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1. lNTFlODUCTiON

Flecentiy, a number of models 01 double (simultaneous) vowel perception have been described which are
based on correiograms. an auditory representation in which frequency and pitch period are displayed or-
thogonally. Some of these schemes have beenquite successful in predicting the performance of listeners
on double vowel segregation tasks tuna]. Additionalty. oarrelograms belong to the lsmily of place-time
models ol pitch perception. and are able to account qualitatively tor many ol the classical pitch perception
phenomena [1 1]. However. It remains to be demonstrated that conelograms can serve as a basis for the
segregath of arbitrary sound sources. No studies to date have addressed this issue.
in this paper. we present quantitative performance figures (measured as an improvement In signal-to-
noise ratio) for two oorrelogtam-based segregation strategies. evaluated overa large database of speech
mixed with a variety of other sources. The liret strategy. which is similar to those of Maddie and Hewitt
[10} and Assmenn and Summertield [t]. estimates the pitch of a source and then identifies the channels
of the correlogram that match the candidate pitch. The second strategy operates in a somewhat inverse
manner: the most likely pitch period is estimated for each channel at the correlograrn. and channels which
have a similar predicted pitch period are grouped. We show that this inversion can alleviate some of the
problems associated withthe first scheme, and extend the system to use pitch contours rather than sin-
gle-frame estimates.

2. AUTOCOFIFIELATION-BASED SEGREGATION SCHEMES

The oorrelograms shown in this paper were derived from a model of the auditory periphery. consistingat
a bank oi 128 bandpass gammatone filters followed by the Meddis [9] model oi inner hair cell transduction.
Filters were spaced equidistantly on the EFlB-rate scale of Moore and Glasberg, bemoan centre frequen-
cies ol 50H: and SRHz. The output at each channel of the model is a probabilistic representation of audi—
tory nerve firing activity. The oorrelogram is obtained by computing the running anon-term autooorreiation
oi the activity in each channel. as originally suggested by Licklider [7].

A corralogram tor a mixture of the synthetic vowels rel (fundamental 112 Hz) and lei (lundamental 100
Hz) is shown in the upper pa net at figure 1 . The lower panel at the figure shows a summaryaurocon'elarion
functionno]. which is obtained by averaging the autocorreiation tunctions over all channels of the auditory
lilterbank. Note that a peak occurs in the summary autocorrelation at the fundamental at each vowel.
Given the oorrelogram representation. previous approaches have attempted to identity the pitch ol one or
more sources from the summary autocorrelation function. and then partition the energy in the channels
of the correlogram on the basis of the candidate pitch. hemann and Summertield (MS) describe a tech-
nique of this form. in which the two largest peaks in the summary autooorrelalion lunction are identified.
The delays at which these peaks occur are assumed to correspond to the pitch periods of the two vowels.
Subsequently. the spectrum of each vowel is estimated by sampling the channels of the correlogram at
the delay corresponding to the vowel's pitch period. Hence, two 'synchrony spectra' are obtained. which
indicate the degree ol synchronisation to each vowel in the auditory nerve. By matching these spectra
against reierence templates. vowel identification performance can be quantified. The MS scheme comes
close to predicting the overall accuracy of listeners' responses. However. It is unable to replicate the find
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ing of Schehers [12] that identification performance
improves with larger oirrerences In fundamental tre-
quency between the two vowels.

A more successful strategy. in terms of predicting hu-
man periormance, has been proposed by Meddis

and Hewitt (M&H). Given that there are two vowels
present with different fundamental frequencies, the
M&H schema partitions the correlogram into two mu-
tually exclusive sets of channels. initially. the largest
peak in the summary autooorrelation is identified.
and this is taken to be the pitch period of the domi»
nant vowel, Channels with a peak in their autocorre—
ration functions at this delay are removed from the
oorreiogram. and matched with a template. The re-
maining channels are assumed to belong to the sear
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and vowel. and are matched with a template in a ‘ ' ’ ' ' ' 'MUQLL" " " " " ' " "
similar manner. Hence. only thepitch of the most Figure 11 Correlogram and summary conglo-
dominant vowel is estimated. This is advantageous. gram to, me double vowe| [a] and [BL
since the second Men is often weak. and may be an
unretieble cue for segregation (Meddis and Hewitt [10]). The M&H scheme is able to model Schehers'
findings quite closely. and shows an improvement in penormance when the difference in fundamental fre
quency between the two vowels is increased.

