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Phonological and orthographic constraints on semantic activation in reading Chinese were inves-
tigated using a phonologically mediated semantic priming technique. In Experiment 1, we observed
no significant mediated priming and homophone density effects for homophone mediated primes
having no orthographic similarity with semantic primes. Such primes, when they contained regular
phonetic radicals, did produce significant effects in Experiment 2. In Experiment 3, targets were
facilitated to the same extent by mediated primes that were either orthographically similar and
homophonic to or only orthographically similar to semantic primes. In Experiment 4, facilitatory
effects equivalent to semantic priming were observed for orthographically similar homophone
mediated primes containing regular and consistent phonetic radicals. We argue that access to
semantics in reading Chinese is constrained by both phonology and orthography operating in
interaction with each other, and that phonology has no inherently privileged role over orthography in
constraining semantic activation.© 1999 Academic Press
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Access to lexical semantics is the fundam
tal process in reading. It is traditionally assum
that word meaning can be accessed in two w
One is by direct visual access, where vis
features in the input are projected onto un
lying orthographic representations in the le
con, whose activation is transformed direc
into the activation of semantic properties. T
other is by a phonologically mediated proce
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where orthographic activation leads to the a
vation of corresponding phonological repres
tations which, in turn, activates semantic rep
sentations corresponding to the phonolog
form. Different theories of visual word reco
nition have placed different emphases on th
two pathways to semantics, and history has
nessed a pendulum-like swing between
strong phonological view and the strong vis
view of access to lexical semantics (see Fr
1998; McCusker, Hillinger, & Bias, 1981, a
Taft & van Graan, 1998, for reviews). Althou
dual-route theories (e.g., Besner & Smith, 19
Carr & Pollatsek, 1985; Coltheart, 1978; Co
heart, Curtis, Atkins, & Haller, 1993; Seide
berg & McClelland, 1989; Plaut, McClellan
Seidenberg, & Patterson, 1996) differ in ter
of the types of knowledge representations
processes involved, in the relative importa
of the two processes in reading alphab
words, and in the way phonological informat
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is activated, they share the idea that both visual
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580 ZHOU AND MARSLEN-WILSON
and phonological routes are used in acces
lexical semantics and that each route determ
semantic activation at least some of the t
(Jared & Seidenberg, 1991). Dual-route theo
contrast with other theories, such as “re
nance” theory (van Orden & Goldinger, 199
van Orden, Pennington, & Stone, 1990;
Orden, Jansen op de Haar, & Bosman, 19
which propose a predominant role for phon
ogy in access to meaning. For these theories
visual–phonological correlation is strengthe
during learning and reaches coherence be
visual–semantic correlation. The self-con
tency between visual and phonological prop
ties rapidly organizes the lexical processing
tem and dominates over less consistent,
efficient visual–semantics relations. Direct
sual access to semantics either does not ex
plays only a minor role in semantic activatio

The role of phonology in access to lexi
semantics, in association with other related
sues concerning phonology in visual word r
ognition (see Frost, 1998; Seidenberg & M
Clelland, 1989; Taft & van Graan, 1998), h
attracted much attention in recent research
nonalphabetic scripts, such as logographic
nese. Although it has been demonstrated
phonological information is automatically ac
vated in reading Chinese (e.g., Perfetti
Zhang, 1995; Zhou & Marslen-Wilson, 1999
this phonological activation, by itself, seems
have no strong influence on semantic activat
With one or two exceptions, studies on
reading of Chinese or Japanesekanji, for skilled
eaders, have observed either no or weak i
endent effects of phonology on semantic a
ation (e.g., Chen, Cheung, & Flores d’Arca
995; Leck, Weekes, & Chen, 1995; Saku
asanuma, Tatsumi, & Masaki, 1998; Wyd
atterson, & Humphreys, 1993; Zhou
arslen-Wilson,1998a; Zhou, Shu, Bi, & S
999; Zhou, Marslen-Wilson, Taft, & Sh
999; but see Tan & Perfetti, 1997), ev

hough most of these studies used the s
xperimental techniques, such as semantic
gorization (e.g., Jared & Seidenberg, 19
an Orden, 1987; van Orden, Johnston, & H
988) and phonologically mediated sema

riming (e.g., Fleming, 1993; Lesch & Pollat-p
g
s
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sek, 1993; Lukatela & Turvey, 1991, 1994), t
demonstrated robust phonological effects w
English. The contrast between the function
phonology in reading alphabetic and lo
graphic scripts sharpens our understandin
the language-specific and universal mechan
of lexical processing.

The purpose of the present research wa
investigate further to what extent access
meaning in reading Chinese characters is
strained by phonological and orthographic
formation. We begin with a brief review
recent research on the role of phonology
semantic activation in reading Chinese.

PHONOLOGY AND SEMANTIC
ACTIVATION: EXPERIMENTAL

EVIDENCE

A number of studies have demonstrated
honology is automatically activated in read

ogographic Chinese even when the experim
al tasks make no obvious use of this phono
cal activation (e.g., Perfetti & Zhang, 199
hou & Marslen-Wilson, 1999a; but see Ch
t al., 1995). What is more contentious is
xtent to which this phonological activation,
killed readers, constrains access to sema
lthough the question of whether phonology
utomatically activated in initial lexical pr
essing is closely related to the question
hether phonology mediates access to mea

he two questions need to be carefully dis
uished (Frost, 1998; Seidenberg & McC

and, 1989; Taft & van Graan, 1998; Zhou et
999). Claims about mandatory phonolog
ctivation, for example, do not necessarily

ail the further claim that access to meanin
redominantly phonologically mediated.
There have been a number of approaches t

nvestigation of the role of phonology in acces
emantics. One indirect approach is to com
he relative time course of phonological and
antic activation in reading Chinese. If phon
gy plays a central role in constraining acces
emantics, phonological information should
ome available earlier than semantic informat
he activation of phonological information
eading Chinese should be very early and sh

recede the activation of semantic information. In
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581PHONOLOGY, ORTHOGRAPHY, AND SEMANTICS IN CHINESE
several studies using either backward mask
synonym and homophone judgment, or prim
naming techniques, Perfetti and his colleag
(Perfetti & Zhang, 1991, 1995; Perfetti & Ta
1998; Tan, Hoosain, & Peng, 1995; Tan, Hoos
& Siok, 1996) made precisely this claim. Ty
cally, two sets of target words were used in th
studies, one set preceded (or followed) by sem
tically related words and one set by phonolo
cally related words. By varying stimulus on
asynchrony (SOA) between the first and sec
characters, these authors found that homop
priming (or interference) effects appeared ea
than semantic priming (or interference) effe
The results suggested that phonological activa
in reading Chinese is not only automatic but a
earlier than semantic activation. This earlier p
nological activation could play a strong role
constraining semantic activation.

One problem with the above argument is
some of the supporting evidence has pro
difficult to replicate, even with the same stim
and similar experimental procedures. For ex
ple, Perfetti and Tan (1998) reported very la
effects for semantic pairs and even larger eff
for homophone pairs (often over 80 ms) in
primed naming task. In a direct replication
this study, however, Chen and Shu (19
found significant but much smaller seman
priming effects and only weak phonologi
priming effects in primed naming, which is b
ased toward the use of phonological inform
tion. In a systematic study of the relative ti
course of phonological and semantic activa
in reading Chinese, Zhou and Marslen-Wils
(1999a) used various tasks with two-chara
compound words and single-character wo
including lexical decision, character decisi
primed naming, and phonological and sema
judgment, and found no evidence that pho
logical effects appeared earlier than sema
effects. Indeed, semantic effects appeared
lier and/or had larger magnitudes than pho
logical effects in most tasks except primed n
ing. In a further study, Zhou and Marsle
Wilson (1998b) did observe larger phonolog
effects than semantic effects, but only for

primed naming task at a short SOA (57 ms) ana
,
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only for characters containing homophonic p
netic radicals.

Another problem with comparing the relat
time course of phonological and semantic
fects is that these comparisons do not allow
to pinpoint the role of phonological activati
in access to semantic activation. The issu
relative time course of phonological and sem
tic activation does not logically bear upon
issue of phonological constraints on sema
activation, even though these issues are rel
If we assume “triangular” relations among
thography, phonology, and semantics (e.g.,
fetti & Tan, 1998; Seidenberg & McClellan
1989; Zhou et al., 1999), it is difficult, in su
paradigms, to decide whether semantic ac
tion is mainly produced by direct computat
from orthography or because of phonolog
mediation, and whether phonological activat
is mainly produced by direct computation fro
orthography or because of semantic media
(Zhou & Marslen-Wilson, 1999a).

