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Abstract

Confusion analysis for closed-set recognition of 64 consonant-
vowel (CV) sounds, spoken by 18 talkers, is presented. In presence
of speech-weighted noise the confusions patterns of the CV sylla-
bles categorize into three sets, depending on the consonant. The
consonant confusions correlate closely with the high frequency
spectra of the consonants while the vowel confusions correlate
with the vowel durations and the second formant frequencies.
Index Terms: Speech perception, Confusion analysis.

1. Introduction

Analyzing the consonant and vowel confusions made by listen-
ers provides insight into the auditory processing of speech sounds.
When combined with a spectro-temporal analysis of the stimuli,
the confusion analysis forms a framework for finding the under-
lying perceptual features or the events in speech [1]. Events are
defined as the features, extracted by the human auditory system,
that forms the basis for perception of different speech sounds. Hu-
mans appear to use these events to parameterize, learn and recog-
nize different speech sounds. The ability of the auditory system to
extract these features makes the human speech recognition highly
robust to noise, as compared to the machine recognizers [2]. Con-
fusions are a result of the perceptual parameterization of speech
sounds and therefore confusion analysis is essential for decoding
the process of human speech recognition.

Averaging the data across SNR [3] or using very few talkers or
listeners [4] reduces the utility of confusion matrix (CM) data from
some of the past experiments. Also, the speech and noise signals
used in the past experiments are not available today. Without an
analysis of signals, the CM data is not sufficient to reverse engineer
the human speech recognition. Therefore, in order to build a data-
base of confusion data for a commercially available recorded data-
base, a Miller-Nicely (“MN16-55") [5] type experiment was con-
ducted at the University of Illinois (“UIUCs04”). Since UIUCs04
was inspired by MN16-55, the primary goal was to analyze the
consonant confusions. The purpose of choosing multiple vowels
was to analyze the extent of the effect of vowels on the consonant
confusion patterns.

2. Methods

A subset of isolated CV syllables from the LDC-2005S22 corpus,
consisting of the same 16 consonants used by Miller and Nicely
[5] and 4 vowels - /a/, /¢/, /1/ and /&/. Each of the 64 CVs (16 C
X 4 V) was spoken by 14 talkers. The syllables were presented in
quiet condition as well as in presence of a speech-weighted noise
at five different signal-to-noise ratios (SNR). The data collection
procedure is described in detail in [6].
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Figure 1: Top row: The gray-scale images of the CMs at -20 dB
and -10 dB SNR. The gray-scale intensity is proportional to the log
of the value of each entry in the row-normalized CM, with black
color representing unity and white color representing the chance
performance (1/64). Dashed lines separate sets C1 = {/f/, /0/, /v/,
/0l, v/}, C3 = {/p/, Ig/, Im/, In/, I/, /d/} and C2 = {/t/, Is/, Iz/,
/f1, 13/}, in that order, from left to right and top to bottom. The
sequence of the CV sounds is shown in the blow-ups of the top
left corner of CM (i.e. set C1) at -10 dB SNR (Center) and bottom
right corner of CM (i.e. set C2) at -20 dB SNR (Bottom).
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Fourteen L1=English listeners completed the experiment. Ten
“High Performance” (HP) listeners (i.e. listeners with scores
greater than 85% in quiet, and greater than 10% correct at -22
dB SNR) formed a homogeneous group. The responses of the
remaining four “Low Performance” (LP) listeners were not used
for analysis. The responses to the utterances with more than 20%
recognition error in quiet condition were also not used for analysis.

