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Abstract

Pereeptuul processing of single and complex (mutti-forinant) CV-like and VC-like
sounds, #$ well as interpolated nawral speech-based syllables is examined in forced-
choicc ctassilicntion nnd ABX discriminntion tasks. The sounds have short and rnpid
Plosive-like voculic transiiivns, and are preccded or followed Ly an /a/-like or /u/-like
sintionnry part. Twclve sevea-itein /b/-/d/ continua were crealed with interstivnulus step
sizes based on the dilference limens in endpoint frequency (for the formant stimuli). It
was expected that the processing stralegy would depend on the stisnulus cooplexily. d.e.,
hat the ounther ol discriminable or ideotitiable stimuli would deercase with jncreastog
stimulus complexity. It is found thnt resolution varies with stimulus complexity and
mcthodological paradigm, but that it is not controlled by speech specific properties.
Pcreeption of the single Tormunt stiauli can approach the limats of the auditory system,
because these stimuli nrc processed in an analytical listcning modc. Coniplex stimuli ace
pereeived less analytically, presumably because the additional fermants partially mask
the varying cue, and because the ‘speechlikc’ character of the sound hindevs within

category discriminatien. @ur resulis suggest that listeners process the simuli in a
lemporary mnesnory: internal rcpresemations fer each of the siimuli of the contnua under
test are crealed. which crables thiem (o distinguish the stimuli within the ¥ and /d/
categories. Although the interpointed speech-based sounds are perceived more
categorically than the fonnant stmuli, the data give no clear evidence that these sumuli
are processcd by a long-tesen phoneme-labelling mechanism.

Introduction

The purpose of the present paper ts to examine the perceptual 1esolution of single
formant, complex formant and interpolated speech-based stimuli. 1t is generally
ackowledged that performance is influenced by memory factors (e.g., Macmiltan et
al., 1988, Schouten and Van Hessen, 1992) and it is, therefore, expected that the
increased speechlikeness of the stimulus affects the discriminability and identifiability
of sounds that are labelled similarly. In the present paper we first examine whether the
stimuli of the seven-item single, complex, and interpolated (speech-based) continua

Partly published in cliopicr 8 of the first auther's Ph.B -thesis “Perceiving dynamic
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can be classified consistently as either /b/ and /w/ or /d/ and /j/ in a one-interval 2-

_ AFC task (in the absence of the release bursts and voice bars the vocalic transitions
related to the plosives /b/ and /d/ also sound like the semivowels /w/ and /j/, because
they have similar trajectories). Next, we examine discriminability of the different
kinds of speechlike sounds. Comparison of the classification and discrimination data
should give insight into the underlying processing strategies. [t is expected that
listeners cannot discriminate between those sounds that are retrieved from the same
class of sounds from Jong-tem memory; for these stimuli perception is based less on
acoustical cues than on linguistic experience. However, the less complex the sound
the less speechlike it sounds, and the less likely is the reference to long-term memory
storage. It is expected that discrimination of these less speechlike stimuli is based
more on acoustical cues.

Phoneme labels are evident response labels for the complex formant and
interpolated speech-based stimuli, however not for the single formant stimuli; despite
the speechlike features, subjects probably perceive the one-formant stimuli just as
rising or falling transitions. We did use speech labels though for the single formant
stimuli as well. as the subject would otherwise have to be trained to use various
difterent response alternatives. :

It is examined whether the classification scores depend on the position of the
transition. We have found that listeners are significantly more scnsitive te final
transitions than to initial ones (Van Wieringen et al., 1993, submitied), but this
(sensory) difference may not appear in a more cognitive task. [tis also examined how
stimulus identity depends on the direction of the transition. For the /a/-like stimuli the
transition direction changes halfway. creating a potential natural division between /b/-
like and /d/-like stimuli (figures l1a and [c). The change in transition direction cannot
cue the /u/-like stimuli in a similar manner, as they already change after the first
stimulus for the complex formant stimuli (figure id). The transitions of the single
formant /u/-like stimuli all have the same direction per continuum (figurc [b). The
subjects are required to use existing speech labels, such as /b/ and /d/ for both the
single, the complex, and the interpolated speech-based CV-like and VC-like stimuli.
The classification task as used here does not measure how well the lisiener can label a
sound, but how consistent the subject is at categorizing the different sounds. The
responses are not right or wrong.

The 30-ms single and complex formant syllables, and the interpolated /b/-/d/-like
stimuli were classified in a one-interval 2-AFC task by 15 subjects (most of whom
were inexperienced).

Stimulus generation
General parameters

The single and complex formant transitions are abstract representations of vocalic
transitions of stop consonants in speech stimuli. They vary in offset or onset (hence:
endpoint) frequency at a fixed 30-ms transition duration, and are either preceded or
followed by an 80-ms /a/-fjike or /u/-like formant pattern. Together with the
interpolated natural speech-based syllables six seven-syllable continua, varying along
the bilabial-to-alveolar dimension, were generated for each of the two formant
patterns. [n the following section the (generation of) stimuli will be described in more
detail for each condition separately.
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Fermant synthesis

The single and complex CV-like and VC-like syllables were generated by a digital
formant synthesiser (Weenink, 1988). A 110-Hz pulse was used as glottal source. To
ensure a precise generation of these fermant transitions the stimuli were sampled at
1.2 MHz. After low pass fillering, they were downsampled to 20 kHz (16 bit
resolution). The formant frequency values were updated every 1 ms. Although the
first period of the stimulus always started on a zero crossing, all stimuli were preceded
and followed by a 2-ms cosine window 1o avoid clicks. The forimant bandwidth was
proportional to the changing forimant frequency (10%). The stimuli were generated
real-time by means of an OROS-AU22 DSP board with D/A converter.

