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Perceptual Learning Facilitates
Precise Mental Representations of Fractions

Hideyuki UNUMA, Hisa HASEGAWA, Philip J. KELLMAN

Abstract

Effects of perceptual learning on magnitude judgments regarding fractions were
investigated. The perceptual learning software package, Perceptual Learning Module (PLM),
was used to present learners with short learning trials. Learners’ task was to map the magnitude
of target fractions indicated in numerical figures to corresponding bar graphs, by selecting one
of six choices that included graphs identical to target fractions, without performing calculations,
or solving any problems. The PLM provided learners immediate feedback on their performance
accuracy. In the control condition, learners were required to select the numerator of a target
fraction from among six choices. Three assessments were administered to learners: a pre-test
at the beginning of the experiment, an immediate post-test after the learning task for their
condition, and a delayed post-test with a delay of one week. To test the gain in learning, learners
were required to compare two fractions, a standard and a comparison fraction, and to judge
whether the comparison fraction was larger than the standard. Reaction times and accuracy of
judgments were assessed. Results indicated that the reaction time decreased as a logarithmic
function of the distance between magnitudes of fractions. In the PLM condition, the fit of the
logarithmic function in the immediate and delayed post-tests were better than the fit in the pre-
test, whereas in the control condition, the two post-tests functions did not have a better fit than
those in the pre-test. These results suggest that the magnitudes of fractions are perceptually
represented as analog representations on a mental number line, and that the PLM procedure

facilitates the fluency of transforming numerical figure to the mental number line.
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LA, HRFBIZOWTOMREOHGEN 2 £ (e.g., Ahissar & Hochstein, 2004; Kellman
& Garrigan, 2009; Petrov, Dosher, & Lu, 2005; Sagi & Tanne, 1994) 12k b oT, FEBHY
R AREIC BV THESE 2 RE S BN KA #HE SNDODH 5 (Kellman,
Massey, Roth, Burke, Zucker, Saw, Aguero, & Wise, 2008; Thai, Metter, & Kellman, 2011; Unuma,
Hasegawa, & Kellman, 2012), ARIFEIE, BT 2RISR T 2BOFEEWZELZ I LT
T, BFOMEFE 2T 2 BARN 258 The & & FERIIHGEES %0

Bero# B8 2 MEMME OB X, BRI 70HELzhb0MO~vy ¥y 7
A DL (Kellman, Massey, & Son, 2010), #4G OHa & Bf# (Kellman, et al., 2008) 7 &
DB TITONTE /2o —EOEBRPHS NI L TE2T &L, BN REOMIDS DR
O BEA ORI RC, Bk COBEIC OV TOFR WML T, FECHVS R
DM OREZ L0 X ) IR T 2200 L W) EROME, FboBRIckE REL
T EWn)ZETHS (Kellman & Massey, 2013) 0 At Tid, 7, RIS EEME L LT,
2 & 2 N5 ORNH PRI RF O EBRIBEENL 2L, T LTEDERD
REEAHIHE B L > TIRES N D 2 & 2 F2BRIZ X o THGEEY %o

BRAES LU BOME E ZEANRRADEHR

CHET, BFEHWASESEIAREIIBWT, OB REENZEMIZERNE L
WCEREIND ZEDIRENTE L, 728 218, 2 200 HBEOKNHRIZB T, FOHWIZ
D OB, 2 20BRBORE ZOEOEICHFI L THAPT 2 LlMbN T2
(e.g., Feigenson, Dehaene, & Spelke, 2004; Geary, 2005) o ZiLid, EREAHBIREN - 223
FANELEWEN, TORJKNTHRIEES NS 720, Z2RI0 7 Bl B L CHEBEHIIA A 5 12 7%
0, FUSHEE2YR AT 5 EE 26N TwAhA (HEBERIE, distance effect) (Ansari, 2008; Izard &
Dehaene, 2008; Stoianov, Kramer, Umilta, & Zorzi, 2008) o FEEEZDHIL, EIREO LESR)ZE
IERZELZEZRIEBLTEBY, 20X ) HOFESILOLHEF (mental number line)
LIFiE 5 (Dehaene, Dupoux, & Mehler, 1990; Izard & Dehaene, 2008) o