3. Results
3.1. Confusion Analysis

Fig. 1 shows the 64x64 syllable CMs at two different SNRs, dis-
played as gray-scale images. The rows and columns of the CM
are arranged such that four CVs having the same consonant are
consecutively placed with /a/, /¢/, /1/ and /®/ as the order of vow-
els, denoted in the figure by the labels /aa/, /e/, /I/ and /ae/, re-
spectively. The labels /dh/, /th/, /sh/ and /zh/ are used for conso-
nants /9/, /6/, /[/ and /3/, respectively. With the particular sequence
of consonants shown in Fig. 1, two distinct structures can be ob-
served in the CM images - (i) dark lines parallel to the diagonal
and (ii) dark blocks on the diagonal. Every fourth line parallel to
the diagonal represents a consonant confusion and correct vowel,
while a 4 x 4 block around diagonal represents vowel confusions
with correct consonant. Based on these two structures, the CV
sounds could be grouped into three categories, depending on the
consonant in the CV sound (i.e. each category contained all four
vowels, but specific consonants). For example, CV sounds with
consonants C1 = {/b/, /f/, /6/, v/, /8/} showed more consonant er-
rors (parallel-lines), while those with consonants C2 = {/t/, /s/, /[/,
/z/, I3/} showed more vowel errors (block-diagonal). The paral-
lel line structure was observed above -20 dB SNR and all the way
up to the quiet condition, but it was smeared below -20 SNR. The
CV sounds in set C1, which showed this type of confusion struc-
ture, had low overall recognition scores that reached the chance
level probability (1.56%) at -22 dB SNR. On the other hand, the
block-diagonal structure for set C2 was observed at -22 dB and -
20 dB SNR, but was much less obvious above -16 dB SNR. The
CV sounds in C2 also showed very high recognition scores that
were greater than 10%, even at -22 dB SNR. The remaining CV
sounds (set C3) showed a complex combination of both types of
structures.

The CVs in the three groups are separated by dashed lines in
the CM images, as shown in Fig. 1. Note that many confusions are
asymmetric. CVs in C1 are highly confused with those in set C3,
and occasionally with those in set C2 at low SNRs. However, CVs
in set C3 are confused with those in set C1 but not with those in
set C2. The CVs in set C2 are hardly confused with CVs in other
two sets. Within set C2, there are asymmetric confusions between
/s/-/z/ and /{/-/3/.

3.2. Consonant Confusions

When the syllables were scores only for consonants
[P(Ch|CsVs)], it was observed that the confusion patterns
of consonants /f/, /0/, /v/, /0/ (all in C1) and /m/ (set C3) depend on
the spoken vowel Vs. Specifically, the consonant confusions for
these five consonants were significantly different, with no strong
competitor, when the following vowel was /a/. For the other
three vowels, the confusion patterns did not vary significantly.
Set C1 consonants have scores poorer than the vowel scores
and hence the confusion patterns for C1 consonants are more
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Figure 2: Consonant confusion patterns for consonants /s/ (top

left), /[/ (top right), /z/ (bottom left) and /3/ (bottom right).

likely to be affected by the following vowel. On the other hand,
C2 consonants have scores better than the vowels and the C2
confusion patterns are least likely to be affected by V.

Since the consonant confusions for four C2 consonant /s/, /[/,
/z/ and /3/ are independent of the spoken vowel, their consonant
scores are averaged across Vs. Figure 2 shows the correspond-
ing four rows of the vowel-independent consonant CM, P(Cy|Cs).
The /s/-/z/ and /[/-/3/ confusions are highly asymmetric (Fig. 1, set
C2). The total error in recognizing unvoiced consonants /s/ and
/f/ can be accounted by the confusions with the voiced consonants
/z/ and /3/, respectively, whereas /z/ and /3/ have multiple com-
petitors that contribute to the total error. Thus the asymmetry is
biased towards the voiced consonants /z/ and /3/, i.e. these two
are the preferred choices in /s/-/z/ and /[/-/3/ confusions in speech-
weighted noise. The asymmetric parts of the confusion probabil-
ity are as high as 0.13 and 0.14 for /s/-/z/ and /[/-/3/ confusions,
respectively. This asymmetry is slightly greater than the largest
asymmetry found in the consonant CM of MN16-55, which was
0.1 for a different consonant confusion [7].
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Figure 3: Average SNR spectra (thick solid line) in dB for conso-
nants /v/ and /s/, when the wideband SNR is 0 dB. The thin solid
line shows the SNR spectrum for average speech, while the circles
and the error-bars show the means and the standard deviations in
the values narrow-band SNR estimated in octave bands below 500
Hz and half-octave bands above 500 Hz.

The nature of the confusions among the three consonant sets
correlate with the SNR spectrum of the consonants. The SNR
spectrum for a consonant is the ratio of power spectral density
(PSD) of that consonant to the PSD of speech-weighted noise. To
estimate the PSD of a consonant, the PSD of all CV utterances
with the given consonant were averaged. Such an average would
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practically average out the spectral variations due to different vow-
els and enhance the consonant spectrum. The thick solid lines in
Fig. 3 show the SNR spectra, i.e. SNR as a function of frequency,
for two consonants /v/ (set C1) and /s/ (set C2).

