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en Chinese is dis ing from alphabe, ic lang ages becg se of i s enormq s iy mber of charag ers i h
a grea_ range of spa ial compleﬁles (st roke ry mbers). Inthls S dd"%e in es igd edthe impag of spatlal
comp e%i‘on legibili £"of Chinese charac ers as Yell as associa_ed cro Nding in peripheral ision. § r
req | s sho#ed ha for isolg ed charaqers,  hreshold sj es of comple)charact ers increased fas er Yih

1'erir1a1 ecceny ricit than didthose of simple charac ers, § ggesting possible * '—‘lt hin—charact er cro#ding

KaY) }dg.’

Chinese chara& ers

Legibilitf'

Cro H4ding

Top-do #n in‘g ences
. v

Peripheral” ision

belonged 0 dlfferent

among par, s of comple AChinese charac, ers. Ho¥é er, § ch “8i hin-charac er cro#ding Yasrendered
negligible bd’s rong “b 'Jeen—charact er croding in rod ced b4* ankers. Wheni _he arge and* ankers
comple/tf‘grq ps,
Hhich cq 1d be e Alained bf‘t op-do¥n irfﬂ ences as el as lo¥er-1¢ el mechanisms. We § gges, ha
cro #ding can be & riy tEdto m l‘iple mechanisms N different 1d els of' iy al processing.

he intenslti'and e)er)t of cro#ding Yere greatli'req ced,
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1. Introduction

Mos, s, dies of le_ er legibili 4] se Roman le, ers. Roman le , ers
are higﬂlf‘s alish' i‘;“al S, im} liltﬁat are made ?)? a small ny mlitetr of
wt X i ¥ ] . .

s rokes, ha e no discernible par, s, and are rela 1 elﬂ niform in
P ial comple%i"as asim | s se. L is less clear ho# my ch of
q 1 knoYledge ob, ained tfrom § ch stin“ li can be appliedto legi-
bili "of Chinese charac ers (CCs) hat con ain 1,0 as mandas 52
S rokes, and Iy s hd ea Hide range of spa ial comple /£ ies. Re-
cen 14" Ye repor. ed a sy df"on legibili 4 of CCs in fo eal" ision
(Zhang, Zhang, Sq e, Lj , & ¥, 2007), in %hich e meag red
hreshold (aq ltﬂ si es for sifgrq ps of freq ery lﬂ sed CCs from
SO'J o high spa _ial comple £ ies, and de_ermined . he rela ionship
bet Heen legibiliti' and optical defoq s for Landolt C, Snellen E
and . hree grq ps of CCs represen, ing lo, medj m, and high spa-
tial comple £ ies. G 1 reg ]ts shoJedthat CCaq i £'si es increase
s eadild” ﬂith stirq } s com leéfthq gh aﬁja slo Yer ratethan
Lhﬁr Yq 1d be exﬁect ed if" ig al a“q 1ti"1< ased on wdiscerning
the'i nes, de ails of he s imy li. Moreo er, he aq lti"?j e sw.optical
defoq <t§ nc ions oft hethree CCs grq ps and Snellen E ha e sim-
ilar slopes, Eiffering onld"bd"a" ertical shift (appro)rnatelf'one,
o, and , hree lines abd e E aq |}f'or1 an aq i 4'char,, respec-

t‘{ eld), § g8es; ingthe feasibilitf'o | sing Snellen E aq lti" Hhich

0042-6989/$ - see fronr ma er © 2008 Elsé ier L .d. All righrs reset ed.

iithe q rreny § andard O Q fbewfo.r gq ittrest ing in China,to de-
e he leglblhti'ofCCs in fo eal’ ision. To} nders,and, he slo Her
ra e of aq 1tf°1 e increase agains spatial comple%f Ye also
de eloped a geome; ric momern, model, in Yhich e proposethat
h man le er recognit ion performance near  he aq itf'lim' can
be accq

nted for bd"a se. of global feay res dtescribed bi"easi’lt o-

" iy ak e and percepy a li‘meaningﬁ lo Y-order geometric mo-

men, s (i.e.,, he ink area, ariance, ske Mness, and K rtosis; mary -
scrip § nder ré iet).

The g rren, s df‘e%ends q,r York o he legibiliti'of CCs, as
Ye]l as cro Yding, in peripheral” ision. {Ne are par iq larlf'inter—
es,ed in; Ho dis ing charag eris; ics of CCs ha cq lgi affec}1 eriph-

t t

eral charact er legibi iti"and cro Lding in Mafd no; normalld’e ide

Yhen alphabe ic s imy li arey sed. First,the majori, £'of CCs are spa-

tiallf‘complicat ed. Onld"4% of CCs are single-bod charact ers (e.g.,
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proper compensa ions of scaling differences among CC grq ps. 2.
% ch a possibili 4" #4g 1d hd e impor, an_ clinical im licat ions in
e aj 4 ing perip eral ision of pa engs, ho readte tthat con ain
charac ers of differe spatial comple £ ies.

To address  his isg e, inthe‘i Is, par of  he s, dd te meag red

. ; U o t lﬂ . .

hreshold si es of single CCs of " ariq s comple £ ies a differe
retinal eccentricities. chomparing the slopes of spa ial scaling
§ ngions for differen, comple%f‘CCs grq ps, Ye ré ealed an infe-
riori, A'of comple)CCs o simple CCs inthe ig al peripheri',' possi-
bld™ indic ing “ﬂithm—chara er crofding among pars of

r . g |
comple)CCs; We also meag red ; hreshold si es of® anked CCs in
atrigram cofl g raion. o assessthe impact of ﬂithin—character
crofiding on reg lar “be_Heen-charac er cro-#ding.

