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ABSTRACT

Modulation maps provide aeffective method for the
segregation ofvoiced speech sounds from competing
background activityThe maps are constructed by com-
puting modulation spectra in a bank of auditory filters.
If the modulation spectra amomputed using a con-
ventional DFT, windows of 200nduration areneces-
sary. The reassigned spectrumpnew timefrequency
representation [1,2], allows a reductiontire window
size to 50ms without loss of performance.

The algorithm is tested on‘double vowel’identifica-
tion task that habeen used extensively in psychophysi-
cal experiments [3,4].

1. INTRODUCTION

Human speakers are remarkagbod atunderstanding
speech in noise backgrounds. Psychophysiatd sug-
geststhatlisteners group features in complex ‘auditory
scenes’ into streams which allogelectivelistening.
These streams afermed by groupingll segments in
an auditory scenehat sharefeatures, such as har-
monicity (FO grouping),start or end timeglcommon
fate) or spatial location (binaural cues).

To be able to segregatee streams in a signal it is nec-
essary to expand into a rich representation. The ap-

frequency (F). The representationallows two
simultaneouwoiced sounds to co-exist asparate (but
interleaved) patterns, provided the patterns lufiffier-
ent ks . Spectra can lrecovered by estimatinigpe k
for a window of speechnd sampling theutput of all
filters at the first five harmonics of the.F

vowel /y/ at 126Hz FO
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Figure 1: Amplitude modulation map for a single vowel
Iyl at 126Hz k. The mapshowsenergy as a function of
modulation frequency and channel number. Channel
centre frequencies range from 100Hz to 4.7kHz. The
map was computed using a convention&FT with
204.8ms windows/oiced speech sounds form charac-
teristic patterns whereach harmonic is expressed as a

proach used here is to split the signal into 32 band-passridge in the map. Spectra can be recovered by sum-
filtered channels, using an auditory filterbank. Each ming energy for the initial five harmonics

channel is further expanded by Fourier transforming

the half-wave rectifiedand low-pass filtered output.

Modulation maps are good model fohumanpercep-

The map codes amplitude modulation frequency against tual data, whictshowsthat humarlisteners arable to

channelfrequency. A typical AMmap for a single
vowel /y/ at126 Hz Kk is shown in figure 1. Energy is

concentrated in stripes, corresponding to the harmonics

of the fundamental
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segregate vowels, providdfeir ks are one or two
semitones (6-12%) apart.

A keyrequirement fothe system ighe need to operate
on relatively short windows to deaith the changeable
structure of speech. The mapove isconstructed with
204.8ms windows, which isiuchtoo long to beuseful
for spontaneous speechthis papershows howthe re-



assigned spectrogram allowssimilar frequency reso-
lution as givenabovewith windows of only 51.2ms
duration.

2. THE REASSIGNED SPECTRUM

The reassignment methadas first proposed by Kodera
et al. [1] in order tdmprove the resolution of the spec-

trogram. The method assigns the value of the spectro-

gram to the centre djravity in the analysisvindow,
rather than theentre of thewindow as inthe normal
Fourier Transform. When applied to the spectrogram,
the point of assignment imoved intime and fre-
guency. Howeverwhen time information is not re-
quired, only the frequency displacement is computed,
leading to the definition of the reassigned spectrum.
The frequency displacement uséke phase of the
Fourier spectrumand can beasily computedising a
ratio of Fourier Transforms [2]:

_ Dm%swph(v). STE}I’(V)%
H |STFTO) H

vV, =V
where
V., is the reassigned frequency point,

V is the frequency pointusing the normal Fourier
Transform, STFT, is the Short Time Fouriefrans-

form using thewindow h, dh is the time derivative of
the windownh.

The frequency resolution dhe reassigned spectrum is
unlimited. However,the frequency pointsre no longer
uniformly spaced. To facilitate processing the reas-

signed spectrum is resampled at regular points. The

value of the spectrum at eachtbis point iscomputed
by summation of all of the points falling into teame
bin. Bins containing no frequency points are set to 0.

2.1 Comparison with conventional pre-processing

Contour plots of amplitude modulation maps for the
concurrent vowels /a/ (100Hz)Fand /i/(142Hz k) are
shown in figure 2. The top pangthows a conventional
DFT, computed for 51.2ms windowthe lower panel
showsthe same representatioomputed withthe reas-
signed spectrum. The contours show iso-energy lines.
The vowel ks are optimally separated at 100/142Hz.
While both representations aable to resolveéhe rep-
resentation in the AM domain, it is cletirat the fre-
qguency resolution dhe conventional DFT is nauffi-
cient to localise energy ithe representation. The reas-
signed spectrum is able to localise AM energy much

more preciselyThis is particularlyevident at 400Hz
AM where the DFT fails to resolve two separate peaks.
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Figure 2: Contour plots of amplitude modulation maps
for pairs of synthetic vowelg/ and /i/ atl00Hz and
142Hz fundamental frequency respectively. But#ps
were constructed using 51.2ms Hannimipdows. The
top AM mapwas constructed using a conventional
FFT, the lower map is based othe reassigned spec-

trum.
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2.2 Pulling it all together

