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1 55

H 2 2 A0 v, AATTRE S R Al i+ — 21 0t H
ARG IR /BRI, o RS DGR R BRAE B R E
IR, KR A (numerosity perception) 2 A M
2 Ao 4R BOCRCE R R BE ) (Plazza & Izard,
2009), JF5 1 FH W AT 5 PR (Burr & Ross,
2008; Cai et al., 2021; Cicchini et al., 2023; Grasso
etal, 2022; XM %, 2012), 47T, BFFEE KT
B A TARIAIL T 3 2 SR AR A LSRG i T [, st
FEMG LG TR (subitizing), B AE % BE B
RS 4 LN B IIE; 718 (counting), RIHIL
ety 4 DL BARY AR E I, RO B e 8 1,
H AR AR B 5 5 | e A T
(estimation), R4 {Aa%iitis 2 H A A 2%
I TR HEA T THRSONS, e s A P A SR et o A A o
AT PN T, H 8 5 25 5 0 VR ) 19 (Tsouli
et al., 2022; Wurm et al., 2021),

AN TR B BRI T X = b B30 SR SR

W I 3): 2024-07-28

53 21 Ak (groupitizing) /& — P 3 T WL 5 J8E 1 1) 3R W,
FEARAE A THCE FIWT, H 53 A B 24 19 A PRl
BRI E R 5 A B B, DU 2 B
)5 HAGR A 2 TG DL, DRt RO Al 4k
(Anobile et al., 2020; Maldonado Moscoso et al.,
2020; Pan et al., 2021; Wege et al., 2021), AR5 H
189 0 A SR 2 3 o 2 R 5 0 ZH R R (B2
2% ()4 30 P 55 ) 5 | S o il Bk A T 22U Ak 3
X SR AN RESE MVERGE L, 5 A/ N # R
B B, ] LR AMATE SR dH A R
PR TR] B 0O B R AR ik, B R B IR
(Anobile et al., 2021; Ciccione & Dehaene, 2020;
Starkey & McCandliss, 2014; Wege et al., 2021),

F B IR A Starkey 45(2014)42 H1 L
ok, OB IR SR £ 2. Ciccione FlI
Dehaene (2020) 4 BIF 57 % B85 XT3 (0 AH (L 0 2
UEMEST H ABCERAG T B S, J 2H AL SR I RE A% 2
i /N2 L FE B0 R % B (Starkey & McCandliss,
2014), M /N2 2E 1 50 S (Guillaume et al.,
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2022), 5EKAH{L, Maldonado %5(2020)/F5% %&
T A, SEORBE T B p A2 B 3
W51 v i 3T 3 20 R RSO, 4R v R R
@i, BRI, XEEAFFEZ 2 NINTR T R (N, <P
P, B R AL ) AR EE R 43 A A s BB SR R
% (Anobile et al., 2020; Ciccione & Dehaene, 2020),

HRAf A% CIE HLE, Palmer (1992, 1994)K %1% 43
20 43R P9 3B 43 41 5L U (intrinsic  grouping principles)
AN 4320 ] (extrinsic grouping principles). Hij
HERTICRBIECER. 8. BIES)MNTELR,
AR YE AR RIMESE, R E R TOCR M IMNB R,
An4LIwE] X 48, | % 8 4 (Luna & Montoro, 2011; Palmer,
1992; Palmer & Rock, 1994). #iFMNal%HE #iE (theory
of topological perception)if— 4 i T 4% X #HiE,
SeR VA 1 A S5 7 AR o P B A% O A FH (Chen, 19825
WRFR, 2017; =297, BRER, 1998; R, 2005), 751
ZH D00, 32 A P A A M ) B T R M B 1 4H
Z1JF ] (He et al., 2009; He et al., 2015; Palmer, 1992;
Palmer & Rock, 1994), 7EFHFMNFIGEEISHELL T, &
T8 PR AN e ] X IR AR, T P )R S A A A
AL REAARFMETT o %38 MR P AR a) i 3% 42 ¢
R, Ffm] DCIlsm I8 5 P S (R N TR ] A OCHER, =58
JE 3 A SRR S, T O PR 45 R R
(He et al., 2015; “K¥E, 2005), AN, R E TR
HE A N AR Y B SR AL e, B A
e T HABIUT GG . CA BRI 2k R b
J& M B o B i X JE 8T 7 2 (Wang et al., 2007;
Wang et al., 2023; Zhou et al., 2010),