The second dis inc. charac eris ic of CCs He are pariq larld"
interest ed in is  ha, in real- Horld Chinese e 2-more han ofen 1
is'a charac er® anked bi’cha\ract ers of di erent spatial comple)—
ies. § ch cofl g raiions are rareld’seen in alphabe ic lang ages
‘)ecq se alphabetic e ers tendto ha e similar spatlal comple/f—
ties. In cases Yhere he arge, and” anking characters hd e differ-
en, spa jal-comple £ ies, some basic stim ] s properties, § chas
he righrness andthe spa ial freq encd'con, en, s, are differen_ be-
Heen he  arge. and* ankers. These and other phﬂical Stil'q ] s
differences inc} ding shape, si e, polarij Lec., areknotn o affeél
cro Yding bf‘segreg ing  he  arge and“ ankers (Chj ng, L& i,
Legge, 2001; Hess, Dakin, & Kapoor, 2000; Kooi, Toet, Trip hd &
L& i, 1994; Na ir, 1992). Moreo er, a Chinese reader kno¥s na} -
rallf‘t ha[ the arge, and * anking charact ers i h" erd'differe
spa ial comple £ ies in atrigram cofl g ration, § chas NEF,
are dran from differen s imy | s grq ps, so ha he or she il
no, repor, a anking character as the arge . There is & idence, h
4 ch misrepor, ing con, rily . es {0 cro Hding (Sthrast‘ rger, 2005).
Therefore, bot stim S (S g 18 el op-do#n

ifferences and hi
if'y ences madaffec. cro #ding Yhen the REA and# an}dng char-
agers differ in comple 'y

In the second par; of _his St dd Ye assessed the impact of
REL( anker comple% conﬁ:as on croﬂding. We also de-
signed exﬁerimerrs {© isolatet e . op-dotn irﬂ ence on cro‘ﬂd— (a
ing,} sing no, on £Ccs h t also English Sloan let ers. Moreo er, a
af er isolg ion of cop-do “n irfy ences, Ye Uere a‘nle" 0 manip -
lae simy | s phaical feay res o iden ifd" lo¥er-l¢ el mecha-
nisms | nderldIng cro #ding. On _he basis of q r reg Ls, as %ell
as prg iq slf‘repo edV ndings, e propose an eclec[ic el th
| ses m ltiple mecrLanisms a m ]tiple processing e els {0 e}
plain cro#ding.

2. Methods

2.1.0byg 8. a‘:d a”c’ﬂug

respec\f eld Vie Ying Has monog larin a diml&'li,_ room. A head-

and-chin res, Masy sed o sabilj e he head posit:on.




46 J-Y. Zw q ./Vm‘: Regec* =i (2009) 44 53

clifferent from each % her and from hetarget. The* ankers al Maf¥
had, he same s e as_he_ arg ,ané he edge- o-edge, arg an-
t T
ker gap Mas one charac_er Hide if} nspecl ed (Fig. 1b§. Thetarget
Hag presery ed athO", 5°,0or 10° re; inal eccen, ricities on_he horj on-
al meridian in, he emporal\' ig afi eld. The' ie Ning glistance LIE
6,1.6,and 0.8 m f01:‘0°, 5°,and 10° re inal eccen ricitf,'respe 1 elt
In each, rial of fo eal  es ing,a0.1° sq arél A ion Masi rs_dis-
plad®d for 200 ms the cen, er of _ he screen accompanied * ith a
beep, Yhich Has foaISO Hed ba'a 300 ms, ime gap prior. o, he ons
of he s imy | s. The s.imy | s q ra ion tﬂas 200 ms. When* ankers
Herey sed  heir displad™ ¥as al Yad¥ sdhchroni ed !-‘ishthetarget
'Jiththe same aby B ons and offset. For peripheral , es, ing, . he
i ion Mas lﬂaﬁ resen , and , he obsel er Has asf<ed
cenral ion Has a p ,
xo’i ea i. he beginning of eachtrlal, a small sq are (0.1°)
ashed for 200 ms 4 ;he  arge loca ion as a locg ion ¢ e, Hhich
35 folloYed bd'a 300 ms gap prior (0 he onseB of she simy | s.
The s imy } s Yas presen ed for 200 ms. The o sef er  ask Mas
{© ide iff‘t hetarget from a list ofthe'i" e memlaers oft‘hetarget
grq p the list Hag prin‘)ed on paper for obser er’s reference),
and ;o repor, (he req | ba'pressing a ry mber ked! An § di ord’
feedf)ack UFEN prg ided} pon an incorrecI response.
The_ hreshold legters-j e 'Jit hq ; or 'Jlth ankers Mas meag red
Ui h he me hod of cons an; s imy li. In EAerimen, s 1 and I1, %hich
Yere i n 088 her, eacfl exﬁerimental session Mas composed of
hreshold s e meag remern, s Hih a combina ion of sim | s
grq p, retinal eccen‘Jric' fan_df anl‘ging condi, ions. Each hreshold
meag remen_ Mas based oni " e le els of simy | s si e Hih 10
presen a ions a each 1é el. Atibical rq nd of exﬁerime S con-
sis_ed of 30 sessions (5 s imy li grq ps x 3 eccery rici ies X"; ank-
ing condi ions), #hich Mere § naccording, oa randomli‘perm ed
able for each obser er and Yere comple ed in abq - bo daf.
Each obser er comple_ed 7 rq nds ofthe exferime s. All condi-
ti‘(‘)ns in each § b—exﬁeriment of E/ﬁeriments Il an ‘I‘V cq 1d be
co ered % hin a 2-h session and_%ere repea ed in se eral dad?.
The percen, correc. daa Here ¢ Mih a Weily Il { nqion:
P=1—(1-1y)e % *=wdhere P Has _he percen_ correc,y Has he
g essing r e (0.2 in a 5AFC rial),y as he S 1m | sang larsi e,
B Mas ¢ he slope of  he psi’thom ric { ng ion, ‘and; —Bas_the
threshold si e for recognition 3 a 0.6% correg le el

3. Results

3.1.%9,117?* I: Lg bV ST copog. ,;,ﬂ{q,{wz‘:

This e perime meayq red hreshold sj es for fq r grq ps of
isola_ed CCs as Yell as Sloan le_ ers a_ 0°, 5°, and 10° re inal eccen-
tricities. Ind! iq al and mean _hreshold si es ploted ;;1gainst
ecce ricitf,'along N hregression lines ( Meigh,_ed L‘lti‘l error bars),
Yere shon in Fig. 2a and b. A repea ed meag res ANOVA indi-
cated hat for all stin“ | s grq ps, . he _hreshold s es increased
Hh fie Te. inal eccen rici, A'linear] ({ <.001; Fig. 2a and b). The
hresfqold st es of _he more cpmple)CCs (CC4 and CC6) Here sim-
ilar (._" =.978), and Yere signi cang 14" 1arger hanthose of simpler
CC1 ( =.002) and CC3 (] =.026). cc3thresflold si es Mere larger
tharl ha of CC1 Q’ =.032), and CC1  hreshold si es Yere larger
han  ha of Sloan le ers ¢ =.022). Tﬁle la er cq Id be e plained
‘iﬁ' he _hicker s_rokes ofthe Sloan leTt ersa&hang & al., 2007).

