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Abstract

Previous research demonstrated that a language-trained chimpanzee recognized familiar English words in sine-wave and
noise-vocoded forms (Heimbauer et al. Curr Biol 21:1210-1214, 2011). However, those results did not provide informa-
tion regarding processing strategies of the specific acoustic cues to which the chimpanzee may have attended. The current
experiments tested this chimpanzee and adult humans using sine-wave and noise-vocoded speech manipulated using specific
sine-waves and a different number of noise bands, respectively. Similar to humans tested with the same stimuli, the chim-
panzee was more successful identifying sine-wave speech when both SW1 and SW2 were present — the components that are
modeled on formants F1 and F2 in the natural speech signal. Results with noise-vocoded speech revealed that the chimpanzee
and humans performed best with stimuli that included four or five noise bands, as compared to those with three and two.
Overall, amplitude and frequency modulation over time were important for identification of sine-wave and noise-vocoded
speech, with further evidence that a nonhuman primate is capable of using top-down processes for speech perception when

the signal is altered and incomplete.
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Introduction

There has been much discussion regarding whether the
capability to perceive speech, which involves many levels of
processing—from the auditory input to the comprehension
of lexical meaning—is uniquely human. Lenneberg (1967)
claimed that speech production and speech perception are
uniquely human adaptations—a view later termed “Speech
is Special” (SiS) by Liberman (1982). While the SiS view
proposed that humans possess a specialized cognitive mod-
ule for speech perception (Mann and Liberman 1983), the
“Auditory Hypothesis” (Kuhl 1988) suggested spoken-lan-
guage evolution took advantage of existing auditory-system
capabilities.
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Historically, numerous experiments have investigated
human and nonhuman speech perception to evaluate these
opposing views. For example, evidence proposed to support
the SiS approach includes that humans are able to recognize
meaningful speech in a number of fundamentally altered,
synthetic forms (Davis et al. 2005; Remez 2005; Trout
2001). In contrast, early studies with nonhumans revealed
that some animals are able to discriminate and categorize
phonemes—the smallest unit of speech sounds—much as
humans do (Kluender et al. 1987; Kuhl and Miller 1975;
Kuhl and Padden 1982, 1983). More recent experiments
with a language-trained chimpanzee (Pan troglodytes)
named Panzee demonstrated that she recognized synthetic
speech in some highly reduced forms (i.e., sine-wave and
noise-vocoded speech) that humans have been tested with
(Heimbauer et al. 2011). Therefore, it may be that auditory
processing in humans and nonhumans is similar, as origi-
nally proposed by Kuhl (1988). In this view, a common evo-
lutionary ancestor of humans and other mammals possessed
latent speech-processing capabilities that predated speech
itself. Evolution of human speech-production capabilities
would then have taken advantage of existing auditory pro-
cessing and cognitive abilities.
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As evidenced by her language abilities, Panzee was a
unique animal model for investigating speech perception.
She was raised by human caregivers from the age of eight
days old and exposed to language during the first few weeks
of her life (Brakke and Savage-Rumbaugh 1995a, b). Panzee
learned about the visual, lexigram-based, symbolic language
that she used to communicate in the context of everyday
life, similarly to how a human infant would learn language
skills. As a result of this human-like method of language
acquisition, she was the only Pan troglodytes trained to use
lexigrams that understood spoken English words. Over a
period of 10 years (from 1999 through 2008), Panzee’s Eng-
lish comprehension averaged 125 words and demonstrated
consistency for 107 of those words over at least 8 of the
10 years. Not only did this show a savings measure of 85%
for meaningful words, but it also revealed a significantly
higher ability of identifying lexigrams from spoken words
than from photo samples (Beran and Heimbauer 2015).
Additionally, Panzee was tested with whispered speech and
with speech by a variety of talkers. Her comprehension abili-
ties for whispered words matched that of the same words
in natural (un-whispered) form, 82.3% correct compared to
83.6%, respectively (Heimbauer et al. 2018). This also was
consistent with her historically 75% to 85% correct perfor-
mance on natural words (Heimbauer et al. 2011). Across
a variety of talkers, known and unknown to her, there was
no difference in her comprehension performance, reveal-
ing her ability to solve the lack-of-invariance problem that
human listeners are presented with in infancy (Heimbauer
et al. 2018). In fact, research has shown that learning talker-
specific characteristics can improve linguistic processing
(Nygaard and Pisoni 1998; Nygaard et al. 1994; Pisoni
1995), which may have been the case with Panzee as well.
In all of these experiments, Panzee was tested with the same
method and recognition task used in the current experiments.

Although Panzee’s demonstrated natural and synthetic
speech word-recognition abilities provided evidence for the
Auditory Hypothesis view (Heimbauer et al. 2011), those
abilities did not, however, allow for an unequivocal con-
clusion that Panzee’s speech processing is fundamentally
similar to human perception. It could have been that Pan-
zee was able to recognize her relatively small number of
familiar words utilizing more holistic cues, such as word
length or general sound impressions. However, additional
analyses conducted by Heimbauer et al. (2011) and provided
in the Supplemental Experimental Procedures (under Syl-
lable number and duration), argued against this possibil-
ity. In the previous experiments, it was expected that when
Panzee made errors she would have been choosing foils that
corresponded to words whose overall duration or syllable
count were similar to those of the target word. However, she
did not demonstrate either of these strategies when errors
on sine-wave and noise-vocoded words were analyzed.

