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Loudspeaker Performance Evaluation Algorithm using
Frequency Response Characteristic
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ABSTRACT

An algorithm for evaluating the subjective performance of a loudspeaker ts proposed based on the frequency re:
sponse characteristic, Objective ratings using the proposed algonthm were compared with the results of the

listening test. 1 was verified that the ratings of the proposed algorithm showed a good correspondence with the

results of the Listening test.
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1. Introduction

There can be roughly two approaches in evaluating
the performance of a loudspeaker and various me-
thods of evaluation will fall into either one of themn,
One is the objective approach and the other is the
subjective approach. Objective approach deals with
physical parameters of a loudspeaker such as fre-
quency response. phase response, directivity and etc,
In the objective approach, the physical parameters
are measured in such an ohjective and well defined
way that it maybe repeated afterwards. From the ob-
jectively measured data, one tries to predict how the
loudspeaker under test will sound n an actual cir-
cumstance. Meanwhile, in the subjective approach,
performance of the loudspeaker is judged by human
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ear. Listening test Is the most commonly used method.

Both approaches have their own disadvantages.
While 1t's quite easy to establish objective and re-
peatable measuring methods to obtain the physical
parameters, predicting how the loudspeaker will
sound from those measured parameters alone is not
simple. I[n the case of listening test, since the judg-
ment of human ear varies depending on the individu-
als, environments and test conditions, it is not quite
easy to get objective results. In practice, therefore,
both approaches are used in parallel to complement
@ach other,

Many attempts to reveal the relations between the
physical parameters and the subjective performance
were made, As a consequence of those attempts, not
all but quite a lot of relations have been established
f1]. 121, {3], (4]

In an effort to predict the subjective performance
of a loudspeaker, an algorithm that yields objective
scores based on frequency response and directivity is
proposed. These scores were produced in such a way
that it can be used as criteria in judging which loud-
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speaker widl sound better, To venify the vahdity of
the proposed algonthm, the ratings based on the ob
jcctive scores were compared with the results from

the lstening test.
Il . Frequency Response of Loudspeaker

Through a large amount of experiments and resear
ches on the loudspeaker, people were quite able to
establish the physical parameters that have some
relations with the subjective performance. Most wi-
dely used parameters among them are frequency re
sponse, directivity. harmonic distortion, intermodul-
ation distortion, FM distortion, phase response and
group delay [5].

Among those parameters, frequency response is con-
sidered to be the most important factor in estimating
the subjective performance of a loudspeaker. A lot of
studies have been revealed and investigated [ 17, [ 2],
i3], 14]. Frequency response can be measured either
in a free field anechoic chamber or in an ordinary re-
verberant listening room. Both free field and listen-
ing room response have their own meaning. While
the free field response gives yvou only the response of
a loudspeaker itself, listening room response contains
the characteristics of the room as well as those of a
loudspeaker. Since, in the real world, loudspeaker
system is used in quite a reverberant space, the
listening room response may be closer to the real
situation. It is not quite sure, however, that which
one will give more information about the exact sub-
jective performance,

With regard to the microphone placement in measur-
ing the frequency response, the microphone may be
placed off axis of the center of the loudspeaker as well
as on axis. The off axis response inherently contains
the directivity information of the loudspeaker and it
can be a certain factor in evaluating the subjective
performance,

It can be thought by intuition that flatness of the
frequency response curve is the most important fac-
tor. A loudspeaker with a very flat frequency re-
sponse will sound very good. But there seems to be
no definite threshold as to how flat should the re-
sponse be and as to the audibility of the deviation
from the flatness. In 1962, Biicklein found that while
a peak in the frequency response curve is audible and
very irritating, a dip that has the same amplitude
and width is barely audible [2]. Hlustration of a peak

and a dip is shown in Fig, 1.
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Fig. 1 an Example of & Peak and a Dip

He also found that a peak or a dip having a wider
width is more audible than the shorter one [2]. This,
for example, means that a loudspeaker with the fre
quency response of Fig, 2 (a) will sound better than
the loudspeaker with the frequency response of Fig.
2 (b).
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{a} shorter dip ({b) wider dip

Fig. 2 Dips with Different Width

It was found through some experiments that there
are two frequency regions in which the sensitivity is
relatively high compared to other regions :one is be-
tween 200Hz and 600Hz and the other is between
2kHz and 6kHz [2]). It can be thought that in these
regions the irregularities are more audible and the
frequency response of these regions may have more
influence on the subjective performance. This un-
equal sensitivity may have much to do with the fact
that in loudness perception human ear has different
sensitivity depending on the frequency component.

