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ABSTRACT

Subjective speech quality assessment depends on listener
“quality” opinions after hearing a particular test speech stim-
ulus. Subjective scores are given based on a perception and
quality judgment process that is unique to a particular lis-
tener. These processes are postulated to be dependent on
the listener’s internal reference of what good and bad quality
sounds like, as well as their mental and emotional states.
To overcome this variability, subjective listening tests of-
ten average scores over several listeners. In this paper, we
use electroencephalography (EEG) and self-assessment tools
to investigate the neural and affective correlates of speech
quality perception of reverberant speech, with the goal of
obtaining new insights into human speech quality percep-
tion in complex listening environments. We show that EEG
event related potentials (ERP) are a useful tool to monitor
the conscious stages of neural-processing during a speech
quality assessment task. Significant correlations were ob-
tained between the so-called P300 ERP component and the
reverberation time of the room, as well as between the P300
peak amplitude and emotional self-assessment ratings. These
insights could lead to more effective ways of characterizing
room acoustics for improved speech quality and intelligibility.

Index Terms— Electroencephalography, reverberation,
speech quality assessment, Quality-of-Experience, emotions.

1. INTRODUCTION

Following the considerations of Jekosch [1], speech quality
assessment comprises a three-step process: perception, judg-
ment, and description. The first step comprises the reception
and perception of an auditory event (i.e., speech sound wave
reaches the human ear). The judgment process, in turn, is re-
sponsible in getting features from the perceived “event” and
comparing them to internal reference features of what good
and bad quality speech sounds like. This internal reference
is unique to each listener and may be influenced by numer-
ous factors, such as the user’s expectations, experience, mo-
tivation, affective state, and ambient factors, to name a few.
Lastly, the final description process involves the pooling of

these judgments into a final overall quality rating. To mitigate
the negative effects of such inter-subject variability, subjec-
tive listening tests, such as the Mean Opinion Score (MOS)
test [2], average all listener quality ratings. While auditory
perceptual models exist in the literature, cognitive models of
the judgment and description processes are widely unknown.

With the advances in neuroimaging technologies, there
is growing interest in investigating the neuro-physiological
correlates of human speech quality perception. Ultimately,
a better understanding of the internal processes could lead
to improved subjective testing protocols, objective quality
models, and speech-based technologies. To this end, elec-
troencephalography (EEG) has been used to obtain neural
correlates of perceptual [3] and higher cognitive processes
[4]. Event related potentials (ERP), particularly the so-called
P300 component that arises approximately 300 ms after a
stimulus onset, have shown to be useful tools in this endeav-
our [5]. For example, [6] showed that simple degradations
in the speech signal (e.g., multiplicative noise) could be pro-
cessed by humans at an unconscious level; similar findings
were also observed for artificial audiovisual stimuli [7]. Re-
cently, P300 peak amplitudes were shown to be significantly
correlated with the level of distortions added to audiovisual
stimuli [8] and classifiers were developed to discriminate be-
tween clean and distorted visual stimuli based only on EEG
[9]. Lastly, EEG has also been used to characterize user
emotional state while watching Youtube videos [10].

Motivated by these promising recent findings, this pa-
per aims to investigate the use of EEG to obtain neural and
affective correlates of speech quality perception in complex
listening environments. Focus is placed on hands-free speech
communications where reverberation can severely degrade
the signal timbre [11, 12], cause temporal smearing, and ulti-
mately degrade speech quality and intelligibility [13]. Here,
two reverberant environments are considered: a home living
room and a large auditorium. Significant correlations were
obtained between EEG P300 amplitude and several cognitive,
affective, and experiential parameters. The obtained insights
have allowed for recommendations to be developed for sub-
jective quality assessment tests using reverberant speech.
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The remainder of this paper is organized as follows. Sec-
tion II describes the study methodology, Section III presents
the experimental results, Section IV discusses the obtained
findings, and Section V concludes the paper.

