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Frequency and duration discrimination of short first-formant 
speechlike transitions 

Astdd van Wieringen and Louis C. W. Pols 
Institute of Phonetic Sciences, Universit• of /lmsterdarn, Herengracht 338, 1016 CG /lmsterdarn, 
The Netherlands 

(Received 2 $uly 1992; revised 29 April 1993; accepted 30 August 1993) 

Frequency and duration discrimination thresholds of short rising and falling one-formant 
speechlike transitions without a steady state were determined by means of same/different paired 
comparison tasks in two experiments. When frequency extent is varied (experiment 1 }, just 
noticeable differences decrease with increasing transition duration. Expressed in Hz, thresholds 
are, on average, 70, 63, and 58 Hz for 20, 30, and 50 ms, respectively. However, when transition 
duration is varied at a constant frequency extent (experiment 2 }, difference limens increase with 
increasing duration and are, on average, 2.7, 4.5, and 4.9 ms for standard transitions of 20, 30, 
and 50 ms, respectively. The thresholds determined in the two experiments indicate that 
different psychoaeoustieal cues are used depending on whether final frequency (experiment 1 ) 
or transition duration (experiment 2) are varied. Both experiments were performed at two 
different frequency regions (between 200 and 700 H2 and between 500 and 1000 Hz), but the 
results did not differ per region. In addition, no significant differences were found between rising 
and falling transitions. Particular attention was paid to a methodological issue, viz., the extent 
to which sensitivity changes as a result of different proportions of catch trials. It was found that 
the listeners maintained the same response strategies throughout the tests, as their performance 
is similar, irrespective of the number of catch trials included in the testing sessions. 

PACS numbers: 43.71.Es, 43.66.Fe, 43.66.Mk 

INTRODUCTION 

Following an acoustical description, speech formant 
frequencies characterize the time-varying changes of the 
vocal tract. Of the continuously changing formant frequen- 
cies the relatively slowly changing ones are perceived as 
vowel-like, whereas relatively rapid changes in frequency 
are important acoustic cues for the perception of conso- 
nants. 

In order to understand the auditory principles under- 
lying speech perception it is necessary to determine the 
sensitivity of the hearing system for the relatively slow, as 
well as for the faster transients. The sensitivity to possible 
cues for vowel perception has been closely examined in the 
literature by determining the just noticeable differences in 
frequency, duration, loudness, and timbre of long and 
short stationary stimuli, ranging from sinusoids (Moore, 
1973; Feth, 1974; Jesteadt and Bilger, 1974; Jesteadt and 
Sims, 1975; Jesteadt et al., 1977; Wier etaL, 1977; Fastl, 
1978; Fasti and Hesse, 1984; Tyler et al., 1983; Nelson 
et aL, 1983) to speech formant stimuli (Flanagan, 1955a,b, 
1957; Fairbanks and Grubb, 1961; Danaher et al., 1973). 
The discriminability of cues for consonant perception is a 
more complex issue, not only because it involves an addi- 
tional factor, i.e., transition rate, but also because the 
short, rapid, consonantlike glides (between 20 and 50 ms) 
have a broader bandwidth than the longer ones. In addi- 
tion to this, as one dimension (e.g., frequency) of a glide 
always coyaries with another one (e.g., duration), it is very 
difficult to isolate the auditory properties on which a sub- 
ject's response is based. Discrimination can be based on 

transition rate, (end point) frequency, average frequency, 
duration, bandwidth, or a combination of such parameters. 
Interpretation of restfits becomes even more complicated 
with more speechlike stimuli, when fundamental frequency 
and additional varying resonances are involved. 

To avoid some of the complexities associated with 
speechlike stimuli, many studies have measured the just 
noticeable differences in frequency and duration of tone 
glides (Sergeant and Harris, 1962; Pollack, 1968; Nfib•lek 
and Hirsh, 1969; Nfib•lek etal., 1970; Nfib•lek, 1978; 
Tsumura et al., 1973; Fujisaki and Sekimoto, 1975; Ar- 
linger et al., 1977; Gardner and Wilson, 1979; Collins and 
Cullen, 1978; Collins, 1984; Cullen and Collins, 1978, 
1982; Tyler et aL, 1983; Sehouten, 1985, 1986; Dooley and 
Moore, 1988a,b; Aslin, 1989; Cullen et al., 1992). Com- 
parison of these difference limens with those determined 
from stationary stimuli should give insight into the percep- 
tual cues used in the discrimination of long and short dy- 
namic stimuli. The issue is more complex, however, as 
difference limens determined from glides of the same du- 
ration show that transition rate affects discrimination dif- 

ferently, depending on whether frequency extent is varied 
at a constant duration (frequency discrimination) or du- 
ration is varied at a constant frequency extent (duration 
discrimination). In the present study we are interested in 
the discrimination of short, rapid transitions with more 
speechlike properties. This may improve our understand- 
ing of the perception of synthetic speech, and also that of 
some consonants in natural speech. In the next two sec- 
tions, frequency (Sec. A) and duration (Sec. B) discrimi- 

502 J. Acoust. Soc. Am. 95 (1), January 1994 0001-4966/94/95(1)/502/10/$6.00 ¸ 1994 Acoustical Society of Amedca 502 



nation of short and long tone and formant glides will be 
reviewed. 

A. Rate-of-change discrimination and frequency 
discrimination 

Discrimination of fixed-duration glides changing in 
frequency may depend on various physical properties, such 
as (center) frequency, frequency extent, glide duration, the 
presence or absence of steady state(s), transition direction, 
and task. Because of the large number of the potential 
sources of information involved, it is impossible to draw 
firm conclusions about relevant auditory constraints. Fur- 
thermore, because of the interdependence of frequency, du- 
ration, and transition rate, it remains unclear whether dis- 
crimination is based on the sampling of end points, or on 
the differences in rate (sampling of different points in a 
glide), or on the difference between the initial and final 
frequencies. 