More direct evidence comes from two lin
of research using the semantic categoriza
task and the phonologically mediated sema
priming paradigm. In the semantic categor
tion task, participants are asked to dec
whether a target item belongs to a prescr
semantic category (e.g.,flower). The stimul
ncluded words (e.g.,rows) or nonwords (e.g
oze) homophonic to category exemplars (e
ose). The presence of a homophone o
seudohomophone activates the phonolog
epresentation of the category exemplar. If p
ology mediates access to meaning, the se

ic representation of the category exem
hould be activated and hence delay the “
esponse (but see Taft & van Graan, 1998 fo
lternative account). This rationale has m
ated several studies on English and robus
erference effects have been observed for ho
hones and pseudohomophones (e.g.,
rden, 1987; van Orden et al., 1988; but
oltheart, Patterson, & Leahy, 1994; Jared
eidenberg, 1991; Taft & van Graan, 1998,
ualifications of the findings). Studies on C
ese characters and Japanesekanji using this

echnique have produced mixed but recon

dble data.
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582 ZHOU AND MARSLEN-WILSON
Leck et al. (1995) found that characters (e
hu[2], curve; or gua[1], making noise)

sharing orthographic components with the
emplar characters (e.g., hu[2], fox) were
more difficult to reject as exemplars of a sem
tic category (e.g.,animal) than controls1. The
magnitudes of the interference effects were
sentially the same whether or not the crit
characters were homophonic to the categ
exemplars. However, the latencies for rejec
homophonic characters (e.g., hu[2], lake)
that had no orthographic similarity with t
exemplar characters were not significantly
ferent from the baseline unrelated conditi
This absence of a significant independent p
nological effect is consistent with Chen et
(1995) who did not observe interference fr
homophone foils that were orthographically d
similar to category exemplars. Wydell et
(1993) investigated whether there was pho
logically mediated access to meaning in Ja
nese kanji two-character compound words.
homophone foils were either orthographica
similar to the category exemplars—sharing
character (i.e., one morpheme) with them—
orthographically dissimilar. While orthograp
cally similar words, whether they were hom
phonic to category exemplars or not, were m
difficult to reject than matched control word
the visually dissimilar homophones were
more difficult to reject than control words (s
also Sakuma et al., 1998). However, the in
ference effect was larger for orthographica
similar homophones than for orthographica
similar nonhomophones, suggesting that p
nology can influence semantic activation w
it co-occurs with appropriate orthographic
formation.

The stronger effects of phonological fact
in Wydell et al.’s (1993) study may reflect d
ferences between Chinese and Japanese s
or it may reflect other differences between
studies. Leck et al. (1995) used semantic c
gories with many more members than Wyde

1 Throughout the paper, the pronunciations of Chin
haracters are given inPinyin, the Chinese alphabetic sy
em. Numbers in brackets represent the lexical tone

yllables.
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al. (1993), and this may have encouraged
down effects in the Japanese study (cf. Jare
Seidenberg, 1991). In addition, Wydell et
(1993) used compound words in which the
mophones shared one morpheme with the c
gory exemplars, while Leck et al. (1995) us
single-character words. It is possible that
phonological and semantic activation of
compound exemplars in the presence of ho
phones was partially due to morphological p
cessing of the shared morphemes in the ho
phones and category exemplars (see Sakum
al., 1998; Zhou & Marslen-Wilson, 1998
Zhou et al., 1999, for evidence).

Overall, these semantic categorization stu
show a strong role for orthography in the
mantic activation of Chinese or Japanese k
and relatively weak effects of phonology. Ho
ever, phonological information does inter
with orthographic (and morphological) info
mation in processes of semantic activation.

Another line of research uses phonologic
mediated semantic priming techniques,
which semantic targets (e.g.,frog) are precede
not only by their semantic associates (e
toad), but also by words (e.g.,towed) or non-
words (e.g.,tode) that are homophonic to th
associates. If semantic representations are
vated through phonological representations
cilitation should be observed not only betwe
semantic primes and targets, but also betw
homophone and pseudohomophone primes
targets. When a prime is presented, whether
a semantic prime or a homophonic
pseudohomophonic prime, the shared pho
logical representation is activated and use
access to lexical semantic representations
responding to the phonological representa
(but see Taft & van Graan, 1998). This acti
tion of semantic representations spreads to o
words, including the target word, which sh
semantic properties with one of the activa
semantic representations. The target wor
thus preactivated and responses to the su
quently presented target are facilitated.

This technique has been successfully use
studies investigating the role of phonology
reading alphabetic scripts (e.g., Fleming, 19

e

f

Lesch & Pollatsek, 1993; Lukatela & Turvey,
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583PHONOLOGY, ORTHOGRAPHY, AND SEMANTICS IN CHINESE
1991, 1994). Lukatela and Turvey (1994),
example, found that at brief SOA’s, the nam
of target words was facilitated to a similar e
tent by semantic primes and by homophone
pseudohomophone primes, which shared m
orthographic properties with the seman
primes. The facilitatory effects for the lat
primes disappeared when the SOA was lon
than 250 ms. In contrast, words that were
thographically similar to but not homophon
with semantic primes did not show signific
priming effects. The latter finding was taken
evidence that the priming effects for hom
phone and pseudohomophone mediated pr
were mainly due to their homophony rather t
orthographic similarity to semantic primes a
that orthography by itself has no direct effe
on semantic activation in reading alphab
words.2

A study using the same technique on Chin
(Zhou et al., 1999), however, found no sign
cant effects of mediated homophone
pseudohomophone priming. Zhou et al. (19
used the phonologically mediated sema
priming technique on both Chinese two-cha
ter compound words and single-character w
or morphemes. For compound words, a ta
(e.g., wei[4] sheng[1],hygiene) was pre
ceded either by its semantic associate (

jie[2] jing[4], clean), or by a word homo
honic to this associate (e.g., jie[2]

jing[4], shortcut), or by an unrelated contr
word. Facilitatory priming effects were fou
for semantic primes in lexical decision and, t
lesser extent, in naming, but there were no

2 However, although orthography on its own may hav
irect influence on access to semantics in reading alpha
ords, it may still play a significant role when it intera
ith appropriate phonological information. Homopho
sed in mediated priming (e.g., Lesch & Pollatsek, 1993
emantic categorization (e.g., van Orden, 1987) were m
rthographically similar. The difficulty in finding orth
raphically different homophones in alphabetic scripts
ents us from examining effectively whether the ho
hone mediated priming effects are solely or predomina
ue to phonological mediation. It is nevertheless possib
rgue that, in normal reading, phonological mediatio
emantics depends to a large extent on its interaction
ppropriate orthographic information (see Coltheart e

994).
d
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nificant effects for the mediated homopho
primes in either task. Moreover, pseudoho
phones (e.g., an[1] quan[2]) derived from
compound words (e.g., an[1] quan[2]
safe) had no significant effects on targets (e

wei[1] xian[3], dangerous) which were se
mantically related to these base words. The
sence of phonologically mediated sema
priming in compound words is consistent w
the finding that, in lexical decision with sho
SOAs, there are in general no significant di
phonological priming effects between orth
graphically different homophonic compoun
(e.g., jie[2] jing[4], shortcut, and

jie[2] jing[4], clean) or compounds hav
ing homophonic morphemes (e.g., hua[2]
xiang[2], glide, and hua[2] gui[4], luxuri-
ous) (Zhou et al., 1999; Zhou & Marslen-W
son, 1999a). It is also consistent with
pseudohomophone effects in lexical decision
which pseudohomophones created by repla
only one constituent of compounds, but
pseudohomophones created by replacing
constituents of compound words with hom
phonic characters, are significantly more d
cult to reject than control nonwords (Zhou
Marslen-Wilson, 1998a). Without the supp
of appropriate orthographic and morpholog
information, phonological activation by itse
has little influence on the semantic activation
compounds.

When the phonologically mediated sema
priming technique was applied to single-ch
acter words or morphemes, Zhou et al. (19
did not find significant priming effects for m
diated homophone primes that were orthogra
ically different from semantic primes. In o
experiment, the authors varied the relative
quency of semantic primes and media
primes. In another experiment, they varied
homophone density (i.e., the number of cha
ters homophonic to semantic and media
primes) of mediated primes. If semantic inf
mation is activated through phonological me
ation, then competition between semantic
resentations corresponding to the sa
phonological form should be affected by
homophone density: the higher the homoph

tic

r
ly

-

y
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density, the stronger the competition between
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584 ZHOU AND MARSLEN-WILSON
homophone competitors and the weaker the
mantic activation of semantic and homoph
primes used in experiments. Both manipulati
revealed no significant mediated priming effe
at either the short (57 ms) or the long (200
SOAs, although robust semantic priming w
observed in the same experiments.

The absence of a significant phonologic
mediated priming effect in Zhou et al. (199
however, is contradicted by Tan and Perf
(1997), who reported strong and long-last
priming effects for mediated homopho
primes with no orthographic similarity to t
semantic primes. As in Zhou et al. (1999), T
and Perfetti (1997) manipulated the homoph
density of semantic and homophone prim
although their definition of density was sligh
different. While Zhou et al. (1999) counted h
mophone neighbors over characters with
actly the same pronunciations, Tan and Per
(1997) counted homophone neighbors ac
characters with the same segmental temp
that have either the same or different lex
tones. Characters from the low-density ne
borhood in Zhou et al. (1999) may still ha
many neighboring and competing charac
differing only in lexical tones. Tan and Perfe
(1997) found that at SOA’s of 129 and 243 m
target characters were named faster when
were preceded by either semantic or ho
phone mediated primes than by unrelated
trol primes. The priming effects for the me
ated primes (and for semantic primes) va
according to homophone density, with prim
from the smallest density neighborhood prod
ing the biggest effect. These findings, if re
cated, may suggest that phonology, after
places the same strong constraints on sem
activation in reading Chinese as in reading
phabetic scripts.

In this paper, we began by trying to replic
Tan and Perfetti (1997) with their original sti
uli. We then carried out three experiments
manipulated the orthographic similarity b
tween mediated primes and semantic pri
and the sublexical phonological regularity
tween mediated primes and their phonetic

icals. We also examined the time course o
e-

s
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phonological and orthographic constraints
semantic activation.

