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ARTICLE INFO ABSTRACT

Keywords: A huge amount of anthropometric data on pinnae have been widely used in ergonomic designs, but their usage
Anthropometric parameters for personalizing head-related transfer functions (HRTFs) to improve virtual auditory display has received
Pinnae

insufficient attention. The present work proposes a simplified method of HRTFs selection based on pinnae
clustering. It uses a large amount of pinna anthropometric data but only HRTFs of several typical subjects with
cluster-center pinnae. A baseline database with pinnae of 100 subjects was clustered into eight groups, where
eight typical subjects were identified as the cluster centers. According to the similarity of the pinnae anthro-
pometric parameters of a new listener and eight typical subjects, the HRTFs of the best-matched subject were
selected as the pair of personalized HRTFs for the new listener. The errors in the magnitude, peaks, and notches
of the HRTF spectra show that the matched HRTFs are closer to the new subject’s own HRTFs, compared with the
HRTFs of other cluster-center subjects. The subjects have a low in-head localization rate and confusion rate using
matched HRTFs in the psychoacoustic experiment. This method decreases the workload since we need to acquire
fewer HRTF data and it is possible to use a huge amount of pinna data in customizing HRTFs. Our results provide
evidence for potential applications in ergonomic design.

HRTF personalization
Cluster analysis

1. Introduction

Ergonomics is becoming increasingly important to society, especially
with the growing need of personalized usage experiences of wearable
products (National Standardization Administration of China, 2009). It is
not an exaggeration to say that the pinna is one of the most individual
parts of the human body. Thus, many researchers have based the ergo-
nomic design of wearable products on the structures of the pinna.
Several pinnae datasets have been developed in recent years. Fan et al.
(2019) collected ear parameters of 700 Chinese subjects, and Jung and
Jung (2003) measured the pinnae of 600 people from South Korea. The
main wearable products relevant to the pinnae include earphones,
headphones, hearing aids, etc. All these audio terminals can compensate
or improve the perception of auditory events. Wearing comfort and
digital sound effects (e.g., the spatial auditory effect) are essential as-
pects of these head-wearable audio products. In particular, virtual
auditory display technology based on head-related transfer functions
(HRTFs) can directly promote the reality of an audio reproduction sys-
tem. Both the HRTFs and the comfort of a head-wearable device are
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related to human structures. Thus, the anatomic data of individual pinna
are not only used in the ergonomic design of wearable products to meet
comfort needs but also used to personalize HRTFs, which can improve
the spatial sound experience. Although a great number of anatomic
structures have been gathered to guide the ergonomic design of wear-
able devices (Fan et al., 2019), few researchers have considered using
these anthropometric parameters to personalize HRTFs and combining it
with ergonomic design.

The HRTF is a system function that describes the propagation of a
sound wave from a sound source to the two ears in a free sound field
(Xie, 2013), and is highly individual because of reflections from
different anatomical structures. An HRTF-based virtual auditory display
system produces virtual spatial hearing events via headphones. Virtual
source based localization experiments demonstrated that non-individual
HRTFs result in a high rate of front-back and up-down confusion
(Wenzel et al., 1993), and individualized HRTFs can decrease the
confusion rate. Therefore, it is meaningful to obtain the individual
HRTFs for each specific listener.

The common methods of obtaining individual HRTFs are based on
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the binaural sound pressure measurement or simulating calculation in
the free field. However, it is impracticable to obtain each listener’s
HRTFs because it takes too much time and requires special equipment
(Yu et al., 2018). Thus, many researchers have attempted to obtain
approximate customized HRTFs or simplified HRTFs (Xie, 2012). The
methods proposed in the literature can be classified into three cate-
gories: (1) those based on anthropometric parameters (Zotkin et al.,
2003), (2) those based on psychoacoustic experiments (Andreopoulou
et al., 2016; Katz et al., 2012), and (3) those based on clusters of indi-
vidual HRTFs (So et al., 2010; Xie et al., 2015). Both the latter two
categories do not have any input parameters for a new listener, so
someone has to choose the most suitable HRTFs by trying different
HRTFs and comparing them, which may bring listeners an additional
burden. As a comparison, if the anthropometric parameters of the new
listener can be obtained, then customizing HRTFs based on their
anthropometric characteristics will be much more effective and efficient
than measuring or calculating individual’s HRTFs. This sort of method is
based on the relationship of anatomical structures and HRTFs (Fels et al.,
2009), which has been developed for decades.

