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There has been growing interest in virtual acoustics systems for their capability to adjust the acoustics of a multi-
purpose venue to better accommodate unique needs for specific events. It has been known that musicians could perceive 
the difference among various virtual rooms and sometimes made slight changes in their playing to reflect the 
characteristics of a specific virtual room in which they performed. In this paper, we ask the question of whether these 
acoustical differences in virtual rooms could also be communicated to listeners. A listening experiment is reported with 
twelve sound recording engineers to examine the perception of performances recorded in virtual acoustics in terms of 
six spatial attributes—naturalness, source distance, room size, clarity, loudness and preference. 

INTRODUCTION 
A multi-purpose concert venue can be truly multi-
purposed and ideal for each concert with an active 
acoustic system, which offers an attractive option to 
tailor the acoustics of a space to best accommodate 
unique requirements for specific events. The technology 
has been receiving much interest recently, especially 
with the help of increased computational power and 
lower cost. An active acoustic system alters the 
acoustics of a room by imposing responses synthesized 
from pre-recorded impulse responses of another space 
[1, 2]. The purpose of such system is to provide an 
environment that is more enjoyable both to the 
performing musicians as well as the audience. 
 
The topic of musicians’ response to stage acoustics has 
been studied by a number of researchers. In particular, 
Ueno et al. [3] conducted a study of chamber music 
ensembles in anechoic rooms with a sound field 
simulation system. Musicians reported that the most 
important subjective attribute on stage was “ease of 
hearing each other”, which benefited from enhanced 
early reflections. The study also found that the 
magnitude of reverberation had a more impact than the 
reverberation time on the musicians’ ease of “making 
harmony” within the ensemble. 
 
Barron [4] investigated various stage acoustic 
conditions in terms of three factors: “general acoustic 

impression,” “ability to hear themselves and other” and 
“facility of playing.” Musicians’ subjective judgments 
of reverberation, envelopment and intimacy showed a 
significant correlation with “general acoustic 
impression.” 
 
The use of virtual acoustics in a multi-purpose rehearsal 
space for an orchestra was reported by Lokki et al. [5]. 
They used two virtual acoustics systems simulating a 
larger concert hall and an enhanced acoustics of stage. 
The virtual acoustics systems improved acoustic 
parameters of the performance space (as objective 
measurement data showed), as well as performance 
experiences of the musicians (as reflected in the 
subjective evaluation data). 
 
Koto and colleagues reported a series of studies on 
musicians’ performance adjustments to changes in room 
acoustics [6, 7, 8]. Significant variations in musicians’ 
performing styles were found under different room 
acoustic conditions. 
 
Gade extensively studied the relationships between the 
objective room acoustic properties and the performers’ 
subjective impressions. In the laboratory experiments 
[9], two room acoustic parameters—Support (ST) and 
Early Ensemble Level (EEL)—were suggested to be 
effective descriptors of “ease of hearing themselves” 
and “ease of hearing each other”, based on the 
musicians’ responses to the two acoustic impressions. 
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The effectiveness of these new parameters was further 
examined in his second paper [10] utilizing real acoustic 
spaces. Strong correlations have been observed between 
the objective parameters and subjective evaluations. 
From the musicians’ subjective judgments on different 
acoustics, the study also revealed two primary 
perceptual dimensions: “overall quality” and “timbre.” 
“Overall quality” judgment showed a familiarity effect 
of whether the musicians were familiar with the halls, 
whereas “timbre” was an independent quality that was 
correlated with the frequency variation of Early Decay 
Time (EDT). 
 
Most recently, Ko et al. [11] conducted a study of 
performances by five string quartet groups in three 
acoustic conditions, two of which employed a virtual 
acoustics system. Musicians all reported changing their 
playing slightly in adjustment to each acoustic 
condition. Most of them preferred either of the two 
virtually enhanced acoustic conditions to the inherent 
acoustics of the performance space.  
 
