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Perception of Wordlikeness: Effects of Segment Probability and Length
on the Processing of Nonwords

Stefan A. Frisch, Nathan R. Large, and David B. Pisoni

Indiana University

A probabilistic phonotactic grammar based on the probabilities of the constituents contained in a
dictionary of English was used to generate multisyllabic nonwords. English-speaking listeners
evaluated the wordlikeness of these patterns. Wordlikeness ratings were higher for nonwords
containing high-probability constituents and were also higher for nonwords with fewer syllables.
Differences in the processing of these same nonwords that partially reflected their perceived
wordlikeness were also found in a recognition memory task. Nonwords with higher probability
constituents yielded better recognition memory performance, suggesting that participants were able
to use their knowledge of frequently occurring lexical patterns to improve recognition. These results
suggest that lexical patterns provide the foundation of an emergent phonological competence used to
process nonwords in both linguistic and metalinguistic tasks2000 Academic Press
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In studying the ability to recognize spokenexical and morphological factors from linguis-
words, investigators have described many fadic stimuli, studies commonly employ non-
tors that affect the way linguistic stimuli arewords. For example, nonwords have been use
perceived and processed. Some of these ate examine word learning in young children
based on lexical properties of a particular wordDollaghan, 1985; Gathercole, 1989), the ef-
including its semantic relationship with otherfects of lexical status on memory span (Hulme,
words (Swinney, 1979), its frequency of use ilRoodenrys, Brown, & Mercer, 1995), and the
text or _speech (Treisman, 1978), its familiarityprocess of lexical access (Forster, 1978
to the listener (Chalmers, Humphreys, & Denmarslen-Wilson, 1984; Rubenstein, Garfield, &
nis, 1997), or its confusability with similar- pilliken, 1970).
sounding words in the lexicon (Luce & Pisoni, Nonword stimuli vary in their similarity to
1998). Other relevant properties are due to thgstyal words in a listener's native language,
linguistic structure of the word itself, including \ynich is referred to awordlikenessWordlike-
morphological considerz_itions, such as the pregags pas a strong influence on how quickly anc
ence of bound grammatical morphemes, embegdac rately nonwords are processed in a variet
ded words, or compounding, and phonologicgl¢ {aqks” There have been two general ap
featurelzs, such as Ieng||th, s(tjress pattern, and s 95aches to explaining and quantifying word-
mental composition. In-order to remove MoSfy eness effects that reflect two different factors
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judgments of wordlikeness or how metalinguis#arity ratings that was analogous to the findings
tic judgments are related to differences in lanef Greenberg and Jenkins (1964), suggestini
guage processing. that two-item comparison tasks may involve the
Greenberg and Jenkins (1964) carried out oreame processes as wordlikeness judgments. U
of the earliest investigations of the influence oing similar methodology, Sendimeier (1987)
similarity of a nonword to particular words.compared listeners’ abilities to classify non-
They examined the “distance” of four-phonemevords based on similarity. He found that weu
(CCVC) monosyllabic nonsense words from th@articipants made judgments based only on th
words of English using phoneme substitutionmost salient characteristics of the nonwords
Their distance score correlated well with thesuch as the word onset or the stressed syllabl
judgments of distance from English that weré&iven the parallels between similarity judg-
elicited from participants. Greenberg and Jerments for words and wordlikeness judgments
kins proposed that there is a phonological spader nonwords, particular salient constituents
in which words are assembled in memory, aanay also play an important role in influencing
cording to their sound structure (see also Treisvordlikeness judgments.
man, 1978). Words differ in the number and In linguistic theory, the phonotactic con-
frequency of other words that occupy thieni- straints of a language specify its well-formed
larity neighborhoodaround them in this space.words and morphemes. Nonwords which are
Combinations of segments that are more contomposed of phonemes in legal combinations
mon reside irdenseneighborhoods in the lexi- but which have no lexical entry, have been
cal space, while uncommon combinations odermedpseudowordsin contrast to impossible
cupy sparseneighborhoods. Luce and Pisoninonword patterns (Brown & Hildum, 1956). It
(1998) reviewed a considerable body of evihas also been noted that certain sound patterr
dence showing that the size of the lexical neighmay not be completely absent from a language
borhood of a word influences its processing. but are rare enough that their acceptability
Similarity to actual words also influences thas questionable. For example, Pierrehumber
processing of nonwords. For example, Wurn{1994) examined restrictions between word-in-
and Samuel (1997) used nonword stimuli thaernal (medial) consonant clusters in monomor-
varied in similarity to words in the lexicon to phemic English words. A large number of these
study processing demands in the phonemetusters do not occur, but are not subject to any
monitoring task. They generated multisyllabigarticular phonological constraint of English.
nonwords by replacing one phoneme, two phdshe proposed that these clusters are highly im
nemes, or one phoneme per syllable from actuptobable combinations that are psychologically
words and found that phoneme monitoring laequivalent to illegal clusters. Kessler and
tency was influenced by the number of phoneme&reiman (1997) provided support for the de-
changes. Actual words had the smallest rescriptive utility of probabilistic phonotacticon-
sponse latency, with latency increasing for onstraints in a study of onset—vowel and vowel-
phoneme, two phoneme, and many phonenm®da co-occurrences in English monosylla-
substitutions. Such studies suggest that the sifles. They found that many vowel-coda pairs
ilarity between nonwords and actual words ineccurred more or less frequently than would be
fluences both language processing and woréxpected by chance, while onset—vowel combi:
likeness judgments. nations were statistically random. For example
In related research, Vitz and Winkler (1973%he rime /al/ occurs less frequently than woulc
sought to describe the information people use toe expected based on the high probabilities o
make similarity comparisons between pairs ofee/ and /I/ independently appearing as the vowe
words. They analyzed similarity judgmentsand coda in a syllable. They argued that prob:
based on a metric that considered the amount abilistic constraints between vowel and coda
phonemic overlap between words. They found lut not onset and vowel provide evidence for
relationship between degree of overlap and sinthe rime as a syllable-internal constituent in
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English. Their findings converge with a numbeipants for 116 multisyllabic nonwords, half of
of studies of processing that show onset—rim&hich contained illegal sequences. Although
structure for English (see Treiman, 1988judgments were influenced by the presence o
Treiman, Kessler, Knewasser, Tincoff, & Bow-an illegal sequence, a great deal of variation ir
man, 2000). responses could not be accounted for by cate
Probabilistic phonotactic patterns have beegorical phonotactic restrictions. Coleman and
shown to influence language processing. F@ierrehumbert proposed that some of the varia
example, Vitevitch and Luce (1998) demontjon could be explained usingstochastic gram-
strated that higher probability patterns facilitatgnar that generates expected probabilities for
repetition of nonwords by adults. Pitt and Mcnonwords by taking the product of the non-
Queen (1998) showed that the identification of §ords’ constituent probabilities (i.e., assuming
phoneme can be influenced by transitional prokngependent combination of constituents). The
ability from the preceding segment. Knowledggogarithm of the expected probability for each
of probabilistic phonotactic patterns develops a{onword was compared to the number of par
an early age. Jusczyk, Luce, and Charles-LuGginants who accepted it, and the two measure
(1994) found that infants become sensitive tQqre significantly correlatedr (= .50, p <
o_Iifferences in_ _segment probability and tra_nsi'-ooj_)_ Coleman and Pierrehumbert proposec
tional probability of CVC sequences durinGy,a¢ acceptability judgments for nonwords in-