The anthropometric parameters-based HRTF customization methods
can be mainly classified into two categories, as shown in Fig. 1(a). The
dashed line expresses the flow chart of the general anthropometry
matching method, and the solid line denotes the flow chart of the gen-
eral HRTF model-based customization method. The former one needs to
match anthropometric parameters within a baseline database and then
pick out the best-matched one as the personalized HRTF (Torres-Galle-
gos et al., 2015; Zotkin et al., 2003). For the latter one, the anthropo-
metric parameters of a new subject are input into the general model,
which calculates individualized HRTFs directly (Bomhardt et al., 2016;
Grijalva et al., 2016; Hu et al., 2008; lida et al., 2014). Besides, research
also attempts to combine multiple sorts of protocols. For example,
building models to predict psychoacoustic investigation results, and
then personalize HRTFs (Schonstein and Katz, 2010; Spagnol, 2020).

All aforementioned methods require a complete HRTF database. It is
time-consuming to build a database with a very large number of sub-
jects, thus the HRTF databases usually contain only a small number of
subjects, which is not enough for an ergonomic design based on
anthropometry. For example, the most commonly used HRTF database,
namely the Center for Image Processing and Integrated Computing
(CIPIC) database contains 43 subjects (Algazi et al., 2001). The research
of lida et al. (2014) includes only 56 ears, and only 19 subjects partic-
ipated in the research of Mokhtari et al. (2015). In terms of ergonomics,
the anthropometric parameters dataset often comes to include hundreds
of samples. Ball and Molenbroek (2008) collected head models from
several regions, each including 270 samples. Fan et al. (2019) measured
pinnae anthropometric parameters of 700 subjects. A major obstacle of
utilizing a large sample anthropometric database and then combing
HRTFs personalizing with wearable products design is that acquiring

(a) Existing methods
Individualized HRTF database —y=-------
;:lld:ltzlllg::;s L >/ (i) Whole anthropometric data artificial neural network

(i) General HRTF model
Customizing HRTFs
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Fig. 1. Comparison of (a) the existing customization method and (b) the pro-
posed method.

Customizing HRTFs
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HRTFs for all subjects is impractical.

Therefore, we tend to build an HRTF personalizing method which
can be implemented with a large anthropometric database and requires
few additional HRTFs. Considering that pinnae are highly individual and
varies from person to person, we only focus on pinnae structures in this
work. A pinnae cluster-based method of customizing HRTFs was pro-
posed as Fig. 1(b) showed.

2. Methods

First, we established our baseline database with anthropometric data
of 100 Chinese subjects. By using a cluster analysis upon the parameters
of the pinnae, we divided the data into several clusters. Such methods
were also adopted in other morphological structures classification tasks
to guide design (Vergara et al., 2019). The cluster-center subject of each
cluster was then determined and used to represent the whole cluster
members who have similar pinnae structures. The HRTFs of these
cluster-center subjects were also calculated via using the boundary
element method (BEM) (Rui et al., 2013). The pinna parameters of a new
subject can then be compared with those of the cluster-center subjects to
select the best-matched one. And the corresponding HRTFs of the
best-matched cluster-center subject were used for the new subject as
personalized HRTFs. Thus, only HRTFs of cluster-center subjects need to
be obtained in this procedure. Overall, the proposed method is based on
the structure characteristics of pinnae. The rest of this section gives
further details of the proposed method.

2.1. Head models of subjects

A baseline anthropometric database including 100 Chinese subjects
was established. Data for some of the subjects were available in our
previous head model and HRTFs database (Rui et al., 2013; Xie et al.,
2015). For the other subjects, their heads were scanned with a red
three-dimensional (3D) laser scanner (UNI-scan). The resolution of this
laser scanning can reach 1.0 mm.

Anthropometric parameters are usually measured directly from the
head or two-dimensional (2D) photographs of the pinnae, so there may
be measurement errors for the former and lack of depth information for
the latter. To increase the accuracy, the anthropometric parameters
were calculated by enhancing pinnae features based on contour lines
using 3D modeling software (Rhino 5). Compared with manual mea-
surements, this method can obtain more anthropometric features and
has significantly better repeatability (Wu et al., 2016).