While performers’ perception of an acoustic space 
(whether natural or virtually enhanced) has received 
much interest as we can see from the studies mentioned 
above, to our knowledge there has not been any attempt 
to understand how listeners respond different acoustic 
conditions and their impacts on musical performances. 
As a first step toward such understanding, we present in 
this paper a listening experiment conducted with sound 
recording engineers. The reason for studying sound 
recording engineers as participants was because they are 
trained to compare delicate details in recorded sounds 
that may not be salient enough to catch an average 
listeners’ attention.  

1 STIMULI RECORDING 

1.1 McGill Virtual Acoustics System 
The McGill Virtual Acoustics System (VAT) is an 
active acoustic system implemented in the Space 
Builder engine using multichannel parallel mixing, 
routing and processing. It has a library of impulse 
responses recorded from various acoustic spaces, which 
are temporally segmented in three parts. Using one of 
those recorded rooms, the responses are computed on 
the fly using a low-latency parallel convolution engine 
on the impulse response segments. This operation 
releases the virtual acoustic response with less than 15 
ms of delay to the physical space that most listeners fail 
to notice that they are in an acoustically different space 
than the physical space of the concert venue. 
 
The current 4th generation VAT system is installed in 
the large multimedia room (MMR), covering an 
80x60x50 ft3 space, at the Schulich School of Music at 

McGill University. As a part of the VAT system, quasi-
omnidirectional microphones collect the real-time input 
signal to the convolution engine and omnidirectional-
radiation loudspeakers feed the virtual acoustics 
responses back in to the physical performance space in 
the MMR. The output that listeners hear is blend of 
enhancements from the VAT and the natural acoustics 
of the MMR. Refer to [11, 12] for more detailed 
specifications of the VAT system. 

1.2 Three Acoustic Conditions 
Three acoustic conditions, including two well-balanced 
virtual rooms, have been prepared for the recording 
sessions. Condition 1 was the natural acoustics of the 
MMR without any alteration, with the reverb time T30 
(sound level decay from -5 dB to -35 dB, averaged 
between frequencies 500 Hz and 4 kHz) is 1.38 s at 1 
kHz. A moderate level of VAT enhancement was added 
to create Condition 2, resulting in T30 = 1.74 s. 
Condition 3 was identical to Condition 2, except for the 
additional boost in the late reverberation. The T30 of 
Condition 3 was 2.08 s. Table 1 summarizes the 
objective measurement results. 
 
Each acoustical condition was measured with the 
Electronic & Acoustic System Evaluation & Response 
Analysis (EASERA) system. The excitation source was 
reproduced simultaneously through 4 dodecahedron 
omnidirectional speakers, each carefully placed to 
represent the players in a quartet. The excitation signal 
was a 43.7-s sine sweep from 15 Hz to 48 kHz at 88 dB 
(C-weighted after being measured at the distance of 1 m 
from the source). The reproduction of this measurement 
signal was captured with a DPA 4007 microphone 
through a RME Fireface 800. A B&K Head & Torso 
simulator and a Neumann KM120 bi-directional 
microphone were also used for measuring Inter-aural 
Cross Correlation (IACC) and Lateral Energy Fraction 
(LF).  
  

 Condition 1 Condition 2 Condition 3 

T30 (sec) 1.38 1.74 2.08 

Level 
(dBC) 88.2 88.2 88.3 

C80 (dB) 14.4 13.7 13.1 

ST1 (dB) -13.8 -13.2 -13.1 

IACC 0.46 0.43 0.41 

LF (125-
500Hz) 0.208 0.214 0.223 

Table 1: Standard room acoustic measurements of the 
three conditions 
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Figure 1. The recording setup with a string quartet 

group and the B&K Type 4100 head and torso simulator 

The level variance among the three conditions is less 
than 0.1 dB. This little variance indicates that any 
possible bias related to the loudness of conditions was 
minimized in the experiment, and therefore the virtual 
and natural rooms were appropriately integrated. 
 
C80 (Clarity) is the ratio between the energy of the first 
80 ms and thereafter. It reflects the balance between 
direct sound and reverberation in a room. With the VAT 
system engaged, clarity measures in Table 1 are slightly 
decreased due to the extended reverberation time. 
 
