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The aim of this study was to determine the way in which loudspeaker systems with the analog and digital
crossover networks were subjectively evaluated. The object of the study were two loudspeaker systems, di�ering in
both the position of speakers on the front panel of enclosure and con�guration of the crossover networks: 2.5-way
and 3-way systems with the slope of frequency response of 12 dB/octave in the cut-o� regions. The investigations
were conducted for 5 angles from the front hemisphere in the horizontal plane. Test signals were fragments of music
and speech. The recordings of these signals were conducted in an anechoic chamber using an arti�cial head and
then presented to the listeners through headphones. Five normally-hearing listeners aged 18�50 years took part
in the experiment. Listening tests were carried out in two stages. In the �rst stage listeners were listening to test
signals grouped in triads and their task was to identify pairs of signals the most and the least similar to each other.
In the second stage a parametric evaluation was performed. It consisted in assigning �ve numbers, corresponding
to the intensity of the attribute of perception space (evaluated on a scale of 0�10) to each of test signals. The
attributes of perception space included: sharpness, clearness, fullness, lack of distortions and loudness. Using the
method of multidimensional scaling and correlation analysis it was possible to relate a particular dimension of
the multidimensional space to the attributes of the perception space. It was found that the intrinsic attributes
responsible for the subjective evaluation of loudspeaker systems with the analog and digital crossover network were
sharpness, clearness and loudness.
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1. Introduction

The problem of directional properties of electroacous-
tic transducers acquire a special signi�cance in the case of
loudspeaker systems used in the process of stereophonic
transmission or in the process of sound reinforcement.
The investigations carried out on loudspeaker systems re-
vealed some essential di�erences in the course of the fre-
quency response on the system axis and outside it, partic-
ularly for the frequencies from cut-o� region of crossover
networks. The subjective evaluation of the loudspeaker
system may depend, therefore, on the spatial conditions
in which it has been performed. Directivity of sound
source plays thus an important role in the process of
sound reinforcement and the knowledge of directional
properties of sound source is of essential importance for
appropriate modeling of physical phenomena which ac-
company this process [1].
The quality of the sounds reproduced by the loud-

speaker systems depends signi�cantly on the transmis-
sion of transients. This becomes all the more obvious
when one realizes that the real sounds (e.g. speech, mu-
sic, environmental sounds) are signals of purely transient
nature. The distortions occurring in transients depend
on both the width of transmission range and irregularity
of frequency characteristic. The phenomena mentioned
above in�uence to a great degree the directivity of ra-
diation of loudspeaker systems. The investigations car-
ried out, among others, by one of the present authors

showed, that directional properties of loudspeaker sys-
tems in steady and transient states di�er signi�cantly
[2�4].

Application of the digital signal processing (DSP) tech-
nique in construction of the crossover network of loud-
speaker systems enables to create their transmission
properties, and hence also directional characteristics, to
a much greater degree than in the analog systems [5].
Changes in the cut-o� frequency and the slope of the
amplitude characteristic of the crossover �lters can bring
about signi�cant di�erences in the directional character-
istics of the loudspeaker systems and thus di�erences in
the resulting e�ect of sound reinforcement in a room.
The main demand as to the directional characteristics
of a loudspeaker system is to ensure the uniform sound
propagation into the front hemisphere. The e�ciency of
sound propagation into the front hemisphere is ensured
by a set of digital �lters of FIR (�nite impulse response)
class [6, 7] ensuring linear phase distortions, which can-
not be provided either by active or passive Butterworth
or Czebyszew �lters. The great advantage of these sys-
tems consists in possibility of changing, in a simple way,
the parameters of crossover network which would cause
the modi�cation of the frequency and/or directional char-
acteristics. But in fact, the most important criterion of
selection of suitable system should be connected with
the subjective evaluation of perceived acoustical sensa-
tions [8�10]. The main purpose of this study was to de-
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termine how the location of the listener relative to the
loudspeaker system a�ects its subjective evaluation and
which attributes of perception space are responsible for
this. The special emphasis was placed on examination
of the in�uence of the conversion of an analog to digital
crossover network.

2. Experimental investigations

Experimental investigations were realized in two
stages. The �rst stage consisted in selecting loudspeaker
systems and signals, calibration of measurement system
and headphones and �nally, in registration of test sig-
nals for the subjective evaluation. In the second stage
subjective evaluations were conducted according to the
procedure prepared.