EXPERIMENT 1

This experiment replicated Tan and Perf
(1997) directly, with the same stimuli and e
perimental procedures. The SOA betw
primes and targets was set at the shortest i
val (129 ms) used by Tan and Perfetti (1997
homophone density plays a strong role in m
ulating phonological constraints on sema
activation, we should observe not only sign
cant mediated priming effects, but also an
teraction between mediated priming and ho
phone density.

Method

Materials and design.The design and samp

TABLE 1

Experiment 1: Experimental Design and Sample Stim

Semantic
prime

Mediated
prime

Control
prime Target

Low homophone density

Pinyin kuo(4) kuo(4) ka(3) kuan(1
Gloss broad include block wide
Frequency 401 218 179 406
Stroke 9.1 10 8.3 8.9

Medium homophone density

Pinyin sui(4) sui(4) kang(2) nian(2
Gloss year smash bridge year
Frequency 470 257 587 809
Stroke 8.1 7.9 7.7 8.3

High homophone density

Pinyin xu(4) xu(4) ge(1) tan(2
Gloss chat save up endure talk
Frequency 268 225 154 650
Stroke 8.1 9 9.7 8.4
fstimuli are presented in Table 1. Target charac-
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ters (e.g., nian[2], year) were preceded b
three types of primes: semantic primes (e

sui[4], year), which were mostly synonym
of the targets; homophones of the sema
primes (e.g., sui[4], smash), which acted a
he phonologically mediated primes; and un
ated controls (e.g., kang[4], resist). The se
mantic and mediated primes, which were
orthographically similar, were differentiated in
three categories according to their homoph
density. Low homophone density was defi
as semantic and homophone primes that
five or fewer other characters pronounced in
same way (but not necessarily with the sa
lexical tones). In other words, the homoph
neighborhood had a density of five or few
characters (i.e.,N # 5). Medium homophon
density was defined as 7, N # 15, and high
homophone density had members of 20 or m
(N $ 20).

There were 15 quartets of primes and tar
in each category. Control primes were not p
fectly matched with mediated primes on f
quency and visual complexity (in terms of
number of strokes per character), but we did
expect these discrepancies to have a syste
influence on the pattern of priming effects.
in Tan and Perfetti (1997), no filler items we
used.

Targets and their primes were split, usin
Latin square design, into three counterbalan
test versions. In each version, five targets
each density category were preceded by se
tic primes, five by mediated primes, and five
control primes. The same targets appeared
once in a particular test version. A pseudor
dom ordering was used to arrange the stimu
each version, so that, across the test vers
the same target appeared in the same positi
the testing sequence. The only difference
tween versions was that the primes for a pa
ular target were different. In each version o
third (15/45) of pairs of primes and targets w
semantically related and one third were not
lated. Another third of the prime-target pa
were related via the homophony between
mantic primes and the mediated primes.

A potential problem with the original stimu

was that some syllables (with the same or difs
.,

c
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t

e

d
e
e

e

s
-

t
tic

d
f
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-

s,
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-
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ferent tones) were used more than once
primes or targets. For example, the chara

(mang[2], busy) was used twice, once as
semantic prime and once as a target. S
targets or primes were pronounced in the s
way (e.g., chi[4], red; chi[4], scold) or
differed only in tones (e.g., you[1], worry;

you[2], mail). This problem occurred for 1
syllables and 16 targets. To reduce the pote
influence of the repetition on naming latenc
we split the characters with similar pronunc
tions into different versions or else ensured
there were several intervening items betw
them in a testing sequence.

Procedure.All stimuli for this and the fol
lowing experiments were generated usin
computer word processing program and c
tured as pictures on the screen by a snap
program. Each character was excised and s
as an individual image file on a computer h
disk. Both primes and targets were create
48-point songti font3. A character was abo
2.4 3 1.6 cm in size and participants we
seated about 60 cm from the screen.

Presentation of stimuli to participants a
recording of reaction times was controlled
the experimental software DMASTR, whi
was made available to us by Ken and Jona
Forster. As in Tan and Perfetti (1997), on e
trial an eye fixation signal (“1”) was first pre
ented at the center of the screen for 1000
ollowed by a prime which was presented
29 ms. The target was presented immedia
fter the prime at the same location. It remai
n the screen for 2 s or until participants re
ponded to it, whichever was shorter. Nam
atency was recorded from the onset of
arget to the participant’s vocalization, wh
rigged a voice key interfaced with a mic
hone and the computer. There was a 2-s in
al between the disappearance of the targe
he eye fixation signal for the next trial.

Before the formal test, each participant
eived 15 practice trials. As in Tan and Perf

3 We did not use the 24-point font used by Tan & Per
1997) because in our preliminary test our participants c
lained about the smallness of 24-point characters o
-creen.



ho
ir

cte
nd
the

a

e
2

nd
ate

ere
ve

ded
ilur
, o
s, a
thin
d a
ror
me

b
he

tica
thi
low
em
d o

re-

n-
ely,
be-
of
ar-

y
c

N ean
n sity
g an
t low
( up.
M pe
w
F ls
t for
s tly
f
i es
( the
l he
i one
d

ted
no

n
pe,

,
cters
tic
ic to
nsity
ntic

er-
nd
uli
The
ere,
the
di-

ef-
ing

e min
e

L 5)
M 3)
H 8)

586 ZHOU AND MARSLEN-WILSON
(1997), primes here had no orthographic, p
nological, or semantic similarities with the
targets and the frequency of these chara
were above 17 per million. Unlike Tan a
Perfetti (1997), however, there were ano
five unrelated prime–target pairs that acted
dummy items before the critical tests.

Participants. Thirty-six participants wer
tested, 13 for test version 1, 11 for version
and 12 for version 3. All participants in this a
the following experiments were undergradu
students at Beijing Normal University and w
paid for their participation. They were nati
speakers of Mandarin Chinese.

Results

A total of 41 (2.5%) responses were exclu
from analysis because of naming errors, the fa
of the computer to register response times
extraneous noise. Incorrect responses, stutter
cases in which participants did not respond wi
2 s of the presentation of targets were counte
naming errors. There were seven (1.3%) er
when targets were preceded by semantic pri
ten (1.9%) errors when they were preceded
mediated primes, and seven (1.3%) errors w
they were preceded by control primes. Statis
analyses for error rates were not carried out in
and the following experiments because of the
error rates and many empty data points for it
and participants. Mean naming latencies, base
correct responses and without trimming4, were

4 Trimming data in different ways, such as replac
xtreme responses, did not change the pattern of pri

TABLE 2

Experiment 1: Mean Naming Latencies (ms)
and Their Standard Deviations

Semantic
prime

Mediated
prime

Control
prime

ow density 559 (49) 580 (50) 570 (4
edium density 537 (45) 548 (47) 547 (5
igh density 567 (43) 572 (52) 582 (5
ffects.
-

rs

r
s

,

e
r
nd

s
s
s,
y
n
l
s

s
n

computed for participants and items and are
ported in Table 2.

Analyses of variance (ANOVAs) were co
ducted for participants and items, respectiv
with prime type and homophone density as
tween-participants factors. The main effect
homophone density was significant both by p
ticipants,F1(2, 70)5 34.473,p , .001, and b
items, F2(2, 42) 5 4.354, p , .05. Post ho

ewman–Keuls tests showed that the m
aming latency of targets in the medium den
roup (543 ms) was significantly shorter th

he mean naming latencies of targets in the
570 ms) and high (573 ms) density gro
ore importantly, the main effect of prime ty
as significant,F1(2, 70)5 10.182,p , .001,
2(2, 84) 5 4.351, p , .05. Newman–Keu

ests showed that the mean naming latency
emantic primes (554 ms) was significan
aster (p , .01 by participants andp , .05 by
tems) than the latencies for mediated prim
567 ms) and control primes (566 ms), while
atter two did not differ from each other. T
nteraction between prime type and homoph
ensity did not approach significance,F1(4,

140) 5 1.157,p . .1, F2(4, 84)5 1.168,p .
.1. Separate analyses involving only media
and control primes confirmed that there was
overall priming effects for mediated primes,F1,
, 1, F2 , 1, and no significant interactio
between homophone density and prime ty
F1(2, 70)5 1.738,p . .1; F2(2, 42)5 2.349
p . .1. Therefore, responses to target chara
were significantly facilitated by their seman
associates but not by characters homophon
these associates. Moreover, homophone de
had no significant influence either on sema
priming effects or mediated priming effects.

Discussion

The pattern of priming effects in this exp
iment differed from that reported by Tan a
Perfetti (1997), even though the same stim
and experimental procedures were used.
differences between the two experiments w
first, the size of priming effects, and second,
influence of homophone density on the me
ated priming. The overall semantic primingg

fect in this experiment (about 13 ms) was much



ett

nt,
c nd
s o-
p ith
s re
p cts
w o
p ne
n ef-
f rep
l uli
u im-
i e
a te
p ion
o in
d ny-
t as
r

ct
h n
r ad
i ma
t es
i an
p cal
e ed
t ffi-
c nd
p an
t d
q u-
e na
e of
f ub
l ne
d ally

ho-
l-

nce
on,
ntic
pho-
ith
tial

ne
de-

o-
ding
ve
are
ble
ntic
ble.
ble

l ac-
hy
rn

any
ical
t is
le
did
hou

it
87)
we
me-
hat
and
e-
ps.
go-

tive
tial

ed
ol-

are
ho-
o-
tic
gi-
arac-

for
s

an
ing
s fo

lat-
low

587PHONOLOGY, ORTHOGRAPHY, AND SEMANTICS IN CHINESE
smaller than that (51 ms) in Tan and Perf
(1997) in the comparable SOA condition5.