2. MATERIALS AND METHODS

2.1. Participants

Twenty two subjects participated in this study (ten female,
twelve male; mean age = 23.40 years; SD = 3.80; range =
18− 33); all of them were fluent English speakers. Due to
faulty equipment, data from seven subjects had to be dis-
carded. All participants reported normal auditory acuity and
no medical problems. Participants gave informed consent and
received monetary compensation for their participation. The
study protocol was approved by the Research Ethics Office at
INRS-EMT and at McGill University (Montreal, Canada).

2.2. Speech Stimuli

As stimulus, a double-sentence utterance commonly used in
subjective quality tests was used. The sentence was uttered
by a male speaker in an anechoic chamber and digitized at
8 kHz sampling rate with 16-bit resolution. Room impulse re-
sponses recorded in a typical home living room environment
(reverberation time of 400 ms) and in an auditorium (reverber-
ation time of 1500 ms) were convolved with the clean speech
file to generate the reverberant stimuli. For consistency, all
files were normalized to -26 dBov using the ITU-T P.56 volt-
meter [14]. Unlike typical subjective quality tests, here only
one speech file (three stimuli: one clean and two reverberant)
is used in order to maintain a controlled environmental set-
ting, as the P300 signals can be sensitive to varying content.

2.3. Experimental Protocol

The experimental protocol followed two parts. The first con-
sisted of a quantitative “pre-test” component where partici-
pants i) filled in a demographic questionnaire, ii) performed
a subjective quality test using the Absolute Category Rating
(ACR) scale [2] (5-point scale with 1 indicating bad quality
and 5 excellent), and iii) rated their elicited emotional states
after hearing the different speech files. For the emotional
self-assessment, modified versions of the Self-Assessment-
Manikin (SAM) scales were used [15]. More specifically, lis-
teners rated the arousal, valence and dominance dimensions
using 9-point visual anchors. Lastly, in order to gauge the
participant’s “experience” with the test, they were also asked
to rate their “liking” using a 9-point scale ([1 (not at all) to
9 (very much)]) and how familiar they are with the type of
degradation using a 5-point scale ([1 (not at all) to 5 (very
much)]). Participants listened to the speech files three times.

The second part of the test consisted of the actual EEG ex-
periment following an oddball paradigm. More specifically,

the clean speech file served as the so-called standard stimu-
lus (70% of the trials) and the reverberant files served as de-
viants (30% of the trials). Clean and reverberant speech files
were delivered in a pseudo-randomized order, forcing at least
one standard to be presented between successive deviants, in
sequences of 100 trials. Stimulus sequences were presented
with an inter-stimulus-interval varying from 1000 to 1800 ms.
Participants were seated comfortably and were instructed to
press a button, whether they detected the clean stimulus or one
of the deviants. Stimuli were presented binaurally at the indi-
vidual’s preferred listening level through in-ear headphones.

2.4. Extracted “Cognitive” Parameters

A 128-channel BioSemi EEG system was used but only the
following subset was recorded: 64 EEG-electrodes, 4 EOG-
electrodes, and two mastoid-electrodes (right and left). Data
was recorded at 512 Hz but down-sampled to 200 Hz and
band-pass filtered between 1 and 40 Hz for offline analy-
sis. All channels were re-referenced to the average of all
EEG-channels. EEG epochs with a length of 2700 ms, time
locked to the onset of the stimuli, including a 600 ms pre
stimulus baseline, were extracted and averaged separately for
each stimulus level and for each participant. To quantify the
deviance-related effects of P300, we measured the peak am-
plitude in a fixed time window relative to the pre-stimulus
baseline at electrode Cz. The time window for P300 quantifi-
cation was set from 200 to 600 ms after stimulus onset. The
maximal positive amplitude in this time window was automat-
ically determined and its voltages were extracted for further
analysis. Reaction time was also computed for each presented
stimulus, and consisted of the time between the stimulus onset
and the actual button press.

3. EXPERIMENTAL RESULTS

To analyze the data we performed a repeated measure anal-
ysis of variance with the independent variable level of rever-
beration and the dependent variables MOS, valence, arousal,
dominance, P300 peak amplitude, and reaction time. For the
analysis of liking and familiarity, a Wilcoxon rank sum Paired
test was also used as these parameters did not pass a normal-
ity test. In the following subsections, test results for the main
effects and the Schefé corrected post-hoc comparisons will be
reported. Additionally, correlations (Pearson and Spearman)
between the quantitative parameters and EEG features will be
reported.