@ Springer

Therefore, in an attempt to acquire specific evidence about
detailed aspects of the acoustic cues Panzee may have been
attending to when identifying synthetic, altered words, we
conducted the current experiments.

Current experiments

Studies using fundamentally altered speech forms have been
invaluable for understanding how the human cognitive sys-
tem organizes acoustic elements of speech for meaningful
language comprehension. One important characteristic is the
fundamental frequency (F0), which corresponds to the basic
rate of vibration of the vocal folds in the larynx, and typi-
cally is the lowest prominent frequency visible in a speech
spectrogram (Fig. l1a). Regular vibration also produces
energy at integer multiples of FO, referred to as “harmon-
ics” (e.g., H2 and H3; see Fig. 1a), and this energy is fil-
tered via resonances that occur as it passes through the vocal
tract. These resonances, termed “formants,” strengthen the
energy in some frequency regions while weakening it in oth-
ers. These effects are visible in a spectrogram as larger, dark
bands of energy, as can be seen for the lowest three formants
of the natural word “tickle” in Fig. 1a (i.e., F1, F2, and F3).
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Fig. 1 Spectrographic word examples. The spectrograms were cre-
ated using a sampling rate of 44,100 Hz and 0.03 s Gaussian analysis
window. a The natural word “tickle,” showing its fundamental fre-
quency (F0), next higher harmonic (H2 and H3), and lowest three for-
mants (F1, F2, and F3). b The word “tickle” in sine-wave form, with
individual sine waves (SW) marked. ¢ The word “tickle” in noise-
vocoded form, made with five noise bands (NB)
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In the current experiments, two forms of altered speech
were of particular interest: sine-wave and noise-vocoded.
Both synthetic forms lack many of the acoustic features tra-
ditionally considered crucial to speech perception, including
FO and formants (see Fig. 1b and c). Sine-wave and noise-
vocoded speech are synthetic versions that reduce normal
speech acoustics to small sets of sine waves and noise bands,
respectively. When humans identify words in these forms,
they may be attending to the spectro-temporal cues produced
by amplitude and frequency modulations over time and not
necessarily phonemic components of the acoustic signal (for
areview see Remez et al. 2013). Based on Panzee’s previous
performance and the fact that we had preliminary evidence
that she was not attending to more holistic cues (Heimbauer
et al. 2011), we hypothesized that she would rely on the
same acoustic parameters as humans when hearing these
reduced speech forms (Remez et al. 1981; Shannon et al.
1995). Therefore, to test this hypothesis, Panzee and human
participants were presented with varying versions of sine-
wave and noise-vocoded speech.

More specifically, in Experiment 1 we examined the
acoustic cues that Panzee and human participants may be
attending to when hearing English words in three different
sine-wave forms. In Experiment 2 we addressed this ques-
tion using words in five noise-vocoded forms, again testing
Panzee and human participants. As a result, the synthetic
words included differing degrees of time-varying amplitude
and frequency cuing of a kind previously shown to systemat-
ically affect human performance and characterized as critical
spectro-temporal patterning in each natural word preserved
in synthetic versions (Remez et al. 1981; Shannon et al.
1995). Our rationale was that if performance by Panzee and
humans was similarly compromised or facilitated across the
various synthetic stimuli, the two species could be inferred
to be attending to similar elements of the sounds.

General methods
Subject

The subject was a female chimpanzee, Panzee, who was
25 years old at the time the experiments began. This ani-
mal was socially housed with three conspecifics at the Lan-
guage Research Center at Georgia State University. Panzee
had daily access to indoor and outdoor areas, unlimited
access to water, and was fed fruits and vegetables three
times a day. She participated in testing on a voluntary
basis and was able to choose not to participate or to stop
responding during a session by leaving the test area and
moving to indoor or outdoor areas of her choosing. Panzee
used a symbol (lexigram)-based communication system to
request items throughout the day and often during experi-
mental situations. In addition to language-comprehension

testing using lexigrams and photographs (e.g., Beran and
Heimbauer 2015), this animal also had experience with
numerous, computer-based protocols (Beran 2010; Beran
et al. 2004; Rumbaugh and Washburn 2003). In the cur-
rent experiments, she participated in three to four, 20- to
30-min sessions per week, working for requested food
items. She was tested in an indoor area of her daily living
space, which was adjacent to other chimpanzee areas. Dur-
ing test sessions, other chimpanzees could be indoors or
outdoors, with the option of moving between those areas
at will.

Participants

Human participants were Georgia State University under-
graduate students, 18-55 years old, who were recruited via
an online experiment participation system. Twelve partici-
pants (eight females) were tested in Experiment 1, and 12
participants (eight females) were tested in Experiment 2.
All participants reported having no hearing problems and
were Native English speakers.