More importantly, the present experime
onsistent with Zhou et al. (1999), did not fi
ignificant mediated priming effects for hom
hones that had no orthographic similarity w
emantic primes. Tan and Perfetti (1997)
orted that the size of mediated priming effe
as affected by the homophone density
rimes, with primes from larger homopho
eighborhoods producing smaller priming

ects. However, the data from the present
ication indicated that, at least for the stim
sed, there are no significant facilitatory pr

ng effects for the mediated homophone prim
nd no significant interaction between media
riming and homophone density. The variat
f the priming effects for the mediated primes
ifferent homophone density groups, if a

hing, is in the opposite direction to what w
eported by Tan and Perfetti (1997).

Why is there no mediated priming effe
ere? Does this mean that phonology plays
ole in constraining semantic activation in re
ng Chinese? We suggest that access to se
ics in reading Chinese is an interactive proc
n which both phonology and orthography c
lay significant roles. However, phonologi
ffects on semantic activation are determin

o a large extent, by the computational e
iency of the links between orthography a
honology and between phonology and sem

ics. If phonological information is activate
uickly, it may have more opportunity to infl
nce semantic activation. This computatio
fficiency could be affected by a number

actors, such as reading skill, frequency, s
exical phonological regularity, and homopho
ensity. Some of these factors may norm

5 Tan and Perfetti (1997) did not pretest their stimuli
emantic relatedness. A few characters (e.g.,liao[2])

represent more than one morpheme in Chinese, but T
Perfetti (1997) used their less frequent or obscure mean
In our pretest for these stimuli, the semantic relatednes
some pairs (e.g., liao[2] and shao[3]; bu[4] and

duan[4]; jiao[1] and lie[4]; you[2] and
shang[3]) fell below 4.0 on a 9-point scale (15 unre-

lated and 95 highly related). The average semantic re
edness for all pairs was 6.6, which was relatively

compared with the stimuli used in Experiments 2, 3, and 4
i

-

f

-

s
d

o
-
n-
s

,

-

l

-

work against each other, reducing potential p
nological effects of semantic activation. A
though homophone density could influe
phonological mediation on semantic activati
because of variations in the number of sema
representations corresponding to the same
nological form, other factors covarying w
homophone density may cancel this poten
density effect.

One factor that covaries with homopho
density is cumulative syllable frequency,
fined as the cumulative frequency of all hom
phonic characters or morphemes correspon
to a particular syllable. A higher cumulati
syllable frequency usually means that there
more characters corresponding to this sylla
and hence more competition between sema
representations corresponding to the sylla
On the other hand, a higher cumulative sylla
frequency also means that the phonologica
tivation, or the computation from orthograp
to phonology, should be faster. This in tu
would increase the semantic activation of
characters corresponding to the phonolog
form. Thus, any homophone density effec
likely to be in conflict with cumulative syllab
frequency effects. This may explain why we
not observe a homophone density effect in Z
et al. (1999) and in Experiment 1, although
does not explain why Tan and Perfetti (19
did find such an effect. Indeed, when
checked the cumulative frequencies for the
diated primes in this experiment, we found t
their median frequencies were 309, 689,
1473 per million, respectively, for the low, m
dium, and high homophone density grou
New experiments are needed which ortho
nally vary homophone density and cumula
syllable frequency and examine their poten
effects on semantic activation.

In the next experiment, however, we turn
to another type of character for which phon
ogy is computed very efficiently. These
complex (or compound) characters having
mophonic sublexical phonetic radicals. If ph
nology plays a role in constraining seman
activation in reading Chinese, then phonolo
cal representations shared between such ch

&
s.
r

ters and semantic primes should be activated.
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588 ZHOU AND MARSLEN-WILSON
efficiently by these characters, leading to sig
icant mediated priming effects.

EXPERIMENT 2

Modern Chinese characters can be bro
differentiated into two categories (Li, 199
simple and complex, both of which are co
posed of strokes and arranged in square
similar size. Simple characters (e.g., yi[4],
righteousness) are about 5% of the total cha
acters in Modern Chinese. They are holi
visual patterns that cannot be divided mean
fully into sublexical units. Complex characte
(e.g., , yi[4], discuss) constitute about 95%
all modern Chinese characters and most (
80%) are composed of semantic and phon
radicals (Li, 1993; Yin & Rohsenhow, 1994
Semantic radicals may indicate the sema
category of morphemes corresponding to
complex characters. Phonetic radicals m
point to the pronunciations of whole charact
i.e., encoding phonological information at
subcharacter level, even though the majorit
phonetic radicals are meaningful characters
their own. However, due to the evolution of
writing system, both functions are not comple
with exceptions and irregularities littered acr
the writing system.

As far as the phonological relations betw
complex characters and their phonetic radi
are concerned, less than one third of the c
plex characters are “regular,” in the sense
they have exactly the same pronunciation
their phonetic radicals (e.g., Fan, Gao, & A
1984; Li & Kang, 1993). Another third a
“irregular,” with their pronunciations com
pletely different from those of their phone
radicals. About another one third of comp
characters have either the same segmental
plates (but different lexical tones, which a
used to differentiate lexical items in Chinese
the same segmental rhyming parts or the s
initial consonants as their phonetic radicals

Previous research on complex characters
demonstrated that the mapping between ort
raphy and phonology is influenced by the p
nological regularity of the relationship betwe
complex characters and their phonetic radi

(e.g., Hue, 1992; Peng, Yang, & Chen, 1994
-
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Seidenberg, 1985; Zhou & Marslen-Wilso
1999b). At least for low-frequency characte
regular characters (e.g., qing[1], clear),
which contain phonetic radicals having
same pronunciation (e.g., qing[1], blue), are
named faster than matched simple charac
which in turn, are named faster than irregu
characters (e.g., cai[1], guess), which contain
phonetic radicals having different pronunc
tions. In a primed naming task, Zhou a
Marslen-Wilson (1998b) also found that,
least at short SOA’s (57 ms), the homoph
priming between complex characters (e

qing[1], clear) and their targets (e.g
qing[1], light) was influenced by whether t

honetic radicals embedded in complex prim
ad the same pronunciation as the whole c
cters. More priming occurred for regular co
lex primes than for irregular complex prim
ven though participants were not required
espond to the primes. Other studies (Fa
orng, & Tzeng, 1986; Hue, 1992; Peng, et
994) have found effects of the “consistency
honetic radicals, where consistency was
ned according to whetherall complex charac

ters having a particular phonetic radical
pronounced in the same way as the rad
Regular-consistent characters were na
faster than regular-inconsistent characters. S
regularity and consistency effects suggest
in reading complex characters, phonetic radi
are decomposed from whole characters
used to access phonological (and semantic
orthographic) representations of their own
well as other characters containing these r
cals. These cooperative and competitive in
actions between different characters influe
the naming latency of the complex characte

In Experiment 2, regular complex charact
(e.g., lü[4], filter) which were homophon

ith but not orthographically similar to sema
ic primes (e.g., lü[4], green) were used a
homophonic mediated primes. The phonolo
cal representations of these characters shou
activated more efficiently than those of sim
or irregular characters, due to support from
sublexical phonological processing of th
phonetic radicals (e.g., lü[4], consider). If

;phonology plays a significant role in semantic
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activation, the phonological activation of reg
lar characters should be able to activate
semantic representations of any morpheme
cluding the semantic prime, with the same p
nological representation. This semantic act
tion should facilitate the processing of targ
(e.g., qing[1], blue) which share semant
properties with the semantic primes.

The converging phonological activation fro
whole characters and from their phonetic ra
cals (and other characters containing these
icals) may have different time courses for hi
and low-frequency regular complex charact
Activation of phonological representations m
take longer for low-frequency characters t
for high-frequency characters. Consequentl
may take longer for the low-frequency media
primes to activate the semantic representa
of semantic primes than for the high-freque
mediated primes. To track the potentially d
ferent time courses of semantic activation
mediated priming, this experiment manipula
the frequency of the complex mediated prim
and the SOA between primes and targets.

Method

Materials and design.The design and samp

TAB

Experiment 2: Experime

Semantic
prime

Semantic
control

Low freq

Pinyin lü(4) mo(1)
Gloss green touch
Frequency 477 482
Stroke 9.4 9.2

High freq

Pinyin qiao(2) man(4)
Gloss look overflow
Frequency 222 238
Stroke 9.6 9.7
timuli are presented in Table 3. Two groups o
e
-
-
-

-
d-

.

it

s

d

s

phonologically mediated primes were used,
of low frequency and another of high frequen
Both groups were regular characters, with
embedded phonetic radicals having the s
pronunciations as the whole characters. M
ated primes and their phonetic radicals w
homophonic to the semantic primes and w
not semantically related to the target charac
There were 40 low frequency (below 36
million) and 28 high frequency (above 200
million) mediated primes, each homophonic
a semantic prime. Because semantic and m
ated primes had relatively large differences
frequency, separate control primes were u
for them, matching on a number of propert
including orthographic structure, frequen
and visual complexity (in terms of strokes
character). Control primes had no seman
phonological, or orthographic relation with t
target characters.