AR, BHAREUE ) Tla e < 8d 22 - B RRE LR L, OHEHRO L TR
Wit s LB SN TE e ZOFRE, FTHEORNHENIC BT HERh R 8l
BEINT2Z ERRHLIZL TV 2 (Schneider & Siegler, 2010; Siegler, Thompson, & Schneider,
2011 o BEOHEPEWNRERZIERT 2 LIRET BRI, 5T & 0RO ERDPERE I
e L THB SR EINE L W)V THE (BRETIV), TR LT, 5EOHET
B LIZLIESTF &R 2 12451t S (EFEET V) (Bonato, Fabbri, Umilta, & Zorz,
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2007), DI L2 2 EIHIBTORY (BHNA 7 A) (Gelman, 1991) AERSNTE 72,
ZOEHE, FEOMEIIOVWTIE, LT LISKEROENLRERPERINL LT 54k
EFNVPFETH L0 E) PREFICHRFT SR Twav, 22T, AR5 HBOMEIZBY
LEMEETIN, Thbb, EIRERANOLR L LR F 721 W 2 ke 5 2 EERD R o
WiExZ B2 L9 5,

HEROMEFE

REFIIES S, REBEORBTH 20 BOEMF LIS, HER - ZRNEIANOLIRO
BIlloTREENLZ L, THRLLMEFEIZL > THBROHUMMIM LTSI L E2RFET 5
CLEFEZOHMET S, aE TR SINZIEICH L TIX, 9T, Kellman, et al., (2008)
S, BLER - ZZHEEBANOLRAEE ) KT 2 L2 X o THEOGERBHOMMIME S NS
ZEaRL7e BlziE, “20 dollars is 1/5 of how many dollars?” &\ 9 I3 LT, HLEM
WCZELEBEITURL T, TORPSIELWYELZEEE: (v ¥y 7). 20X &by
I & 25 C DEGUIOWCTRERITT A2 LT, rEEBICHT 2 IEERF LA L, FUSHE
B A L72e AR, Bull v 58I X - TEB SN RO KR/NEFROH M & v ) 7R
BIZBWTH, BRNRRIANOEROE R 2 RE LSS 2 2R T, 512, 48D
KEROHBI OB DS, MENHRERTH 2 0RO EON LICHESND 2 L %R,

REBRIZBIT B, FBOBKEIENER O~y €V FREPGTROERLOREL
EAZE, TEORNCBEICB T 5 HEHNRERET S, L) bOTHL, THOMER
FHIL, HBABEFERICZEM 2 BEANZHRINT, K/ CIIBERER) R A3 e S 7
(Schneider & Siegler, 2010)0 —75, MO WEEB LHNEH O~y ¥ 7iE, Rl L9
WATEOIRAZRAET 5 2 & T TICHE SN TE 7 (Kellman, et al,, 2010)o L7245 T, &K
EBTIR, TEROMEIIBVTL, 7B OB ENLRBEED~Y Y E Y 7RG 58D
ZEMWERORE L LA S, ORI BT 2RI BESND 2 L2 Tl
T 5,

KBTI, HIREFE M EHMEND 2 O AGEEHEL, BEAICFEEXRS LT
ADMBER T 5o ARBMORIZIZBWT, MACBI2REE TR 238 A7
A NEAT) (FHAT - FHET A MM 7 A N TIBEROSBOKR/NHIK 23R8 e L, RS
M2 fEE AR e U CHMRIR 2 WG 3 20 B2 TN, MESEEECIIRHET LD b
DRI O BUOS K 235 B O B BEO XU R 5 (RERBAKE W) TH A ),
EWVIHIHDTH 5,
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EBRBINE KFE (KF) 28475, HEOPEO—HL L TERICSBML72. BI#EL,
AR 2 |2 FEBRTE LRI (Thah) ICE SNz WY, EBROHMIZOW TS ST
Wi o 72hS, EBRDSTARTHT L2k, EBRONFICOW TR T 2 720

FEEEHE 2 BENORAETETH Y, Sl 2 B, FaFHET A FETEAHW S e, HERE
MERIIAEFEFREOFETH Y, ERHTIIUTICRRMEEEFRE VA LN,
MBI EE PR SN2 WFREPSHV SN, BERENERITZT A MNEITH Y,
FHEi 7T AN, BHET AN, BEFHET A MO IKEPRE SN, Thbb, FEEREM, Kl
FEOWFNIIBWTY, FETT AN, A ARE (FERENG, mflEtovdng), B
AN, BIEEFHT A MHEMBI Nz, BHET A MINMAREICT & B TfTbh, BEREEZT
A MIMABE2S 1EMBICE/R S,