2.2. Measurement of anthropometric parameters

15 anthropometric parameters for both the left and right pinnae,
including 11 linear and 4 angular parameters, were measured in this
work. There are 30 anthropometric parameters in total for each subject.
Both sides of the pinnae were taken into consideration because a slight
difference exists between two pinnae. For convenience, the anthropo-
metric parameters are numbered from 1 to 15 for the left ear and 16 to
30 for the right ear. All of them are listed in Table 1 and shown in Fig. 2.
Wherein d; to dg and 03 are consistently defined in the CIPIC database,
which is widely used in HRTF research (Algazi et al., 2001), dg was
adopted in both the South China University of Technology database
(Xie, 2013) and research of Nishino et al. (2007). Parts of them were also
defined in the Chinese national standard (National Standardization
Administration of China, 1998). As for dj¢ and d;;, they contain the
depth information of the pinnae. Besides, ¢;, 62, and 64 imply the
coupling status of the pinnae on the head and contribute to personalized
HRTFs (Wu et al., 2016). Currently, there is still no existing standard of
parameter selection, the parameters adopted in this study have a rela-
tively integrate representation of pinnae features and most of them are
consistent with other researches.

We acquired the anthropometric parameters of pinnae from 3D
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Table 1

Pinna parameters.”
No. Symbol Parameter Unit Weight
1 d; Cavum conchae height Millimeter 0.29
2 dy Cymba conchae height Millimeter 1.00
3 d3 Cavum conchae width Millimeter 0.27
4 dy Fossa height Millimeter 0.61
5 ds Pinna height Millimeter 0.33
6 de Pinna width Millimeter 0.40
7 d; Intertragal incisures width Millimeter 0.45
8 ds Cavum conchae depth Millimeter 0.65
9 dg Physiognomic pinna length Millimeter 0.22
10 dio Pinna flaring distance Millimeter 0.25
11 dip Pinna posterior to tragus distance Millimeter 0.36
12 6, Pinna rotation angle Euler degree 0.29
13 62 Cavum conchae angle Euler degree 0.22
14 03 Pinna flare angle Euler degree 0.28
15 04 Pinna deflection angle Euler degree 0.54

2 The parameters numbered from 1 to 15 are defined for the left ear. Corre-
sponding parameters numbered from 16 to 30 are defined for the right ear.

tragus
points

Frankfurt
plane

inferior orbit points

Fig. 2. Definitions of anthropometric parameters and auxiliary lines. (a) Co-
ordinate system. The x-y plane is parallel to the Frankfurt plane. (b) The x-y
plane through a pinna. (c) Side view of the right pinna.
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models. They were measured by using coordinates defined by two
orthogonal planes: (1) the horizontal plane intersects the two ear canals
and is parallel to the Frankfurt plane (Goto et al., 2019), (2) the median
plane of the head. In anatomy, the Frankfurt plane is defined by the
tragus and inferior orbit points, which are shown in Fig. 2(a). The pos-
itive directions of the x-, y-, and z-axes are from the rear to the front head
of the head, from the right ear to the left ear, and from the bottom to the
top of the head, respectively. Feature points A to I and auxiliary lines [
to ls were determined using contour lines. A, B, and C are stagnation
points of the curves, which are determined using the outline of the
pinna. [ is parallel to the y-axis and passes through the root of the
auricle. I is a tangent to the surface of the head and it also passes
through the root of the auricle. I3 is parallel to line HG and is tangential
to the inner contour of the helix at F. l4 is along with the spine line of the
cavum conchae. [ is a straight line along the trajectory of the crus of the
helix. I5 is perpendicular to l4 and passes through the midpoint G of the
inward tragic notch. The other parameters are shown in Fig. 2.

The anthropometric parameters were then measured by using the
feature points and auxiliary lines. Each parameter was measured three
times and the average value was adopted. The repeatability and reli-
ability of this measurement method were analyzed in our previous work
(Wu et al., 2016).

