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Age of Acquisition Effects in Word Reading and Other Tasks
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Recent studies have suggested that age of acquisition (AoA) has an impact on skilled reading independent o
factors such as frequency. This result raises questions about previous studies in which AoA was not controlled
and about current theories in which it is not addressed. Analyses of the materials used in previous studies sug
gest that the observed AoA effects may have been due to other factors. We also found little evidence for an AoA
effect in computational models of reading that used words that exhibit normal spelling—sound regularities. An
AoA effect was observed, however, in a model in which early and late learned words did not overlap in terms of
orthography or phonology. The results suggest that with other correlated properties of stimuli controled, AoA
effects occur when what is learned about early patterns does not carry over to later ones. This condition is no
characteristic of learning spelling—sound mappings but may be relevant to tasks such as learning the names fo
objects. © 2002 Elsevier Science (USA)
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Many studies of word reading have examinedf this early learning on adult performance
how stimulus properties such as frequencwhen other factors such as frequency of usage i
length, spelling—sound consistency, and imagedult language are controlled.
ability affect performance (for reviews, see The existence of an AoA effect on word read-
Balota, 1994; Seidenberg, 1995). Over the paisty would be consistent with evidence concern-
several years, another factor, age of acquisitiong other types of age-dependent learning
(AoA), has drawn considerable attention (GerDoupe & Kuhl, 1999; Quartz & Sejnowski,
hand & Barry, 1998, 1999, a, b; Morrison &1997). In many cognitive domains, early learn-
Ellis, 1995). The basic idea is that the age &tg results in a reduction in plasticity that limits
which a word is learned in acquiring spoken larthe ability to acquire new information. Phono-
guage affects the performance of skilled readbgical acquisition provides a classic example
ers. People learn words such as TOP alfd/erker & Tees, 1984): Learning the phonolog-
SYRUP before words such as TAX andcal structure of one’s language limits the abil-
SYRAH. As operationalized in recent studiedty to learn new phonetic contrasts (e.g., in a
the AoA hypothesis is that there will be an effetecond language). Similarly, there is evidence

that the ability to learn the morphology and
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The ages at which people learned particuléed us to examine more closely whether age o
words are unknown, of course, but they can keequisition has an effect on skilled reading. On
estimated from other measures. For exampline empirical side, the concern was that it might
Gilhooly and Logie (1980) collected subjectivebe difficult to isolate effects of age of acquisi-
ratings of AoA, familiarity, imageability, and tion because it is correlated with many stimulus
concreteness for nearly 2000 words. Theggoperties including frequency. Below we pre-
norms have been widely used in studies of efent analyses of the materials used in previou
fects of AOA on several tasks including tachistostudies and other data suggesting that the ev
scopic identification (Lyons, Teer, & Ruben-dence for an effect of AoA on skilled reading is
stein, 1978), word naming (Brown & Watsonweak at best. On the theoretical side, we were
1987; Coltheart, Laxon, & Keating, 1988), andnterested in developing a better account of why
object naming (Carrol & White, 1973; Ellis & age of acquisition could have an effect on
Morrison, 1998) and with neurologically im-skilled reading or other tasks. Many previous
paired patients (Hirsh & Ellis, 1994; Hodgson &studies have employed a bottom-up strategy ir
Ellis, 1998; Lambon Ralph, Graham, Ellis &which AoA is treated as a factor, like frequency
Hodges, 1998). The Gilhooly and Logie (1980dr length, that might account for independent
data were obtained from 36 adult subjects. Thariance in adult performance. However, AOA
AOA ratings also correlate significantly with in-needs to be understood in terms of a theory the
dependent measures of AoA (Gilhooly &addresses why some words are learned earlie
Gilhooly, 1980; Lyons et al. 1978; Morrison,than others and how early experience affects
Ellis, & Chappell, 1997), suggesting that theyater performance. Such a theory would clarify
provide reliable information. the relationship between the AoA measure anc

Given estimates of the frequencies witlother factors that affect word learning and
which words occur in adult usage and wheskilled performance and would provide a
words were acquired, it seems natural to costronger basis for generating predictions abou
sider whether the two factors have independetiite role of age of acquisition in reading and
effects on skilled performance. Morrison anather tasks.

Ellis (1995) orthogonally manipulated AoA and After examining existing studies of AoA ef-

frequency in naming and lexical decision taskigcts in reading, we describe investigations of
and found a strong AoA effect with frequencyhese effects using a computational model of the
controlled but no frequency effect with AoAmapping from orthography to phonology (Harm
controlled. They also observed that AoA and& Seidenberg, 1999). Modeling was useful for
frequency had been confounded in previouseveral reasons. First, it allows direct manipula-
studies, raising the possibility that effects attribions of the frequency and timing of exposures
uted to frequency might have been due to AoAo words using stimuli that are exactly con-
Subsequent studies (Gerhand & Barry, 1998plled with respect to properties (such as fre-
1999a,b) replicated Morrison and Ellis’s AoAquecy and length) that are normally highly con-
effect with frequency controlled, but contrary tdounded. Second, such models embody ar
the earlier results, significant effects of freexplicit theory of reading acquisition and skilled

guency were observed with AoA controlledprocessing in which the roles of frequency and
Nonetheless, the finding that AoA affects pertiming of exposure can be examined. Finally,
formance independent of frequency seems pwevious analyses of the behavior of such mod
present a challenge for models of word readirgs suggest a possible computational basis fo
(e.g., Coltheart, Curtis, Atkins, & Haller, 1993;age of acquisition effects. In some models, the
Plaut, McClelland, Seidenberg, & Pattersorfientrenchment” of early learned items has an ef-
1996; Seidenberg & McClelland, 1989) that déect on later performance (Ellis & Lambon

not explicitly take this factor into account. Ralph, 2000; Munro, 1986). Thus, connectionist

The research described below was motivatedodels are consistent with the existence of ag
by empirical and theoretical considerations thaif acquisition effects. Our research addresse
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the conditions under which such effects occunoth the modeling and the analysis of existing
and how they relate to the conditions that govebrehavioral studies suggest that age of acquisi
reading. We focused on the mapping betwedion has little impact on skilled reading. At the
orthography and phonology because it plays @ame time, the modeling also suggests that suc
important role in the naming and lexical decieffects may occur for other tasks, such as learn
sion tasks that have been used to study AoA efig the names associated with objects or faces
fects in reading. for which the learning of one pattern carries lit-
To foreshadow the results, the simulationie information about others. The full range of
yielded two complementary findings. Simula-effects can be explained in terms of basic prop:
tions using a large corpus of English word®rties of learning in connectionist networks em-
yielded no effects of AoA on skilled perform- ploying distributed representations. Such net-
ance. There was an initial advantage for wordsorks provide deeper insight about how early
that were presented more often early in traininggxperience affects later performance.
but there was no residual effect on skilled per-
formance. This occurred because the correla- PREVIOUS STUDIES
tions between orthography and phonology that Two strategies have been used in previous
exist across words in English reduce the effecstudies of AoA effects in word reading. One is
of early exposure to individual items. These reto conduct experiments in which AoA and fre-
sults, taken with the analyses of previous beguency are manipulated factorially. The other is
havioral studies, suggest that age of acquisitidilo use multiple regression to show that AoA ac-
effects in word reading are likely to be minimalcounts for unique variance in predicting reponse
with other properties that are correlated withatencies or proportions of errors. We consider
AO0A controlled. However, a significant age ofthese in turn.
acquisition effect was observed in a simulation Morrison and Ellis (1995) conducted the first
in which early and late learned words were choexperiments factorially manipulating AoA and
sen so that they overlapped little in terms of orfrequency in word reading tasks. Their stimuli
thographic or phonological structure. This artiwere equated across conditions in terms of
ficial condition, which is not characteristic ofmean Kuera and Francis (1967) frequency and
reading acquisition, yielded an advantage foother variables (e.g., imageability, length in let-
early learned words in skilled performance wittters, theN measure [Coltheart, Davelaar, Jonas-
other factors controlled. son, & Besner, 1977]) but varied significantly in
The simulations suggest that the occurrenterms of rated AoA. This study and subsequen
of age of acquisition effects depends on the nanes using similar methods (Gerhand & Barry,
ture of the learning task, specifically whethet998, 1999a,b; Monaghan & Ellis, in press:
what is learned about one pattern carries overTarner, Valentine, & Ellis, 1998) yielded effects
others with which it shares structure. Thus, wef AoA with such stimuli.
observed the effect in a simulation using materi- These studies raise concerns about whethe
als that explicitly eliminated the overlap bestimulus frequencies were equated across cond
tween early and later learned patterns, but nobons as the designs of these experiments re
when the stimulus patterns exhibited the regauired. Properties of words such as length in let
larities in the correspondences between spellingrs are objective and, therefore, easy to
and sound that are characteristic of the Englishanipulate or control across conditions. In con-
writing system. This analysis also extends to theast, the frequency counts derived from corpore
simulations reported by Ellis and Lamborsuch as Klera and Francis (1967) are statis-
Ralph (2000), Smith, Cottrell, and Andersortics—estimates of a variable (how often a word
(2001), and Monaghan and Ellis (2002), whis used) whose actual values are unknown. Like
observed robust age of acquisition effects usirggher statistics, frequency counts are associate
materials and tasks that differ from reading iwith measurement error arising from factors
important respects (discussed below). Thusuch as the size of the corpus, the sample c
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texts used in generating the corpus, and indivifrequency words. Morrison and Ellis (1995)
ual differences in language experience. Thesguated their early and late AoA stimuli in terms
sources of error can complicate the interpretaf Kucera and Francis (1967) frequency, but as
tion of frequency effects in behavioral studieSable 1 indicates, the items differ significantly
(Gernsbacher, 1984). on the other measures in the expected direction
One problem is that the widely used BrowrEarly acquired words are also more frequent anc
corpus (from which the Kilara & Francis, 1967, familiar. The early and late stimuli in the Ger-
norms are derived) is relatively small, which in-hand and Barry (1998, 1999a,b) studies exhibit &
troduces considerable error in the estimates feimilar pattern; there are numerical differences
individual words, particulary in the lower fre- between the early and late stimuli on all meas-
guency range. Table 1 provides frequency datares, and they are significant using log WFG fre-
for the stimuli used in previous age of acquisiquency and familiarity. The materials in the
tion studies derived from Kigra and Francis Turner et al. (1998) study also differ such that
(1967) and two other sources: thgducator's early words were higher in frequency (log
Word Frequency Guid@NFG [Zeno,1995]) and CELEX, log WFG) and rated familiarity than
CELEX (Baayen, Piepenbrock, & van Rijn,were late words. In a recent study, Monaghan
1993) databases. Whereas the Brown corpusasd Ellis (2002) examined age of acquisition ef-
about 1 million words, the WFG and CELEXfects for words with consistent or inconsistent
corpora both are more than 16 million wordsspelling—sound correspondences. They equate
The data also include a measure of rated famithe stimuli with respect to frequency estimates
iarity (Gilhooly & Logie, 1980), which Gerns- derived from both the Brown and CELEX cor-
bacher (1984) showed provides a more sensitiyora. The stimuli in the inconsistent condition
measure of frequency differences among loweaxhibit small differences in the direction of early