Apparatus

Computer programs used to test the chimpanzee were writ-
ten in Visual Basic Version 6.0 (Microsoft Corp., Red-
mond WA) and run on a Dell Dimension 2400 personal
computer (Dell USA, Round Rock TX). A Samsung Model
930B LCD monitor (Samsung Electronics, Seoul, South
Korea), a Realistic SA-150 stereo amplifier (Tandy Corp.,
Fort Worth TX), and two ADS L200 speakers (Analog &
Digital Systems, Wilmington, MA) were connected to the
computer. The chimpanzee registered her choices using a
customized Gravis 42111 Gamepad Pro video-gaming joy-
stick (Kensington Technology Group, San Francisco CA).
Human participants heard experimental stimuli through
Sennheiser HD650 headphones in a sound-deadened room.
The experiments were controlled via a computer from an
adjacent room, and sounds were presented via TDT Sys-
tem II modules (Tucker-Davis Technologies Alachua,
FL). Audio recording was conducted with a Shure PG14/
PG30-K7 head-worn wireless microphone system (Shure
Inc., Niles, IL), and either a Realistic 32-12,008 stereo
mixing console (Tandy Corp., Ft. Worth TX) and Marantz
PMD671 Professional Solid-State Recorder (Mahwah,
New Jersey), or a MacBook Pro laptop computer (Apple
Inc., Cupertino CA). Acoustic processing was conducted
using a MacBook Pro laptop, Praat Version 5.1.11, acous-
tics software (Boersma and Weenink 2008), and custom-
written scripts (Owren 2010).
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Stimuli

Natural word stimuli were recorded at 44,100 Hz with 16-bit
word-width and filtered to remove any 60-Hz, AC contami-
nation and DC offset. Words were spoken by an adult male
researcher who was very familiar to Panzee and were chosen
from a list of approximately 130 words that she has consist-
ently identified in a decade of annual word-comprehension
testing (Beran and Heimbauer 2015). Individual words were
isolated by cropping corresponding segments at zero cross-
ings, with 100 ms of silence then added to the beginning
and end of each file. Finally, each waveform was rescaled so
its maximum amplitude value coincided with the maximum
representable value. Twenty-four natural processed words
were resynthesized into three sine-wave forms in Experi-
ment 1, and 24 were resynthesized into four noise-vocoded
forms in Experiment 2, with some word overlap between the
two experiments.

Chimpanzee procedure

Panzee was tested using a general procedure employed for
her annual word-comprehension testing (Beran and Heim-
bauer 2015). She initiated a trial by using the joystick to
move a cursor from the bottom of the LCD screen into a cen-
tered “start” box, triggering one presentation of the stimulus.
The cursor then reset to the bottom of the screen, the start
box reappeared, and a second cursor movement produced
another stimulus presentation. After a 1-s delay, four dif-
ferent photographs appeared on the screen (for examples
see Fig. 2). One of these items was the correct match to
the audio stimulus, and the others were foils chosen ran-
domly by the controlling computer program. Visual items
were positioned randomly in four of six possible locations
on each trial. Photograph foils were those of words used in
the same session, thereby reducing the chance that Panzee
could rule out items corresponding to words she was not
hearing (Beran and Washburn 2002).

Panzee’s task was to use the joystick to move the cursor
from the middle of the screen to the photograph correspond-
ing to the stimulus word (see Fig. 3). When Panzee heard a
word in natural form and made a correct choice, she heard
an ascending (“correct”) tone and received a food reward.
When she made an incorrect choice on a natural word trial,
she heard a buzzer-like (“incorrect”) sound and did not
receive a reward. Neither feedback sounds nor food rewards

Fig.2 Samples of the photo-
graphs used in Panzee’s spoken-
word recognition task
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Fig.3 Panzee working on a computer task, hearing words and choos-
ing corresponding photos

were provided on trials with synthetic stimuli. For correct,
natural trials Panzee was rewarded with highly valued food,
including pieces of cherries, raspberries, raisins, or Chex
Mix®. This reward regimen kept Panzee motivated.

Human procedure

A word-recall method was used whereby participants had to
transcribe the sounds they heard. Participants were familiar-
ized with what the synthetic speech sounded like by listening
to a recording of the words “one” through “ten” and then
“ten” through “one” in the particular test form. They were
instructed to inform the experimenter as soon as they were
able to identify these sounds as speech, and then they pro-
ceeded to the experimental phase.

In the experimental phase, participants heard each stimu-
lus word twice on each trial with a 1200-ms delay between
presentations. They then had eight seconds in which to
transcribe that word. Stimuli were presented in two differ-
ent randomized blocks, with block order counterbalanced
across individuals. One block consisted of Group A words
in natural form and Group B words in the synthetic forms,
and the other block included Group B words in natural form
and Group A words in the synthetic forms. Within a block,
natural words were presented for two trials, and synthetic
words were presented for one trial in each of the synthetic
test forms. Each test session, therefore, included a total of
72 trials.

Data analysis

Panzee’s mean percentage-correct performance in orienta-
tion versus test sessions with natural words was compared

“Tickle”
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using an unpaired -test for a possible learning effect. The
mean percentage-correct performance for each synthetic
word form within and across the six test sessions was com-
pared to the chance-rate performance of 25% using bino-
mial tests. Pearson’s chi-squared tests with a Bonferroni
correction were conducted to compare Panzee’s perfor-
mance across the various sine-wave versions.