Although frequency discrimination improves with in- 
crease of duration due to an increase in processing time 
(N•b•lck et aL, 1969, 1970; Tsumura et aL, 1973; Dooley 
and Moore, 1988b; Elliott et aL, 1989, 1991; Porter et al., 
1991 ), the perceptual cues underlying discrimination may 
vary with transition duration. Whereas discrimination of 
relatively long glides, containing "sufficient" spectral infor- 
mation, may be based on pitch or timbre cues, that of short 
(<50 ms) glides may rely more on rate of frequency 
change, with difference limens improving as rate of fre- 
quency change increases (N•b•lek et al., 1969, 1970; Por- 
ter etaL, 1991). Difference limens in frequency of short 
formantlikc transitions in which rate of frequency change 
varies, range between 7.5 and 8.5 Hz/ms for 30-ms tran- 
sitions and between 1.0 and 3.75 Hz/ms for 60-ms ones 

(Elliott et al., 1989, 1991; Porter et aL, 1991). 
Several studies have examined the discrimination of 

complex stimuli to determine whether, and to what extent, 
psychoacoustical properties found with tone glides also ap- 
ply to more complex stimuli. Due to the large number of 
variables, firm conclusions are difficult to draw. Some find- 
ings are discussed below. 

First, frequency difference limens of formant transi- 
tions (Danaher etal., 1973; Mermclstein, 1978; Horst, 
1982, 1989; Schouten and Pols, 1989; Cosgrove etaL, 
1989; Elliott etal., 1989, 1991; Porter et aL, 1991) are, in 
general, similar to those of tone glides, i.e., they also de- 
crease with increase of transition duration. The modulation 

discrimination thresholds determined by Horst (1982, 
1989) are comparable to those of stationary pure tones 
(1%-3.5%). However, relatively large differences are 
found for those transitions varying in a multiformant com- 
plex: The just noticeable differences of the second formant 
in 250-ms two-formant consonant-vowel combinations 

(Danaher, 1973) appeared to be 3%-4% of the reference 
frequencies (1100 or 2200 Hz), whereas those determined 
by Mermelstcin (1978) in five formant synthetic stimuli 
ranged from 9%-14% of the formant frequency. 

Second, dynamic cues influence discrimination of for- 
mant glides, as the frequency thresholds for 120-ms tran- 
sitions were smaller than those of 300-ms stationary sounds 

(Elliott et aL, 1989). This difference between stationary 
stimuli and glides is larger than the one determined with 
experiments using tone glides (Dooley and Moore, 1988b), 
either as a result of the complexity of the stimulus or be- 
cause the 750-ms glides of Dooley and Moore (1988a) 
were much longer than the 120 ms on,• of Elliott et al. 
(1989). 

Third, a rise/fall effect may disappe•,r with more com- 
plex stimuli. Schouten and Pols (1989) performed discrim- 
ination experiments between exponentia.ly rising and fall- 
ing, rising and level, and falling and level band sweeps 
(with and without a steady state) of various rates and 
durations in 4-IFC paradigms. Contrary to the experi- 
ments with tone glides (Schouten, 1985), there was much 
less tendency to perceive level and slowly rising band 
sweeps, centered at 1300 Hz, as falling. When the band 
sweeps started or ended at 1300 Hz Iwith or without 
steady states) the results show no evidence of the asym- 
roetry between falling and rising sweeps. Discrimination 
improves with increase in duration for stimuli moving to 
and from 1300 Hz, and, on the whole, also with increase in 
rate. 

Despite this difference between tone and formant 
glides, the relationship between the complexity of the stim- 
ulus and the rise/fall effect is not clear (NAb•lek and 
Hirsh, 1978; Collins and Cullen, 1978; Cullen and Collins, 
1982; Schouten, 1985, 1986; Pols and Schouten, 1987; 
Moore et al., 1989; Porter et al., 1991; Cullen et al., 1992). 
No significant differences were found by N•b•lek and 
Hirsh (1969), nor by Arlinger et aL (1977) when perform- 
ing experiments with sinusoids. Neither did Elliott et al. 
(1989, 1991 ) find different thresholds in frequency for ris- 
ing or failing second-formant transitions, with and without 
a plateau. Porter et al. (1991), however, obtained smaller 
difference limens in frequency for falling seeond-formant 
transitions than for rising ones. Their data suggest that the 
relatively high-frequency region affects ,discrimination of 
transitions. 

In conclusion, discrimination of transitions varying in 
frequency and duration cannot be explained solely as a 
function of transition duration nor of fi'equency extent. 
Together with transition duration, discrimination depends 
on the changing dimension, namely transition duration or 
frequency extent, the kind of stimulus, the presence or 
absence of a steady state, and the direction of the transi- 
tions. Although difference limens increase with stimulus 
complexity, discrimination of tone and formant glides ap- 
pears to be based on similar psyehoacoustical cues. A key 
question, therefore, concerns the extent t• which discrim- 
ination is affected by the changing dimension, i.e., fre- 
quency extent, transition duration, and ,specially transi- 
tion rate, as the latter varies in both experiments. In 
experiment 1, discrimination of fixed duration transitions is 
examined. In the next section discriminate.on of tone glides 
varying in duration at a constant frequency extent will be 
reviewed. 
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B. Rate-of-change discrimination and duration 
discrimination 

The ability to discriminate differences in the rate of 
change of glides by varying the duration of stimuli with a 
constant frequency extent, (Pollack, 1968; Nfib•lek and 
Hirsh, 1969; Dooley and Moore, 1988a) involves a cova- 
fiation of rate of change and duration. As the difference in 
time required for temporal discrimination increases as the 
standard time increases (Creelman, 1962; Abel, 1972), it is 
difficult to determine whether discrimination is based on 

temporal or on spectral cues, or on a combination of both. 
Different psychoacousfical cues are involved in the dis- 
crimination task depending on whether frequency extent or 
transition duration are varied together with transition rate. 
Thresholds for this duration condition also increase with 

increasing duration. Relatively few studies have compared 
frequency and duration conditions. With infants, Aslin 
(1989) found larger difference limens for glides varying in 
transition duration than in frequency. However, the exper- 
iments differ in task and stimulus type (a steady state was 
added in the duration condition). 