3. LIMITATiONS OF PREVIOUS APPROACHES

Although the MS and Mil-H strategies are able to model the identificafion of double vowels quite closely.
they suffer from a number of disadvantages. In particular. the schemes do not generatise in situations
where severat arbitrary sound sources are active at the same time. For example. both the Ass and MsH
strategies require prior knowledge of the number of sound sources that are present. Consider the MS
sdteme. which attempts to find the pitch period of each source by identifying peaks in the summary au-
tooot'relation function. For stimuli more irregulerthan synthetic double vowels. this is a non-trivial problem.
Generally, non-speech noise intrusions will generate a multitude of peekan the summary autooorreleiion.
so that it is difficult to identify the number of sources present and assign a pitch period to each one. The
MEH scheme overcomes the problem of multiple peaks by idenfitying the pitch period of the dominant
source. and partitioning the channels of the correlogram into two mutually-exclusive sets. But what it there
are more than two sound sources present? The MRH stmegy does not easily generalise In this case.
A related criticism of the MEH scheme is that listeners can often hear both pitches in a double vowel. and
are able to indicate which vowel hasthe higher pitch and which has the lower pitch (Sumrnertield at al.
[13:]. Similarty. Beerends and Houtsma [2] have found that listeners are often able to correctiy identify the
pitches of concurrent two—tone complexes, for differences in fundamental frequency of two semitones or
more. It seems Unlikely. therefore. that segregation is based only on the most dominant pitch.
Another point concerns the relationship between the pitch system and perceptual grouping mechanisms.
The Ads and M&H segregan‘on shategies assume that the pitch of a source is identified first. and then
this pitch is used to group the components of the source together, However, Bregman [3] notes that this
is unliker to be the case:

'Thepitch system acts to group harmonrcariy relatedpatriers. We might conclude that this
grouping is than used to d'en've other properties of the nowsegregafsd carriers. This
description implies a one-way transaction. the pitch system influencing the grouping
system and not vice versa. However, this appears not to be true. There is evidence that
the pitch that is calculated can depend on cues other than harmanfcr'ty, cues that we
might think of as operating outside the piro‘r system.”(page 2-17)
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Figure 2: Meddis and Hewitt strategy tor the aparation of the double vowels in ligure 1. Chan-
nels belonging to the la! are shown on the lett. channels belonging to the is] are on the right.

This point has been demonstrated by McAdams [5]. using a paradigm in which the odd and even harmon-
ics of an oboe sound were separated and sent to ditierent speakers, When the two sets 01 harmonics were
cohereme irequency modulated. a single source was heard with a single pitch. However, when the odd
and even hermonlm were incoherentty modulated. two sounds were heard that had ditterent pitches.
Hence. itappeare that perceptual grouping determines pitch. rather than vice versa. This conclusion may
also be supported by the linding oi Darwin and Clocoa [6]. which indicates that a harmonic with a diflorent
onset time makes a reduced contribution to the pitch ol a complex tone.

Finally. the MS and use segregation strategies both suffer [tom the problem oi overiapping harmonics
(Assmann and Summeriieid [1]). Consider the correiogram oi the double vowelIa! (lundamental 1 12 Hz)
and lei (tundarneniel 100 Hz) shown in figure 1. The dtannel of this map with centre frequency 898 Hz is
dominated by the eighth harmonic of the lat. which has a irequency at 896 Hz. Peale. occur in the auto-
oorreietion tunction at the period at this harmonic (1.12 ms) and at integer multiples of this period. A large
peak occur: at a delay of eight periods (3.95 ms). corresponding to the pitch period of the lat. However.
there is aiso a smelter peak eta delay at nine periods (10.04 ms}. which Is close to the pitch period of the
lei (10.0 ms). Since the la! is the dominant vowel in the mixture. the MEH strategy initlaily removes the
channels of the correiogram which have a peak at a deiay at 10.0 ms. Consequently. the channels dom«
inated by the 395 Hz harmonic of the fa! are incorrectty assigned to the la! (see arrowed channel in figure
2). A similar error is made by the MS strategy. since the peak in the channel autooorreiation function at
10.04 ms is almost as large as the peak at 8.93 ms, Hence. the 'synchrony spectrum' sampled at the pitch
period at the let contains spurious energy in the region of 896 Hz.