2.1. Objective investigations

2.1.1. Object of study
The object of study was two loudspeaker systems that

di�ered in the number of loudspeakers and their arrange-
ment on the front panel of enclosure. However, the most
important di�erence was related to the use of di�er-
ent types of crossover networks � 2.5-way and 3-way
crossover networks with the analog and digital �lters:
� loudspeaker system LS-I � a 2.5-way system with the
following cut-o� frequencies:
• 1000 Hz � low pass range
• 1800 Hz � low-mid pass range
• 3000 Hz � high pass range
for both the analog and digital �lters.
� loudspeaker system LS-II � 3-way system with the
following cut-o� frequencies:
• 1500 Hz - low pass range
• 1500 - 6500 Hz - mid-band-pass range
• 6500 Hz - high pass range
for the analog �lter. The mid range digital �lter was
selected by the DSP technique in such a way that the
resultant frequency characteristic of the whole crossover
network was as �at as possible.
In all cases the slope of the frequency characteristic in

the cut-o� regions was 12dB/octave. The frequency char-
acteristics for the analog and digital crossover networks
are shown in Fig. 1.
As it was mentioned in the Introduction, the quality

of the sounds reproduced by the loudspeaker systems de-
pends signi�cantly on transmission of transients. Tran-
sients occur most frequently for frequencies lying in the
cut-o� regions of the crossover �lters and in�uence the
pattern of directional characteristic of loudspeaker sys-
tem. The exemplary graphs for both loudspeaker sys-
tems are presented in Figs. 2 and 3. The measurements
were conducted, according to the procedure described in
[4], for the 1/3 oct. band noise excitation signals with
center frequencies of fc = 1900 Hz and fc = 1400 Hz for
LS-I and LS-II, respectively.
As can be seen from the above �gures, the directional

characteristics for loudspeaker systems with the analog

Fig. 1. Frequency characteristics of the crossover net-
works: (a) LS-I; (b) LS-II; analog (upper diagram) and
digital (bottom diagram).

Fig. 2. Directional characteristics of the loudspeaker
system LS-I for the initial transient and steady state
with the analog (a) and digital (b) crossover network
for fc = 1900 Hz.

(LS-I,II a) and digital (LS-I,II b) crossover networks dif-
fer. Moreover, the di�erences are also evident, inde-
pendently for each loudspeaker system, if we compare
the directional characteristics of the steady and transient
states. It is therefore assumed that these di�erences will
also a�ect the subjective evaluation for di�erent angles
of observation.

Fig. 3. Directional characteristics of the loudspeaker
system LS-II for the initial transient and steady state
with the analog (a) and digital (b) crossover network for
fc = 1400 Hz.
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2.1.2. Registration of test signals
Test signals were selected from �Denon Professional

Test CDs�. These signals were fragments of music and
speech, however the choice was based on the following
criteria:
� music �signal should be balanced, i.e. has uniform
spectral energy distribution, without emphasizing bass
and treble
� speech � listener should not focus on understanding
the text, but on the acoustic features of the signal.
Finally, as test signals, chamber music and Japanese
speech were used. Waveforms of selected signals are
shown in Fig. 4.

Fig. 4. Waveforms of test signals: (a) chamber music
and (b) Japanese speech.

The basic assumption to perform subjective tests was
that they will be carried out using headphones and there-
fore, in the �rst step their registration should be made.
The registration of test signals was performed for �ve
angles in the horizontal plane: 0◦, 15◦, 30◦, 45◦ and 60◦

relative to the symmetry axis of loudspeaker system us-
ing arti�cial head (Neumann) placed at the distance of
3 m and computer PC which also controlled rotation of
a turntable.
Prior to registration, calibration of measurement setup

was performed. The loudspeaker system was placed on
the turntable at the angle of 0◦ and arti�cial head was
replaced by the measuring microphone. Calibration sig-
nal was white noise. For each loudspeaker system under
investigation the gain was adjusted so that the measured
value was equal to 80 dB SPL. The investigations were
conducted in an anechoic chamber.

2.2. Subjective experiments

Since the main aim of this study was to determine the
e�ect of conversion of the analog to digital crossover net-
work, listening tests were prepared separately for loud-
speaker system LS-I and loudspeaker system LS-II. For
each signal a name that identi�es both the type of �lter
(analog or digital) and registration angle was assigned.
For the loudspeaker systems with the analog �lter An

and digital �lter Dn where n denotes numbers of succes-
sive angles for which the registration of test signals was
made (see 2.2.1). The listening tests were conducted in
a listening room using headphones (Sennheiser). In both
experiments, 5 listeners aged 18�50 years took part. Lis-
teners were selected on the basis of the correct results
of tonal audiometry i.e. their auditory thresholds were
lower than 10 dB HL (hearing level).