Dooley and Moore (1988a) compared discrimination 
in duration for relatively long steady and gliding sinusolds 
(standard: 750 ms). By asking listeners to indicate the 
longest stimulus of a pair, they took advantage of the co- 
variation between duration and rate of change. Smaller 
difference limens were found for dynamic than for station- 
ary stimuli, suggesting that glide rate was used as an extra 
cue in their experiments. 

In order to prevent listeners from using the total du- 
ration of the transition as a cue, some studies allow the 
transition to be preceded or followed by a steady state 
(Pollack, 1968; Nfib•lek and Hirsh, 1969; N•b•lek et al., 
1970; Tsumura et al., 1973; Arlinger et al., 1977; Collins, 
1984; Aslin, 1989; Schouten and Pols, 1989; Elliott et aL, 
1989; Porter et al., 1991). However, listeners may still be 
able to detect differences in the durations of the glide, 
thereby making use of other cues than glide rate. In addi- 
tion to this, the steady state may also interfere with the 
discrimination of glides. Tsumura et al. (1973) measured 
frequency discrimination as a function of transition dura- 
tion and steady-state duration and found thresholds, espe- 
cially those of short transition durations, to increase with 
decreasing plateaus. In experiment 2 difference limens of 
isolated single formant transitions are determined to exam- 
ine psychoacoustic cues for glides varying in transition du- 
ration. 

C. Present study 

The present experiments are part of a study dealing 
with the perception of dynamic formant glides, in particu- 
lar short stop-consonantlike transitions. The first-formant 
transitions of voiced plosives in natural speech rise and fall 
between approximately 220 and 700 Hz at a relatively high 
rate of change. In this study, the perceptual importance of 
transition rate as a cue to the discrimination of transitions 

is examined. As transition rate always covaries with fre- 
quency extent or transition duration, just noticeable differ- 

ences for these short transitions will be determined in this 

study by varying the frequency extent, at a constant dura- 
tion (experiment 1), as well as by varying the transition 
duration, at a constant frequency extent (experiment 2), in 
two separate experiments. 

Although difference limens of various durations and 
frequency extents have already been determined (see Sec. 
A), those of short and rapid (plosivelike) formant transi- 
tions not bounded by plateaus have not been examined 
extensively. Whereas most studies include short and long 
transitions, we focus on short durations only (20-50 ms). 
In addition to this, difference limens of short formant tran- 
sitions, varying in transition duration at a constant fre- 
quency extent, have not yet been reported in the literature. 
In speech, end point frequency typically signals place of 
articulation, whereas transition duration signals manner of 
articulation. However, within a short durational range the 
difference limens in both conditions can be compared: The 
first formant transition is similar for stop consonants. In an 
attempt to get more insight into the psychoacoustical cues 
used in the processing of short transitions we have used 
stimuli that differ from those of Dooley and Moore (1988) 
in that they are shorter (20-50 ms), and more complex. 
Unlike N•b•lek and Hirsh (1969), Elliott et al. (1989, 
1991 ) and Porter et al. ( 1991 ) we examined the first for- 
mant region. In speech, the first formant transitions of the 
stop consonants lb/, /d/, and/g/are generally similar 
when they precede or follow the same vowel. Two fre- 
quency regions were chosen, in one the first formant tran- 
sitions are typical of stop consonants (between 200 and 700 
Hz), in the other (between 500 and 1000 Hz) the pattern 
does not correspond to any linguistic category. Both fre- 
quency regions are relatively low, so that thresholds would 
not be expected to differ on the basis of the difference in 
frequency. However, it is possible that discrimination is 
influenced by a linguistic reference. Also, three different 
frequency extents (330, 430, and 530 Hz) are examined 
per testing region to determine whether transition rate af- 
fects discrimination of transitions of the same duration. 

Thresholds of both rising and falling transitions were de- 
termined in our study to examine whether the presence or 
absence of a rise/fall effect is correlated with transition 

duration (20, 30, and 50 ms), stimulus complexity, fre- 
quency region, or absence of a steady state. 

In summary, discrimination in frequency (experiment 
1) and duration (experiment 2) of relatively short, for- 
mant transitions are examined, of which, unavoidably, ei- 
ther the endpoint frequency or the transition duration co- 
vary with rate. This should reveal whether similar 
psychoacoustical cues are used in the two conditions and 
whether thresholds per condition are comparable with re- 
spect to direction, rate of frequency change, and frequency 
region. Furthermore, the extent to which sensitivity and 
response bias are separated, is examined by comparing the 
subjects' performance for different proportions of catch tri- 
als (18.75%-81.25%) included in the testing sessions. 
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I. GENERAL METHOD 