There as a signl ca in erag ion be, Yeen Sim | s grq ps
and ecce ricities (1: <.001), ggestingthat he increase of, hresh-
old si es i h\ he re inal eccen rici 4" as aftfect ed b} he s;imy | s
grq ps. To chara(‘ter-j ethisi erac ion, peripheral _hreshold si es
Here normak ed bd" corresponding fo eal  hreshold si es. The
reg ltant s e scaling { nctions Yere sho¥n in Fig. 2¢c, and the
§ ng ion slopes Yere plotted against S roke freq encdin Fig. 2d.
These plots sho Yed a sﬂt ema ic increase of scaling { ng ion slope

from simple, o more comple}CCs. The slopes of CC6 and CC4 Yere
24% and 26% greafrthan ha_ of C(;’3, respe 1 weli',' and 56% and
59% grea erthant of CC1, respec 1 eld! Moreo er, Hhen slopes
oft he scaling { ng ions for fq r CC grq ps Yere plott ed against the
sim | s comple%ies (st roke freq encies), he slope of  he regres-
sion line #as signl ca \4'differen, from; ero({ =.002) (Fig. 2d).
These data indica ed M he threshold si es of more comple
CCs (CC4 and CC6) increase aI afas erra e Y h_here inal eccen-
tricitf' han didthose of simpler CCs. We int erpre, ed his sﬂtem-
aric cimnge of regression slope as e idence {or possible
interactions among componelks of more comple}CCs, or “ Ui h-
in—charact er cro Nding, inthe ig al peripherd'(see Section 4).

3.2.15)(5‘9%3 I1: G dyg bRy cey Coppag.capapg

Ale eris moredif ¢ |  oiden ifd"™hen j is closeld* anked bi"
addj ional le , ers (Flom, Hea_h, & Takahashi, 1963; S ar. & B rian,
1962. See Le i (2008) for a mos,, recen, ré iet), Wq Id g ch
croMding be_Meen _he  arge and* anker characers be affect ed
b’ 'Jit hin—t arge. cro 8ding? In _ his e Aerimen_ e meag red the
hreshold si es for‘ anked Sloan, CC1, CC3, C(4, and CCGtargets
3‘ 0°, 5°,and 10° re; inal eccen[bricirws. ThetargeT and” ankers Yere
rafin from  he same 5-member simy |,s grq p (Fig. 1a), and  he
edge- o-edge gap be Yeen . arge. and * ankers Mas al Mt one
charaqer 'Jidth (Fig. 1b). This e Herimen, Has § n oge her 4i h
E/ﬁerime 1 on _he same obser ers (see Sec ion 2). Ind! id al
da\t a,their a erages, andthe regression lines are sho#n in Fig. 3a
and b.
As exfected, s;rong cro Hding Mas ¢ iden in recogni_ion of
& anked Sloan 1 ¢ ers and CCs in peripheral“ ision, The slopes of
spa; ial scaling ? ng ions Yere my ch s eeper for * anked . arge s
(Fig. 3¢, dashed lines) , han for isol edtarg s (Fig. 3c, solid lines,
replotted from Fig. 2¢). In__he f3 ea,threshol si_es| nderthe an-
ker and no# anker condi ions %ere no_ signi cantli" differe
({ =.591), consiste !-"ith Flom (1991) tf'lat fo eal cro¥ding di
no; e%end'befbnd one charag er 'Jidih. ‘
The bes i tting lines oft he hreshold s e’ s. re, inal ecceny ricitf'
{ ngions Became s, eeper Mit increasing CC comple f‘( Fig. 3a
and b). Ho g er,this increase onlf'ré‘ ec.ed fo eal  hreshold si e
differences amongthe CCgrq ps. When peripheral i‘ll‘EShOld si es
Here normalj ed bf‘corresponding f0 eal , hreshold si es,the dif-
ferences among . he scaling { nc ion slopes of" ariq s CC grq ps
Yere insigni can (':' =.344; Fig. 3c). Whenthe slopes oft he scaling
) nctions for the fq r CC grq ps Yere pl(zsted agains, s roke fre-
q encies, he slope of . he regression line #as no,_ signl ca 14dif-
ferent from; ero (-I =.679) (Fig. 3d). These reg Ls § gges; ed that
Hhen * ankers Mere presen , charac ers of differe spa 1al com-
ple% ies scaled in a similar manner 4 h re inal eccen, rici, 47
is il’l\"lpOl‘ an .o dis, ing ishthe normal ed spa ial scaling fac-
¢ Ors bd'fo an hresholés inq rsy df'from Bq ma (1970); nnor-
mak ed SPa ial scaling fac ors. Bq ma (1970) reported that the
{ nnormal ed scaling facT or for crit ical croYding; one is a pro)—
ma eld"0.5 (i.e., half _he re inal eccen rici f) This factor aried
from 0.23 (Sloan)to 0.37 (CC6) inq r daga ﬂhenthe s3 es ofthe
critical: ones MYere calq la ed in arge; anker gery er o-cenj er
distance 3 a 70.6% correc. rae ( he  hreshold  a} es Yere in
edge- o-edge gap si e in Fig. 3), smallerthan Bq ma’s fact or of
0.5. This difference cq l‘gl be q e, o he differen cri erions s¢ ;0
dd ne  he  hresholds (Le i, 2008).

33.EJ ?j .k lIl: TousfGF > & AZE A a‘!kq c .nvLeX;,,V cyrm
B G
In; he in roq gion Ye g gges ed ha in normal Chinese efa

charac er is more likeld”. 0 ha e neighboring charac ers 4 h
differenr spatial comple/ﬁles.f‘i ch comple%f‘differences Hq 1d
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in_ rod ce lo- 1é el brigh ness and spa ial freq encd'differences
b Heen hetargeT and “ ankers. [ #q Id also mtroq ce a op-
do #n lrfz\g ence (0 segrega e . he aree and * ankers, especialld’
Hhen _he comple i’dlfference 1< large. In h1< exﬁenment lie
meag red  he effects of (318 anker comple fcor}tras on
cro Mding by h CCs. Ly er 1n E%erlme IV He #q Id isola e . he
{OP- do#n irf| ences on cro-Yding § <1ng CCs as Yell as Engflsh
Sloan le ers as sim li.