2.3. Statistical results

The statistics results for the 30 anthropometric parameters are shown
in Table 2. To ensure that the measured anthropometric parameters are
consistent with measurements of other researchers, we compared two
common parameters (pinna height ds and pinna width dg) from three
published sources with those from this work. The mean values from
Burkhard and Sachs (1975), Fan et al. (2019), Bozkir et al. (2006), and
this work are (65.5 mm, 31.9 mm), (66.1 mm, 28.3 mm), (59.7 mm,
26.3 mm), and (59.8 mm, 28.7 mm), respectively. Although there are
differences due to ethnicity, sex, and age and the measurement strategy,
the anthropometric data fulfills the needs for the cluster analysis

Table 2
Statistics of the 30 anthropometric parameters.
Mean SD Min Max Percentiles
5th 10th 25th 50th 75th 90th 95th
d; L 17.79 1.59 14.42 21.60 15.20 15.77 16.67 17.72 18.74 20.17 20.83
R 17.83 1.55 14.11 22.03 15.02 15.75 16.76 17.96 18.74 20.05 20.36
dy L 6.65 1.19 3.35 9.56 4.48 5.07 5.84 6.69 7.53 8.12 8.53
R 6.82 1.18 3.50 9.36 4.57 5.29 6.21 6.80 7.50 8.44 8.96
ds L 15.90 1.67 12.48 19.84 13.54 13.96 14.56 15.68 17.24 18.28 18.89
R 15.75 1.63 11.46 19.58 13.40 13.86 14.50 15.64 16.76 18.06 18.86
ds L 14.34 3.04 6.99 21.90 8.19 10.57 12.36 14.58 16.30 18.24 18.73
R 14.53 2.84 6.06 22.02 9.77 11.38 12.71 14.50 16.40 17.95 19.34
ds L 59.62 4.19 49.17 70.26 52.34 53.88 57.01 60.10 62.13 64.70 66.39
R 59.99 4.00 51.39 70.71 52.68 54.36 57.71 60.22 62.37 65.01 66.73
de L 28.80 2.35 22.13 35.91 24.98 26.41 27.14 28.70 30.26 31.98 32.54
R 28.52 2.51 21.48 35.04 24.66 25.75 26.79 28.55 30.14 31.85 32.97
d; L 4.92 1.43 1.07 8.83 3.01 3.16 3.94 4.74 5.85 6.83 7.69
R 4.89 1.38 1.87 9.67 2.90 3.21 3.95 4.71 5.84 6.56 7.23
dg L 13.74 1.59 10.08 17.57 11.05 11.85 12.64 13.76 14.96 15.71 16.34
R 13.74 1.53 10.41 18.33 11.47 11.93 12.68 13.60 14.81 15.58 16.69
dg L 56.65 3.92 46.14 66.31 49.38 51.46 54.44 56.61 58.81 61.38 62.74
R 56.68 3.85 48.42 66.59 50.02 51.15 54.38 56.79 58.99 61.86 63.14
dio L 19.99 3.01 12.87 28.09 15.09 16.03 17.97 19.84 22.00 23.63 24.93
R 20.25 3.15 11.02 28.63 14.97 16.50 18.19 20.16 22.29 24.50 25.32
di L 26.95 2.41 21.25 33.40 23.50 24.07 25.37 26.75 28.82 29.94 30.75
R 27.16 2.50 21.61 33.93 23.32 24.40 25.56 26.83 28.70 30.34 32.16
2 L 20.17 5.71 6.91 37.52 10.16 12.59 16.15 20.43 23.25 26.01 29.57
R 20.07 5.88 4.31 35.89 10.01 12.21 16.37 20.30 23.17 27.48 29.46
23 L 36.90 6.53 24.69 56.64 26.77 29.59 32.00 36.83 39.68 46.07 49.16
R 36.66 7.15 20.33 58.55 25.08 26.95 31.77 36.60 40.93 45.69 48.77
O3 L 40.24 9.68 12.00 66.43 25.56 28.43 33.93 40.59 45.48 50.93 58.49
R 39.90 9.77 18.21 68.41 24.50 28.03 34.03 38.88 46.04 49.41 61.45
64 L 32.31 10.06 11.13 61.58 15.23 19.30 25.04 32.29 38.29 45.19 49.15
R 31.87 9.52 11.94 62.47 17.37 20.32 24.76 31.78 39.18 41.96 47.98
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because the data are used only to evaluate the similarity between two
pairs of pinnae, as described below.

2.4. Cluster analysis of pinnae parameters

The baseline database includes 30 anthropometric parameters of 100
Chinese subjects. To conduct cluster analysis, the similarity between two
pinnae was evaluated by using the Euclidean distance D(s, s’) for sub-
jectssand s’

D(s,s) = ]%/ ZW;Z[X(S, i) = X(s ) (€D)]

Where X(s, i) is the ith anthropometric parameter for the two subjects
(Table 1), s and s’ denote the two subjects, and N is the number of pa-
rameters (N = 30 in this work). Wherein the parameter w; indicates
normalized weighting coefficients against anthropometric parameters
and HRTFs (presented in Table 1).