EBAE MABREOBR (DT, 8L LR) Tk, 7. LI 1o 16D
BB Nz (1/3,2/3,1/4,2/4,3/4,1/6, 2/6,3/6,4/6,5/6,1/7,2/7,3/7,4/7,5/7
6/7)0 FEOMOKESIE 14005 86 THo7zo SEDOF AL (LT, 7A ML X&) T,
3 ODIERSH (31/51,29/49, 28/47) & 43 DRSS H LNz, T A b T EIHEESH
LBy MIZEZ BN,

il R EoOREER L, ERBNE OGS, BIOEOMT L7 14— Ny
DFRIZIE, Windows THIB EN/z—v F L a s ¥a— ¥ EBRBINE 1 NS LT—h”
Hwbhiz, T —OKREZIZ104 Y F 051514 v FThHho7zo BMEFIFF—K—F
2O BPLIKIET 2 F =2 ML TG L7z, %8, EBROEBIBMEICL>TLI AL T
ANDBEND B\ IZERTERS L7z,

FheE  FEREMEFEEETIE, SEEE (k213 5/6) AV EEICRIR S,
THEIZ 6 OB T 7R E Nz (Fig. 1 ZH) . EBRSIMF OMEIL, 6 ok J 705,
OGBS T BT T T RBEINTHZ ETHo72 (BAFC). FERITIX, 16 DHEIZD
WCT Y ANEIC 10 mH#E DR L, 2K T 160 AT THh o 7zo MGt i, WimE LI
HFB G L FERRIC TR SN0, B FEICIE 6 2 LHTO BAREAIR S, S
WA O T L F T2 BT 5 2 LAk b7z (6AFC). FIEFE &M, skt &
BIZ, BMEPF—ILICL o TG L7k, #UTZ & ICEMA T IR Sz,

TAME 3207 A MTHE, WINLFE—OREER S N2, FE 25 558ETX
TR o> Tz, FHEIE, BROIEESHIRREIN CF), 2Bl LE B TitRan:

i.-_
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Fig. 1 A display presented in the Perceptual Learning Task: 6AFC.

31 26 Is the CF
== = larger or smaller
R
51 89 ?
Standard Fraction Comparison Fraction

Fig. 2 A display in the Test Phase.

s, EmESELI DS TREVR, AEwh] 2HETLZ L THo7z (Fig. 2). K
SENIWERE DG F — %44 F TR SN, BUSH 2S8Rt S iz BATHIE SR 7 A b
TT75847, BT A MEBIESEEZT A P TT0RITTh o7 MBS HOKIEIHE/ T A b Tk
15, BEEEBETFANCTIEI4THY, A—T7AMATROEDORESHIZT >~ & LEIZS
[l 1 3K L CHR Sz,
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FAMID3I OO T A MINZ, 10 B L% HE A S 027z USHEE % Jie s gy, ey
BERBABOKE SOEOM A FMEKL LzMF5T &2 BT % o7 (Fig. 3,4) Table 1
IR AR EL b & PR (A BERBEEATERBAG R) &7 A MRS o MEYE M
TIE, FHI7 A b 46 (Fig. 3a) 725, BT A b 61 (Fig. 3b) & iBEFHZT A b 55 (Fig. 3c)
NEPRERBOMA R Lz THTK L ORefll4Tid, Fairr A b .35 (Fig. 4a), EET
A b .32 (Fig. 4b), BEEFHT A b 32 (Fig. 4c) T, RERBO EHIZASNE 2572,
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Fig. 3 Mean reaction time (ms) as a function of
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Table 2 (21%, FEBOLEMIIZ, 3207 A MIB 2 TFHIEEE, FHRIGKEEMR S
NTWh, IEERIE, AHEFEFRMERFFGELEDIZ3D2DT A MIBWT70%%25 80% T
e L7zo PUGKEMIZHAT T X MZHART, EET A M EBEFEZT X MZBWTHAD DR
HHNTze LA L, FHEiT A MIBT 2 PHROGKE B SRS E &0 L ) sl st s s v
TRV D S o 72728, WEMIZBT 2 UGKH OREAIZEZ» RO 5N 5 03 60Tk
"7,