331T4}£g kage f aj@ c <l emlc g d,
e comple/ﬁ con, ra ‘n:h he 1ea<g and o< comple #
CCs, CC1 and CC6, Yerey sed as . arge and ™ anker s, 1rq li. The

3 erage s roke freq encies Here 2.22 and 5.52 s, rokes per charac-
er for CC1 and CC6 s, 1n1 i, re<pecP1 eld! Threshold si es Mere
meayq red g 10° retma ecceny rici; L'for CC1 and CC6  arge, s Yih
hreetarg anker comple f‘contrac cond1t10n< (1% ero com-
ple%f‘co ras,: a CC1 or CC6,arge, Hi h* ankers from he same
5-member s iny | sgrq p(deno,edas“I111 and “666 condiions.
Digi, s “1 and “6 s and for CC1 and CC6 chara ers, recpectl eld;
and he left cen er, and rlght d1g1ts represe he le anker cen-
er arg , and righ,_* anker, respeg 1 eldy; nSf 11 comple L'con-
ras: a CCl ar Hi h CC6 ankers (“616 cond ion) or a CC6
418 ﬂith CC1* ankers (“161 condlglon) d com le
conras,: a CC1 £arge 'Jlth a”"CC6 * anker and ekCC1 anker
(“611/116 condi ions) or a CC6 218 Hi h a CC1# anker and a
CC6 # ankef (“166/661 condjlom) Threshold si es for single
CC1and CC6 Ui hq , # ankers Here also meag red as baselines (de-
no.ed as “1 and “6 ).

Fig. 4 sho %s hethrechold st es ob, ainedy nder' arlq S argei
anker comple I‘con}'rast condlt ions. Whenthetarg -
ers had { 1l comple ras, s (616 and 161), cro #ding Mas re-

q ced slgn‘i can Id'from, ha, a3 ero comple Lcon, ras, (111 and
666) ¢ =.001, repe3 ed meag res ANOVA), bd'55.5 44/ for _he
CC1  arge_(Fig. 4, graf'bars and 34.6. 4.2% for _he CC6  arg
(Fig. 4, black bars). Cro#iding Mas req ced more for he CC1 £4r8e
b he CCG‘; ankers mthe 616 coﬁ I EN 10n han for he CC6 arg
f;he cC1# ankers in, he 161 cofl g ratlon “This asdtn

beq e othe fa h for he616coﬁ g ra ion, Hhen heCCl ar-

heir non‘; anker “6 baseline hrecholds (Fig. 4). Therefore, , he
tfeat“ res of . hese CC65 ankers &ere no erf'leglble and had less
chance, o be 1mproperlf‘1r1te§rared L] featg res of he CC1 arg

(© pl‘OCi ce crolding. HoMe er, cro¥ding Mas no compl el
ellmmared N fn comple%f‘contrac Threshold sj es for 616
and 161 condi ions Yere s ill signl can I4"larger . han “1 and
“6 baselines ({ =.002), #hich HMere 29.6. 4.0% ané 38.% 10.0%
larg”er, respec.1 eld! .

d comple £ 4'con, ras s, here Mas no sigril can,_ differ-
ence Jh her he same-grq p anker N3s on, he lef, or rlg side
of he rge, so he req Ls Yere a eraged. Cro%ding aL m1/§d
comple%i."cont ras, s (116/611 and 166/661) Has HMeaker an, h

2 ero comple con,ras,s (111 and 666) (-_’ .008 and 021
respec.1 eld] Fig. 4), q s;ronger han h f 11 comple fcon-
1% 93616 and 161)({ 063 ané 021 » respeg 1 ‘elf' Fig. 4).

Ho g er, i is Jor h men, ioning ha\t he abo" e es, 1mat10r1 of
the comple co ra< effec s 'Jere mos, conser lth he
as§ mp.ion  ha  he g essing ra e of  he cerzer arget Jac\g n—
change acr0<< arlq s* anker cond 1on< Ho fle er, |
beginning and end of a le., er s ring are kno #n o be more leglrble

han le ers in _he middle (Wolford & Holllng&'or h, 1974)
LUFER likeli"that g some character stesinqr e%erlmentc he
obsel ers cq, ld recognj e one or both ankers iy . no ;he arget
When bo h ankers Yere recogni ed, he arge g essing rae
Has 1/34 nde? ero comple i'co ras, con ]thHS (111 and 666)
becg se bo h* ankers “ere member of  he 5-charager s im | s
grq p, and 1/5§ nder { Il comple 4" con ras, condi ions (161
and 616) becg se bg h* ankers Here from a differen sim | s
grq p. The higher r es ofcorrect g essing a<<0c1ated Hi h _he; ero
compleﬁf‘co ras,s Hq Id hd e cq sedy nderes ima_ion of  he
thre<hol st es for he 111 and 666 condj ions, andj nderes, ima-
ion of _he hreshofd differences bet Heen he~ ero- and { ll-com-
ple%f‘contr% condltlons

33’332 Te(f 4 Qg8 A agl<q .ane/\;lyc_',}cy 3 ¥ €4
acyg

Be"cldes he hreshold change, cro #ding is also ¢ a § ed bi"ltc
SP ial e)er; or crltlcal spacing ( he; one Ui hin * Jhlch‘z ankers

g6 ﬂas near hreshold he CC6 ankers Here mos; ﬁkeli"beioJ 1r1terfere he arge recogmtlon Se eral Si dies repor, ed hat
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he c‘r’lcal spacing is appro/ﬁm\t eli‘half he arge, T inal eccen-
rlc regardless ofthe £ar8e st e (Bq ma 1970 C ng al.,
2001; Pelli, Palomares & Majaj, 2004; Tripa hd" & cd anagh
2002), I:g he eﬁ a} e depends on ho#_ he spacing is dd ned
(cent er- 0 ce er or edge- o-edge) and 'Jhat he crlterlon 1§to de-
j ne  he limis ofthe cro&dlng; one (L& i, 2008)