Humans’ percentage-correct performance was com-
puted for each synthetic word form, with a mean perfor-
mance for the 12 participants then examined separately
for natural and synthetic versions. An ANOVA was used
to test for an overall effect of synthetic word forms, and
Tukey post-hoc comparisons were used for subsequent
pair-wise comparisons among them. Finally, an inde-
pendent #-test was conducted to test for possible effects of
block-presentation order.

Experiment 1

Since 1981, sine-wave speech has been investigated for
the purpose of understanding spoken language process-
ing (Lewis and Carrell 2007; Remez et al. 1981; Rosner
et al. 2003). In this synthesis form, words or sentences
are produced from three sine waves that track the first
three formants of the natural speech signal (see Fig. 1b).
Sine-wave speech is extremely unnatural-sounding and is
considered to preserve key phonetic properties only in an
abstract form (Remez et al. 2011). In their experiments,
Remez and colleagues (1981) presented a sine-wave sen-
tence to human listeners. When the participants were not
told that these sounds could be understood as speech, they
described them as “science-fiction sounds” or “whistles.”
When they were told that they would be hearing sentences
produced by a computer, however, the listeners were typi-
cally able to identify a substantial number of the syllables
and words in the sentence. The researchers concluded that
perception of sine-wave speech was evidence for a “speech
mode of perception,” and that listeners expecting to hear a
language-like stimulus tuned into this mode. Even in the
absence of traditional acoustic cues, listeners were able to
perceive phonetic content in the sine-wave signal.

In addition, their experiments revealed that sine-wave
speech becomes more difficult to recognize when either
the first (SW1) or second sine wave (SW2) of the three
sine waves is removed (Remez et al. 1981). It was hypoth-
esized that Panzee would also show evidence of relying
disproportionately on these cues. Experiment 1 compared
her performance to that of human participants when hear-
ing four critically different versions of sine-wave words
that included varying combinations of individual tones.

Methods
Stimuli

The 24-word set contained 9 two-syllable words, 13 three-
syllable words, 1 four-syllable word, and 1 five-syllable
word. An additional 12 words were used during an initial,
“orientation” phase that included both natural and SW123
versions (see Table 1 for a complete list of orientation and
experimental words). To produce the sine-wave stimuli in
the three incomplete forms either SW1, SW2, or SW3 were
removed from the previously constructed, processed SW123
versions (Heimbauer et al. 2011). Individual sine-waves
were removed using Hanning-window, band-pass filtering.

Chimpanzee procedure

In all sessions, words were presented in four randomized
blocks, for a total of 96 trials. Initial sessions assessed Pan-
zee’s performance when hearing the 24 test words in natural
form to ensure normative performance. Criterion perfor-
mance to progress to the orientation phases was set for at
least 70% correct for three consecutive sessions.

During orientation, Panzee completed both natural and
sine-wave sessions with non-test (“Orientation”) words.
First, she heard eight blocks of 12 natural Orientation words
for two sessions, averaging 72% correct. Then she heard
Orientation words in natural and sine-wave form for two
sessions. In the first session, she heard six orientation words
in natural form and the other six in SW123 form for eight
blocks. In the second session, the six words Panzee previ-
ously heard as natural words were presented in SW123 form,
and vice versa. After the sine-wave orientation phase, Pan-
zee participated in one additional session with the 24 natural
test words presented in four randomized blocks to refresh her
on the test word set, performing at 80% correct.

In the testing phase, Panzee completed one session with
the 12 (Group A) words in natural form and the remaining
12 (Group B) words in SW123, SW12, SW13, and SW23
forms. In a second session on a different day, she heard the
Group B words in natural form and Group A words in the
four sine-wave forms. Trials were randomized within blocks
in these sessions, with Panzee hearing natural words four
times each and sine-wave words once in each form. She par-
ticipated in these two types of sessions three times each, in
an alternating order, resulting in a total of 12 trials for each
word in natural form and 3 trials for each word in every
sine-wave form.

Human procedure

The word-recall and transcription method as described in
the General Methods section was used in this experiment.
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Table 1 Orientation and test word groups. Test words used in Experi-
ment 1 (Group A and Group B) and Experiment 2 (Group C and
Group D), as well as orientation words (O)

Word Experiment 1 Experiment 2

O
D
O

Apple
Apricot
Balloon
Banana
Blueberries
Bubbles
Carrot
Celery D
Cereal

Coffee
Colony Room
Gorilla
Hotdog

Jello

Kiwi
Kool-Aid
Lemonade

© » @™ » O » O

WO OO0OO0OwWwWOO

a

Lettuce
Lookout

M&M

Melon
Mushroom trail
Noodles

Observation room

W o> W >

Orange
Orange drink
Orange juice
Peaches

Pine needle
Plastic bag
Popsicle
Potato

Raisin

> O WO wWwWOoOw» »w

Sparkler

Strawberries

=

Sugarcane

>

Surprise
Sweet potato
Tickle A
Tomato

Toothpaste

TV

Vitamins

Water A
Yogurt A

[clcolNoNoNviolNolNoNvicNoNoNvEvilvIEIcloNvclNoNvIoNe
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During orientation, participants listened to a recording of the
words “one” through “ten,” and then “ten” through “one” in
SW123 form. After participants informed the experimenter
that they were able to identify these sounds as speech, they
were presented with natural and manipulated word stimuli
and had eight seconds in which to transcribe that word.