their first year. volve an evaluation of the entire composition of

Landau_er and Stre_eter (197_3)_ carried out fhe nonword (i.e., the cumulative phonotactic
computational analysis of a dictionary (as a robability). In their stochastic grammar, the

imati nativ ker's mental | . :
approximation of a native speaker's menta efpresence of an illegal sequence in one part o

icon) FO demonstrate that \_Nord frequency etEle nonword can be ameliorated by a high-
fects in language processing are confounde - . .
probability sequence elsewhere in the word, ir

with phonotgctlc probability. - They demon_c(a)ntrast to the traditional linguistic view of ac-
strated that high-frequency words are compose

of different, more common sounds than IOWSEPFab'I'ty g, Hawklns,' 1979, p. 50). The
frequency words. This finding was replicate(;mOIIngS of Coleman and Pierrehumbert sugges
and extended by Frauenfelder, Baayen Hel}hat probabilistic phonotactics are an important
wig, and Schreuder (1993), who showed thdpfluence on wo_rdhkeness judgments. .

words with more common segments are more The stochastic grammar may also provide &

frequent than words with less common sed€ans of unifying the influences of phonotactic

ments in both English and Dutch. Frauenfeldg?"Pability and lexical neighborhood effects in
et al. further demonstrated that word frequenc§ Single measure. Since the expected probabilit
and phonotactic probability are also confoundef€tric takes into account the entire compositior
with neighborhood density. Thus, it is not cleaff the nonword, the stochastic grammar reflect
whether the influences of neighborhood densif{® number of words in the lexicon that are
and of phonotactic probability discussed abovamilar to the nonword to some degree. A non-
are separate influences or whether they can W@rd with several low-probability segments
derived from a common source. will have low aggregate probability, and since it
Experiments that manipulate the phonotactigontains several infrequent segments it will
probability of words or nonwords typically vary likely be in a sparse region of the lexical simi-
the frequency of a few target segments or thigrity space.
transitional probability of a particular segment Coleman and Pierrehumbert (1997) base
pair. Recently, Coleman and Pierrehumbetheir analyses on stimuli that were not specifi-
(1997) examined the influence of probabilistically designed to examine probabilistic phono-
phonotactics on wordlikeness judgments usingctics. In order to replicate and extend their
a more sophisticated probability measure. Thefjndings with more carefully controlled stimuli,
analyzed acceptability judgments by 12 particwe generated a corpus of nonwords that varie



484 FRISCH, LARGE, AND PISONI

in their length and the probability of their con- G
stituents and that covered a wide range of ex- /\ /\
pected probabilities according to the stochastic OR
grammar. These nonwords were used in three | | l |
experiments using two different behavioral

tasks: subjective metalinguistic ratings and rec- s 1 fop
ognition memory. While the focus of this paper

is primarily on metalinguistic judgments for o Oy Guw
nonwords, we also examined recognition mem- /\ /\ /\

ory for nonwords in a preliminary attempt to
integrate these lines of research. No study that OR OR OR
we know of has investigated metalinguistic and ] ’ | | ] I
linguistic tasks together, for the same set of zu ye 0Ous
stimuli. The primary goal of our study was to

evaluate the usefulness and psycholinguistic

) c o] G

relevance of Coleman and Pierrehumbert’s /Cis /\W /\S /\W

probabilistic grammar as a predictor of word-

likeness. OR OR OR OR
EXPERIMENT 1 S I r o S € nan

Method FIG. 1. Structured phonological representation of exam-

. . . {)Ie nonwords created from the eight constituent distribu-
Stimuli. The Coleman and Pierrehumbertions, one for each length. The two- and four-syllable non-

(1997) grammar considers the likelihood ofvords have high constituent probability and the three-
each constituent (onset and rime) of each syllayllable nonword has low constituent probabilié, strong
ble in terms of its prosodic position within thesylla_lble (stressedyt,,, weak syllable (unstressed); O, onset;
word. Although there are alternative ways o - fime

describing the internal division of the syllable,

we refer to the onset and rime structures foat the specified position divided by the total
descriptive convenience (see Pierrehumbert &umber of words containing constituents at tha
Nair, 1995; Treiman & Kessler, 1995, for dis-position.