Table 3 summarizes the main properties
primes and targets. All the mediated primes
a left–right structure, mostly (65 out of 68) w
the semantic radical on the left and the phon
radical on right. The frequencies of their ph
netic radicals as independent characters
also checked. They were 530 and 810 per

3

Design and Sample Stimuli

Mediated
prime

Mediated
control Targe

cy group

lü(4) lou(3) qing(1
filter hug blue

17 17 46
11 11 8.7

cy group

qiao(2) shao(1) kan
bridge burn see

437 430 63
8.7 9 8.6
LE

ntal

uen

uen
flion, respectively, for the low and high fre-
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590 ZHOU AND MARSLEN-WILSON
quency mediated primes. Most of the sema
and control primes had a left–right struct
although simple and complex characters w
other structures were also used. The suble
phonological regularity of these primes was
controlled, since there was no reason why
should influence semantic priming. The sem
tic relatedness between semantic primes
their targets was checked by asking 15 par
pants to judge, using a 9-point scale (15 un-
related and 95 highly related), how clearly th
semantic primes and targets were relate
meaning. The average scores were 8.0 (ran
from 6.1 to 8.9) for both low and high frequen
conditions. Semantic primes and targets co
be synonyms, antonyms, category coordina
and so on. Some of the semantic pairs, a
related studies on English (e.g., Lesch & P
latsek, 1993; Lukatela & Turvey, 1994), we
also associatively related. Such variations, h
ever, should not have significant influence
priming effects in the primed naming task (
Neely, 1991; Zhou & Marslen-Wilson, 1999

Besides the critical stimuli, there were 1
pairs of unrelated characters with a variety
orthographic structures acting as fillers. Non
these characters had the same pronunciatio
the critical characters. There were also 25 p
of practice items, of which 10 pairs were rela
as critical stimuli. Primes were presented
either 57 ms or 200 ms. Because of the way
presented primes and targets (see below)
prime duration was equivalent to the SOA
tween primes and targets. Two sets of par
pants were tested, respectively, for the two c
ditions of prime duration (or SOA).

A Latin square design was used to assign
critical primes and their targets to four coun
balanced test versions. In each version, t
were 17 primes for each of the four prime typ
10 for the high-frequency condition and 7
the low-frequency condition. The same fil
prime–target pairs were used in the four
versions. A pseudorandom ordering was use
arrange the stimuli in each version, so t
across test versions, the same target appea
the same position in the testing sequence.
only difference between versions was that

primes for a particular critical word target were
c

al
t
s
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d
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n
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f
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e
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e

e
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different. In each version, about 20% (34/1
of prime–target pairs were related either dire
or through homophony between mediated
semantic primes.

Procedure.All stimuli were generated in
similar way as for the stimuli of Experiment
except that different fonts (kaiti and songti)
were used for the primes and targets. Tar
were 2.43 1.6 cm, and primes were sligh
smaller. The presentation of the stimuli to p
ticipants and the recording of reaction tim
were again controlled by DMASTR. On ea
trial, a fixation signal (“1”) was first presente
at the center of the screen for 300 ms, follow
by a 300 ms blank interval. A prime was th
presented for either 57 or 200 ms, dependin
the SOA, followed immediately by the targ
which was presented for 400 ms. The prime
target were presented in the center of the scr
with the target overwriting the prime. There w
a 3-s interval between the disappearance o
last target and the appearance of the next
fixation point.

Participants were tested individually in
quiet room. They were seated about 60 cm a
from a computer screen and were asked to
out the second word of a trial into the mic
phone in front of them. The naming errors w
recorded by hand by an experimenter on sco
sheets. Each participant saw first a list of
prime–target practice items. There was a b
after practice and a break in the middle of
main test session. The first three item pairs a
each break were always filler pairs. The co
plete test session for each participant was a
15 min.

Participants.A total of 84 participants wer
tested, 40 for the SOA of 57 ms and 44 for
SOA of 200 ms.

Results

One participant in the 200 ms SOA group h
to be excluded from the analyses because
voice key failed to register over 10% of h
responses. There were 1.1 and 3.8% mis
data points, respectively, in the 57 and 200
SOA groups, either because of the failure of
voice key to register naming latencies, the t

gering of the voice key by extraneous noise, or
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because of participants’ mispronunciatio
Naming errors were not entered into statist
analyses but were categorized. There we
total of 54 (0.96%) naming errors in both SO
conditions. Mean naming latencies, based
correct responses and without trimming, w
computed for each participant and each it
and the overall mean latencies for each co
tion are presented in Table 4.

Overall ANOVAs were first conducted f
participants and items, with prime type (prim
vs control), type of relation between primes a
targets (semantic vs mediated), and freque
group (low vs high) as three within-participa
factors and prime duration (SOA) as a betwe
participant factor. The main effect of prime ty
was highly significant both by participan
F1(1, 81) 5 48.85, p , .001, and by items
F2(1, 66) 5 12.76, p , .001, indicating tha
responses to targets were faster when they
preceded by related critical primes than by
related control primes. The main effect of re
tion type was also significant,F1(1, 81)5 4.49,
p , .05, F2(1, 66)5 6.04,p , .05, indicating
that responses to targets were faster when
were preceded by semantic primes and t
control primes than by mediated primes
their control primes. More importantly, the
teraction between prime type and relation t
was significant by participants,F1(1, 81) 5
4.67, p , .05, and marginally significant b
items,F2(1, 66)5 2.79, .05, p , .1, sugges
ing that the priming effects for semantic prim
were larger than the priming effects for me
ated primes, as assessed against their resp

TAB

Experiment 2: Mean Naming Late

Semantic
prime

SOA 57 ms
Low frequency 570 (43)
High frequency 562 (47)

SOA 200 ms
Low frequency 547 (39)
High frequency 549 (49)
control primes. Detailed analyses of semanti
.
l
a
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y
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ive

and mediated priming effects were then w
ranted. No other main effects or interactio
reached significance, although the main ef
of prime duration was significant by item
F2(1, 66)5 52.75,p , .001, but not by partic
ipants,F1(1, 81)5 2.292,p . .1.

In the separate analyses of semantic and
diated priming, priming effects were collaps
across SOA and frequency group since th
were no significant interactions of prime type
relation type with these two factors. The 17-
overall semantic priming effect was significa
F1(1, 83) 5 37.26, p , .001, F2(1, 68) 5
10.991,p , .005. More importantly, the 8-m
overall mediated priming effects also reac
significance,F1(1, 83)5 9.08,p , .005,F2(1,
68)5 5.23,p , .05, indicating that responses
targets were facilitated by regular charac
homophonic to semantic primes.

Discussion

The pattern of priming effects for mediat
primes here was different from Experimen
and from our earlier results (Zhou et al., 199
which did not show significant priming effec
for mediated primes. A crucial difference b
tween this experiment and the previous exp
ments is that regular complex characters w
used to increase the efficiency of phonolog
activation and to maximize its potential infl
ence on semantic activation. The sublex
phonological processing of phonetic radic
embedded in the regular mediated primes
ported the phonological activation of the wh
character, and this phonological activation w

4

es (ms) and Their Standard Deviations

emantic
control

Mediated
prime

Mediated
control

580 (40) 582 (49) 584 (50)
583 (65) 567 (49) 584 (52)

564 (54) 561 (41) 571 (51)
572 (47) 558 (41) 562 (42)
LE

nci

S

cable to influence the semantic activation of
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other characters, including semantic prim
corresponding to the phonological forms.
previous experiments, however, phonolog
activation for mediated primes was less effic
because these primes, in general, were not
ular characters. For example, only three m
ated primes in Experiment 1 and in Tan a
Perfetti (1997) had phonetic radicals p
nounced in the same way as the whole cha
ters. There was not much support and poss
even competition from sublexical phonologi
processing. Phonological constraints on sem
tic activation may have been overshadowed
the more efficient constraints from orthograp

The results indicate that there is a comp
relationship between phonological activat
and semantic activation in reading Chinese
simple overlap in the overall phonological fo
associated with a given character is clearly
sufficient to significantly activate the seman
properties associated with this form. This se
to rule out a straightforward phonological m
diation story for Chinese. Nonetheless, at l
for a minority of complex characters (the e
mated 30% classified as regular), a small (8
but reliable mediated priming effect is obtain
We interpret this effect in terms of an inter
tive model, where priming may spread fro
orthography to phonology to semantics un
processing circumstances in which the orth
raphy–phonology relationship is strong and r
idly computed, but where the primary route
semantics may be via a direct link from orth
raphy and where phonology does not play
obligatory mediating role.

To develop this view further, we need to lo
more closely at the relationship between p
nological and orthographic effects in media
priming tasks, and the extent to which they
interdependent. This is the subject of the n
two experiments. Experiment 3 examined
effects of orthographic similarity between
prime and a target both on its own and when
prime and target are also homophones. Prev
research suggests strong effects of orthogra
overlap, with homophone interference effect
semantic categorization being observed
characters or compound words sharing or

graphic similarities with category exemplars,
,

l
t
g-
i-

c-
ly

n-
y
.

t

s

t

)
.

r
-
-

n

-

t

e
s
ic

r
-

but not for homophones having no orthograp
similarity with exemplars (e.g., Chen et a
1995; Leck et al., 1995; Sakuma et al., 199
However, the weakness with this evidence
that the orthographic contribution is inferr
from the reduction of phonological effects in
absence of appropriate orthographic infor
tion. More direct evidence is needed, wh
orthographic information by itself supports
mantic activation.

EXPERIMENT 3

We asked three questions in this experim
(a) whether orthographic similarity between
mophone mediated primes and semantic pr
plays a role in determining the phonologica
mediated semantic priming effect; (b) whet
orthographic similarity by itself can produ
significant mediated priming effects; and
whether there are significant differences
tween priming effects for orthographically si
ilar homophone mediated primes and for ort
graphically similar nonhomophone media
primes. Orthographic similarity was defined
left–right structured complex characters sha
their right parts (i.e., phonetic radicals). Th
radicals were mostly not homophonic to
whole characters containing them.