In Fig. 3 are shown the equal-loudness curves for
pure tones, These curves imply that depending on
the frequency of the signal, perceived loudness of
the signals may be the same even though the physi-
cal sound pressure levels are different and vice
versa, For example, an 80Hz pure tone of 70dB and a
1kHz pure tone of 60dB will be perceived with same
loudness although two tones have a 10dB differebce.
According to Fig. 3, the curves yield local minima
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between 200Hz and 600Hz and between 2kHz and
6kHz. This means that human ear is more sensitive
in those two regions compared to other regions, These
minima are due to the vesonance of the ear canal (6],

lll. Scoring Algorithm using the Frequency
Response and the Directivity

Frequency responses of the loudspeukers under test
were meansured in the listening room. Also the off
axis responses were measured i order to consider
the directivity of the loudspeaker. Scores predicting
the subjective performance were produced using the
frequency responses measured both on axis and off
axis. Some psychoacoustic phenomena previously me
ntioned were taken into account in the scoring pro-

Cess,

1. Measurement of Frequency Response

Four loudspeakers, marked A, B. C. D for con
venience were measured and evaluated. All of the
loudspeakers under test are commercially available
and are designed for hi-it audio use, All of the fre-
quency responses wore measured i the histening
room in order to come close to the real situation,

The frequency responses were measured using B&
K 2012 Audic Analyzer that makes use of stepped
sinewave, The frequency range of the measurement
was in the range of 20Hz through 20kHz. The me-
asuring distance was 2.5m and the listening room
located in Applied Acoustics Lab at Seoul Nation
University was used. The output power of the loud-
speakers was set to 1 watt in the measurements, The
responses of on axis, 15" off axis and 30" off axis were
measured for each loudspeaker,

Each frequency response was measured more than
mce shightly changing the nucrophone placement ea-
<h turie and the responses were averaged., The reas

on for measuring the frequency multiple times is to

anmnze the interference caased by the wall reflect -
wins and cach speaker st
loudspeaker

Fig. 4 Examples of Interference

Fig. 1 iHustrates the interference phenomena that
can occur in the listening room response measure -
ment. These kinds of interferences give risc to peaks
and dips in the frequency response curve. While
these peaks and dips may be audible in monaural
hearing, they are hardly audible in binaural hearing
which is the common case | 7],

The multiple-measured frequency responses are av-

eraged by the following equation,

J.pei20)
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. where [.. 18 the averaged sound pressure level, L,

is the individual sound pressure level and \ is the
number of responses,

The results of the measurement are as follows,

Notc that responses of on agis, 157 off axis and 30

of [ axis are plotted in one graph.
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Fig. 5 Frequency Response of Loudspeaker A
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2. Smoothing of the Frequency Response

The frequency response is divided nto 25 bands
according to human ear's critical bands. Within each
band the response is averaged to give one value re:
presenting the response of the each band. By doing
this, narrow peaks and dips will be smoothed, This
consequence is preferable because perceptually nar-
row peaks and dips are not quite audible as ment-
ioned before. With the smoothed frequency response,
the overall trend of the response is easily seen. The
25 bands according to the critical bands are shown in
Table 1[8].

An example of smoothing is illustrated in Fig. 9.

