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Listeners’ auditory discrimination of vowel sounds depends in part on the order in which stimuli are
presented. Such presentation order effects have been argued to be language independent, and to
result from psychophysicdhot speech- or language-spedifiactors such as the decay of memory
traces over time or increased weighting of later-occurring stimuli. In the present study, native
Cantonese speakers’ discrimination of a linguistic tone continuum is shown to exhibit order of
presentation effects similar to those shown for vowels in previous studies. When presented with two
successive syllables differing in fundamental frequency by approximately 4 Hz, listeners were
significantly more sensitive to this difference when the first syllable was higher in frequency than
the second. However, American English-speaking listeners with no experience listening to
Cantonese showed no such contrast effect when tested in the same manner using the same stimuli.
Neither English nor Cantonese listeners showed any order of presentation effects in the
discrimination of a nonspeech continuum in which tokens had the same fundamental frequencies as
the Cantonese speech tokens but had a qualitatively non-speech-like timbre. These results suggest
that tone presentation order effects, unlike vowel effects, may be language specific, possibly
resulting from the need to compensate for utterance-related pitch declination when evaluating
fundamental frequency for tone identification. ZD03 Acoustical Society of America.
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I. INTRODUCTION tinuum, more[i]-like vowels, decaying towarfb], become
more[i]-like, increasing the perceived similarity of the pair.
The discriminability of speech sounds has been showiwWhen the initial token of the pair is mof€-like, its memory
to depend, in some cases, on the order in which stimuli arerace also decays towafd], but in this case that is “away”
presented. For example, Repp, Healey, and Crowtier9  from [i] in the vowel space, leading to a decrease in the
described the results of experiments in which listeners wergperceived similarity of the pair. There are two hypotheses
asked to judge the similarity of pairs of vowels selected fromregarding the cause of this observed tendency. One exploits
a continuum ranging fronji] to [I]. For a given pair of the specific geometry of vowel spaces and one does not draw
stimuli, when the initial vowel was morg]-like, listeners on linguistic factors at all.
tended to respond “same” significantly more often than Cowan and Mors€1986 argued that the direction and
when the order was reversed. Similar results were reporteextent of decay of[i]-like stimuli is determined by the
by Cowan and Morsé1986, and Macmillan, Braida, and boundaries of the listeners’ vowel space. However, their
Goldberg (1987. All of these authors suggested that suchtheory does not specify how these boundaries are defined. It
order effects might result from the decay of the memoryis possible that they are determined entirely by the listener’s
trace of the initial token of the pair. According to this expla- €xperience, such that those previously encountered tokens
nation, the memory trace of a vowel decays “toward” a With extreme first formantg1) and second formant~Q)
vowel that is more centrally located in an abstract represenalues determine the boundaries at any given time. Alterna-
tation of the talker's vowel spacée.g., [s]). This model tively, these boundaries could be defined in an experience-
could be termed a “neutralization hypothesis” because thdndependentinnate manner based on the limits of the inter-
memory trace becomes more like a neutral vo(eeke that is action of articulatory and auditory systems. As discussed by
not particularly high or low, front or back in the vowel space Lieberman and Blumstei(1988, pp. 171-183the extreme
in a manner similar to the reduction or neutralization ofarticulatory configurations ofi], [a], and [u] both impart
vowel quality in the production of unstressed English vowelsSignificant acoustic stability to these vowelsf. quantal

(cf. Ladefoged, 2001, pp. 78—¥Ihus, along afi]-[1] con- theory, Stevens, 1972, 1988nd allow them to delineate the
boundaries of the space of possible vowels. For example, the

vowel [i] determines the lower bound for the first formant,
dSome of the material in this article was presented at the 141st meeting %nd the upper bound for the second formant. because it is
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bElectronic mail: francisa@purdue.edu produced with the narrowest possible oral cavity constriction
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opening. No human articulatory configuration could producegradual replacement of token-specific information with more
a vowel with a greater distance betwdeh andF2 than that  generic information. That is, memory for exemplars is gradu-
of [i]. Thus, a listener’s implicit knowledge of the role of ally replaced by information that is more representative of
articulation in determining acoustic properties of vowelsthe category to which that exemplar most likely belongs, for
plausibly entails an understanding of the limits of possibleexample, the representation of the category prototigie
formant configurations—the boundaries of the space of posHellstram, 1985, and also Huttenlocher, Hedges, and Vevea,
sible vowels. 2000. Repp and Crowdef1990 argued that Cowan and
This second description seems more compatible wittMorse’s(1986 neutralization hypothesis merely represents a
Cowan and Morse’'$1986 model, in which the boundaries special case of stimuli for which the relevant generic infor-
of vowel trace expansion appear to function as absolute limmation happens to be similar to the neutral voyedl How-
its on the extension of the vowel memory trace. According toever, Repp and Crowd¢t990 conceded that their evidence
their model, the memory trace of a vowel is best representegias inconclusive. While some continua showed clear order
as a region of probability within the vowel space. This regionof presentation effects, others did not, and the authors were
expands over time, representing the gradual degradation @hable to determine any systematic factor that might govern
memory acuity. As the memory of a stimulus fades, the probthe observed pattern of effects. They concluded that the con-
ability of accurately recalling its formant pattern or spectralfusmg nature of their results may be due in part to the greater
shape also decreases, or, conversely, the probability of recaliostic complexity of speech stimuli as compared with the
ing incorrect features increases. However, in this model thgimuli typically used in demonstrating effects related to the
boundary of a memory trace cannot expand beyond theimyus sefle.g., Braidaet al., 1984. Still, this second hy-
boundary of the listener's vowel space. In other words, Nqygthesis remains plausible: The systematic distortion of
matter how long a time there is between the presentation of ge mqries for speech stimuli over time could result from spe-

stimulus and its recall, listeners will not have any probability i experimental conditions, not as a function of listeners’
of recalling the formant frequency values or spectral shape qznowledge of speech or language

an unpronounceable vowel. Thus, memory for tokens near a The goal of the present study is to more closely investi-

