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Perception of synthetic speech sounds by the
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Two budgerigars were trained to respond differently to two synthetic speech tokens, /da/ and
/ta/. Voice onset times (VOTS) of these synthetic stimuli were 0 and +70 msec, respectively. Af-
ter reaching criterion level performance on these stimuli, the budgerigars were tested with syn-
thetic stimuli having VOTs between 0 and +70 msec. The categorization functions derived from
each bird’s responses to these intermediate stimuli were similar in shape but differed in their
boundary locations from the functions typically obtained from humans and other mammals. In
addition, the birds found this speech discrimination task extraordinarily difficult. These results
define some of the limitations of the budgerigar’s auditory system for the processing of complex
acoustic stimuli. Since the budgerigar has a distinctly nonmammalian auditory system, these
results also have relevance for current theories of speech perception.

The budgerigar, or parakeet, is a popular cagebird
known for its ability to mimic complex acoustic signals,
including human speech. The budgerigar appears espe-
cially adept at discriminating among complex acoustic sig-
nals that fall in the spectral region of 2-4 kHz, where most
of the species-specific vocalizations fall (Dooling, 1986).
The present experiment tested the budgerigar’s ability to
discriminate among a set of complex acoustic signals that
fall outside this narrow spectral region.

The experimental stimuli were synthetic speech sounds
from the familiar alveolar VOT (voice onset time) series
used in previous tests of speech perception by humans and
other mammals (Kuhl & Miller, 1975, 1978; Soli, 1983).
The wealth of data available on the perception of this syn-
thetic speech series by humans and other mammals pro-
vides an excellent basis for comparison. These previous
data suggest that the voicing distinction among stop con-
sonants is perceived in a similar way by humans, mon-
keys, and chinchillas (Kuhl, 1981, 1986; Sinnott, Beecher,
Moody, & Stebbins, 1976).

Since basic differences in auditory sensitivity exist be-
tween mammals and birds (Dooling, 1980), the perfor-
mance of a bird such as the budgerigar may provide new
insights about the degree to which the sound system of
speech is influenced by the peripheral auditory system.
If basic sensitivities of the auditory system do play a major
role, then we would expect that an organism with an avian
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auditory system may place the labeling boundary in a
different location.

METHOD

Subjects

The subjects were two experimentally naive, adult male budgerigars
of unknown age obtained from commercial sources. They were housed
together in a standard wire breeding cage (46 X 22 X 25 cm) within
a large aviary. The birds were kept on a day/night cycle correlated with
the season.

Stimuli and Calibration

The speech stimuli were tokens from an alveolar VOT series synthe-
sized with the Haskins Laboratories parallel resonance synthesizer using
control parameters developed by Lisker and Abramson (1970). The 400-
msec stimuli had VOTs ranging from 0 to +70 msec in 10-msec steps.
The programmed formant frequencies as well as the sonograms of these
stimuli are the same as those shown schematically in Kuhl and Miller
(1978, Figure 2, p. 908). All stimuli were presented at a peak level of
86.5 dB SPL. Sonograms of the eight stimuli are shown in Figure 1.

Test Apparatus

A standard operant test chamber and a modified pigeon grain hopper
were used. Light-emitting diodes (LEDs) were attached to the arms of
microswitches to serve as manipulanda. A bird could easily trip a
microswitch by striking the LED with its beak. Acoustic stimuli were
presented to the birds through a 13-cm speaker mounted 24.5 cm in front
of the food hopper (Park & Dooling, 1985). All experimental events
were controlled by a microcomputer. Stimuli were digitized at 10 kHz
and stored on a hard disk for computer-controlled presentation.

Training Procedure

The procedure for training and testing the birds was a standard go/no-
go operant procedure (Park & Dooling, 1985). The birds were first
trained to discriminate between two pure tones (2.0 kHz vs. 3.0 kHz).
Once criterion was reached, the birds were trained to discriminate be-
tween synthetic speech stimuli with VOTs of 0 msec and +70 msec.
A trial began with a response on the observing key. Four repetitions
of either /da/ or /ta/ were presented with an interstimulus interval of
250 msec. For one bird, /da/ was the go stimulus and /ta/ was the no-
go stimulus. For the other bird, the stimulus classes were reversed to
offset possible response bias characteristic of go/no-go tasks.