cussion). In the grammar, the prosodic positions To construct our groups of nonword stimuli,
of the constituents differentiate the stress of theve selected two sets of constituents, a high
syllable (stressed or unstressed) and the constirobability group and a low-probability group,
uent’s position within the word (initial, final, or for each prosodic position. We used only single-
medial). Since only onsets can be initial an@onsonant onsets (C), all medial rimes consiste
only rimes can be final, there are eight differenbnly of a single vowel or diphthong (V), and all
probability distributions of constituents-by-po-final rimes were a vowel-consonant (VC) pair,
sition: stressed initial onsets, stressed mediab that all of our nonwords had an alternating
onsets, stressed medial rimes, stressed fi@V pattern plus a final consonant. We usec
rimes, and unstressed counterparts to each thiese constituents to construct groups of non
these. Each constituent distribution consists afords of two, three, and four syllables in length,
the inventory of potential constituents occurringising the most common stress pattern of tha
in a given position, as well as the probability ofword length in the dictionary (see Fig. 1 for
that item’s occurrence in that position, comthree examples). Each nonword consisted en
puted from an on-line dictionary of Englishtirely of high-probability constituents or low-
(Nusbaum, Pisoni, & Davis, 1984). The probaprobability constituents. Coleman and Pierre-
bility of each constituent is equal to the numbehumbert multiplied the probabilities of the
of words that contain that particular constituentonstituents of each syllable in a nonword to
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yield that nonword’s expected probability. Bystops were unreleased, and unstressed vowe
the product probability metric, our nonwordswere reduced and centralized. The production
with high- and low-probability constituentswere typical of laboratory speech or spelling
covered a wide range of overall probabilitiespronunciation and more carefully articulated
Note that in longer nonwords more probabilitieshan casual speech. In particular, we believe the
are multiplied together, and so some of th¢éhe unstressed full vowels (e.g., /e&/,/lvl)
longest nonwords with high-probability constit-were articulated distinctly frono/, and that the
uents actually had a lower product probabilitwoicing contrast for unstressed /t/ and /d/ was
than the shortest nonwords with low probabilitymaintained in the length of the preceding vowel.
constituents. The complete set of stimuli is Participants.Twenty-four undergraduate stu-
given in Appendix 1. dents earning experimental credit for introduc-

Within each constituent probability group,tory psychology courses participated. The par-
the segment composition was equated as muthipants in this and all following experiments
as possible across the different-length norwere native speakers of American English anc
words. To reduce the amount of similarity bereported no recent history of speech or hearing
tween the stimuli no two syllables occurred irdisorders.
the same word more than once within a group. Procedure. Participants were instructed to
Each syllable in the stimulus set occurred sixate the nonwords for their wordlikeness. The
times across the 144 stimuli. In the stimulus seinstructions included descriptors for a 7-point
no nonword appeared as a contiguous part stale to be used for rating the nonwords. A
any other nonword. Monosyllabic nonwordgating of 1 was described as “Low—Impossi-
were avoided for this reason, as the repeated usie—this word could never be a word of En-
of syllables across stimuli of different lengthsglish,” rating of 4 as “Medium—Neutral—this
would have led to the monosyllabic nonwordsvord is equally good and bad as a word of
appearing as parts of the longer nonwords. Tenglish,” and 7 as “High—Possible—this word
avoid morphological confounds, the highestould easily be a word of English.” The other
probability final rimes (e.g., 4s/, /d/, which numbers were to be used for nonwords betwee
might be interpreted as inflectional suffixesjhese categories. Ratings of 2 or 3 represente
were avoided. However, it is possible that som&inlikely” and 5 or 6 were “likely.” We in-
of our stimuli were perceived as morphologi-structed participants to work as quickly as pos-
cally complex, as discussed below. sible without sacrificing accuracy.

A female talker produced spoken versions of The stimuli were presented by computer ovel
the 144 nonwords in a randomized order, reByerdynamic DT100 headphones at 74 dB SPL
corded over several sessions using a digital sigarticipants sat in individual sound absorben
nal recording program. The talker was a retesting booths, facing a computer monitor. Par-
search assistant with some phonetic training btitipants responded using a 7-button respons
was not aware of the methods used to generatex. The rating response and latency were re
the nonwords or the purposes of the experimertorded for each test item. The response boxe
The talker sat in a sound-attenuated booth andere covered by printed cards indicating the
recordings were made using a Shure SM98 mdligits 1-7 and the guidelines “Low Wordlike-
crophone. Phonemic transcriptions of the nomess,” “Medium Wordlikeness,” and “High
words were presented to the talker individuallyVordlikeness” above the digits 1, 4, and 7,
on a computer monitor. Each stimulus was digrespectively. Stimuli were randomized for each
itally leveled to 64 dB SPL, and the recordedistener. There were 2 s between successiv
stimuli were screened for accuracy and fluenctyials.
by the first and second authors. The resulti
stimuli reflected normal phonetic processes
English: unstressed, intervocalic /t/ and /d/ were Ratings.Analysis of variance (ANOVA) was
flapped, final /t/ was glottalized, other finalperformed with constituent probability group

n - .
O%esults and Discussion
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-

mental probability and length factors in deter-
mH mining wordlikeness.

oL While the log product probability provides an
extremely good prediction of wordlikeness

: judgments, it is possible that some other metric

| would provide a better prediction or that the

rating patterns can be attributed to idiosyncra-

| rr_l ™ sies of the stimuli. We examine a wide range of
2 3 4

Mean Rating
w &~ oo o

%]

-

predictors for the rating data in the “Other
Grammars” section below. Potential confounds
in our stimuli that could account for the ratings
FIG. 2. Mean subjective ratings for the nonword stimulicome in two forms. First, the low constituent
in Experiment 1 for each constituent probability groupprobability nonwords contained lax voweld,/
(High vs Low) and length in syllab_les (two, three, or four)./%/, and &/ that might be considered ungram-
Error bars show 99% confidence interval for the mean. matical in English in unstressed syllables. Thus
many of our nonwords could be considered
illegal according to the traditional descriptive

and length in syllables as factors across subje&? onqlogy of English, desp!te the fact.that thes_e
constituents are attested in the lexicon. This

and across stimuli. Figure 2 displays the meah . .
) . could potentially account for the constituent
rating for each length and probability group.