TABLE 1

Properties of the Stimuli Used in Previous Studies of Effects of Age of Acquisition and Frequency

Study Conditon ~ KF  log(KF) CELEX Ilog(CELEX) WFG  log(WFG) FAM
Morrison & Ellis (1995) Early 23 2.63 512 5.78 477 5.62 5.62
Late 24 2.63 301 4.82 107 3.32 4.10
Difference -1 0.00 211 0.96** 370*  2.30%*  1.52%
Gerhand & Barry Early 105 3.01 1986 5.91 2164 5.41 5.35
(1998,1999a,b) Late 75 3.15 881 5.50 306 3.61 4.62
Difference 30 -0.14 1105 0.41 1858t 1.80* 0.73**
Turner et al. (1998) Early 52 3.24 555 5.51 2184 6.90 5.69
Late 50 2.86 309 4.63 1274 6.13 4.97
Difference 2 0.38 246 0.88** 910 0.77* 0.72%**
Monaghan Ellis (in press):  Early 35 2.63 654 5.56 411 5.20 NA
Inconsistent words Late 25 2.30 420 4.88 141 3.36 NA
Difference 10 0.33 234 0.68 270* 1.84** NA
Monaghan Ellis (in press):  Early 33 2.14 672 4.97 469 4.31 4.97
Consistent words Late 29 2.07 496 4.93 199 3.76 4.55
Difference 4 0.07 176 0.03 270 0.65 0.42

Note In all cases, stimuli were matched using &wacand Francis (1967). Turner et al. (1998) also matched their items
spoken frequencies from Baayen et al. (1993). WFG, Zeno (1995); Ker&&cFrancis (1967); CELEX, written English
frequencies from Baayen et al. (1993); FAM, familiarity from Gilhooly and Logie (1980);=NAfgmiliarity ratings not
available for most inconsistent items in Monaghan and Ellis (2002).

tp < .10, *p < .05, **p < .01, ***p < .001.
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words being higher in frequency on all threeents the correlations among several measures
measures; using the WFG norms, the differencésequency and the naming and lexical decisior
are statistically reliable. For the consistent itemgatencies in three large-scale studies. The Sei
the differences between the conditions ardenberg and Waters (1989) data set consists ¢
smaller and nonsignificant on all three measnean-naming latencies for 3000 words from 30
ures.The consistent condition is the only one inndergraduate subjects; the Spieler and Balot
Table 1 in which an age of acquisition effect wag1997) data are naming latencies for 2906
not obtained. words from 31 subjects; and the Balota, Pilotti,
These cases are similar to the ones studied éyd Cortese (2001) data are lexical decision la
Gernsbacher (1984), who showed that severaincies for 2905 words from 60 subjects (30
apparently conflicting findings in the contemyoung adults and 30 older adults). The correla-
porary word recognition literature could bdions between estimated frequencies and re
traced to the relative insensitivity of the Kwa sponse latencies are highest for the WFGC
and Francis (1967) frequency norms; stimuhiorms, which also account for unique variance
that apparently were equated on this measumen entered into a simultaneous multiple re-
differed in terms of rated familiarity. In thegression with the other norms. Below we return
studies in Table 1, stimuli that were equated do methodological issues about the use of dif-
the Kuera and Francis norms differed in rateéerent frequency norms. Here the main point is
familiarity and/or another measure of frethat the early and late acquired stimuli in previ-
quency based on a larger corpus. The incons@mis studies were not closely matched in fre-
tent word condition in the Monaghan and Elligjuency and, thus, did not provide strong tests o
(2002) study is the least clear case insofar as tiine role of age of acquisition independent of
stimuli did not differ reliably on two frequencythis factor-
measures but did on a third. It should be noted, Some of the studies in Table 1 also includec
however, that the WFG norms appear to providmnditions in which age of acquisition was con-
a sensitive measure of frequency. Table 2 preselled and frequency varied, which yielded a
mixed pattern of results. Morrison and Ellis
(1995) found a frequency effect in lexical deci-
TABLE 2 sion but not in naming; age of acquisition ef-
n%ects, in contrast, were found in both tasks. The
act that there was an AoA effect but not a fre-
qguency effect in the naming task suggested the

Various Frequency Measures as Predictors of Naming a
Lexical Decision Latency in Large-Scale Studies

Study Measure r  Uniquevariance o oA effect could not be due wholly to a fre-

Spieler & Balota WFG  -.35 2.39%x* quency confound. However, this pattern of re-

(1997) FAM -.32 0.82* sults did not replicate in a study by Gerhand anc

NAMING CE&-FEX ‘-gg g-ég Barry (1998) using the same stimuli; they ob-

‘ : served both frequency and age of acquisition ef

Seidenberg & WFG  —.23 0.72* fects in naming. The Morrison and Ellis (1995)

Waters (1989) FAM  —.21 0.22 data also exhibited an atypical pattern in which

NAMING CELEX =21 011 lexical decision latencies were faster than nam:

KF -.18 0.27 . X
ing latencies for the same words (cf. Balota &
Balota et al. WFG  -.63 3.97x Chumbley, 1984; Forster & Chambers, 1973).
(2001) FAM -.62 3.86%**

LEXICAL CELEX  —.58 0.22 1 _ _ _—

DECISION KE 5 0.80% Another bit of evidence that the age of acquisition effect

reported by Monaghan and Ellis (2002) was due to differ-

Note WFG, word frequency from Zeno (1995); FAM, fa- ences in frequency was reported by Strain, Patterson, an

miliarity from Gilhooly & Logie (1980); CELEX, fre- Seidenberg (2002), who found that using frequency counts

quency from Baayan et al. (1993); KF, frequency fronderived from either the CELEX or WFG database as a co-

Kucera & Francis (1967). variate in the analyses of variance eliminated the age of ac
*p < .05, **p < .01, ***p < .001. quisition effect in the Monaghan and Ellis data.
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In summary, the factorial studies leave open teéons make it difficult to isolate effects due to
window of uncertainty as to whether the obage of acquisition per se. Some additional infor-
served effects were due to differences in age wfation is provided by assessing the amount of
acquisition or frequency. unigue variance associated with frequency anc
The second methdology employed in thimge of acquisition after the other measures in
area involves using multiple regression to isoTable 4 have been partialed out (Table 5). These
late unique variance in response latencies assesults indicate that whereas frequency account
ciated with AoA (Brown & Watson, 1987; But- for a small but significant amount of variance,
ler & Hains, 1979; Lyons et al., 1978; Morrisonthe age of acquisition measure does Tibhese
& Ellis, 2000). These studies reported effects aflata suggest that, rather than there being an ef
AoA independent of other stimulus propertiedect of age of acquisition on skilled performance
including imageability, familiarity, and fre- independent of other stimulus factors, the ages
quency. We conducted a similar analysis usingt which words are learned are determined by
the data from the three large-scale studies ddictors such as frequency, length, and image-
word naming and lexical decision mentionedbility. Thus, after these factors are taken into
above (Balota et al., 2001, Seidenberg & Waaccount, there is no residual effect associatec
ters, 1989; Spieler & Balota, 1997) and foundvith the age of acquisition measure.
similar results. For 528 of the words in these The results in Table 5 differ from those re-
studies, there are data concerning both frgported by Brown and Watson (1987) and Mor-
quency (Zeno, 1995) and AoA (Gilhooly &rison et al. (1997), who conducted similar
Logie, 1980). For all three data sets, AoA an@nalyses using smaller sets of words and founc
frequency were significantly correlated with resignificant effects of age of acquisition inde-
sponse latencies (Table 3). For the Spieler amqpbndent of frequency. The differing results ap-
Balota (1997) and Balota et al. (2001) datapear to be related to differences between the
both factors account for unique variance. WFG norms and the Brown and CELEX norms
It is important to avoid making a “correlationused in earlier studies. The WFG norms are
is causation” error in interpreting these datshased on a larger sample of texts than the
however, because both AoA and frequency aBrown norms and the sample is more diverse
correlated with other stimulus properties. Tdhan either the Brown or CELEX samples. Like
illustrate, Table 4 provides the correlationgshe American Heritage norms (Carroll et al.,
among AoA, frequency, Colthearts, length in  1971), the WFG sample includes texts from a
letters, familiarity, imageability, and concrete-broad range of reading levels, including books
ness also from the (Gilhooly & Logie, 1980,for school-age children. Each text in the sample
norms) for the 528 words. These intercorrelawas assigned a grade level based on a readabi
ity formula. Frequency data are provided for
each word at each grade level, ranging from

TABLE 3 first grade to college. For the analyses pre-

Frequency and AoA as Predictors of Response Latencies
Study Measure r Unique variance 2 The amount of unique variance attributed to either
variable is surprisingly small. One relevant factor may be
Spieler & Balota WFG —.28 2 5Q¥** that effects of lexical frequency are reduced or eliminated
(1997) AOA 28 2.35%xx by exposure to neighboring words. Words that have many
Seidenberg & WFG —.19 1.52%* neighbors (e.g. consistent ones) do not show strong fre-
Waters (1989) AOA 17 0.6471 quency effects in naming. Another is that naming is less
Balota et al. WEG — .49 Q.20+ sensitive to frequency effects than are other tasks becaus
(2001) AOA 44 5.1 5%* it only measures time to initiate the response; frequency

effects can also show up in things such as duration of the
Note AoA, age of acquisition; WFG, word frequencywhole utterance (Balota & Abrams, 1995) and duration of

from Zeno (1995). onsets that contain continuants (Kawamoto, Kello, Jones,
Tp < .10, *p < .01, ***p < .001. & Bame, 1998).
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TABLE 4

Correlations among Six Standard Lexical Measures and AoA

Variable AoA WFG IM FAM CON LEN
WFG —.5141%*

IM —.5861*** .1073*

FAM —.6740%** .1203*+* .2026***

CON —.3840%** .0056 .8082*** —.0099

LEN .1984*** —.0666 —.1483*** —.0605 —.1717%*

N —.1976%** 1417 .1195** .1245** .1215** —.T142%x*

Note AoA, age of acquisition; WFG, log Zeno (1995) frequency; IM, imageability; FAM, familiarity (Gilhooly & Logie,
1980); CON, concreteness; LEN, number of letters; N, Colthedurt's
*p <.05.
**p < .01.
% g < 001.

sented above, we used the sum of these frdecreases while the amount associated witl
qguencies. The fact that the WFG frequencie80A increases. In two of the three studies, the
correlate more highly with response latencie80A effect reaches significance with data from
than the other norms (Table 2) and yield néhe younger grades excluded, although the

residual effect of age of acquisition (Table 5amount of variance account for is very small.
may be related to the inclusion of this broader One interpretation of these results is that
range of texts. there is a small effect of age of acquisition on
To examine this issue further, we conducteskilled performance which the WFG norms (but
regression analyses using different subsets wdt Brown or CELEX) pick up because the cor-
the WFG corpus. Specifically, we examineghus included texts for younger readers. Words
how much variance the WFG and AoA meaghat are learned earlier may tend to be used mor
ures accounted for when the data from lowaften in texts that are appropriate for younger
grades were excluded (Table 6). The results foraders. Table 7 presents the correlations be
all three of the large-scale behavioral studies efween rated age of acquisition and grade-leve
hibit a consistent pattern: As more of the datiequency for the 528 words used in previous
from lower grade levels are excluded, thanalyses; there are strong negative correlation
amount of residual variance due to frequenayhich decline gradually with age. Thus it could
be argued that the WFG frequency data for the
lower grades covertly encode age of acquisition
TABLE 5 On t_his view, skilled performance is affected by
two independent factors, age of acquisition anc
Unique Variance Accounted for by Frequ_ency and AoA frequency of usage in adult language, both of
Independent of Other Lexical Variables which are captured by the cumulative WFG fre-

Study Measure Unique variance qUENCY mMeasure.