The singfe formant syllables had 30-ms transitions, preceded or fellowed by 80-ms
stationary portions {(figurcs la and 1b). The first-formant and second-formant
transitions of the complex stimuli were also 30 ms, preceded or followed by an 80-ms
steady-state. A stationary third formant, and a 20-tns voice bar were added to make
the stimuli sound more speechlike (figures 1c and 1d). The fixed F1-transitions of the
complex syllables rose or fell from 220 Hz 1o 750 Hz and the F3 was fixed at 2760 tz
for the /a/-like stimuli, whereas the F1 changed from 226 Hz to 330 Hz (and v.v.) for
the /u/-like stimuli. The F3 of the /u/-like stimuli was fixed at 2208 Hz. The single
formant transitions as well as the second-fermant transitions of the complex stimuli
varied in endpoint frequency at a fixed transition duration. The step size in cndpoint
frequency, either 100 Hz (single} or 150 Hz (complex), was the average diffcrcnce
limen in frequency for the single and complex termant stimuli (Van Wieringen and
Pols, submittcd). Although the ditference limens as found in that earlier study depend
strongly on the posilion of the transition and on its frequency extent. a fixed step size
was chosen per stimulus lype te lirnit the numnber of variables in the design. The
transitions of the single syllables varied in endpoint {requency frorn 950 Hz to 1550
Hz in steps of 100 Hz each (figures la and 1b) and those of the complex syllables
varied from 750 Hz to 1650 iz in 150 Hz steps each (figures Ic and 1d). The
transitions preceded or followed a steady-state with either an /a/-like or /u/-like
formant pattern. For the C/a/-like and /a/C-like stimuli the steady-state frcquency was
1300 Hz, for the C/u/-like and /u/C-like stimuli it was 800 Hz. 1n total. etght seven-
item continua were generated by varying the endpoint frequencies of the transitions in
ininal and final position.

a lal-like 1550 Hz b Jul-like
1450 Hz
1350 Hz
1250 Hz
1150 Hz
1050 Hz
950 Hz

1300 Hz

800 Hz

Figures | /b, Schematic representation of the /u/-like (a) und /ui-like (b) single fermam
stimuli in inilal and final posilien, The inter-stimulus step size is 108 Hz. The transitions
are 30 ms, and the steady-states 80 ms (not te scale).
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Figures 1c/d. Schematic representation of the /a/-like (¢) and /w-like (d) complex (vitnant
stimuli in initial and final position. The inter-stimulus step size is 150 Hz. The transitions
are 30 ms. und the steady-srates 80 ms (not (e scale). The transitions of the complex
formant $timuli were preceded or followed by a 20-ms voice bar in initial and final
position, respectively (oot shown).

Interpolated speech-based stimuli

To proceed to more speechlike conditions, we examined, in addition to the (ormant
stimuli, identification of speech stimuli. The speech-based stimuli were created by
interpolating the spectral envelope (Van Hessen, 1991) of two natural endpoints, e.g.,
/bal and /da/ (figure 2). The original /bu/, /da/, fab/, fads, /ou/, /du/. Jub/, and /ud/
stimuli were segmented from CVC tokens pronounced by a native Butch male
speaker (FO of about 110 Hz). Stimuli were digitised with a sample frequency of 20
kilz (cut-off frequency of the low-pass filter was 4.9 kHz; slope 96 dB/oct). All
syllables were segmented to be 100 ms.

Four contirua (/ba/-/dal/, /fab/-/ad/, /bu/-/du/, and /ub/-/udf) were created by
interpolating the spectral envelope of two stimuti. This was done as {ellows: The two
signals are divided into 25.6-ms frames, which arc each multiplied by a hamming
window (the frame is shifted forward by a quarier of the window). For each frame the
peaks m the specttum are estimated by means of a fourier transforznation (fifty peaks
for a spectrum ranging between 0-5080 Hz). Next, the amplitudes, frequencies, and
the phases of the peaks of adjacent frames (of the two stimuli) are interpolated in a
linear manner. The interpolated pacts of the two st imli are marked by placing the
cursor at the beginning of the voice bar and at the end of the first period for the
iransition m initial position {(or at the beginning of the last period and at the end of the
voice bar for the transitions in final position). ®nly the portions between the lines,
approximately 35 ms. were interpolated, although the entire signal is divided into
frames, mulliplied by a hamming window, and recenstructed with the modified
spectral envelopes. In this way stimulus quality remizins equal over the whole signal.
In all the continua, the syllables were interpolated in the direction from /b/ to /d/, so
that the interpolated stimuli contained the source characteristics of the /b/. In initial
and final position the original syllables clearly sounded /b/-like or /d/-like. Contrary to
the CV-syllables, VC-syllables contained no burst, only a short 20-ms voice bar
(because the burst usually follows after a 60-ms voice bar).
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Figure 2. Example of two orifinal stimuli, /ba/ and /da/, (rem which a stitnulus
continuum 18 created. The part between the lines, i.e., between the beginning of the voice
bar and the end of the lirst period, is intecpolated.

Procedure and subjects

Fifteen normal hearing subjects classifted the single and complex transitions
preceding or following the /a/-like and /u/-like formant patterns in four separate
sessions (vowel imbres were not mixed). The subjects were untrained: training was
not required smce the physical cues measured in the classification task do not
approach the borders of the auditory system. Table I lists the subsets under test. The
first two sets contained either the /af-like or the fu/-like single and complex formant
svllables. Both sets contained six subsets of randomised continua. each with nine
repetitions of each of the seven stimuli. The first two subsels consisted of single
formant transitions in initial and final position, respectively, followed by the complex
formant syllables in Lthe third and fourth subscts. The single formant transitions were
repeated in the last (wo subsets, as they hardly sounded as phonemes. but rather as
chirps (subsets $ & 6). Subjects were told that the single syllables would be difficult
to perceive as phonemes, but that they had to listenn whether the stimulus contained
more /b/-like or /d/-like properties. The first two subsets (subscts | & 2) were not
taken into account.

