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ABSTRACT 
Normal-hearing subjects are able to localize and identify sound sources in reverberant multi-talker 

environments. It has been shown previously that subjects can accurately analyse reverberant 
multi-talker scenes with up to four simultaneous talkers. While multi-talker scene perception has 
mainly been investigated regarding only auditory information, visual information might influence the 
subjects’ perception. In the present study, audio-visual scenes varying between two and ten talkers 
were considered. The acoustic information was provided using a spherical loudspeaker array and 
visual information was provided using head-tracked virtual reality glasses. The visual information 
represented 21 possible static talker locations and the subjects were asked to identify the content of the 
talkers and their specific locations. For the identification of talkers,  the subjects were asked to label 
visual locations with headlines from the talkers’ speech topics. The subjects were able to accurately 
analyse scenes containing up to six talkers. When more talkers were  presented in the scene, the 
azimuth localization accuracy decreased, whereas distance perception accuracy was not found to vary 
with the number of talkers. This new audio-visual scene analysis method might be a valuable tool to 
test speech perception in more realistic environments than those tested in previous investigations. 
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1. INTRODUCTION 
The human auditory system is able to parse complex auditory scenes, also known as a 

“cocktail-party scenario” (see (1) for a review). The term cocktail-party scenario was coined by Colin 
Cherry (2) who investigated the perception of two simultaneous talkers presented over headphones. 
The speech was presented anechoically and either diotically or dichotically. Many studies investigated 
auditory perception in more complex listening scenarios with multiple talkers spatially distributed and 
including room reverberation (1). However, it has remained unclear how the human auditory system 
processes such scenarios. 

Single speech or speech-like sound sources can be localized by human listeners with a resolution of 
up to a few degrees (e.g. 3). However, in the case of interfering stimuli presented and at negative 
signal-to-noise ratios, the localization accuracy has been shown to decrease (4–7). Kopco et al. (7) 
investigated the ability to identify and localize a target word spoken by a female talker out of four male 
interfering voices. They showed that the presence of the interferers disrupted speech localization 
accuracy relative to the condition word localization in quiet. However, the intelligibility of the target 
word was not considered in this study.  

Hawley et al. (8) studied both localization accuracy and intelligibility of a target sentence in the 
presence of interfering speech. Up to three interfering talkers were included and the localization 
accuracy was generally found to be high and not correlated to the number of interfering talkers. The 
speech intelligibility was found to decrease with increasing number of interfering talkers, while the 
target-to-masker ratio was kept constant. 

Most studies considered short speech stimuli, such as words or sentences. However, in realistic 
cocktail-party scenarios, the auditory system has generally access to longer intervals of speech. Weller 
et al. (9) used up to six scripted monologues, which were presented simultaneously in a 
loudspeaker-based virtual sound environment from locations placed around the listener. The listeners 
were asked to localize and identify the gender of the talkers in a top-down view representation of the 
listening environment. The results showed that listeners can reliably analyze a scene of up to four 
listeners. However, the authors noted that the analysis method was limited as the label for each source 
was binary (male/female) such that ambiguities could occur in the analysis. 
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In the current study, the ability of normal-hearing listeners to analyze a virtual audio-visual scene 
was investigated, containing a varying amount of talkers. The number of talkers in the scene was 
varied and the task was to specify the location in azimuth and distance and to identify the topic 
(content) of each source. The virtual audio-visual scenes were reproduced using a loudspeaker-based 
virtual sound environment and virtual reality glasses, allowing for an egocentric response. 
 

2. METHODS 

2.1 Participants 
Six young, normal-hearing participants (5 female, 1 male) took part in the experiment. The 

participants were between 21 and 26 years with an average age of 23 years and were financially 
compensated on an hourly basis. All participants provided informed consent and all experiments were 
approved by the Science-Ethics Committee for the Capital Region of Denmark (reference 
H-16036391). 

2.2 Acoustic Reproduction 
Ten stories were recorded in Danish language for this experiment. Each of the stories was read by 

10 speakers (5 female, 5 male). The speech stimuli were recorded in a sound-proof listening booth 
using a Neumann TLM 102 (Neumann GmbH, Berlin, Germany) microphone. The text of the stories 
was shown on the head-mounted display of an HTC Vive Pro (HTC Corporation, New Taipei City, 
Taiwan) to eliminate acoustic reflections from a computer screen or noise from a paper. The speakers 
could re-read sections, but no particular focus was put on accuracy. The stories were between 74 and 
120 s long and had an average duration of 93 s. 