- . )
Stimuli with high-probability constituents werepr.Obz.iblllty and length differences, as nonwords
rated more wordlike than stimuli with low- with illegal vowels would be rated less word-

. . _ like, and the longer low-constituent probability
Erfé%'gt{ lic;rzsltlltliegngf F:[lglz 6,1:;8)<_. 02001? nonwords contained more of these unstresse

N X vowels. However, upon closer examination this
Shorter stimuli were rated more wordlike tharhoes not appear to be the case. Table 1 show
longer stimuli F1(2, 138)= 49.7,p < .001; '

- mean ratings for low-constituent probability
F2(2, 138)= 103, p < .001]. There was no nonwords for each unstressed rime, along witt

clear interaction between probability and length, log probability of that constituent. Note that
[F1(2, 138)= 3.6,p < .05,F2(2, 138)= there were unstressed medial rimes only in non
1.8,p = -1_8]- . words of three or four syllables in length. Both

Mean ratings for each stimulus, as a funcge ynstressed medial rimes and unstressed fin

tion of log product probability, are shown inyjmes contained potentially illegal vowels; how-
Fig. 3. Expected log probability and average

ratings were highly correlated, = .87, p <
.001, replicating Coleman and Pierrehumbert’'s 7

Length

(1997) findings. Note that there is overlap be- . H .
tween the stimuli with high-probability constit- el oL -
uents and the stimuli with low-probability con- 2 5 1 . ,:
stituents at expected probability 1@ These 4 -
stimuli are four-syllable nonwords with high- ~ § -
probability constituents and two-syllable non- =3 @ LN

words with low-probability constituents. The 21 E%.E;c:%&?&gm il
high-constituent probability nonwords and low- 1 sl ‘ ;
constituent probability nonwords have similar 25 20 15  -10 5 0
ratings at this point, as predicted by their similar Log Probability

product probabilities in the stochastic grammar. FIG. 3. Mean subjective ratings for each nonword in

This suggests that the log product probabilitgyperiment 1 as a function of the log product of onset and
metric correctly predicts the integration of segrime probabilities for the nonword.
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TABLE 1 crease in ratings for three-syllable nonwords
Mean Rating and Unstressed Rime Probability ~ that can be parsed as word sequence IS signif
of Low-Constituent Probability Nonwords cant [t(23) = 2.09, p < .05]. While an
. account based on parsing cannot account for th
Rime LogP M SD  different findings for two- and three-syllable

nonwords, the difference is easily accounted fo
by probability. In our stimuli, the log-product
& —2.32 1.85 38 probabilities of the initial portions of the non-

Medial rimes

e :;22 1;71 '22 words are nearly identical for two-syllable non-

¢ ' ' " words. Log probabilities happen to be higher for
Final rimes the |n|t|a_l portions qf the three-syllable non-

words with a potential word parse than those

S —4.03 2.32 71 without.

ed -4.03 2.19 .66 . T

ol 403 214 20 Post hoc analysis: Implicit rejection&igure

aof —4.03 1.91 42 3 shows that nonwords with expected probabil-

ity below 10 ** were given very low wordlike
ness ratings, with mean ratings approaching th
ever, there were no significant differences in thiower limit of 1. Coleman and Pierrehumbert
ratings for the different medial rimes=1L(2, (1997) found no such floor effect, but our ex-
69) < 1; F2(2, 45)< 1] orfinal rimes F1(3, periment differs from theirs in two important
92)=1.61,p = .19;F2(3,68)= 1.32,p = ways. First, nearly all of their stimuli had prob-
.27]. Since there are no large differences imbilities above 10%, so it may be that our
probability between the different rimes anchonwords exceeded some lower limit to accept:
there is no evidence for a difference in ratingsble probability. Second, they used a two-alter-
between vowels, the data are completely comative forced-choice accept/reject task rathe
sistent with the stochastic grammar. than a 7-point wordlikeness rating scale. The
The second potential confound is that thelifference in the type of judgment asked for
high constituent probability nonwords had finamay affect how the judgment is made. With
rimes that could be interpreted as suffixes(/ these possibilities in mind, we carried out a post
as ingolden,or as indancin’in casual speech), hoc analysis to determine whether participants
as unstressed pronounst(/asit and bm/ as ratings really did reach a floor level or whether
then), or as particles ép/ as inwrite up and they still discriminated the differences in prob-
/an/ as inbreak in). As a result, some of the high ability even for very low-probability nonwords.
probability nonwords could have been perWe analyzed the number of ratings equal to “1,”
ceived as phrases consisting of real words whegither for each nonword across subjects or b
the rime is treated as a word (e.g., /mtidas each subject across nonword groups. Our in
meet itand /sagom/ assash them This con-
found could account for the constituent proba- TABLE 2
bility and length effects, as none of the low
constituent probability nonwords can be parsed®"
as word sequences, and fewer of the long high
constituent probability nonwords can be parsed Group n Log P M SD
as word sequences. Table 2 shows mean ratings
for two- and three-syllable nonwords that cariwo-syllable

Rating and Log Probability of the Initial Fragment
of High-Constituent Probability Nonwords

and cannot be parsed as word sequences (or a¥/Parse 16 859 4.96 55

words with suffixes). None of the four-syllable "/ Parse 8 361 508 62

nonwords can be parsed as containing a worlidree-syllable

sequence. There is no effect of a potential word W/Parse 7 7516 4.13 A2
w/o parse 17 —5.62 3.64 .72

parse for two-syllable nonwords, but the in-
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100% o — erate nonword stimuli of relatively high or low

o 80% r . ;E"__'.- yvordliken_ess as determined b_y SL_ij_ective rat
¢ ° B ings. Native speakers’ metalinguistic knowl-
é* 60% - R edge o_f_ p_ho_notactlc§ appears to_mclude the
3 sosam o probabilistic information encoded in the sto-
2 40%7 L . chastic grammar. Wordlikeness ratings ap-
é 20% 1 K proached the low asymptote for very low ex-