The SNR spectrum for consonants in set C1 is lower at high
frequencies while those for the C2 consonants increased sharply,
reaching above 15 dB for some utterances. This explains the dif-
ference between the recognition scores of C1 and C2 consonants.
The recognition scores of C2 consonants were above 50% even
at -22 dB wideband SNR, while the C1 consonants had relatively
greater masking under speech-weighted noise and showed large
consonant confusions for SNR < -10 dB. This observation is fur-
ther elaborated in Sec. 3.4.

The SNR spectrum for C3 consonants (not shown) are similar
to C1 consonants, having a relatively low SNR at high frequencies.
This is consistent with the confusions observed in Fig. 1, which
show that the C1 consonants are confused with C3 consonants, but
C2 consonants are rarely confused with C1 and C3 consonants.
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Figure 4: Vowel confusion patterns P(V, [V, SNR). Symbols ¥,

W, Jand LXdenote vowels /al, e/, il and /=/, respectively.

3.3. Vowel Confusions

When the syllables are scores only for vowels [P(V,|CsVs)], the
vowel confusions were found to be independent of the spoken con-
sonant Cs. Therefore the vowel scores were pooled across Cs to
analyze vowel confusions [P(V3|Vs)] (Fig. 4). At very low SNR
values, all the diagonal and the off-diagonal entries in the 4 x 4
vowel CM converge to the chance level performance of detecting
one of the four vowels (25%). The recognition score for each of
the four vowels was greater than 30% at -22 dB SNR and was not
low enough to see clear groupings with local maxima (SNR,), with
an exception of P(/1/|/¢/) (top right panel, Fig. 4). However, the
off-diagonal entries show some interesting behavior at scores that
are an order of magnitude smaller than the chance level. Due to the
very large row sums (1700 to 2000 responses) in the vowel CM,
the data variability is relatively small resulting in the curves that
are distinct and smooth, even at such low values.

At very low SNR, each vowel seemed to be equally confused
with the other three vowels, except for /¢/, which clearly formed a
group with /1/ (SNR, ~ -20 dB, top right panel of Fig. 4). But as
the SNR increased, /e/ became equally confused with /1/ and /&/,
though the total number of confusions decreased. For the other
three vowels, the curves of off-diagonal entries separated from
each other, showing a clear ordering in the confusability. Above
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Figure 5: Top Row: Plots of the average values of the second for-
mant frequency (F») of vowels vs the vowel durations for male
(left panel) and female talkers (right panel). The values of the
duration are from Hillenbrand et. al. [8] (HGCW), while the val-
ues of Iy are from HGCW (hollow symbols) as well as Peterson
and Barney [9] (PB) (filled symbols). Bottom: 2D projection of
the vowel clusters in 3D eigenspace that matches the vowel loca-
tions in F» vs. Duration space for male talkers. The gray-scale
intensity of the symbols show the six SNR levels, with the lightest
corresponding to -22 dB SNR and the darkest corresponding to the
quiet condition. The lines indicate paths traced by the vowels in
the 2-D plane of projection, as the SNR decreases.

-10 dB, /&/ and /a/ emerged to be the strongest competitors of
each other, with /1/ being the next stronger competitor and /¢/ be-
ing the weakest competitor for both vowels. The vowel /¢/ was
the strongest competitor of /1/ above -20 dB, with /@/ as the sec-
ond strongest competitor. Thus, overall, the four vowels seemed
to fall into two perceptual groups - {/a/, /&/} and {/¢/, /i/}. The
two groups correlate with the durations of the vowels, i.e. /a/-/&/
are long (temporal duration) vowels while /¢/-/1/ are short vowels
(Fig. 5). Vowel /&/ was a stronger competitor than /a/ for the short
vowels /e/ and /1/ at SNR > -16 dB. These confusions are consis-
tent with the second formant frequencies of the vowels (Fig. 5),
which would be audible at higher SNRs.

