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ABSTRACT

We present here a basic model for the synthesis of source spa-
ciousness over loudspeaker arrays. This model is based on two
experiments carried out to quantify the contribution of early re-
flections and reverberation to the perception of source spacious-
ness.

1. INTRODUCTION

The subject of spatial audio covers a vast and wide-ranging array
of topics from psychology, acoustics, engineering, mathematics,
and computer science. The varied contributions from these dif-
ferent fields make for a fascinating and challenging path towards
understanding. One challenge that arises is the exact definition of
any particular concept. Our primary concern is the synthesis of
circumstances under which a certain perceptual attribute of a re-
produced sound field arises in the listener. In particular we are
interested in source spaciousness i.e. the perceived extent of a
sound source in three dimensions.

Spaciousness has been the subject of experiments and studies in
the past and there is much to learn from the work of [1]-[4]. One
of the drawbacks of the term spaciousness is its use as an every-
day term as a descriptor for the sense of space. The lack of a
clear definition can lead to ambiguity in discussions about per-
ceptual attributes such as source spaciousness. There are places
in the literature where spaciousness is discussed but not defined,
and others where a definition is offered which do not correspond
to definitions found elsewhere. With this in mind we offer here a
concise definition of source spaciousness to remove any possible
ambiguity for the purposes of the experiments described below.

1.1. Definitions

In the scientific disciplines of acoustics and psychophysics there
is a tendency to define spaciousness in terms of its physical cor-
relates [5]. In some cases the term spaciousness is used as a syn-
onym for Auditory Source Width (ASW) [6]. Griesinger opts for
a more intuitive definition of spaciousness to mean the impres-
sion of a large and enveloping space [7].

Since we are using the definition to relate a concept to a group of
potentially inexperienced listeners, we have opted for a more de-
scriptive definition that describes the perceptual attributes of the
sound as the three dimensional extent of the perceived source.

Source spaciousness is the perceived extent of a sound source
in three dimensions. It can be expressed as a combination of
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source width, source depth, and source height. Width describes
the extent of the perceived source from left to right, depth de-
scribes the source extent from front to back, and height is the ex-
tent from bottom to top.

This definition accommodates an extension of the sound source
such that the boundaries of the source can expand to include the
listener “within” the sound. Such a situation may lead to the need
for terms such as source envelopment and source engulfment as
special cases of listener envelopment (LEV) [2] and engulfment

(8]

With the range of definitions used for the term spaciousness we
have to tread carefully and state that we are referring to the work
of others only in as much as it reflects on the work presented
here, that is to say, we are using the definition of source spa-
ciousness provided above even when we refer to the results of
others who may themselves be using the term spaciousness to
mean something else.

1.2. Past Experiments/Results

In the area of concert hall acoustics, source spaciousness is treat-
ed as a contributing component of an all-encompassing perceptu-
al attribute referred to as Spatial Impression [1], [9]-[11]. The
three dimensional nature of a sound image is described in [5] as
the subjective effect of early reflections. “As the lateral reflec-
tion level is increased, the source appears to broaden and the
music gains body and fullness”.

The importance of the frequency content of early reflections to
source spaciousness is reported in [5] to the degree that it con-
tributes to the source broadening of the image, with the effect
being most prominent around the 1kHz range. Blauert and Lin-
demann reported on the effect of various frequencies had on both
the width and depth of a perceived auditory image [1]. Early re-
flections made up of primarily low frequencies were attributed to
the cause of an increase in depth while the presence of higher
frequencies resulted in the lateral expansion of the image.

Since the introduction of elevated speakers into the standard re-
production systems is a relatively new development, experiments
covering the perception of height as a perceptual attribute are
fewer in number relative to the number of experiments dealing
with width and depth.

1.3. Research Question

We know from [1] and [5] that a certain amount of source
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spaciousness is determined by the presence of early lateral reflec-
tions and low frequency reverberation. We also know that the
degree to which each dimension of source spaciousness is affect-
ed by a lateral reflection is dependent on the frequency content of
the reflection(s). We present here a preliminary model to imple-
ment these ideas for a system that can synthesize and control the
perception of source spaciousness. The purpose of the following
experiments is to (a) quantify the contribution of early reflections
and low frequency reverb to the perception of source spacious-
ness and (b) to quantify the contribution of unique frequency
bands to the perception of width, depth and height independently.

2. EXPERIMENTAL SETUP

The experiment was carried out in the Spatialization and Audito-
ry Display Environment (SpADE) at the University of Limerick.
A description of the acoustic performance of that space can be
found in [12]. Many of the features of the experiments are similar
to those found in [1].