There is a different explanation for these re-

Spéjlec:tj‘(wg?) VX'gi %)'g** sults, however: Unlike the Brown or CELEX

Seidenberg & WEG 0.69* corpora, the WFG norms provide estimates of
Waters (1989) AOA 0.01 the cumulative frequencies of words, that is,

Balota, et al. WFG 2,94 how often they have been encountered over &
(2001) AOA 0.34 long period of time (e.g., since an individual

Note A0A, age of acquisition from Gilhooly and Logie began to re_ad)' Cumulative frequency may be &
(1980); WFG, frequency from Zeno (1995). better predictor of adult performance because
*p < .05, **p < .01, *¥**p < .001. it affects how lexical information is repre-



8 ZEVIN AND SEIDENBERG

TABLE 6

Unique Variance Accounted for by AoA with Different Subsections of the WFG Norms Used as Predictors

WFG subsection

Study  Predictor 2-18 3-13+ 4-13+ 5-13+ 6-13+ 7-13+ 8-13+ 9-13+

SB AoA .36 A1 A4t ATt 507 541 561 57t
Frequency 1.26** 1.17* 1.01** .85* .84* .86* .78* .67*

SW AoA .04 .04 .06 .07 .08 .10 .10 12
Frequency .98* 97* .89* .83* .87* .95* .91* 91*

BCP AoA .39t 46T .52* .58* .63* .68* 72* .68*

Frequency 2.43%xx 2.22%%* 2.04x* 1.92%** 1.97%* 2.10%* 2.11%x* 2.18*

Note WFG = Zeno (1995) frequency counts 2—£3Grade levels 2 (2nd grade) to-£3University) in the WFG norms;
SB = Spieler and Balota (1997); SW Seidenberg and Waters (1989); BEMalota et al. (2001)
tp < .10, *p < .05, **p < .01, ***p < .001.

sented in memory (as, for example, in the conVFG). One difficulty in developing a well-
nectionist models discussed below). On thisontrolled AoA experiment arises from the
view, age of acquisition norms account foistrong correlations between AoA and other
variance in skilled performance because thegxical variables presented in Table 4. These
index how frequently words were used atorrelations make it difficult to design facto-
younger ages, information that the Brown andial experiments in which AoA is varied for a
CELEX norms do not include. Thus there is arsufficient number of items with these and
effect of cumulative frequency on skilled per-other factors controlled. The regression analy-
formance rather than separate effects of age sés suggest that AOA may account for a small
acquisition and adult frequency of usage. Thamount of variance in skilled performance be-
WFG norms provide a reliable estimate of cueause it is correlated with how often words are
mulative frequency, leaving no residual effectead at younger ages, data that are not indexe
of age of acquisitior. by “adult” norms such as Kigra and Francis
In summary, the data in Table 1 and the corf1967) but which contribute to cumulative fre-
relational analyses suggest that the age of aguency of exposure.
quisition effects observed in previous studies
may have been due to confounds with “adult” THEORETICAL ISSUES
frequency (measured by Kea & Francisand The above discussion addressed som
CELEX) or cumulative frequency (assessed bynethodological issues that arise in attempting tc
isolate age of acquisition effects. The data indi-

%It is important to recognize that the grade-level fregate a need to consider what statistics such &

quency data in the WFG norms are not literally data co@Stimated age of acquisition and frequency
cerning the grades (or ages) at which the texts were resieasure and how they relate to the mechanism
Rather, they reflect the assignment of texts to grade levglsat underlie lexical acquisition and processing.

using a formula that weighs factors such as number of Woreiene concept “age at which a word is acquired”
per sentence and number of syllables per word. On this m lear en h and intuitively different
measureCharlotte’s WetandThe Old Man and the Seae seems clear enough a y

both assigned to the 4th grade reading level, for exampOM “frequency of usage in adult language.”
Thus, the data from the lower grade levels reflect texts thefowever, whereas frequency norms reflect a
are likely to be read by children at a given age but also texfigoperty of words (namely, how often they are
of approxinmately similar structural complexity that areused), age of acquisition norms reflect some-

read at older ages. On our view (supported by the modeling. . . .
presented below), these norms are relevant because tﬁﬂ)mg different, a behavioral event (learning a

provide estimates of the cumulative frequency, rather thaOrd by a certain age). ThiS event is very Simil?‘r
the exact timing, of exposures to words. to a task such as naming aloud: one behavio
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TABLE 7

Correlation between AoA and WFG Frequency at Different Grade Levels

Grade level

1 2 3 4 5 6 7 8 9 10 11 12 13 Total

-68 -67 —-63 —-60 —-53 -5 -—-47 —-45 -43 -8 -3 -31 -17 -51

Note All correlations significanf < .001.

concerns how long it took to learn a word, theountered at multiple points along this contin-
other how long it takes to pronounce a wordium, as well as cumulative frequency. Thus,
This point is particularly clear with respect taage of acquisition and frequency seem more in
“objective” measures of AoA (Morrison et al. trinsically related than recent discussions have
1997) obtained by determining the ages atuggested. In effect, studies like the ones sum
which children can name pictured objects. Justarized in Table 1 attempted to dissociate the
as studies of word reading have examined tledfects of frequency of exposure during two
factors that make some words easier to namédely spaced time spans.
than others, age of acquisition can be considered o .
with respect to the factors that cause sonfePnnectionist Modeling
words to be learned earlier than others. Connectionist models of reading that employ
Among these factors is frequency. In manglistributed representations and gradual learning
theories, the frequency with which a stimulus ifom experience provide a theoretical frame-
practiced or experienced affects how early andork for examining effects of the frequency
well it is learned as well as skilled performancend timing of learning experiences on perform-
If the age at which a word is learned is affecteahce (e.g., Harm & Seidenberg, 1999; Plaut e
by how often it is experienced, then empiricahl.,, 1996; Seidenberg & McClelland, 1989).
estimates of AoA may covertly encode freSuch models illustrate three points relevant to
guency of occurrence during the acquisition peéhe AoA hypothesis. First, frequency has perva-
riod. Moreover, we have also seen that age eive effects on network performance, including
acquisition ratings are correlated with gradeéiow quickly a word is learned (“age of acquisi-
level frequency data from the WFG norms, intion”) and level of skilled performance. Second,
cluding data from higher grades well past thiéhese effects are intrinsically related. Models
ages at which the words were acquired. Thusich as Seidenberg and McClelland’s (1989) at
age of acquisition norms appear to be related tempted to provide a unified account of reading
frequency of occurrence over a multiyear timacquisition and skilled performance in which
span beginning with initial acquisition. the same computational principles apply
Seen in this light, word frequency, as starthroughout the developmental continuum. The
dardly operationalized using norms such asffects of frequency on learning a word and on
KuCera and Francis (1967), provides the reskilled performance are both realized by
maining chronological data concerning howehanges to the weights governing network per-
often words are experienced in adulthoodormance. Thus the behavior of the system re:
These observations suggest that both age of flects the cumulative effects of exposure to
quisition and “adult” frequency norms reflecwords over time. Finally, the magnitudes of the
how often words are encountered but at diffeeffects of frequency of exposure differ depend-
ent points in a developmental continuum rangag on the state of the network, which changes
ing from initial acquisition to adulthood. Theover time as knowledge is acquired. As the
WFG norms take matters one step further, proaodel picks up on the similarities that hold
viding estimates of how often words are eracross words, and as the weights assume valu
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that allow output to be produced accuratellttle impact, creating a discrepancy between
(i.e., minimize error), the effects of pattern frefrequency of training and network performance.
quency decline. Furthermore, new words can be learned with
Some properties of these networks favor thittle training if they share structure with known
idea that there will be an advantage for words/ords. In the limit, a new word can be pro-
that are learned earlier in training (Ellis & Lam-nounced correctly with no training, as in non-
bon Ralph, 2000). (We assume for the remairword generalization. Thus, there is an initial ad-
der of this discussion that stimuli are equatedantage for words that are trained with high
along other dimensions.) Consider a networkequency, but as the model learns, there is les:
such as Seidenberg and McClelland’s (1989) iand less of a disadvantage for later trained
which weights are initially set to random valuestems. In effect, the entrenchment of early
and output units take values of 1 or 0. The adearned words is reduced as the model picks ug
justments to the weights that occur using baclen patterns that hold across words (see alsc
propagation with a logistic activation functionMarchman & Bates, 1994).
are proportional to the activation of the unit ac- In summary, the entrenchment phenomenor
cording to the terna(1l — a), whereais the ac- in connectionist networks provides a basis for
tivation value. The adjustments are thereforage of acquisition effects, but other properties of
largest when the activations are in the middle dhe task and materials to be learned will affect
the logistic function (around .5), as occurs whewhether there is the long-lasting effect on per-
the network is initialized with small randomformance suggested by the age of acquisitior
weights. The adjustments become smaller as thgpothesis.
weights assume values that cause unit activa-Using this theoretical framework, the issue
tions to approximate more closely the target valbf AoA effects in reading can be clarified by
ues of 1 or 0. Thus, there is a loss of plasticitgonsidering two factorsg;umulative frequency
associated with learning the early trained pagnd frequency trajectory. Cumulative fre-
terns. In effect, early trained patterns becomguency refers to how often a word is presented
entrenched in the weights (for an early discugo the network from the beginning to the end of
sion of this phenomenon, see Munro, 1986}raining. This is a simplified analog of how
Both Ellis and Lambon Ralph (2000) and Smitfoften people have encountered a word to the
et al. (2001) emphasized these aspects of n@wint at which performance is assessed. Fre-
work behavior in explaining age of acquisitionquency trajectory refers to how experience
effects. with a word is distributed over time. Thus, a
There is, however, another factor to considegiven cumulative frequency can be associatec
the effects of similarities across training patwith different trajectories.
terns. The mapping between spelling and sound The AoA hypothesis, then, is the prediction
in English exhibits considerable systematicitythat frequency trajectory has an effect on aduli
Reading models such as Seidenberg and Mperformance independent of cumulative fre-
Clelland’s (1989) employed representations thajuency. Specifically, if the cumulative frequen-
allowed the weights to encode these regularéies of words (as well as other stimulus proper-
ties. Thus, what is learned about one word caties) are equated, then words for which most of
ries over to other words with which it shareghe training occurs early should show an advan:
structure. This property modulates the effects dhge over words with other trajectories. Words
exposure to a given word. Until the model bethat are trained more often early in developmen
gins to encode the systematic aspects of thwll, in general, be learned earlier than will
mapping, performance on a pattern is highly dewvords that are mainly trained later; thus, fre-
pendent on how often it is trained. By later inquency has an effect on age of acquisition.
training, the weights reflect the structure of thédlowever, the age of acquisition hypothesis is
entire training set, changing its behavior. Oncthat there will be a further effect of this early ex-
a word is learned, additional repetitions haveerience on skilled peformance.
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A measure such as Rei@a and Francis (1967) The task was closely related to the problem of
frequency provides a poor estimate of cumuldearning the spelling—sound correspondences o
tive frequency. Given the nature of the textEnglish, information that plays an important
used to generate the corpus, it tends to underesle in the naming and lexical decision tasks
timate the frequencies of many low-frequencysed in the behavioral studies discussed above
words including ones that are experiencethe input and output representations were base
mainly during childhood. The WFG normson English orthography and phonology, and the
probably provide better information about cutraining corpus, a large set of monosyllabic
mulative frequency, but this is difficult to inde-words, instantiated the quasiregular mappings
pendently assess. Age of acquisition norms, retween the two (Seidenberg & McClelland,
contrast, provide imperfect information abouf989). Previous simulations have used more ar
frequency trajectory because some words thtficial tasks and stimuli that did not capture this
are learned early (e.g., BOTTLE, CUP) are alsach structure (discussed further below). Simula-
used frequently later in life, whereas otherSon 1, therefore, provides more direct evidence
(e.g., TEDDY, BOOTIE) are not. concerning the occurrence of age of acquisitior