Results

As illustrated in Fig. 4a Panzee’s mean performance over
the three natural word orientation sessions was 73.3%,
which was statistically above chance level (p <0.001). Cor-
rect natural-word trials in the six test sessions ranged from
81.3% to 93.8%, averaging 87.2% overall, which also was
significantly above chance (p <0.001). An unpaired, two-
tailed #-test revealed that Panzee’s performance with natural
words was significantly higher in test sessions than in orien-
tation sessions, #(7)=3.95, p <0.01. Overall, correct perfor-
mance for all sine-wave words was statistically above chance
level (SW123 and SW12 forms, p <0.001; SW23 and SW13,
p<0.05). As illustrated in Fig. 4b, Panzee was 36.1% correct
for SW23 and SW13 words, and 58.3% correct for SW123
and SW12 words. A chi-squared test examining SW123,
SW23, and SW13 data, with a Bonferroni corrected alpha
value of 0.025, revealed that correct performance for SW123
words was significantly higher than for SW23 (p =0.006)
and SW13 versions (p =0.004).

Mean transcription performance of natural words by
humans was 100% correct, as shown in Fig. 4a. Mean per-
centage-correct values for SW123, SW12, SW23, and SW13
word forms were 42.7%, 35%, 30.6%, and 27.4%, respec-
tively. A Kolmogorov—Smirnov test for normality validated
use of ANOVA and results revealed a statistically signifi-
cant difference among the various outcomes, F(3,44)=6.00,
p=0.002. Tukey post-hoc comparisons showed that out-
comes were significantly higher for SW123 stimuli than
for SW13 versions, p=0.001, as illustrated in Fig. 4c. No
other differences were found. Independent, two-tailed, #-test
results revealed an effect of presentation order. Five partici-
pants transcribed Group B words first and performed signifi-
cantly better on Group A sine-wave words than did partici-
pants hearing Group A words first, #(46) =2.28, p=0.027.
Similarly, the seven participants transcribing Group A words
first performed significantly better on Group B sine-wave
words than those hearing Group B words first, #(29.6) =9.33,
p<0.001.

Examining individual performance, six participants
performed similarly to Panzee, either overall or in one
of the blocks. Specifically, for these participants, the
performance was the same for SW123 and SW12, or for
SW23 and SW13 word forms. These six participants also
performed notably better on SW123 and SW12 words,
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Fig.4 Experiment 1 chimpanzee and human word recognition. a
Mean performance with natural words by Panzee and the human par-
ticipants, with applicable 95% confidence intervals. b Panzee’s sine-
wave word performance, with chance-level accuracy shown by the
dashed line. ¢ Mean human sine-wave word performance, with 95%
confidence intervals

than on SW23 and SW13 forms. Although we only found
a correlation between humans’ and Panzee’s performance
on SW123 words, r(22) =0.47, p=0.02, humans and
Panzee never recognized the words “banana,” “bubbles,”
“orange drink,” and “pine needle” in some of the SW
forms. In addition, Panzee and the humans performed
poorly (between 0 and 33%) with the same 12 words
(50%) in SW13 form, and with the same 14 words (58.3%)
in SW23 form.

Discussion

Panzee demonstrated consistent natural word-recognition
performance, showing similar outcomes in orientation
and test sessions as in earlier annual testing and synthetic-
speech experiments (Heimbauer et al. 2011; Beran and
Heimbauer 2015). Her recognition of SW123 words was
also similar to performance in previous sine-wave testing
(Heimbauer et al. 2011). In the current experiment, Panzee
identified more words in SW123 and SW12 form than in
SW13 and SW23 form. Humans performed similarly with
a decrease in performance across conditions from SW123
to SW13, although only the difference between SW123
(with both SW1 and SW2 present) and SW13 (missing
SW2) performance was statistically significant. Despite
the difference in methodology between Panzee and the
humans, 6 of the 12 human participants did perform simi-
larly to Panzee, either overall or in one of the two test-
word blocks. In other words, these participants performed
exactly the same with SW123 and SW12 forms, or with
SW23 and SW13 forms, and were better at identifying
SW123 and SW12 words than SW23 and SW13 words in
those instances.

Unexpectedly, Panzee’s performance on SW123 words
was 58% correct, which was higher than the mean human
outcome of 43% correct (although, again, the response
modality was different for the two species). Panzee’s
higher accuracy may be due to the fact that although
sine-wave words can be quite challenging even to humans
(Heimbauer et al. 2011), she was very familiar with her
word set and had heard them in SW123 form in earlier
experiments. Additionally, we acknowledge that closed-
set testing procedures do not necessarily present the same
challenges as open-set testing, as demonstrated by Som-
mers et al. (1997). However, in an attempt to compensate
for this possible advantage, as noted in the General Meth-
ods Human procedure section, human participants in the
current experiments were exposed to and tested with a
block of Group A natural words and Group B test words,
and then with a block of Group B natural words and Group
A test words (presentation of blocks counter-balanced
across participants). This means that they were hearing
half of the natural words before being tested with them
in SW (or NV) form. Also, as noted in the Human proce-
dure section, we familiarized our human participants with
sine-wave speech in SW123 form before they started the
experiment (in Experiment 2 we familiarized them with a
noise-vocoded speech in NB7 form first).