(i

Figure 1: schematic of the experimental setup

2.1. Hardware & Software

The speaker setup consisted of 5 Genelec 8030 active near-field
monitors positioned 2m from the listening position at angles of
0°, £45° and +90°. The direct sound was fed through the centre
loudspeaker at 0° along with a reverb signal. The delayed lateral
reflections were played back through the speakers to the side
with the delayed reverb signal. The parameters of each test signal
being examined in each part of the experiment are outlined be-
low.

A reverb signal was created using an EMT 140ST with the reverb
time set to 1.75s. This reverb signal was processed with a low
pass filter and then mixed with the dry anechoic signal with a
delay of 75ms.

Signal processing was applied to the source material in the
Max/MSP audio environment. The DSP consisted of gain con-
trol, digital delays and 4™-order 24db/oct Chebyshev filters (low-
pass and band pass). Each test signal was recorded to disk for use
during the experiment to avoid any potential problems with run-

ning the signal processing “live”. The average Sound Pressure
Level (SPL) at the listening area for each of the sound fields pre-
sented was 76dB +2dB.

2.2. Test Signals

The test signals were generated from an anechoic recording of
Glinka’s Overture, Russlan and Ludmilla, from the Denon Ane-
choic Orchestral Music Recording CD. The left channel was ex-
tracted from the stereo recording and used as source material for
both experiments. The spectrum of the opening 15 seconds used
for the experiment is shown in Fig 1. Each experiment consists of
a direct signal played back from the front loud speaker, along
with 2 simulated reflections played back over the left and right
loud speakers with an applied delay of 20ms and 30ms respec-
tively. In experiment 1 the speakers at angles +45° were used
while in experiment 2 the speakers at +90° were used along with
the frontal speaker.
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Figure 2: spectrum of the test signal used

2.3. Set1

The parameters for the set of 15 signals in Set 1 are outlined be-
low in Tables 1 & 2. The actual values for each variable were
chosen on the basis of their inclusion in [1] where the emphasis
was placed on “naturalness” for choosing the parameters outlined
below. The sound fields were then arranged into pairs, making
105 pairs for comparison by the participants in the experiment.

Table 1: variable values for experiment 1

Cutoff frequency of low
pass filtered reverb fg

Step +1: 900 Hz
Step 0: 650 Hz
Step -1: 400 Hz
Step +1: -12 db.

Level of low pass fil-

tered reverb relative to Step 0: -14 db.
direct sound NT Step -1: -18 db.
Level of early lateral Step +1: -3 db.
reflections relative to Step 0: -5.6 db.
direct sound S Step -1: -13 db.
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Table 2: Variable values for each test signal in Experiment 1

Test Signal A B C D E G K L M N (o) P
Parameter S 1 1 1 1 1 0 0 0 0 -1 -1 -1 -1 -1
Settings fg 1 -1 1 0 0 - 1 0 - -1 0 0 1 -1 -1

NT 1 0 -1 -1 1 0 1 -1 1 -1 0 0 0 -1

While listening to a pair, it was possible to switch between the
sound fields freely, and repetition was allowed. In the first part of
the experiment, the subjects were asked to compare the sound
fields of the pair and make a judgment as to which was more
spacious. Judgments of “no difference” were allowed. Their re-
sponses were submitted via a touch screen tablet device via OSC
and saved in Max/MSP as a text file.

2.4. Set2

The parameters for the filters applied to the simulated early re-
flections of part 2 of the experiment are outlined in Table 3. The-
se sound fields were arranged in pairs resulting in 65 pairs for
comparison. For each pair, the subject was asked to make a
judgment as to which sound field was (a) wider (b) deeper, and
(c) taller of the two. Their responses were in the form of a judg-
ment plus a rating between 1-6 depending on the degree to which
one was wider/deeper/taller than the other in each pair. Judg-
ments of ‘no difference” were allowed and a rating of 0 was ap-
plied to all such responses. During playback it was possible to
switch freely between the two sound fields of the pair and repeti-
tion was allowed.

Table 3: variable values for experiment 2

Test Signal Bandwidth
1 50 Hz — 80 Hz
2 50 Hz — 200 Hz
3 50 Hz-500 Hz
4 50 Hz - 1250 Hz
5 50 Hz - 3150 Hz
6 50 Hz - 8000 Hz
7 80 Hz - 20 kHz
200 Hz — 20kHz
9 500 Hz-20 kHz
10 1250 Hz — 20 kHz
11 3150 Hz—-20 kHz
12 8000 Hz — 20 kHz

2.5. Test Subjects

There were 18 participants in total ranging in age between 19 -
28 years old. All were post-graduate students who were studying

courses with a strong emphasis on audio and music. Each report-
ed to have normal hearing.