;pom';’ v_owel (ﬁ ne !ocar\]tedl dclose o dtz'e Intersection (Tf two gate the source of presentation order effects by examining
oundariepsuch adi] shou e:xpan |Sproport|onateytc_>-_ sensitivity to small differences in fundamental frequency
ward the center of the listener’s vowel space. The probability,

that listeners exposed to a prototypi€gtike stimulus(one (fo) across speakers of wo languages. We examined the
with very low F1 and very highF2) will remember a more perception of stimuli differing only inf, by speakers of a

[o]-like vowel (one with lowerF2 and higher=1) is much fg;iiz;l?ngg?t%:;:/;tgggsaehg:ﬂg;ee ; %Chuadg!f;?rr]zrr]ii(; E?]n be
greater than that they would remember an even [lekske y 9

vowel (one with an even loweF1 and an even highd#2) ghsh, where _sucr_fo differences are not lexically contras-
tive). Such stimuli have a number of advantages over vowel
because such a more extrefifess neutralvowel could not

stimuli. First, it is possible to generate nonspeech stimuli that

have been produced by & human vocal tract. The memorXre acoustically quite simplgimilar to those used in typical
trace for arfi] cannot expand very far in the direction oppo- 'y quite Simplain yp
psychoacoustic studies of stimulus set-related effegtst

site [o] because in that direction it is already close to the"™”" : .
outer bounds of the listener's vowel space. Thus, the firsfetain the crucial perceptual differences that cue tone cat-

hypothesis can be characterized as proposing that the dire€9°"Y c:'St'TCt'OnS n srp])eecrll st|][nul_|. Tlhus, It '3 p(_)ssmltla tod
tion of memory trace decay is a function of the structure of '0'€ clearly assess the role of stimulus- or design-relate
the perceptual space under investigation factors. For example, in the examination of the present data
In contrast, Repp and Crowdét990 argued that the the possibility arose that memory traces might, in some
effects described by Cowan and Mord®86 are a psycho- Cases. decay in a unidirectional manner, regardless of cat-
physical consequence of presentation order, and are not spgedOrY Prototype location or the set of stimuli presented. Ac-
cific to memory for speech sounds, let alone language. In gording to this kind of formulation, the rgsults presented by
series of experiments, Repp and Crowd890 found no ~ Cowan and Mors¢1986 could be described as a decay of
consistent evidence that memory for vowels decays in a paVoWel memory traces toward the right side of the vowel
ticular direction. For example, in their experiment 1, pairsSPace(toward a lowerF2 valug. A second advantage of
consisting of a prototypica[e] (called R) and a more USing lexical tone-based stimuli is that monolingual speakers
[o]-like [¢] (called N3) showed evidence of a decay toward Of American English do not possess a linguistically struc-
[o], in that listeners responded “different” less often to pairs tured knowledge of pitch differences between syllalfbsd
ordered R—N3¢ than to pairs ordered N3-P. In contrast, therefore do not have a linguistically structured “tone space”
in pairs consisting of prototypicél] (Pi) and a mordal-like ~ analogous to vowel spagewhile Cantonese speakers, and

[i] (N3i) showed very little evidence of a decay towged, ~ indeed, tone language speakers in generalcfloGandour,
despite there being significant evidence of such effects id981; Gandour and Harshman, 1978y comparing the per-
other experimentfCowan and Morse, 1986; Repst al,, ception of small, barely suprathreshofg differences by

1979. Repp and Crowder’$1990 results suggest that the speakers of these two languages, it may be possible to deter-
direction of vowel trace decay may depend on the particulamine whether contrast effects are purely a nonlinguistic con-
set of stimuli used in a given experiment. According to thissequence of the experimental stimulus set, as hypothesized
hypothesis, vowel contrast effects are a consequence of thyy Repp and Crowde(1990, or rather a consequence of
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TABLE I. Fundamental frequency values for stimuli for all experiments.  tinuum were presentedotal of 28 pairs, including ten iden-
tical pairs(1-1, 2—-2, 3-3, ett.and 18 adjacent paird -2,

Stimulus fon Hz (me) Tone class 2-1,2-3, 3-2, etg. Stimuli 1, 4, 5, and 10 were identified
1 100.0(150.5 Low level as satisfactory exemplars of real Cantonese words compa-
;2), 182"7‘ 822?3 rable to those produced by the native speaker on whose pro-
4 113:1(168:83 Mid level ductions these stimuli were modeled. Stimulus 1 was identi-
5 117.5(174.99 Mid level fied as the wordji22/ “two” (low level tone, stimulus 4 and
6 122.0(181.05 5 were identified as the wordi33/ “spaghetti” (mid level
7 126.5(187.16 tone, and stimulus 10 was identified as the woijib3/
g ggz 83323 “clothing” (high level tong. Note that tones are indicated
10 140'_0(205:49 High level numerically, according to a commonly accepted five-point

scale where 1 indicates the lowest pitch of a talker’s pitch
range, and 5 the highest. Two numbers are used to indicate

some aspect of linguistic knowledge, as implied by Cowarthe starting and ending pitch of the syllable. To our knowl-

and Morse(1986. edge there is currently no published information regarding
the lexical frequency or familiarity of these words in spoken
II. EXPERIMENT 1 Cantonese. Thus, we cannot speculate as to whether our re-

) . ) ) sults might have been affected by these factors. However, it
The first experiment examined native Cantonese speaknay e noted that these words were selected in part because

ers’ sensitivity to small suprathreshold frequency differenceshey are easily recognized and understood by childagn
in synthesized Cantonese syllables ranginfyialong a lexi-  cigcca and Lui, 2008

cal tone continuum from the frequency of a low-level tone to

that of a high-level tonésee Bauer and Benedict, 1997 for a

thorough discussion of Cantonese tonal phonolo§ly par- 3 procedure

ticular, this experiment was designed to investigate whether o ) )

Cantonese listeners showed a difference in sensitivity due to P articipants were seated in a single-wall IAC sound
the order of presentation of the syllables in pairs that differed®0th looking through a window at the monitor of an Apple

by about 4 Hz. Power Macintosh 7100/AV computer located outside the
sound booth. Stimuli were presented via Sennheiser HD-545