4. A NEW STRATEGY

In this section. a new autoconeiation—based segregation strategy is presented which avoids many at the
limitations of the MS and M&H schemes.

The summary autooorrelation at a periodic sound has peaks at integer multiples of the pitch period. as
well as a peek at the pitch period itself. In order to reduce the Inlluence oi these ‘iatse' pitch peaks on the
segregation strategy described here. a weighting is applied to the summary aulooorrelation which atten-
uates peaks at tonger delay times. Specificatly. a modiiied summary autocorreiation:
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is computed. where the weighting function MAI) ls defined by

Al
wiAIl =1-D.5m

 

(2}

as suggested by Welntraub (14]. Here. Aim“ Is the longest autocon'elatlon delay and acm{t,f.Ar] is the
autocorrelation lunctlon oi channel rat time rand detayAt. The function wlAI] Imposes a linear weighting
on the summary autpcorrelation. which varies lrom 1.0 at zero delay to 0.1 at the longest delay. This en-
sures that the peak at the pitch period is larger than the peaks at integer multiples ot the pitch period.
The weighted summary autocorrelation s.ILAt] Is an average measure oi the periodicltles present in
the correlogram. As such. it indicates the likelihood all a pitch period At occurring in the ocrrelogram at
time I. SimilerIthe channel autocorrelation functions Ecrrtlt‘, first] indicate the likelihood of a parficular
pitch period occurring in a channel at the oorrelogmm. Therefore. the product of these two quantifies gives
an estimate ofthe likelihood that a channel r behoan on a pitch period Al at time t.

PFlLfiAl] =acmltf.ArIs_,tl.All (3)

From equation (3). II is possihie to predict the pitch period that a channel is most liker to belong on. Spe-
cificelly, the predicted pitch period p11. f) is given by the amocorrelation delay at which Fri: 1. At] is
highest

 

pith = Timon”. (4)

Here, p[t, fl is oompuled tor values 0! AI between 2 ms and 20 ms, corresponding to pitches in the range
50 Hz to 500 Hz. Segregation can nowbe achieved by application of the following grouping principle:

Chant-leis oi the correi'ogram are grouped together it they have the some predicted pitch
period.

This strategy is illustrated in figure 3. for the double vowel lar' and Is! shown in Iigure I. The two largest
groups lound by this process. which account for 80% at the channels in the wrrelogram. are shown In the
ligure. The group on the lelt of the figure has a pitch period oi 10.0 ms. and corresponds to the r‘el. Simi-
larly, the group on the right has a pitch period of 3.93 ms, and corresponds to the far. The remaining chan-
nels of the correiogram form small groups. or tail to group at all.

     

WWW“..,....‘........,......v..,.
Whirl-Ii

 
Figure 3: Segregation of the double vowels in ligure 1 by the new strategy. Channels belonging to
the lelare shown on the lelt. channels belonging to the la! are shown on the right;
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This approach has a number at advantages when compared with the A85 and Mal-t strategies. Firsiiy.
no prior knowledge ol the number of sources present in the stimulus is required. Rather. the number of
groups that are iormed is determined by the number at diflerent predicted pitch periods. Secondly. be-
cause the strategy determines the most likely pitch period tor each chan not. it tolerates small irregularities
In the channel autoccrrelatlon functions. For example. a comparison of figures 2 and 3 shows that the new
strategy has correctly assigned several iow-lrequency channels to the to! that were incorrectly grouped
with the la! by the Mai-i scheme. Thirdly. the new strategy does not attempt to identify a global pitch for
each source. Rather.It predicts a localpitch for every channel in the correlogram. and groups channels
with the same local pitch. This approach is consistent with the view that grouping determines the per-
ceived pitch or a source, rather than vice versa.Additionally. the strategy is robust in situations where
there are many spurious peaks in the summry autocorrelation function.
It Is also apparent from figure 3 that the new strategy can sotve the problem at overlapping harmonics.
The channels in the region of 896 Hz have been assigned to the far. as required. Note that this result is
not due to any change in the dominance of the two vowels caused by the weighting of the summary eu-
tocorreiation function. if the Mai-l scheme were to use the weighted summary autccon'elation, it would still
produce the groups shown In figure 2. since the largest peak still occurs at the 10.0 ms pitch period 0! the
let. Rather. the new strategy is able to solve the problem of overlapping harmonics because of two factors.
Firstly. chemels of the corroiogrnm are allocated exclusively to one source. Secondly. the strategy uses
information about the height of the pitch period peak in the summary autocorrelation and in the channel
autocorreiation. The M5 and MAH schemes each take one oi these factors into account. but not both.
Although the new strategy solves the problem of overlapping harmonics in many situations where the hits
and M&H schemes fail. It is not guaranteed to do so In every case. Again. consider the double voweilel
and Ier'. The channels near to 896 Hz are correctly assigned by the new strategy because the product oi
the summary and channel autooorralation lunctions attne pitch period at the la] is larger than the product
atthe pitch period of there]. However. it the pitch period peak oi the la} in the weighted summary auto-
correlalion was much smaller titan the pitch period peak of the Iar‘. the strategy would tail and the channels
near to 896 Hz would be incorrectly grouped with the far. This problem could be minimised by exaggerat-
ing the differences In peak height in the channel autocorrelation functions. One way of achieving this
would be to square the autocorrelation function in each channel.