2.6. Pre-Experiment Examples

Prior to the experiment a brief training session was carried out
where each subject was presented with several example sound
fields with varying degrees of source spaciousness. The defini-
tion of source spaciousness was defined as described above and
subjects were allowed to make their own judgments of source
spaciousness of the example sound fields.

3. RESULTS

3.1. Experiment 1

The participant’s responses to part 1 of the experiment were rec-
orded as source spaciousness scores. For each pair under consid-
eration, a 1 was assigned to the sound field judged to be more
spacious and a -1 assigned to the sound field judged less spa-
cious. In cases where the elements of the pair were considered to
be equally spacious, a value of zero was assigned to both. Using
this scoring scheme we can construct a ranking of spaciousness
from the data, see Figure 3. The ranking clearly shows the test
signals grouped into 3 clusters, each representing a different val-
ue for the variable S: level of early reflections.
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Sound Field: Error Bars 95% CI

Figure 3: spaciousness scores for experiment 1

The existence of a strong relationship between the variable S and
the source spaciousness score can be established by visually
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Table 4: Regression model for source spaciousness

Model Unstandardized Coefficients Standardized Co- t Sig.
efficients
B Std. Error Beta
(Constant) 12.780 .994 12.851 .000
1 Reflections Level 1.668 .031 .944 54.005 .000
Reverb Filter Cutoff .004 .001 .095 5.408 .000
Reverb Level 202 .053 .067 3.843 .000

a. Dependent Variable: Score

inspecting the chart in Figure 3 and the contents of Table 2. A
standard multiple regression was performed between the spa-
ciousness score for each sound field as the dependent variable
and the variables S, fg and NT as the independent variables.

An analysis of the effect of the variables fg and NT on source
spaciousness revealed little correlation between either variable
and the score variable (correlation of .23 & .01 respectively). We
also found that the contributions to the end score of the inde-
pendent variables fg and NT were quite small (Standardized Co-
efficients of 0.09 and 0.06 respectively). It was proposed that the
filter cut-off frequency had influence over the perceived source
spaciousness only in as much as it affected the overall energy in
the reverberation signal. A new variable was introduced that was
the measured peak RMS level of the reverberation signal. Three
level groups were identified, and the sound fields were given a
new variable with value of -30db, -35db, or -45db according to
the measured reverb level R.

This proved to slightly decrease the overall apparent contribution
of the reverb signal to the perception of source spaciousness in
the analysis. Although the difference is minor it leaves the ques-
tion open as to whether there is an effect on source spaciousness
by varying the frequency of a low cut filter applied to the reverb
signal.

The number of cases submitted to analysis was 270, which is a
sufficient amount to qualify as suitable for regression analysis
[13]. No outliers were found with criteria for Mahalanobis dis-
tance set to p < 0.001.

Table 4 shows the unstandardized and standardized coefficients
for the analysis along with the t value and significance levels.
The R, R?, and adjusted R? values for the model are 0.96, 0.92
and 0.92 respectively. This high value for R? signifies how dom-
inant the level of early reflections is in determining source spa-
ciousness.

As expected, the primary contributing variable for the spacious-
ness score is the level of the early reflections. The variation of
the reverb signal does have and effect on the result but its signifi-
cance is negligible in comparison to that of S. When we control
for S we found that the effect of the reverb signal on the score
was dependent on S. At extreme levels of S, the contribution was
minimized, presumably because of the dominance of S. However
the effect on the result caused by the reverb became more pro-
nounced when S was in the middle of its range. This effect in-
creased by a factor of 3 compared to its effect at the higher and
lower values for S.

3.2. Experiment 2

The focus of the second experiment was on quantifying the con-
tribution of various frequency bands to each of the three dimen-
sions of source spaciousness i.e. source width, source depth and
source height. Participants were asked to judge which test signal
gave the impression of a wider, deeper and taller source. Compil-
ing the scores in a similar way as we did in experiment 1, the
ranking for each dimension is shown in Figures 4,5, & 6.
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Table 5: Regression model for width score

Model Unstandardized Coefficients Standardized Co- t Sig.
efficients
B Std. Error Beta
(Constant) .583 .186 3.135 .002
fb 200 500 1.819 279 294 6.518 .000
1 fb 500 1250 1.500 322 242 4.654 .000
fb_ 1250 3150 1.278 322 206 3.964 .000
fb 3150 8000 2.056 322 332 6.377 .000
fb 8000 20k 1.597 279 258 5.722 .000

a. Dependent Variable: Width Score

As there is little energy in the source material between 50 Hz and
80 Hz, we cannot conclude much about the effect of energy in
that region on the source spaciousness. Looking at Figure 4 we
can see that all frequency components contribute to the perceived
width of the source. Figure 5 indicates that the depth of the per-
ceived source is determined by frequencies below 500 Hz. The
presence of energy at frequencies above 500 Hz adds nothing to
the perception of depth and may in fact reduce the effect.

