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Abstract

For participants of multi-party teleconferences, it can be
challenging to attribute what was said to the individual talk-
ers. Spatial audio reproduction may help to overcome this is-
sue. Our work investigates the potential improvement for
speaker recognition using binaural synthesis. Here, the indi-
vidual talkers are distributed to different simulated positions
around the listener. In a listening-only test, we evaluated the
effects of binaural synthesis and additional reverberation
compared to a mono-diotic representation on speaker recog-
nition. The results show a positive effect of the binaural syn-
thesis compared to a mono-diotic condition. In addition, bin-
aural synthesis with low levels of reverberation resulted in
the highest speaker recognition performance compared to the
anechoic settings. Nevertheless, a slight negative impact of
the binaural synthesis was observed if all speakers appear
from the same direction and thus no spatial information is
provided.

Introduction

The question of who said what is of great importance for
participants of teleconferences. How easily participants can
answer this question depends on the composition of talkers
and presumably the design of the teleconferencing system.
In two user studies, we first identified a set of talkers that are
not easily distinguished from each other. Second, we as-
sessed the influence the system attributes of spatial represen-
tation and added reverberation have on speaker recognition.

Factors for speaker recognition

Various research has been performed under the topic termed
cocktail party effect [7], which describes speaker segrega-
tion in a mixture of multiple talkers. For stream segregation
the selective attention to a specific source is the key [8]. In a
teleconference, however, information should be gathered
from all interlocutors and correctly attributed. In the follow-
ing, the term speaker segregation will be used in the simul-
taneous case in contrast to speaker recognition in the se-
quential case.

Speaker recognition is a problem that is solved on a multi-
factorial basis. Some of these factors, such as visual cues,
are not available in teleconferences. This may lead to incor-
rect attribution of content to speakers. From the cues availa-
ble in teleconferences, the individual pitch offsets and pitch
contours are the major contributors for speaker segregation
[9] and recognition [12,13,14]. The perceptual system even
overemphasizes the importance of the pitch over other avail-
able cues in the spectrum (e.g., shimmer, jitter, or disper-
sions between certain formants [3]). However, the pitches of
two voices are not stable and may cross at some point of
time, which can lead to confusions [9].

The potential gain of reintroducing cues (as spatial infor-
mation), is not easily predictable as recognition cues are
weighted differently depending on the situation. For exam-
ple, male and female voices are accessed differently [13,3]
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also cues are reweighted for every talker [12] and by every
listener [14]. This reweighting may even observable on a
cognitive level as different talkers are recognized on indi-
vidual neural pathways [15].

It has been argued that monaural cues are more important
than spatial cues for speaker segregation [16]. However, spa-
tial cues provide advantages for two or more concurrent
talkers [11, 18]. In a teleconferencing system with three
talkers, spatial cues provided even a larger advantage than an
increased signal bandwidth (which transports the spectral
cues besides the pitch) for speaker recognition [2]. As
speaker recognition is based on a set of cues, these may in-
dividually not provide much insight but interact with each
other [19], i.e., if localization performance in a system is
poor, speaker recognition can still be improved by spatial
representation [20].

Effects of reverberation on speaker recognition

If sound is reflected in a room, information about its geome-
try as well as the source and receiver positions are encoded
in the reverberations. This explains why perceived distance
(externalization) depends on reverberations [21]. From this
finding one may argue that reverberations may enhance a
spatial teleconferencing system, as the lack of externaliza-
tion would inhibit a vivid spatial perception of the talkers
around the listener.

However, reverberation has a negative effect on spatial seg-
regation of sounds [22], even if this effect was shown to be
smaller for voice than for noises [18]. Additionally, spectral
cues are diminished by reverberation [22].

Spatial teleconferencing systems

Spatial teleconferencing systems implemented with multiple
physical loudspeakers were found to enhance speaker recog-
nition performance [1], as well as measures of perceived
quality [23]. For a system using binaural synthesis, this
might depend by the specific implementation as well as the
HRTFs. For example, a spatial teleconferencing system im-
plemented using only changes in ITDs and ILDs (providing
little to no externalization) was found to be preferred over
mono although it did not improve the speaker recognition
performance [24]. Findings made for physical setups should
in general be transferable to simulated ones, as localization
performance in the horizontal plane was shown to be similar
for physical loudspeakers and binaural synthesis [25]. If a
room specific set of HRTFs is used, binaural synthesis can
even be perceptual transparent regarding localization per-
formance [26]. Evidence shows that speaker segregation is
not or only barely affected by the simulation [17,18]. How-
ever, detection performance of sound utterances can be re-
duced by the simulation [25].