3. Scoring Algorithm
The evaluated categories are shown in Table 2,

Table 1. 25 Critical Bands

Band Start End Band | Start End
(Hz) (Hz) (Hz) (Hz)
0 0 100 13 2000 2320
1 100 200 14 2320 2700
2 200 300 I5 2700 3150
3 300 400 16 3150 3700
4 400 510 17 3700 4400
5 510 630 18 4400 5300
6 630 770 19 $300 6400
7 770 920 20 6400 7700
8 920 1080 21 7700 9500
C] 1080 1270 22 9500 12000
10 1270 1480 23 12000 | 15500
t1 1480 1720 24 155060 | 20000
2 1720 2000
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(b) After Smoothing

Fig. 9 an Example of Smoothing the Frequency Response

The input and the reproduced signal of loudspeaker
are, in general, music signal or speech signal, If we
look at the frequency component of such signals, we
can easily find that it can be divided into two regions
:the fundamental frequency region and the harmon-
ics region, For example, the spectrum of a violin

playing a certain note has its frequency component
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Table 2. Categories of Scores

Category Description
Bass The sound quality of low range
sound
Mid The sound quality of mid range
sound

‘Treble The sound quality of high range
sound

Balance The balance among low, mid and
high range sound

Ciearness | The clearness of the sound

spread over a wide range. The fundamental fre
quency that corresponds to the musical note is, how
ever. quite limited, Violin has its lowest note in G3
tabout 196Hz) and highest note in somewhere dround
C7iabout 2093Hz). Thus the fundamental [requency
of the violin music will be limited. Lising the afore
mentioned concept, the fundamental region of cach
category 1s chosen approprialely based on the musi

cal scale,

Table 3. Fundamental Regions

Category Fundamental Critical
Region Band

Bass C0(16.352Hz) band 0

~ G3({196.00Hz) ~ band 1

Mid G3(196.00Hz) band 2

~ E5(659.26Hz} ~ band 5

Treble £5(659.26Hz) band 6
~ C7(2093.00Hz) ~ band 12

Balance C0(16.352Hz) band 0
~ C7(2093.00Hz) ~ band 12

Clearness C0(16.352Hz) band 0
~ C7(2093.00 Hz) ~band 12

[n Table 3, frequencies of the notes are design-ated
according to the scale of equal temperament of piano
L6].

Thie rest of the region besides the fundamental re-
gion becomes the harmonics region. Note that since
there is no absolute boundary among the low, mid
and high notes, dividing the notes into three regions
15 somewhat subjective, The dividing process was
carried out with common sense and with some help

from people who major in music.

To quantifv the flatness of the frequency response,
the difference between the fundamental band and
the harmonics band is accumulated. The accumul-
ared index will indicate the amount of deviation trom
Hatness, A frequency response curve that s totally
flat will have the accumuiated index of zero [ the in.
creasing accumlated 1ndex will imply that deviation
trom flatness s large,

When dccunmulatmg the differences. more weight-
mg is given to the more sensitive region of human
car. Assuming that sound pressure level at which we
normally hear music is about 80dB re 20uPa. fre-
quency regions between 300Hz and GOOHz and be-
tween 2.7kHz and 5.3kHz can be thought as the sen-
siive regions from the 80phon curve of Fig. 3. These
regions correspond to band 3 through 5 and band 15
through 18, respectively., Thus the difference with
the fundamental band is weighted by 2 in the band 15
through 13 and by 1.414 10 the band 3 through 5.

The following is the equations that calculate the
accumulated index,

S | S lbundi—band, |+ 1,114 T | band; ~band,

Thss =

s

s | —

+ 5 lband,—band, | + 2 - S | band,— band,, |

+ € thand, - band,) i)

fm,-d=_—ll S { & tbandi—band, | +2+ < \band,~ band,

+ T lband,~band, | ) (3)
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i ( \_ i bandy—band i+ 2+ : iband;— band,
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+ 3 lbands—bandy| +2- %
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. whoere 7y is the gecumulated index and dund, s the
value of the Ath band in the frequency response,
Although frguw. and liuom.. have the same funda-
mental bands. the differences among the fundamen
tal bands are also accumulated in calculating faie.
index due to the nature of "balance™ category,

Since there are three freguency responses, there
are three indexes based on three responses for each
category. The listener. in general, is positioned as in

Fig. 10 in the two-loudspeaker reproduction system.

left speaker right speaker

listener

Fig. 10 Comunon Listener Position

It i1s obvious that there is much more chance for
listener to be positioned off axis than on axis. In or-
der to consider this condition, three indexes are sum-
med with different weightings as in Equation (7).