The weighting coefficients are critical in building HRTF prediction
models since they represent the contribution of anthropometric pa-
rameters to HRTFs (Torres-Gallegos et al., 2015). With regard to the
method of anthropometry parameter matching, some researchers also
pointed out that it is necessary to take weighting coefficients into ac-
count (lida et al., 2014). The coefficients were calculated through
multilinear regression models based on the stepwise regression tech-
nique and determined by the reserved times in correlation analyses
between the individual HRTFs and anthropometrical parameters (Wu
et al.,, 2017). Although different approaches and anthropometry
parameter datasets were adopted to calculate the contribution of
anthropometry parameters, similar results are reported in other studies.
In term of the pinnae anthropometry parameters used in this work, Zeng
et al. (2010) reported that do, d3, ds and dg (weighting coefficients are
1.00, 0.27, 0.33 and 0.40 in this work, respectively) contributes HRTFs a
lot, which is consistent with our results except ds. Schonstein and Katz
(2010) found d4 and ds (0.61 and 0.33 in this work) are significant
morphological parameters.

The Euclidean distance D represents the numerical differences of the
30 parameters for two subjects. It is dimensionless. A large value of D
indicates that the two sets of parameters are dissimilar. The value is
0 when there is no difference between two sets of parameters. The
Euclidean distances D in this study ranges from 0 to 43.51 with an
average of 13.16. The distances D(s,s') for all 100 subjects were entered
into a 100 x 100 matrix D. The values are illustrated in Fig. 3(a) using a
grayscale. Each row and column vector gives the distances to all the
other subjects. The matrix is symmetrical about the counter diagonal.
The values on this diagonal are the self-relativity distances.

The matrix D was used in a bottom-up hierarchical agglomerative
cluster analysis. In this approach, each subject is initially regarded as a
cluster. By calculating the similarity between two clusters, the merging

cluster centers_
t(c ‘e

-/

-

Subject
Dim:

¥ 2
1 50 100 1 50 100
Subject Subject Dim1

Fig. 3. Euclidean distances for 100 subjects: (a) Subjects ordered by when they
were measured. (b) Subjects ordered by cluster (Table 3). Color bars of (b)
indicates D values. The smaller the value is, the more similar the two pairs of
pinnae are. The white dashed lines delineate the clusters. (c) Multi-dimensional
scaling projection into a 2D space. The large dot in each cluster represents the
center of the cluster. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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algorithm hierarchically links each cluster with the most similar cluster.
This process is repeated until all subjects are in one cluster. Thus, the
method used for assessing the similarity of two clusters and linking them
significantly affects the result (Ellena et al., 2017). The commonly used
linkage computational algorithms are single linkage, complete linkage,
average linkage, centroid linkage, and Ward linkage. We expected that
cluster members would be near the middle of a cluster and be far away
from extra-cluster members, allowing us to determine typical pinnae for
each cluster. Thus, Ward’s minimum variance algorithm was used in this
work (Ward, 1963). This algorithm computes all possible linkage cases
and selects the one with the lowest increase in the error sum of squares.
The resulting cluster tree is shown in Fig. 4(a).

Next, the number of clusters needs to be determined. To cluster the
subjects robustly, we used the silhouette value, which indicates the
degree of a match between a subject and the corresponding cluster:

_ (bi —a;)
" max(a;, b;)

®))

For each subject in the database, b; is the average distance to other
intra-cluster subjects, and q; is the average distance to subjects in other
clusters. The silhouette value ranges from —1 to 1. The overall silhouette
value is the mean for all subjects. The silhouette values for different
numbers of clusters (from 2 to 15) were evaluated (Fig. 4(b)). A larger
value usually corresponds to a better cluster scheme, thus the local peak
of the silhouette value reflects an optimal cluster-number. Although
both four and eight clusters have an optimal silhouette value, the
number is too small for following matching task, and thus the baseline
database was divided into eight clusters in this work. To cluster the
baseline database into eight clusters, the cutoff inconsistency threshold
needs to be set in the range 19.13-19.15. If the Euclidean distance D
between two clusters is greater than the threshold, they will not be
linked into one cluster. Thus, the baseline database was classified into
eight clusters (Table 3).