The perceived height of the source is determined according to the
presence of frequencies above 1250 Hz. The frequencies between
1250 and 8000 Hz contribute the most to the perception of height
in the experimental setup. When the higher frequencies (>1250)
are present, the addition of any energy in the range below
1250Hz has little effect on the perception of height. However in
the absence of energy in the upper range of the frequency spec-
trum, the lower frequencies may increase the height of the per-
ceived source.
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Figure 6: height scores: Error Bars 95% CI.

3.3. Models of Width, Depth, and Height.

The variables defining the test signals in experiment 2 were cod-
ed into non-overlapping frequency bands. If a frequency band is
present as a reflection in a signal it is assigned a value of 1, oth-
erwise it is 0. To determine the contributions from each frequen-
cy band to the perception of width depth and height we employed
a standard multiple regression with the scores as the dependent

variable and the frequency band variables of the early reflections
as the independent variables.

After some exploratory analysis we found that the maximum
number of independent variables contributing to the perceptual
attribute source width is 5. With 216 cases submitted to the re-
gression, the criterion for ratio of cases to independent variables
is satisfied. No outliers were found.

The amount of variation in the width score is accounted for by
the five frequency bands is shown in Table 5. The frequency
range below 200Hz did not make any significant contribution to
the width score. The model in Table 5 accounts for 81% of the
variance in width score.

The variation in depth score is accounted for by the two frequen-
cy bands that make up the range between 80 Hz to 500 Hz. The
coefficients for the depth regression are shown in table 6. The
contribution of these frequency bands accounts for 39% of the
total variation in depth score.

The results of the regression analysis with height as the depend-
ent variable are summarized in Table 7.

We have found that the frequency content of the early reflections
accompanying a direct signal have a significant influence on the
perception of source spaciousness in terms of the width, depth
and height of the perceived source. This confirms the results
found in [1] and [5] although there is some disagreement over the
exact frequency band which can be said to influence each of the
dimensions.

4. SOURCE SPACIOUSNESS MODEL

Based on the results of the experiments presented above, we have
devised an equation to represent a linear model of source spa-
ciousness.

n

§5 = z(awi +oag + ahi)Gi + Lo, G, (€Y)

i=1

where G; and G, are the gain of the i*" frequency band of the
simulated early reflections and the reverb signal respectively.
Qy,» Ag,, and ap, are the regression coefficients from the linear
approximations for perceived width, depth, and, height respec-
tively. I is the scaling factor applied to the effect of the reverb
due to the value of S. a, is the reverb coefficient from the regres-
sion applied to the result of experiment 1.
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Table 6: Regression model for depth score

Model Unstandardized Coefficients Standardized Co- t Sig.
efficients
B Std. Error Beta
(Constant) 2.352 237 9.934 .000
1 fb 80 200 1.889 428 317 4410 .000
fb_200 500 2.167 428 364 5.059 .000
a. Dependent Variable: Depth Score
Table 7: Regression model for height score
Model Unstandardized Coefficients Standardized Co- t Sig.
efficients
B Std. Error Beta
(Constant) 1.863 244 7.635 .000
1 fb_1250 3150 1.896 423 343 4.485 .000
fb_3150_8000 1.250 535 226 2.338 .020
fb 8000 20k .590 423 .107 1.396 164

a. Dependent Variable: Height Score

The first term of (1) represents the contribution of early reflec-
tions while the second term accounts for the reverberation signal.
Although we found there to be minimal effect of the reverb sig-
nal on the perception of source spaciousness, we kept this term in
the equation to allow for potential future developments involving
a reverb signal.

The overall content of the model is based on experiment 1 while
the details of the filters applied to the early reflections to control
for perceived width, height and depth independently is derived
from the results of experiment 2. According to our findings,
source spaciousness is a three dimensional spatial attribute that
can be described in terms of width, depth, and height.

5. CONCLUSION AND FUTURE WORK

We have presented here a preliminary model for source spa-
ciousness that is to serve as a starting point for the development
of a more comprehensive study of this perceptual attribute. While
changes in the width are well accounted for by the variables in-
cluded in the experiments, the other two dimensions are less af-
fected. Future experiments could potentially seek to get a more
detailed picture at how the frequency spectrum of early reflec-
tions affects the perceptual attribute. The inclusion of elevated
loudspeakers for the simulation of source height will also be in-
vestigated.
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