Copyright 1987 Psychonomic Society, Inc.
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Figure 1. Sonograms of the eight synthetic speech tokens used in this experiment.
Frequency is on the ordinate marked in 1-kHz steps. The time marker is 200 msec.

Following the presentation of a go stimulus, a response on the left
LED within 2 sec resulted in a 2-sec access to grain. A failure to respond
within this interval resulted in a 10-sec time-out period during which
the lights in the chamber were extinguished. Following the presenta-
tion of a no-go stimulus, no response on the left LED also resulted in
a 2-sec access to grain. An incorrect response to the no-go stimulus also
resulted in a 10-sec time-out period. Trial type was selected on a quasi-
random basis with the restriction that the same trial type could not oc-
cur three times in succession. Once performance reached a criterion
of 85% correct over several successive sessions, probe trials consisting
of stimuli with intermediate VOTs were introduced.

Testing Procedure

The birds were tested in daily sessions consisting of 50 trials: 44 trials
were the original training trials and 6 trials were the probe trials con-
sisting of one presentation each of the intermediate VOTs (+10, +20,
+30, +40, +50, and +60 msec). To avoid response bias on the probe
trials, the birds were reinforced with food regardless of how they
responded to the probe stimuli.

Each bird was trained and tested in over 300 sessions, with each ses-
sion consisting of 50-100 trials. One bird was tested for 75 sessions
with probe stimuli, and the other bird was tested for 35 sessions. Probe
sessions from the last month of testing in which the birds maintained
criterion level performance of 90% correct (or better) were selected for
further analysis.

RESULTS

The budgerigars in our study, in contrast with humans
and other mammals, had considerable difficulty in learn-
ing to discriminate /da/ from /ta/. Both birds required well
over 10,000 trials to achieve the modest 85% criterion
performance. Even then it was difficult for the birds to
consistently maintain a high level of performance.

A generalization or identification function was con-
structed from the sessions involving presentation of probe
stimuli (Kuhl & Miller, 1978). Bird P749 met a criterion
of 90% correct in 13 sessions and Bird P14 met the
criterion in 17 sessions. The generalization function for

each bird was obtained by a visual fitting of a straight
line to the data from these sessions plotted on probability
paper. The 50% points, or category boundaries, of these
curves were at 15 msec for Bird P14 and 25 msec for Bird
P749. Thus, the two birds differed in their generaliza-
tion or identification of the /da/-/ta/ stimuli. These differ-
ences were not in the direction predicted by a simple go
bias in the procedure. The generalization curve for each
VOT stimulus and each bird is given in Table 1.

The birds’ mean generalization or labeling function is
plotted as the percentage of /da/ responses for each stimu-
lus in Figure 2. The labeling functions for humans and
chinchillas are also shown. The boundary for the bud-
gerigar is at a smaller VOT value than for English-
speaking subjects (Lisker & Abramson, 1970) and chin-
chillas (Kuhl & Miller, 1978).

DISCUSSION

This study addressed two issues: whether budgerigars could learn to
discriminate among phonetically distinct synthetic speech sounds, and
whether their generalization or labeling function, especially the 50%
point or category boundary, resembles that of humans and chinchillas.

The results show that with extensive training, budgerigars can indeed
distinguish the phonetically distinct synthetic /da/ and /ta/. The more
revealing finding, however, is the difficulty both budgerigars had in
learning this discrimination. Even when criterion performance was
achieved, the birds had difficulty maintaining consistent, high-level per-
formance throughout the experiment.

Table 1
Percent of Stimuli Labeled /da/ as a Function of
Voice Onset Time (in Milliseconds)

Voice Onset Time

Bird 0 10 20 30 40 50 60 70
P14 94 82 0 11 1 1 6 8
P749 82 85 69 76 15 8 0 2
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Figure 2. Serial spectral plots of the 0-msec, +30-msec, and +70-
msec VOT tokens from Figure 1. Two sets of plots are shown scaled
in human critical bandwidths (bark) and budgerigar critical band-
widths. The abscissa is scaled in species-appropriate critical band
units. The ordinate is total power per critical bandwidth (dB/z).