A. Methods headphones at a comfortable listening levg3-dBA peak

1. Subjects level for target words Stimulus presentation and response

collection was controlled by a Hyperca@pple Computers,

. . : . .=~ Inc.) stack running on the computer. Sounds were output
men reporting no history of speaking or hearing disability y, 4k an Audiomedia Il sound card at a sampling rate of

participated in this experiment. Eight were undergraduatez\M.l kHz. Listeners participated in two tasks, an identifica-
speech pathology students in the Department of Speech a'?fém task and a discrimination task. The order of the two

Hearing Sciences at the University of Hong Kong, and Seve[i]asks was counterbalanced across subjeaht participants
were .studen.ts and emp'loyees from other depar.tments. A ompleted the discrimination task first, followed by identifi-
participated in the experiment on a voluntary basis. cation, while seven completed the experiment in the reverse
o ordep. For this article, only the results of the discrimination
2. Stimuli task will be considereddentification results are discussed in
Stimuli for this experiment consisted of a continuum of detail by Francis, Ciocca, and Ng, to appear
ten 300-ms syllables synthesized with the parallel branch of The discrimination task consisted of 11 blocks, each
a Klatt-style formant synthesizeiKlatt and Klatt, 1990  with 28 trials. The first block was treated as familiarization
called SenSyriSensimetrics Corp.implemented on a Pow- and not scored, though listeners were not aware of this at the
erMac G3. All stimuli were modeled on real Cantonesetime of testing. Each trial began with the presentation of a
words differing only in tone(low level, corresponding to visual warning signal on the computer screen. Subsequently,
token 1, mid level, corresponding to token 4 or 5, and higHisteners heard a warning ton@n amplitude-modulated
level, corresponding to token L0rhese words were all seg- complex tone with fundamental frequency, harmonic struc-
mentally[ji] according to standard IPA transcriptief. IPA,  ture, and amplitude modulation significantly different from
1999. All stimuli had levelf, contours and differed in fre- speechfollowed after 500 ms by the presentation of a single
quency in perceptually equal stef&1 mel, approximately pair of syllables separated by 250-ms ISI. Following the pre-
4.4—-4.5 Hz. Exact frequency values are given in Table [; sentation of a stimulus pair, listeners were presented with
each of these values was used as the fundamental frequenwyo buttons arranged horizontally on the screen, labeled
for the entire duration of a single stimulus syllable. Selectedsameanddifferent Response buttons were always presented
synthesis parameters for token 1 are given in the Appendixn this order. Participants were instructed to click on one of
Subsequent tokens differed only fig, as shown in Table I. the buttons to indicate whether the syllables they heard were
On each trial a pair of stimuli was presented with athe same or different. After selection, followed by a brief
250-ms interstimulus intervallSI). All pairwise combina- pause, the next trial began. Order of stimulus presentation
tions of syllables separated by O or 1 token along the conwithin blocks was random. Responses were collected auto-

Fifteen native speakers of Cantondé42 women, three
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4r token has a lowef than the seconée.g., pair 1-2 while
high—low indicates a pair in which the first token is higher in
35 F fundamental frequency than the seco@dg., pair 2—1 A
two-way, repeated measures ANOVA on the difference be-
tween hit rate and false-alarm rate () showed a main
effect of order of presentatioffiow—high mear-0.65, high—
low mean=0.22), F(1,14)=19.88, p=0.001, but not of
stimulus pair,F(8,112)=1.26, p=0.27. There was also a

25 |-

Sensitivity (d')
N
T

- Zlf":k significant interaction between the two factofs(8,112)
15 L '3\ psg \E’ Ng =2.66, p=0.01. Howeverpost hoc(Tukey HSD analysis
8-g" showed a significant differencgp€0.001) between every
1k one of the low—high points and every one of the high—low
- -Ir?igﬁ'jligvlc points, while none of the within-order pairwise comparisons
05 + reached significancep(>0.05 for al). Similarly, a one-way

ANOVA of the differences between the low—high and high—
low scores at each pair showed a significant effect of pair,
F(8,112)=2.66,p=0.01, but the only comparison to reach
significance at thexr=0.05 level(by Tukey HSD involved

FIG. 1. Cantonese listeners’ group sensitivity X calculated according to  pair 3—4, where the difference was significantly greater than
the roving methodgdifferencing modeldescribed by Macmillan and Creel- that between pair 8-9Thus. the appearance of a greater
man (1991 for both orders of presentation of pairs of adjadgijtsyllables Il diff . 3 ’4 d6 d

along a continuum ranging ify, from 100 Hz(token 1) to 140 Hz(token 10 overall ai erenlce. at pairs 3—4 an {_ﬂgar expected cat-
in perceptually equal step$.11 mel, approximately 4.5 BizLow—high ~ €gory boundarigsis not supported statistically.

order (solid line) indicates pairs in which the token with a lowgy is first.
High—low (dotted ling indicates pairs in which the token with a higHgris
presented first.

0 1 1 1 i 1 1 1 1 1 ]
1.2 23 34 45 56 6.7 7.8 89 9.10
pair

C. Discussion

Cantonese listeners were, on the whole, more sensitive
matically, and scored according to whether responses weite smallf, differences in speech stimuli when the first token
correct or not. Participants received no feedback on thein a pair had a lowef, (low—high ordey than when the first

responses. token had a highef, (high—low orde). These results are
consistent with the hypothesis that memory for pitch decays
B. Results downward(in pitch) over time, such that pairs in the low—

, ) ) . high order become increasingly distinct over time, while
In this study we presented each stimulus pair ten t'me?)airs in the high—low order become more similat least
(not counting the first unscored block of trialsGroupd” ot the 250-ms ISI used in the present experimeow-
values based on the mean hit- and false-alarm rates of gll o, these results do not provide strong evidence for identi-
subjects were calculated using the rovitdifferencing  fing the source of such a directional memory trace decay. In
mode) methods d|scu_ssed by Macmillan and Creelmanorder to determine whether this asymmetry in sensitivity to
(1991, pp. 147_152’_ using Table A5.4, pp. 338_354’_ ad‘apteﬁ‘itch differences is related to properties of the stimuli or of
from Kaplan, Macmillan, and Creelman, 1978/acmillan ¢ experimental procedure, as opposed to being due to the
and Creelman’s Table A5.4 was generated by systematically,q istic experience of the listeners, we examined the per-

varying the value ok (the response thresholéh the equa- .o ntion of listeners who had no experience making pitch-
tions shown in Eq(1) (where® is the normal distribution based phonological distinctions.