3.1. Quality, Emotion, and Experience Correlates

For the MOS parameter, a significant main effect for reverber-
ation level (F(2,16) = 128.89, p< .01, η2 = .94) was observed.
The plots in Fig. 1 (a) depict the subjective MOS versus rever-
beration time curve obtained. As can be seen, a monotonic de-
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Fig. 1. Plots of subjective (a) MOS, (b) SAM (arousal, va-
lence, and dominance), and (c) P300 peak amplitudes versus
reverberation levels averaged over all subjects. Whiskers de-
note standard errors.

crease in MOS was observed as reverberation time increased.
Figure 1 (b), in turn, depicts the three emotional SAM dimen-
sions (arousal, valence, and dominance) versus reverberation
time. The arousal dimension achieved a main effect for re-
verberation only at the 95% level (F(2,16) = 5.45, p < .05,
η2 = .40), whereas a significant main effect was found for the
dimension valence (F(2,16) = 91.85, p < .01, η2 = .86) and
dominance (F(2,16) = 9.00, p < .01, η2 = .52). As can be
seen, a monotonic decrease across all three emotion dimen-
sions was observed with an increase in reverberation time.

Moreover, significant main effects were also observed for
the liking (F(2,16) = 45.88, p < .01, η2 = .85) and familiarity
experience scales (F(2,16) = 22.07, p < .01, η2 = .73); plots
are omitted for brevity but monotonically decreasing curves

Table 1. Schefé corrected post-hoc comparison. Column la-
bels correspond to: RT0 vs. RT1 = clean vs. RT=400 ms; RT0
vs. RT2 = clean vs. RT=1500 ms; RT1 vs. RT2 = RT=400ms
vs. RT=1500ms; ns = not significant.

Parameter RT0 vs. RT1 RT0 vs. RT2 RT1 vs. RT2
MOS p < .05 p < .05 p < .05
Arousal p < .05 ns ns
Valence p < .05 p < .05 p < .05
Dominance p < .05 p < .05 ns
Liking p < .05 p < .05 p < .05
Familiarity p < .05 p < .05 ns

Table 2. Correlation matrix of different quantitative parame-
ters. [**: p < 0.01 and *: p < 0.05].

Parameter A V D L F
MOS 0.43** 0.81** 0.19 0.71* 0.37**
Arousal (A) 1 0.65** 0.14 0.38** 0.41**
Valence (V) - 1 0.34* 0.79** 0.51**
Dominance (D) - - 1 0.43** 0.13
Liking (L) - - - 1 0.57**
Familiarity (F) - - - - 1

were also observed with increasing reverberation time. The
Wilcoxon test also showed significant effects for both param-
eters. Results of the post-hoc comparisons are reported in
Table 1. As observed, significant differences were seen for
all parameters for the clean vs. reverberation time (RT) =
400 ms scenario (column labelled ’RT0 vs RT1’ in the Table)
and for the clean vs. RT=1500 ms (’RT0 vs RT2’) scenario,
with the exception of the arousal dimension. In the RT=400
ms vs RT=1500 ms (’RT1 vs RT2’) scenario, only the MOS,
valence, and liking scales were significantly different. Lastly,
Table 2 reports the correlation matrix for all the collected sub-
jective parameters. As can be seen, the dominance dimension
is only significantly correlated with the valence dimension.
Particularly interesting are the high correlations obtained be-
tween MOS and valence, MOS and liking, and valence and
liking, thus indicating that affective states, quality percep-
tion, and Quality-of-Experience (QoE) are inter-related pa-
rameters.