Anon-fer strategy for solving the probiern of ovenapping harmonics has been proposed by Summernelc or
al. [13]. They attempt to identity local phones in an correlcgrarn by convolving adjacent channels with Ga-
bor functions. However. this approach is computationally expensive and tails at low frequencies where
harmonics are reserved.

5. GHOUPING PITCH CDNTOUHS

in Brown [4]. we describe a strategy for characterising the auditory scene as a collection ottime-trequency
auditory objects. Primitives for object lormation (and subsequent grouping processes) are provided by
physiologically-motivated models of higher auditory organisation. called auditory maps. Channels of the
correlogram that are responding to the same spectral dominance are identified by a moss-wrrelaricn
map. and combined Into explicit groups oi channels called periodicity groups. Additionally. a map oi ire-
quency-trensilion sensitive cells is used to extract information about the mcwement of special dominanc-
es. Auditory objects are termed by using the frequency transiu'on information to track periodicity groups
across time and frequency.

The implementation of the new segregation strategy described in this section exploits the tact that tempo-
ral continuity has been made explicit In the auditory object representation. Flarher than comparing predict»
ed pitch periods at each time trams. a temporally-extenshre pitch contour is computed for each object in
the auditory scene. Subsequently. objects are grouped it their pitch contours are similar.
As before. the probability of each pitch period is predicted by computing the product of the channel and
summary autocorrelation lunctions. However. auditory objects generain occupy more than one channel
of the oorreiogram at each time frame. Therelore. a local summary eulccorrelaiion is computed. which
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average: the channel antocorretation lunctions over the frequency spread or the object. For an auditon
object which occupies channels f, to I: at the autocorrelation map at time t, ttte local summary autocor-

relation it t. f.. fret] is given by

1.
Minoan =fifi£acmittnm t5)

1-}.

Now. using the same rationale as tor equation (3). the probability of the object belonging on a particular
pitch period At at time fis given by

murmur! = trtr,.r,.Ar]s.[tAt1 (a)
As described in the last section. the most likely pitch period could be estimated lrum equation [6) in a
lrame-by—trame manner. However. this approach does not take advantage of temporal mntinuity. instead,
Prl i. f.. [2.1M] is computed at every time trams occupied by the auditory obioct. and the best pour
through this series of functions is iound by a dynamic programing algorithm. The choice ol pitch period

at each time lrarne depends upon the probability of the new pitch period and its distance trorn the previous
pitch period.

A dynamic programming score is computed for each initial pltch period. and the pitch period with the high-
est score is taken to be the start of the best path. Subsequently. the best path is retraced through the se-
ries ofiunctions Pr[ 1, f., i2, A!) in order to determine the pitch contour. This process is repeated for each
obiect in the auditory scene.

Pitch contours tor the objects in a mixture of speech and noise are illustrated in figure 4. Two distinct
groups are visible, corresponding to the pitches oi the speech and siren. Additionaliy. a small number at
contours occur at twice the pitch period of the speech due to sub-octave errors In the tracking procedure.

 

am on u on an n. lb? v: m Ilfl m-
I'm-Incl

Figure 4: Auditory obiect representation of speech and siren intrusion (upper panel) and pitch contours
tor each cogent (tower panel).