pected probability strings using a rating scale

0%

but these stimuli are still clearly differentiated
in the number of floor-level ratings they receive.
To determine if these implicit rejections are
FIG. 4. Percentage of participants responding with substantially different from rejections on a two-
rating higher than an implicit rejection for each nonword inchoice accept/reject task, as well as to more
Experiment 1 as a function of the log product probability.c|ose|y replicate Coleman and Pierrehumbert’s
study, we conducted a second experiment witl
structions described a rating of “1” as equivathe same stimuli using the accept/reject task
lent to “Low-Impossible—this word could The number of rejections in this task can be
never be a word of English,” making such aompared to our measure of implicit rejections,
rating potentially analogous to an “unacceptand to the wordlikeness rating data, to see i
able” response in a two-choice task. We call thidifferences in metalinguistic judgments of
response an “implicit rejection.” An ANOVA wordlikeness arise under different response
using mean number of implicit rejections peiconditions.
constituent probability and length group as the
dependent measure showed main effects of con- EXPERIMENT 2
stituent probability F1(1, 138)= 65.8,p <
001; F2(1, 138) = 339, p < .001] and “e€thods
length [F1(2, 138)= 15.45,p < .001;F2(2, Participants.Twenty-four undergraduate stu-
138) = 77.7,p < .001]. There was also a dents earning experimental credit for introduc-
significant divergent interaction between contory psychology courses participated.
stituent probability and lengthF[L(2, 138) = Stimuli. The stimuli were the same as in
4.7,p < .05;F2(2, 138)= 23.5,p < .001]. Experiment 1.
The difference between high- and low-constit- Procedure.The procedure and presentation
uent probab”ity groups was |arger for |0nge|0f stimuli was identical to Experiment 1, except
stimuli than for shorter stimuli. that the participants were told to accept or rejec
Figure 4 shows the percentage of ratinggaCh sound pattern as a possible word of En
greater than 1 (ratings that were not impliciglish. The 7-button boxes had labels readin
rejections) across subjects for each stimulus as %es” and “No” placed above the “2” and “6”
function of expected log probability. The per-buttons, respectively.
centage of ratings greater than 1 is shown for . .
ease of comparison to the original rating datd*eSults and Discussion
There is a high correlation between the number The percentage of responses that indicated
of ratings greater than 1 and expected log prolstimulus was acceptable is shown in Fig. 5 for
ability, r = .91, p < .001.Comparing Figs. 3 each constituent probability and length group.
and 4, the number of implicit rejections appearblonwords with high-probability constituents
to better differentiate the low-probability stim-were more acceptable than those with low-prob
uli, while the original mean rating appears tability constituents [F1(1, 138) = 343,p <
better differentiate the high-probability stimuli..001; F2(1, 138) = 506, p < .001], and
The present findings show that a stochastghorter nonwords were more acceptable tha
grammar can be successfully employed to getenger nonwords f1(2, 138) = 49.1,p <

-25 -20 -15 -10 -5 0
Log Probability
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100% EXPERIMENT 3

'S Experiment 3 employed a recognition mem-
. ory task to study the representation and proces:

80% -
60% 1 ing of our nonwords in memory. If participants
40% use knowledge about the words in their lan-
guage to perceive and encode nonwords, as tt
20% - metalinguistic judgments suggest, then items
FL‘ ™ that are more wordlike should have stronger
0% : K
2 3 4

Mean Accepted

activation or more associations with real words
in the language. The more wordlike items
should thus be more distinctive in memory.

FIG. 5. Percentage of acceptances for each nonword 'ﬂ|Thus, we predicted that participants would rec-
Experiment 2 for eaph constituent probability group (HighogniZe the nonword stimuli with high-probabil-
vs Low) and length in syllables (two, three, or four). Errority constituents more accurately than the stimuli
bars show 99% confidence interval for the mean. ' o :
with low-probability constituents.

This prediction might be viewed as the re-
: ) e verse of the pattern found for real words. Low-
interaction was not significanfL (2, 138) = fequency words are more easily discriminatec
3.3,p < .05, F2(2, 138)= 2.2,p = .11]. (i ¢ recognized) than high-frequency words in

Figure 6 shows the percentage of participanig,cognition memory experiments. The word-
that judged each nonword acceptable as a fungeqyency effect in recognition memory is ap-
tion of the log product probability of the non-rently due to listeners’ difficulty in separating
word. Judgments begin to asymptote near probscent presentations of high-frequency words

thaiowe gl ) =t P
ability 10 as in Experiment 1. Despite thiSqm their previous presentations. Studies com
Ievelln_g, gcceptablhty a_nd log probability for paring low-frequency words with very low-fre-

the stimuli correlated hlghlyr - '86’_ p < guency words have reported that low-frequency
.001. Thus the two-choice acceptability task,qrgs actually show better recognition memory
and _the 7-point wordlikeness task produce e¥erformance than very low-frequency items.
sentially the same results. By contrast, a CONyhjg finding is analogous to the predictions for
parison between the acceptability judgmentsonyord patterns (see Chalmers & Humphreys
_and the implicit rejections measure from Experlggs; Guttentag & Carroll, 1997). In related
iment 1 shows that these are not equivaleqtqqy vitevitch and Luce (1998) presented data

rejections. With only two choices available“infrom a naming task that demonstrated a simila
the acceptability task, participants used the “Ungyersal of patterns for words and nonwords.
acceptable” choice more often than the “impos-

sible” rating of “1” on the 7-point wordlikeness

Length

.001; F2(2, 138)= 72.5,p < .001]. The

task. 100% -
Taken together, Experiments 1 and 2 repli- . =H -t

cate and extend the findings of Coleman and = 80% 1 oL i

Pierrehumbert (1997), providing support for the & goo, | =

onset/rime grammar and the log product prob- § -

ability metric as a method of generating and § 40% 1 o gmee’