The just noticeable differences in transition rate were 
measured by varying the frequency extent at a constant 
duration (experiment 1), and by varying the transition 
duration at a constant frequency extent (experiment 2). 
Thresholds of rising and falling transitions were measured 
as a function of transition duration, frequency extent, and 
frequency region. Difference limens were collected by 
means of the method of constant stimuli in a same/ 

different procedure. A same/different task does not require 
the listener to recognize a specific feature of the signal, 
such as transition direction. This would be a very difficult 
task at very short durations, where listeners hardly even 
perceive the glide. In the method of constant stimuli the 
number of stimuli is predetermined by the experimenter, 
and the sequence of trials does not depend on the subjeet's 
response. Although time-consuming, this method yields an 
accurate estimation of the listener's sensitivity when taking 
the responses to catch trials (physically identical pairs of 
stimuli, which are intermixed in the testing session; ex- 
pected response is "same") into account. If analyzed by 
the theory of signal detectability (TSD, Egan et al., 1966, 
1975), the subjeet's bias (which is present in all psycho- 
physical procedures) can be separated from his sensitivity. 
In order for bias and sensitivity to be separated, two as- 
sumptions have to be met, i.e., that the data are normally 
distributed and of equal variance. The extent to which 
these assumptions are satisfied is exanfined by including 
varying proportions of catch trials in each testing series. 

A. Stimuli 

One-formant linear rising and falling transitions were 
generated by a digital formant synthesizer on a/zVAX II 
(KLINKERS, Weenink, 1988). The glottal function (a 
pulse train) was held constant at a (fundamental) fre- 
quency of 110 Hz. The formant bandwidth was always 
10% of the changing formant frequency. Two frequency 
regions were examined. The onset frequency of the rising 
transitions (or the offset frequency of the falling ones) was 
either 220 or 520 Hz. 

Six different standard trajectories, three per frequency 
region (extents of 330, 430, and 530 Hz), and three differ- 
ent transition durations, 20, 30, and 50 ms were tested. 
These transition durations are typical of stop-consonant 
transitions in speech. Depending on the condition, either 
the frequency or the transition duration of the standard 
trajectory was changed. The rates of frequency change of 
rising and falling standard transitions is given in Hz/ms in 
Table I. Compared to Porter et al. (1991), whose rates of 
frequency change were 10, 5, and 2.5 Hz/ms for 30, 60, 
and 120 ms, respectively, our rates of frequency change are 
deliberately somewhat higher, because of the shorter tran- 
sition durations. 

To ensure a precise generation of these formant tran- 
sitions, the formant frequency values were updated every 1 
ms at a sample frequency of 1.2 MHz. After low-pass fil- 
tering, they were downsampled to 20 kHz (at a 16-bit 
resolution). A 2-ms Hamming window at both end points 
(1 ms for the 20-ms transitions) was used to avoid clicks, 

TABLE I. Transition rates (in Hz/ms} of standard stimuli in the fre- 

quency and duration conditions for rising and falhng transitions. 

20 ms 30 ms 50 ms 

220-550 Hz 16.5 Hz/ms 11.0 Hz/ms 6.6 Hz/ms 
520-850 Hz 

220-650 Hz 21.5 Hz/ms 14.3 Hz/ms 8.6 Hz/ms 
520-950 Hz 

220-750 Hz 26.5 Hz/ms 17.6 Hz/ms 10.6 Hz/ms 
520-1050 Hz 

even though the first period of all the stimuli started on a 
zero crossing. The stimuli were then added to the center of 
150 ms of low-level white noise (signal-to-noise ratio of 
approximately 50 dB) to minimize external auditory fac- 
tors. Due to the different transition durations the amount 

of noise preceding and following the transition varied. The 
16-bit stimuli were transferred from the/zVAXII to an 
IBM-PC. They were presented using an OROS-AU22 
D/A converter (the measured signal-to-noise ratio of the 
total system is 92 dB). 

B. Stimulus characteristics 

I. Frequency condition: Varying transition rate by 
end point frequency 

In experiment 1 discriminability in transition rate of 
rising and falling transitions was determined by varying the 
frequency extent (at a fixed initial frequency). The transi- 
tions were not bounded by plateaus. We investigated 
whether detection of differences in rate of frequency tran- 
sitions was frequency dependent by determining difference 
limens in two different frequency regionts. Transitions in 
the lower frequency region are similar to the first-formant 
transitions of voiced plosives (Liberman et aL, 1956), be- 
tween 220 and 750 Hz, whereas those in the higher fre- 
quency region, between 520 and 1050 Hz, have no linguis- 
tic reference. Frequency extents and rates of frequency 
change were identical across series. Each series consisted of 
18 standard transitions, i.e., fixed transitions, which were 
compared to comparison transitions of the same duration, 
but varying frequency extent. Figure I illustrates some of 
the stimuli in one of the transition durations, i.e., 30 ms, 
for both series, schematically. 

Although the rate of frequency change is faster for 
shorter than for longer transitions, the difference in step 
size in Hz/ms is the same for each of the three frequency 

220 Hz o• $20 Hz • • • 
30 ms 30 nt• 30 ms •0 ms 30 ms 30 ms 

FIG. 1. Illustration of stimuli in the frequency condition for a standard 
transition of 30 ms (dashed) with a yawing final ficquency. 
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extents per transition duration. Each standard transition 
was compared to stimuli of a higher and lower rate of 
frequency change. 

Randomized sets of discrete stimuli covering a range 
of 200 Hz below and above the standard transition in steps 
of 10 Hz, served as test blocks. A 200-Hz frequency range 
(40 stimuli in total) was chosen to include a number of 
readily discriminable stimuli in the testing sessions. Testing 
sessions containing the longest transitions were usually 
considered more difficult, presumably because the differ- 
ence in rate is much smaller with the longer than with the 
shorter transitions. Every block of randomized stimuli was 
balanced in that each stimulus was presented twice, once 
before and once after the standard transition, resulting, in 
total, in 80 responses per standard stimulus per testing 
session. 