2.2.1. Overall evaluation
The overall evaluation was conducted by means of the

of triadic comparison method [11]. The subject's task

was to determine a pair of the most similar sounds and
a pair of the least similar sounds in every triad (see
Note). The indicated pair of signals was assigned a cer-
tain weight:
� 2 � a pair of the least similar sounds
� 0 � a pair of the most similar sounds
� 1 � other pair.

Note: This method requires grouping all test signals
into triads (all combinations of 3 signals from the total
number of signals N). The number of these combinations
(triads) de�nes Newton's binomial. In the described
studies N = 10 (2 acoustic signals and 5 angles) and
therefore the number of triads for one loudspeaker system
is equal(

N

3

)
=

N !

3!(N − 3)!
=

10!

3!7!
= 135.

From the point of view of accuracy of the experiment,
each listening test should therefore contain the total num-
ber of 135 triads and should be performed in a single lis-
tening session. This would imply a signi�cant increase in
the duration of the session and thus, signi�cant deterio-
ration of subjects' perception abilities. For this reason,
it was necessary to limit the number of triads used in
the experiment. This was possible only by reducing the
number of angles for which the tests were to be carried
out. This problem was solved by performing 4 listening
sessions (135 triads for each session) for LS-I and LS-II
with both the analog and digital crossover networks. As
a result of conducting the variance analysis (ANOVA) it
was stated that insigni�cant di�erences in the evaluation
(p > 0.05) were appearing for signals corresponding to
angles 0◦ and 15◦. Therefore, the overall evaluation was
performed for test signals corresponding to the angles 0◦,
30◦, 45◦ and 60◦. In this way, the number of triads in
one test decreased to 56 (N = 8 in the above equation)
and numbering has been adopted the following form:

analog A1 A2 A3 A4

� 0◦ 30◦ 45◦ 60◦

digital D1 D2 D3 D4.
Listening test was controlled by a computer program. Its
main task was to select the successive triads containing
signals that di�ered signi�cantly from each other.

2.2.2. Parametric evaluation

The parametric evaluation was carried out by means
of the rating scale method. The subjects' task was to
assess each sound on a 0�10 scale. These scales refer to
the attributes of perception space: sharpness, clearness,
fullness, lack of distortions and loudness [12, 13]. Value
equal to 0 on the scale indicated a complete lack of sensa-
tion connected with given attribute while the value of 10
indicated the maximum sensation. During the listening
test the subjects could refer anytime to a de�nition list of
attributes. The attributes have been de�ned as follows:
� sharpness � the sound contains components whose
mid- and high-frequency levels are to high
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TABLE I

Ranking of test signals in two-dimensional perception space for loudspeaker systems LS-I and LS-II
with analog and digital crossover networks for music and speech.

music speech

Dimension I Dimension II Dimension I Dimension II

A4 A3 A2 A1 A4 A1 A2 A3 A4 A3 A2 A1 A3 A4 A2 A1

LS-I D4 D3 D2 D1 D3 D2 D1 D4 D4 D3 D2 D1 D2 D1 D4 D3

A1 A3 D1 D3 A1 D2 D3 A4 A2 A3 D1 D3 D1 D2 D3 D4

A2 A4 D2 D4 D1 A2 A3 D4 A1 A4 D2 D4 A1 A2 A3 A4

A4 A3 A2 A1 A4 A1 A2 A3 A4 A3 A2 A1 A4 A1 A2 A3

LS-II D4 D3 D2 D1 D4 D2 D3 D1 D4 D3 D2 D1 D4 D2 D3 D1

A2 A1 D4 D3 D4 D3 D2 D1 A1 A3 D1 D3 D1 A2 A3 D4

A3 A4 D2 D1 A4 A3 A2 A1 A2 A4 D2 D4 A1 D2 D3 A4

� clearness � the sound is pure, clear; di�erent instru-
ments and voices can be easily distinguished, onsets and
transients in the music can be easily perceived
� fullness � the sound contains the entire spectrum with-
out any limitations, at least in the bass range
� lack of distortions � indicates a pure sound, without
distortions, one which is not harsh, hiss or rumbling.
Each listener performed (during one listening session) the
evaluation of individual attributes of perception space for
all test signals. Every session was repeated �ve times on
di�erent days.