6. QUANTITATIVE EVALUATION

We have developed a method tor quantifying the signal-to-noise ratio of an acoustic mixture betore and
after segregation. The method relies on the linearity at a resynthesis path tron-i the segregated represen-
tation; details of the technique are presented in Brown [4]. Here. we concentrate on a comparison be-
tween e strategy like the one proposed by Medd‘rs and Hewitt and the new approach described earlier.
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The evaluation is based on the 100 acoustic mixtures used byCooke [5]. obtained by adding each of to

voiced sentences with each at to acoustic sources. These 10 'intmsions' included synthetic signals such

as noise bursts, sirens and wideband noise. in addition he music. laboratory noise and other speech.

6.1 The frame-based scheme

Initially. pitch contours were derived for each of the 10 voiced utterances. This was achieved by comput-

ing a summary autocorretatlon representation tor the clean speech. and identifying the location at the larg-

est peak in each time frame. Where necessary. sub~octave errors were manually corrected.
Subsequentty. these pitch contours were usedto inform the segregation oi the utterances truth the noise

intrusions. A cotrelogram was computed at each time trams. and channels at the map which had a peak

at the given pitch period were allocated to the speech source.

Cleany. this approach gives the frame-based strategy an unlair advantage in the comparison. since it has

a priori'knowledge of the pitch period at the speech at each time irarne. As such. the results represent the

optimum pertomiance at a frame—based autocorreletion segregation strategy on the test set.

62 The new scheme

Given a predicted pitch contour tor each object in the auditory scene. segregation I5 achieved in the new

scheme by application ol the tollowlng grouping principle:

Auditory objects which overtap in time are grouped together if their predicted pitch

contours are sufficiently similar.

For two obiecls that overlap in time. the similarity at their pitch contours (calculated using the method de—

scribed in the previous section) can be quantified by a Gaussian-weighted similarity metric. Two objects
are allowed to term a group It their similarity score exceeds a threshold value (a value of 0.9 is used here).

(Steady. this process groups auditory objects in e pairwise manner. Brown [4] describes a strategy forcom-
bininq these pairwise groupings into larger groups. The grouping regime operates under extremely tight

oonstrelnts: a new object is recruited to a group only it its pitch contour is sufficiently close to moss oi all

other objects in the group.

6.3 Results

Figure 5 shows the mean SNFl etter segregation. I
tor the object-based and trams-based correla-
gram strategies. The perioirmance ol the object-
based scheme is better for every intrusion except
n9. tor which it Is the same. The poorer perfor-

mance oi the heme-based strategy probably aris~
as from the fact that trams-based schemes do not

exploit temporal continuity.

Note that in two conditions int and n8). the trams-
based strategy degrades the mean SNFt alter

segregation. This might be expected for the ran-
dom noise intrusion (n1). since it causes many
peaks to occur in the channel eutooorralation
functions. It a spurious peak in a channel dominat-
ed hy the noise intrusion coincides with the pitch
period at the speech source, the channel will be

inappropriately grouped. The problem at evenap- Figure 5: Signal-to—noise ratios for each oi to in-
plng harmonics may contribute to the poor perlor- trusive sources (averaged across 10 voiced
menu; on n3. the male speech intrusion. From the sources}.
pitch tracks at the speech intrusions and the
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voiced utterances. the frequencies oi the first 10 harmonics were calculated at each time trame and coni-
pared tor overlap. This Informal analysis suggests that. on average. medapping harmonics occur more
lrequentiy for condition n8 [5.3% at time frames) than for n7 (1.3%) or ns (2.5%).

7. SUMMARY AND DISCUSSION

A new correlogrem—basea segregation strategy has been described. The main Innovation oi the new
scheme is that it allows pitch to arise as a result at grouping. rattler man as a determinant of it. This view
is supported by several psychophysioel observations. which suggest that grouping cues such as common
onset have an influence on the pitch system.

The pertcrrnance oi the cored»de scheme Is generally much better than that of a frame-based cone-
Iogram segregation scheme. Several lactors may contribute to this result. Firstly. temporal continuity is
made explicit in the obiect representation. whereas conventional oorrelogram strategies operate on a
irame—by—frame basis. Secondly. the strategy used here is tolerant of variations in the position at peaks
in the channel autocorrelation functions. so that the groups found by the model tend to be larger. Finally,
the strategy is able to solve the problem at overlapping harmonics on many occasion. it may be possible
to isolate some at these factors. in order to assess their contribution to the overall performance oi the ob-
[est-based scheme. For example. the segregation strategy descrmed in section 4 could be implemented
in a trams-based manner. This would allow the contribution at temporal continuity to be quantified.
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