The birds’ performance on the speech task stands in marked contrast
to the performance of budgerigars on similar tasks involving discrimi-
nation of bird calls. A budgerigar requires approximately 1,000-1,400
trials to learn a discrimination between two pure tones, two budgerigar
contact calls, or two canary calls (Dooling, 1986; Park & Dooling, 1985).
The birds in the present experiment, however, required well over 10,000
trials to learn to discriminate between /da/ and /ta/.

In defining the category boundary for budgerigars, we used only those
sessions where performance on the endpoints was high enough to en-
sure that the birds were accurately distinguishing the stimuli. Even with
this conservative approach, the category boundaries for the two bud-
gerigars differed from one another and from the boundaries for humans
and chinchillas. In spite of the difference between birds, however, it
is clear that the location of the boundary is different from that observed
in humans and chinchillas. These results suggest that the /da/~/ta/ syn-
thetic speech continuum is perceived differently by budgerigars than
by humans and chinchillas.

The mechanism underlying the differences between budgerigar and
mammalian categorization functions is not yet clear; however, there are
important differences in auditory sensitivity between budgerigars and
mammals. Budgerigars hear best between 1.0 and 4.0 kHz, while
thresholds below 1 kHz are higher than those of humans and most other
mammals (Dooling, 1980). Thus, some of the most important acoustic
contrasts among the stimuli (e.g., the spectral and temporal cues as-
sociated with F1 cutback [Soli, 1983]) may simply be less audible to
the budgerigar.

Budgerigars are not dramatically different from humans and other
mammals on most psychoacoustic measures of frequency, intensity, and
temporal discrimination, but they are quite different in terms of critical
bandwidth (Dooling, 1980). This may be an important factor in the spe-
cies differences observed in the present experiment. Budgerigars have
the narrowest critical bandwidths, between 2.0 and 4.0 kHz, with larger
bandwidths (i.e., less frequency selectivity) at lower and higher fre-
quencies (Dooling, 1980, 1986). Below 1.0 kHz, in the spectral region
containing important voicing cues, the critical bandwidths of the bud-
gerigar auditory system are much larger than those of humans (Scharf,
1970).
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The issue can be addressed by providing a comparative look at how
the filtering properties of the budgerigar and human auditory systems
transform the acoustic characteristics of three exemplars from the syn-
thetic speech series. Serial spectral plots of the 0-, +30-, and +70-msec
tokens are shown in Figure 3. These plots provide a species-appropriate
auditory representation (i.e., scaled in critical band units) of the acous-
tic changes among these tokens. Two serial plots are shown for each
token; abscissas are in linear-critical band units appropriate for each
species rather than in log-frequency units (Dooling, Bunnell, & Clark,
1984). Critical bandwidths for tokens on the left are appropriate for the
budgerigar (Dooling & Saunders, 1975; Saunders, Rintelmann, & Bock,
1979), whereas critical bandwidths for tokens on the right are appropriate
for humans (Zwicker, 1965). In all plots, the ordinate is the sum or
total power per critical bandwidth."

The most obvious species difference in these plots is that the energy
in speech sounds is spread over many more critical bandwidths in the
human plot than in the budgerigar plot. Human critical bandwidths are
narrower at low frequencies, suggesting that humans may be able to
resolve low-frequency spectral details that budgerigars cannot. For ex-
ample, Figure 3 shows that it is difficult to differentiate between the
first and second formants in the serial spectral plots of budgerigars,
whereas three formants are clearly visible in the serial spectral plots
for humans.

If budgerigars do not use the low-frequency spectral cues that humans
use in partitioning the VOT continuum, this could influence the loca-
tion of the category boundary. Other factors, however, must also con-
tribute to the boundary difference between budgerigars and mammals
since chinchilla critical ratios at low frequencies are also considerably
larger than those of humans (Miller, 1964). Nevertheless, chinchillas
and humans have similar boundaries for the /da/-/ta/ continuum (Kuhl
& Miller, 1975).