ST indicates how much the room supports musicians by 
supplying reflections from the room response. ST1 
(early) is calculated as a logarithmic ratio between 
direct sound energy (0 – 10 ms) and early reflection 
energy (20 – 100 ms). The measured ST1 values 
(averaged between 500 Hz and    4 kHz) clearly show 
increased stage support with the VAT system engaged. 
 
The IACC coefficients were measured using a dummy 
head and torso. It shows the degree of similarity in 
signals received by the left channel and the right 
channel. IACCfull measures the overall duration of the 
data set contained in the binaural impulse response. The 
measure is highly correlated with the Apparent Source 
Width (ASW), which is closely linked to the perception 
of listener envelopment [13]. The slightly decreased 
IACC values for Conditions 2 and 3 in Table 1 might 
suggest that the VAT could increase the perception of 
spaciousness.  

 
LF is the ratio of lateral reflections to the frontal sound 
energy. The energy of lateral reflections between 125 
Hz and 500 Hz is has been reported to have a 
correlation with listeners’ feeling of envelopment [13, 
14]. The measurements in Table 1 show that the LF 
values are slightly increased in Conditions 2 and 3. 

1.3 Recording Setup 
The string quartets were recorded with B&K Type 4100 
head and torso simulator (HATS) positioned at 1 m 
from the middle of the quartets, as shown in Figure 1. 
The distance was set according to the binaural acoustic 
measurement standard by ISO 3380-1 [15]. Although 
the HATS was placed relatively close to the ensemble, 
hence not representative of a usual audience position, its 
location was probably close to the sweet spot being the 
focal point of the direct paths from all four sound 
sources in the quartet. The recordings showed an 
appropriate balance between the direct and the ambient 
sound.  
 
Group Music Year 
Aeolus Webern, The six Begatelles for 

string quartet 
1913 

Arcadia Schubert, String Quartet No.12 in 
C minor, D.703 

1820 

Fidelio Haydn, String quartet No.19 in c 
minor, op.17 

1771 

Futura Shostakovich, string quartet No.4 
in D major 

1949 

Galatea Schubert, String Quartet No. 14 in 
D minor, D810 

1826 

Hausmann Stravinsky, Three pieces for string 
quartet 

1914 

Iris Brahms, string quartet Op. 51, 
No.2 

1873 

Noga Ligeti, String quartet No.1 1954 
Tesla Bartok, String Quartet No.4 1928 

Table 2. List of compositions that the nine string quartet 
groups performed for recording 

The string quartet groups are early-stage professional 
musicians with an average of 21.25 years of training on 
their instruments. They were specifically asked to play 
an excerpt from a piece that they have spent a long time 
studying in preparation for a competition, a concert or a 
recording. Each quartet group played the same excerpt 
three times, once in each of the three acoustic 
conditions. The order of three conditions were 
randomized and unknown to the musicians. For each 
condition, musicians first tuned and got accustomed to 
the new acoustic room before playing the excerpt and 
answering the questions in the pre-prepared 
questionnaire. After repeating these steps three times, 
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they filled out one more questionnaire to gauge their 
general preference in performance hall acoustics. 
 
Table 2 presents the list of compositions that the string 
quartet groups played for the recording session. With an 
exception of one Haydn quartet, all the other pieces 
were from the romantic period and the 20th century. 

2 EXPERIMENT 

2.1 Stimuli 
The stimuli used for the listening test were clips of nine 
string quartet groups playing in three conditions (9X3 = 
27 files). All audio files have been normalized to the 
program loudness level of -23.0 LUFS by EBU 
recommendation [16].  
 

 
Figure 2. Graphic user interface for the listening 

experiment 

2.2 Participants 
Twelve participants (all right-handed males) were 
recruited from the faculty and students of the audio 
engineering technology department at the Belmont 
University. All of them reported normal hearing. 

2.3 Procedure 
Participants were tested individually in a computer 
room. Stimuli were presented through Shure SRH 440 

headphones. The experiment used a graphic user 
interface developed in Max/MSP on an Apple Macbook 
Pro.  
 