The test lasted approximately 25 minutes. All subjects remarked that the cemplex
syllables were easier (o classiy than the single syllables and that the single und
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complex forimant transitions were easier 10 classify in final, rather than in initial
position. Also, most subjecls found the /u/-like transitions more difficult to classify
than the /a/-like ones, presumably because Lransition direction could not be used as a
perceptual coe. Moreover, single-formant /u/-tike transitions were not perceived as
/u/-like, but rather as /a/-like by many listeners (we leamed this from the subjects after
the test. since the actual vowel did not have to be classified). This is not se strange, as
the second formant of an /u/-like stimulus approximates the first formant of an /a/-like
stimulus.

Finally, the interpolated /a’-like and /u/-like speech stimuli were classified on two
separate occasions (subscts 7 & 8). Subjects generally found the interpolated CV
syllables easier to classify than the VC enes. presumably because the former
contained a release burst. All of them also found the natural /a/-like syllables easier to
classify than the /u/-like ones.

Table 1. Diffcient subsets in the classification ask. The vowel nmbres were held
scparately, as well as the position of the trapsition for the single and coinplex formant
stimuli. The single fonunt stimui were classilicd twice; however, subsets 1 and 2 weee
disregarded for analysis. Each stimulus was repeated ninc titnes for each ol the 1§
subjects. '

Set Subsecls
I 2 i 4 5 f ? £

inialftinal /af.like single  single complcx complex single  single

1

2 inhialfinalfuf-like single  single cemplex complex single  single

3 initwlftinal fa-like interpelate  interpolated
4 initlal/final fuf-like — interpolated interpolated

All sets of randomised continua were classified in an interaclive, self-paced,
procedure. Subjects were seated in front of a terminal on which two alternatives were
displayed, one square indicating 'b' or 'w' and he other indicating 'd* or 'j'. Although
the stimuli were mostly pcrceived as plosives (as a result of their short durations) the
semivowels were added to the response sets, because they are also likely responses for
those stimuli that lack the characteristic voice bar or release burst. By pressing the
rightmost mouse key. subjects heard the stimulus twice, they then could give their
response by clicking the left mouse key on one of the two response squares. Alt
stimuli, including the single formant transitions, were classified as b'-'w* or 'd™-'j'. At
the beginning of each subset, subjects were informed about the pesitien of the
transition {either preceding or following the steady-state). Ten practice trials preceded
every set of test trials to familiarise the subject with the stimuli.

Results

On average, each of the seven single, complex, and interpolated stimuli is classified
consistently as /b/ or /d/. Even the one-formant stimuli contuin sufficicnt infermation
o allow subjects to group the stimuli into two phoneme classes. A fully factorial
analysis of variance with formant patterns (/a/ & /u/). stimulus type (single formant,
complex & speech-based), position (initial and final) and stimulus number as fixed
factors was performed on the percentage /b/-responses (which are complementary to
the /d/-scores). Swatistically, there were no significant effects or interactions. The
transition direction in the signal changes for the /a/-like stimuli between stimuli feur
and five, and for the complex /u/-like stimuli between stimuli one and two (see figure
1}. The effect of transition direction, however. 1s not reflected in the response curves.
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The classification functions arc discussed below sepaiately for the single. complex
and speech-based siimuli. They are based on 135 responses per sumulus {15 subjeclts
x 9 responses per stimulus per subject).

Results single transitions in initial and final position
The average classification functions of the single /a/-like and /u/-like syliables in

initial and final position are shown in figure 3a. The percentage of /t/ or /df responses
is plotted on the y-axis as a function of the seven different stimuli.

Sirlrglg‘irnitilal:/a/ . Single - final -/a/ ____ Single - initial - /u/ Single - final - Au/

%100

<

B | 1t

[

2

3 /bl Wb |} AV,

= 50

=]

(1]

c

g |

(& ]

s o

s R | S| | o O o

] [ = ] N

YrIEREETE fIfziEI RFPEZEEZE pEpRRREY
82888888 28338238 8883888 2888398
o -'-::'"v—v—'- ou’v—:v—v—v—v—
yignfan "EORWLNE A g5 SIS
II:::EI 25 25785 a5 A5 0S oooogc SC Bc ac|ac ac pc
S23232333 o£828s888 9233888 8z3sssss
SSCUBEE 80888 E e s A SIS 23 @

Figure 3a. Classi{ication {unclions of the /al.like and Av/-1ikc single formant 1ransitions in
initial and (1nai posiion. The data, which arc based on 135 responses per poinl. are
plotted in terns of the parcentage of ¥ or /d/ responses as a funcuon of the stinali.

Although the single formant transitions arc difficult to perceive as spcech sounds,
most ef them arc classified consistcntly as /b/ or /d/. Generally speuking, listeners
reported that the CV-like svliables werc more difficult te classify than the VC-Jike
ones, and that the /a/-like ones were easicr to classify than the /u/-like ones in the
present condition (slatistically not significant). Altheugh the subjects reported that
they were able le differentiate the /u/-tikc stimuli, but that they had to guess the
choice itself (/b/ or /df). none of the classification functions secm 1o be reverted.
Despite individual differences, the average functions arc comparable with respect 1o
the cross-over point for the single /a/-like and /u/-like syllables. Transition directionis
nol a necessary cue 1o categonse single-formant stimuli into phoneltic classes: the
direction of the transition does not change at the cross-over points in our single
{ormant continua (figure la/b)

Results complex syllables in initial and final position

The mean identification functions of the complex /a/-like and /u/-like syllables in
initial and final position arc shown in figure 3b. ft is suggested that the endpoint of the
transition is an iroportant cue ler plosive classification, as the endpoint stimuli of the
complex /a/-like stimuli are identified !00% of the time as /b/ or /d/ (an endpoint
between 700 Hz and 900 Hz is a good cue for /b/ and between 1500 (2 and 1650 Hz a
good one for /d/). The frequency cxtenl, i.e,, the difference between the initial and
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final frequency, may be perceptually important too, apart from the endpoint of the
transition.
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Figure 3b, Classification functions of the fal-like and fu/-like complex formant tm ositions
in tnitigl and final position. The data, which ase based on 135 responses per point, are
plolied in terms of the percentage of A or /d! responses as a funcilon of the stimuli.