Sommers et al. (1997) also noted that closed-set testing
protocols are important when examining discrimination
of phonetic features in speech perception; and both sine-
wave and noise-vocoded speech contain and preserve some
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phonetic properties, albeit in abstract form (Dorman et al.
2002; Remez et al. 2011; Sawusch 2005). Therefore, we
would argue that the more important result of our experi-
ment is that both species showed a statistically significant
performance difference between complete sine-wave words
and those containing the F1 and F2, the first two formants
(SW123 and SW12, respectively), and the same words
when missing the tone analog to either F1 or F2 (SW23
and SW13, respectively).

Panzee’s demonstrated ability to interpret sine-waves,
possibly as cues to phonetic content, suggests that she was
drawing on implicit knowledge of speech acoustics and
corresponding phonetics (Davis and Johnsrude 2007; Mann
and Liberman 1983; Newman 2006; Whalen and Liberman
1987). This outcome is indicative of some form of cognitive
top-down processing of speech sounds, and the possibility
that Panzee is responding to the same cues in sine-wave
speech that humans respond to, with the further implication
that she is attending to the same features as humans in natu-
ral speech as well. This conclusion is based on the findings
that Panzee was most successful in identifying sine-wave
speech that included information concerning both F1 and F2,
the most important formants in human perception of natural
speech (Drullman 2006; Remez and Rubin 1990).

Experiment 2

The second synthetic speech form presented to Panzee and
human participants was “noise-vocoded” speech, which is
synthesized from noise bands (see Fig. 1¢). To create noise-
vocoded speech, the natural signal is divided into a number
of frequency bands using individual band-pass filters. The
intensity pattern, or amplitude envelope, of each band is
extracted over the length of that signal. Resulting envelopes
are then used to modulate corresponding, frequency-limited
bands of white noise. The result is a series of amplitude-
modulated, noise waveforms that when summed potentially
becomes recognizable as harsh, but comprehensible speech
(Davis et al. 2005; Shannon et al. 1995).

Perception of noise-vocoded speech is of particular inter-
est because it is a simulation of the input produced by a
cochlear implant—a surgically implanted, electronic device
for the hearing-impaired (Dorman et al. 2002). However,
noise-vocoded speech is also useful in investigating speech
perception in normally hearing individuals, as it preserves
the amplitude and temporal information of the original
utterance while omitting most spectral detail (Shannon
et al. 1995). Even in the absence of FO and formants noise-
vocoded speech can carry a surprising amount of informa-
tion regarding phonemes (Dorman et al. 2002; Sawusch
2005). One critical factor is the number of noise bands used
in the synthesis process. Listeners cannot reliably recognize
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noise-vocoded speech created with only two noise bands.
However, recognition becomes much more consistent if
three or four bands are present (Shannon et al. 1995). When
ten or more noise bands are used, noise-vocoded speech is
readily intelligible even to naive listeners (Davis et al. 2005).
Individuals hearing speech in this synthesis form typically
show improvement with practice. For example, Davis et al.
(2005) reported that the identification of noise-vocoded
words in sentences increased from less than 10% to 70%
correct within just a few minutes.

Previous research has shown that humans find it easier to
recognize sentences produced with four or more noise bands
(Shannon et al. 1995), attributed to the fact that increased
numbers of noise bands enhance the amplitude and fre-
quency modulation information represented (see also Davis
et al. 2005). Based on Panzee’s previous performance with
words in noise-vocoded form (Heimbauer et al. 2011), it was
again hypothesized that she would show similar performance
to humans as a function of the number of noise bands used
in synthesis.

Methods
Stimuli

Stimuli consisted of 24 previously recorded and processed
words, which were those that Panzee had best identified
in noise-vocoded form in earlier testing (Heimbauer et al.
2011). The word list consisted of 11 two-syllable words,
11 three-syllable words, 1 four-syllable word, and 1 five-
syllable word (see Table 1). Fifteen of the words also were
used in Experiment 1. Noise-vocoded test versions of these
words varied from two to five noise bands with an additional
12 words synthesized using seven noise bands (NB7) for
orientation purposes. To produce the various noise-band
test stimuli (NB2, NB3, NB4, and NBY), the natural speech
signal was divided into 2, 3, 4, and 5 frequency bands using
a band-pass filter with lower- and upper-cutoff frequencies
(see Table 2) calculated using the “Greenwood Function”
(Souza and Rosen 2009). This function calculates frequency

Table 2 Lower-to-upper cutoff frequencies for noise-band stimuli in
Experiment 2

Bands Frequencies (Hz)

2 100— 1005—
1005 5000
3 100-548 548-1755 1755—
5000
4 100-392  392-1005 1005— 2294—
2294 5000
5 100-315 315-705  705-1410 1410- 2687-5000
2687
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ranges corresponding to equal distances along the basilar
membrane of the cochlea and can be applied to both humans
and other mammals, including nonhuman primates (Green-
wood 1961, 1990). The approach was used to ensure the
orderly selection of frequency-cutoff values as they relate
to hearing. The amplitude envelope of each band was then
extracted and used to modulate a corresponding white-noise
band. The resulting amplitude-modulated noise waveforms
were then summed.