There were nine trials, each of which presented each of 
the nine quartet groups in a randomized order. Within 
each trial, the recordings in Conditions 1, 2 and 3 were 
all randomized. Therefore, participants did not know 
which sample (1, 2 or 3) corresponded to a specific 
condition. Participants were capable of controlling the 
playback of the stimuli. For a selected sample (the 
button for which is in magenta color), participants could 
pause or play at any moment as they desired. They 
could also repeat listening to each stimulus to answer 
the 12 questions. When they were satisfied their 
answers, they proceeded to the next trial by clicking on 
the NEXT button, as shown in Figure 2. The response 
data were stored in a text file for analyses. 
 
Questions Criterion 
1. Which sample sounds the most 

natural? 
Naturalness 

2. Which sample sounds the least 
natural? 

3. Which sample sounds the farthest? Source 
distance 4. Which sample sounds the closest? 

5. Which sample sounds the biggest 
room? 

Room size 

6. Which sample sounds like the 
smallest room? 

7. Which sample sounds the most clear? Clarity 
8. Which sample sounds the least clear? 
9. Which sample sounds the loudest? Loudness 
10. Which sample sounds the quietest? 
11. Which sample sounds the best? Preference 
12. Which sample sounds the worst? 

Table 3. The 12 questions asked in the experiment 

The twelve questions were selected from the literature 
on evaluation of room acoustics [17, 18, 19]. There are 
many questions that we did not include because they 
will be difficult to answer with listening through the 
headphones. We narrowed down to the questions 
concerning the perception of spatial attribute—
naturalness, distance to the sound source (i.e., a string 
quartet group), room size, clarity, loudness and 
preference. These questions are listed in Table 3. Each 
odd-numbered question pertains to the largest degree of 
perception for the relevant criterion, whereas an even-
numbered question to the smallest degree. 

3 RESULTS 
The main focus of this paper is how the three acoustic 
conditions affect the listeners’ perception of space, 
reflected by the judgments of naturalness, source 
distance, room size, clarity, loudness and preference. 
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We recruited sound recording engineers explicitly, 
because they would be more reliably sensitive to 
detecting any acoustical differences among the three 
conditions than an average listener.  
 
From each participant’s data, we created a 9x12 
response matrix to record his responses to each 
question. Each row corresponds to each quartet group; 
each column represents each question. For example, if a 
participant selected Condition 3 of Group 5 to be the 
most natural (Question 1), the entry on the 5th row and 
1st column is 3. As a result, the response data were 
organized in a 12x9x12 matrix. 
 
Next, we calculated the average probability of a listener 
to select a specific condition (e.g., Condition 2) of a 
specific quartet group (e.g., Group 9) in response to a 
specific question. This was done by looking at a specific 
column of the response matrix (which results in a 12x9 
question matrix) and dividing the respective number of 
occurrences of 1, 2, and 3 in each column of the 
question matrix by number of participants. This 
procedure was to transform rank data to probability data 
(which are continuous) so that we can perform analyses 
of variances (ANOVAs). These average probability 
values became the dependent variable (DV). 
 

Question F(2,24) p 
1 0.046 .955 
2 0.769 .475 
3 25.246 < .001 
4 11.997 < .001 
5 49.017 < .001 
6 62.715 < .001 
7 16.529 < .001 
8 13.658 < .001 
9 3.729 .039 
10 4.458 .023 
11 3.465 .048 
12 3.239 .057 

Table 4. Results of 1-way ANOVA (DV: the average 
probability of a condition to be chosen for each 

Question, IV: condition number) 

Since the resulting probability matrix did not have a 
sufficient number of data points for a 2-way ANOVA, 
we broke the analysis into two 1-way ANOVAs. First, 
we performed a 1-way ANOVA with the nine string 
quartet groups (which also corresponds to the nine 
different pieces of music) as an independent variable 
(IV). The result was insignificant for all nine questions 
(i.e., all p > .05), which means that any variance in the 
collected data reflects different acoustic conditions, 
which was examined as another 1-way ANOVA. 
 