TEAL 8 AR R SRR 40U, A B9 45 2R SRS
R LR LN TR HAL R AL H(Luna et al,,
2016; Montoro et al., 2017; Palmer & Beck, 2007;
Pan et al., 2021). % Luna %£(2016) #5728
X AN A3 2H 4 R B S W BT R, Palmer A1 Beck
(2007) & I X% AH B 3% 38 T6 28 BRI s g BE R
Pan 45(2021) AT 7 245 Rl & BRAMNR 43 L R LN
IS 53 2H 2 R 10 SRR HORS B2 B vy L Sy IR SRR PRk, Oy
ARG BA T AL I Tk 78, A b 2hE it
FO A N PR R AP FRO0 Kt BN A AL B 52, 48
IR G AR N Th AR T S 2L, e A
558 BN DG BRI TR 4R A SEUEAR AR

5 7 B0 SRR SR W 1) i 2 AL T X B A N DS
Ty SR AL AR JC N B e IR AR AT T A
R IR R W 5 K T Bz )5 RN R e e )2 o e,
ToUr e J2% 32 8 P T OO o i A % 4 A i i

FIWI AL ;. R BE S 2 7 TE R R A5 B w2
O3 B AN GRS, I 2 5 R R B R E I X (TR
[, 5 b g [l X /N (9 B8R A 5 (Cai et al,
2022; Caponi et al., 2023; Czarnecka & Raczy et al.,
2023; Simon & Vaishnavi, 1996; Tsouli et al., 2022),
PTT ARG B TN I TR B )= o Hev, ToUA A
T DTN RO Y REAG T, Dyt SRR A A B A
U 2 R R 5 SN RRIBOR N TR R AE, JF HAES
58 AE B AR TR OB g b 5 A I B
7 I) fiE #% 4 (Cicchini et al., 2023; Dechaene &
Changeux, 1993; Fornaciai & Park, 2018; Harvey
et al., 2013; Malone et al., 2019), TTEURME [FRE I K
U R N 8 P T s Ao R 9 = WA R Y TN
RV, J53& st RIS TR 55 o e Ah,
A WFFE IR K BLTRN 1 55 458 B 2= S 22 (6] i) 2
AE 1 12 15 L o8 B A B Ak O B T B0 DA Ok
(Maldonado et al., 2021; Pennock et al., 2021; Piazza
et al., 2002; Whalen et al., 2016; Zhang et al., 2023),
H32 44 Maldonado %5(2021)HYAIT 57 4 BUECHE J&&
VI AR TP R 2H SR S BT AR TS 2% LR A
TNV, TRV GRS AR G, T, T
B B o AR W i P LRI ISR S A, A
WERARDS

g5 b, AR EGRAGTHES, BN
21 2 R FNHP R 53 20 42 28 X 0 IR o 4 A 5
a7 o AL SR I pl 22 AL o 56 T4 N A B K
I S B 8 40 2 AL 3R W i T 52 )R (Anobile
et al., 2020; Maldonado Moscoso et al., 2020; Pan et
al., 2021; Starkey & McCandliss, 2014), AHF5
AT (D)FEHTAT A 25 R 2 kR 7320 Ak T i 20
PRS2 g 26 0T 0 B3 B S SR IBOKE W 119 52 H (Pan
et al., 2021; Ciccione & Dehaene, 2020), FrLIF1]
T 43 20 A S w4 0 P 2 0 B 2 5 R AH G X
W, AT A R LA (2)5M A R R
AN AL T BE SR E ARG, Rt He N #2020
LR T 2 A N B VA DG DX, G ) S
2. BRI RN VA A