Because the actual cumulative frequenciedfects in reading.
and frequency trajectories of different words are
not known, and because frequency norms al
rated AoA provide imperfect estimates, we took Architecture The basic architecture shown in
the approach of using simulation modeling t&ig. 1 was used in all simulations. For Simula-
explore the phenomena. Simulation also ations 1 and 2, models with 100 orthographic
lowed control over stimulus properties that ar@nput) units, 250 phonological (output) units,
normally confounded. Thus, we could creatand 100 hidden units were used. In addition, the
conditions in which it was certain that cumulaphonological layer had 20 hidden units that me-
tive frequency and stimulus properties werdiated connections between this layer and itsel
closely matched while manipulating frequencycleanup units [Hinton & Shallice, 1991]). The
trajectory, providing a strong test of the age afleanup units differentiate this model from a
acquisition hypothesis. simple feed-forward net such as the one studie

by Seidenberg and McClelland (1989). The net-
SIMULATION 1 work is given an input pattern, and activation

In the first simulation, a model was trained ospreads through the network over a series o
a large corpus of words using the standard tedime steps. Each unit propagates activation tc
nique of probabilistically presenting words durthe other units to which it is connected. The
ing training as a function of their estimated frefeedback connections between the phonologics
quencies of occurrence (Seidenberg &nd cleanup units create a type of dynamica
McClelland, 1989). The critical data concern aystem called an attractor network that settle:
subset of items for which we manipulated freinto a stable pattern over time (for additional de-
qguency trajectory while keeping cumulative fretails, see Harm & Seidenberg, 1999). A further
quency constant. Some of these words wefeature of the model was that each time step wa
more frequent early in training compared tdiscretized into a series of moments, which al-
later (Early condition), whereas other words follows a unit's activation to ramp up gradually.
lowed the complementary trajectory (Late confhus, the learning algorithm (continuous recur-
dition). By the end of training, however, cumu+rent back-propagation) changes the weights ir
lative frequencies of words in the two conditiongvays that improve accuracy but also how
were the same. In addition, the same words aguickly the network produces the correct output
peared in both the Early and Late conditionor discussions, see Harm, 1998; Bishop,
across different runs of the model. 1995).

This model differs from previous models of Corpus and trainingThe training corpus con-
age of acquisition effects in an important waysisted of 2,891 monosyllabic, monomorphemic

thods
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00000 early exposure on later performance; they were
A "CIeanup Units not intended to capture the observed trajecto-
ries for individual words, which are more vari-
SIoIe sele eTeT¢. oTe) able. The frequencies of the words in the Early

APhonological Units - .
and Late conditions were manipulated as fol-

lows. Training consisted of 10 epochs of
elele 100,000 trials each. Early items were assignec
a frequency of 1000 for the first 3 epochs of
tlhoeof?eoo training trial§. For the next 4 epochs,
Orthographic Input Units frequency was gdjusted to 500, 100, 50, anc
10 in succession. Finally, for the last 3 epochs,
FIG. 1. Model architecture used in all simulations.  the frequency was set to 1. The trajectory in the
Late condition was the complement of the one
in the Early condition. Late items started at a
words. Of these words, 108 were critical item$requency of 1 for the first 3 epochs; frequency
whose frequencies were manipulated, as desas adjusted to 10, 50, 100 and 500 over the
tailed below. The remaining 2,783 words (backnext 4 epochs; and the frequency finally
ground items) were assigned frequencies takeaached 1000 for the last 3 epochs. These fre
from the Marcus, Santorini, and Marcinkiewiczquencies are within the range of the raw Mar-
(1993) norms, which are based on 43 million toeus et al. (1993) frequencies used for the back:
kens from thewall Street Journat. ground items. As with the frequencies used for
The critical items were divided into two liststhe noncritical words, these assigned frequen-
of 54. Sets of 4 items were created by exchangies were square root transformed, and items
ing onsets and rimes. The lists were counterbalkere sampled probabilistically. This method of
anced such that, for example, FOIST and MISGompressing the frequency distribution allows
occurred on one list and FIST and MOIST othe model to learn very low-frequency items
the other. Thus, each list contained each onster a relatively small number of trials (Plaut
and rime in the quadruple, but in different comet al., 1996). The actual frequencies with which
binations. The model was run 10 times with difthe critical items were presented to the model at
ferent initial random weights (between 0.1 andach epoch are given in Fig. 2. The mean fre-
—0.1), analogous to replications with differenfjuency for Early items in the first epoch was
subjects. Each list occurred five times in eactl, and the mean frequency for Late items in
trajectory. Thus, the same items occurred iis same epoch was 4. Frequencies were ad
both the Early and Late conditions across simjusted over time such that in the last epoch, the
lations. The data presented below are averadeste items had a mean frequency of 40 and the
across the 10 runs of the model. Early items had a mean frequency of 4. Impor-
The Early and Late trajectories were detantly, by the end of training, the Early and Late
signed to provide a strong test of the effects afvords had been trained equally often; the cu-
mulative frequencies averaged across items
* The Wall Street Journatorpus has been used extenyyere 198 for Early words and 196 for the Late
e e s e o vl sopes S 10T < 1
Ei%iZh. Tsheeliii:acl sample is somgwhat skewed insoear as On each training trial, _a_word WQS proba-
words such as STOCK, MARGIN, and INFLATION areRilistically selected for training and its ortho-
overrepresented compared to other corpora. In our simugraphic pattern was activated on the input
tions, the norms were used only to ensure that the bagknits. Activation propagated forward for 11
ground items in the training set were presented withadistﬂ-me ticks. On the 12th time tick, error was
bution of frequencies similar to that seen in natural

language. When the goal is to examine the effects of frg—ompmed and the Welghts of the model were

quency on individual words, other norms such as the wradjusted accordingly. The !eaming al_gorithm
(Zeno, 1995) are preferable. computes error on the basis of the difference

(eJeJe)
4 Hidden Units
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For the smaller set of critical words, the
model learned to produce correct output for all
items within the first epoch. Mean sum

‘ Ealy squared error for these items was calculatec
s Late after each epoch. As shown in Fig. 3, there was
257 a small effect of frequency early in training
that rapidly disappeared. This was confirmed
by t tests on the difference between the means
in the Early and Late conditions. Error scores
o2 3 4 5 6 7 8 9 10 were significantly lower for Early words com-
Epochs (100k each) pared to Late words after the first epoch,
t(107) = 4.24,p < .001, and this effect re-
' FIG. 2. Frequency trajectories of critical items in Simula-, 5ined significant after 5 epoch§(107) =
tion 1. 2.09,p < .05. By epoch 6, when the frequency
. trajectories began to cross, the effect was non-
b_etwegn th_e desired and observed outputs a%i@nificant,t(lO?) = 1.12,p > .10. At the end
given time tick as well as the state of the modgk aining, when the cumulative frequency of
at earlier time thks. In this way,_each adjustthe two groups was closely matched, there was
ment of the weights leads to mcrt_amentall)élso no reliable difference between conditions;
more accurate and faster computation of ﬂ]ﬁ fact the means were identical at .50. At this
desired output. point, all critical items were still pronounced
correctly.
The first simulation indicates that with stim-
The model's performance was assessgflys properties equated, there is an effect o
using both accuracy and sum squared er@requency trajectory early in training, but this
(SSB measures. The model's output for a wordytect rapidly recedes. By the end of training,
was scored as correct if the output for €acfnen the cumulative frequencies are equatec
phoneme was closer to the correct phonemge e is ng residual effect. Early in training, be-
than any other by Euclidean distance. BBE ¢, mych learning has occurred, performance
measure was the sum of the squared differenceSpatter on words that are trained more often
between the computed output and the targefy s is simply a frequency effect during the
The two measures are highly related,; corre(garly phase. As training continues, perform-

words produce lower error scores than do Mance in the two conditions converges to the
correct words. However, among the correcl, e Jevel

words, differences irSSEreflect the relative
difficulty of generating a response (see, e.g.,
Seidenberg & McClelland, 1989). Thus, the
model’s performance can continue to improves 1.0 o Early
after it has learned to produce the correct rexd o Late
sponse, as in human performance.

501

Mean Frequency of Critical Items

Results and Discussion

ared Err

0.8

At the end of training, the model produce(;’.)—
correct output for 98% of the training set g
Nearly all errors were on low-frequency stranga 06 &
words such as COUP, PLAID, and RHEUM, §
which are thought to require input from the or= 04— 3 4 5 6 7 8 9 10
thography - semantics— phonology pathway
that was not implemented here (Harm & Seider-

berg, 2002, Plaut et al., 1996; Strain, Patterson,rg. 3. performance over time for critical items in Simu-
& Seidenberg, 1995). lation 1.