A principal component analysis (PCA) was performed on the
4 x 4 vowel CM [P(V3|Vs)] to analyze the grouping of vowels.
The 4 dimensions of the eigenvectors were rank-ordered from 1 to
4 in the decreasing order of the corresponding eigenvalues. The
highest eigenvalue was always unity since the vowel CM was row-
normalized and therefore the coordinates along the corresponding
dimension (i.e. Dimension 1) were the same for all four vowels [1].
The clustering of the vowels in the 3D eigenspace, when projected
on a specific X-Y plane in the eigenspace, is very close to the
graph of vowel duration vs. the second formant frequencies. The
projection coefficients indicate that dimension X is almost identi-
cal to dimension 2, which is associated with the largest eigenvalue
of the 3D subspace. Therefore, the vowel duration is the most
dominant perceptual cue for vowel discrimination. Addition of
masking noise reduces the perceptual distance among the vowels
and draws them closer in the eigenspace. The vowel /1/ stays rel-
atively farther from rest of the vowels in presence of noise, which
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is consistent with its relatively higher recognition scores, possibly
due to its high F> [10].
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Figure 6: Left: PI-function (i.e. recognition scores as a funciton
of SNR) for the sixteen consonants. Right: Vowel-to-consonant
recognition ratio (A\) as a function of SNR, for each consonant.
The three solid lines with different darkness represent each of the
three consonant sets, while the thick dash-dotted line represent the
average values over all consonants.

3.4. Recognition Scores

The speech-weighted noise seems to uniformly mask all the per-
ceptual features (i.e. events) of the vowels. The recognition scores
for consonants (Fig. 6, left), however, show much greater vari-
ation than the vowels. The curves of consonant scores separate
into three groups, which correlate closely with the three consonant
sets C1, C2 and C3. The separation of the three sets of curves is
more evident in the vowel-to-consonant recognition ratio (A =
plots shown in Fig. 6, right panel. The dash-dotted line shows
the average value of )\, which was always greater than but very
close to unity. Set C1 consonants have A curves that start rising
with addition of small amount of noise, while those for set C3 stay
close to unity for wideband SNRs >-16 dB, but rise sharply below
that. However, X for set C2 is always less than unity and decreases
gradually for wideband SNRs <-10 dB. This shows that recogni-
tion scores of some consonants (C2) can be greater than vowels in
speech-weighted noise.

The spread of the consonant recognition scores (Fig. 6, left
panel) is very large (~6%-80% at -20 dB SNR) in speech-
weighted noise. It is consistent with the consonant scores mea-
sured by [11]. In comparison, the spread of the consonant scores
in white noise (i.e. MN16-55 data, shown in Fig. 6 of [7]) is
very small, nearly half of that observed in speech-weighted noise.
Thus, the white noise masks the consonants much more uniformly
as compared to the speech-weighted noise. This implies that the
events for the consonant sounds are distributed uniformly over the
bandwidth of speech. The events important for recognizing the C2
set consonants are at the higher frequencies that are relatively less
masked by the speech-weighted noise. The events for the vowels
are mostly at the lower frequencies, which are uniformly masked
by the speech-weighted noise.

These inferences are consistent with the work of [12], who
show that while the vowel recognition is always better than the
consonant recognition (A > 1) in low-pass filtered condition,
the high-pass filtering could make the vowel recognition either
smaller or greater than the consonant recognition. The low-pass
filtered speech contains almost all vowel events but only few, low-
frequency consonant events, thus making the vowel scores always
greater than consonant scores. On the other hand, the high-pass
filtered speech contains very few or no vowel events. High-pass
filter also removes the low-frequency consonant events, resulting
in an average consonant score that could be greater or smaller than
the vowel score.

4. Conclusions

1 In presence of speech-weighted noise, the CV syllables percep-
tually group into three sets C1, C2 and C3. These sets are deter-
mined by the consonant in the CV and not by the vowel (Fig. 1).

2 Set C1 consonants (/f/, /0/, /v/, 18/, /b/) have recognition scores

smaller than the vowel scores. The confusion patterns for these
consonants (along with that of /m/ from set C1) are influenced
by the vowel.

3 Set C2 consonants (/s/, /[/, /z/, I3/, /t/) have recognition scores

greater than the vowel scores and confusion patterns of these
consonants are not affected by the vowel. Within set C2, /s/-/z/
and /[/-/3/ form highly asymmetric perceptual groups, biased in
favor of the voiced consonant in presence of noise (Fig. 2).

4 The consonant confusions among the three consonant sets cor-

relate with the spectral energy in the consonants (Fig. 3).

5 Vowel duration is the most dominant acoustic feature in the per-

ceptual grouping of the vowels (i.e. /a/-/=/ and /¢/-/1/), followed
by the second formant frequencies (Fig. 5).

6 A comparison of UIUCs04 results with the past work suggests

that the events for vowels are located at low frequencies, while
those for consonants are spread uniformly over the entire band-
width of speech.
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