All the transition duration and direction conditions 

were tested separately. However, to avoid listeners focus- 
ing on one standard transition only, two standard transi- 
tions, differing only in frequency extent, were included in 
one testing session. This was possible as some standard 
transitions had similar testing ranges. For instance, a 220- 
550 Hz and 220-650 Hz were tested together, with a test- 
ing range varying from 220-350 Hz to 220-850 Hz. Each 
testing session included a new order of randomization. 

At least 20 responses were collected for each standard- 
comparison pair of transitions. When the comparison tran- 
sitions higher and lower than the standard transition are 
added together, there are at least 40 responses for each 
frequency deviation, i.e., for each difference between the 
end point frequencies of the standard and comparison tran- 
sitions. These were collected for three frequency extents, 
three transition durations, and two transition directions, 
from each of four subjects. In total, nearly 3000 responses 
were collected for each standard-comparison pair in the 
200-Hz range (40 responses X 3 frequency extents X 3 tran- 
sition durations X 2 transition directions X 4 subjects). 

In addition to this, the sets of randomized stimuli in- 
cluded a proportion of catch trials. The number of these 
physically identical pairs of stimuli, which were added to 
the standard-comparison pairs, varied per testing session. 
With regard to the total number of physically different 
trials, there were five different percentages of catch trials, 
i.e., 18.75%, 25.0%, 37.5%, 50%, and 81.25%. These 
were randomly interspersed in the testing session. 

2. Duration condition: Varying transition rate by 
duration 

Transition rate was also varied by changing the tran- 
sition duration for a constant frequency extent. As in the 
frequency condition, thresholds in experiment 2 were once 
again determined as a function of direction, fixed frequency 
extent, frequency range, and transition duration (20, 30, 
and 50 ms). 

The same final frequencies were examined as in the 
frequency condition, i.e., 550, 650, and 750 Hz in the first 
series, and 850, 950, and 1050 Hz in the second series. 
While the frequency extent remained the same, transitions 
now differed in steps of 1 ms each. The testing range was 

Rising 

750 Hz o• 1050 Hz 
650 Hz m'950 Hz 
550 Hzor g50 Hz 

10or20 
msec in 
lm• 

step• 

Failing 

FIG. 2. Illustration of stimuli in the duration condition for a standard 

transition of 30 ms (dashed) at either 550 or 850 Hz. 

10-ms above and below the standard transition for the 

20-ms stimuli, and 20 ms for the 30- and 50-ms transitions. 
Some of the stimuli used in this condition are illustrated 

schematically in Fig. 2. The testing procedure was exactly 
the same as in the frequency condition. Transition dura- 
tions were tested separately: Two different standard tran- 
sitions, differing only in transition duration, not in final 
frequency, were included in one testing session. Catch tri- 
als were added and intermixed with the physically different 
pairs of stimuli, but the number of physically identical 
pairs of stimuli was not varied systematically. One fixed 
percentage, i.e., 37.5%, was used throughout the test. 

The number of trials varied per testing session, de- 
pending on the testing range. As in the frequency condi- 
tion, at least 20 responses were collected for each trial 
having higher and lower rates of frequency change than the 
standard transition. Once again these were collected for 
three frequency extents, three transitions durations, and 
two directions. 

As glide rate does not remain constant, but decreases 
with increasing duration, and temporal properties strongly 
influence discrimination, we also determined duration dif- 
ference limens of 50-ms stationary one-formant stimuli 
(whose frequency was endpoint frequency of the transi- 
tion). If glide rate is used as a perceptual cue, thresholds of 
the dynamic stimuli should be smaller than those of the 
stationary ones. As the differences in glide rate, decrease 
with increasing transition duration, 50-ms thresholds were 
compared to stationary ones. These stationary thresholds 
were collected from three subjects (who also participated 
in the frequency condition). They were determined in the 
same way as the difference limens of the dynamic stimuli. 

C. Procedure 

Blocks of trials were presented real time on a PC (16- 
bit resolution) in two or three 10-min sessions a day with 
short breaks in between. Subjects were seated in front of a 
terminal and heard two formant glides in noise successively 
at a comfortable listening level. By pressing the appropri- 
ate mouse key they were required to indicate for each pair 
whether it was the same or different. Following a response, 
two new stimuli were offered immediately. There was no 
feedback. Before the testing session they were told the pro- 
portion of catch trials, so that they could adjust their eri- 
teflon accordingly. 

The P(C)max (Egan, 1965) was calculated for each 
frequency extent. l Thresholds correspond to frequency de- 
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FIG. 3. Difference limens and standard deviations in the frequency con- 
dition expressed in transition rate (left panel) and final frequency (fight 
panel). Data are averaged over four subjects, two frequency regions, two 
directions, and three frequency extents. 

viations yielding a P(C)m• of at least 0.75. All conditions 
were analyzed separately. 

D. Subjects 

Thresholds of four normal hearing subjects were de- 
termined, two in the first and two in the second frequency 
region. All four subjects (aged between 22 and 34 years) 
participated in both the frequency and the transition dura- 
tion conditions. They received about 2 h of practice before 
data collection began. The subjects have absolute thresh- 
olds less than 10 dB HL at all audiometric frequencies. 
Two subjects were paid for their participation. 

E. Results 

Thresholds and standard deviations of rising and fall- 
ing transitions of the frequency and duration conditions 
(averaged over four subjects, two frequency regions, and 
transition durations) are plotted in Figs. 3-6. Thresholds 
in the frequency condition are plotted •n transition rate as 
a function of transition duration [Fig. 3 {a)], in terms of the 
difference in final frequency (Hz) as a function of transi- 
tion duration [Fig. 3(b)], and in transition rate (Hz/ms) 
as a function of transition rate as specified in Table I (Fig. 
4). 