In the second ANOVA, the condition number (1, 2, or 
3) was the IV and the average probabilities was the DV 
for each of the 12 questions. Table 3 summarizes the 
results of 1-way ANOVA for the 12 questions in terms 
of the F-statistics and the significance value (p).  
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Figure 3. Average probability of selecting Condition 1, 

2, or 3 for Questions 1 and 2 (naturalness) 

As we can see from Table 4, the first two questions (on 
naturalness) did not showed any significant effect of 
condition, whereas all the other questions did (with a 
possible under-powered case in Question 12). The lack 
of significant effect of condition can be seen in Figure 
3. This figure could be interpreted that if there was any 
perceived unnaturalness in any of the acoustic 
conditions, it did not reach a significant difference from 
others.  
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Figure 4. Average probability of selecting Condition 1, 

2, or 3 for Questions 3 and 4 (source distance) 

Figure 4 shows the average probability of selecting a 
condition for the judgment of source distance (farthest 
and closest for Questions 3 and 4, respectively). For 
Question 3 (red line with squares), the sources in 
Condition 3 were judged to be at the farthest distance, 
which is confirmed from the Condition 3 being judged 
to be the least close (or farthest) in Question 4 (blue line 
with triangles). In other words, the sources in Condition 
1 were perceived at the closest distance, followed by 
those in Condition 2, and the sources in Condition 3 
sounded like the farthest away, even though the physical 
positions of the instruments did not change among 
different conditions. 
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The next two questions are about the perceived room 
size, which Figure 5 shows. Both lines seem to indicate 
together that the acoustic room in Condition 1 felt the 
smallest whereas that in Condition 3 felt the largest, 
with Condition 2 positioned between the two other 
conditions. The results in Figures 4 and 5 reflect the fact 
that the perceived room size and distance to a sound 
source increases with an additional boost in late-field 
reverberation, even without any physical change in the 
physical setup (such as the physical room size or the 
physical position of the instruments). 
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Figure 5. Average probability of selecting Condition 1, 

2, or 3 for Questions 5 and 6 (room size) 
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Figure 6. Average probability of selecting Condition 1, 

2, or 3 for Questions 7 and 8 (clarity) 

 
Figure 6 shows the clarity judgments from the responses 
to Questions 7 and 8. The excerpts recorded in 
Condition 1 sounded the most clear. Condition 3 
sounded the least clear and Condition 2 somewhere in 
between the other two conditions. The perception of 
source distance and room size in Figures 4 and 5 show 
the opposite patterns with the perceived clarity in Figure 
6, which means that adding more late-field 
reverberation would lead to the perception of less clear 
sound from a source farther away in a larger room. 
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Figure 7. Average probability of selecting Condition 1, 

2, or 3 for Questions 9 and 10 (loudness) 

 
The perceived loudness was also studied, which is 
shown in Figure 7. The patterns in this figure are 
consistent with those in Figures 4 and 5; Excerpts from 
Condition 1 sounded the quietest and those from 
Condition 3 the loudest. Even though the stimuli were 
loudness-equalized in preparation, the additional late-
field energy made listeners think that the excerpts 
recorded in more reverberant conditions were louder.  
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Figure 8. Average probability of selecting Condition 1, 

2, or 3 for Questions 11 and 12 (preference) 

The last two questions were about preference of 
conditions. It is interesting to see in Figure 8 that 
Condition 2 was preferred over Conditions 1 and 3. 
Perhaps Condition 1 could have been too clear and dry 
and Condition 3 could have sounded a little bit too 
reverberant. This preference of Condition 2 is almost 
statistically significant: For Question 11, Condition 2 is 
almost significantly preferred over Condition 1 (p = 
.082) and Condition 3 (p = .075). For Question 12, 
Condition 2 is strongly preferred over Condition 1 (p = 
.069), but not over Condition 3 (p = .125). 

4 DISCUSSION & CONCLUSION 
In this paper, we investigated on the perception of three 
different acoustic conditions by sound recording 
engineers using excerpts played by nine string quartet 
groups. The three conditions were evaluated in terms of 
12 questions pertaining to spatial attributes—
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naturalness, source distance, room size, clarity, loudness 
and preference. 
 