Based on the cluster analysis, the subjects in distance matrix D were
reordered, as shown in Fig. 3(b), which shows that the distances be-
tween intra-cluster subjects are smaller compared with the distances to
subjects in another cluster. To reveal the patterns in the distribution of
the anthropometric parameters, we used multi-dimensional scaling
(MDS), which is commonly used in data visualization for clustering
(Andreopoulou et al., 2011). In MDS, a high-dimensional database is
projected into fewer dimensions. We projected the data in matrix D into
a 2D space, as shown in Fig. 3(c). The intra-cluster members in each
cluster are mainly in their region of the 2D space. This demonstrates that
the hierarchical agglomerative cluster analysis has gathered subjects
who are a small distance apart into clusters.

For each cluster, a pair of pinnae was picked from all intra-cluster
pinnae as the typical pinnae to represent the whole cluster. For each
cluster, to determine the typical pair, the average distance of each
subject to all the other subjects in the cluster was calculated. The cluster
center was the subject with the lowest average distance. Fig. 5 shows the
eight typical right pinnae. The typical pinnae are the representatives of
clusters of pairs of pinnae with similar weighted anthropometric
parameter data. For example, the typical pinnae of large clusters 5 and 7

@ “[b)e
80 1 3 045 .
= 04 *
Q60 - e \
Q o
=1 £ 035 F
s 5] ’ b’Q\
% =
2 40 2 03 \
a = o
= -0 ©.
3025 9Ny
20 \
0 02 v-0.0-0 %0
015 L | . ! . . !
0 0 2 4 6 8 10 12 14

Number of cluster

Subject

Fig. 4. (a) Cluster tree for 100 subjects in the baseline database. (b) Silhouette
values for different numbers of clusters.
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Table 3
The results of the cluster analysis.

International Journal of Industrial Ergonomics 81 (2021) 103076

Cluster Number of members Serial numbers of members Serial number of cluster center

1 7 22,56,66,83 31

2 5 4,34,39,47,97 39

3 4 82,92,93,100 53

4 18 7,28,38,48,49,50,52,53,58,60,69,70,72,91,94,96,98,99 88

5 22 3,12,15,16,21,23,24,29,30,31,33,40,41,45,59,61,65,68, 30
79,81,87,95

6 14 1,8,14,18,27,36,37,51,55,67,78,80,85,88 64

7 30 5,6,10,11,13,17,19,20,25,26,32,35,42,43,44,54,57,62,63, 94
64,71,73,74,75,76,77,84,86,89,90

8 3 2,9,46 9

Fig. 5. The right pinnae of the eight typical subjects. The percentages are for
the number of members in the cluster versus the overall number of subjects.

(Fig. 5(e) and (g)) have no particular feature, especially those with high
weights.

2.5. Personalization of HRTFs

The corresponding HRTFs of the eight pairs of typical pinnae were
then calculated and regarded as the optional HRTFs. According to the
similarity (determined by D) of the anthropometric parameters, the best-
matched pair of pinnae were identified from the eight pairs of typical
pinnae, and the corresponding HRTFs of the matched pinnae were
selected as the personalized HRTFs.

To determine the suitability of these HRTFs, an analysis with six new
subjects who were not included in the baseline database was conducted.
These six subjects were denoted as S; to Sg in the following. The
anthropometric parameters and the HRTFs of these subjects were
measured and calculated via using the same methods described above.

The anthropometric similarity between each subject and the eight
typical pinnae were calculated using the Euclidean distance D from Eq.
(1) in Section 2.4. The results of the matching are shown in Table 4. Most
subjects (4/6) matched the center of either the 5th or the 6th cluster
(subjects 30 and 36, respectively). These two clusters make up a large
proportion among all members (proportions of 22% and 14%, respec-
tively). None of the subjects matched the centers of the 1st, 2nd, 3rd, or
8th clusters (proportions of 4%, 5%, 4%, and 3%, respectively). The

Table 4
Matching results for six new subjects.