Transiuion direction is probably not a very important perceptual cue because the
subjects' responses for the /a/-like as well as for the /u/-like stimuli change abruptly
between the 4th and 5th stimul:, whereas only the /a/-like stimuli. not the /u/-}ike
ones, change direction at that point. The individual plots of the complex /u/-like
syllables display slightly more variability than those of the /a/-like stimuli (not
shown): two subjects identified all the complex formant /u/-like stimuli of one
continuum as belonging to onc category (one in initial pesition. the other in final
position). [t is not clear what causes the discrepancy (i.e., the higher uncertainty in
classifying the /u/-like stimuli), as the variation does not seem to be related to a
particular bias (such as /b/ before /w/). Moreover, most of the subjects are able 10
classify the syllables consistently.

Results interpelated speech-based syllables in initial and final position

The average classilication funciions of the interpelated /ba/-/dat-like. /bu/-/dul-like,
/ab/-/ad/-like, and /ub/-/ud/-like stimuli in initral and final position are plotted in
figure 3c. The intespolated speech-based stimuli are just numbered on the abscissa
from 1-7 because the exact acoustical parameters are too numerous to specify. The
/af-like plots show that none of the listeners have any trouble in partitioning the
responses into the two phonetic categories in initial or final position. Although the
release bursl was absent 1n final position, a bilabial or alveolar transition was clearly
perceived. The same subjects performed poorer on the speech-based /u/-like stimuli,
especially in initial position. It was expected that the subjects would be biased
towards cesponding /b/ before a rounded vowel. However, the individual figures show
that alveolar and bilabial cucs were heard equally often (not shown here).

Both the CV and the VC transitions of the interpolated stimuli contain sufficient
information to consistently classify the syllables as /#/ or /d/.
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Figure 3¢. Classification funcuens of the /allike and N-like intezpolated speech-based
formant transitions in inuial and tinal position. The dasa. which are based on 135
responses per point, are plolted o 1icrms of the perceniage of /b or /d! cesponses as a
funclion of the stimuli,

Comparing physical and perceptual spacing

In the classification experiment [isteners respond with either 'b' or 'd’ by comparing
the stimulus with an (internal) criterion. These stimuli, at least the formant-bascd
ones, are physically cqually spaced on the continua. It is of iuterest to know how the
stimuli are spaced perceptually, i.c., how sensitive listeners are to adjacent stimuli and
how sensitivity compares fer the different kinds of stimuli. The perceptual spacing
between adjacent stimuli is estimated by computing the cumulative d' of lhe
classification responses of the seven different stimuli per centinuum. The cumulative
d’ is the sensitivity distance between any stimulus and stimulus one {Macmillan and
Creclman, 1991). The total sensitivity, i.e., the sum of these distances, indicates the
listener's performance over the entire stimulus set.

Cumulative ¢"is comnputed by transforming the percent correct responses ('b" or 'd’)
into z-scores (for computation see Appendix B in Van Wieringen. 1995). d’ is the
difference between z-scores, and cumulative d' 1s the perceptual distance between a
certain stimulus and stimulus one. Cumulative ¢’ of the last stimulus is equal to total
d’. Figurc 4 presents the perceptual spacing between the different kinds of /a/-like and
fu/-like stimuli in initial and final posttion. Data are calculated from the average
classification functiens. The plots show that many of the stimuli are not equally
spaced perceptually. Compare the perceptual spacing of the single. complex, and
intetpolated /a/-like stimuli in initial position. The perceptual spacing for the single
transitions is largest between stimuli two and thiee, while the biggest step is between
stimuli three and four, and four and five fer the complex and interpolated stimuli. The
boundary between the two stimuli, 1.e.. the fargest spacing, also differs for the two
formant patterns: for tnstance, the complex /u/-like simuli in initial position show a
relatively large perceptual spacing between stimuli threc and feur, while the complex
fu/-like stimuli in final position show the larger space between stimuli four and five.

Total sensitivity also varies per condition. Total d' indicates how sensitive listeners
are with respect to the entire stimulus continuum. Figure 4 shows that tetal sensitivity
(0 the /a/-like stimuli in initial position increases as the stimuli become more complex.
This is not the case in final position, where the stimuli of the continuum are spaced
further apart perceptually. The total &' of the single, complex, and interpolated stimuli
is high (the maximum of 6.5 is made 1o correspond to 108% /b/ or /d/ responses).
Listeners appear 10 be less sensitive te stimulus changes of the different /u/-like
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stimuli than to changes of the diflcrent /a/-like ones, because the perceptual spacing
between the /a/-like stimuli is larger than between the /w/-like ones. The relatively low
total d’ of the single, complex, and interpolated /u/-like stimuli confirms the remarks
made by the subjects that the /u/-like stimuli were more difficult to classify than the
/a/-like ones.

Discrimination experiments clearly showed that listeners are more sensitive 10
changes in final transitions than in initial ones (Van Wteringen et al., 1993,
submutted). It was expected that the piesent classification expeliments would not vield
such a strong initial-final effect, as the acoastically different stimuli had 10 be
categorised into two predetermined categonies. In such a task the difference in
sensitivity does not seem to be relevant anymore.