Listeners could not reach to strong agreement on which 
condition was natural even though they could perceive 
differences in the three acoustical spaces. Condition 1, 
the inherent acoustics of the recording space, was heard 
to be quietest, clearest in quality and smallest in room 
size. The sound sources in this condition was perceived 
as the closest to listeners even though the physical 
distance from the members of a string quartet group to 
the microphone stayed the same. Condition 3 was rated 
as the loudest, least clear in quality, largest in room size 
and farthest to the sound sources. In most judgments, 
Conditions 1 and 3 were rated as extremes and 
Condition 2 was positioned somewhere in the middle, 
which probably reflects the increase or decrease in the 
reverberation time (T30) in the relevant order. 
 
A moderate level of virtual enhancements was added in 
Conditions 2 and 3. The only difference between the 
two conditions is that the late reverberation in Condition 
3 was set 3 dB higher than in Condition 2. This 
additional 3 dB boost in late reverberation seemed to 
have contributed to the quality judgments by listeners, 
especially of the attributes like source distance, room 
size and clarity.  
 
Among the 12 questions asked, the two questions on the 
naturalness of the acoustic spaces failed to show a 
significant effect of condition. In fact, the average 
responses were rather stable across conditions, which 
suggests that listeners could not agree on the judgment 
of (un)naturalness if there was any perceivable 
unnaturalness in a condition. From the perceptual point 
of view, the perception of naturalness might be a very 
difficult question to ask, especially with well-balanced 
sound stimuli. 
 
Among the three conditions, listeners strongly preferred 
Condition 2 the most, which was almost statistically 
significant. This is interesting, as Condition 2 was very 
like Condition 3 except for the reverberation time. In the 
previous report [11], which studied data from five 
quartet groups in the three conditions considered in this 
paper, musicians preferred Conditions 2 and 3 equally. 
This discrepancy in preference between musicians and 
sound recording engineers (especially in Condition 3) 
makes us wonder about our experimental setup. In [11], 
musicians were immersed in and responded to room 
acoustics itself in multi-channel three-dimensional 
space, either natural or enhanced. The listeners in the 
current paper experienced the effect of room acoustics, 
further reduced to two channels. Even with the binaural 
representation, listeners successfully distinguished the 
three conditions in terms of various spatial aspects, 

which probably suggests that some salient spatial cues 
were preserved in the binaural recordings. 
 
One might wonder if there were some artifacts that 
listeners subconsciously used to distinguish the three 
acoustic conditions, such as subtle performance 
differences. Since the excerpts were recorded separately 
for each condition, each performance must be slightly 
different. However, we did not investigate on the effect 
of different performances as an IV because the 
variances from repeated performances were probably 
minimized; each quartet group was highly familiar with 
the excerpt they recorded, which was very seriously 
prepared for a competition, a concert or a recording, in 
which case there tend to be very little variations among 
performances. Therefore, any unusually noticeable 
differences in the three samples must have stemmed in 
response to different room acoustics. 
 
A shortcoming of our paper is that we did not test the 
reliability of the listeners. We should have repeated the 
same experiment in a different randomized order for 
each participant, which would have given us a measure 
of inter- and intra-subject consistency and strengthened 
our findings. Our participants were all sound recording 
engineers, who would be expected to be more reliable 
than average listeners. Hence, even with the current 
experimental setup, we are confident that the data from 
our participants are meaningful and not all noise.  
 
To our knowledge, this paper is the first in studying the 
effect of virtual acoustics perceived by listeners. We 
recruited sound recording engineers, since they would 
be more accustomed to critical listening than an average 
listener. As it turned out in this paper that they could 
distinguish different qualities in different acoustic 
conditions, the next step will be to repeat the experiment 
with musicians to examine whether or not those 
musicians, who has not had a first-hand experience of 
the VAT, could distinguish performances in the three 
conditions.  
 
We also plan on relating the performing musicians’ 
responses to different acoustic conditions from [11] and 
the listeners’ evaluations (including those discussed in 
this paper as well as data from the new musician 
participants). That study will be a validation of the 
effectiveness of the VAT, investigating how different 
room acoustics will be communicated to various groups 
of listeners. Because the purpose of the VAT is to 
enhance (an experience of) a performance, where there 
are both performers and listeners, an understanding of 
how both performers and listeners perceive different 
acoustical conditions will help fine-tune virtual 
acoustics systems for everyone’s pleasure. 
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