3.2. Neural/Cognitive Correlates

Lastly, we explore the neural/cognitive correlates of speech
quality perception. It was observed that a significant main
effect was present for the P300 peak amplitude against rever-
beration time (F(2,16) = 8.15, p < .01, η2 = .50). The plots
in Fig 1 (c) depict the average P300 peak amplitude versus
reverberation time. As can be seen, P300 amplitude increases
with an increase in reverberation time. Table 3 reports the
correlations obtained between P300 peaks and all subjective
parameters. As can be seen, significant negative correlation
was attained with MOS and the valence dimensions. Lastly,
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Table 3. Correlation between P300 amplitude and quantita-
tive parameters [**: p < 0.01 and *: p < 0.05]. A = arousal,
V = valence, D = dominance, L = liking, F = familiarity.

Parameter MOS A V D L F
P300 -0.44* -0.15 -0.40* 0.15 -0.27 0.01

a significant main effect with reverberation time was also ob-
served for reaction time (F(2,16) = 11.73, p < .01, η2 = .59).

4. DISCUSSION

This study investigated the effects of increasing reverberation
levels on human self-assessed quality, affective, and experi-
ence scores. Inherent human cognitive/neural effects were
also observed via EEG P300 amplitudes and reaction times.
As expected, subjective quality (MOS), experience (e.g., lik-
ing), and valence ratings decreased as reverberation levels in-
creased. Interestingly, arousal levels also decreased as rever-
beration times increased. Given the significant positive cor-
relations observed between arousal and liking, it is conjec-
tured that as reverberation times increased, listening quality
decreased and participants became less engaged in the task,
thus were less aroused. In practical conversational situations
where reverberation can affect intelligibility, it is expected
that increased arousal would be observed with increasing RT.

Moreover, participants felt more dominant in their judg-
ments for the clean stimuli compared to the stimuli with
reverberation. With higher reverberation time more temporal
smearing occurs and resulted in less dominant judgments.
As also expected, participants were more familiar with the
quality of the clean stimulus as none of the participants
were accustomed to communicating “hands-free” in an en-
vironment with such high reverberation levels. As such, the
listener’s “internal reference” could not account for such dis-
tortions. Perhaps if lower reverberation time values were
explored (e.g., between 200-500ms) the listeners would have
been more familiar with the introduced distortions.

Regarding the observed cognitive/neural correlates ob-
served, P300 peak amplitudes were seen to be significantly
correlated with the MOS and valence parameters, thus shed-
ding light into the human quality judgment and descriptive
processes. Moreover, increased P300 amplitudes were ob-
served as reverberation levels increased, suggesting that par-
ticipants found the listening task to be less demanding as
reverberation levels increased. This corroborates with the
decrease in arousal levels as quality decreased. It is believed
that an inverse relationship would have been observed if the
test were either an intelligibility or a conversational task,
as participants would require greater attentional resources
(lower P300 amplitudes) as quality decreased - thus more
in line with practical situations. It is recommended, when
performing subjective listening quality tests with reverberant
speech, that a relevant task be given to the participants such

that they remain attentive to the spoken content (e.g., what
time will the bus arrive?); this is similar to what is done with
listening quality assessment of text-to-speech systems. As
in previous literature, we have shown that EEG can be used
to gather cognitive, distortion, and quality-of-experience in-
sights ([6], [8], [9], [16]).

Lastly, it was observed that the response time vs. rever-
beration time curve was non-monotonic. More specifically,
the average response times over all participants was 604ms,
739ms, and 691ms for the clean, RT=400ms, and RT=1500ms
stimuli, respectively. This behaviour may have been different
if a lower range of RT were used and/or if participants were
given a task to perform while listening to the speech files.
As quality decreased to less acceptable values, participants
were quicker in judging the listening quality. For interme-
diate quality levels, judgment took longer, perhaps because
participants were hesitant to describe the final quality score.

5. CONCLUSIONS

This study has explored cognitive, affective, and experi-
ential factors inherent to humans when asked to perform
a listening speech quality assessment task; these insights
are non-existent in the quality assessment literature. Focus
was placed on quality-of-experience (QoE) assessment of
reverberant speech, thus simulating burgeoning hands-free
communications. Based on the obtained insights, recommen-
dations were given on how to conduct subjective listening
quality assessment tests of reverberant speech. It is expected
that the obtained results may lead to improved room acoustic
characterization algorithms and subjective listening tests.
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