Epochs (100k each)
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SIMULATION 2 jectory. For this condition, a subset of the criti-
Simulation 2 was a replication of the firsccal items from Simulation 1 were assigned their

simulation that addressed two concerns. Firdtormal frequencies and included among the

effects of the frequency trajectory manipulab_aCkground stimuli. After running the simula-

tion might have been difficult to detect becausd®™ We isolated a large subset of these word:
the critical stimuli all contained spelling patMeeting the conditions that (a) their frequency

terns with consistent spelling—sound corrdfa@iectories were very flat and (b) their cumula-
spondences. In addition, the stimuli were COIJI'l_ve frequencies were similar to what they were

structed in quadruples such as FIST-MOIST Simulation 1. Thus, the Flat trajectory condi-
MIST—FOIST, ensuring that every word—bodyfion &cts as a baseline against which the dat

occurred at least twice with the same pronundf®™m Simulation 1 can be compared. An effect
ation. In the type of network studied hereOf either the Early or Late trajectory in Simula-

learning of one item with a given spelling—tion 1 would be indicated by better performance

sound pattern (e.g., FIST) carries over to othdran in the Flat trajectory condition at the end of

items containing the same pattern (e.g., M|S-|-5r’aining. Finally, the flat trajectory condition

reducing the effects of exposure to the item ijvas also used to assess whether cumulative fre

self (a neighborhood effect). The net result wa/€ncy has an effect on network performance

that all of the critical words were learned relalndependent of trajectory, by comparing the re-

tively rapidly; there was an effect of frequencﬁ”lts for two subsets of stimuli from the flat con-
of exposure'early in training, but it was obdition whose cumulative frequencies were con-

served on the sum squared error measure, fferably different.
on how rapidly the model learned (i.e., age of
acquisition). Therefore, we created a new sMethods
of critical stimuli containing only “strange” The same model and corpus were used as i
words (Seidenberg, Waters, Barnes. & Tanersimulation 1. The critical items from the earlier
haus, 1984) that have atypical spellings argimulation were included among the back-
spelling—sound correspondences. Because thgipund items and assigned their Marcus et al
have few close neighbors, these words shof#993) frequencies, and a different set of 48 crit-
larger effects of frequency both in behavioratal items was selected. The main criterion for
studies (e.g. Seidenberg et al., 1984) and ihe critical items was that their bodies not be as
connectionist models (e.g., Seidenberg &igned the same pronunciation in other words ir
McClelland, 1989). Therefore, we expected tthe training list; thus, they included words such
see effects of frequency trajectory both®E as BEIGE, PHLEGM, and SCOURGE. The
and on how quickly these words were learnedstimuli were divided into two lists, with the as-
A second issue concerns the processes tlsggnment of lists to training condition counter-
gave rise to the Fig. 3 data. One possibility isalanced across two simulations. The mean cu
that these data reflect two complementary age miulative number of presentations for both Early
acquisition effects. Thus far, we have followeénd Late words was 183.
the behavioral research in emphasizing the pos-Stimuli in the Flat trajectory condition con-
sible effect of early high-frequency exposure osisted of 95 of the critical stimuli in Simulation
skilled performance. However, there might als&. These items were selected because, when pr
be a complementary effect of high-frequencgented throughout training at their standard
exposure late in training. Thus, the similar levelslarcus et al. (1993) frequencies, they are well
of performance in the Early and Late conditionsiatched to the critical items for cumulative fre-
at the end of training might derive from twoguency. The mean cumulative frequency of
sources: an AoA effecand a recency effect these words was 200, comparable to the cumu
(Lewis, 1999, found evidence for both in a facétive frequencies for these words in the Early
naming task). Therefore, we added a contraeind Late conditions in Simulation 1 (198 and
condition using a relatively flat frequency tra196, respectively).
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Results thography - semantics— phonology. How-

After 10 epochs, the model generated correVer the error rate did not differ in the two fre-
phonological codes for 98% of the training setdUency trajectory conditions(47) < 1. Thus,
Performance on the critical items was assess&jhough the f“requ’:ancy trajectory manipulation
in terms of SSE, accuracy, and how quickly &ffected the “age” at which items were ac-
words were learned (i.e., age of acquisition iftired, it had no residual effect on accuracy
model time). Because the models were initialVNen the cumulative frequencies of Early and
ized with different random weights, and becausk@t€ items converged. Figure 4B shows the
words were selected probabilistically during?N@nge in sum squared error over time for Early
training, individual runs of the model differ @nd Late items, which is very similar to the
slightly from one another in terms of perform-2ccuracy graph. _
ance including when during training individual ©On€ further aspect of the data is worth not-
words were learned. Analogous individual difi"9- Toward the end of training, the model

ferences are seen in children. For each item, a§§9an to exhibit some unlearning of the Early

of acquisition was defined as the point at whici/ords, as indicated by the slowly rising scores
75% of the models generated correct responséd. this condition for both measures. Protecting
This criterion is similar to one used in the Morri-€&ry acquired words from unlearning requires
son et al. (1997) study in which the age at Whicmtermlt'yent reexposure to these items over time
children acquired a word was defined as the aqg.ethenngton & Seidenberg, 1989). The Early
at which 75% of the children could name a pictr@€ctory entailed a steep decline in frequency
tured object accurately. By this measure, the ay@ward the end of training. This property, taken
erage “age” at which Early items were acquiredith the probabilistic nature of sampling, re-
was approximately 2.09 epochs, whereas the agd/t€d in too few exposures to maintain per-
erage age for Late items was approximately 6.7g"mance at the maximum level. We did not
epochs. This difference is significan{34) =
12.14. Note that epochs are defined with respe~t
to the total number of training trials on all items  1or « Early
including the 2843 background words, not the 5 Late
number of exposures to individual words. The
mean numbers of trials to learn words in the
Early and Late conditions were 296 and 250, re
spectively. These data indicate that the Earl
words were acquired more rapidly than were th
Late words, as expected. It took fewer exposure %% 1 3 3 4 5 6 7 s 9 10
to learn the Late words because they benefite
from prior learning of other words. Even for
strange words, then, there is generalizatio B
based on exposure to other words. r

Accuracy over the course of training is de:
picted in Fig. 4A. As in the previous simulation,
the advantage for the Early items dissipated z;‘-;
the cumulative frequency of the Late items con g
verged on that for the Early items. Mean accuf
racy for both conditions was 85% at the end 0 §
training. This level of accuracy is somewha® %% 1 3 3 4 5 ¢ 7 5 5 1o
lower than that for the consistent words in Sim
ulation 1. This finding is consistent with the
view that performance on the most difficult riG. 4. performance over time for Simulation 2: (A) error
strange words normally requires input from orrate and (B) sum squared error.

0.5

rror Rate

Epochs (100k each)

® Early
4 Late

ared Error

2.0

/

Epochs (100k each)
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systematically examine performance after 1 os ® Early

A Late

epochs because it was at this point that the tw
conditions converged on the same cumulativ g
frequencies. We do know, however, that a sma™
number of additional training trials on the criti-
cal items is sufficient to stop the slow erosion o
performance seen in Fig. 4. This behavior of th
model is broadly consistent with human per % 1 2 3 4 5 6 7 8 9 10
formance; knowledge acquired during child-
hood may degrade over time through lack or
use but can be revived with modest additional FiG. 5. Performance in the Flat condition (Simulation 2)
experience_ compared to the same items in the Early and Late condition:

We now consider the results for the Flat trd? Simulation 1.
jectory condition. This condition addresses the
concern that the results of Simulation 1 might
have derived from two complementary AoA ef{544 for the highest frequency words and 60 for
fects: one due to high frequency of exposurhe lowest). Cumulative frequency has the ex-
early in training and one due to high frequencyected effect on performance which is better for
of exposure late in training. If this were correcthigh-frequency words (.46) than for low-fre-
then performance at the end of training in bothuency words (.55)t(47) = 3.22,p < .005.
the Early and Late conditions should be betté&fote that these means are substantially lowe
than that in the Flat condition in which frequenthan the means for the critical items in Simula-
cies changed very little across epochs. This reéen 2. This suggests that the failures to observe
sult was not observed. Figure 5 summarizes p&oA effects were not due to floor effects on the
formance in the Flat condition and on the sanwitical items.
items in the Early and Late conditions from . .
Simulation 1. Discussion

Results in the Flat condition closely resem- Results from the Early and Late conditions
bled those obtained in the Early condition. Botlvere consistent with Simulation 1. There was a
conditions exhibited a small advantage early ilarger difference between these conditions until
training compared to the Late condition, but byell into training, which reflects the fact that the
the end of training all conditions converged onritical words have few neighbors and, there-
the same level of performance. The m8&tkin  fore, performance does not benefit as muct
the Flat condition was .48, compared to .48 arfctbm training on other words. However, per-
.49 in the Early and Late conditions, respedormance in the two training conditions again
tively. No effect of frequency trajectory was ob€onverged as the cumulative frequencies evene
served F(1,93)< 1. The early advantage in theout. Thus, the results of Simulation 1 generalize
Flat condition reflects the fact that the items had stimuli that have less consistent spelling—
a mean frequency of 20 presentations pspund mappings. Performance on words in the
100,000, which was higher than that in the Latélat condition converged to the same level as ot
condition over these epochs. However, the cthese same words in the Early and Late condi
mulative frequency of Flat items (200) was ndions in Simulation 1, indicating that the results
significantly different from those of Early andfor the Early and Late conditions did not reflect
Late items~(1,93)< 1. two complementary types of facilitation. Fi-

Data concerning the role of cumulative frepally, there was an effect of cumulative fre-
quency are presented in Figure 6, which shovgsiency in the Flat condition: At the end of train-
the sum squared errors for the highest and loimg, performance was better on the words with
est frequency 25 items. The mean cumulativégher cumulative frequencies than on those
frequencies for the subsets of the items diffevith lower ones.

n

B
=

Epochs (100k each)
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lative frequencies were very similar in the two

S o , _
5 { : ;‘l’gv{]‘éﬂﬂg“f;iﬁi‘;?y cases. Although the strange words have fewe
B ! close neighbors, their orthographic— phono-
g 08 logical correspondences are not arbitrary; a
E’ word such as BEIGE is not pronounced
s \\N‘g “glorp”; it overlaps with the more distant
= . neighbors BINGE, BARGE, WEIGH, and
[
S 04 many other words among the background
0 1 2 3 4 S 6 7 8 9 10 . . h
stimuli. Thus, the systematic aspects of the or-
Epochs (100k each) thography — phonology mapping might have
reduced trajectory effects even for the strange