We meay red cri ical spacing of cro#ding 33 ero comple Py
concras.s (111 and 666) and { Il comple%f‘contras S (616 and
161)a 5°and 10° re_inal eccentrlc1t1e< for he same fq robsel ers.
Crltrcal spacing for Sloan le_ ers a3 ero comple% coru(tiract Hys
also meag red for comparison. The sj es of -he arge and“ ankers
Herel Ad a 1.2, imes each obsel er’s single charac er  hreshold
si es (Fig. 4), and he aIge, correq repor, ra e UFEN meaq red as
af nctlon of _he arg anker cen, er-, 0" center <eparat10n CI'ltl—
cal spacing fas dé ned as _he center o-ceny er separ;l'ron g a
70.6% corre ra.e. Crltlcal spacing for; ero comple% con, ras,
condij ions (111, 666 and SSS for Sloan le ers) #as s atls 1call}'

similar a_ 1.86. 0.47°, 22& 0.49°, and 1.8% 0.47° a 5° eccen-
trlc £'(Fig. 5a), recpectl eli"and 3.1% 013° 3.24. 0.44°, and
326 0.17° 3 10° eccen/&nat (Flg 5b), recpectl eld'q = .462, re-
peated meaq res ANOVA). Ho #¢ er, cr(}rcal spacing “Mas <1gn‘i -
14" smaller Yhen _he ¢arge an ankers Here fu
comple 1" con ras s (-f— .006), i h an J erall red ¢ion of
41.0%. e 616 comple 1 con, ras cond ion req ce(d more
cro Jdmg from _he 111 cond ion nEbf‘t49 4%, a eraged d er 5° and
10° data Fig. 5a and b, grafbar< han did, he 161 comple A'con-
ras, condi ion from he 666 condi ion ( bf‘32 6%, a eraged o er 5°
and 10° data Fig. 5a and b, black bars)({ =.006). The req ct10n< of
cr1t ical spacing Yere similar & 5° and 10° re; inal eccery rici ies

¢ =.161).

3.4.Ex{e}1.ne¢ IV:T!_l,—ldJ‘:a‘:dfnJ g€ JJe e 4 dig

S rashy rger (2005) reported hatq nder cro #ding an obsel er
mig repor he # anking le ers as  he  arge , Hhich #as g p-
por. ed bfq I error analﬁrcu <1ng he 111 and 666 da a in Fig. 4.
Specl calld for all imy | s sies proq cing less  han 60% corre
{186, Tepor ra e (mean 38.6% and 37. 8/ for 111 and 666 condi-
glons, recpectl elf) he ra e hat he obsel ers mis akenlf‘report ed
hlgher han  _he ra e repor, mg he oiler Jo‘g q sed charac ers
(52. 5%" s. 89/ for _he 111 condi ion and 446/ s. 17.6% for _he
666 condltlon 601 »repea ed meag res ANOVA). These misrep-
or_ing ra es Jere calg la ed agains, . he % al iy mber of 1nck ded
rials, no_ . he 1y mber of -Hrong repor, . rials, S0, he obsel' ers é en
repor, ed . he “ ankers more freq e H‘ han he correq ,arge
HoYe er, Mhen he arg and‘; ankers Yere dra %n from di fereru(ti
S 1m } serq ps(ie, 161 and 616 cond1t10n<) the obsel er Uq 1
no repor, . he* ankers as  he_ arge , becg se he or she kne ¥ _h
he anking charac ers Mere no_ on he 11< of reportable charac-
ers Besides ctqu | s differences Ele brlg ne<lz spa ial fre-
q encd) h mlg hid e segre r?ed he REL and*® ankers, ho¥d
m ch th 1d th1< {OP- do#n i ence co rrq e .0 cro¥fding
reqd (‘th1‘1 in Fig. 4? [n his exﬁerlment He a“empted 01<01ate his
£ OP- -do#n irf'y ence on croYiding, as Mell as (O S df'lo Yer-le el
mechanlcms hat also affect cro #ding.

34.1. Hg = -’4ab‘, 4 €.4Ce

To isola e high 1é el bp* dojn 1rtzg ences, Ye compared cro #d-
ing ﬂhenaﬁletarg and® ankers #ere dra #¥n ej her from, he same
simy | s grq p, or from differen, s.imy | s grq ps, hile keeping
¢he arg anker comple £ 4'co ra< cons, an, . To make _his pos-
sible, as sho %n 1n Fig. 63,  he £4r8e in _he r1 ram Has al Maf¥
dratin from  hei" e CC1 ¢ ara erw <ed in abo e exﬁerlment
and, he® ankers Yere ej her dra %n from_ he remammg fq r char-
acters( same anker COl‘ldltIOI'I in Fig. 6), or fromfi ' e % her char-

one of he, o ansqng chara ers as he arget 35 signl cantlf'

agers (“diff i anker cond1t ion in Fig. 6). These ne ¥ charac ers and
the e mg‘i e characierQ had similar ry mber of S rokes (2~4)
and similar b map | clidian drs ances among each o_her (Zhang
e} al., 2007). Therefore the arg anker comple fcontra< S
llere; ero | nder “same and “diff “ anker condi ions, q he
ankers in _he “same condélon Nere repor, able chara er< and
he* ankers in he “diff’ condj ions Mere no, . The obsel ers Yere
clearld"informed “he hef hetarg and‘ anking charac( ers Yere
from _ he same s im | s grq p or from differen, grq ps, and  he
S 1m ﬁl Here 11< ed on paper as a response g ide. This design iso-
1 ed . he obsel er's kno Yledge of , arge. and * anker 1dent1t1e< as
a . op- do 4p iy ence on cro#ding and con, rolled . he impac s of
lo ter-1¢ el s m‘; S fac)orc We also ran a paralfel exﬁerlme
| sing Sloanl ers follo Jrng he same proceq re The arge ﬂa<
dratin from " e Sloan le,, ers (CDKNS)‘; sed in abd e e Aerime
andthe ankers Jere dran ei her from_ he remaining fq r1l
or fromi" e o her pre iq <lﬂ 1} sed let ers (VROHZ, Fig. 6a)