Characters (e.g., du[4], a family name) tha
were both homophonic with and orthograp
cally similar to semantic primes (e.g., du[4],
belly) were used as homophone media
primes (see Table 5). Characters (e

she[4], society) that were orthographical
similar but not homophonic to semantic prim
were used as orthographically mediated prim
in addition to unrelated control primes (e

you[1], anxiety). Given our assumption th
rthography directly projects to semantics,
xpect to find significant priming effects
aming semantic targets (e.g.,wei[4], stom-

ach) not only for the homophone mediat
primes, but also for the orthographically me
ated primes. Moreover, the contrast betw
homophone mediated primes and orthogra
cally mediated primes will shed light on t
relative contributions of phonology and ortho
raphy in access to semantics. The sublex

phonological regularity for the mediated homo-
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phonic and orthographic primes was not s
tematically varied since this would cause
much difficulty in selecting stimuli.

Method

Materials and design.The experimental de
sign and the sample stimuli are presente
Table 5. Forty triplets of semantic, homopho
mediated, and orthographically media
primes (e.g., du[4], stomach, du[4], a fam-
ily name, and she[4],society) were selected

ll of these characters were of left–right str
ure, with a semantic radical on the left an
honetic radical on the right. A triplet of prim
hared the same phonetic radicals (e.g.,tu[3],

soil), most (35 out of 40) of which were pr
nounceable characters by themselves and
their own meanings. The other five triplets
primes shared the right parts which, due
historical reasons, were not characters by th
selves (e.g., the right parts of ze[2], select

ze[2], pond; and yi[4], translate) and
were hence unpronounceable. Among the
triplets of primes containing pronouncea
phonetic radicals, 11 homophonic media
primes (and the corresponding semantic prim
were regular characters, i.e., having exactly
same pronunciations as their phonetic radic
Another 19 homophonic mediated primes (
semantic primes) had partial phonological ov
lap with their phonetic radicals, e.g., sharing
initial consonants or rhymes. The poten
priming effects for these primes could be s
ported further by this sublexical phonologi
overlap with the whole characters.

TAB

Experiment 3: Experime

Semantic
prime

Homophone
mediated prime

Pinyin du(4) du(4)
Gloss belly name
Frequency 174 126
Stroke 9.5 9.9
For the mediated orthographic primes, five
-

n

ad

-

5

)
e
s.

-

l
-

were homophonic to their phonetic radicals (
not to the semantic primes containing the s
radicals). Another 13 had partial phonologi
overlap with their phonetic radicals. Althou
all the orthographic primes had different p
nunciations from the semantic primes, 15
them did share the initial consonants or rhym
with the semantic primes. The potential con
bution to the priming effects of orthograph
primes from the partial phonological over
between orthographic and semantic primes
between orthographic primes and their phon
radicals will be discussed later.

The mean frequencies of the primes are
sented in Table 5. The higher mean freque
for orthographic mediated primes was ma
due to two orthographic primes having mu
higher frequencies than the rest. The vis
complexity of primes was measured by
number of strokes per character, matched ac
prime types. Control primes were chosen
match the critical primes in terms of orth
graphic structure, frequency, and visual co
plexity. Target characters were of various
ferent orthographic structures, with an aver
frequency of 376 per million and an avera
number of strokes of 8.9 per character. Tar
shared no phonological or orthographic simi
ities with their primes or the sublexical parts
these primes. In a semantic relatedness j
ment test in which 15 participants were aske
judge how clearly the semantic primes and
gets were related in meaning, the average s
was 7.7 in a 9-point scale (15 unrelated an
9 5 highly related).

5

Design and Sample Stimuli

Orthographically
mediated prime

Control
prime Target

she(4) yi(1) wei(4
society follow stoma

331 132 376
9.4 9.5 8.9
LE

ntal
Ninety pairs of unrelated characters were
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594 ZHOU AND MARSLEN-WILSON
used as fillers. None of these characters ha
same pronunciation as the critical stimuli. Th
were also 25 pairs of practice items, of which
pairs were related in similar ways to critic
stimuli. Primes were presented for 57, 100
200 ms, creating three SOA conditions. T
prime duration (SOA) was treated as a betwe
participant factor.

A Latin square design was used to assign
critical primes and their targets to four coun
balanced test versions. In each version, t
were 10 primes from each of the four prim
conditions. The same filler prime–target pa
were used in the four test versions. A pseu
random ordering was used to arrange the sti
in each version, so that, across the test vers
the same target appeared in the same positi
the testing sequence. In each version, a
23% (30/130) of the prime–target pairs w
related either directly or through the phonol
ical and/or orthographic similarity between m
diated primes and semantic primes.

Procedure.The procedure was the same a
xperiment 2.
Participants.A total of 124 participants we

tested, 40 each at SOA’s of 57 and 100 ms,
44 at the SOA of 200 ms. They had not b
tested in the previous experiment.

Results

At the SOA of 57 ms, 57 (3.5%) data poi
were excluded from analysis due to part
pants’ naming errors, extraneous noise, or
failure of the voice key to register participan
responses. Among these, 23 (1.4%) were n
ing errors, distributed equally among the f
priming conditions. At the SOA of 100 m
there were 40 (2.5%) missing data points

TAB

Experiment 3: Mean Naming Late

Semantic
prime

Homo
mediate

SOA 57 ms 595 (46) 56
SOA 100 ms 571 (45) 58
SOA 200 ms 547 (43) 56
which 16 were naming errors. At the SOA ofd
e

r

-

e

e

-
li
s,
in
ut

d

e

-

f

200 ms, there were 21 (1.3%) missing d
points, of which 13 were naming errors. Me
naming latencies, based on correct respo
and without trimming, were computed for ea
SOA and are reported in Table 6.

Overall ANOVAs with prime type as
within-participant factor and prime duration
a between-participant factor were conducted
participant and item means. The main effec
prime duration was significant,F1(2, 121) 5
4.280,p , .05, F2(2, 78) 5 7.248,p , .01,
with faster naming latencies at SOA 200 m
More importantly, the main effect of prime ty
was highly significant,F1(3, 363) 5 21.914
p , .001,F2(3, 117)5 12.987,p , .001. Pos

oc Newman–Keuls tests showed that the m
aming latency for semantic primes (562 m
as significantly shorter (p , .01) than the

atencies for homophone mediated primes (
s), orthographic primes (578 ms), and un

ated control primes (586 ms). Homophonic m
iated primes were significantly faster than c

rol primes (p , .01 by participants andp , .05
y items) but did not differ from the orth
raphic mediated primes (p . .1). Targets wer

also named significantly faster when they w
preceded by orthographic primes than by c
trol primes (p , .05 by participant and .05,

, .1 by item). The interaction between pri
type and prime duration did not reach sign
cance,F1(6, 363)5 1.089, p . .1, F2 , 1,

lthough it appeared that mediated and or
raphic priming effects dropped off ov
OA’s.

iscussion

The results showed that the semantic pro
ies of semantic primes were activated by

6

es (ms) and Their Standard Deviations

ne
rime

Orthographically
mediated prime

Control
prime

0) 577 (45) 582 (52)
3) 592 (63) 599 (58)
0) 561 (41) 564 (39)
LE

nci

pho
d p

9 (4
9 (5
iated primes that were homophonic with



he
e
ith
r-
in

flu
f a
se

in
ho-

e
ime
nti

for
ho
ed
og
he

a
r-
o-

ng
his
te

ho
fer
n-
lly
n-
8)
ne
ec
hic
at
or-
ted
ith
ho

ing
an
es

ets
er,
t o
nt
of
nif

of
hic

hic
o
any
ing

the
fa-

ntly

t is
adi-
this
ho-
ntic
.g.,
st

ons
mes
gen-
the

e.g.,
n-
not
an-

ng
in

ep-
ical
ac-
rre-

se-

ant
ld

tions
ub-
t 3
lar-
con-
4,
xi-

595PHONOLOGY, ORTHOGRAPHY, AND SEMANTICS IN CHINESE
and/or orthographically similar to them. T
finding of a significant priming effect for th
mediated orthographic primes, in contrast w
the null effect in English (e.g., Lukatela & Tu
vey, 1994), is consistent with the view that
reading Chinese, orthography can directly in
ence semantic activation. The presence o
orthographic prime activates partially the
mantic representations of any characters,
cluding the semantic prime, sharing ort
graphic properties with the orthographic prim
This mediated activation of the semantic pr
facilitates naming of a target sharing sema
properties with the prime.

The comparison between priming effects
orthographic mediated primes and for ort
graphically similar homophonic mediat
primes also argues for a strong role of orth
raphy in constraining semantic activation. T
homophonic mediated primes did not show
significantly larger priming effect than the o
thographic primes (11 vs 8 ms), while orth
graphic primes did show significant primi
effect compared with unrelated controls. T
finding is consistent with earlier semantic ca
gorization studies of Chinese, where ort
graphically similar homophones did not dif
significantly from orthographically similar no
homophone foils, but where orthographica
similar nonhomophone foils differed from co
trols (Leck et al., 1995; Sukuma et al., 199
Although the priming effects for homopho
mediated primes in this experiment may refl
both their homophony and their orthograp
similarity to semantic primes, it is likely th
orthographic similarity played the more imp
tant role, given that homophone media
primes sharing no orthographic similarity w
semantic primes and having no sublexical p
nological support did not show strong prim
effects (Experiment 1 and Zhou et al., 1999)
given that nonhomophonic orthographic prim
did have a significant effect on naming targ

Before moving on to Experiment 4, howev
we need to consider an alternative accoun
the orthographic priming effects. This accou
consistent with a strong phonological view
semantic activation, could argue that the sig

icant effect for orthographic primes was due to
-
n
-
-

.

c

-

-

-
-

.

t

-

d

.

f
,

-

decomposition and sublexical processing
phonetic radicals embedded in orthograp
primes. Phonetic radicals (e.g., tu(3), soil)
would be decomposed from the orthograp
primes (e.g., she[4], society) and used t
activate phonological representations of
characters containing these radicals, includ
the semantic primes (e.g., du[4], stomach).
This phonological activation could lead to
semantic activation of the semantic primes,
cilitating the processing of the subseque
presented targets (e.g.,wei[4], stomach).