FIG. 6. Performance on high and low cumulative fre-

guency items within the Flat condition. words. ) . ) ) )
Suggestive evidence is provided by simula-

tions of age of acquisition effects presented by
These results suggest that whereas cumufllis and Lambon Ralph (2000). Feed-forward
tive frequency has an impact on performancejodels were trained to produce a transforma:
frequency trajectory does not. The age of acquion of arbitrary bit vectors. In their training set,
sition hypothesis tested in previous behavior@utput vectors were generated by randomly
experiments was that there would be a residuettanging 10% of the bits in the input vector.
effect of early word learning on skilled adultEllis and Lambon Ralph observed strong age o
performance. However, although words in thacquisition effects such that items that were in-
Early condition were learned more rapidly thatroduced early had an advantage over late item:
words in the Late condition, performances in theven when the later items were much higher ir
two conditions were nearly identical by the endumulative frequency. The nature of the stimuli
of training. meant that learning on any given trial carried lit-
tle information relevant to other items. Under
SIMULATION 3 this condition, there was a residual advantage
To this point, the results suggest that whefor mappings that became entrenched early ir
cumulative frequencies and stimulus propertraining. Ellis and Lambon Ralph provided a
ties are equated across conditions, there is lithorough discussion of why this entrenchment
tle, if any, effect of frequency trajectory. Whatoccurs. In essence, learning that occurs for earl
matters is how often a word is encounteredrained items involves large weight changes tha
not the pattern of encounters over time. Hereeduce the model's sensitivity to error signals
we consider another factor that may have corgenerated by the presentation of later items
tributed to these results: the fact that the trairsmith et al. (2001) provided a similar analysis
ing corpus consisted of words that exhibit sysef the results of their simulation, which was also
tematic relationships between orthography ancbnstructed so that what was learned on one tri
phonology. What the model learns about ondid not carry over to other trials.
word carries over to other words that share Together, the results of Simulations 1 and 2
structure with it, reducing the effects of lexi-and of the Ellis and Lambon Ralph (2000) and
cal frequency (Seidenberg & McClelland,Smith et al. (2001) simulations suggest that the
1989) and, thus, the effects of any frequencygature of the input—output mapping, specifically
trajectory manipulation. These neighborhooavhether what is learned on one trial predicts
effects were larger for the consistent wordsnything about other trials, may be crucial to
used in Simulation 1 than for the strange itemproducing AoA effects. To investigate this hy-
used in Simulation 2; the consistent wordgothesis, we devised a training regime deliber-
were learned more rapidly and yielded betteately unlike the orthography- phonology
asymptotic performance than the strangeanslation in English. Items for the Early and
words, even though the trajectories and cumu-ate trajectory conditions in Simulation 3 were
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constructed such that Early and Late items hadther items in the training set. In the previous
minimal orthographic or phonological overlapsimulations, nearly 3000 words were being
In addition, we did not include any backgroundrained, so that even items with very high fre-
items; thus, what the model learned dependegdiencies were seen only, on average, about 4
solely on the properties of the critical stimulitimes per 100,000 trials. In this simulation, only
These conditions are more comparable to ti&8 items were trained, resulting in higher real
ones studied by Ellis and Lambon Ralph (200@)equencies, although the log-compressed fre:
and Smith et al. (2001) guencies used to select items were the sam
Also because of the smaller training set, fewer
Methods training trials were required. The model was
The training set consisted of 68 words. Twtrained for 10 epochs of 10,000 trials each, re-
lists were created out of different inventories adulting in 100,000 training trials, as opposed to
letters and phonemes. One list included itenismillion in Simulations 1 and 2. The mean cu-
such as COB, COG, COP, HOG, HOP, andulative frequency of Early words (1474) was
TOG, whereas the other contained items such st different from the cumulative frequency of
BAD, BAN, BANE, PANE, PAN, and PAT. Late words (1467)}(67) < 1.
Some phonemes occurred in both lists (e.g., /p/), , )
but in different positions in different lists (e.g.*€sults and Discussion
onset and coda). The model’s phonological rep- Figure 7 presents the accuracy and m8&t
resentation (Harm & Seidenberg, 1999) treattata over the course of training. By the end of
these as separate phonemes; thus, whattrigining, the model had learned to produce cor-
learned about onset /p/ does not carry over tect output for all words. Whereas all of the
coda /p/. The simulation was run twice, wittEarly items were learned within the first 2
lists assigned once to each trajectory conditiapochs, the Late items did not reach this level
(Early, Late). In contrast to Simulations 1 and 2ntil much later. The mean number of trials to
no other words were presented during trainindgearn the Early words was 1.3 epochs versus 5.t
Thus, the model could learn regularities amonigr the Late items, a highly reliable difference,
the items within a training condition, but thes#(67) = 49.10. Again, these numbers reflect the
regularities did not extend to the items in thpoint in training as a function of all trials for all
other list, and performance was not modulatdtems. Because so many of the Early items were
by exposure to any noncritical items. learned within the first epoch, the mean number
Due to the smaller size of the training set, thef exposures before learning was computed by
models in Simulations 3 and 4 used a scaledxamining the model's performance at 1000 trial
down architecture with 29 orthographic unitsintervals. By this measure, the mean number of
40 hidden units, and 10 cleanup units. Thexposures to a given item before it was learned
phonological layer was kept the same. Fravas 242 for Early items and 270 for Late items.
quency trajectories for items in Simulations Blote that this is different from Simulation 2, in
and 4 were similar to those in Simulations 1 anathich feweractual exposures were required for
2. However, because no “background” itemthe learning of the Late items. In the present sim-
were present, the range between lowest (9 paation, knowledge of the Early items seemed to
10,000) and highest (290 per 10,000) frequenaypede rather than aid learning of the Late items.
words is more dramatic. This is because hoilhe contrast provides a reminder of the extent to
frequently an item is presented depends on baoilhich learning spelling—sound correspondences
its log-compressed frequency and the number eérmally depend on exposure to neighbors.
In contrast to previous simulations, there was
®The simulations in this article were actuall (? small but reliable advantage for words that
y complete . . .
before we were aware of the Ellis and Lambon Ralpylv_ere pr_esented frequently early m_ training in
(2000), Smith et al. (2001), and Monaghan and Eliis (200imulation 3, even after the cumulative frequen-
simulations. cies in the Early and Late conditions converged
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A. in a training list carried over to other words on
1or * Early the same list but not to words on the other list.
4 Late Given this sharp dissociation between the stimu.

lus characteristics of Early and Late words,
there was an advantage for the early trainec
items.

\ SIMULATION 4
12

Error Rate
[=]
n

00y 3 4 5 6 7 8 9 10 Simulation 3 strongly suggests that the nature
Epochs (10k each) of the mapping between input and output deter-
mines whether frequency trajectory affects per-
B. formance. However, this simulation differed
S 100y from the earlier ones in a number of other ways
“ (e.g., number of units, size of training corpus).
= :Ez;‘} Therefore, we ran a final simulation using the
g sof same procedures as in Simulation 3 but usin
E stimuli that, like the ones in Simulations 1 and
2 \\ 2, contain overlapping orthographic and phono-
3 logical patterns.
= 0% T 2 3 4 5 6 7 8 9
Methods

Epochs (10k each) . . .
The same items from Simulation 3 were used.

FIG. 7. Performance over time for critical items in Simu-but rather than segregate items such that no le

lation 3: (A) error rate and (B) sum squared error. ter or phoneme was repeated in the same pos
tion between lists, we organized the lists so tha
no letter or phoneme occurred on one list but no

As shown in Fig. 7B, there was an advantage fon the other. For example, HUB, HUG, LUCK,
Early words that was maintained through 18AT, and MAD were on List 1, whereas HUCK,
epochs of training. A test on the mea8SEat LOG, LUG, MATE, and PAD were on List 2.
the end of training revealed that error was relCumulative frequencies of Early (1474) and
ably greater for Late words (1.13) than for Earlizate (1467) words were matche(h7) = 1.12,
words (0.74)1(67) = 10.08,p < .001. p > .20.

The critical difference between the simula- ) )
tions concemns the nature of the stimuli andXeSults and Discussion
thus, the mapping between input and output As in Simulations 2 and 3, Early items were
codes. Simulations 1 and 2 used a large corplesrned quickly (1.7 epochs), whereas Late
of words that exhibit the correlations betweewords required more training to be named accu-
spelling and sound characteristic of English orately (3.7 epochs). This difference is reliable,
thography. These correlations modulate the &f67) = 9.80,p < .001. This is reflected in the
fects of frequency of exposure to a given woradthange in accuracy over time, shown in Fig. 8A.
yielding no residual effect of frequency trajecAlso note that accuracy on both the Early and
tory on skilled performance. This result obtainkate items reached 100% by the 6th epoch; thus
when other stimulus properties and cumulativa@though frequency trajectory had the expectec
frequencies are controlled. effect on AoA, it had no residual effect on accu-

In Simulation 3, the normal consistencies imacy. The model's ability to generalize from
the mapping between spelling and sound weEeaarly items to Late items meant that even though
not maintained because we eliminated the badktook muchlongerin terms of training epochs
ground items and created nonoverlapping stiméor the Late items to be learned, they were pro-
lus sets. What the model learned about one waddced correctly after many fewer trials per word;
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the mean number of exposures to produce cc A.
rect output was 262 for Early items and 52 fo 1.0 * Early
Late items. As shown in Fig. 8B, sum square! 4 Late
error on the Late words decreased more slow
than that on the Early words, but performance i
the two conditions eventually converged. Thi
SSEwas not different between Early (1.13) anc
Late (1.13) items at the end of training67) <
1.Asin Simulations 1 and 2, therewasnoresic  ®% 1 2 3 4 5 6 7 8 o 10
L_lal effect of fr_equency trajectory when cumL_JIa Epochs (10k each)
tive frequencies were matched. Error decline
much more rapidly for the Late words in this B.
simulation (Fig. 8A) than in Simulation 3 (Fig. g 1007 ..,
7A). This is because learning on the Early item ] 4 Late
transferred to performance on Late items§g
whereas in Simulation 3 learning on Early anc & sof
Late items was independent.

Because this simulation was identical it
every other respect to Simulation 3, the resul

—

0.5[

Error Rate

ITOTr

Mean Sum S

indicate that the factor relevant to producing = ®% 1 2 3 4 5 6 7 8 9 10
frequency trajectory effect in Simulation 3 wa: Epochs (10k each)

the lack of overlap between Early and Late

words. FIG. 8. Performance over time for critical items in Simu-

lation 4: (A) error rate and (B) sum squared error.