If non-individualized HRTFs are used, localization perfor-
mance in the horizontal plane is not affected [20]. Neverthe-
less, the perception of different heights, which is also deter-



mined by the spectral filtering of the pinna [27], is limited.
Additionally, non-individualized HRTFs are prone to front-
back confusions [28]. Head tracking is a potential solution
while providing a potential gain of elevation without im-
proving the azimuth accuracy [21]. This corresponds to the
observation that speaker recognition rates in a binaural con-
ferencing system are not altered by head tracking if all talk-
ers are presented in the frontal hemisphere at equal height
[2]. So far, it was not shown that speaker recognition can be
increased if talkers are distributed at wider angles than re-
quired for localization, but a wider distribution may be pre-
ferred by users [1, 2]. Finally, the positions of the talkers
should remain constant as a priori knowledge of the loca-
tions is important to segregate talkers [11].

Experiment 1: Similar-sounding Talkers

Certain combinations of speakers provide enough spectral
and other cues to be easily distinguished from each other. As
we wanted to focus on cases where monaural cues are not
sufficient anymore, an experiment was conducted to deter-
mine a set of similar speakers.

Experimental Design

Subjects: 10 normal hearing participants were of age 20 to
41 (median age: 27), which were not familiar with the voices
in the stimuli to be presented.

Stimuli: A database of 31 non-professional speakers (16 fe-
male, 15 male, all German) was used [29], featuring dia-
logues, 25 sentences and 52 single words. The content was
identical for all speakers. The stimuli were edited semi-
automatically to remove upfront respiratory noise and other
artefacts. The first experiment employed 18 declarative sen-
tences from 14 female and 5 male speakers.

Procedure: The experiment featured 105 pairwise compari-
sons of all 14 female speakers with each other (and them-
selves as control condition). For each trial two different sen-
tences from two talkers were played back via headphones
with a 2s gap between them. Participants were asked to as-
sess similarity of the two speakers on a 7-point Likert with
the endpoints “very similar” and “very dissimilar”. The or-
der of speakers and sentences was randomized for every par-
ticipant and each sentence was used at most once per talker.
The study was preceded by a training of 15 comparisons of
the 5 male speakers.

Results

The distance ratings were mapped to an interval from 0 (very
similar) to 1 (very dissimilar). The mean value over all par-
ticipants and speaker combinations was 0.56 (o: 0.32). 2002
different groups of 5 talkers can be formed out of 14 talkers.
The average distance of talkers within all these groups was
calculated. The group with the lowest average distance (talk-
ers: 5,7, 12, 13, 14) featured a value of 0.38 (o: 0.23), com-
pared to a value of 0.77 (o: 0.23) in the group with the high-
est average distance (talkers: 2, 4, 8, 9, 14). The distances of
the 14 speakers span a 13-dimensional space, where each
dimension resembles the distance to another speaker. To
visualize this space and therefore reduce dimensionality non-
metric Multidimensional Scaling (MDS) was used (stress =
0.15).
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Figure 1: All 14 speakers fitted in a 2-D space using MDS;
Circles represent the most similar group.

Experiment 2: Effects on Speaker Recognition

The influence of spatial representation and reverberation on
speaker recognition performance was assessed in the 2™ ex-
periment. Four similar sounding female voices were present-
ed sequentially either as spatial: binaural synthesis with four
virtual positions at +12° & +30°; frontal: binaural synthesis
with identical positions at 0°; or using diotic representation.
The frontal and spatial condition were presented in an ane-
choic and a reverberant condition.

Experimental design

Subjects: 42 normal hearing participants were of age 21 to
39 (median age: 29) and were not familiar with the voices
they heard.

Stimuli were taken from the same database, as in the prior
experiment, but only the 5 most similar female talkers were
used. This time, all 25 sentences and 52 single words were
utilized. For each participant, a random set of 4 from 5
speakers was chosen. Two sets of HRTFs that have been
recorded with the same KEMAR 45BA artificial head were
used. One has been recorded under anechoic conditions [5]
and the other in a box shaped room featuring a reverberation
time of 270ms [6].