FITEMBEIT LI, FHETAMPSLEEZT AN, FHiT A M SBIERHEZT A bAO
o b (EEFEO B, RISKBOBEY) ORELZRB L7z, 2512, FHiT A FORMEIZE -
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Table 1 Results of the Logarithmic Regressions of Response
Time on Numerical Distance

Pre Post Delayed Post
PLM b —234.49 —226.48 —272.39
Adj.R 0.4587 0.6066 0.5534
Control b —200.78 —177.95 —-167.99
Adj.R 0.3542 0.3157 0.3241

Table 2 Results of Mean Correctresponse Rates and Reaction Time
(ms) in Pre, Post, and Delayed Post Test

Pre Post Delayed Post
Correct PLM 0.78 0.83 0.83
Response (SD) 0.17 0.10 0.12
Rate Control 0.72 0.80 0.76
(SD) 0.14 0.10 0.15
Mean PLM 1854 1302 1289
Reaction (SD) 351 271 300
Time Control 2058 1722 1429
(ms) (SD) 335 280 231

TR (EZE %L 1) & 2N DA OBAREIIC 51T T IS OpiEm L& 5 L
B L 720 FIRSE M CERBGERL 9 4, ICHUEIFIE 4 4, SEHI4erE Cld @ uiie L 8 44,
BRI 7T B CTh oz TORRE, FUBKMOMD ZIREL L72E12, FHi7 A b EER
T A NOBT, BT TSGR OB 054 &N 72285, BERGEREE TSR XD L Tw
Zro 7z (Fig.5a)o

ORI, SR OZLEZEEER, P8 Th & OFER GIEEE &0k Ll &)
EHFT A MBI LB OBER (B & ARSRERE) & R R &3 5 5T
Lo THFsh, $4bb, FHiT A MOBBEORE (F(1,24) =7.33, p<.05, 1°,=0.23)
&, FEHFHRE LT A MBGEOKENEM (F(1,24) =4.89, p<.05, n°,=0.17) IHFET
Hotzh, FERFHREOMPIIAETIE Lo (F(1,24) =170, p>.05, n%,=0.07). FHi
T AN EBIEHEEZET A DO TIIHER T A N OMREGERE TG OB IIFBEICRD b7z
(F(1,24) =737, p<.05, n*,=0.24) »°, FEFHEORE, BLOFEFHE LFHT A b
BAE DL HAERIERRO S o 72 (F(1,24) <1, °,=0.02; F(1,24) =3.94, p>.05, °,=0.14)
(Fig. 5b) o
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Fig. 5a Mean improvement of reaction time (ms) from Pretest to
Posttest in PLM and Control condition. Error bars show 1
Standard Errors.
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Fig. 5b Mean improvement of reaction time (ms) from Pretest
to Delayed Posttest in PLM and Control condition. Error
bars show 1 Standard Errors.
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Fig. 6a Mean improvement of correct response rate from Pretest
to Posttest in PLM and Control condition. Error bars
show 1 Standard Errors.

w
S | PLM
O CONTROL

Mean Improvement of Correct Response Rate

Low High
Levels in Pretest

Fig. 6b Mean improvement of correct response rate from Pretest
to Delayed Posttest in PLM and Control condition. Error
bars show 1 Standard Errors.
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—J7, IEEROMINEEEERE Lo T, FHTr A N ERT A O, FET A
N ERBEFHBZT A FOMOWTIIZBNTYH, MEFEFRIOMBEIRONLho7 (EHHE
7 AN F(1,24)<1, °,=0.03; BEFH T A b 1 F(1,24) <1, n°,=0.01) (Fig.6a, 6b)o FFHi
FANOBEMEE BEVE, BEETFA ML OMOIEEROBMINEIIBVTRDO LN (F(1,24) =
5.26, p<.05, 1°,=0.18), MRBREBEATEBBERE L D b IEZEOMIMATRO 617z (Fig. 6a).
BIEFHT A b EDOBOIEEROZAIZIE, FT A FORRERED SN b o7z (F(1,24)
=1.00, p>.05, n°,=0.04)c FBFHE LFH7 A MEEOLEEMIE, Bk, BETA MO
WFRIZBWTHRBO LN o7 (F(1,24) <1, 7°,=0.02 F(1,24) <1, 5°,<0.01)