GENERAL DISCUSSION

Studies of age of acquisition effects have The results of Simulations 1 and 2 are consis-
raised important questions about the effects t#nt with these conclusions and provide evidence
early experience on later learning. An effect afoncerning the computational mechanisms tha
age of acquisition on skilled reading would calfjive rise to the behavioral phenomena. The sim-
into question the results of many previous bedations provide a strong test of the AoA hypoth-
havioral studies and models in which this factagsis because the cumulative frequencies and fre
was not investigated. The potential theoreticgjuency trajectories were known, and properties
importance of this phenomenon, as well asf early and late stimuli were equated exactly.
methodological and theoretical concerns, led e training corpus was a large representative
to examine it further. Examination of the materisample of monosyllabic words, which exhibit
als used in previous studies suggested that thib statistical regularities characteristic of the or-
did not provide strong evidence for an effect dhography - phonology mapping in English.
age of acquisition independent of other mea3here was an initial advantage for words pre-
ures of frequency with which AoA was conssented more frequently early in training but no
founded. The regression analyses provided evesidual effect of early learning on skilled per-
dence that age of acquisition ratings mafprmance. This was true for both words with
account for a small amount of variance imighly consistent spelling—sound correspon-
skilled performance with other factors statistidlences (Simulation 1) and words with atypical
cally controlled, but via the fact that they arespellings and pronunciations (Simulation 2). The
correlated with how often words are used prexdvantage for early trained words is washed oult
adulthood. Thus there was no effect of AoA inas the model picks up on the similarities that
dependent of cumulative frequency as indexdwld across words. This occurs more rapidly for
by the WFG norms. words such as LAST, whose component spelling
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patterns are pronounced consistently acrosgiisition effects will occur under some circum-
many words, than for strange words such astances. Although these simulations differ in de-
BEIGE, which has fewer close neighbors. Irtail, they share an important property: Given the
both cases, however, early and late trained wordsture of the stimuli and network architecture,
converged to the same level of performance aghat was learned about early trained pattern:
the number of exposures evened out. This behadid not carry over to later trained patterns. Early
ior can be traced to basic properties of connetrained patterns became entrenched, yielding :
tionist models (Seidenberg & McClelland,persistent advantage over later trained patterns
1989). Knowledge in these models is encoded i@ur main point is that the conditions that give
weights on connections among units, which rerise to these effects are not characteristic o
flect the cumulative effects of exposure to alfeading an alphabetic orthography but are po.
words. Changes to the weights that occur whentantially relevant to other tasks. To see this
word is trained also benefit words with which itclearly, it is necessary to examine some detail:
overlaps. This leaves little room for early wordsf the simulations.
to maintain an advantage because the weightsThe Ellis and Lambon Ralph (2000) simula-
that support them also facilitate learning latetions involved a simple feed-forward network.
learned words. The input and output layers each consisted o
Simulations 3 and 4 provide further evi-100 units, and there were 50 hidden units. The
dence consistent with this analysis. In Simulamput stimuli consisted of random bit patterns
tion 3, we removed the overlap between earlgreated by activating a random 20% of the units
and late trained words and observed a reliablen the input layer. The model was trained to
age of acquisition effect: There was an advarcopy the input onto the output, but with 10% of
tage for early trained words that was mainthe bit values changed (randomly determined ir
tained throughout the course of training. Iradvance). Two aspects of the simulations under
this case, learning of the late items was imlie the strong age of acquisition effects that were
peded by the model's knowledge of the earlpbserved. One has to do with the nature of the
learned words. Finally, in Simulation 4, wepatterns that were trained and the other with the
reintroduced the overlap between early andature of the mapping between input and output
late trained words, and the age of acquisition The important property of the training pat-
effect was eliminated, further demonstratingerns is that, unlike words in natural languages.
that the critical factor that gave rise to the AoAthey did not exhibit a rich internal structure. The
effects in Simulation 3 was the lack of overlapstatistical structure of the lexicon reflects the
among the early and late patterns. fact that there are constraints on the ordering o
In summary, both the behavioral data and tHetters and phonemes and differences in the fre
simulations are consistent with the conclusioguencies with which these elements occur anc
that, whereas there is an effect of cumulativeo-occur. Much of this structure ultimately de-
frequency on reading performance, there is mives from constraints imposed by speech per-
independent effect of the age at which words aception and production; for example, certain se-
learned. quences of phonemes are ruled out because the
. . cannot easily be articulated, and the relative fre-
Conditions That Create Age of Acquisition  ¢,,encies of patterns are determined in part by
Effects ease of articulation. These constraints are als:
In the remainder of this article, we considereflected in alphabetic writing systems because
other types of conditions and tasks for whicthey are codes for representing speech. In cor
age of acquisition effects are likely to be moreast, the stimuli in the Ellis and Lambon Ralph
prominent. Our Simulation 3 and the simula¢2000) simulation were constructed so that the
tions previously reported by Ellis and Lambomrobability that any given unit was on was inde-
Ralph (2000), Smith et al. (2001), and Monpendent of the probabilities for all other units.
aghan and Ellis (2002) all suggest that age of ddnder this condition, what is learned about one
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pattern does not carry information about otheyusly activated; what was learned about one oc
patterns. Using an architecture with a smalleurrence of a pattern over the whole set of inpu
number of hidden units than input or outputinits could carry over to other patterns with
units promotes the discovery of subregularitieshich it overlapped (i.e., those containing the
that hold across patterns (as occurs, e.g., wisame phonemes).
words). If these regularities do not exist, how- Monaghan and Ellis (2002) also manipulated
ever, then the model can learn the task only lilge consistency of the mapping from input to
memorizing individual patterns, even though theutput. In a behavioral experiment, they found
mapping igprima faciehighly consistent. Under that whereas words with inconsistent spelling—
these conditions, early trained patterns becormseund correspondences produced an age of a
entrenched; the large initial weight changes thquisition effect, words with consistent corre-
favor these patterns are difficult for later trainedpondences did not. The stimuli in this study
patterns to overcome. were discussed earlier; there is some evidenc
The nature of the mapping between input arttiat the effect was due to frequency rather that
output codes also promoted pattern memorizage of acquisition. In the simulation of these ef-
tion in these simulations. The fact that the magects, the consistency of the mapping from input
ping between input and output involved randorayer to output was varied. On 80% of the trials,
changes to 10% of the bits meant that the modlk model was trained to copy the input; on the
could not generalize from early trained patternsther 20%, the input of the consonants was
to later trained ones accurately. The mappirgppied but the vowel was randomly assigned tc
between input and output codes contained a pane of the other 9 possible vowels. The consis
tial regularity (90% of the input bits mappedent patterns did not produce an age of acquisi
onto the corresponding output bit), but the intdon effect, whereas the inconsistent patterns did
consistent elements were random and, therefore, The results for the consistent condition are
unlearnable except by memorization. like those we observed in Simulation 1: no age
The Smith et al. (2001) simulation was simief acquisition effect when the stimuli overlap in
lar in that the stimuli were random bit patternstructure. The results for inconsistent patterns
that were not internally structured. Their modedppear to conflict with the results of Simulation
was also trained to copy the input to the outp@; in which we did not observe an age of acqui-
through a smaller number of hidden units bugition effect for words with atypical (inconsis-
without the random changes to 10% of the bittent) spelling—sound correspondences. How:
Like Ellis and Lambon Ralph’s model, Smith eever, the differing results are traceable to
al’s model performed the task by memorizingroperties of the stimuli. Our model was trained
the training patterns and again exhibited emn a large set of words; the critical stimuli were
trenchment of early learned patterns. a subset of “strange” words that contain atypical
The Monaghan and Ellis (2002) simulatiorspelling—sound correspondences. The modelin
also conforms to this analysis, although it difindicates that these words nonetheless overla
fers from the other simulations in interestingufficiently with other words in the corpus to
ways. The simulation again involved a simplevash out the initial advantage for early trained
feed-forward network. Unlike the simulationstems.
discussed above, the training patterns were de-Monaghan and Ellis’s (2002) inconsistent
signed to capture some aspects of lexical strustimuli were wordlike patterns in which the
ture. The input and output layers were dividedowel was randomly mapped onto other vow-
into three slots, analogous to a consonargls for 20% of the items. Given the arbitrary
vowel-consonant (CVC) syllablic structurenature of these mappings, the model could per
Within each slot, there were 10 bit patternform the task only by memorizing the patterns.
(phonemes) that were repeated across stimuliAs in other conditions in which patterns must
the training set. Thus, there were constraints dr@ memorized, there was a strong age of acqui
which units could and could not be simultanesition effect. It is important to note that this de-
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gree of arbitrariness is not seen in Englisancodes regularities across patterns that allow
words, even strange ones. Although vowehe model to generalize, washing out the initial
graphemes in English map onto multipl@dvantage for early trained words. Simulations 1
phonemes, the range of possibilities is corand 2 provide the most direct evidence concern-
strained. No vowel grapheme maps onto alhg such effects in reading insofar as the model
possible vowels (Venezky, 1970); typically thevas trained on a large corpus of words exhibiting
irregular pronunciation is a small number ofhe spelling—sound mappings characteristic of
phonetic features away from the regular prd=nglish. When the stimuli and task do not afford
nunciation. Thus, HAVE is irregular, but /ae/this type of learning (the Ellis and Lambon
like /ell/, is a front unrounded vowel, not aRalph [2000] and Smith et al. [2001] simulations
more distant vowel such asul. This general and Monaghan & Ellis’s [2002] inconsistent
pattern is also observed with other irregularlgondition), the network is forced to memorize
pronounced vowels; for example, EA may beatterns, yielding an advantage for early trained
pronounced as in BEAD, BREAD, andones. Inthis light, itisinteresting to consider our
BREAK, all of which contain mid-to-high Simulation 3 in which the Early and Late items
front unrounded vowels (/i/gl, and /ell, re- overlapped among themselves but not acros:
spectively). A word such as BEIGE is stranghsts. In this case, the model could generalize
in the sense that it lacks immediate neighborBpm one Early item to another and from one
but the EI — /el/ mapping is supported byLate item to another, but the orthogonal nature of
other words in the lexicon (WEIGH, EIGHT,the lists was such that the Late items as a grouy
HEIR). Finally, although vowel graphemeswere learned suboptimally; the representations
map onto multiple phonemes in English, theeveloped to support the Early items impeded
pronunciations are typically cued by surroundacquisition of the Late items.
ing letters. The regularities that exist over the It should be noted that our simulations did
units termed rimes (or word bodies) have bearot address all aspects of lexical processing anc
studied extensively, but there are partial regso cannot be taken as showing that AoA effects
larities involving other parts of words as welkcannot occur. The simulations involved knowl-
(Kessler & Treiman, 2001). In Monaghan aneédge of orthographic-~ phonological corre-
Ellis’s (2002) stimuli, the alternative pronunci-spondences, and we have argued that they ar
ations of vowels were assigned independentbonsistent with behavioral studies of age of ac-
of context. quisition effects that used tasks, such as haming
These examples illustrate only some aspedasd lexical decision, in which this knowledge
of the statistical structure of words in Englishplays an important role. The simulations sug-
The important point is that the characteristics afest that the age at which this knowledge is ac-
the stimuli in the Monaghan and Ellis (2002jjuired has little impact on skilled performance.
simulation were quite different, even though th&he original age of acquisition hypothesis
simulation was intended to be relevant to consiBrown & Watson, 1987; Morrison & Ellis,
tency effects in English. Their stimuli produced 995), however, concerned the effect of the age
large age of acquisition effects because the& which words are acquired in spoken lan-
lacked the redundancy of English words. guage, an aspect of lexical learning that our
In summary, all of the simulations of age ofsimulations did not address. Acquiring a spo-
acquisition effects are consistent with the samleen word vocabulary involves learning map-
conclusion: residual effects of age of acquistiopings between phonology and semantics.
on skilled performance depend on the nature &killed reading often involves computations
the mapping between codes, specifically whethémom orthography to phonology to semantics
what is learned about early learned patterns cgfor behavioral evidence, see Van Orden, John-
ries over to later patterns. When the stimuli andton, & Hale, 1988; for a computational model,
task afford this type of learning, the networksee Harm & Seidenberg, submitted). Hence, the
does not have to memorize individual patterns; &ige at which children learned phonology to se-
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mantics mappings could have a residual impaceéducing effects of the ages at which words
on the orthography- phonology - semantics are learned, as in the simulations presentec
computation. None of the simulations of age o&bove.
acquisition effects, including our own, address )
this possibility. Which 'I.'y.p.es of Knowledge Yield Age of