Spatial: Eron;il. Spatial:
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Figure 2: Physical positions of loudspeakers in the HRTF
set used. Positions 1, 4, and the front were equipped with
physical speakers. Positions 2 and 4 use the frontal speaker
and a head movement of 12°.
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Procedure: During the main phase of the experiment, a sin-
gle stimulus was played back and participants had to decide
who the talker was and press the corresponding button. Ini-
tially, all talkers were presented in a training (10min). Dur-
ing this training, pressing the buttons led to the playback
from corresponding talkers. All conditions were trained for
an equal length. Participants were allowed to take notes. In
order not to confuse participants about spatial information
being available or not, the experimental conditions were not
randomized entirely but separated in 3 blocks for the 3 rep-
resentation conditions. Additionally, an icon informed the
participants about current experimental condition. The order-
ing of blocks remained identical for training as well as the
main phase. The order was balanced over all participants.
The target talkers and stimuli of both lengths were random-
ized within the blocks. Two randomized, but non-
overlapping sets of stimuli were used for training and the
main phase.

Results

For analysis, a Generalized Linear Mixed Effect Model
(GLMM) with logit link was used. Results are given as odds
(1) for the reference category and odd ratios (OR) for every
independent variable (2). Probability of a correct answer can
be calculated from odd ratios (3).

Correct identifications|Factor;

Odd(Factor;) = 1

(Factory) Incorrect Identifications|Factor; M
Odd(Factor;)

OR(Factor;) = 0dd(—Factor;) @

B Odd(Reference) * OR(Factor;) ...x OR(Factory,) 3

" 1 - 0dd(Reference) x OR(Factor;) ... *x OR(Factor;,) )

The results show a positive effect for the spatial representa-
tion and a smaller negative effect of the frontal representa-
tion compared to the diotic condition. A significant positive
effect for added reverberation was found. If the stimulus was
a sentence, the performance increased. Participants made
fewer errors for the target speakers 2 & 3 and more errors for
speakers 4 & 5 compared to speaker 1. If the target speaker
was identical to the previous stimulus, significantly more er-
rors occurred. Finally, there is a significant increase in per-
formance from trial to trial. Two significant interaction ef-
fects were found: Speaker 2 was more often correctly recog-
nized in the frontal condition and the increase of perfor-
mance from trial to trial was more pronounced in the spatial
condition.

Discussion

Binaural synthesis itself, as seen in the frontal condition,
seems to compromise some mono-aural cues and therefore
speaker recognition performance. However, this effect was
found to be rather small compared to the gain if spatial in-
formation is provided. It was less difficult to recognize
speakers under certain conditions (long stimuli, certain target
speakers). However, the additional performance gain due to
the availability of spatial cues was seemingly not influenced
by the difficulty of the task. This finding suggests that the
potential benefit of binaural synthesis is not limited to the
case when target speakers are very similar.
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Figure 3: Odd ratios and confidence intervals of main ef-
fects for correct speaker recognition compared to the refer-
ence category (diotic + anechoic + single word + speaker 1
+ first trial + no repetition) with an odd of 1.23 (55% cor-
rect answers); (*p<0.05, **p<0.01, and ***p<0.001).

The overall effect of reverberations is positive while rela-
tively small. The negative effects of reverberation on spatial
and spectral identifications cues seem not to outweigh the
positive effect of improved externalization.

The higher number of incorrect identifications if the target
speaker was repeated in the next trial may correspond to a
bias of human decision making called repetition avoidance.
People tend to underestimate the occurrence of repetitions in
a series of random events [ 10].

Even if no feedback was provided to the listeners, their per-
formance improved during the experiment, especially in the
spatial condition. This may exemplify the ongoing refine-
ment of the auditory system in selecting and weighting the
cues which are best suited in the current situation. Also, spa-
tial representation may be increasingly helpful in longer
conversations.

Conclusion

A positive effect of binaural synthesis for speaker recogni-
tion performance was found, even if talkers are distributed
very narrowly in the horizontal plane. In addition, binaural
synthesis with low levels of reverberation resulted in the best
speaker recognition performance compared to the anechoic
settings. Nevertheless, a slight negative impact of the binau-
ral synthesis was observed if no spatial information was pro-
vided. This indicates that the processing weakens some
mono-aural cues. However, this negative effect is smaller
than the potential gain for speaker recognition performance
if talkers are virtually distributed around the listener

Outlook

The small, positive effect of added reverberation on speaker
recognition may be increased if the properties of the room
the listener is in are represented well. Additionally, only ear-
ly reflections could be used, which have been shown to be
sufficient for externalization [21]. Both these requirements
could be met if room simulation is used. It remains to be in-
vestigated if room simulation provides substantial benefits in
a spatial teleconferencing system.
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