The sigmoids of figures 3a, 3b, and 3c show that listeners can classify the stimuli
consistently, despite some individual differences. They do not show whether listeners
are more capable of classifymmg the stimuli in final position. rather than in initial
position. Figure 4, however. does show that sensitivity to the single and complex /a/-
like stimuli 1s greater in final than in initial position, suggesting a perceptual
difference between CV-like and VC-like syllables. This does not seem to be the case
for the /u/-like syllables, as the perceptual spacings and the total d's of both the CV-
like and VC-like stimuli appear to be equally large. As the CV and VC speech-based
stimuli are perceptually similar, the initial-final etfect probably results from the
subject's ability to listen analytically to the acoustical changes of the /a/-like formant
transitions in final position.
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Figure 4. Cursulative d° as a function of the seven stimuli, for the single. complex. and
spcech.based stimuli scparatel  Although the (formant) stimuli are cqually spaced
physically. they are not always equally spaced perecptually. The slope and the total o'
tells us how rapidly the perceptual effect grows with stimulus value, i.e., how sensitive
the listencr is to stimulus changes.

The classification experiments show that the single, complex. and the interpolated
speech-based stimuli can be classified consistently as /b/ or /d/. even the single
formant tr nsitions. which would probably not have been labetlled as ‘b’ or 'd’ by
choice. In our experiments the classification functions of the single stimul; are similar
to those of the complex ones, in that the number of correct Mo/ or /d/ responses 1s
largest at the endpoints and approaches chance level in between. However. although
spesech labels are used in both stimulus conditions, it is not clear whether the single
stimuli (and the complex stimuli) arc perceived categorically in a discrimination task.
Although just noticeable differcnces in endpoint frequency had heen calculated to
determine the physical spacing bctween the seven-ilem formant continua,
discrimination data were also collected of the single, complex, and speech-based
stitnuli in an ABX-paradigm.
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I'redicted discrimination of
single, complex, and interpolated speech-based stimuli

Categorical perception of speech stimuli implies that reference is made in memory to
existing speech labels, and that, therefere, disctimination of physically equally spaced
stimulj is at chance level for those stimuli that are labelied similarly and is higher than
chance for those stimuli that are labelled into different categories (see figure 5). It is
expected that the complex and speech-based stumuli. which sound much more like
natural speech sounds, are perceived categorically while the singie formnant Iransitions
are perceived analytically.

Discrittunation data of the speech-based stimuli are also of interest from a sensory
point of view: the discriminability of these stimuli is not known, as the physical
properiles of these stimuli cannot be controlled as systematically as in synthetic
stimuli. As the physical spacing of the intetpolated speeeh-based conuinua is not based
on difference limens in frequency the perceptual spacing of these continua may differ
from those of the formant :stimuli,

Figure 5 illustrates with data from our classification experiments how classification
and ABX discrimination are related to each other. In the classification experiments
subjects listen to one stimulus at a time, after which they label them with ene of the
prescribed alternatives. In the ABX discrimination task two sumuli (A and B) are
offered and then a third one (X), which is either A or B. The subject has to indicate
whether X equals A or B. The mcasure of discriminability is the percentage of the
time that X is correctly ‘identified’ as A or B. In figure S the dashed discrimination
function is predicted e classification data of one of our subjects (for computation
see Appendix E in Vin Wieringen, 1995), wiiile the measurcd discrimination function
(solid line) illuslrates the actual discriniinability ef that subject. Under the hypothesis
of categorical perceplion discrinination is at chance level within the categories and
higher than chance level al the cross-over boundaries. Actual discrimination is better
than predicted and the cross-over boundary (peak) is shifted from stimuli 4-5 to
stivnuli 3-4.

2-AFC cla ification 1-step ABX discrimination
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Figure 5. The plots illustrate the refaton between the classificau’on and discrimination
data (of an individual subject in our study). The dashed discrimination function in the
right-hand plo is predicted from the classification sigmoid in the left-hand plot (Pollack
and Pisoni, 1971). Under the hypothesis of categorical prrception stimuli are
digcriminaled at chance level when they arc classified similarly, and 1hey are well
discriminuble when they arc classified into different classes. The solid discrimination
function illustrates the cxperinental data of the sane subject: stitnuli <re discriminaled
higher than chance level within the categories and the measured houndary between lhe
two classes differs front the one predicied from the classificiition data.
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Measured discrimination of
» single, complcx, and intcrpolated speech-basced stitnubi

[t is generally acknowledged that acnuw! discrimination is better than predicted
discrimination: within-category performance is higher than chance level and across-
category perfosmance ts higher than predicted (for an overview see Repp, 1984).
Listeners use aceustical cues, both wtthin and across phoneme boundaries, to
dif ferentiate between the stimuli.

Te ¢cxamiine the relation between classiticatien and discrimination in more detail,
discrimination data ef trasned subjects were collected by means of the ABX paradigm.
[he discrimination test was first performed with the 13 naive subjects of the
classification tesis (to have a one-to-one relationship between classification and
discrimination). However, resulls were unreliable, as there were too few data points
per subject and we were not able to collect more data from these naive subjects, To
test whether discrimination functions vary for the different Kinds of stimuli, five
subjects were trained for a short period of time, and the test was repeuted.