2 MR

21 #ik

ST S AR BRI 4T 4 AN, I FFT (Maldonado
et al., 2021), AR AH I SCHR o800 5t 4 25 (0.25) 11
WS I58(0.8), ARSI G-power 3.1 #
TTREAR AL . A E TR ZE D 15 A,
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PR SE 21 2800, PR 21 £3.4 %, AR
PERE 18 2 24 %, T 1 Ao 7E S B0 A A rp 335
BT KCEF KT 3 mm, KT 2.5 5%,
AR AR 20 440 WS HIZE B SHMNITTE R
2, AR AR T, T E0R IEL T IE R,
T KitheEs, BEE . 8. EIE A
MO T 2IHE (ERIHRIER et %) , HE
BRIR N & B LB RN & B A0 L8078
B 5t M I R 20 B 27 A8 3 HF 4t 2= D1 23 itk o
(S GZNUPSY202111005), FrA #il7E iE
LIRS E T (IR AR ZER) .
2.2 ZIgHY

N 41 4k % 2 % 1 AT 58 (Anobile et al.,
2020) 6 H8 2 €0 A AL AR, AN R A
6 32 38 PR A AL W] O, BRI RN 0.4 %
0.4°, BEREARIYE(color similarity)Zk A, 404 4%
PR R 2t | W B AL (RGB: 255 0
0; 0 0 255; 255 255 0; 0 255 0)PURNEA (A 20 i, 457h
BT BRI RERL I AT, A 2 S R I FE
HER T E, BRI BENL 73 AR 2E R A%
WE 1F fis, Ao am, AR ad &
o 23 1 (proximity ) il ¥k H B LI HE ) 1 €8 B

(0.4 x 0.4°)4LRL, a0 N RIB o AL 4 4, B
HA 12 DOTREMINLE, AR o A T e — 42
MR, BSR40 x 20, B4 PO 5
FDREEE R 5o (WK 10), KA A H]
WBE B 0 A 7R K WA R (18 1C, Gy o T
(connectedness) H| 3 H F& €530 HE /Y (1 (0 )5 P2l B,
S B HL o3 A0 2R PR o A1 N RN IE B
H— 2R B O BLES:, LRBHERMIEIE IR IES
LWL 1B, D)o RS BA BAAERL, HIH
R AL 4375 7 R PIAS H (B 1B), 3 JA] X 3 (common
region)[FlFF 1 BE EHAE Y 7 B, S LA
TR AT R 4 DGR, RS T AL I B AL 5 AR
1E 4 NZIRAF R THER.5 x 2.5 Filln, E 1A &
— 2R 3 AT AR R R G, 3, 3), A 34
THE . AR BA TTHE, FIFLBENL A0 7E K
¥ h (B 1E)
23 ZWERF
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SR (Pan et al., 2021), EFET 6,9, 12, 16 X JL
Ao AR B A . B SR T AR R 3
W, S block A 12 4> trial, 44> trial $5220F[E]
6 s, block Z[AfK B 18 s, AFLA— run $FLERT[E] A
11 43 7 #b o SELEAT 55 MEE AN TS5, 2ERplTE
F 3 B AR RS AT B AR R r g, BRI
RN 2 Fos . B 4G, DRk ) B — Ry
VTR, FREERTECY 1 s, TR S H
FRAIFL 500 ms, E#EH LI 500 ms (75 ARG
I — A T7 I i AHE 2 5K Bl 1 T 42 3t 7 4 7k
FeAE i AME T Frflit B A gl ny $o o gl
H 4 s M FeeE, Fedd o be Uk R 8 BRI EA
T —A~ trial (K 2)

fii F§ MATLAB 4 PsychToolbox (fii A~ R2016b)
PP B IC SR RN . BRI AR, #ORATE
HER = P T 45>, A SLIAT 55 A . J3om
it LCD # AU 2 mr A Ha i e b, SR
Bl o Sk R B AR B E o AT,
P F A A W R N S AT RN, &
4 NS IR 6, 9, 12, 16 UANEIE.,
PR LR e, ESHHEERENEE
A B R A E A o B T A A R i
HIA L, RIS IR R E, I G -2
LIRS, SR, BT R, DRI
T o AR LRSS, RT DA Y & b 2O E
24 fMRI #iEX&E