Fig. 6b sho Med hat Jhenthe anker< Yere dra¥in from a dif-
fere S 1rq | s grq p, crofding Mas <1gn'i can Il red ced
({ —.007 repea ed mea§ res ANOVA). The mean  hreshold si e
Has req ced bad'27.9. 6.3% for CC1 and 19.5. 5.6% for Sloan le -
ers. There #Mas no signl can_ difference of cro #ding red c ion be-
Heen CC and Sloan |1 1 <1m li @ =.221). These reg ks
demon< ra ed ha . he obsel ers kno Hledge of arge, and*” anker
1de1231e9 as a  op-dotn irfy ence cq Id signi cantlf' red ce
cro fding. Hoﬂe er, compared o  hreshold req ¢ion in he { Il
comple%fcontrac condltlon 61(%) he~ ero comple%fcon—
RERY condi_ion (111)5 Hhjch YHas 55i 4.4% (Fig. 4), hreshold
red CtIOI'l mthe “diff * anker condij ion" s._he “same anker con-
djion g ;he ¢ rren rqeof 27.9. 6.3% Yaslessroly s "This differ-
ence § gges ed ha  op-dotn m;‘g ences cq Id onlf'accq 1} for
par, of he { 1l comple i."cor]t ras, effec on cro#ding, an
remammg effecT needed {© be E rlq ed osim | s pha¥ical dlf-
ferences . ha_ also <egreg e  he arg an ankers .o req ce
croYding (Chy ng & al,, 2001; Hess g al. 2000; Kooi & al., 1994;
Na ir, 1992).

Again, ; he abo e calq la ions ofthrecholds 1mp11clglf'assg med
eq alg e<<1r1g ra es of  he arg ‘same, and “diff * anker con-
di_ions. Under he cond 10n€ Uhere bo h* ankers Mefe recogni -
able,  he argeT g es<1r1g ra es fe for he “same and “diff condltlon
Uq Id be 1/3 and 1/5, re<pect1 elf] So . he 4bd e es 1m ion of
he _op-do#n irf'y ences on cro#ding, #hich MYas r CIEd bd
he _hreshold differences be_ Meen  he “same and “diff * anker
condltlonc Has mos, conser a1 e, as disq ssed’in E/ﬁerrment IL.

342.A¢ se, K ‘W“'ﬁ"i."r‘? jéﬂj}eg,g}ﬂ 199 des f

“J d

¥ ]t hﬁ been proposed hat cro-fding reg lt< from i ermedrat e-
1 el improper, 1r1tegr 1on of . arge. and * anker fea} res Hhen
hetarg and* ankers fall in o an i eg: iom; one (Le i, Hariha-
ran & Klein, 2002; Pelli eé ., 2004). Ha ing q ant‘i edthe op-
dan inf'y ences on cro ¥ ing, He 'Jere able ;0 manip la e lo f
er-1¢ el* anker propert1e<to ha e a close look ofth1<1mproper fea-
W re 1r1t egra ion process. Specl calld} Ye meag red cro¥ding 4 h
s, roke-scrambled CC1 * ankers (“strkS condl‘i(lon Fig. 6), Yhich
scrambled . he spa ial arrangemen, of . hie s rokes b . re ained all
legi 1mate En; sh S rokes (feat\; res), and Jlth pi/§1 scrambled CC1
i ankers ( “p/fS condltlon Fig. 6), Mhich abolished all legj lmate
<trokes and compared hreshold changes agams % her © anker
condj ions.

L1ke he “diff # anker condi ions, obsel ers Yq 1d no, repor,
he ankers as he {418 bﬁm1< ake in he itroke and piAl-
scrambled anker condi_ions, so his op don i “ ence Mas
ma, ched. Mored er, s roke- <cramblt1ng broke l er-1¢ el process-
ing of  anking charac_ers  ha Hq 1d hd e 1ed g‘e ‘ rectogether
possrblf‘allong he S rokes {0 be more ea<1lf'1ntegrated 1r1to
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lhe arge, . Mean Hhile, pi/%l—scrambling dest roded featu res ofthe
an‘dng characters, tl“ s discq raged 318 anker feay re in _e-
gra ion. The req Ls shoted th s roke-scrambled “ ankers
(“strkS ) raised ,_hreshold si es bd'38.4. 7.6% compared , o . hose
ﬂith the”g nscrambled “diff * ankers (Fig. 6b; ¢ <.001, pairedy -
%% ) S gges; ingghat le“er—lé" el grq ping of‘; anker fea} res dis-
cq raged arge anker featg re i egration. Moreo er, after his
Wt . . s
1 ter—le el featu re grq ping Mas disabled bd"s, roke-scramb ing
o} the ankers,thethreshold si es Here no signi cantlf'differe
from, he “same * anker condi ion I¢ el Q\' = .952. is Yor_h men-
tioningthat a]thﬁ gh _he “same and “strkS ankers proq ced
similar cro #ding, cro Yiding bd’ “s{rkS ankers Mas affec ed bd"
Yo cq nteracting processes; a  op-do-fin irf'y enceth red ced
cro fding, and a freertarget # anker feat‘g re in_egr. ioni[ .0 dis-
] . e .
abled le_ er-le el feay re grq pmgthat facnhBared crofding. § ch
ddhamics Yere nq discernible #yhq . a baseline reference of

op-do #n impac, s bA" he “diff i anker condition. On_he o her
] 7t o 1 [ ¥

and, puél—scrambled ankers ( p/fS ) nearld” Hiped q . croid-
ing, The . hreshold sj es Here no, signi’ ca li’differer]t %rom the
no+ anker baselines (q] =.086). This effec Mas predic ed bd™_ he
featg re intlegration model, becg, se after pizél—scrambling, here
, oS ; ' L
Here no eligible featlg res mthe ankers that cq 1d be in egra ed
"Jiththetarget (© prod, ce cro %ding.