The physical step size between the fermant stimuli is apprepriately chosen lo be
somewhat larger than the ‘true' difference limens in frequency. From a psycho-
acoustical point of view listeners should be equally sensitive to acoustical differences
w the single or the complex formant continua if the step size is similar in a relative
sense. This should also be the case in the ABX discrimination task, although the
difference limens are somewhat poorer thun in a saume/different paradigm, which
hardly requires memory strain (e.g., Saslew, 1967). However, a different pattern of
results is expected if cognitive processes deminate sensory ones: it is then extremely
difticult to apply an analytical listening strategy and to differentiate between the
different stimuli of the continuum. Discrimination of the interpelated speech-based
stimuli may be based on a long-term phoneme memoly mechanism. as the natural
quality of the sound is probably important for categorical perception (see also
Scheuten and Van Hessen, 1992).

The issue now is whether discrimination of single, complex and interpolated
stimuli is based on sensery differences or en a phoneme labelling mechanism. These
experiments are also of interest with respect to the discriminabitlity of the interpolated
speech-based stimuli. As the exact physical properties of these stimuii are unknown,
diffevence limens in frefuency cannot be detennined.

Stimuli and procedure (ABX)

The stimuli were the same as the enestested in the l-interval 2-AFC expertments, i.e.,
the 30-ms /a/-like and /u/-like transitiens with stead y-state of the single, complex, and
speech-based stimuli in initial and final position. Five subjects, who had also
participated in the classification experiment, were tested individually sn & guiet room.
Three subjects listened to the /u/-like stimuli, three to the /a/-like (one of the six
subjects listened to both fermant patterns). Fellowing the previous experiments they
were seated in frent of 4 terminal and heard thice stimuli ever Sennheiser headphenes
at a cemfortable fevel The inter-stimulus time between the three stimuli was 508 ms.
By clicking the appropriate response square on the monitor, they could indicate
whether they considered the third stimulus to be tdentical to the lirst or to the second,
after which three new sttmuli were generated. No feedback was given during the test.
There were six different cenditions for each sub ject (single, complex, and speech-
based stimuli in initial and final position). After u short training pcriod. each of the
four combinations per stimulus pur (ABA, ABB, BAA, BAB) was repeated 235 times,
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resulting in |00 observations per stimulus pair per subject. All conditions were testcd
separatcly. The tests, which were preceded by ten test triads, lasted approximately 10
minutes. Subjects were paid for participating.

Results: ABX discriminati'on functions

Figure 6 illustrates the 1-step ABX-discrimination functions and the classification
sigmoids. averaged over the six sub jects and two formant patterns/a/ and /u/, together
with the predicted discrimination function (based on the average classification
sigmoids of these six subjects). The disceaminatien results are plotted in terms of
percentage coirect as a function of one pair of stimuli (one pair is averaged over
ABA, ABB. BAA, and BAB). The two most stiiking 1esults are ) that the predicted
and measured functions differ markedly and 2) that categorisation, if any, depends on
stimulus complexity and on the position of the transition. In general. subjects are
more able to discriminate between subsequent pairs of stimuli than predicted from the
classification sigmoids. Compared to the predicted functions, the experimental ones
yield higher percentage cerrect sceres.
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Figurc 6. Classificalion sigmoids. predicted discrisunat’on (dashed) and mecasured
disctimination functions (solid) {er the single, complex, and inteipolated sumuli in initial
and final position, Data arc averaged over the six trained listcoers and the (wo forinam
patterns (/&/&/w). The stimuli are indicated on the abscissa (the discrimination data apply
(o pairs of stimuli).

Evcn when they show a clcar perceptual beundary, perf emmance is never at chance for
these stimuli that are classiticd to the same categery, and the acress-category peak is
higher than predicted. The more cemplex the stimulus, Lhe mere the perceptual
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continuurn scems to be divided into two categories. However, categorisation does not
only depend on the stimulus complexity, but also on the position of the transition.

Compared to the single formant stimuli, more prominent peaks occur with the
complex fermant stimuli in initial position. In [inal position most subjects lail to hear
two different percepts: the experimental response functions are flauer than in initial
position. The present ABX ones show thal listeners are capable of applying an
analytical listening strategy to most of the stimuli. The more the stimuli sound like
phoncmes (or possibly any other kind of iong-term prototypes), the more difficult it is
to perceive them analytically. ®ur data show this to be the case for the complex
fermant tiransitions in initial position and lor the interpolated speech-based stirnuli in
initr'al and final position.

The 1-step ABX-discrimination functions of the six subjects are plotted separately for
each of the six stimulus conditions in figure 7. Each plot illustrates the individuai
discrimination performance, togcther with the subject’s predicted discrimination
function. S1 to S3 discriminated the /a/-like stimuli and S4 to Sé the /u/-like ones.
These plots also show that the mecasured discrimination functions of the formant
stimuli rarely show clear peaks indicating pheneme boundaries. Although categorics
seem to emerge with increasing complexity of the stimulus, it must be kept in mind
that the physical spacing between the seven speech-based stimuli is not detesimined by
ditfercnce limens, so that within-category discrimination may be auoditorily
impossible. Somec of the discrinu'nation functions of the single sumuli yield very high
percentage correct rcspenses (for instance, 85 and S6 in final position). These
listeners were capable ot applying (and maintaining) an analytical listening strategy:
their perforinance approached the (difference) threshold level determined in the
same/different AX paradigm (Van Wieringen and Pels, submitted). Recall that the
physical spacing between the stimuli was slightly larger than the difference limens in
frequency (10@ Hz for the single stimuli and 150 Hz for the cetnplex stimuli).
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Figure 7. Wiscrimination [unclions of the singlc, complex, and speech-huscd slinuli in
inilial and final positions, Euach plot illusicates the sctual perfermance (solid) vl ene
subject Legether with 1ts predicicd (dashed) funcion fer one sumulus cenditien. S| 10 S3
disceiminated the /al-like stimuli and S4 16 S6 the /w'-like ones.