e 55 M T R fMIRT SZ 80 25 V5 1 3.0T #%

YR LA (Siemens 3.0T )5E B8 BAG B dE R4 .
B el A R R (BPD) A T 55 A T RE 15 44,
HH#SECh: MBI E (Field of view) = 192 mm, &
% B} [A] (Repeat time, TR) = 2000 ms, [0l i [A]
(Echo time, TE) = 30 ms, M PEF = 64x64, KE K
/IN(voxel size) =3 mm x 3 mm x 2 mm, ¥ ffi (Flip
angle) = 52°, )25 (Slices) = 72 JZ . THREAZ A
SERUE, PN T1 g501%, 251G HERR
JH T1-weighted —ZEA5 B2 (115 kol 731, 982508
HEREME](TR) = 2530 ms, [FIEAFEI(TE) = 1.94 ms,
JZJE (Slice thickness) = 1 mm, JZ#%ff(Flip angle) = 7°,
FLHEFYE FEl (Field of view) = 256 mm, 1A% K/MVoxel
size) =1 mm x 1 mm x 1 mm, 3#H)ZE =176 =,
25 HEBSH
251 1TAHEESHT

HRHE AT AMESE (Luna & Montoro, 2011; Palmer,
1992; Palmer & Rock, 1994), 3 [ [X sk 1137 5 4
G RN LR, B B AR R SR T A T
NS LA, (] SPSS 25.0 X4 4R (M
STHERER . WAL RS HZMGTd . K
)i dr 2x2 BRI T 25081, R B BT
55 114 S I0E B RS HORS BE G5 SR . B FE A8 2 R K
(CVHffiit: 2R REBCES MO IY IS8, B
AT i S B0AT DA W B B A AR i R
MRS, AR S R R R R R 2, AT ROAR
o BEARTHE WA 1, Hrd N2 i
fH, i SRR PIARER

W/

PSR

SN/ SNIRIR G4

2
A A A
| | |
! 18 s : 185 I | L
/ ‘ \
]
] =
* _* " I N
[ ]
1s 500 ms 500 ms 4s

K2 et
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cve b (1) KT a0 3k AH 5 AE H (Generalized
N;

252 EEIESH

Bl WAL BEIE T Matlab T EAT ) SPMI2
(https://www.fil.ion.ucl.ac.uk/spm/), 1451 T 3%
H R4 2 9 DICOM A% =X 14 il 1L 15 503 5% 44 SPM
AT AEFR ) NIFTTAS 2SO X D e ot 47 st 6] 2
MEIE, A4 Z [\ ) Sk S TR IE, PR e 220
HEUERS; B BBl Y i 20 FER G5 AR (T MR IT
HES] MNI ArifEzs B R pl iy S5 F 458 Be ik 3] 2
RER b, B OREHE TE AR [R) 25 [a]; XS5 ARG AT 401,
AR« BRI R A8 AN R B )
AR B R T EAEpR S [ v, DL FRAR bR R 43R ik
XA o X DD REAR A T 25 (0] - A 3, R T
WAz ik, DA 5 MR e A s [m) i 2 b, 258
& {E(FWHM) A 6 mm.

— [ A3 B Ak B ) ) BB AG R A 4 i AR
FIKF LA LR PER R (GLM) I 4 2 8 4 Pk
MHEB AR RS . BT AR MR & 5 RSBy [l H 4,
Horpr 4 FpERUR AR, ulhidmte . dhE X
B AR PEFNE AU HER R, J)—Fh L2
RAHLR, HidTHEF HRF K45 4R a5 51
A S TG S AR 1k, MBI, R 6
SR B SEAE A BOSER I EIEEDIMA ST . it
M bR AL B 2 I R A S,
NFIEMA GLM B, H GLM 43 #Hr = A
contrast images HEAT B 4rAT, TEMRZE K (voxel
leve )KL IE, p < 0.001 J %K (cluster level)FDR
KIE, p < 0.05, A9 EIET PPAR A D30 251

iR R v R S S L S B A T S N T
PSP IE(E AR AR, A 6 mm BRIE 438 B9 L8k X
(ROI)., ROI Z3#i{#i ] Rex (https://www.nitrc.org/
projects/rex/) - B §& B 5 > 1 107 43 41 % 4 4
LR T IFLE Beta {H . 456 0 A STHK, 43 5EHL
55RO BN 3 24 AR R DIAR SC I I X A ROIL,
B SRR DG X ARG TR YA . AR RIS L |, &
A WIF T 2 BH 330 26 X 3k 7 DA A 9 IR SRR 1Y o3 4 1k
FMG A S (Malone et al., 2019; Maldonado
etal., 2021), FrZHZ A CHN X AFET NG . &l
]I |1, 350 i DX 0o 53 2 RN SR A T 55
B i 0% (Wang et al., 2007; Wang et al.,
2023; Zhou et al., 2010), fifiJ{] SPSS 25.0 Xf 2 i
Beta {HIFATECAAEA ¢ Ko, TRA T ffor 2l 444
I3 R L FNE ki DX TS RS2