This issue needs to be examined in future Acquisition Effects?
research. However, two points should be On our account, the key issue regarding age
noted. First, we have presented evidence that acquisition effects concerns the nature of the
the results of existing behavioral studies caatimuli and task being learned. The research dis
be explained in terms of the impact of lexicakussed in this article, like the behavioral studies
factors such as frequency, imageability, andiscussed above, focused on the use of informa
length on word reading. Thus, it is not cleation concerning orthographic—phonological cor-
whether there is an age of acquisition effect toespondences in English. The analyses of previ
be explained further. Second, properties of theus studies, the theoretical analysis of the
phonology - semantics mapping make it un-problem, and the results of the simulations all
likely to be the source of effects of age of acsuggest that AoA effects are likely to be mini-
quisition on reading. The mapping betweemnal in this domain. However, the modeling led
these codes is largely arbitrary for monomorto the identification of other conditions that give
phemic words; words that overlap with therise to age of acquisition effects. The question,
sound of the word CAT do not overlap with itthen, is whether these conditions are character
in meaning. Thus, what is learned about thestic of other types of human learning. This
phonology — semantics mapping for CAT issue needs to be considered further using bot
does not carry information that facilitatesbehavioral and modeling approaches.
learning the mapping for SAT or FAT. Given One obvious question is whether there are
the computational analysis presented abovage of acquisition effects in reading nonalpha-
this might seem like a condition that wouldbetic writing systems such as Chinese. Written
promote a strong age of acquisition effect irChinese exhibits less consistency in the map-
spoken language acquisition, which in turrping between written symbols (characters) and
could affect reading via the shared phonologtheir pronunciations. Chinese words are usu-
- semantics pathway. However, other chara@lly taught as arbitrary associations between
teristics of the phonology- semantics map- written words and meanings, a process requir-
ping need to be taken into account. First, thang several years for the mastery of a few thou-
mapping between phonology and semantics &nd characters. There may be a lasting advan
not entirely arbitrary; there are partial regulartage for early learned words in Chinese
ittes among many monomorphemic worddecause of the more arbitrary nature of the
(e.g., correlations between the phonologicahapping. This unresolved empirical question
characteristics of words and their grammaticaieeds to be addressed carefully. Many of the
class [Kelly, 1992]). More important, inflec- early learned words are nonarbitrary in that
tional and derivational morphemes make corthey contain characters that provide partial
sistent (but quasiregular) contributions to theues to pronunciation. The same need to con-
meanings of many words (Seidenberg &rol for other correlated properties (e.g., fre-
Gonnerman, 2000). Second, both phonologguency) will also arise. This is illustrated by
and semantics are themselves highly strucecent studies of AoA effects in reading Kanji,
tured; the words of a language occupy rethe Chinese characters that are part of Japan
stricted regions of the much larger space ofse writing. Yamazaki, Ellis, Morrison, and
possible phonological forms or meanings. AlLambon Ralph (1997) reported data indicating
of these properties will facilitate the learningan AoA effect on Kanji naming; however, fur-
of mappings between phonology and semarher analyses by Yamada, Takashima, anc
tics in many types of connectionist networksyamazaki (1998) suggested that other factors
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were at work. They found that the ease wittas BREAD-BUTTER and HUSBAND-WIFE
which naive students could learn the pronuncieannot be due simply to overlap in meaning be-
ations of the characters in question was alsoaause other pairs that overlap in meaning to a
strong predictor of naming latency. Thus, thsimilar degree are not highly associated (e.g.,
effect seems to be due to stimulus factors oth&READ-CAKE, HUSBAND-MAN). More-
than age of acquisition. over, both associate generation and semanti
Age of acquisition effects have been observedassification tasks involve using knowledge
in several tasks other than reading. Many @bout word meanings, not merely ortho-
these studies are also subject to the methodolagaphic—phonological correspondences. The re
ical concerns we have raised, but the findindationship between form (orthography or
are suggestive. One task that probably yielggonology) and meaning is much less system-
genuine AoA effects is learning the names assatic than the relationship between orthography
ciated with faces. Moore and Valentine (1998nd phonology; words that overlap in spelling
studied this using faces rated for both subjectitend to overlap in sound but not in meaning.
frequency and AoA. The earlier acquired faceBhus, the age of acquisition effects observed in
were named more quickly than the later adhese tasks may be related to the use of this in
quired faces, with subjective frequency conformation. Further research is needed, however
trolled. Moore and Valentine (1999) also foundo determine more definitively whether age of
that AoA effects in face naming were strongegicquisition has an effect on the orthography
than those in name reading. Lewis (1999) fourskmantics or phonology- semantics map-
similar effects with faces from long-runningpings. Furthermore, any task that uses word
soap operas, where more objective controls ofeanings is open to difficulties in establishing
the time at which individuals came in and out ahe chain of causality: Are early AoA words
public awareness were possible. Where@asy because they are early, or are they earl
Moore and Valentine attributed the effects to ageecause they are easy? This problem will re-
of acquisition, Lewis interpreted them as effectguire some ingenious methodological innova-
of cumulative frequency. Although further retions before it can be solved.
search is needed, the effects are consistent withFinally, consider the problem of learning a
the theory presented here. Unlike words, facesecond language. It is well known that some as
name pairs provide a strong test of the AoA hyects of language learning are easier for chil-
pothesis because the earlier acquired items dreen than for adults (Flege et al., 1999; Johnsol
not vary predictably along other dimensions th& Newport, 1989). The second language learn-
make them easier to learn or recognize. Asidieg situation is one in which what is learned
from partial phonological regularities in name=arly in experience (the first language) is not
gender (Cassidy, Kelly, & Sharoni 1998) andhighly predictive of what is to be learned in the
various national/ethnic regularities (e.g., onkater phase (the second language). Assumin
rarely meets an Italian named Wong), matchintpat both languages make use of overlapping
names to faces is essentially an arbitrary mapeural structures (for an interesting discussion
ping in that what is learned early does not carsee Perani et al., 1998), it follows that seconc
over to later items. language learning should be disadvantaged. O
Recent studies of Dutch by Brysbaertthis view, so-called “sensitive period” effects are
Lange, and Van Wijnendaele (2000) and Brysactually extreme cases of AoA effects—failures
baert, Van Wijnendaele, and De Deyne (2000p learn in later life that reflect the entrenchment
also yielded results consistent with our acef early learned patterns—and not maturational
count. They found larger effects of AoA inchanges in the neural substrate supporting lan
Dutch on associate generation and semantjtiage acquisition, as has been classically pre
classification tasks than on word naming. Wordumed (Lenneberg, 1967; Neville & Bavelier,
associations have an arbitrary learned comp@000). Further progress in understanding how
nent. The high association between pairs su@arly experience interacts with learning later in
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life will be facilitated by examining tasks in

APPENDIX: STIMULI FOR ALL

which such effects are likely to be most power- SIMULATIONS
ful and py further ex_plormg the computational Simulation 1
mechanisms underlying these tasks.
List 1 List 2 List 1 List 2
CONCLUSIONS ,
_ bail beast hatch hoard
The purpose of our research was to examingy beet hound hunt
age of acquisition effects on skilled reading, &elt bill maze main
topic with potentially broad theoretical impli- ench bin moist match
cations that has been the focus of consideratﬂ%;tp E’I';at r;;r’;e ?;t
research. Ironically, the main conclusion to bg,,¢ bound pinch pipe
drawn from our research is that age of acquistroil brag pool purse
tion effects are likely to occur, but for tasksap cab quit quench
other than reading an alphabetic orthograph$2 care seem sift
Age of acquisition effects reflect a loss of plasglri'sat C‘;"’i‘;:p oy Slfi'tght
ticity associated with success in mastering g clam slam slip
task, a phenomenon that occurs in many typesre coat street stand
of learning and species. The zebra finch's sucrass cool stuck stick
cess in acquiring its characteristic song imeurse crab stunt stray
poses significant constraints on its ability tdzgzt ';2': T;Vt')ﬁ st‘g’gr"e
acquire additional vocal behavior (Doupe & felt tart tap
Kuhl, 1999). Similarly, the child’s success infine fin tight teem
acquiring the phonological inventory or syntaxist flirt tin tent
of a language may constrain the child’s abilityt flog toil tore
to learn other languages (Johnson & Newpor ?:; f;’r'ztce "tf‘i'cnk t{:’upci
1989; Werker & Tees, 1984). Issues concernin
the nature and limits of plasticity in different Simulation 2
domains and their neural_and computational List 1 List 2
bases are central ones in cognitive neure
science. Connectionist models provide a com- ache aisle
putational framework for understanding plas- beige bough
L . broad brooch
ticity in terms of the nature of the material to caste chaise
be learned and how what is to be learned is af- chic choir
fected by what has already been learned. The clique coup
entrenchment phenomenon discussed above is draught ewe
one outcome that occurs in such networks, and frfu”de ga;f:ul
we have taken a step toward specifying the geaﬂh ﬁeir
conditions that give rise to it. Under other con- hymn monk
ditions, other outcomes are observed. In the month myrrh
reading case studied here, later learning is fa- pear phlegm
cilitated by prior knowledge rather than re- p:gt e p'g:::m
stricted by it. In the catastrophic interference Zueque '?ealm
case (McCloskey & Cohen, 1989), later suc- rheum rogue
cess in learning results in forgetting of earlier scheme scourge
material. Gaining a deeper understanding of sew shoe
the principles that govern the entire set of out- sieve ski
comes, and how they relate to the various tasks sponge sword
! Yy N i touch vague
that humans perform, is an important goal for valse veldt
future research. womb young
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