z =

RHRZEIE, DEROBFERIA LR - ZHRMEHROMO~ v ¥ FORE L W) MIHEFE
B, SRORROWELY LA S, SROINEICBI 2B ELRET 2, Lwv ) KE
RMGEE L 720 FEEROK R, 5B OR/NEC T 2 FUBE & 582850 L, 455 o sk
DX xR E T 5 FE, Bk, BEFHEOLT A MIOREBSN T, FT A EF
% (Hf2, BIE) 7 A OB THEFEEEICBV CRERBD LA L, #HHlEE iz L
RoNehor. TORKRE, MEFEICL > THBOINE OB EIE X -2 b
ERL TS, L72h o T, KEBRIIBITLHEFEAFHRED, TRORLOREZ R L3&
T2 LRI END,

S 512, RFEBRIIBIT L HESE Tl & 25580 KANHIIT O F R 078 % e S 72
CriE, FHIT AN 200FHEET A PO TORISHMOZLEZEEERE T 5 0HI2H
WTHRE SN ze GHTTIE, FFETT A N ORI & o TR & ARBGRE TS 5510 T RO
B OB S NF20 ZORE, RBHEHICBWTHTT A M2 5BEHET A M & KIGEE
WA RoN, E2HFT7 A b5 1 ERGOBERET 2 MIBWTH FEBOMEMH R
L7z EEBUEEEIC BV T UG O ANI RO S ko 7z,

LLEDORERD? S, FRENTBROBTFRLE, O BHM 2 RR 2 ER L, FOERRIIBVTH
BB OKRNEBRSZNS OMBHEEEONBIZ AT 2R TEH SN TV L I EDRES
720 L7252 T, FEOLMBERDZOKRE &2 LIEBICENT 2 CRIL, 2ohh
RO FUGK 2S5 B O K & S OZEORFUILH L THAT % & v o) HEERh AR Sz &
Wb, ZOKFEIL, Schneider & Siegler (2010) DR E—KT LD THY, HEOLH
EEVBEABER U &) ICHER, ZHN2EABRLL2 2L T REHHELTIRHL T 5,
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EHIC, REBRIIBILIMEFFFREICL ST, BOANEBRIL ) BVIEE CHEED
TEANEEMRINDL T EHRINTZ, ZO#RIE, THETOWNIE (Kellman, Massey, & Son,
2010) TIRENTE72E IS, HELHEBOREN - ZHMEHANOLBR L JIERRT 5 2 &
TEFW 2 EBROMENMTOFEDPTRTH L L V)R X THHDTH L, KER
1, AE ) BRNGEFNEREA % 77 7EKB LW BRI RIE L CART 54
B, GEORNEROEMW &) BBAREOEEZ LA S5 2 EEHLIT L7, FHIZ,
FHIT A MCBWTRBH TS - 2FEH BT, HEEBE TR S L 2 OB OB
RBoOLNZ EE, KERIZBITS PIM B E 00 BOFBEICANTH LI LERL TS
LEER Do

—0, EBERZWEERET 20N TRMEFEFREOMRIBDO SN Lo T2, 7272
L, FEFHEIIEDLL T, HNERECTREEEEL ) EHRT A N TIEEROHEMA RO 51
720 TOMERIE, RUSFEMOBRE KT 2 &, RERRIIBIT 5 MEEE Fht 2 055 oK
HWroWH & (fluency) IAMEHLTHY, EMES (accuracy) 247 L EAIETW AP
722l RRLTW D, MEEEHE—RIC2Oo0MHRMEEBICBWTHRITLIEEZOLOND
(Rellman & Massey, 2013), 1 213, FREIZ@Y) 2 B OBIRW 2 M TTBE & 72 5 58 AR
(discovery effects) TH Y, b ) —2FMHE T L1EME L D, KWZrHmmwasm chitt+2
W TERI R (fluency effects) T 5o FERMRIFHEOIEERITEE L, WIHTER RIS
RHICE DD EEZOND, L2 o TREROFHRIL, PIM FHREIZL o THFHEENLD
WL THOBN R IER 2T 52 EDFTREICR LI EERBL TWD, BRI, RIS OB
DHHEFT A P OMEEETHECTH -2 LA 5, PLM Fii X 135550 w1 H B o 1R/ S
PEWIGEICERITH L LEZObND,