4. Discussion

In  his s dd Ye demons, rated L}'hin—chara er cro4ding in
.. . - . N .
recogni, ion of isola_ed, predommantl comple}, Csin_he’ ig al
peripherf,' and sho Yed th § ch ﬂit hin—characLer crolt'ding Has
rendered negligible bi’n“ c sgrongerb Neen-charag er cro #ding
once_ he, arg chara(‘t er Mas* anked ba'o_her chara(‘t ers. We also
fq né red ced crofiding as a reg lt of spatial comple%fcont ras
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Fig. 6. Top-do #n and lo ter-1d el irﬂ ences on cro #ding. (a) CC1 and Sloan lenersu sed as arg and different i anker stirr\ li. (b) Threshold si es ™ different i anker
condj ions. no: no anker; same:  he arge and® ankers dra#n from  he same s iny | s grq p; diff: ‘he arge and® ankers dran from differen simy | s grq ps; s rks:

S roke—scrambled‘; ankers; p/?s: pix%l—scrambled‘; ankers.

bet Yeen he arge, and“ anking CCs, and assessed , he con rilj -
! t g £
ions of _op-do#n and lo%er-le el processes {0 thls comple Py
con ras; effect and {0 cro Nding in general.

4.1. Wy St K d{"g a‘:dm G g4 g.n,'L.ﬁﬂ 1

gcr data sho ﬂedt hat, as, he re, inal eccer:i ricitﬂncreases, com-
ple ZCCs ha e o be enlarge a more rapi rahethan simple CCs
¢© Teach eq aY legibiliti' Com\lale)charact ers ha e more s rokes
than simple ones, and tl] s ha e higher objec spa ial freq encd’
componern, s (cf&les/char, Parish & Sperling, 1991). Wq 1d  he dif-
ferences in object spatial freq encf'accq oY for spa ial scafing dif-
ferences among different CC grq ps?
isknotn ha " iq alaq i 4" aries linearld" 8 h re inal eccen-
“ric1t1/."(Herse §z Bedell, 1989; Lé i, Klein, & Ai sebaomo, 1985; I} d-
igh, 1941; Ro amo §z Virg , 1979). If Si-and S are q  -off re, inal
freq encies in the fo ea and EN E deg eccerhricitfthen Sg=Sjf
(1 +E/E,), Yhere E, is _he eccen, rici #hich _he reso} . ion has
changed bd"a fac or of 2. For a charac.er Yhose heigh 1s H deg
and Yhose objec. freq encl/."isx c/char, 1 s dominan,_ re_inal spa ial
freq enci‘isx/H c/deg. When aq iti' hreshold heigh_ is reache
an eccen, rici, 4"E, . he charac er’s re inal freq encd'S =x[H=54
(1 +EJE,), and the threshold character heigh. shq Id erf‘ ﬂiLh
eccen, rici 4'in a linear fashion: H=,(1+E|E) S,».—w/\ he fo ea, he
waq |t elght is Ho =, /S~ If Ye normalj e each ¢ r eﬁ)f}s 0 Yn fo-
eal aq itf'height Ho,the normal ed aq itf'height Hill be H=H|/
Ho=1+E[E; Mhich is independent ofthe sim | s objecP fre-
q encd’,, and _he normali ed lines shq Id alﬁ be on ;op of each
other. Th s,  he differences in objec spa ial freq encd’are no
responsible fort he s;eeper scaling of comple}CCs in Fig. 2c. Ra her
He hﬂ)ot hesi ethat the scaling differences might ha e reg Led

from int erag ions among par, s of comple)CCs, or “ﬂit hin-charac-
er cro¥fding.
l\/Tart elli, Majaj, and Pelli (2005) repor, ed , ha_ con, ras, . hresh-
olds for recognit ion of a feat'g re (amq th ora 13 er) become high-
er Mhenthe feat\; re is presented Hi hin a con,_e /Z (a face or a Hord)
han #hen i is presen ed in isola 1on. This “face and Yord inferi-
oriti'effect appears 0 oc%r onl inthe peripheri‘Sheedt‘S{ bba-
ram, Zimmefman, and Ha4&s (2005) repor, eda ‘:‘lett er § periori 'y
egfect, inth;t, high cony ras; lo Yercase le ers ha e 10 20% be_ er
fo eal aq j 4 han Yords made of 5 6 lo Yercase le_ ers. In bo h
cases, par, s are more legible #hen presen, ed alone than Uhen pre-
sen.ed Y hin a meaning{ 1 Hhole, Hhich is  ermed as “in ernal
cro Yding bi"Martelli al. (2005). Q rreg ]ts ré e.alledadir#ferent
aspeq oftﬁe par, ‘Hhole rela ionship, in that a compq nd object
made of more  han one meaning{ 1 par, is more dif q ]t 0 recog-
n e in the“ ig al peripheri‘t han anj nd! idable simpfe objec, .
Ho #¢ er, { . her exﬁeriments are req ired .o prg ide direc, € i-
dence for cro#ding 'Jit hin a compq nd charac er. N€ er heless,
if § ch in erag ions e/ﬁt,thefn} S 0Ccq T beforethe Hhole is rec-
ogni ed. In comparison,, _he par orlg erg periorltl/."effe madoc-
q rafer he Hhole is recogni ed. For  his reason, Ye name  he
in_erac_ions as “#j hin-charac er cro#ding for dis inction.
Wir in—cha{a er cro ¥ding in, le peripherfmaf'complwic e: i-
§ al { ngion € a} g ion of Chinese reading pa iens. In fo eal” i-
sion  here is a ra her simple rela ionship be Yeen  he E aq i Fy
and fegibil' ies of differen, comple£4'CCs (Zhang e_ al., 2007),
Hhich allo #s inference of fo eal' ig al abilj £in recogni ing differ-
eny comple%f‘CCs onthe basis of one ag Tf'meaq remen. Ho -
e er, his simple rela ionship does no, app i’to he peripherfq e
{0 ﬂithin—ct‘}aracter crofding. A recen g r ed'in China sho%ed
that the pre alence of age—related magq lar degeneration in the
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75+ &t age grq p is 15 30% ('Tian, Zhang, Li, Zhang, & M, , 2005).
Mand"of . hese pa,_ien, s mad'e eny allf'hd e, o reld'on peripheral
" ision for, heir daild"ac 1 ities, inc} ding rea&ing. Their peripheral
A i§ al abil 41l hd e o be assessed Y h proper considera ion of
'Jit hin—chara(‘t €er cro ﬂéing. Onthe o_her hand, in real- ¥orld read-
ing materials, CCs are organj ed in lines % h small spacing be-
i Heen them. Q rreg lts § gges; that 'Jithin—character cro Y#ding
mad'become less impor; an in reading real Chinese e/ becg se
bet Meen—charact er cro l}ding is likelfto dominate (Fig. 3).