describing nonwords. The very high correlation =, | o :;D -

we obtained between metalinguistic wordlike- 0 gSdn, oo

ness judgments and log product probability also 0% e

provides strong evidence that phonotactic 25 20 A5 0S50

knowledge emerges from the patterns of seg- Log Probability

ments in the mental lexicon (Bybee, 1988; FiG. 6. Percentage acceptances for each nonword ir
Ohala & Ohala, 1986; Plaut & Kello, 1999). Experiment 2 as a function of the log product probability.
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They found that nonwords with high-probabil-presentation was provided to make the recogni
ity segments and high transitional probabilitytion memory task easier. We verified that this
between pairs of segments were repeated mareanipulation had no effect on the ratings task in
quickly than low-probability nonwords. For reala pilot study (henceforth called Experiment 3a)
words, however, those containing high-probadsing 20 participants where the number of pre-
bility segments were repeated more slowly thagentations (one or two) was manipulated as
those containing low-probability segments.  between-subjects variable. There were no dif
Predicting an effect of length on recognitionferences in the effect of constituent probability
memory for our nonword stimuli is more prob-or length on the ratings as a function of numbel
lematic. In spoken-word recognition, longerof repetitions.
words are more easily identified than shorter The rating task served as the study phase fo
words, presumably due to the redundant acouthiwe recognition memory experiment. However,
tic-phonetic cues for lexical access contained ithe participants were not informed that there
the longer words (Miller, Wiener, & Stevens,would be a recognition test at the end of the
1946). An identification advantage for longerating task. Between the study phase and tes
words has also been demonstrated for visualjghase, we gave participants a paper-and-penc
presented words (Zechmeister, 1972). Sinaithmetic activity with 20 simple addition and
longer nonwords contain additional cues fosubtraction questions. For the recognition mem
recognition and recall, they might be easier tory test, participants were asked to determine i
discriminate in recognition memory thaneach of the 144 stimuli was old or new. Re-
shorter nonwords. However, the rating data amsponses were recorded using the same 7-buttc
the product probability measure indicate thaboxes, but with the label “Old” placed over the
the longer nonwords are less word-like. Presecond button and “New” over the sixth button.
sumably, they would invoke less activation of . i
familiar lexical items during the study phaséXeSults and Discussion
and this might put longer nonwords at a disad- Ratings.The results of Experiments 1 and 2
vantage in a recognition memory task. were replicated. Nonwords with high-probabil-
ity constituents were judged more word-like
Method than nonwords with low-probability constitu-
Participants. Thirty undergraduate studentsents [F1(1, 174)= 149, p < .001; F2(1,
participated in exchange for credit in an intro138) = 119, p < .001]. Shorter nonwords

ductory psychology course. were judged more word-like than longer non-
Stimuli. The nonword stimuli used were thewords [F1(2, 174)= 51.9,p < .001; F2(2,
same as in Experiment 1. 138) = 81.6,p < .001]. There was no inter-

Procedure.The first part of this experiment, action of constituent probability and length.
the study phase, was identical to the nonsen8&ean rating and log product probability were
word-rating task used in Experiment 1, with thénighly correlated ( = .87; p < .001).
exception that each participant rated 72 items, Recognition memorythree measures of rec-
or half of the complete stimulus set. The stimulbgnition memory performance were examined:
in each probability and length group were rand’ and its two components, hit rate and false-
domly divided into four quarters (a, b, c, d) thatalarm rate. Figure 7 displays the medh for
were combined into six different pairings for thestimuli in each constituent probability and
rating task (ab, ac, ad, bc, bd, and cd). Thusngth group. An ANOVA on mead’ revealed
half of the participants rated each nonword ansignificantly higherd’ for nonwords with high-
each participant rated half of the stimuli. probability constituentsg1(1, 174)= 16.8,

The ratings were collected in the same marp < .001;F2(1, 138)= 13.4,p < .001], but
ner as Experiment 1, with one small differencethere was no effect of length in either the sub-
On each trial, the test item was presented twidect or item analysis. There were also no inter-
for every participant before rating. The secondctions. Separate analysis of the components ¢
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1.4 bles in multiple nonwords, and groupings of

1.2 syllables were similarly combinatorial. Thus
o 11 unlike in real words, there was very little redun-
g 08 | dancy in the groupings of different constituents
S in the nonwords, regardless of their length.
£ 06 A . ;
g .. These_ artifacts of the design process for con

' structing the nonwords may have reduced the

021 advantage of additional cues for longer stimuli

U ‘ that is found with real words.

2 3
Length OTHER GRAMMARS

FIG. 7. Mean d’ within each constituent probability ~ 1he consistently high correlation between
group (High vs Low) and length in syllables (two, three, owordlikeness judgments for nonwords and their
four) in Experiment 3. Error bars show 99% confldenc%xpected probability in the log product proba-
interval for the mean. bility grammar suggests that the stochastic

grammar based on onset and rime constituent
d’" shows that the difference over probabilitycaptures a significant portion of the information
groups can be attributed entirely to a differencthat participants use in making their judgments
in hit rate. Hit rate was higher for nonwordsHowever, there are a number of other possible
with  high-probability constituents H1(1, stochastic grammars that are closely related t:
174)= 18.0,p < .001;F2(1, 138)= 16.0, the grammar presented here. In addition, the
p < .001], butthere was no effect of lengthinfluence of emergent lexical patterns could
[F1(2, 174) < 1; F2(2, 138) < 1]. There come directly from lexical exemplars, as in lex-
was no interaction. Analysis of the false-alarnical neighborhood effects, rather than indirectly
rate showed no effects. through a stochastic grammar. Finally, the stim-