A key problem forthe application of amplitude modu-
lation maps is to maintaigood spectral separation of
the harmonics with small FFTwindow sizes. If
204.8ms windowsare used, each FFT bin 499Hz
wide, which is sufficient to moddlumansegregation
performance [3,4]. To besffective for spontaneous
speech, much smallewindow sizesmust be used. The
reassigned spectrogram allotinés. Figure 3shows the
percentage of energhat can beecovered bynterpo-



lating theenergy at eactarmonic. If 204.8ms win-
dowsareused 42% ofhe totalenergy is located at the
bin positions, thigeduces to 28% if 51.2msindows
are used. For comparison the same dataa conven-
tional FFT is plotted: if 51.2mwindowsare usedless
than10% of theenergy is located dhe harmonic posi-
tions. The reassigned spectrumfasir times oversam-

pled, to compare results the data obtained with the con-

ventional FFT was presented in a 51.2ianning
window, within a 204.8ms zero-padded frame.
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Figure 3: Percentage of energy that can be recovered
by extracting the harmonics as a functionvahdow
size for amplitude modulation maps computegith
conventional and reassigned spectrograms.

3 Recognition experiments:

The aim of theAM-maps is to us¢he reassigned spec-
trogram to segregate concurrentvels. Performance is
evaluated on syntheticowel pairs. Onevowel, /a/, is
fixed at 100Hz FOthe secondowel, /i/, FO is varied
betweenl00and130Hz. The spectrum at the target FO
is recoveredand compared against templatés iso-
latedvowels. AEuclidean distance measure was used.
The vowels/a/ and /ilwere chosen because they have
formants in almost complementary positions at 650,
950 and 2950Hz (a)and 2502250 and 3050Hz (1).
The firstand second formant of the faill leak into

the mid frequency (low intensity) region of the vowel /i/
and vice versa. Both vowels have the same rms energy.
When both vowels have the same fundamental
(100Hz), thevowel /a/ is dominant - i.e. thdifference

between the extracted spectrum to the template for /a/ is

smallest. As the targebwel (/i/) F, increases, the dis-
tance to the /i/ templateeduces whilghe distance to

the /a/ template increases. If 204.8mmdows are
used, both the conventional and reassigned spectrogram
require around 6 Hz separationdarrectly identify the
target. This point is identified by the cross-over point of
the graphs, the further to tHeft it is, the better. If
51.2ms windowsare used, the conventional spectro-
gram requires 25Hzqseparation to identifthe second
vowel while the reassigned spectrogram is stiile to
separate vowels with only 6% @&ifference.
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Figure 4: Euclidean distance measured between nor-
malised extracted spectra of the voviglin the back-
ground of /a/ at 100Hz at the given frequencies and a
template for isolated vowela/ and /i/. A detailed de-
scription is in the main text.

Double vowel recognition experiments

A classical set of experiments carried outpsycho-
physics measurethe identification of simultaneously



played vowelpairs by human listener§hese experi-
mentswere adapted to shotlve degree to which simul-
taneous/owelsinteract within the representation as the
analysis window size reduces.

To evaluate the degree of interactiogtween vowels,
thefive long Britishvowels A.,i,0,u were synthesized

at fundamental frequencidmetween100 and 142 Hz
and thecorresponding spectra were recovered from the
map andcompared against a set of templates. The sys-
tem performance is quantified as the average recogni-
tion performance foall possible vowelkcombinations.
Chance performance is 4%, but pairs of equalels

are always recognised correctli20%). The data is
plotted against fundamentéilequency forthe second
vowel for 204.8ms, 102.4msnd 51.2ms (DFT) and
51.2ms, 25.6msand 12.8ms (reassigned spectrum)
windows, figure 5.

The performance of the reassigned spectbaised al-
gorithm is roughly equivalent tthat of theDFT with
windows two to fourtimes as large. Ibnly 12.8ms
windowsare usedthe reassigned spectrum fails to seg-
regate the vowels.
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Figure 5: Recognition performance for pairs of simul-
taneous vowels. THeft panelshowsthe percentage of
correctly recognised vowel pairs usirfigFT decom-
position, the right paneshowsthe data for the reas-
signed spectrum. Note that théndow sizes for the
DFT are 200, 100 and 50ms while the reassigned
spectrum usewindows of50, 25 and 12.5ms respec-
tively.

Comparison with other techniques:

The proposedalgorithm shares many features with
harmonic selection strategies where long term spectra
are computedand sampled at multiples of the funda-
mentalfrequency{5]. The techniquallows a precise
estimation of the spectrum, provided the fundamental
frequency of botfstimuli is steadywithin the analysis
window and that the pitch igrecisely estimated. For
spontaneous speech these restrictions cause problems,
particularly in thehigh frequency region whersmall

Fo changes or pitch estimation errors cawsswvere
problems since the estimation errors multiply as the
harmonic number increases. The AM map algorithm
differs from harmonic selection ithat spectra are re-
covered bysampling partial spectra anly atthe first

five harmonics. Spectral information is recovered in the
filterbank channel domain. This meatimst resolution

is limited to 32 channels, buhis resolution ismore
thanadequate for speech recognition wheree@nnel
MEL-scale filterbanks are commonly used.

Conclusions:

Modulation maps are an elegawdy toseparate simul-
taneous voiced speech sounds. The main problem in the
application of the algorithm, the neddr longterm
spectra, can bevercomewith the reassigned spectrum.
Syntheticvowel sounds were chosen because they are
easy tocontrol and allow a comparison witlpsycho-
physical data, but the technique will be applied to real
speech in the future.
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