
PP R E T A XA G AT K B
(AR DE 2R 495 T AT B — ) 4 A B v 22 A H O
TN T 4EPE(Cave & Wolfe, 1990; Treisman &
Gelade, 1980; Treisman, 1982), X4l R4
TR 30 Y 48 RN IR Besgs i s, #ET R IO
AT AR A B AL R U . EE R B A DG
WA SR IO G Bt AR HE RN . a5 5 24 1)
FEIIE R HBAT A 55 B TOAR B, TR 313 B L 1 B
KJE B Pt (Lockhead & Pomerantz, 1991),
52 TAREEMIZAAE A

AR B, 15 ARG RGN TR
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B OCFAHRA R S R 5 Z L A SR ik
Ja s, A AL B A I R RRIE B S SR s
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T3 SR R, R BRSO R 2 B T AN L ER
L B[R] 350 4 XoF 7 B iy 44 1 A T B8 K (Lanthier
et al., 2009), —LEHF5EIN, B ARERZ S5y
ST ARG AR, X2 AR 0 14 2
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I E AT EE R MG A 1 (B F A F HAth D) RE Y
i DX, ol 22 38 W SC ) 323X — BT D fiE(Dehaene et al.,
2005), 15 0 Z BT IAEFAF R R AR, R
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ZLIC o N B A LB 0 B 7 AR B S 0 e
(Brincat & Connor, 2004), b4, M SCFFS =4 1)
DI B, KEHCCARE I SRS Y2 2k 1 HE
A7 4 (Changizi et al., 2006), X637 R 55 Uik —
B, TR R RSO 4 B A& T gifthix Le X
TERIRE ), I eI kA CF RS,
2, DR R SRR I AL AT RE TR TR A
TR A A 7 AL
53 ZAHARIINFFRIAGTEMNBR

AWFFE IR T 7 8 55 RN F YT 85 2 4R K
N, S SR 7 A AR S AR A e B B 4 T
WEHE o U R G s 2o ) SE 5 1 48 TG R A,
I\ 22 i 2 T A 53 5 8 v A T IR — b g T g AR Y
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PN, 245, 2008; Su & Weekes, 2007),
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(Blh 5%, 2015), LRSS SR UG m i i 2B i 2 A 2
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SR ) 5 S B Be AR At T A

AWFFEABLRY], SR 0T TR 37 7E A ik
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PR, 26705 B4R 40 H 0 28 2 B R R 01 I 75 1)
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Taft & Zhu, 1997), E WA A, F0EHEAZE
P FR (K E, 2017), AT AT R Se K HE
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EAHRITIRE, VIS RGN DUF IR U
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Therole of stroke nodesin the recognition of handwritten Chinese characters

ZHU Yiming, ZHAO Yang, TANG Ning, ZHOU lJifan, SHEN Mowei
(Department of Psychology and Behavioural Sciences, Zhejiang University, Hangzhou 310058, China)

Abstract

Generative theory holds that the recognition of visual graphics is the inverse reasoning of its generation
process. Chinese characters are hieroglyphs formed by interlacing strokes according to orthographic rules.
Chinese character recognition can be regarded as the reverse reasoning of the generation process of Chinese
characters. Based on the typical generative model -- Bayesian program learning model, the recognition of
Chinese characters starts from recognizing the strokes. Firstly, the nodes are extracted based on the intersection
of lines, and then all the stroke combination modes that can generate the node are enumerated to obtain the
generation mode of Chinese characters. According to the above prediction, the number of nodes and node
complexity are important factors in the process of Chinese character recognition. This study investigated the role
of nodes in Chinese character recognition through three experiments.

If the nodes provide guidance information for stroke segmentation, the more nodes, the better the
performance of Chinese character recognition. In Experiment 1, we tested whether characters with more nodes
have recognition advantages by adopting a 2x2 within-subjects design and using 76 single characters as the
materials. Characters were chosen from two groups (high node-count and low node-count) of true characters,
and two groups (high node-count and low node-count) of fake characters. The characters were briefly presented
(10 ms, 20 ms, 30 ms, 40 ms, 50 ms, 60 ms) and appeared once at each presentation time. The presentation order
of stimuli was completely random. Each participant completed a total of 456 trials. Twenty-six participants
joined in the experiment. After observing each character, the participants reported whether it was a true
character or a fake one. If high complex nodes in a larger stroke space provide more information, covering high
complex nodes will cause greater interference to character recognition. In Experiment 2, we tested whether
characters covered the high complex nodes are harder to recognize by adopting a 2x2x4 within-subjects design
and using 160 compound characters covering a node as the materials. Characters were chosen from four groups
(covering the first node with high or low complexity and the fifth node with high or low complexity) of true
characters, and four groups of fake characters with the same conditions. The process was the same as that of
Experiment 1, except the presentation time (60 ms, 70 ms, 80 ms, 90 ms). Twenty-nine participants joined in the
experiment. Each participant completed 640 trials. Experiment 3 adopted a task similar to Experiment 2, and
added two variables: component type and node generation method. The presentation time was 60 ms. Characters
were chosen from eight groups of true characters, and eight groups of fake characters with the same conditions.
Each stimulus is presented once. Twenty-six participants joined in the experiment. The accuracy and reaction
time (RT) of true characters were analyzed in all experiments.
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The results showed that the participants had a better recognition performance for the characters with more
nodes (node number effect), and covering the high complex nodes significantly damaged their performance
(node complexity effect). In Experiment 1, the accuracy of recognizing characters with more nodes was higher
and the response time was lower. The repeated-measures ANOVA of accuracy and RT found that the main effect
of the number of nodes was significant. The interaction between the number of nodes and presentation time was
significant. When the stimulus presentation time were 40 ms and 50 ms, node number effect was more
pronounced. In Experiment 2, the accuracy of recognizing characters covering the high complex nodes was
lower. The repeated-measures ANOVA of accuracy found that the main effect of the complexity of nodes was
significant. The interaction between node complexity and node order is significant. Node complexity effect was
more pronounced when covering the fifth nodes. In Experiment 3, we also found that the main effect of the
complexity of nodes was significant. The interaction between node complexity and node generation method is
significant.

These findings support the nodes provide bottom-up stroke separation guidance information. Stroke
separation was performed in parallel, for the more nodes a character has, the more information provided for the
stroke segmentation, and therefore the character would be easier to recognize. And stroke separating began with
the extraction and analysis of nodes, for the more complex nodes are, the greater impact on recognize. This
study deepens the understanding of the early visual process of Chinese character recognition and supports
Chinese character recognition is a generative reverse reasoning process, which could contribute to develop a
complete cognitive model of Chinese character recognition.

Keywords handwritten Chinese character recognition, node, stroke, generative model