Psychophysiological Interaction, gPPI), A#fF57 K H
CONN T.E. i (https://web.conn-toolbox.org/) 53 Hr A
[F] A DX ] 19 2y BE 1 e =X, AT I - e R ik
T2 3 A 4 S 3 TR AR A AR, BNEEEARCE 6
mm EIER AL, FES% T DR e T80
JEH 3 2 AR SSUR AH 56 i X 1Y) B BE (Maldonado et al.,
2021; Wang et al., 2023), BRI, 5%
O Y ks DX 45 LA T3 P ) A [l 5 2 s 43 2 A OG
49 ks DX AL A5 001 [ R e [l 5 0 I 2 A G 1) ik
XA 8] o 3k ¢ A4S g6 XA ) fin DX ] 7 32 22 5 B
AT RS, s TIhe R,

3 4

31 1TAZR

Xof 4 3 P A A [ X3 7 A 0 21 4k R R AT XURE
A RS, RITCIE R BHKE BE(1(19) = 0.0776, p =
0.940)i8 2 KB (1(19) = 1.325, p = 0.224) & #p
WA R EXESR, 45451 A5 (Luna & Montoro,
2011; Palmer, 1992; Palmer & Rock, 1994)¥ H.5 7
AN AT AR ZR o TRVEE X e AE R &R 30 4 7 A
SRR W TRREAR ¢ K5, RITCIS 2N
K5 BE(1(19) = 0.869, p = 0.390)i 42 2 W B (#(19) =
0.277, p = 0.783) & #B A 2 5, HILKHILE I A
NFR 432 2 & (Luna & Montoro, 2011; Palmer, 1992;
Palmer & Rock, 1994), XJF AR BE, 2x2 542
S 2 AT EHE R o L AR B RO W, F
(1, 19) = 49.533, p < 0.001, 0} = 0.559, 43451t
AT S BIRG BE T RS 1, #(19) = 3.610, p <
0.001, Cohen’s d = 0.219, 43 2H L & 1) E RN A 3,
F (3, 17)=1.049, p = 0.382 4 H A - A4 4HER R 1Y
LHAEMEE, F (3, 17) = 3.539, p = 0.024, 0 =
0.223, FIGH IR, TEFHSI FIMETHLR
Lo N O EH R R RO B SRS 1, ¢(19) = 4.050,
Poonterroni < 0.001, Cohen’s d = 0.896; KAy4H 544 F
WANE ML RN ZEZR AR E, ¢1(19) = 0.502,
Poonferroni = 0.609, Cohen’s d = 0.112 (& 3A), X T )2
DR, 2x2 HEA M T 22 AT A SRR W, (LA A
SR ERON BE, F (1, 19) = 12.963, p < 0.001,
Ny = 0.249, S5 SOV I 25 08 TR A A A%
1, t(19) = 3.245, p = 0.036, Cohen’s d = 0.767 (&
3B). ASHFIT 45 S FRT A IF 9T —E(Pan et al.,
2021), TEBER B A G AR LU R S L AR A
TSR A AR, HANAS A 4 3 L BB o A 2
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M SN = 09 ns
005 A WSk l 1 .
i o =4 )
5 0.04 . I 208 . I
2 0.03 - o7l
E I 7 '
B 002 =06 | 1
#
i =
0.01 [ X 0.5 i
0 ! o D m— —
Sy RoTH 53¢ RATH

B 3 I3 SRR 43 21 4 3R I B ORG B (A) ST B (B) 25 SR B
TR p<0.001, TEIR p<0.01, "FIR p<0.05, ns FRABEEST, REBEFORYENIRMERE,