In Fig. 3 (a), difference limens in transition rate are, on 
average, 3.4, 2.2, and 1.2 Hz/ms, and in Fig. 3(b) differ- 
ence limens in final frequency are 70, 63, and 58 Hz for 20, 
30, and 50 ms, respectively. A split-plot factorial ANOVA 
(Kirk, 1982} with frequency region (between blocks), 
subjects, transition duration, transition direction, fre- 
quency extent, and higher or lower rate of frequency 
change (within blocks) was conducted on the thresholds in 
final frequency (Hz} and transition rate (Hz/ms). The 
subjects factor was random, the others were fixed. There 
was a significant main effect of transition duration, for the 
transition rate thresholds expressed in Hz/ms [F(2,4) 
=98.3 p <0.001] and the final frequency thresholds in Hz 
[F(2,4) = 8.85, p < 0.005]. None of the other factors nor 
any of the interactions were statistically significant. 2 Ex- 
cept for the 20-ms condition, thresholds in final frequency 
are comparable with Elliott et al. (1989), who also mea- 

Frequency tltltlditittt! 

lB 20 
Transilion rate (Hz/ms 

3O 

FIG. 4. Difference limens and standard deviation:• in the frequency con- 
dition in terms of transition rate. The three points per transition duration 
reflect the three frequency extents (three transition rates, see Table I). 
Data are averaged over subjects, frequency regions, and transition direc- 
tion, but the three different frequency extents per transition duration are 
displayed separately. 

sured transitions without a steady state. The thresholds of 
the shortest transitions are lower than those of Elliott et al. 

( 1989:110 Hz, on average), possibly because we varied the 
final frequency and Elliott etal. (198!)) the initial fre- 
quency. Difference limens of 20-ms transitions could be 
determined reliably, despite their short durations. The 
thresholds are also in agreement with the difference limens 
in onset frequencies (Porter et al., 1991), although not 
with respect to the rise/fall and higherjqower rate effects 
reported in that study (for the transitions longer than 45 
ms). The results of the experiment are generally in agree- 
ment with a sampling theory of glide perception (Pollack, 
1968; Dooley and Moore, 1988b), which states that if sam- 
pling the end points underlies perception of glide discrim- 
ination, the thresholds should become Foorer as stimulus 
duration decreases. However, if transition duration is very 
short, listeners may not be sampling end points. Discrim- 
ination might be based on the differences in bandwidth, 
which is directly related to transition duration. 

To examine the perceptual imporutnce of transition 
rate, thresholds of the 20-, 30-, and 50-ms transitions are 
plotted as a function of their transition rates in Fig. 4. As 
one can see from the three points per transition duration 
(indicating three different transition rates, see Table I) the 
differences in transition rate per transition duration did not 
influence discrimination. If discrimination were solely 
based on transition rate, difference limens of the 30-ms 
transition with the smallest frequency extent would be sim- 
ilar to a 50-ms one with the largest freq Jency extent (see 
transition rates of 11.0 and 10.6 Hz/ms, respectively, in 
Table I). Also, it is expected that if discrimination were 
based on transition rate, lower rate transitions would yield 
smaller difference limens than higher rate ones per transi- 
tion duration. If discrimination were based on frequency 
extent only, difference limens would incn.•ase with increase 
of frequency extent per transition duration. If discrimina- 
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FIG. 5. Difference limens and standard deviations in the transition du- 

ration condition, averaged over frequency region, direction, and fie- 
quency extent. The difference limen of the 50-ms stationary stimuli is 
marked by a solid line. 

tion were based on final frequency, difference limens would 
be similar for the three frequency extents per transition 
duration (as the difference limen is defined as the differ- 
enee between the end points of the standard and compar- 
ison stimuli). For most of the transition durations, thresh- 
olds are nearly identical, suggesting that discrimination is 
based on the difference between the end points of the stan- 
dard and comparison signals, rather than on transition 
rate, 

By analogy with Weber's law, the ability to discrimi- 
nate temporal changes between intervals should decrease 
with increasing duration (experiment 2). Contrary to the 
difference limens in the frequency condition, thresholds in 
the transition duration condition (Fig. 5) increase with 
increase of transition duration. Averaged over the two fre- 
quency regions and three frequency extents, thresholds are 
2.7, 4.5, and 4.9 ms for the 20-, 30-, and 50-ms standard 
transitions, respectively (Fig. 5). A split-plot faetorial 
ANOVA with frequency region (between blocks) and sub- 
ject, transition direction, transition duration, and fre- 
quency extent (within blocks) was conducted on the dif- 
ference limens in milliseconds. Transition duration was a 

significant main effect, i.e., for the average difference li- 
mens [F(2,4) = 113.3, p < 0.001], for those shorter than the 
standard [F(2,4)----22.3, p<0.001], and for those longer 
than the standard [F(2,4} = 163.5, p<0.001]. There were 
no other significant factors nor significant interactions. 

Although the difference limens vary with transition 
duration, it remains unclear whether discrimination is 
based on temporal or spectral properties. Due to the tem- 
poral properties involved in this condition we also mea- 
sured difference limens of stationary 50-ms stimuli, of three 
subjects, to compare psychoaeoustical cues in both condi- 
tions. It is expected that if discrimination benefits from 
transition rate, difference limens of dynamic stimuli would 
be smaller. If not, one would expect them to be the same. 

Transition duration condition 

o 

I 

10 20 

ß [] 20 ms 

ß ¸ 3ores 
at- •i' 50ms 

30 

Transition rate (Hz/ms ) 

FIG. 6. Thresholds determined in the transition duration condition, ex- 
pressed in transition rate, for transitions shorter (untilled symbols) and 
longer (filled symbols) than the standard. Data are averaged over sub- 
jects, direction, and frequency region, yet plotted separately for the three 
different frequency extents (or transition rates) per transition duration. 