Subject  Serial number of best Serial number of D between subject and
(worst) matched best (worst) best (worst) matched
cluster center matched cluster cluster center

S1 36 (9) 6(8) 7.11 (31.87)

So 36 (9) 6 (8) 9.29 (24.61)

S3 30 (93) 513) 7.81 (22.65)

S4 30 (93) 513) 7.88 (25.29)

Ss 43 (9) 7 (8) 7.69 (24.59)

Se 28 (9) 4(8) 4.40 (30.49)

worst matching for most subjects (4/6) was cluster 8. The results are
reasonable because most subjects in the baseline database do not
concentrate in clusters 1 2, 3, and 8, as Fig. 5 demonstrates.

3. Results
3.1. Comparisons of HRTFs

HRTFs depend on the distance and direction of sound sources. To
simplify the comparison, we fixed the sound source at 1.0 m away from
the center of the head. We used clockwise spherical coordinates based on
the two orthogonal planes described in Section 2.2. The sound source
was placed at (0, ¢), with azimuth angle 6 = 0°, 90°, 180°, and 270°,
representing positions in the horizontal plane to the front, to the right, to
the back, and to the left of the head, respectively. The elevation angle ¢
= —90°, 0°, and 90°, representing positions below, on, and above the
median plane.

The HRTFs for the eight cluster-center subjects and the six new
subjects were calculated with the BEM. The error between numerical
calculation and measurement was verified systematically in our previ-
ous research (Rui et al., 2013). It was observed that two sorts of HRTFs
are consistent on the whole, and only a slight difference appears in the
high frequency range. Fig. 6 shows that the HRTF logarithmic spectra of
the six subjects and the corresponding best- and worst-matched HRTFs
(Table 4) of a sound source at (0°, 0°). Since the sound source is to the
front of the head and because from this direction the HRTFs of the two
ears are highly symmetric, we only show HRTFs of the left ear. This
study focuses on the structure of the pinnae rather than the head, so the
interaural time difference and interaural level difference are not
considered.

40r()s,

Relative magnitude (dB)

= subject

= best-matched

i [~ = —worst-matched

02505 1 2 4 8 16 02505 1 2
Frequency (kHz)

8
oo
(=)}

Fig. 6. Comparisons between the actual HRTFs and the best- and worst-
matched HRTFs for the left pinnae of the six new subjects.
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At frequencies below 4 kHz, for each subject, the three HRTFs
(actual, best-matched, and worst-matched) have only a slight difference,
which further shows that individual differences varied with persons in
HRTFs which affected by the pinnae tend to appear at high frequencies
and are mainly. At frequencies above 4 kHz, compared with the worst-
matched HRTFs, the customized HRTFs are closer to the subjects’
HRTFs. However, for subjects S4 and Sg, there are large differences be-
tween the actual and best-matched HRTFs above about 8 kHz. For higher
frequencies from 14 to 16 kHz, there is no obvious agreement for the
three sets of HRTFs.

We attempted to build a general and feasible method to obtain pairs
of typical pinnae and their corresponding HRTFs. Since there are only
eight pairs of typical pinnae, the HRTFs may not be quite suitable for
each subject. Thus, we are more interested in the general patterns rather
than the results for each subject.

3.2. Spectral distortion

To analyze the differences between the actual and customized HRTFs
quantitatively, the spectral distortion (SD) was calculated. The SD is a
commonly used indicator for measuring the similarity between two
spectra:

(s,m.f)|

®
6 m.f)|

SD Z 20log 10‘

where H,(s,m,f) and Ha(s,m,f) are the actual and customized HRTFs for a
specific subject, respectively. Each spatial position (6, ¢) is arranged
with spatial direction m, and the frequency f for subject s. N is the
number of discrete frequency points. Here, a = 1 is for the left ear and a
= ris for the right ear.

The SD of the best-matched pinnae and the other non-matched
pinnae were calculated for the horizontal and median planes, as
shown in Figs. 7 and 8, respectively. The squares in the graphs show the
SD calculated between the subject’s actual HRTF and the corresponding
selected HRTF for a single ear. The triangles show the average SD
calculated between the subject’s actual HRTF and the HRTFs of the
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Fig. 7. SD values for the horizontal plane. Squares are for the subject’s actual
HRTF and the customized HRTF. Triangles are averages for the subject’s actual
HRTF and the HRTFs of the seven unmatched pinnae.
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Fig. 8. SD values for the median plane. As Fig. 7 but for the median plane.

seven non-matched HRTFs for a single ear. For the horizontal plane, the
SD values for the two ears (left and right) were computed for two fre-
quency bands (50 Hz-8 kHz and 50 Hz to 16 kHz with an interval of 50
Hz). The azimuths were divided into the left-front half-plane (6 from
0° to 180° with an interval of 5°) and the right-front half-plane (6 from
180° to 355° with an interval of 5°). Hence, there are eight panels in
Fig. 7 (2 frequency bands x 2 azimuth ranges x 2 ears). Fig. 8 is the
similar to Fig. 7 but for the median plane (¢ from —60° to 60° with an
interval of 5°). It is intuitive that the SD for the matched cluster centers is
lower than the average SD for the unmatched cluster centers.