Comparison predicted and measured discrimination functions

A fully-factorial ANOVA was performed on the percentage correct discrimination
scorcs of the experimental and predicted conditions. The fixed factors were
predicted/measured. formant paticrns (/a/ & /), position of the transition (initial &
final), stimulus type (single, complex, interpolated speech-based), and stimulus
number (6). The statistical analyses showed feur significant main effects, namely
prcdicted/measured [F(1, 288) = 504.2, p < 0.001], position of the transition [F(l,
288) = 21.9, p < 0.001], stimulus type [F(2, 288) = 12.0, p < 0.001], and stimglus
nutmber {F(3, 288) = 26.4, p < 0,001}. The following first-order interactions were
significant: predicted/measured x transition position [F(1, 288) = 26.9, p < 0.001],
predicted/measured x stimulus type [FF(2, 288) = 19.5, p < 0.001}, and stimulus type x
stimulus number [F(18, 288) = 5.5, p <0.001). There were no significant higher-order
interactions. The statistical analyses confinn our findings that performance depends
on the complexity of the stimuius and the position of the transitions, and thal
discriminability s based on more cues than prcdicted from the assumnption of ‘absolute
categorisation’. The data are compar-able for the /a/-like and /u/-like formant patterns
(statistically n.s_}: perfermance does not depend on the dif[erent transuion directions.

As a result of the large number of factors, statistical analyses were also conducted on
the predicted and measured discrimination functions separately.

In the predicted condition, stimulus number (6) was the only significant main
elfect [FF(5. 48) = 327.4, p < 0.001]. Neither transition position nor stimuius type were
statistically significant.
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Jo the measured condition, the three differcnt stimulus types were analysed
separately. The single formant transitions werc statistically significant with regard to
transition position (initial-final) [F(l, 48) = 29.7. p < 0.001], and {formant pattern {F(],
48) = 11.4, p < 0.001). Statistical analyses of the complex formant stimuli showed
transition position [F(1, 48) = 11.5, p < 0.001] and stimulus number [F(5, 48) =3.6, p
< 0.05] te bc statistically significant, while those of the interpolated speech-based
stimuli showed only stimulus number [F(5, 48) = 9.6, p < 0.001}, not transition
position to e statistically significant. There were no significant first-order
mteractions. In the next section we will discuss the cues undertying perception of
single, cemplex and interpolated stinwuli.

The measured discrimination data clearly yield better performance than predicted
under the hypothesis of categorical perception: within catcgories, performance is
highcr than chance level, and acress categories performance is higher than predicted
from the classification functions. The significant main effect ‘sumulus type' indicates
that singie, complex, and speech-based stimuli are discriminated differently. Tt is not
expected that there are different processing strategies that operate independently from
each other, but rather. that there are different levels of processing. The level of
processing depends on both stimulus complexity and task. For instance, in a
same/dilferent discrimination task listeners are capable of applying an analytical
listening strategy to the complex formant stimufi. In the ABX task the complex
stimull may also be perceived analytically, but long-term phoneme fabels may also
influencc discrimination.

The physical spacing between the single and complex [ormant stimuli are based on
the difference limens in endpoint frequency. If both the single and the complex
stimull were perceived similarly, their discrimination functions should be comparable
with respect to within-category and across-category discrimination. However, the
discrimination functions of the complex fermant transitions are more categorical than
those of the single formant stimuli, although there are not always peaks at the
phoneme boundaries. Tt is hardly expected that the single formant transitions,
although speechlike, elicit pheneme fabels frem long term memory. Rather, the single
transitons are more likely to be perceived as rising or falling glides. As subjects can
listen attentively to the stimulus changes. auditory sensitivity is sctter for the final
than for the initial single formant transitions. The high performancc may also result
from the step size being somewhat too large for these stimuli (the step sizc was based
on an average difference limens in endpoint frequency).

@®nce the transitions arc incorporated into a multy'-formant speechlike soand, the
F2-transition is perceived more categorically (either because the additional parameters
hinder analytical perception or because the stimulus is complex enough io elicit
phoneme labels). Auditory perception stil influences discrimination of the complex
stiniukl when the varying parameters are perceived very clearly, as is the case when
the transition is in final position. As the step size between the stimuli is similar for
both the initial and the final seven-item continua {(cempare discrimination data of Van
Wieringen et ai.. 1993 with step size in figure 1) discrimination between the VC-like
stimull seems to be casier than of the CV-like sounds. This was also found for these
stimuli in the same/different AX task. The more complex the stimuli the more
comparable the predicted and measurcd discrimination functions (the factor
predictcd/ineasured remains statistically significant). Therefore, it is possible that
phoncimnic labelling influences the perception of the intcrpolated speech-hased stimuli,
although acoustical cues also contiibute 1# their discruninability.

Biscrimination is considered to be comparable for both the /a/-like and the /u/-like
formant pattcrns. The statistically significant interaction between subjects and formant
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pattern is explained by the relatively bigh discriminatien functions of one of the

sub jects (subject 5).

Perceptual spacing of ABX data

To examine the perceptual spacing of the different kinds of speechlike stimuli in the
ABX discrimination experiment the 1esponse frequencies are computed in terms of
d'ABX (Macmillan and Creelman, 1991, for calculan'on see Appendix F in Van
Wieringen. 1995) The hit and false alarm rate probabilitz es of adjacent pairs of stimuli
along the continuum are converted into d's, under the assumptions of normal
distributions and equal variance. Figure 8 tllustrates the d° of the three sub jects per

stimulus type.
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1n the case of categorical perception discriminability should be similar, for instance at
a_d’ of 1.8, for those stimuli that are classified into the same category and it should
then be higher than 1.0 for those stimuli that belong to ditierent categories. Following
figures 6 and 7 performance varies considerably: the data show no clear evidence of
categorical perception. @nly the data of the interpolated speech-based stimuli show
peaks, suggesting phoneme boundaries (and possibly long-term phoneme cues). The
single formant stimuli with /u/-like transitions in final position show increased
sensitivity compared to the ones with transitions in initial position, with d’s of 5.0!
Yet, sensitivity for pairs ef stimuli in final position also varies considerably: compare
the performance of the three subjects of single /u/-like stimuli in final position.