The reproduction of the stories was done in an anechoic room with a 64-channel spherical 
loudspeaker array with a radius of 2.4 m (10). The KEF LS50 (GP Acoustics Ltd., Maidstone, UK) 
loudspeakers were driven by three sonible d:24 (sonible GmbH, Graz, Austria) amplifiers. 

The anechoic recordings of the stories were spatialized using the room acoustics simulation 
software Odeon (Odeon AS, Kgs. Lyngby, Denmark) and a nearest loudspeaker mapping method 
(NLM) from the loudspeaker auralization toolbox (LoRA, (11)). The NLM maps the direct sound as 
well as the early reflections to the geometrically closest loudspeaker. Late reflections are reproduced 
with energy envelopes represented in 1st order ambisonics and multiplied with uncorrelated noise for 
each loudspeaker (11). 

2.3 Visual Reproduction 
The virtual visual environment was reproduced using an HTC Vive (HTC Corporation, New Taipei 

City, Taiwan) virtual reality system. The head-mounted display, the hand-held controller and three 
additional Vive Trackers were tracked using the infrared ray tracking system. The Vive Trackers were 
used for a spatial calibration system as described in (12). Unity 3D with the SteamVR plugin were used 
to create and present the visual virtual environment. 

2.4 Audio-Visual Environment 
The virtual environment was a rectangular room of 9 by 12 meter and a height of 2.8 meter. Figure 

1 shows the dimensions, the listener location and the possible source locations. The source locations 
were arranged semi-circularly around the listener between -90° (left) and 90° (right) in 30° steps. 
Three distances between the listener and the sources were included, 1.4m, 2.4m and 3.4m. On each 
possible source location, a static, semi-transparent avatar was visualized as shown in Figure 2. The 
participants could interact with the visual scene by pointing towards an avatar using a hand -held 
controller with a virtual laser pointer. A button on the hand-held controller could be pressed to choose 
an avatar, while another button changed the color of the laser. Additionally, a third button was assigned 
to choose the perceived distance. 
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2.5 Experimental Procedure 
The experiment started with a familiarization phase, where subjects were asked to localize and 

identify a single source. In the familiarization phase, all ten stories were presented once to the listeners 
in random order. The talker and the location were drawn randomly on each trial.  

Subjects were provided with a color-to-story map as shown on the back wall in Figure 2 (right 
panel). Identical colors were available for the laser pointer, enabling listeners to assign stories to 
locations. After each trial in the training phase, feedback of the correct location was provided to the 
listeners. The audio was played for 60 s, with no response time limit. 

In the test phase of the experiment, the number of sources in the scene was varied between two and 
ten talkers. For each source, a unique talker, story and location were randomly chosen. No limitations 
regarding the distribution of the locations were considered. The audio was played for 120 s, without a 
time limit for the listeners’ response. If a story was shorter than 120 s, it was re-started from the 
beginning. The subjects could indicate that they had finished analyzing the scene by pressing a button. 
Each scene complexity (two to ten sources) was tested three times with random source locations, 
stories and talkers. The order of the scene complexity conditions was randomized. 

 
 

    
Figure 2 - Left: View on the virtual visual scene including the room and the possible source locations 

(semi-transparent avatars). Right: View from the participant’s position. The colored icons indicate the topics 

of the stories, which correspond to the color of the laser pointer. The clock on the back wall indicates the 

remaining time in the current scene. 
 
 

Figure 1 - Sketch of the virtual room with the listener location and the possible source locations. The height of

the virtual room was 2.8 m. 
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3. RESULTS 
Figure 3 shows the correctly identified number of sources (panel A) and the number of perceived 

sources (panel B) in a scene as a function of the number of presented sources. The grey symbols show 
the individual results of the listeners and the black squares indicate the mean over all listeners. When 
up to six sources were presented in a scene, the listeners were, on average, able to accurately estimate 
the number of sources (panel A). For more than six sources, the accuracy decreased. Generally, the 
number of sources was underestimated when more than six sources were presented (panel B). Some 
subjects were found to identify the number of sources correctly until seven sources, while others had 
incorrect responses when four sources were presented simultaneously.  