function), to arrive at ad’ value for each possible (i) and

F(alse alarm pairt
( m p I1l. EXPERIMENT 2

H=d (Zk+d") +{(_ k=d") , Existing research on the consequences of memory trace
V2 V2 decay suggests that biases in stimulus recall may arise from
F=20(—kv2) (1)  factors specific to either particular category structue=g.,

prototypes, Huttenlocher, Hedges, and Duncan, 1994r-
Statistical analyses were carried out on the quairkiyrate ticular perceptual spacés.g., the geometry of vowel spaces,
minus false alarm rate, or HxRvhich served as an approxi- Cowan and Morse, 1986or the content of particular experi-
mation ofd’ (Maddox and Estes, 1997 Overall, listeners mental stimulus setéRepp and Crowder, 1990While evi-
scored above chang®0%) across the continuum, ranging dence presented by Polka and Boti®96 suggests that
from 70% to 74% correct. This rate of accuracy may overdanguage-specific vowel category prototypes are not likely to
estimate discrimination sensitivity because listeners appearqaay a detectable role in determining the biased recall of
to be strongly biased toward responding “same” and exhib-vowels (at least by infants the other two possibilities are
ited a mean false-alarm rate of only 12% across all listenerstill equally plausible. Indeed, it is even possible that tones,
and all stimuli. unlike vowels, may be influenced by language-specific cat-

Groupd’ for each stimulus pair in each order is shown egory prototypes. However, the most obvious theoretical dis-
in Fig. 1, where low—high indicates a pair in which the first tinction is between auditorfor nonlinguisti¢ and linguistic
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sources of contrast effects. Listeners with no experience 4r
hearing a tone language do not possess a linguistically struc-

tured “pitch space,” nor do they have any exclusively pitch- 35
based phonetic categories. If these listeners show the same

asymmetric pattern of discrimination as Cantonese speaking 8r
listeners, then we may conclude that this asymmetry results 25 L

from the interaction of stimulus properties and human audi-
tory capabilities. If, on the other hand, there are noticeable

differences between the response patterns of the English- and:c‘é
Cantonese-speaking listeners, then we may conclude thaté 15 |
these order of presentation effects are related to listeners’

ivity (d')

linguistic knowledge or experiendahether in the form of a 1} = .'r%;’a'.}i?v'}
linguistically structured perceptual space, or language-

specific category prototypes 0.5 -

A MethOdS 0 1 1 1 1 1 1 1 1 ] ]

1.2 2.3 34 45 56 6.7 7.8 8.9 910
1. Subjects pair

_ Nine PeOple(f'Ve men an_d four womerparticipated N FIG. 2. American English listeners’ group sensitivity | (calculated as for
this experiment. All were native speakers of North Americanrig. 1) for both orders of presentation of pairs of adjadgijtsyllables along
dialects of English. Five participants were undergraduate and continuum ranging irf from 100 Hz(token 1 to 140 Hz(token 10 in
graduate students and alumni from the University of Chj-Perceptually equal ste§.11 mel, approximately 4.5 hizLow-—high order

hile f | ived f It b d(solld line) indicates pairs in which the token with a lowky s first. High—
cago, whiie four were newly arrived facuity members anty,, (qgotted ling indicates pairs in which the token with a highty is
visitors to the University of Hong Kong who had been in presented first.

Hong Kong for less than a month. All of the participants
reported having no knowledge of Cantonese or other ton@NOVA [calculated usingH-F) values for each order sepa-

language. rately], showed no effect of order of presentatidf(1,8)
o =3.13,p=0.11, or stimulus pairF(8,64)=1.72,p=0.11,
2. Stimuli and no interaction between the two factofg8,64)=1.17,

All stimuli were identical to those used in experiment 1. p=0.33.

3. Procedures C. Discussion

.A" proc.edure.s were dentical to those de§qribgd iq €X" The results of experiment 2 suggest that monolingual
periment 1 including the counterbalanced participation in @M merican English-speaking listeners are as sensitive as na-
additional identification experiment not reported here. How-

th i . ; Macintosh iB gve speakers of Cantonese to sm@llibcategoricaldiffer-
ever, the present experiment was run on a Macintosn 1800% e in fundamental frequency. However, unlike Cantonese
and stimuli were presented via Sennheiser HD-%fDee

icipant HD-580 (si ficipants headph ) listeners, American listeners showed no evidence of a con-
par |tC|pan 3 l(\)lr e (t5|x participan '};d za P otnest_ln ? trast effect in pitch discrimination. That is, there is no evi-
quiet room. No warning ton€ was provided prior 10 SUMUIUS o nca that American English speakers are differentially sen-
presentatioff.Stimuli were played at a comfortable listening

: sitive to pitch differences depending on the order of
level (approximately 75-dBA peak level for target woyds presentatiorflow—high versus high—loy This pattern of re-

sults, when contrasted with the results of experiment 1, sug-
gests that the source of contrast effects in Cantonese speak-
The mean percent-correct score for American Englishers’ perception of tone is language specific. In this case,
speaking participants ranged from 66% to 76% across therder-of-presentation effects are not a purely psychophysical
continuum, similar to Cantonese listeners. Again, Americarconsequence of a particular set of stimuli or experimental
English listeners were strongly biased toward “same” re-procedure. Experience with perceiving and speaking Can-
sponses, with a false-alarm rate of just 6%. As in experimentonese apparently leads to differences in the way listeners
1, groupd’ was calculated for each stimulus pair in eachstore and/or retrieve memory traces of the pitch of auditory
order(Macmillan and Creelman, 1991, pp. 147—-15hown  stimuli as compared with listeners without such experience.
in Fig. 2. For statistical comparison of the two speaker  The observation that speaking a tone language affects
groups, both Cantonese and American English listeners’ semitch perception is not new. Stagray and Dowh893 dem-
sitivity (d’) to each pair regardless of order of presentatioronstrated that speakers of a tone languédandarin Chi-
was calculatedbased on hit rate and false-alarm rate fornesg were less sensitive to differences between pure tones
each pair ignoring differences in order of presentgtion around 1000 Hz than were speakers of a nontone language
American English listeners’ meaah’ across the continuum (English. Stagray and Down$1993 argued that their re-
was 2.60, compared with 2.53 for Cantonese speakers, arslilts can be best accounted for in terms of the categorical
this difference was not significart(;,22)=0.11,p=0.92. For  perception of tones. Because tone language speakers are used
the American listeners, a two-way repeated measure® making categorical decisions based on pitch, Mandarin