Piscussion

In daily communication acoustically different realisations can be perceived as the
same phoneme. However, this does not necessarily mean that perception is based on a
long-term phoneme labelling mechanism and that listeners cannot discriminate
between stimuli that belong to Lthe same category. The present experiments have
shown that ABX discriminability of CV.like and VC-like formant stimuli and
interpolated speech-based stimuli is based more on an analytical than on a labelling
mechanism if the listener is capable of listening attentively to minor physical changes.

The less complex the stimulus the more capable the listener is of applying such an
analytical strategy. Instead of /b/ or /d/ they probably make use ef a larger rangc of
alternatives, be it speech (/b/ /w/, /1/. /}/) or nonspeech (rising, leve), etc.). This does
seem to be the case with the interpolated spcech based stimnuli. Generally speaking
their discrimination functions comespond to the ones predicted from the classificati'on
sigmoids. It is possible that the properlies of these sounds are recovered from long-
terrn memory and/or that the stimulus cemplexity docs not allow analytical perception
due to masking effects of other cues. In our experiments even the most complex
stimuli are discrimi'nated on the basis of acouslical cues: within-category pertormance
is higher than chance lcvel and across-category performance is better than predicted
[rom the classifiication functions. It is expected that il [eedback had been given during
the experiment, subjects would havc become even more aware ol the acoustical
differences. The ABX lask requires a larger load on the memory than the AX one
(e.g., Saslow, 1967), as the listener must make the double comparison of A to X and
Bt X.

General discussion

Two expcriments were performed to examine how stimuius complexity, alfected the
perception of short and rapid transitions. The data suggest that perception of the
speechlike stimuli is determined by a sensory mechanism rather than by a mechanism
that extracts phoneme labels from long-term memory. In the AX discrimination lask
(Van Wieringen ef «f., 1993, submitted), the listener compared and listened for
differences between two stimuli presented in close temporal proximity. The listener
was able to attend to the both the single and the complex stimuli in an analytical
manner, because the task merely required a same/different judgement.

Analytical perception depends on the task and on the stimulus complexity. It was
expected that long-term memory would interfere in the ABX discrimination
paradigm, especially with the complex and intetpolated speech-based stimuli, and that
this would hinder analytical perception. This was not the case: in our study perception
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was dominated by sensory factors, possibly because the formant stimuli were not as
natural as speech sounds (Schouten and Van Hessen, 1992). However, the
interpolated speech-based stimuli did not show clear evidence of categorical
perception either. Contrary to the data of Schouten and Van Hessen (1992) which
showed calegorical perception for the consonants (not for the vowels), our speech-
based data failed to show an equivaience between discrimination and phoneme
labelling. Yel. although the peaks and valleys in the disciimination tasks can probably
not be explained in terms of phoneme labelling behaviour, auditory sensitivity is not
the same for the different kinds of stimuli of the continuum. Otherwise all the
response functions such as in figure 7 would have been flat (as is the case with some
of the single stimuli in final position).

Two factors can account for the diffeiences in sensitivity: 1) categories result from
sensory nonlineasities os 2) categories can be iegarded as perceptual anchors m a
temporary contexi-coding memory (Macmillan et al. 1987, 1988; Schouten and Van
Hessen, 1992).

As for the first point: our psycho-acoustical experiments give no evidence of
sensory nonlinearities (Van Wieringen et al, 1993, 1994, submitted). Auditory
sensitivity depends on transition duration, transition position and. to some extent, on
rate-of-frequency change. However, the data show no enhanced discrimination at
frequency loci of /b/ or /é&/ stimuli. Therefore, sensory resolution of stimuli of one
continuum that have the same transition duration and transition position should be the
same (relatively small differences in frequency extent hardly affect discriminability,
Van Wieringen and Pols, subnitted).

As for the second point: if our formant stimuli are not natural enough to be
retrieved from long-terin memory, they could be retrieved from a temporary conlext
coding memory that is crcated threugh training and feedback. Local maxima in
sensitivily may occur near the exiremes because the distance between the input and
the anchor (a prototype) is ¢stimated (the greater the distance the less accurately the
perception of the stimulus). Perceptual differences occur as a result of the listener's
inability to remember the stimuli precisely or a decay of the input as a function of
time (Van Hessen and Schouten, 1992).

The more complex the stimulus, the more additional stimulus components seem (o
mask the varying transition under test (the less available the discriminative cues).
Although it js not really possible to extrapolate a perceptual continuum between the
formant stimuli and the interpolated speech-based ones. the lack of a perceptual
equivalence between classification and discrimination leads us to conclude that
perception of the speech-based stimuli too is influenced more by acoustical cues than
by long-term memory.

Physical properties. such as the diffeience in frequency extent or the initial-final
effect, remain perceptually salient in the speech paradigms with the simple stimuli,
because perception of these stimuli is least affected by masking (there are, for
instance, no other fonnant fiequencies). Some of the single fermart stimuli even yield
similar results in the present ABX paradigm as in the same/different AX one (Van
Wieringen and Pols, submitted). The ABX paradigm can also retlect basic sensitivity,
although discrimination performance will be somewhat poerer due to a larger memory
load.

Our study does not deny the role of linguistic experience in perception, it merely
demonstrates that the perception of the stimuli in our experiments is strongly
influenced by acoustical properties and that it is not necessarrly based on speech-
specific knowledge. More psycho-acoustical and speech perceptual research with the
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most natural possible sounds are necessary to gain a thorough understanding of the
processes underlying perception.
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