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ABSTRACT

To realize a three-dimensional virtual sound image with a Virtual
Auditory Display (VAD), it is important to individualize Head-
Related Transfer Functions (HRTFs) for listeners. The purpose of
the present study was to establish a fitting method for HRTFs based
on a listening test. To this end, a number of sets of virtual images
were synthesized using HRTFs of different individuals. The lis-
teners were then asked to choose appropriate virtual sound images
located in the intended orbits. To achieve our fitting method of
HRTFs by such a subjective evaluation, it is desirable that the same
HRTFs can be chosen with stability. In this study, the process used
to select a set of HRTFs subjectively was examined in detail, and
the features of the individualization of HRTFs by subjective evalu-
ation were investigated. First of all, the process to choose the best
of 32 sets of HRTFs by a Swiss-style tournament was repeated ten
times, and the regularity of wins in the tournament was examined.
As a result, it was understood that the same set of HRTFs is not al-
ways chosen and that the individualization method has probability
features. The strength of the sets of HRTFs which won the tour-
nament several times was then evaluated. A round-robin compari-
son with the 130 sets of HRTFs in our HRTF-corpus was repeated
twenty times. It was shown that a subjective evaluation itself was
also a probability feature. Moreover, the percentage of winning for
the set of HRTFs which won the tournament was estimated to be
about 15% from the results of the round-robin comparison.

1. INTRODUCTION

Head-Related Transfer Functions (HRTFs) [1] are transfer func-
tions that are related to sound propagation paths from a sound
source to a listener’s ears. Commonly, Virtual Auditory Display
(VAD) techniques are based on convolving HRTFs to a sound source.
When HRTFs in a VAD are not fitted to a specific listener, the ac-
curacy of localization is often low and localization errors are pro-
duced, typically as front-back confusion [2] [3]. However, mea-
surement of a listener’s own HRTFs in all directions requires a
special measuring apparatus, a long measurement time, and phys-
ical load on a subject. Therefore, it is necessary to estimate the
most individualized HRTFs without acoustical measurement.

If the relationship between features of the spectrum shape of
HRTFs and the listener’s anthropometry is revealed, it is possible
to create HRTFs by scanning the listener’s body. Though consid-
erable research from such an objective viewpoint has been done
[4] [5] [6] [7], there is no established technique.

On the other hand, research has been done to construct an in-
dividualization technique from the viewpoint of subjective eval-

uation. Seeber et al. [8] have proposed a subjective selection
method consisting of two steps, and lwaya [9] has proposed a
new fitting method called the Determination method of OptimuM
Impulse-response by Sound Orientation (DOMISO). In the lat-
ter method, listeners are asked to choose the most suitable set of
HRTFs from among 130 sets of HRTF data in the corpus [10]
based on tournament-style listening tests. He reported that there
were no significant differences of the front-back error rate between
selected HRTFs and the listener’s own HRTFs. The present au-
thors have also investigated the effect of two kinds of virtual or-
bits used in DOMISO, i.e., a horizontal orbit and an upper hori-
zontal orbit (30 degrees above), to control a sound image in the
sagittal plane [11]. Sound localization performance was compared
between sets of HRTFs selected from those two orbits. Results
showed that HRTFs based on the DOMISO selection with the up-
per horizontal orbit showed a better performance than that with the
horizontal orbit. However, the features of subjective evaluation of
HRTFs were not discussed in these previous studies. Therefore,
in the present study, the subjective evaluation process used in the
selection of a set of HRTFs from among many sets was investi-
gated in detail. Points of interest in this study are as follows: 1)
Stability of tournament results, 2) Strength of a set of HRTFs se-
lected in a tournament, and 3) Percentage of winning of a selected
set of HRTFs in a tournament. Experiments were performed using
horizontal orbits to evaluate these points.

2. EXPERIMENT 1: VERIFICATION OF STABILITY OF
TOURNAMENTS

2.1. Method

In this section, the stability of DOMISO tournaments is discussed.
The sets of HRTFs used in the experiment were selected from our
original corpus of HRTFs [10], which includes 130 sets of HRTFs
measured with a spherical speaker array installed in an anechoic
room at the authors’ institute (Fig. 1). HRTFs for sound sources
located 1.5 m from the center of the spherical array were measured
with an equal interval angle of 5 degrees in the horizontal plane
and one of 10 degrees in the median plane (—80, —70, ..., 0, ...,
70, 80:17 of elevation angles). The length of the impulse response
of each HRTF was 512, with a sampling frequency of 48 kHz.
The procedure based on DOMISO is as follows:

1. The cepstrum distance between a set of a listener’s own
HRTFs and each set of HRTFs is calculated, and all 130
sets in our HRTF corpus [10] are sorted based on the dis-
tances. In an actual situation in DOMISO, a listener’s own
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set of HRTFs is not obtained; however, as this experiment
aimed at verification of the stability of DOMISO, the lis-
tener’s own set is used as a reference.