FA TR PR
3.2 fMRI &R
321 MRS

(V)53 2HRIR 43 20 S5 4 B 0T S H: 22 S

R 55 LRI AR 43 L A5 AR I DX 0E A 1, A
FERHBREA ¢ K50, 525 OTE B Ak X an 1 4 B,
22 1 S Fiki XX N7 ) MINT AR B, Hedr 4320 5 R Y
T A 5 XU T62 PN 74 (internalparietal sulcus, IPS) .
ZEf el (angular gyrus, AG). ZEM)% 4 7] (middle
frontal gyrus, MFG). ZEfl35i T [ (inferior temporal
gyrus, ITG). ZM7 [Pl (lingual gyrus, LG)FIZ= |2
|- [nl(supramarginal gyrus, SMG). K44 &S

0 22
SIS > RITHEM
P4 o3 dRIOR 7 2 A% OO0 I DX 0% 2 S5 fil X

x1 2MSMPFSAZFEMRSAZFHHEOME

W X ; gz —xMlesz i
ST AT
90PN 18 /£ 1l /2% 1 [u] £ 707 30 -55 42 576
B 8]/ £ 408 51 -58 -10 5.64
i [l &£ 173 =51 8 32 550
TN 1 o 154 21 -58 42 5.76
AU A
90PN ¥4 /£ [m] o 128 30 —61 54 4.53
TP a/ff /T B/t 22 79 33 55 52 4.26
Z bInl s 40 -45 22 52 526
i [l 7 34 —45 5 32 3.98
G| + 33 9 —88 —6 4.38
Bz g X +H 24 -6 5 56 4.18

T A IE BIE A R 2K - (voxel level) RAZIE, p < 0.001, HlHe
7K F-(cluster level) FDR #Z1E, p < 0.05,

T ZEMITR /N (superior parietal lobule, SPL), Z&
(U122 I 1wl I 1 s S 1 I SR B e a2
45 %5 [F] (middle frontal gyrus, MFG). #%1F BI{E
FRZE K- (voxel leve) R IE, p < 0.001, HIHK
3 (cluster level) FDR #%1E, p < 0.05,

ARV 4R e S PR P0G, AR 5321
— R ¢ RS, DR IO SRR B Rl 2
L FE 56 > R % b, M T
KA, S FAAELMTINE . R B &
(] AR OOUI £ [ R b [l S5 (18 4C . & 2),
FECRAT AR > SR Xt Wef B3
IO R X o

(2)FIEB 43 2 24 3R RN 8 o 2H 22 3R 1 0T, S H:
7 5

R 7 SN RIS A 4 £ Z i X g 1 O, A
WS R FHEBAREAS ¢ K30, S B V0 A DX &) S B
TR, 2R3 I XX B MNT A8 A5, SR 43
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R2 NEFH-RASBEHHEHMEESR

MNI A2 FR

PG cPEk RREHE . ; . 14
TP 38/ [l e 185 -36 52 54  6.40
T [l = 163 —42 -58 -14 6.14
Z bRl/fmE A 87 57 —40 30 4.79
2 S| = 48 -51 —40 40 4.67
[l i 38 3 —-61 -8 6.03

T A IE By A K - (voxel level)RALIE, p < 0.001, HlHe
7K (cluster level) FDR #Z1E, p < 0.05,

SMRITERR > N HR R
Bl s AP ZH 23R A PN H O3 2 A 3R 0 8 I X 2 5
i X

xR 3 RO IMNDSELEFN RS HL FHERIRX
o fhz MNI A2 Fr

T i X WO ; z t1H
NS LR
i [l /% [l 2297 24 58 42 6.30
TN E/falElZ LR R E A 1489 —21 =50 40 6.12
i rp [l £ 510 —45 5 30 6.05
e 5 [l & 247 48 5 32 539
EiifliE e £ 192 -6 8 54 5.10
& /T /N £ 124 33 20 6 5.65
R 2 2R
00N ¥ /%% I [l /£y [ml & 345 =36 —-37 36 583
90PN V) /4 1l /%% L [ml 267 36 -55 50 6.56
i £ 170 =27 14 14 4.80
i b [nl /2% I [n] & 134 —45 -1 32 483
Wz X £ 120 -6 -1 56 4.79