Chimpanzee procedure

The testing procedure and reward regimen were the same
as those used in Experiment 1, and all sessions consisted
of four randomized blocks for a total of 96 trials. However,
the orientation phase was somewhat different (and briefer)
than in Experiment 1. Now during orientation, Panzee first
completed one session with 12 non-test, orientation words
in natural form, a second session with six of these in natural
and six in NB7 form, and a third session with these words
in the converse forms. In the final orientation phase, Pan-
zee completed one more session with the 24 natural test
words and then three sessions of these words in natural and
NB7 forms. In each of these latter sessions, a different eight
words were in NB7 form and the remaining 16 were natural
versions.

In test sessions, we added an additional programming con-
tingency. Here, words of the same type, meaning natural or
noise-vocoded, were not presented more than three times in
a row. We made this adjustment to avoid the frustration that
could possibly result from Panzee hearing a series of chal-
lenging noise-vocoded words consecutively. In the first test
session, Panzee heard 12 words (Group C) in natural form
and the remaining 12 words (Group D) in NB2, NB3, NB4,
and NBS5 versions. In the second test session, on a different
day, she heard Group D words in natural form and Group C
words in the four NB versions (see Table 1). Within a session,
there were four trials with each natural word and one trial
with each of the words in every NB form. Panzee participated
in these two sessions types three times, each in alternation
order, resulting in a total of 12 trials for each of the 24 natural
words and 3 trials for each of the NB word forms.

Human procedure

The word-recall and transcription method as described in
the General Methods section was used in this experiment.
During orientation, participants listened to a recording of
the words “one” through “ten,” and then “ten” through “one”
in NB7 form.

Results

As shown in Fig. 5a Panzee’s natural word-recognition
performance in orientation sessions ranged from 77.2% to
83.3%, with an overall mean of 80.6%, which was statisti-
cally above chance level, p <0.001. Percentage-correct on
natural words in the six test sessions ranged from 77.1%
to 87.5%, with an overall mean of 82.8% correct, which
was also significantly above chance level (p <0.001).
An unpaired, two-tailed t-test revealed that Panzee’s
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Fig.5 Experiment 2 chimpanzee and human word recognition. a
Mean performance with natural words by Panzee and the human par-
ticipants, with applicable 95% confidence intervals. b Panzee’s noise-
vocoded word performance, with chance-level accuracy shown by the
dashed line. ¢ Mean human performance for noise-vocoded words,
with 95% confidence intervals
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natural-word performance was not statistically different
between these two session types, #(7) =0.70, ns.

Panzee’s percentage correct for NBS5, NB4, and NB3
word forms ranged from 61.1% to 50% (see Fig. 5b), and
overall was significantly above chance (p <0.001). Her NB2
word performance was lower at 37.5% correct, and not sig-
nificantly different from chance. A one-tailed chi-squared
test, with a Bonferroni adjusted alpha value of 0.017, showed
that Panzee’s recognition of NB5 words was significantly
higher than NB2 versions (p =0.002), but not higher than
either NB4 or NB3 forms.

Human word transcription of natural words was 100%
correct (see Fig. 5a). Mean percentage-correct values for
NB2, NB3, NB4, and NB5 forms were 79.9%, 77.0%,
67.7%, and 38.2%, respectively (see Fig. 5c). After a Kol-
mogorov—Smirnov test showed the data to be normally dis-
tributed, ANOVA revealed an overall effect across these
noise-vocoded word forms, F(3, 44)=24.0, p<0.001. Tukey
post-hoc comparisons revealed a significant difference
between performance with NB5 and NB2 forms (p <0.001),
but no other condition effects.

Examining the performances of individual participants
revealed that four human participants performed much as
Panzee did. They showed the best performance with NBS5
words, worst for NB2 forms, and virtually identical out-
comes for NB4 and NB3 words. Panzee never recognized the
words “celery,” “noodles,” and “raisin” in NB2 form, and 11
of 12 human participants completely failed with these items
as well. Additionally, Panzee and the human participants
demonstrated their best performance (67% to 100% correct)
with 41.7% of the same words (10 of the 24) in NB5 form,
37.5% of the same words (9 of the 24) in NB4 form, and
41.7% of the same words (10 of the 24) in NB3 form — and
most poorly (0% to 33% correct) with 33.3% of the same
words (8 of 24) in NB2 form.