B. Results
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speakers exhibit the decreased within-category sensitivity 8
characteristic of categorical perception of segmécftsMac-
millan, 1987 for discussion of categorical perception in sig-
nal detection-theoretic termdHowever, Stagray and Down’s
(1993 results go beyond the usual claims of studies of cat-
egorical perception, in that they suggest that experience cat- 5
egorizing speech can affect sensitivity to differences between
nonspeech sounds. One implication of this claim is that some
kinds of speech experience may affect the function of basic
auditory processes. Similar claims that linguistic experience

Sensitivity (d')
N
T

can affect “preattentive” aspects of auditory processing have —g -§§2§82§§§§f

recently been advance@llen, Kraus, and Bradlow, 2000; 2r - American AL

Sharma and Dorman, 2000; Trembletyal., 1997. . L

IV. EXPERIMENT 3 ol v 0
1.2 23 3.4 45 56 6.7 7.8 8.9 910

One way to demonstrate that experience with a tone lan- pair

guage can affect basi@itch-processing properties of the o _ _ _
auditory system would be to show a discrepancy in ContragfIG' 3. Qroup sensitivityd’) for Cantonese Ilsten9(3|rcle9 and Ameri-
. —can English listener¢squarey (calculated as for Figs. 1 and 2or both

ef'feCtsf between Cantones? and English speakers usiRgers of presentation of pairs of adjacent nonspeech tone complexes along
stimuli that are not speech-like. Stagray and DoWt893 a continuum ranging iri, from 100 Hz(token 1 to 140 Hz(token 10 in
argued that categorical perception of lexical tones was reperceptually equal stefi§.11 mel, approximately 4.5 hizLow—high (solid
flected in their listeners’ performance on a pure-tone pitc ines) indicates pairs in which the token with a lowgy is first. High—low

L . . dotted lineg indicates pairs in which the token with a higtegris presented
discrimination task. If we were to observe pitch contrast ef-.¢;.
fects in the processing afonspeectsounds by Cantonese
speakers, and if we fail to observe these contrast effects in an _ _
English-speaking population, then we may conclude thagized at a sampling rate of 44.1 kHz on a Power Macintosh
these contrast effects must result from differences in basi¢100/AV equipped with an Audiomedia Il sound card.
auditory processes related to differences in linguistic experi-
ence. This experiment was designed to compare the perfog,—

. . . Procedure

mance of Cantonese and English listeners on a nonspeech
task equivalent to the first and second experiments. Procedures were identical to experiment 2 for all listen-
ers, except that all American English listeners used Sen-
nheiser HD-570 headphones, and all Cantonese listeners
1. Subjects used Sennheiser HD-545 headphones and the sound presen-
; tation hardware from experiment 1.

A. Methods

Two groups of listeners participated in this experimen
one Cantonese speaking, the other American English speak-
ing. The first group consisted of nine female native speakers
of Cantonese from the University of Hong Kong community, B. Results
none of whom had participated in experiment 1. The second

. ) . Group d’ values were calculated for each language
group consisted of seven native speakers of American E

. ngjroup based on each order of presentation, as shown in Fig.
glish (four men, three womenall undergraduate or graduate . In order to derive a statistical test of differences between

stucti_e_ntst a(; t.he Umv_ersnyt g t\CA:/hlc;go, Of. whtorr:hthree ha he two groups, each listener’s sensitivity’ | regardless of
participated in experimen 0 days prior fo the preser%%)‘rder of presentation was calculated for each fla@sed on

e);pegmnetntr; Al parrttilcilparrlltts; rep;?rgecri] r\1/ionrmal r?ea;”ni?’han it rate and false-alarm rate for each pair, ignoring differ-
one L-antonese participant reported having periect piteh. - o ces in order of presentatijonsing the roving calculations

S described by Macmillan and Creelmét991). Regardless of
2. Stimuli order of presentation, American English listeners’ meian
Stimuli consisted of ten complex tones modeled on theacross the continuum was 5.59, compared with 4.56 for Can-
synthetic speech stimuli used in experiments 1 and 2 antbnese speakers. Note that these measures of mean sensitivity
synthesized using the PowerSynthesiser applicdffussell  were noticeably higher than those measured for speech
and Darwin, 1991 All stimuli were 300 ms long, consisting stimuli in experiments 1 and 2.60 for American listeners
of eight equal-amplitude harmoni¢sarmonics 1, 3, 5, 6, 7, in experiment 2, and 2.53 for Cantonese listeners in experi-
8, 9, and 11 Harmonics 2, 4, and 10 were omitted to makement 1. A three-way mixed factorial ANOVA(between
the sound clearly less speech-like. Each stimulus had amplgroup factor of language, and repeated measures factors of
tude rise and decay times of 5 ms. The only difference bepair and orderwas calculated using H—F, the hit rate minus
tween the ten stimuli was the fundamental frequency, whicHalse-alarm rate statistic used in the previous two experi-
varied along the identical continuum as the stimuli in the firstments. There was a significant main effect of language,
two experimentgsee Table ). Complex tones were synthe- F(1,14)=6.75,p=0.02, showing that American English lis-
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teners were more sensitive tg differences than Cantonese were not significantly different in their overall sensitivity to
listeners. No other main effects or interactions were signifi-f, differences between speech stimuli. They only showed a