The most striking finding, however, was that the difference 
limens are larger in the dynamic condition than in the 
stationary one. Difference limens of stationary complex 
stimuli were measured at three frequencies (the end point 
frequencies of the transitions) for 50-ms standard stimuli. 
On average, thresholds were 3 ms in all conditions (Fig. 
5). 

To determine the perceptual importance of transition 
rate difference limens are expressed in transition rate of the 
comparison transitions as a function of the transition rate 
of the standard transitions in Fig. 6 (to be compared with 
Fig. 4 in the frequency condition). Data are averaged over 
four subjects, direction, and frequency region. Following 
the difference limens in the frequency condition, sensitivity 
increases with increase of transition duration. Compare the 
difference limens of 20-ms (squares), 30-ms (circles), and 
50-ms (stars) transitions. However, interpretation of the 
results in this condition is more complicated and therefore 
hardly comparable to those of the frequency condition, as 
the difference in slope does not remain constant per tran- 
sition duration, but decreases as the transition becomes 
longer, In other words, 20- vs 22-ms stimuli will be more 
difficult to discriminate than 18- vs 20-ms ones, not only 
because the temporal difference limen is larger (also for 
steady states), but also because the relative difference in 
slope is smaller. Therefore, the difference limens of the 
transitions shorter (untilled symbols) and longer (filled 
symbols) than the standard, were analyzed separately. The 
difference between the thresholds of the transitions longer 
and shorter than the standard increases with decrease of 

transition duration, due to the increase of transition rate 
and, subsequently, the increasing difference in the asym- 
merry of the slope (Fig. 6). It is difficult to determine the 
extent to which discrimination is based on temporal or on 
spectral properties in this condition. Transition rate may 
be an important psyehoaeoustieal cue, as difference limens 

508 J. Acoust. Soc. Am., VoL 95, No. 1, January 1994 A. van Wiefingen and L. C. W. Pols: First-formant transitions 508 



Transitiota duraticm ctmdition 

o 

s 

10 20 30 40 50 60 

Transition duration (ms ) 

FIG. 7. Thresholds determined in the transition duration condition, ex- 
pressed in transition duration, for transitions shorter (untilled symbols) 
and longer (filled symbols) than the standard. Data are averaged over 
subjects, direction, and frequency region. 

increase with increase of transition rate. Also, some thresh- 
olds, for which the standards have similar transition rates 
but different durations (see Table I), are very similar (due 
to the temporal thresholds, these difference limens will 
never be identical across transition durations). Compare, 
for instance, the thresholds of the 20- and 30-ms transi- 
tions, with transition rates of 16.5 and 14.3 Hz/ms, respec- 
tively. On average, their difference limens are 2 Hz/ms. In 
comparison with the thresholds determined in the fre- 
quency condition, the difference limens of the 50-ms tran- 
sitions are very small, i.e., on average, I Hz/ms. This cor- 
responds to a temporal difference of, on average, 5 ms (see 
Figs. 5 and 7), due to the small differences in transition 
rate for the longer transitions. It is not very surprising that 
difference limens increase with increase of transition rate, 
because the difference in transition rate increases with in- 

crease of frequency extent for the same standard duration. 
Compare the thresholds of the 30-ms transition with the 
smallest frequency extent and the 50-ms one with the larg- 
est frequency extent. They are relatively close to each 
other, between 1.0 and 1.5 Hz/ms, suggesting that spectral 
properties influence discrimination. However, as the differ- 
ence limen in transition rate of the 30-ms transition is 

much smaller than the 30-ms difference limens in final fre- 

quency (Fig. 4), it is more likely that discrimination is 
governed by temporal cues. It must be kept in mind that 
the temporal, as well the spectral differences are small, and 
that the frequency extent factor was not significant. 

Figure 7 illustrates the difference limens in transition 
duration for transitions shorter and longer than the stan- 
dard. Thresholds of the transitions shorter than the stan- 

dard (untilled symbols) are smaller than those longer than 
the standard (filled symbols), especially at 30 and 50 ms. 
In temporal differences, thresholds for the three frequency 
extents appear to be fairly similar (see Fig. 6). No differ- 
ences were found between rising and falling transitions. 

Apart from transition duration, no significant differ- 

ences were found statistically for transition direction, fre- 
quency extent or frequency region. Also, thresholds for 
stimuli having higher rates of frequency change than the 
standard are comparable to those having lower rates of 
frequency change than the standard (despite some individ- 
ual differences) in the frequency conditian. Discrimination 
experiments with formant transitions followed by a steady 
state (Porter et al., 1991 ) have shown difference limens to 
improve as rate of frequency change increases, possibly as 
a result of the relatively large extents of frequency change. 
By contrast, increasing or decreasing the extent of fre- 
quency change in our experiments affected discrimination 
similarly. 

F. Discussion 

The thresholds determined in the two experiments in- 
dicate that different psychoacoustical cues are used de- 
pending on whether final frequency (experiment 1) or 
transition duration (experiment 2) are varied. The thresh- 
olds determined for formant sweeps in our frequency con- 
dition are in agreement with Elliott et al., (1989,1991), 
and Porter et al. (1991) and for tone glides in agreement 
with Sergeant and Harris (1962), Pollack (1968), and Ar- 
linger et al. (1977). Discrimination of tone and formant 
glides clearly benefits from an increase of processing time, 
i.e., when the transitions become longer (Dooley and 
Moore, 1988a,b; Elliott etal., 1989, 1991; Porter etal. 
1991 ). With shorter transition durations, between 20 and 
50 ms, discrimination may be based on rate of frequency 
change (Porter et al., 1991 ). However, no support for rate 
cues was found in our experiments, where similar thresh- 
olds were determined for transitions incrementing and dec- 
rementing in transition rate. 