Discussion

As in earlier testing (Heimbauer et al. 2011), Panzee again
reliably identified words in noise-vocoded form. However,
her performance was significantly better for words in NB5
form than in corresponding NB2 versions, a pattern that was
similar to human performance in comparable earlier stud-
ies (Shannon et al. 1995). As expected, increasing numbers
of noise bands was associated with higher word-identifica-
tion performance for Panzee with her performance on NB4
and NBS5 forms similar to earlier testing with NB7 stimuli
(Heimbauer et al. 2011). The results confirm that noise-
vocoded speech based on as few as four noise bands is reli-
ably comprehensible for this chimpanzee as is the case for
human listeners in this and in previous experiments (Souza
and Rosen 2009; Shannon et al. 1995). Panzee’s similar
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performance with words in NB4 and NB3 may be an arti-
fact of her small word set as discussed earlier. However,
as hypothesized, Panzee’s performance with noise-vocoded
words does show evidence of successful word identification
in spite of the absence of basic speech features, such as FO
and formant information. We propose that this language-
trained chimpanzee was able to take advantage of whatever
spectro-temporal cues remained. Results are also again
indicative of top-down processing, with Panzee making use
of her previous knowledge of speech acoustics in interpret-
ing these fundamentally altered, synthetic versions.

General discussion

The current experiments investigated the possibility that
Panzee uses the same information as humans to identify
synthetic speech in sine-wave and noise-vocoded forms
(Heimbauer et al. 2011). In sine-wave speech perception,
humans perform significantly better when both SW1 and
SW2 are present (Remez et al. 1981) — the components that
are modeled on formants F1 and F2 in the natural speech
signal. Panzee’s human-like performance with sine-wave
speech indicates that she may also be attending more to these
particular tones in synthetic speech, with implications for
sensitivity to the corresponding formants in natural speech.
Similar results occurred with noise-vocoded speech, show-
ing that Panzee performed best with stimuli that included
four or five noise bands, and less well with three and two
bands. These outcomes are comparable to earlier findings
with noise-vocoded speech, showing differences in relative
intelligibility of these synthesis forms by humans. Although
it is difficult to specify exactly which acoustic cues are criti-
cal in these types of synthesized speech or what both have in
common as discussed by Remez et al. (1994), it is clear that
amplitude and frequency modulation over time is important,
both in sine-wave and noise-vocoded speech (Remez et al.
1981; Shannon et al. 1995).

Additionally, Panzee’s abilities provide evidence per-
taining to top-down processing in speech perception. When
humans listen to the speech, including in the difficult exper-
imental situations we presented in our experiments, they
take the knowledge they have of speech sounds into account
to identify the speech. Bottom-up processing involves the
incoming acoustic signal, but then top-down processing
allows for the processing of the signal based on the indi-
vidual’s prior knowledge of the phonetic content as it relates
to the word and its meaning. Each of the tasks presented to
Panzee required top-down processing, which is, as noted
above, considered to be the case in the context of human
speech perception (Davis et al. 2005; Davis and Johnsrude
2007; Hillenbrand et al. 2011). An innate, speech-perception
module would be an extreme form of top-down processing,
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although this approach then downplays the role of experi-
ence with speech. Panzee’s abilities argue against such a
module and in favor of a strong role of experience. As noted
earlier, Panzee’s exposure to and experience hearing speech
sounds began in infancy, as is the case with humans. Based
on her performance in the current experiments, it is more
likely that the critical factor in top-down processing is the
vast amount of passive experience that human infants have
hearing speech from birth, rather than a speech module.
For instance, experience hearing speech allows infants to
learn what speech sounds are being used, how differences
among sounds may or may not be significant to categoriz-
ing them, and the meanings that sound combinations con-
vey (Marcus et al. 1999; Saffran et al. 1996; Werker and
Desjardins 1995). Whereas it is evident that humans can be
much more successful in these tasks than Panzee was, it may
be because their powerful language abilities are a result of
human specializations for efficiency in processing language
rather an innate ability to process the specific sounds and
their acoustics.

As noted earlier, we tested Panzee using her familiar four-
choice testing procedure, which did not present the same
level of difficulty as the testing procedure used with the
human participants because Panzee had a closed set of pos-
sible options from which to choose. We acknowledge that
if we tested the humans with the closed-set method used
with Panzee many participants would have reached ceil-
ing performance due to their extensive experience with and
use of the English language. This would have prevented us
from measuring and comparing any differences in perfor-
mance in response to the different types of sine-wave and
noise-vocoded stimuli presented (i.e., different combina-
tions of sine waves and different numbers of noise bands,
respectively). Employing the open-set testing method with
the human participants allowed us to make the necessary
comparisons while controlling somewhat for any possible
advantages that humans have due to their extensive language
experience.

Despite these methodological differences, it is evident
from Panzee’s performance in these experiments that a
language-trained chimpanzee can provide for interest-
ing discussion regarding the uniqueness of human speech
perception capabilities, in addition to informing about the
likely speech perception and cognitive processing capabili-
ties of an ape-human common ancestor. We do not want
to ignore the impact that different methods and types of
stimuli (i.e., identification and confidence ratings; and use
of vowels, consonants, words, and sentences, respectively)
may have played in performance, and so we cannot make
strong conclusions directly comparing Panzee to humans.
That said, the results of the current experiments demonstrate
the possibility that Panzee may be drawing on the same pro-
cessing strategies as humans to identify these words (or as

in open-set testing), and she may be relying on the same
cues as humans due to her rearing history as it relates to her
experience with speech. We would expect that chimpanzees
without this experience and the ability to understand spoken
words would not demonstrate these same abilities and that
early life experience thus played a crucial role in the emer-
gence of this capability.
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