MEZZEOFY/ A9 —

REEL, INETEADPRE L CELMEFEFHRE (PLM) (Kellman, et al., 2008;
Thai, et al., 2011; Unuma, et al., 2012) PFHOHAFEIZBNTHHEMTHE I LEZRL TV 5,
FEFZ, COTHEPMESE O RO ZBBIEN T2 810k T, Ny =Bk LT
DHIE % £ ) RIEN TIEMRICERSE L I EAREBEEN TV S, PLM OFF#E, £HoFp)
ROEAWIT 5 2 LT, BB NS — Y BME L TORRAERESEL L THD
FEL <&, #8378 - BB (2013) 1BV TiEm SN TW5), 3TCII, BFHEFEIIBTLL »
N EEDFZWT (Kellman, 2013), AW OTEEDHH] (Mettler & Kellman, 2014), K ALZ
L 2HEF O (Thai, Mettler, & Kellman, 2011) 7 &C PLM OILH2STAA L NN TH R L H1F
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TWh,

MEFEOFHEE L LTOPLM 2SHEE LCTL 241X, (1) MNROMEIZOWVTONEH
RS D2 L, (2) IHERREARIITDR VW & (RER T EORIEIX THLAR ), (3)
AT 2 FB 2 L RS H 2 L, (4) HEBWEMMICFB»#TI562 L, £LC, (5) #
HEHAPBAMCED THDHZE (RERTEINEETFS 7Dy ¥V ), ThbH (BT -
BN (2013))0 SN OFMER & OREEIZ L > THFHORES, FHEME L3R4 LRI
BT L2 ENIFTE D, RERTIE, 7R MRER, 2200580 KNI THY, PLM
DT & LIERD R\ Ve T4bD5, PLM BT 2B 3R oS EROME O A (K
FEBRTIX, PROREEDT T T~OEH) THY), TOMEMMEOEED, L) EROR
HMBIFRE (EEOSEO RN 1B LIz WR b 2L, EROBAN 7 i E R
BB HMENHEOFEOMEEXHS 22 L T b,

FEICOVTOMEZBEDESR

TAE, DEOBBEEAO— BRI LA E FE L HET 5 2 LR SN TE 72 (Siegler,
etal. 2011), AWIZEIE, FHOBEMFIIBIT2HENUEICESLH T, ZOFEFOWHEN LM
B U720 REBORRAVRIZL 72X )12, MRFEFRE L o THROMBIMRES N
Lid, ELIEHFO—MN LFE RO B VT O RO HMEFE FHREVANTH
HLUREED D B0 T OKE, HFHFBE BT 2 AR BNMEOEED, F8E O AH#
RFHh & R &) MERRA RV EAHBIMERA L 2058 T2 E2 52N TES
(878 - BRI, 2013)0 BFO &9 M A REIZB W TIE, AR & 5RO RBA B
DHEIHE L O mEL &S Z R-3 2 LM SN Tw 5 (Goldstone, Landy, & Son,
2008) o

G, GROME L) RN ERLEEE &, RSB ORE, FEOBEIES
BT S MU, BEFHE B 2 BAN L BIE T EORSBICKRECHRT 52 2L TE 5T
H5)o DUONOEETIET TICRFEHEICB T, 58k & OREEILR & F2I5ER O
BRIZOWTORF IO TV 5, TNHDIIED S, 5ER RO ZZH I RHA~ DL
SV LEREDS, BEFER AR OEFIC D X ) IR T 2 0%, 120V THEOHEWMIC
BIL 7B asiRo 5 s el s b, E72, RWSEH G L MRS EH O BMEN 27 7
/0T —DRYUER, HEBS CEBRMICHRIEE NG Z LRI ND,

47



wom F AT Rl #il - Philip J. Kellman

&

L ARBFFEO—IE, AARLCEZRE 78 MRS (2014) 2B THERSN,

51 AR

Ahissar, M., & Hochstein, S. (2004). The reverse hierarchy theory of visual perceptual learning. Trends in
cognitive sciences, 8 (10), 457-64.

Ansari, D. (2008). Effects of development and enculturation on number representation in the brain. Nature
Reviews Neuroscience, 9, 278-291.