Apart from transition rate, discrimination can also be 
based on frequency or bandwidth cues. Consider the spec- 
trum of a signal, which is a function of duration. The signal 
bandwidth increases with decreasing transition duration, 
and this can be an important factor limiting frequency dis- 
crimination in short duration stimuli. It, other words, the 
spectral bandwidth of a 20-ms signal is approximately 50 
Hz. The formant bandwidth of the varying formant was 
always 10% of the formant frequency. With short transi- 
tion durations, it is unlikely that initial or final frequencies, 
for falling and rising transitions, respectively, serve as per- 
ceptual cues. The 20-ms transitions hardly seem to be per- 
ceived as glides. Discrimination is more likely to be based 
on the differences between initial and final frequencies of 
the two stimuli or on the differences in bandwidth, both of 
which are related to each other. 

When transitions vary in transition duration, as in ex- 
periment 2, temporal, as well as spectral properties are 
used. The shorter the transition, the better the temporal 
resolution of the auditory system, as difference limens in- 
crease with increasing transition duration (Fig. 7). Dis- 
crimination is, to some extent, also based on transition 
rate, as some transitions having similar rates but different 
durations yield similar thresholds (Fig. 6). However, it is 
unlikely that spectral differences of less lhan 1 Hz/ms are 
perceived at 50 ms. In our study it seems as if spectral 
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properties hamper discrimination, as the thresholds for the 
stationary stimuli are smaller than the dynamic ones. 

Difference limens were similar for the three frequency 
extents per transition duration, the two frequency regions, 
and for rising and falling transitions. Results of N•b•lek 
and Hirsh (1969) indicate that the extent of frequency 
change influences discriminability. Best thresholds are 
achieved at small glide rates for small frequency differ- 
ences, and at high rates for large frequency differences. 
Frequency extent did not influence discrimination in our 
tests, possibly because all our glide rates were high (see 
Table I), and differences among frequency extents and 
transition rates were relatively small. This may also explain 
why the different frequency extents in the transition dura- 
tion condition do not influence discrimination. For a small 

frequency interval N•b•lek et al. (1969) found discrim- 
inability to be better at 30 than at 10 ms. In terms of 
milliseconds, our data show smaller thresholds at the 
shorter durations (but this involves a relatively large step 
in transition rate). 

The lack of a consistent difference in results between 

rising and failing transitions agrees with N•b•lek and 
Hirsh ( 1969}, Arlinger et aL (1977), Dooley and Moore 
(1988), Elliott et al. ( 1989, 1991 ), and Schouten and Pols 
(1989) who also failed to find differences between rising 
and falling frequency changes. Porter et al. ( 1991 ) argue 
that that the rise/fall effect is due to the difference in rel- 

ative temporal sensitivity of critical bands in the lower or 
higher frequency regions. Critical band units in the higher 
frequency region (above 2000 Hz) have better temporal 
resolution than those in the lower frequency region. In this 
line of thought, a rise/fall effect would not be expected in 
our study: The frequencies of our transitions are well below 
2000 Hz. Discrimination is similar in both frequency re- 
gions, although the transitions in the lower region corre- 
spond to the first-formant transitions of voiced piesives and 
those in the higher frequency region have no linguistic 
reference. 

The durations used in the present experiments resem- 
ble stop consonants in speech. Assuming that our data are 
correct and that there are no rise/fall, or higher rate/lower 
rate effects at very short durations, then the perception of 
stop consonants rising to and falling from targets should be 
similar. The discrepancy between CV and VC transitions 
(Collins, 1984} could be brought about by (masking of) 
the surrounding vowel context, not by the transition itself. 
Our future research will focus on the perceptual relevance 
of physical properties of one-formant transitions in a su- 
prathreshold paradigm. Subsequently, more complex stim- 
uli, i.e., those involving two or more formant transitions, 
will be tested in psycheacoustical and speech-perceptual 
experiments. 
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•The maximum proportion correct, P(C}•, is obtained through a trans- 

formation of the d' associated with the stimulus-response matrix (Mac- 
millan and Creelman, 1991 ). This bias-free measure of sensitivity is pre- 
ferred to d', as small differences in probability values are easier to 
compare than small differences in d'. 
2The same/different psychephysical procedure is analyzed directly within 
the context of a decision-theory model. It is assumed that the listener's 
criterion to determine whether a pair is the same or different remains 
constant during a test, but may be changed by informing the listener on 
the proportion of catch trials included in the testing series. We have 
explicitly elsmined the extent to which discrimination and response bias 
are separated by comparing the values of P(C)m, • of the different pro- 
portions of catch trials per testing session. The listener's behavior con- 
sists of two aspects, sensitivity and response bias. As the same stimuli are 
used, sensitivity should not change. If listeners adjust their criterion 
according to the proportion of catch trials, the criterion will shift but the 
difference between the two distributions, i.e., sensitivity, should remain 
the same. Five different proportions of catch trials were included and 
systematically tested in the testing series of the frequency condition, i.e., 
18.75%, 25.0%, 37.5%, 50%, and 81.25%. The P(C)max's for the five 
different proportions of catch trials (in different testing sessions), aver- 
aged over the three frequency extents and three transition durations, are 
nearly the same, indicating the proportion of catch trials does not influ- 
ence the sensitivity. It is concluded that the listeners maintained the same 
response strategies throughout the tests, as their performance is similar, 
irrespective of the proportion of catch trials included in the testing ses- 
sions. 
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