LR PG EIGE M TN . 220 L ZE%
Hal | ZE gk L ml A2 % B iz 31X (supplementary
motor area, SMA)FNZE M [B], A ToE_E/Nw | A5 )
T A A bl A AR AR B (fusiform gyrus,
FG)o WP ZHZE IS T 22T | ZEMZk L Inl
ZEMifgal L ZEE Bz g X, ZE g el A T
YA . AR [ R0 A5 DN AT & i (anterior insula, Al).
T B 5 AR 43 2 £k RN S0 2 L Y
255%, LMW A AN HL R A B2l . A
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perception of groupitizing: Evidence from fMRI

PAN Yun'?, YANG Huanyu'”, JIA Liangzhi', ZHU Jun', YU Fangwen', ZHANG Di', YANG Ping'
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Abstract
Numerosity perception refers to the human cognitive ability to extract numerical information from various
stimuli. It serves as a fundamental basis for understanding the world and processing information, thereby
guiding and influencing human behavior and decision-making. Grouping strategies, also known as

"groupitizing," involve organizing objects into sets or categories during numerosity perception processes. This
facilitates a rapid and effective numerosity estimation, particularly in situations with short presentation times
and numerous quantities. Groupitizing combines the advantages of subitizing and counting, thereby influencing
individual arithmetic abilities. Previous studies have predominantly focused on investigating the groupitizing of
numerosity perception based on intrinsic grouping cues. However, the influence of both intrinsic and extrinsic
cues of perceptual grouping on numerosity perception during groupitizing remains underexplored. Previous
studies spanning the visual and numerosity perception domains have consistently indicated that extrinsic
grouping cues exhibit stronger grouping advantages than intrinsic ones. Therefore, this study employed a
numerosity estimation task to separately examine the effects of intrinsic (such as color similarity and proximity)
and extrinsic grouping cues (including common region and connectedness) on numerosity perception during
groupitizing. This study aimed to uncover the neural mechanisms underlying groupitizing.

A total of 21 university students were recruited for this study. A block design was employed for the
functional magnetic resonance imaging (fMRI) task. Stimulus presentation and generation were performed using
MATLAB's PsychToolbox (version R2016b). The stimuli comprised four factors: grouping condition (grouping,
no-grouping), grouping cues (extrinsic, intrinsic), and numerosity (6, 9, 12, 16). MRI scans for the numerosity
estimation task were conducted using Siemens 3.0 T technology, synchronously collecting functional brain data.
The participants were instructed to select the corresponding number of points they estimated based on the
stimuli presented on the screen. We compared functional activation between grouping and no-grouping
conditions, as well as between extrinsic and intrinsic grouping cues. Additionally, we employed the Pearson
product-moment correlation method to assess the relationships between these variables.

The results revealed that first, bilateral intraparietal sulcus (IPS) plays a critical role in numerosity
perception, particularly showing significant activation during the quantity processing stage. Specifically,
activation was observed in the IPS during numerosity perception tasks, indicating its involvement in processing
numerical information. Second, both grouped and ungrouped conditions activated cortical regions associated
with quantity estimation, such as the precentral gyrus and inferior temporal gyrus. Under the grouped condition,
additional activation was observed in brain regions related to computation; this includes the superior frontal
gyrus, IPS, and angular gyrus, exhibiting a left-hemisphere lateralization advantage. Thus, participants tended to
utilize computational and retrieval strategies in the grouped condition compared to that in the ungrouped
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condition, suggesting a more efficient processing mechanism. Lastly, extrinsic grouping cues, relative to
intrinsic grouping cues, activate additional brain regions associated with topological properties, such as the
middle frontal and inferior temporal gyrus. This reveals the topological invariance characteristic of extrinsic
grouping cues in the intrinsic mechanism of numerosity perception grouping strategies, highlighting the
influence of extrinsic cues on neural processing mechanisms.

This study’s findings suggest that participants tended to rely more on mental arithmetic and factual retrieval
when employing grouping strategies to enhance numerosity perception efficiency. This sheds further light on
why grouping strategies are comparatively more efficient than other approaches. Moreover, the mechanism of
extrinsic grouping cues in numerosity perception strategies demonstrates topological invariance, which presents
a unique advantage in perceptual processing. This discovery provides direct neural evidence of the significance
of topological properties in numerosity perception, thereby deepening our understanding of numerosity
perception and its neural underpinnings.

Keywords numerosity perception, groupitizing, grouping cues, topological perception theory, fMRI
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