The results of several previous studies of VOT discrimination with
human subjects (e.g., Lisker, 1975; Soli, 1983) suggest that spectral
cues, defined by the onset frequency and transition of the first formant,
play an important role in the labeling and discrimination of VOT con-

BUDGERIGAR

+30 i -
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Figure 3. The average identification function is shown for the two
budgerigars. For comparison, identification functions are also shown
for the human and the chinchilla (replotted from Kuhl & Miller,
1975).
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tinua. Figure 3 shows that first (and second) formant frequencies are
poorly represented in the budgerigar critical band plot, whereas the third
formant transitions are quite well represented. The third formant tran-
sitions begin around 4 kHz and drop to about 2.5 kHz during the first
30-40 msec of the stimulus. Budgerigars exhibit their greatest spectral
resolution in precisely this spectral region. In stimuli with short VOTs,
almost all of the third formant transition is voice-excited, whereas in
stimuli with longer VOTs (i.e., greater than 20 msec), this transition
is excited by low-amplitude aspiration. The budgerigar critical band spec-
tra, when considered in conjunction with the budgerigars’ category
boundary at 20 msec VOT, suggest that the birds may have distinguished
the stimuli based on the presence or absence of a voiced third formant
transition at stimulus onset.

A test of this hypothesis would involve construction of a new stimu-
lus set in which only the third formant transition changed. Another test
of this hypothesis might be a simple filtering out of the third formant.
Thus, by isolating or eliminating the third formant cue, its influence
on the perception of speech by budgerigars could be determined.
However, given the difficulty in training budgerigars to discriminate
speech, these additional experiments may not be practical.

Although it remains uncertain what the acoustic cue or constellation
of cues are that budgerigars use to distinguish the /da/-/ta/ continuum,
on average, budgerigars treat the /da/-/ta/ continuum differently than
do humans. For this reason, the present results are relevant to current
theoretical views about speech perception. A number of animal studies
have shown that mammals with auditory systems similar to those in hu-
mans also categorize synthetic speech sounds in a way similar to the
way humans would (Kuhl & Miller, 1975, 1978; Kuhl & Padden, 1982,
1983). 1t is significant that a bird—the budgerigar—perceives the /da/-/ta/
continuum differently than do the mammalian species tested so far. These
findings support the notion that speech sound contrasts may have evolved
to conform to the sensitivities of the mammalian auditory system.
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NOTE

1. The procedures for generating the serial spectral plots shown in
Figure 3 were as follows. For each frame in the serial display, the mag-
nitude of the discrete Fourier transform (DFT) of a windowed (25.6-
msec Hamming window) and first-differenced segment of the waveform
was computed via a standard Fast Fourier Transform routine. One
hundred twenty-eight regions, each 1 critical bandwidth wide, were then
selected. These regions were chosen to be spaced evenly in critical band
units (either budgerigar or human), and the energy in the DFT was
summed within each selected region.

This process simulates the summation of energy within a relatively
large number (128) of overlapping critical band filters. Critical band-
widths were estimated for the human using a formula derived by Zwicker
(1965) and for the budgerigar using data obtained by Dooling and Saun-
ders (1975) and Saunders et al. (1979). Following the summation process,
the spectral data were further filtered using a three-term binomial smooth-
ing function to remove roughness due to the rectangular summation
window.

Computation of the budgerigar critical band spectra differed in one
additional way from that of the human critical band spectra. The hu-
man audiogram, compared to that of the budgerigar, is relatively flat
up to 5 kHz. The budgerigar shows sharply decreasing sensitivity be-
low 1 kHz and an abrupt decrease in sensitivity for frequencies above
4 kHz. Consequently, in our computing the budgerigar spectra, the ini-
tial DFT was shaped by a filter function modeled after the budgerigar
audiogram. In effect, this tapered the spectrum by about 14 dB/octave
below 1 kHz and about 40 dB/octave above 4 kHz.

(Manuscript received September 19, 1986;
revision accepted for publication December 5, 1986.)
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