2. Thirty-two sets of HRTFs are chosen, one from every fourth
set of 130 sorted sets.

3. The orbit of a sound source which makes a continuous ro-
tation around the listener is prepared using each of the 32
selected sets of HRTFs. As a result, 32 kinds of orbits are
generated. In this study, the orbit was a horizontal plane.

4. The outline of this orbit drawn as a virtual sound image is
shown to listeners as an illustration before the listening test.

5. Tournament matches are scheduled for these 32 orbits ren-
dered by the 32 sets of HRTFs.

6. In a session, the listener selects one of two orbits that bet-
ter resembles the illustrated orbit from the point of view of
overall features of the sound image. The judgement is based
on the listener’s total impression formed freely without any
concrete instructions. The selected orbit is the winner of the
match. The winner then proceeds to subsequent matches.

7. Finally, one set of HRTFs wins the tournament; it is selected
as the individualized HRTFs based on subjective evalua-
tion.

A Swiss-style tournament is used with slight modification in
DOMISO. In a Swiss-style tournament, a match is scheduled be-
tween HRTF sets with the same number of wins. This style avoids
the defeat of two strong sets of HRTFs at early stages of the tour-
nament. In the present study, in addition to the original procedure,
any set of HRTFs that had lost three times was removed from the
tournament. A schematic of the experiment based on the DOMISO
procedure is shown in Fig. 2.

Listeners were three young males and two young females with
normal hearing. Among the five listeners, thirty-two sets of HRTFs
used in the tournament were different. In this experiment, ten dif-
ferent tournaments were performed for each listener. The same
32 sets of HRTFs were used in the ten tournaments, but the ini-
tial tournament schedule was different among the ten tournaments.
Other experimental conditions are shown in Table 1. The orbit in
a horizontal plane shown to the listeners is illustrated in Fig. 3.

Figure 1: Spherical speaker array to measure HRTFs.

| 130 measured sets of HRTFs |

ﬂ 32 sets selected from the corpus

| 32 sets of HRTFs |

Creation of 32 orbits by convolving the selected
sets of HRTFs to pink noise

| 32 virtual sound orbits |

Scheduling of a tournament
Loser

@ | Swiss-style tournament | :
Listener ﬂ Decision of one set of HRTFsas  No ﬁYes

the winner of the tournament
| Winner = Individualized HRTFs | Removed

Third defeat ?

Figure 2: Schematic of Experiment 1 based on DOMISO proce-
dure.

Table 1: Experimental conditions

Signal Pink noise

Orbit Horizontal plane

Method of presenting | Headphones

Listeners Five adults with normal hearing
Head movement Restricted

2.2. Resultsand discussion

Table 2 shows the number of sets of HRTFs which won the tourna-
ment from one to three times in ten tournaments for each listener.
Strong sets of HRTFs which won the tournament once or more
existed for all listeners. However, there was no definitive winner.
This indicates that there is more than one adequate set of HRTFs
and that several sets performed well in the tested orbit.

Table 2: Number of HRTFs sets which won the tournament one to
three times for each listener

Listener Number of wins
Three | Two | One
1 1 1 5
2 1 1 5
3 - 2 6
4 1 1 5
5 - 1 8

2.2.1. Details of tournaments

In the experimental results, there were no definitive winners of
the ten tournaments. Therefore, we investigated the details of the
HRTFs. Table 3 shows the HRTFs which placed from first to
eighth in each tournament for Listener 1. The descriptions such
as HO1 and HO2 shown in the table and common to all listeners are
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Table 3: HRTFs with the eight highest ranks in ten tournaments (Listener 1)