  

       
Figure 3 – Percent correct identified number of sources in a scene (A) and the number of perceived sources 

in a scene (B) as a function of the number of sources presented. The open symbols (grey lines) represent the 

individual listeners (averaged over the three repetitions) and the black squares represent the mean over the 

listeners. 

Figure 4 shows the median time to complete a trial as a function of the number of sources in a scene. Even 

though the audio was played for only two minutes, the listeners took some extra time after the audio was 

finished when many sources were present. When only a few sources were presented in a scene, the time to 

complete the analysis was substantially lower. 

 

 
Figure 4 - The time to complete a single scene as a function of the number of sources. The open symbols 

(grey lines) represent the median over the three repetitions of the individual listeners and the black squares 

represent the mean over the listeners.

A B 
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Figure 5 shows the spatial accuracy of the responses as a function of the number of sources in a scene. 
Panel A shows the root-mean square (RMS) azimuth error and panel B shows the RMS distance error. 
The error calculation only includes occurrences where a talker was perceived in the scene, thus, when 
the subjects wrongly estimated the number of talkers, only the responded talker was included in this 
analysis. The subjects correctly identified the azimuth direction for up to five sources and the error 
remained low also for six and seven sources. When more sources were presented in the scene, the error 
increased to up to 10°. The RMS distance error was, on average, found to be 0.4 m and roughly 
independent of the number of sources in the scene. 
 

 
Figure 5 - Accuracy of the azimuth (A) and distance (B) perception as a function of number of sources. The 

open symbols (grey lines) represent the individual listeners, averaged over the three repetitions, and the black 

squares represent the mean over the listeners. 
 

4. DISCUSSION 
In the current study, the limit of accurately analyzing a scene was found to be at six talkers, which 

differs from the results obtained in Weller et al. (9) where a limit of four talkers was observed. Several 
differences between the two studies might have contributed to this difference. In the current study, the 
listeners heard 2 min. of audio, whereas Weller et al. (9) only played 45 s. Only the scenes with two and 
three talkers were finished within 45 seconds in the present study. In these conditions, the results of the 
two studies were in fact similar. 

The RMS errors of both azimuth and distance localization were lower than in Weller et al. (9). This 
might be due to the lower number of possible azimuth directions and distance considered in the current 
study. Furthermore, in the current study a direct and egocentric response method (first-person view) 
was used, in contrast to the top-down representation of the scene in Weller et al. (9). It is possible that 
this translation from the first-person percept to the top-down response requires additional processing 
and thus reduces the accuracy (13,14). 

In the current study an increased azimuth error was found for large number of sources. The 
increased azimuth error in these more complex scenes could possibly be explained by the task. The 
listeners were instructed to indicate the location of a perceived source even when it was unintelligible. 
Thus, there is a greater risk that a random story is indicated, which matches another story elsewhere in 
the scene. Here, the listeners were asked to prioritize the task of indicating the number of perceived 
sources over the task of accurately localizing the sources on the expense of a possible inflation of 
localization error in a scene with a large number of talkers. However, that would also have increased 
the distance perception error, which was not found to depend on the number of talkers in a scene. 
Furthermore, Weller et al. (9) specifically instructed their subjects to not guess if a talker was 
unintelligible and found generally higher errors than in the current study. 
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5. CONCLUSIONS 
The ability of listeners to analyze audio-visual scenes with varying complexity was investigated. 

The complexity was varied by changing the number of simultaneous talkers. The audio -visual 
scenarios were reproduced using a loudspeaker-based virtual sound environment and head-tracked 
virtual reality glasses. The acoustic stimuli consisted of spatialized monologues and the visual 
stimulus of avatars without lip movements. It was found that subjects were able to accurately analyze 
such a virtual audio-visual scene in conditions with up to six talkers. When more talkers were 
presented, the detection accuracy of the number of sources decreased as did the azimuth localization 
accuracy. 

The presented method allows for a more realistic testing than traditional speech intelligibility test 
paradigms as the task of analyzing a complex scene appears more realistic than repeating single words 
or sentences. 
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