cant. difference in sensitivity to nonspeech sounds. Second, the
frequency range employed in these experiments was selected
C. Discussion to encompass the three level tone categories of Cantonese. In

particular, token pairs 3—4 and 6—7 explicitly span the cat-

Both English- and Cantonese-speaking listeners in ex ; '
g P g gory boundaries. Although the results of experiment 3 con-

periment 3 were considerably more sensitive to frequency': . X
differences between these nonspeech complex tones as co bute to the mounting evidence that tone language speakers

pared with the sensitivity of comparable groups of Ii:stenerstenOI to be less sensitive than English speakers to fundamen-

to equivalent frequency differences in synthesized speec"ff1I frequency differences between nonspeech sousts-

stimuli. This may reflect differences in the complexity of the "3 and Downs, 1993; Tanner and Rivette, 1964, thpugh see
stimuli. However, Flanagan and Saslé$958 found differ- Burns and Sampat, 1980 for a coun_terexample to_th|s frend
ence limengDLs) for f differences between synthetic vow- f[here appears thus far to_ be little evu;ience that this tendency
els (about 0.63 Hy to be slightlysmallerthan those identi- is related to the categorical perception of tone as typically

fied by Harris(1952 for EFure tones(about 0.75 Hy (see specified.
Klatt, 1973, for discussiorr In other words, increasing the
acoustic complexity of stimuli does not necessarily increasé/' GENERAL DISCUSSION
the difficulty of perceiving differences in the pitch of those The results of experiment 1 suggest that Cantonese lis-
stimuli. Note also that DLs reported for both speech and puréeners’ ability to discriminate between level fundamental fre-
tones are considerably smaller than the differences betweauency contours is strongly influenced by the order in which
stimuli used in the present experiments. Aside from thispairs of stimuli are presented. When the first token in a pair
overall greater sensitivity to frequency differences betweeris lower inf, than the seconfow—high ordey, listeners are
nonspeech stimuli, neither American English-speaking noconsiderably more sensitive to the difference than when the
Cantonese-speaking listeners showed any discernible effectder of pairs is reverseghigh—low ordey. One way to ac-
of order of presentation in their discrimination of nonspeechcount for this difference is in terms of a gradual decay of the
complex tones. This suggests that, whatever the source of theemory trace of the initial token, such that it is recalled as
contrast effects observed in experiment 1, experience withaving a lower pitch for the purposes of comparison with the
Cantonese does not affect the perception of the pitch of comater-occurring token. Although the results of experiment 1
plex tones in the same way that it affects pitch-based dissuggest that such a memory trace decay would be directional
crimination of speech sounds. (toward lower values we found no strong evidence to sug-
One final observation in experiment 3 remains puzzlinggest that stimulus set related properties could have contrib-
In experiment 3, Cantonese listeners exhibited an overallited to the appearance of these effects. If the direction of
lower sensitivity to pitch differenceén either order when  memory trace decay were the result of properties of the
compared with that of American English listeners. These restimulus set, we would expect the directionality to be sym-
sults show some support for observations made by Stagrayetrical, either with relation to the edges of the continuum or
and Downs(1993, who found that speakers of Mandarin with respect to some more centrally located region along the
Chinese(also a lexical tone language, but with a different continuum. With respect to the role of edges in the direction-
tonal inventory from Cantonesshowed significantly larger ality of memory trace decay, Macmillan, Braida, and Gold-
frequency difference limens than did native speakers of Enberg (1987 characterize Berlineet al's (1977 bias edge
glish on a pure-tone discrimination task. Stagray and Downgffectin terms of the boundaridgedge$ of the stimulus con-
(1983 attributed this difference to Mandarin speakers’ cat-tinuum. Berlineret al. (1977 found that when listeners were
egorical perception of tone. They argued that the frequencpresented with two tokens of overall low intensilose to
differences between the stimulus pairs used in their experithe low-intensity end of the continuynthey tended to hear
ment were always well within a single category, within the first token as louder than the second. But, when the same
which acuity should be lower than across category boundintensity difference was presented using high-intensity
aries according to standard theories of categorical perceptiastimuli (at the high-intensity end of the continuyntisteners
[e.g., Libermaret al. (1957 ]. However, there are two prob- tended to hear the first token as quieter than the second.
lems with using categorical perception to account for theThus, the location of the stimulus pair along the continuum
results of experiment 3. First, although there was a signifiaffected the direction of the bias—the first token of a quiet
cant difference between the sensitivities of the two languageair was heard as louder while the first token of a loud pair
groups on the nonspeech complex tone discrimination taswas heard as quieter, suggesting that in both cases the
(experiment 3 the difference between their discrimination memory trace of the first token decayed toward a more in-
sensitivity on the speech tagkxperiment 1 versus experi- termediate(centrally locateyl value along the stimulus con-
ment 2 was not significant. If Cantonese speakers’ poorettinuum.
discrimination of nonspeech tones was due to their greater In the present case, we do observe something like a bias
experience with making pitch-based category judgments oédge effect at the righthigher frequencyend of the con-
speech stimuli, then there should be a similar, if not greatetinuum, in that the first token in a higher-frequency gaig.,
difference in sensitivity between the two language group8—9 or 9—8is generally heard as having a higher pitshch
when judging speech-like stimuli. However, the two groupsthat 8—9 is treated more like 9-9, a “same” pair by being
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only poorly discriminable, while 9—-8 is still quite easily dis- lations between the mental representations of tokens in a
criminated. This pattern can clearly be characterized as a@one spacgcf. Gandour, 1981 Following the model pro-
decay of the memory for pitch of the first token toward aposed by Cowan and Morsd986, we might expect the
lower (more centragl value along the continuum. However, boundaries of Cantonese listeners’ tone space to cause an
there is no corresponding upward decay of the memory osymmetric expansion of the memory trace for the pitch of