Rank Trial

1 2 3 4 5 6 7 8 9 10
1st H99*o | H123 | H86 H41* H99*oc | H99*o | H44 H5*0 H5* H101
2nd H123 H86 H7 H5* H98 H5* H94* | H31 O | H41* H52
3rd H69 H94* | H5* H7 H54* H123 H72 H100 H54* H99*o
4th H54* H41* | H94* H115 H31 H101 H41* | H99*o | H94* H100
5th H102 H39 H99*c | H106 H41* H54* H98 H94* H99*0 | H5*
6th H110 H31 H120 H52 H115 H39 H7 H91 H52 H41 *
7th H41* H7 H52 H99*o | H44 H110 HI91 H54* H28 H44
8th H39 H72 H24 H54* H5* H44 H39 H101 H49 H94*

*: sets which placed eighth or higher more than four times in ten tournaments
o: best set from the point of view of averaged rank

Start: e——
o =
g @ :
- End: —
= =

Figure 3: Illustration of horizontal orbit shown to listeners.

the labels for sets of HRTFs. Moreover, “*” indicates that the set
placed eighth or higher more than four times in ten tournaments.
The symbol “o” with H99 indicates that H99 was the best set from
the point of view of averaged rank. It should be understood that
even though H99 was the best set, it did not place eighth or higher
more than twice. Although H99 was the strongest, it did not al-
ways win a tournament. It can be concluded that strength is not
definitive.

2.3. Consideration employing loss-margin

In the experiment, any set of HRTFs that lost three times was re-
moved from the tournament schedule. However, when the set de-
feated an opponent with the same strength, the true strength could
not be estimated based only on the tournament ranking. There-
fore, the strength of three defeated opponents was evaluated. For
this purpose, the number of wins of defeated opponents was com-
pared with that of the high-ranked sets in the tournament. The
loss-margin S is defined as a ratio between them as follows:
g = Wiost

@

Whigh ’
where the meaning of w;os: and wy; g4y, are respectively as follows:

e wj,s:: the averaged number of wins of the three defeated
opponents.

® whign: the averaged number of wins of the three sets of
HRTFs which were ranked third place or higher in a specific
tournament.

Figure 4 shows the relationship between DOMISO ranking
and the loss-margin S of all ten tournaments for each listener.
When S is nearly equal to one, it might be considered that the set
was defeated by high-ranked opponents in the tournament. Corre-
lation coefficient  is smaller than —0.65 (p < .01) for all listen-
ers. However, some sets of HRTFs of lower rank had an .S value
larger than 0.8. These sets of HRTFs may have been strong, even
though they were defeated by an opponent with the same strength.

Let us now review the results of the ten tournaments and the
strength of HRTFs using loss-margin S. One or two sets which
easily won ten tournaments were chosen and the number of times
when the loss-margin of the set was greater than the averaged loss-
margin of all tournament participants (k) was calculated. Table 4
shows the results for each listener. The summation of victories
(w) and k is also shown in Table 4 as N. The k of all HRTFs ex-
cluding H133 is more than or equal to half of (10-w), the number
of tournaments which the HRTFs could not win. Therefore, the
performance of selected sets of HRTFs was better than that of av-
eraged sets. Furthermore, it can be seen that IV is larger than four
and most N's are larger than six. This means that all listeners had
sets of HRTFs which were suitable for sound localization.

Table 4: Strength of HRTFs which won the tournament more than
two times

Listener | HRTFs | #w | #k N
(Hw+#k)

1 H99 3 5 8

H5 2 5 7

2 H133 2 3 5

H25 2 5 7

3 H26 2 5 7

H15 2 5 7

4 H93 3 4 7

H111 2 7 9

5 H29 2 4 6
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Figure 4: Relationship between ranking in DOMISO and loss-
margin S.

3. EXPERIMENT 2: VERIFICATION OF STRENGTH BY
ROUND-ROBIN

3.1. Method

The previous experiment suggested that each selection based on
subjective evaluation is not definitive. The strength of all sets of
HRTFs are estimated accurately if round-robin comparison among
all sets can be performed many times. However, as it takes about
sixty hours to conduct one round-robin comparison, this is not
practical. Thus, a round-robin comparison among selected sets
and other sets was performed. The 32 sets of HRTFs were sorted
according to the number of total wins in Experiment 1 for each
listener, and three sets which placed third or higher were chosen
as the “best” HRTFs. For comparison, a set of the lowest ranking
HRTFs (“worst”) and a set of a listener’s own measured HRTFs
(“own”) were used. A total of five sets of HRTFs were subjec-
tively evaluated against all other sets of HRTFs in the corpus. The
evaluation was repeated twenty times.

3.2. Resultsand discussion

The number of wins in these twenty matches was classified into
four categories, i.e., 0-5 wins, 6-10 wins, 11-15 wins, and 16-20
wins. The results are shown in Figs. 5-7. These figures respec-
tively indicate “best,” “worst,” and “own.”