42. Tomazg ayq c <Lawlc b} ® CE gl ey o

Cro¥ding is markedlf‘req ced Mhen he, arg and‘ ankers are
different in Py ial comple f‘(Fig: 4).§ chcomp e%i"cont ras, ef-
feq madocq r onlf'rareli'mte%sthatq se alphabe, s of} niftorm
comple f,'lq ¢ is' erf'common inte)s like Chinese and Japanese.
Therefore, . he effe 1 ecro Hding in § chte%s mad'be lo Yer _han
'Jhat predlct ed from an e/fuerimentu sing I8 s and“ ankers of
the same compleﬁf,‘

Bq ma (1970) s oﬂedth;l' 'Jhenthe cen, er le“er of atrigram
is presen ed 4 an eccen ricit E,the critical spacing (, he ce er- o-
cener spacing bet ﬂeenthe arge. and® ankers _ha prod ced he
same aq itf'as an isola ed leFer is rq ghld"0.5E. This reg | has
been ele a ed o he s aj sofala#, Yhichs estha“he spa ial
e?e of cro&ding depends onld"on the retmal eccen, rici, 4" of
thetarget. Alt hq ghthe eAc efen of cr\i‘ ical spacing 1s kno#n
{0 depend on he cri erion for, hreshold (Le i, 2008), once a crit e-
rion is Se Bq ma’s la#t Hq Id predict similar crit ical spacing for a
gl en eccen, rici A'regardless ofthe stirr] | stfbes and coﬁw g ra-

ions. We fq nd _ha . he cen er- o-cen er cri ical spacing aries
from 0.23E for Sloan 1 ers o 0.37E for CC6 charact ers,the differ-
ence of Hhich cq Id be q .0 ﬂi%hin—charact er cro Yding in com-
ple)CCg.F; 1, hermore, Ye fq nd ha croMding and crj ical spacing
are signl ca lf'req ced in _he presence of _arg anker com-
ple%f‘co ras,. The changeable crj ical spacing #as also reported
bl’Cl} ng (2007) Yho demonstrate hat critical spacing can be al-
teredthrq ghtraining. Thesereg | s§ gges“hat retinal eccen, ric-

1is no the onld" ariable th etermines he spa ial e)erlt of
cro Yding. Critical spacing mad'be irtzq ence bf'rr‘} iple Pact ors,
and Bq ma’.g' la¥, as s aedinis original‘form, mad'be a special
case th is” alid Yhen s imy i are rela I eli"simplg and Mhen
the £arge and® ankers share similar P 1al comple%i‘

43. T%szd‘%y% gy d%g

Acq my lat ing ¢ idence from mand'cro Uding sy dies inc} ding
q rgq rren one § gges s ha cro-fiding mai"res; | from Yo main
cq rses of iy al processing. A an in_ermedia e Ie el, Lé i 9? al.
(2002) and Pelli & al. (2004) propose hat cro #ding reg lts rom
improper infegrat ion oftarget and” anker feaﬁu res inthe periph-
erd! The 1y Il cro¥ding effec of pi/él-scramb ed‘z ankers (Fig. 6)
is consis e ﬂith this accq n. In addition, the effect of S roke-
scrambled * ankers (Fig. 6) § gges;s thalt £ 2r8e anker fea} re
integrarion is in some meayg re res, 1'ict ed bi‘le“ er-1¢ el process-
ing. Feaf\‘ res are se, free for ir)tegrat ion !-'ith he arge 'Jhenthis
higher-le el le er processing is in erj pteé, Hhich aggrg 4 es
cro tding. Pré g s reg Ls (Cj ng e al, 2001; Hess ¢ al., 2000;
Kooi e al., 1994; Ng ir,1992)and q r g rre}f idence (Fig. 6) also
indicated that £ar8e anker s imy | s phagical differences help

H L, k]

segrega e he arge and“ anker. This s imy | s dri en, arg an-
ker segrega_ion likell"req ces cro #ding bd'res, ric ing  he arg
and”® anker feaj res o be integra( ed. This effecL is simllartothe
case in cen.er § rrq nd i era(‘tion, in ‘ha Mhen he § rrq nd
and cener stin“ li are grq ped in o separa e Ges, a]t S, cenger § r-
rq nd in _erac ion is grea, 14" Beakened (Malania, Heg og, & West—
heimer, 2007).

A higher" ig al Q'rocessing,q rreg ks cofl, rmed S rashy rger's
repor, th he obser ers more likeldrepor. a* anking s, im | sas
the arge. fhen a Yrong response is made (tSt rashy rger, 2005). The
“same and “diff * anker effec_ s sho¥%n in Fig. 6 indica e  h
crofdifg d e (0 tF’lis misreportmg cq 1d be correc ed #hen  he
obser ers can separg e the 2188, and © anker, stin‘g li thrc‘ gh
top—do Hn irf'} ences. Strasq rger exﬁlained hisV nding as dislo-
c;led enyion o he® anker loca%ion. If hisis g e, he op-do®n
i} ence cq Id afttect cro#ding bA™y llifding _he po;’kionalu ncer-
¢ I‘ofa“enrion. In addj; ion, he same, op-do #n i |\, encecq 1d

. : |
§ rtjer fac111t e arg anker segrega ion in jallf'drl en bd" ar-
g6 anker phﬂlcal differences, a pos.slbilit He canno e/ﬂ de.

A compe, ing exﬁlanat ion of croMding agains, , he improper fea-
o re int egra ion model 1sthatwcro Uding cq Id reg frg)m limi_ed

en ional reso}  ion in the ig el peripherd”(He, Ca anagh, &
Intrillgator, 1996; 1 rilifator & Ca anagh, 2001). The {18 be-
comes less legible “hen* ankers are close becq sethe CCN ional
spotlighr is no small enq ghto separatethem. Alr hq ghtthese L)
compe. ing models , Apicalld'make same predic ions abq . cro#d-
ing (Le i, 2008),  he limij ed a“ensional reso} ion model Yq 1d
ha e dif G ltfpredic‘ing the § 1o ke-scrambling effec since _he
spa, ial 1an t ofthetrigram stin‘; li is} nchanged. Ho nd er,qr
¢ iaElence is no, necessarilf‘agamst ¢he 3 o1y ional reso} , ion mod-
el sincethe latt er opera.es g a higher le el of' ig al processing.
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