Goat= 02X Iy ¥ Q4 X [+ 0 5% 1w (7)

100

80 75
70

60
46 49 49

8888

10

. where o, s total index and L., £y and Leoare m
dexes based on axis, 15 off axis and 306 off axis r¢
sponses, respectively, Assigning the weightings were
somewhat arbitrary, The weightings used in this re-
search are only to fulfill the idea of giving more
weighting to the off axis responses,

The index is converted to a score that has a maxi-
mum of 100 through Equation {8} to be able to com-
pare with the results of the listening test,

s=1—axli (81

. where S is the score. / the accumulated index and «
the scaling factor. In this research, @ was set to ().4.
The resulting scores of the loudspeakers A, B, C,
are illustrated in Fig, 11.

It can be seen from Fig. 11 that loudspeaker A has
the best scores in every category by quite a margin
over the others. This agrees well with the fact that
the frequency response of loudspeaker A had the
flattest curve among the loudspeakers under test.

IV. Comparison with Listening Test

Subjective listening test was performed in the
same place where the measurement took place.
Thirty nine subjects participated in the test. All
were college students and in their 20s. Listening test
was carried out with the same categories as with the
objective scores. According to each category, different
music suitable for the specified category was selected.

Comparison between two pairs of Joudspeakers was
made for each category. The music was played for
about 20 seconds for each loudspeaker. The rating
scale of the listening test for each category is shown
in Fig. 12.

@A gBOC OD

47 47

Bass Mid

Balance Cleamess

Fig. 11 Resulting Scores based on Proposed Algorithm
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Fig. 12 Rating Scale of the Listening Test

Table 4. Music used in Listening Test

Category Music

Bass Excerpt from Bach’s Organ Con-
certo in d

Mid Excerpt from Tchaikovsky's
“1812” Overture

Treble Excerpt from Bach’s Partita No.3
for Solo Violin

Balance Excerpt from Tchaikovsky’s Piano
Trio

Clearness | Excerpt from Bobby McFerin's
Hush Little Baby

Each loudspeaker gets a score ranging from-3 Lo 3
in each relative comparisen. Since four loudspeakers
were involved, the total score that a loudspeaker can
have is between-9 and 9 for each subject, The scores
of the listening test were summed up for every 39

subjects and averaged.

Table 5. Results of Listening Test

Category A B C D

Bass -1.380 | -0.312 | 0.384 1.308

Mid 2772 | -0.540 | -1.260 | -0.972

Treble 2796 | 0.288 | -2.436 | -0.636

Balance 1.056 | -0.228 | -1.020 | 0.204

Clearness | 4.560 | -0.672 } -2.208 | -1.692

Table 5 shows the results of the listening test.

To compare the objective scores with the results
of the subjective listening test. each was normalized
to its maximum value.

Loudspeaker A has the best performance both in
objective scores and subjective test except for the
“Bass” category. In the “Bass” category, while the
loudspeaker A has the best objective score, listening
test shows that all four loudspeakers performed quite

Mid Wobjoctive
Dsubjective
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Wobyactive |
subjective Dsubjective

LY}
X3
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02 02

smilarly. This disagreement may have come from the
inappropriate selection of the music used in the
listening test. Pipe organ music was used in the
listening test to evaluate the “Bass™ category,
Although it has a lot of bass components, it also
vieds a lot of other frequency components, In other
words, the music used n the “Bass™ category had too
many frequency components and this may have
blurred the judgment of the subjects in the test,

Judging from the shape of the graph. the objective
scores roughly foliow the trend of the subjective
listening test :it may well be said that proposed
algorithm is able to evaluate the subjective perform-
ance of a loudspeaker system,

V. Conclusion

To predict the subjective performance of the loud
speaker, a scoring algorithm based on frequency re-
sponse characteristic and directivity is proposed. In
this proposed algorithm, some psychoacoustic facts
are considered and listening test was carried out to
verify the results of the proposed algorithm.

Despite the fact that the proposed algorithm only
used the frequency response and the directivity
among numerous physical parameters of loudspeaker,
it was able to come quite close to the actual subjec-

tive evaluation,
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