Average

Listener 5 H46

Listener 5 H32

Listener 5 H29

Listener 4 H11

Listener 4 H93

0-5 wins
0 6-10 wins
0O 11-15 wins
B 16-20 wins

Listener 3 H132

Listener 3 H15 [

Listener 3 H26

Listener 2 H25 [

Listener 2 H131

Listener 2 H133

i
!

Listener 1 H41

Listener 1 H99 []

Listener 1 H5

0% 20% 40% 60% 80% 100%

Figure 5: Classification of all evaluation results in round-robin
conducted twenty times (“‘best” HRTFs).

In Fig. 5, for sets which won more than 10 out of 20 matches,
the percentage for the “ best” set was more than 50%, excluding
H93 and H132 of Listener 4. In particular, H5, H99, and H41
of Listener 1 won more than 15 times against half the sets of the
corpus, while the “worst” set of HRTFs was defeated by almost all
sets in the corpus as shown in Fig. 6. In addition, the “own” set of
HRTFs won more than 9 times against slightly more than half of
the sets in the corpus with the exception of Listener 4 (Fig. 7).

3.3. Estimation of probability of winning a tournament

The probability of winning a tournament can be estimated from
each probability of victories in each match obtained from round-
robin comparison if 32 sets of HRTFs in the tournament are se-
lected. Though a Swiss-style tournament is performed in DOMISO,
the use of a normal-style tournament is assumed here. In such case,
a specific set of HRTFs can win a tournament when it defeats five
opponents. Here, P4p is defined as the probability of set A de-
feating set B. The probability of winning a tournament, Paqin,
can be estimated as

Pawin = PaB, PaB, PAB; PaB, PaBs, (2)

where a B,, set indicates an n-th opponent. All the combinations
of five opponents from 130 candidates were calculated and Pawin
was averaged. The averaged probability of winning a tournament
is shown in Table 5. Here, when assuming that an each evaluation
was performed by 50%, Pair is 3% (= 1/2°), while in Table 5,
the mark “*” indicates that it is larger than 3%.
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Figure 6: Classification of all evaluation results in round-robin
conducted twenty times (“worst” HRTFs).

Average l l

Listener 5 own l l
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Figure 7: Classification of all evaluation results in round-robin
conducted twenty times (“‘own” HRTFs).

From Table 5, almost all sets of HRTFs included as “best”
HRTFs can be seen to have had a probability which greatly ex-
ceeded 3%, and the averaged probability of all five listeners was
about 15%, which is five times 3%.

On the other hand, that of the “worst” HRTFs was below 3%,
and the averaged probability was about 0.3 times 3%. Moreover,
regarding “own” HRTFs, the probability of winning the tourna-
ment was about 6.4%.

Table 5: Calculated percentage [%] of selected sets of HRTFs
needed to win the tournament of each listener

Listener HRTFs
bestl | best2 | best3 | worst [ own
1 29.3* | 42.6* | 33.4* | 0.01 8.6*
2 9.7* | 19.2* | 11.7* | 0.04 2.4
3 21.7* | 4.4* 0.7 0.02 8.5*
4 3.6* | 10.0* | 5.7* 4.0* 6.0*
5 4.3* 5.3* 5.8* 0.2 6.6*
Average 14.49* 0.85 | 6.42*

4. CONCLUSIONS

To examine the process of subjective selection of HRTFs in de-
tail and to clarify the features of the individualization technique by
subjective evaluation, an experiment based on DOMISO to choose
the best set of HRTFs was repeated ten times. As a result, it was
found that not only the individualization results but also each sub-
jective evaluation were not definitive. A round-robin comparison
of the 130 HRTFs in the corpus was also conducted. As a result,
for the set of HRTFs which easily won in DOMISO, the average
probability to win a tournament among 32 HRTFs was estimated
to be about 15%. This probability greatly exceeds the probability
(3%) when one set of HRTFs was selected from 32 candidates at
random. Our results show that appropriate HRTFs can be chosen
by subjective evaluation with high probability. In practical appli-
cations, it is important to control the perceived position of a sound
image not only in the horizontal plane but also at arbitrary posi-
tions around a listener. We have previously found that the horizon-
tal upper orbit is effective to control a particular sagittal plane [11].
Improvement of our individualization method will be attempted in
our future work so that individualized HRTFs can perform well for
all 47 directions with high stability.
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