the pitch of the first token in a lower frequency péirg., the earlier-presented syllable away from the nearer boundary
2-3). In this case we would expect to observe a tendency foof the tone spacén the same way that memory fi]-like
the first token to be remembered ldgherin pitch (e.g., for  stimuli is proposed to expand disproportionately away from
pair 2—3 to be poorly discriminatgdout this is not what was the high-front corner of a listener’s vowel spacé&here is,
observed. Instead, we see a tendency for the first token to B@wever, one significant problem with such an account. The
treated asalwayshaving a lower pitch than the second, re- stimuli used in experiments 1 and 2 range in frequency from
gardless of where along the continuum the two tokens ar@ prototypical low-level tone to a prototypical high-level
located. Similarly, there does not seem to be any locatioione, encompassing the vast majority of the normal spoken
along the continuum toward which, or away from which, frequency range of the speaker on whose productions they
memory traces seem to decay. The trend is always in a dowr@re modeled. Any explanation of order of presentation effects
ward direction across the entire continuum. Thus, althougtpased on the influence of the boundaries of tone space on
there is clear evidence that Cantonese listeners’ contrast efiemory traces would predict opposing effects at either end
fects can be described in terms of a general decay of memo#f a frequency continuum spanning that space. That is, to-
for pitch toward lower values, there is no explicit evidencekens at the high end of the continuum should decay toward a
that this effect is due to properties of the stimulus set itselflower pitch as their memory trace, located near the top end of
The results of experiment 2 further support the hypoththe space, cannot expand very far in a higher direction. Con-
esis that asymmetric discrimination & differences in syn-  versely, tokens at the low end of the continuum should decay
thetic speech stimuli by Cantonese listeners is not due tgoward a higher pitch. Contrary to this hypothesis, however,
some property of the stimulus set, but rather is related t@ll tokens along the continuum, from lowest to highest, show
listeners’ knowledge of Cantonese, a lexical tone languageédn asymmetry in discriminability between the low—high and
In experiment 2, American English-speaking listeners withhigh—low orders, such that a decay-based account would
no experience with any lexical tone language showed ndave to conclude that the memory trace of every token ap-
evidence of any order of presentation effects when testegiears to decay toward a lower pitch value.
with the same stimuli and procedures as in experiment 1. Itis ~ Another possibility is that listeners’ memory for pitch
important to note that the American listeners of experiment anight decay, or be biased, toward tone-category prototypes
were(in both orders of presentatipabout as sensitive to the (or away from category boundarjess suggested by Hutten-
f, differences between these stimuli as were the Cantonedecher and her colleagué¢bluttenlocheret al, 1991; Hutten-
listeners of experiment 1. The results of experiment 1 and 2ocher et al, 2000. However, on a tone identification task
taken together, suggest that the contrast effects shown by tising the same stimulFranciset al, to appear Cantonese
Cantonese listeners are a consequence of their knowledge kigteners showed category boundaries between tokens 3 and
Cantonese. 4 (between the categories low level and midlg\aid 7 and
The results of experiment 3 suggest that, whatever th8 (between the categories midlevel and high lebdrhus, if
specific mechanism that causes contrast effects in Cantonegemory for pitch decayed toward category prototypes or
listeners’ perception of spoken pitch, it does not appear t@way from category boundaries, we would expect listeners’
have affected their ability to discriminate the pitch of non- sensitivity to pairs spanning these boundaries to be relatively
speech sounds. Cantonese listeners, like American Englidtigh regardless of order of presentation. For example, if the
listeners, showed no asymmetry in sensitivity ftpdiffer- ~ 3—4 pair were presented in the low—high ordfést token 3,
ences between nonspeech stimuli that were identickj o then token 4, then the memory for 3 should decay toward
the speech stimuli used in experiments 1 and 2. These resulide prototype for the low-level categogomewhere around
provide further support that the order of presentation effectéoken 1. Discrimination should be accurate because the per-
demonstrated by Cantonese listeners are a consequenceC@ived difference between the two syllables should increase
their linguistic processing of speech stimuli. due to category-related bias. If this pair were presented in
high—low order(first token 4, then token)3 memory for
token 4 should decay toward the prototype for the midlevel
category(somewhere around token,Ssimilarly improving
One way to account for the difference in the effects ofdiscrimination. However, discrimination was considerably
order of presentation for speakers of tone vs nontone larbetter for the low—high order for this, and most other, pairs
guages might be to conclude that American listeners, lackingf tokens (including pair 7—8, the other cross-boundary
experience with pitch-based lexical distinctions, do not havepair). Thus, the results of experiment 1 suggest that neither
a mental representation of a “tone space.” As a resultthe geometry of tonal space in general, nor listeners’
American English listeners’ memories for words do not de-language-specific phonological inventory, play a primary
cay in a manner that is affected by the boundaries of such eole in determining the directionality of the observed contrast
space. Cantonese listeners, on the other hand, can be defects. None of the results of experiment 1 provides explicit
scribed as basing their perceptual judgments on relative resupport for a memory trace decay model. There is no evi-

A. The role of language experience in memory trace
decay
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dence that the order of presentation effects shown in experiiong (1999 argued that listeners responded less strongly in
ment 1 result from basic psychoacoustic properties of théhis condition because they were confused by the violation of
stimulus or task. In contrast, the results of experiments 2 antheir expectations for downdrift.
3 demonstrate that order of presentation effects in level tone It is possible to account for the results found in experi-
perception occur only when native speakers of Cantonese areent 1 in terms of a compensation for a learned expectation
listening to speech. that utterances will tend to exhibit a slight declinationfin
from beginning to end. In order to correctly identify the tone
of a syllable, Cantonese listeners must be able to take into
B. Discrimination asymmetries and  f; declination account the position of that syllable within the utterance.