The problem with this alternative accoun
that the sublexical processing of phonetic r
cals embedded in orthographic primes in
experiment could not strongly activate the p
nological representations of the sema
primes. When orthographic primes (e

she[4], society) were presented, the mo
highly activated phonological representati
should be the ones corresponding to the pri
themselves. These representations were, in
eral, not related to the representations of
phonetic radicals (e.g., tu[3], soil) or to the
representations of the semantic primes (

du[4], stomach). The phonological represe
tations of phonetic radicals were, in general,
strongly related to the representations of sem
tic primes either. In fact, if there was stro
phonologically mediated semantic activation
this experiment, it should be the semantic r
resentations corresponding to the phonolog
forms of the orthographic primes that were
tivated, not the semantic representations co
sponding to the phonological forms of the
mantic primes.

EXPERIMENT 4

Experiment 2 demonstrated that a signific
phonologically mediated priming effect cou
be observed when phonological representa
are highly activated due to the support of s
lexical phonological processing. Experimen
demonstrated further that orthographic simi
ity between mediated and semantic primes
tributes to the priming effect. In Experiment
we combine the manipulations of both suble

cal phonological processing and orthographic
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596 ZHOU AND MARSLEN-WILSON
similarity to maximize the chance of obtaini
mediated semantic priming effects. If sema
activation is jointly constrained by the comp
tation from orthography to meaning, the co
putation from orthography to phonology
meaning, and the interaction between these
processes, we should be able to observe a s
mediated priming effect in this combined m
nipulation.

A mediated prime in this experiment wa
phonologically regular complex character (e

gou[1], hook) whose phonetic radical (e.
gou[1], tick) was pronounced in the sam

way as the whole character. Moreover, mos
all other characters having this phonetic rad
(e.g., gou[4], construct; gou[4], pur-
chase), including the semantic prime (e.

gou[1], trench), were also pronounced in th
ay (ignoring tonal differences). In oth
ords, the mediated primes were phonolo
ally both regular and consistent in relation
heir phonetic radicals. Previous research
ound that, at least for low-frequency char
ers, regular-consistent characters were na
aster than matched regular-inconsistent cha
ers and irregular-inconsistent or simple cha
ers (e.g., Hue, 1992; Peng et al., 1994), s
esting that phonological activation of t
resent mediated primes could be very effici
his efficient phonological activation by its
hould be able to activate strongly all sema
epresentations corresponding to the phono
cal form, as illustrated in Experiment 2. Mo
ver, the mediated primes (e.g., gou[1],

hook) were also orthographically similar to t
emantic primes (e.g., gou[1], trench). Given
he findings of Experiment 3, this orthograp
imilarity should also allow the mediat
rimes to strongly influence the semantic a
ation of semantic primes (and target cha
ers). Furthermore, mostly low-frequency me
ted primes were used to slow down
omputation from orthography to semantics
he whole characters and hence the sem
ctivation of these primes themselves. If sem

ic activation in reading Chinese is a multi
onstraint–satisfaction process, we should
erve stronger mediated priming than in an

he three earlier experiments.
o
ng

,

r
l

-

s
-
d

c-
-
-

t.

c
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-

r
ic
-

-
f

ethod

Materials and design.Table 7 presents th
esign and sample stimuli of the experime
wenty-four regular-consistent characters (e

gou[1], hook) were selected as media
primes and 24 other characters (e.g.,gou[1],
trench) having the same phonetic radicals w
chosen as semantic primes. Targets (

qu[2], ditch) were semantically related to t
semantic primes but not to the mediated prim
Among the 24 semantic prime–target pa
eight shared semantic radicals, which may s
port semantic priming of targets (see Feldm
& Siok, 1999 and Zhou & Marslen-Wilso
1999b). Unrelated control primes were selec
to match the semantic and mediated prime
orthographic structure, frequency, and vis
complexity. Phonologically different orth
graphic primes were impossible to set up
cause, by definition, all characters having
same phonetic radicals as those in the med
and semantic primes were pronounced in
same way as these primes. There is no o
obvious and explicit way to define orthograp
similarity between two (complex) characters

All primes had a left–right structure, and t
mean semantic relatedness between sem
primes and targets was 7.3 on a 9-p
scale. Further details of the stimuli are given
Table 7.

Sixty pairs of unrelated characters were u
as fillers. None of them had the same pron
ciations as the critical items. The critical stim
were split into three test versions in a coun
balanced way. Fillers were then added into e

TABLE 7

Experiment 4: Experimental Design and Sample Stim

Semantic
prime

Mediated
prime

Control
prime Targe

Pinyin gou(1) gou(1) hui(4) qu(2
Gloss trench hook paint ditch
Frequency 77 76 78 244
Stroke 11 11 11 9.3
version and testing sequences were created in
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597PHONOLOGY, ORTHOGRAPHY, AND SEMANTICS IN CHINESE
the same way as the previous experime
Primes were presented for 57 or 200 ms,
pending on the SOA between primes and
gets.

Procedure. The equipment and procedu
were the same as in Experiments 2 and 3.

Participants.A total of 63 participants too
art in the experiment, 33 at the 57 ms SOA
0 at the 200 ms SOA. They had not been te

n the previous experiments.
Results.One participant at the SOA of 57 m

ad to be dropped because the voice key fa
o register many (over 10%) of her respon
here were 4.8 and 4.4% missing data po

espectively, in the 57 and 200 ms SOA grou
ecause of the failure of the voice key to r

ster naming latencies, the false trigger of
oice key by extraneous noise, or participa
ispronunciations. There were 19 (2.5%) n

ng errors in total. Mean naming latencies w
omputed for each participant and each it
nd the mean latencies for each condition
resented in Table 8.
Overall ANOVAs were conducted for part

ipants and items, with prime type as a with
participant factor and prime duration as a
tween-participant factor. There was a signific
main effect of prime duration,F1(2, 60) 5
4.738,p , .05, F2(1, 23)5 36.649,p , .001,
indicating that the mean naming latencies w
shorter at the SOA of 200 ms. More imp
tantly, there was a significant main effect
prime type,F1(2, 120)5 8.045,p , .001;F2(2,
46) 5 5.651.p , .01. Post hoc Newman–Keu
tests showed that the mean naming latencie
semantic primes (569 ms) and for media
primes (571 ms) were significantly shorter (p ,
.01) than the latency for control primes (5

TABLE 8

Experiment 4: Mean Naming Latencies (ms)
and Their Standard Deviations

Semantic
prime

Mediated
prime

Control
prime

SOA 57 ms 579 (46) 584 (49) 600 (5
SOA 200 ms 558 (41) 558 (38) 570 (4
ms). However, the difference between semanti
s.
-
-

d
d

d
.
,
,

-

’
-

,
e

-
t

e

or

and mediated primes was not significant (p .
.1), nor was there an interaction between pr
type and SOA (F1 , 1, F2 , 1).

Discussion

The pattern of priming effects in this exp
iment is different from the previous three e
periments here and from Zhou et al. (1999)
particular, equally strong facilitatory effec
were found, at short and long SOA’s, for b
semantic and mediated primes. This strong
fect for mediated primes is the evident con
quence of combining orthographic similar
with the presence of phonologically regular a
consistent phonetic radicals. In Experimen
and 3, where either orthographic similarity
regular phonetic radicals were present, but
both simultaneously, the homophonic media
primes produced significantly smaller effe
than the semantic primes. This outcome, as
will discuss below, is consistent with a co
plex, interactive model of the relations betwe
orthography, phonology, and semantics, and
consistent with a model where the primary ro
from orthography to semantics is phonolo
cally mediated.

GENERAL DISCUSSION

The main purpose of the present research
to investigate the extent to which access
semantics in reading Chinese is constraine
phonological and orthographic activation. W
used a phonologically mediated semantic p
ing technique in which targets were prece
not only by semantically related characters,
also by characters that were homophonic an
orthographically similar to the semantic prim
The findings from the four sets of experime
can be summarized as follows. Experimen
failed to replicate Tan and Perfetti (1997),
which the mediated primes were homophoni
but orthographically different from seman
primes. No significant phonologically media
priming effects on the processing of targ
were found and homophone density by itself
not have a strong influence on mediated prim
and semantic activation. Experiment 2 u
complex characters containing regular phon

cradicals as mediated primes, which were also
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orthographically different from the seman
primes. Both high- and low-frequency regu
mediated primes facilitated the processing
targets at short (57 ms) and long (200
SOA’s, although this phonologically mediat
priming effect was significantly less than
direct semantic priming effect. Experimen
used homophonic characters that shared
netic radicals with semantic primes as hom
phonic mediated primes and characters
shared phonetic radicals with semantic prim
but were not homophonic to them as ort
graphic primes. Equal and significant facili
tory priming effects were observed for the t
types of primes, although the effects were
nificantly smaller than the direct semantic pr
ing effect. In Experiment 4, the mediated prim
and semantic primes shared the same pho
radicals, which were pronounced in the sa
way in all characters containing these radic
At both the short and long SOA’s, these p
nologically and orthographically mediat
primes facilitated the processing of targets
the same extent as the semantic primes.