Our hypothesis concerning the effects of cordli might contain particularly salient good or
stituent probability on recognition memory perbad components, and so predictors based mol
formance was supported. Nonword patternslosely on traditional linguistic notions of con-
with high-probability constituents were recog-straint violation may account for the rating data
nized more accurately than nonword patternsqually well. To assess these alternatives,
with low-probability constituents. Unlike in the series of correlations were carried out.
rating task, there was no length effect. We have
two plausible accounts of the lack of a lengtfMethods
effect. First, recall that Sendimeier (1987) found Correlations between mean wordlikeness o
that between-word similarity comparisons apacceptability for each stimulus and a variety of
peared to depend on a few salient constituentstedictors were generated for the rating data ir
In the recognition task, the comparison of d&xperiments 1, 2, 3, and 3a. The predictors wert
stimulus to the memory traces from the studgelected to explore the variety of approaches t
phase may have involved analogous processegordlikeness discussed in the introduction.
Thus, only a few constituents may have been Other stochastic grammarsThe use of a
utilized regardless of the length of the nonwordstochastic grammar built from onset and rime
Alternately, the lack of any length effect in ourconstituents was inspired in part by Kessler anc
experiment may have been due to the particul@reiman’s (1997) analysis of the combinations
nonword stimuli we used. Recall that a limitedof segments in CVC words in English. It is
inventory of constituents was used to construaqually plausible, however, that combinations
all of the stimuli, so the words in the stimulusof larger units (syllables) or smaller units (seg-
set shared the same constituents in equal pnments) would provide a more accurate predic-
portions. In addition, many of the possible comtion of wordlikeness and acceptability judg-
binations of onset and rime appeared as syllanents. Stochastic grammars based on syllabl
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and segment probability (retaining the prosodidme were counted. If the match was greatel
categories of stressed and unstressed and initidan or equal to 66%, the word was considerec
medial, and final) were created from the sampart of the similarity neighborhood of the non-
lexicon used for the onset—rime grammar. Theord. For example, the stimulusiAd.nat/ and
log products of the syllable probabilities andhe wordinfinite /in.fa.not/ share the vowel in
segment probabilities were generated for eache first two syllables and all three segments ir
stimulus. These stochastic grammars share ttiee final syllable. The words are best aligned ai
property that all constituents contribute to theheir left edges. In this case, five of the sever
overall probability measure equally. Linearsegments in the nonword are found in matching
product probabilities were also evaluated as prgositions in the word, sinfinite is counted as a
dictors of wordlikeness judgments for all threeneighbor. The number of words in the non-
stochastic grammars and all of the other prolwords’ neighborhood was examined as a pre
ability measures given below. dictor of wordlikeness judgments.

Violation grammarsSince all of the stimuli  The log product probability metric includes
used in this study had alternating CV patternthe probabilities of all constituents in the non-
and were created using constituents that aprord. However, the word onset and the syllable
peared in at least one lexical item (and usuallyith primary stress in a word are likely to be
many more, even for the low-probability con-especially salient positions that might have the
stituents), there were no truly impossible conmost influence over wordlikeness judgments
stituents or combinations of constituents in théPierrehumbert & Nair, 1995; Sendlmeier,
stimulus set. However, some of our low-probal987). Accordingly, the probability of the initial
bility constituents appear in very few words insyllable, onset, rime, vowel, and primary
the lexicon and thus might be considered illegaktressed syllable, onset, rime, and vowel were
Coleman and Pierrehumbert (1997) found somaso considered as separate predictors of worc
influence of illegal clusters on acceptabilitylikeness.
judgments and they examined the probability of . i
the least probable element as a predictor §tesults and Discussion
judgments. Extending their analysis, the lowest Correlations for the best four predictors from
probability segment, constituent, and syllableach category are shown in Table 3. Correla
were considered as predictors. The probabilitions across the experiments are quite consis
of the lowest probability onset and lowest probtent. For all four sets of rating data, the log
ability rime were also considered independentlproduct onset and rime probability provided the
as predictors. best correlation with the participants’ judg-

Between-word similarity. The size of a ments. In almost all cases, the differences be
word'’s lexical neighborhood is an importanttween the log product onset and rime gramma
factor in performance on a variety of psychoand the other predictors were significant using
linguistic tasks (Luce & Pisoni, 1998). For at test for correlations on the same population
CVC word, a successful measure of the neigh{141df). All correlations were significantly be-
borhood of similar words is the number oflow the onset and rime grammar pt< .01
words that share two of the three phonemes witlnless otherwise marked. Note that the signifi-
the target. Extending this similarity metric, wecance test takes into account the correlatiol
considered the neighborhood of a multisyllabibetween the predictors, and so there is no pal
nonword to be number of real words that shareticular r level above which all correlations are
66% of the segments in the nonword. In detemot different from the stochastic onset and rime
mining whether a word was a neighbor to @rammar.
nonword, the word and nonword were optimally Overall, the best predictors of participants’
aligned (by syllables) to maximize the count ofudgments were the stochastic grammars. Th
shared segments. Shared segments between Ithgarithm of the number of real-word neighbors
word and nonword in each aligned onset andias also a good predictor, and in all but Exper-



TABLE 3

Correlation between Wordlikeness Judgments and Most Effective Predictors across All Experiments

Predictor Expt. 1 rating Expt. 2 accept Expt. 3 rating Expt. 3a rating

Stochastic grammar

LogP onset-rime .87 .86 .87 .87

LogP syllable .84 .82 .83 .83*

LogP segment .83 .81 .82 .83

P segment .55 A8 .49 .57
Violation-based

LogP worst syllable .76 77 72 .73

LogP worst onset—rime .75 .78 72 71
iment 3 it was not significantly worse than thgr ~ .48). By contrast, the log number of