The mechanism of memory trace decay could accounpY!lables at the end of the sentence must be perceptually

for the present results if we arbitrarily assume that memorie&2iS€d in pitch, otherwise they risk being identified as having
for pitch decay toward lower pitches. However, since theré® 10Wer tone than the speaker intended. In the case of the
is, at present, no corroborating evidence to support this adigh—low order of presentation in experiment 1, this raising
sumption, it may prove useful to investigate other mecha®f the perceived pitch results in the two tokens sounding
nisms that could account for these data. One aspect of casimilar or identical. In contrast, in the low—high presentation

tonese speech production that may prove useful in this rega/@fder this raising results in a heightened perception of the
is the phenomenon of, declination or downdrift, the difference. This hypothesis is supported by the observation

gradual declination of fundamental frequency over thethat, on average, Cantonese listeners were slightly more sen-
course of an utteranc@hala, 1978: Pierrehumbert, 1979; sitive than American listeners to pairs presented in the low—
Umeda, 1982; Vaissie, 1995; Vance, 1976; Wong, 1999 high order, but less sensitive than American listeners to pairs
Downdrift has been argued to be a universal, languageresented in the high—low order.
independentand even cross-specjasharacteristic of speech One problem remains. American English listeners in the
production(Hauser and Fowler, 1992; Ohala, 1978 En- present experiment showed no evidence of an expectation
glish, short declarative utterances without prominent focafhat pitch should fall over the course of an utterance, al-
stress, such as those typically elicited in laboratory speeckiough such expectations have previously been demonstrated
experiments, tend to exhibit clear declinationfgfover time ~ in English listeners’ judgments of the pitch of syllables in
(Umeda’ 1982 Furthermore, American Eng“sh listeners sentential ConteX(Pierrthmbert, 1939 It is pOSSibIe that
show evidence of compensating for downdrift in the percepAmerican English listeners did not treat the syllable pairs
tion of the relative pitch of early- and late-occurring syllablesused in this experiment as a single utterance. One possible
in sentences. For example, Pierrehumk&®79 showed that reason for this is that the syllabl] is not an English word.
listeners perceived a syllable occurring early in an utterancélowever, Pierrehumbertl979 achieved her results using
as having equal pitch with a later-occurring syllable evennonsense sentences made up of repetitions of the syllable
though the later syllable had a lowky. This was interpreted [ma]. A more likely explanation is based on the observation
as evidence that listeners were able to compensate percepttiat English is a stress-timed langudgaver, 1994, p. 15
ally for an expected declination in pitch over the course ofwhile Cantonese is typically considered to be syllable-timed
the utterance. (Bauer and Benedict, 1997, p. 318hus, American English
There is evidence that Cantonese speakers also exhibiisteners presumably expect utterances to exhibit a pattern of
f, declination in speech productidiance, 197§ and some more or less alternating stressé¢iduder, higher pitched,
suggestion that Cantonese listeners perceptually compensa@agen and unstressethuieter, lower pitched, shortesyl-
for this expected declination. For example, Wdt§99 pre-  lables.
sented listeners with a target word preceded by a context According to this explanation, there are two reasons that
sentence in which thg, had been manipulated in one of two speakers of a syllable-timed language would not show per-
ways. The sentence was divided in half and thef either  ceptual compensation for downdrift in the stimuli used here.
the earlier-occurring portion or the later-occurring portion of First, American listeners might not have treated the two syl-
the context sentence was shifted. Results suggested that Caables in experiment 2 as a single utterance, perhaps because
tonese listeners based their judgments of the tone of the taboth syllables were equally loud. Alternatively, they may
get word on the pitch of more receiater-occurring pitch ~ have treated it as a single utterance consisting of a single
information in the sentence. For example, if theof the  word, perhaps because the alternation in pitch suggested the
second half of the sentence was shifted down, listeners rgsresence of one stressed and one unstressed syllable. In the
sponded as if the target word had a high level tone. When thérst case listeners might have expected a reset of the pattern
fo of the second half of the sentence was shifted upwardof pitch declination with the start of the second utterance.
listeners tended to respond as if the word had a low-leveThe resetting of pitch declination at utterance breaks is a
tone, although in both cases tlfig of the target world re- common phenomenon according to Pierrehumi&#79,
mained the same. However, when figeof the second half of and might plausibly enable listeners to accurately distinguish
the sentence was shifted upward, the expectation of dowrsmall f, differences between the two syllables because both
drift was violated. In this case listeners did not respond asyllables are located at the start of the expected declination
strongly according to the more recef#econd half pitch  curve. In the second case, it is possible that American En-
information. That is, they made fewer than expected identiglish speakers only compensate for pitch declination between
fications of the target syllable as having a low-level tone.stressedyllables. Since stressed syllables are typically sepa-
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rated by at least one unstressed syllaf@e in Pierrehum-  (20). Because there is a maximum of ten possible hits for a given order of
bert’'s experiments American English listeners might retain presentation, but there are up to 20 possible false alarms, correcting for

. .. . . :~_ Pperfect scores according to the methods proposed by Macmillan and Creel-
the ability to distinguish smatlo differences between adja man (1991, p. 190 would lead to different scores for a hit rate of 1.0 and

Ce'.ﬁ'.t Sy”ablles_- Indeed, such an ability might contribute to the, faise-alarm rate of 1.0and similarly for scores of 0)0This is not a
ability to distinguish between stressed and unstressed sylproblem for analyzing group data, since there were no perfect scores on any

lables. Further research on the perception of pitCh and stresgair. However, some individual subjects did score either perfect hit rates
’ 1.0 or perfect false-alarm rate®.0) on one or another stimulus pair.

in American English utterances would be necessary to d'St'”'Therefore, individual’ scores were not calculated.

guish between these two possibilities. Because this is not a commonly used statistic, all analysesusing the H-F
statistic were also repeated using arcsine-transformed percent correct
ACKNOWLEDGMENTS [P(C)] values. Unless otherwise noted, tests reported as significant based on

the H—F score were also found to be significant using @ Bcore, while
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the first author was a postdoctoral fellow at the University ofeajthough the experiments conducted by Fraretisl. (to appear provided
Hong Kong, in the Department of Speech and Hearing Sci-clear evidence for the presence of category boundaries using an identifica-
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Stimulus synthesis used parameters measured at 1_rﬁgen, J., Kraus, N., and Bradlow, A(2000. “Neural representation of
int Is f t | h le. After initial th consciously imperceptible speech sound differences,” Percept. Psycho-
Intervals trrom a natural speech sampie. er initial syntne- hys.62(7), 1383-1393.
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