These results allow us to draw two import
and related conclusions. First, they help us s
ify the conditions under which phonologic
factors play a role in the mapping from t
orthographic form of a Chinese character to
underlying semantic representation. Simple
mophony between two characters or betw
two bisyllabic compounds (Zhou et al., 1999
not sufficient on its own to generate signific
phonologically mediated priming. Instead,
this research, we only saw significant effects
a minority of Chinese word-forms—the appro
imately 30% of the complex characters wh
the pronunciation of the whole form is the sa
as the pronunciation of the phonetic rad
contained within the character. Effects as str
as those found for English—where media
priming is statistically indistinguishable fro
direct semantic priming (e.g., Lukatela & Tu
vey, 1994)—were only found for a still smal
subset of the complex characters, where
relationship between the pronunciation of
whole character and of the phonetic radica

not only regular but also consistent and wher
f
)

o-
-
t

s
-

-

tic
e
.

-

t
c-

-
n

t

r

l
g

e

the mediated prime and the semantic prime
orthographically similar.

The results suggest that phonologically m
diated access for Chinese, where orthogra
activation affects semantic representations
the intermediate activation of phonological r
resentations, cannot be the predominant or
fault mechanism for linking orthographic for
to lexical semantic representation. There is l
doubt that phonology is activated early a
obligatorily in reading Chinese characters (e
Perfetti & Zhang, 1995; Zhou & Marslen-W
son, 1999a). It is also clear that under spe
circumstances phonological factors can d
semantic activation for skilled readers. It
however, much more plausible to view pho
logical and orthographic factors as function
in an interactive framework to determine
mapping from character to lexical meaning.
thographic factors play at least as strong a r
if not stronger, than purely phonological fact
in access to semantics. Our second conclu
therefore, is that access to semantics in rea
Chinese is a multiple constraint–satisfac
process in which both orthographic and pho
logical activation and the interaction betwe
them play important roles.

One source of evidence for interactive acc
to semantics is that it was the interaction
tween orthography and phonology that pla
the strongest constraints on semantic activa
in reading Chinese. Although the priming
fects for homophonic mediated primes in E
periment 3 could be accounted for just by
orthographic similarity between mediated a
semantic primes, the priming effects for
homophone mediated primes in Experimen
which were statistically equivalent to the dir
semantic priming effects, cannot be reduce
orthographically mediated semantic primi
Given that the priming effects for orthograp
and homophone mediated primes in Experim
3 were significantly smaller than the direct
mantic priming effects, the extra effects in E
periment 4 can be attributed to phonolog
mediation: the strong phonological activation
the homophone mediated primes, due to
support from the sublexical processing of re

elar and consistent phonetic radicals, interacted
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with orthographic activation and led to stro
and long-lasting mediated priming effects.
deed, sublexical processing of regular phon
radicals was sufficient to make the orthogra
ically different homophone mediated prim
which would normally exhibit no significa
mediated priming (Experiment 1 and Zhou
al., in press), produce a significant phonolo
cally mediated priming effect (Experiment 2

Further evidence for the interaction betw
orthography and phonology in constraining
mantic activation comes from other expe
ments on Chinese. Zhou and Marslen-Wil
(1998a) found that pseudohomophones
were created by replacing both constituent
compound words with homophonic charac
were no more difficult to reject than cont
nonwords in lexical decision. Howev
pseudohomophones that were created by re
ing only one constituent of compounds w
homophonic characters were more difficult
reject than matched control nonwords. T
pseudohomophone effect was also modul
by the character frequency of the constitue
shared between pseudohomophones and
words. This result suggests that the phonol
cal (and semantic activation) of base words
pseudohomophones depends crucially on
interaction between the phonological form
the whole word and the morphological proce
ing (i.e., the orthographic, phonological, a
semantic activation) of the common morphem
shared between pseudohomophones and
words. Similar patterns were also found in
semantic categorization task (e.g., Leck et
1997; Sakuma et al., 1998; Wydell et al., 19
and in morphological priming between co
pound words (Zhou et al., 1995). Sakuma e
(1998), for example, found a homophone in
ference effect for homophones sharing
character with category exemplars but not
homophones sharing no characters with ex
plars. These data suggest that the semanti
tivation of base words was not simply media
by phonological activation. It was the intera
tion between phonology and orthography (
morphology) that determined semantic activat

Interactive processes in semantic activa

also involve feedback from semantic activationn
c
-
,

t
-

-

t
f

s

c-

d
s
se

i-
y
e
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s
se
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l.
-
e
r
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c-
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n

to orthographic and phonological activati
Using a semantically mediated phonolog
priming technique, Zhou and Marslen-Wils
(1997) found that, in both English and Chine
the presence of a semantic prime (e.g.,war) not
only facilitated the naming of its target (e.
peace), but also the word homophonic to th
target (e.g.,piece) (see O’Seaghdha and Mar
1997 for related findings). Moreover, t
amount of priming varied according to whet
homophone targets were also orthographic
similar to semantic targets, with orthograp
cally similar homophone targets produc
larger effects. An inhibitory priming effect ca
also be found for Chinese characters that w
orthographically similar to but phonologica
different from the semantic targets. This patt
of priming effects suggested that the sema
activation of targets, due to the presence
semantic primes, spreads to the orthogra
and phonological representations of these
gets, which were shared in part by other wo
homophonic and/or orthographically similar
the targets.

UNIVERSALS OF LEXICAL PROCESSING
ACROSS DIFFERENT ORTHOGRAPHIES

Having argued that orthographic and pho
ogical information interact in access to sem
ics in reading Chinese and that orthogra
lays at least as strong a role as phonolog

his process, we now turn to the compari
etween orthographic and phonological act

ion in reading Chinese and in reading alp
etic scripts. We believe that, although the d

rom this study are somewhat different fro
hose in English, where phonology is argue
lay a predominant role in constraining sem

ic activation (e.g., Fleming, 1993; Lesch
ollatsek, 1993; Lukatela & Turvey, 199

hey all point to the same underlying fundam
al architecture (e.g., Seidenberg & McClella
989; Plaut et al., 1996). The applications of
ame underlying mechanisms to different
hographies may produce different patterns
ata due to the influence of language-spe
roperties that determine the efficiency of
omputational link between orthography, p

ology, and semantics.
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In Chinese, the relations between orthog
phy and phonology are more arbitrary than
alphabetic scripts. Orthographically simi
simple characters are mostly pronounced in
ferent ways while orthographically differe
simple characters may have similar pronun
tions. For complex characters, although ab
one third of them have the same pronunciat
as their phonetic radicals, this is far from c
sistent. Moreover, orthographically differe
characters may have the same pronuncia
while orthographically different characters m
have similar pronunciations. There is lit
“feedback consistency” between phonology
orthography (Stone, Vanhoy, & van Ord
1997; Ziegler, Motant, & Jacobs, 1997). Su
arbitrariness makes the computation from
thography to phonology much less efficien
Chinese than in alphabetic scripts. The w
spread homophony between characters als
duces competition between semantic patt
corresponding to the same phonological fo
These features make it less likely that visu
phonology correlations in Chinese take the
mary role in organizing the lexical process
system (c.f., van Orden & Goldinger, 1994; v
Orden et al., 1997).

The relations between orthography and
mantics in Chinese are less arbitrary than
alphabetic scripts. This is because semantic
icals in complex characters may indicate
semantic category of the morphemes, e
though this function has been obscured
many characters. Experimental studies s
gested that the information provided by sem

tic radicals is used in the lexical processing o
-

-

-
t
s

s

d

-

-
n-
s
.

-

-

d-

n
r
-
-

whole characters (e.g., Feldman & Siok, 19
Zhou & Marslen-Wilson, 1999b).

In connectionist frameworks (e.g., Plaut et
1996), these mapping consistencies betwee
thography, phonology, and semantics lead to
ferences in how orthography and phonology
ticipate in the interactive access to semantic
Chinese as opposed to other scripts. These d
ences should be viewed as complementary, r
than contradictory, to the argument for a pred
inant role of phonological mediation in read
English (e.g., Frost, 1998; Lesch & Pollats
1993; Lukatela & Turvey, 1994; van Orden, 19
van Orden et al., 1990; van Orden et al., 1997;
Orden & Goldinger, 1994). Indeed, one may
gue that the contribution of orthographic inform
tion to phonological effects in various expe
ments (e.g., Lesch & Pollatsek, 1993; Lukatel
Turvey, 1994; van Orden, 1987) has not b
properly appreciated (see Footnote 2) and tha
direct route from orthography to semantics m
play a significant role in reading alphabetic wo
as well (e.g., Coltheart et al., 1994; Jared & S
denberg, 1991; Taft & van Graan, 1998). Acc
to semantics in reading both alphabetic and lo
graphic scripts is an interactive process in wh
different types of knowledge, including orth
graphic information, come into play. The re
tively regular relations and hence computatio
efficiency of the mapping between orthogra
and phonology lead to the strong role of pho
ogy in constraining semantic activation in read
alphabetic scripts. In Chinese, in contrast, we
lieve that phonology has no inherently privileg
role over orthography in constraining sema

factivation.
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In Experiment 2, the first 40 rows of characters form the low frequency group while the rest form th
frequency group.
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