log product of onset and rime probabilities. Allneighbors does not fare well over the low-con-
of these predictors share the property that thestituent probability stimuli ( < .34), asvery
consider the composition of the entire nonwordiew of these stimuli have any neighbors at all.
so both high- and low-probability constituentsThe stochastic grammars still perform well for
as well as length influence the predictor. Thevhese stimuli ( = .73). Thus, overlap with the
can therefore account for the wide range dexicon may be more important for high-con-
ratings over this set of nonwords, which coverstituent probability stimuli, while the presence
a large range of constituent probabilities andf an extremely unlikely constituent may be
lengths. more important for low-probability stimuli. The
Similarities and differences between the stostochastic grammar is the best predictor, as it i
chastic grammars and the neighborhood metrable to capture the influence of both effects in &
can be found when the data are examined ®ingle, composite measure. The high-probabil
greater detail. When just the nonwords withity constituents occur in many lexical items,
high-probability constituents are consideredyhile the lowest probability constituents will
there are no significant differences between artgnd to dominate the overall probability compu-
of the three log product stochastic grammaration and therefore have the greatest effect o
and the log number of neighbors, with all corthe product probability.
relations around .78. Over the high-constituent Separate correlations for each length grouy
probability nonwords, the violation-based andtwo, three, and four syllables) once again re-
other similarity-based predictors that consideveal that the stochastic grammars provide e
just a single constituent perform much worseonsistently good fit to the rating data4 .91,
(r < .38). Conversely, over just the nonwords.89, and.85, respectively). Analogous to the
with low-probability constituents, the violation- difference between nonwords with high-proba-
based and similarity-based predictors do someéility constituents and nonwords with low-prob-
what better, the best being Idgworst syllable ability constituents, the log number of neigh-
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bors performs well for the two-syllable indicate that processes that are involved in the
nonwords  ~ .86) but not for thefour-sylla- recognition memory task beyond those that ar
ble nonwords i =~ .56), with the three-syllable involved in metalinguistic judgments are sensi-
nonwords in betweenr(~ .82). With the tive to different aspects of wordlikeness. Alter-
length differences removed, the violation-basedately, it may be that recognition memory for
and other similarity-based predictors perfornrmonwords involves different processes than rec
much better overall. This is especially the casegnition memory for words (see Vitevitch &
for the longer nonwords. For four-syllable nondLuce, 1998, for discussion).
words, logP worst syllable performs as well as In short, the present findings demonstrate tha
the stochastic grammars ¢ .85). P stressed nonwords are processed against a backgrour
rime andP initial syllable also perform well of probabilistic knowledge about the sound pat-
(r =~ .80 andr ~ .76 respectively). Thus, thereterns of words stored in long-term memory.
is evidence that particularly salient constituentgVhile this finding is incompatible with the tra-
play an important role determining wordlike-ditional symbolic view of phonotactic con-
ness for some types of nonwords. straints and grammatical competence, our re
sults are compatible with the lexical represen-
GENERAL DISCUSSION tations used in a number of models of speect
Across all three experiments we found gerception and production. For example, a dis:
strong relationship between expected phonotatributed connectionist network model of the
tic probability in a stochastic grammar and subphonological lexicon would contain a segmen-
jective judgments of wordlikeness. The pattertal level that implicitly encodes probabilistic
of responses for wordlikeness and acceptabiliipformation about constituents through connec:
judgments were quite similar, suggesting thaions to the lexical items that contain those
listeners were performing the same task regardenstituents (Plaut & Kello, 1999). These same
less of the response options. The Coleman amobabilistic patterns could also be viewed as a
Pierrehumbert (1997) grammar incorporatesmergent property of the collection of word
prosodic features such as stress pattern, syllatitgkens in an exemplar model of lexical memory
structure, and syllable position into the probafGoldinger, 1998).
bility of constituents. This grammar is a more Our results show that judgments of wordlike-
detailed model of lexical patterns than is usuallpess are heavily influenced by the relative fre-
considered in computations of phonotactiquency of occurrence of sounds and sound pa
probability or between-word similarity. We seeterns in the lexicon. We also found that
their analysis of the lexicon as a useful experiphonotactic patterns influence processing ir
mental tool, both for the creation of novel non-other tasks such as recognition memory. Ou
word stimuli with specific properties and for thefindings are consistent with a growing body of
examination of how those properties may affeatesearch on probabilistic phonotactics in lan-
nonword perception and processing in a rangguage processing (Aslin, Saffran, & Newport,
of psycholinguistic tasks. 1998; Frisch, 1996, 2000; Jusczyk et al., 1994
The results of Experiment 3, comparing thesPitt & McQueen, 1998; Treiman et al., 2000;
same nonword stimuli in a recognition memoryitevitch, Luce, Charles-Luce, & Kemmerer,
task, provided further evidence that the perced997; Wurm & Samuel, 1997). This literature
tion of nonword stimuli makes use of knowl-demonstrates that phonotactic information is ac
edge about familiar word patterns. Nonwordsessed and used not only in psycholinguistic
with high-probability constituents were moretasks employing familiar real words but also in
easily recognized than nonwords with low{processing novel nonwords. Thus, it appear:
probability constituents. The fact that there wathat phonotactic knowledge is best viewed as al
no effect of pattern length on recognition mememergent property of the encoding and process
ory in this study may have been an artifact oing of lexical information that is an integral part
our stimulus-construction method. It may als@f language use.
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APPENDIX

Phonemic Transcriptions of Nonword Stimuli Used in the Experiments

Two-syllable (CV.CVC) Three-syllable (&/.CV.CVC) Four-syllable (¢V.CV.CV.CVC)
High Low High Low High Low
midot z0'30f seerfop guyeed[ saebtenon gufefargus
kinap yogol'l heslom voweded hersalop voyeetf0"daf
herot volaf kitidop yofeez0'l kisatalom yowe[0"0sd
sagom gudss mir>nom zdweged mitisedop zofeetf230'l
sinon vuQus haeslop yofedadl saepitenop guve f2:g0l
maebp godaf kitarlan zuyehus hessarst vofetf0"Oaf
kinom zZWed maebdot goweesd [ kita:tafom yuye[0"0us
haebm yo30'l sironep vufegoll mirossdot zo'weetazed
hidop gdged kennot yo'yahof haebtenom yofefaged
seent vudo'l mes»[om zoweds kinsabp zuyaefo 8ol
melbp z00us sitdon gdfaszed maesttalon gowef0"Ous
kidot yo'zaf hirarnon VOWEQUS stisedon vufeefazof
sidot guzed saesnom gufegd haesrtedon yowe [a+3ed
hefom Voous hetrdop voyez0'l kisosafam zufetfo"dus
kelon yubaf kirafap yowaded maeeb-tanot goye[0"0af
minop zdgoll mitolom z0fedof sirosenop vuwaef2:goll
hifop yo3ed haemop yoyaegal ketotsdot yo'fsfa30f
kidan z06us kisa«dot zuwesa [ mernsabn zoyeetf0"Ous
maern god0ll maetlop gofeblus sisrtalop guwe 0”80l
sifap vuged sralon vuwedo'l hitissnom vofeet/a-ged
kelom y0'30'l kesonon yo'fegus keratedop yo'we [2+30'l
merom zZWed mebrdon zuye3ed meosabm zufetf0"Oed
silop vuda [ sirofom vowaeds sitrtafop guyef0"8af
haebn gdgus hitonat go'fefaf hirasenan voweet 2:gus
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