3. Results of subjective investigations

The results of the overall evaluation (dissimilarities
between sounds) have been analyzed by the method of
multidimensional scaling of individual di�erences (IND-
SCAL) [14]. The calculations revealed that two dimen-
sions was the optimal number of dimensions of metric
space, enabling to describe the con�guration of experi-
mental data. According to these calculations a set of ar-
rengements of test signals in two-dimensional perception
space was obtained for each loudspeaker system. The
complete set of arrangements is presented in Table I.
The rankings in Table I refer to two cases:

� when the signals of the same type i.e. An or Dn are
taken into account - in this case the ranking re�ects the
di�erences in the perception of signals depending on the
angle of observation
� when all signals An and Dn are considered together
- in this case the ranking re�ects the di�erences in per-
ception of signals depending on the type of crossover net-
work.
As can be seen from the data in Table I the ranking 4, 3,
2, 1 for dimension I is repeated for both loudspeaker sys-
tems, regardless of whether the analog or digital crossover
networks were used. For dimension II no uniform rank-
ings are observed.
The next stage of the research was aimed to �nding

a relationship between the results obtained in both the
overall evaluation and the parametric evaluation. To as-
sign a particular attribute of the perception space to one

of the dimensions of dissimilarity space, the correlation
analysis was performed. To calculate the correlation co-
e�cients the Pearson linear correlation was used. The
obtained coe�cients are summarized in Table II.
Based on the results received it was possible to assign

certain attributes of the perception space to di�erent di-
mensions of dissimilarity space. As a �tting criterion, the
value of the correlation coe�cient R > 0.75 was adopted.
It can be seen easily that the correlation coe�cients for
the Dimension II, do not meet the required criterion even
in one case. Thus, in all cases, the attributes of percep-
tion space can only be assigned to the ranking in Di-
mension I. As expected, the most frequently repeated
ranking has been assigned to a single parameter, namely
the sharpness. The following �gures show the distribu-
tion of points corresponding to each test signals in two-
dimensional space, and the attributes of perception space
correlated with them.
Since the sharpness determines the evaluation con-

nected with angular resolution, the calculation was car-
ried out to designate the so-called minimum perceived
change in position, de�ned as the smallest di�erence be-
tween the signals are perceived by the listener. For this
purpose, based on the results of the parametric evalu-
ation, the mean values (for all listeners) for individual
signals as well as the standard deviation were calculated.

TABLE III

Values of the minimum perceived change in
position

LS-1 LS-2

music speech music speech

30◦−45◦ 0◦−30◦ 30◦−60◦ 0◦−30◦

analog 30◦−45◦ 45◦−60◦

45◦−60◦

30◦−45◦ 0◦−30◦ 30◦−45◦ 0◦−30◦

digital 45◦−60◦ 30◦−45◦

45◦−60◦
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TABLE II

Correlation coe�cients for results obtained in the overall and paramet-
ric evaluation.

Dimension I Dimension II

LS-1 LS-2 LS-1 LS-2

music speech music speech music speech music speech

a sharpness 0.97 0.98 0.97 0.91 0.44 �0.50 0.04 0.23

n fullness 0.48 0.93 0.87 0.72 0.21 �0.53 0.16 0.28

a clearness 0.88 0.72 0.41 0.80 0.10 �0.42 0.43 0.24

l lack of d. 0.64 0.07 0.45 0.28 �0.13 �0.10 �0.28 �0.27

o loudness 0.94 0.86 0.88 0.80 �0.01 �0.40 �0.10 0.20

g

d i

i sharpness 0.94 0.86 0.98 0.97 0.39 �0.46 �0.10 �0.38

g fullness 0.79 0.85 0.70 0.68 0.16 �0.37 �0.29 �0.04

i clearness 0.35 0.56 �0.35 0.36 0.01 �0.11 0.08 0.13

t lack of d. 0.58 �0.08 0.04 �0.08 �0.39 �0.31 0.07 0.24

a loudness 0.83 0.75 0.76 0.80 0.48 �0.50 �0.20 �0.34

a d

n i sharpness 0.62 0.65 0.06 0.67 �0.28 �0.16 0.58 0.18

a g fullness 0.57 0.73 0.36 0.52 0.39 �0.53 0.16 0.28

l i clearness 0.77 0.75 0.76 0.74 0.03 0.13 0.03 0.01

o t lack of d. 0.61 0.25 0.71 0.03 0.23 �0.01 �0.28 �0.09

g a loudness 0.66 0.79 0.28 0.75 -0.39 0.05 0.66 0.20

Fig. 5. Attributes of the perception space correlated with the dissimilatory space for loudspeaker system LS-I: (a)
music and (b) speech.

Fig. 6. Attributes of the perception space correlated with the dissimilatory space for loudspeaker system LS-II: (a)
music and (b) speech.
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4. Conclusions

In view of the above results the following conclusions
can be drawn:
� the subjective overall evaluation of loudspeaker sys-
tems takes place in a one-dimensional space
� changes in the position (angle of observation) of loud-
speaker systems are perceived on the basis of the impres-
sion of sharpness
� di�erentiation between loudspeaker systems with ana-
log and digital crossover networks is based on the ex-
pression of clearness � in the case of music signals and
loudness � in the case of speech signals
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