Bonato, M., Fabbri, S., Umilta, C., & Zorzi, M. (2007). The mental representation of numerical fractions:
Real or integer? Journal of Ex- perimental Psychology: Human Perception and Performance, 33, 1410-1419.
Booth,

Dehaene, S., Dupoux, E., & Mehler, J. (1990). Is numerical comparison digital? Analogical and symbolic
effects in two-digit number compari- son. Journal of Experimental Psychology: Human Perception and Per-
formance, 16, 626-641.

Feigenson, L., Dehaene, S., & Spelke, E. (2004). Core systems of number. Trends in Cognitive Sciences, 8,
307-314

Geary, D. C. (2005). The origin of mind: FEvolution of brain, cognition, and general intelligence. Washington, DC:
American Psychological Association.

Gelman, R. (1991). Epigenetic foundations of knowledge structures: Initial and transcendent constructions.
In S. Carey & R. Gelman (Eds.), The epigenesis of mind: Essays on biology and cognition (pp. 293-322).
Hillsdale, NJ: Erlbaum.

Goldstone, R., Landy, D., & Son, J. Y. (2008). A well grounded education: The role of perception in science
and mathematics. In M. de Vega, A. Glenberg, & A. Graesser (Eds.), Symbols, embodiment, and meaning.
(pp- 327-356). Oxford Press.

Izard, V., & Dehaene, S. (2008). Calibrating the mental number line. Cognition, 106, 1221-1247. Jacob,

Kellman, P. J. (2013). Adaptive and perceptual learning technologies in medical education and training.
Military Medicine, 178 (10 Suppl), 98-106. doi:10.7205/MILMED-D-13-00218

Kellman, P. J., & Garrigan, P. (2009). Perceptual learning and human expertise. Physics of life reviews, 6, 53-84.

Kellman, P. J., & Massey, C. M. (2013). Perceptual Learning, Cognition, and Expertise. In Psychology of
Learning and Motivation, Volume 58 (Vol. 58, pp. 117-165). doi:10.1016,/B978-0-12-407237-4.00004-9

Kellman, P. J., Massey, C., Roth, Z., Burke, T., Zucker, J., Saw, A., Aguero, K. E., & Wise, J. A. (2008).
Perceptual learning and the technology of expertise: Studies in fraction learning and algebra. Pragmatics
& Cognition, 16 (2), 356-405.

Kellman, P. J., Massey, C. M., & Son, J. Y. (2010). Perceptual Learning Modules in Mathematics: Enhancing
Students’ Pattern Recognition, Structure Extraction, and Fluency. Topics in Cognitive Science, 2 (2),
285-305.

Mettler, E., & Kellman, P. J. (2014). Adaptive response-time-based category sequencing in perceptual

48



HEFE L 2080 LHIRR ORI b

learning. Vision Research, 99, 111-23. d0i:10.1016/j.visres.2013.12.009

Petrov, A. A, Dosher, B. A., & Lu, Z.-L. (2005). The dynamics of perceptual learning: an incremental
reweighting model. Psychological review, 112 (4), 715-43.

Sagi, D., & Tanne, D. (1994). Perceptual learning: learning to see. Current opinion in neurobiology, 4 (2), 195-9.

Schneider, M., & Siegler, R. S. (2010). Representations of the magnitudes of fractions. Journal of Experimental
Psychology. Human Perception and Performance, 36 (5), 1227-38. doi:10.1037/a0018170

Siegler, R. S., Thompson, C. a, & Schneider, M. (2011). An integrated theory of whole number and fractions
development. Cognitive Psychology, 62 (4), 273-96. doi:10.1016/j.cogpsych.2011.03.001

Thai, K., Mettler, E., & Kellman, P. (2011). Basic Information Processing Effects from Perceptual Learning
in Complex, Real-World Domains. In L. Carlson, C. Holscher, & T. Shipley (Eds.), Proceedings of the 33rd
Annual Conference of the Cognitive Science Society. Boston, MA: Cognitive Science Society. (Vol. 11, pp. 5556-560).

HBEFHAT - RN (2013). MEFR BT 2N AMBROWE & 2o EmIHE I FEERTRE
WFJEACEE, 24 (1), 65-78.

Unuma, H., Hasegawa, H., & Kellman, P. J. (2012). Perceptual learning in jigsaw puzzle, Journal of Vision,
12(9), 688. doi: 10.1167,/12.9.688

AT - B - Kellman, P. J. (2014). FIHEFEH I L 20 BOERORKHAL HALHF S8 78 MK
& R

49