An analysis of variance (ANOVA) was used to test whether the SD
values for matched HRTFs are lower than for unmatched HRTFs. The
null hypothesis stated that there would be no significant difference be-
tween the SD values. The p values for each panel in Fig. 7 are 0.61, 0.27,
0.17,0.19, 0.51, 0.21, 0.16 and 0.66, respectively. Not all subject got an
optimization in the horizontal plane, for example, the S; has similar SD
values in both best-matched and other optional typical pinnae. In terms
of the median plane, there was significant difference between two sets of
HRTFs below 8 kHz as illustrated in Fig. 8 (F = 16.5, p < 0.05 for sub-
figure a and F = 16.7, p < 0.05 for sub-figure b). However, the
distinction was diminished when extend the range to 16 kHz (F = 1.15,
p =0.31 and F = 1.98, p < 0.19 for sub-figure c and d, respectively).
Although below 8 kHz the SD values for matched HRTFs are smaller than
the SD values for unmatched HRTFs, below 16 kHz the results are
ambiguous for the six participants. For higher frequencies, more subtle
pinnae structures are comparable in size with the wavelength and hence
the HRTFs tend to vary widely across the different subjects. However,
the localization cues at high frequency is not the magnitude difference
but the peak and notch characteristics as following discussions.

3.3. Spectral peaks and notches

The literature indicates that the spectral peaks and notches in an
HRTF magnitude spectrum make a significant contribution to human
spatial perception (lida et al., 2018; Mokhtari et al., 2015; Takemoto
et al., 2012). Of all the spectral peaks and notches, the first and the
second resonance peaks above 4 kHz (P1 and P2) and the first pinna
notch above 6 kHz. In the median plane, the interaural time difference
and interaural level difference are constant for different elevations.
Thus, these peaks and the notches, especially the pinnae notch, provide
cues that allow the auditory system of humans to determine the eleva-
tion of a sound source. Moreover, these peaks and the notch are highly
individual because they are generated by the scattering and reflection of
sound waves by the pinnae. For these reasons, the peaks and the notch
may have similar patterns if two pinnae are quite similar.
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Thus, the frequencies of P1, P2, and N1 for three discrete elevations
in the upper median plane (0°, 30°, and 60°) were extracted to evaluate
the effectiveness of the customized HRTFs used in this work. The peaks
and notches of each subject and the corresponding best- and worst-
matched HRTFs were detected using the slope threshold detection al-
gorithm (O’Haver, 1997).

The results are shown in Fig. 9. The absolute deviations of the fre-
quencies were calculated (1) between the HRTFs of the best-matched
pinnae and the subject’s actual HRTFs and (2) between the HRTFs of
the worst-matched pinnae and the subject’s actual HRTFs (Table 4). The
p values for P1, P2, and N1 between these sets of deviations are 0.28,
0.04 and 0.03, respectively. The mean frequency deviations of P2 and
N1 for the best-matched pinnae are lower than for the worst-matched
pinnae. In contrast, P1 fluctuates with various people little and there
is little difference in the two sets of deviations for P1. Overall, the sta-
tistical results show that the proposed method can find a customized
HRTF with similar spectral peaks and notches from the typical HRTF
datasets.

3.4. Psychoacoustic experiment

The psychoacoustic experiment was carried out to evaluate percep-
tual performance with best and worst matched HRTF via virtual binaural
rendering. The audio materials and experiment program were delivered
to subjects remotely and they need to play the audio stimuli with their
own devices at home. Subjects were required to finish the experiment in
a quiet moment to avoid noise interference.

Six aforementioned subjects participated in the experiment. Each
subject was required to finish two sets of test blocks: localization tests in
the horizontal and median planes. The horizontal and median test blocks
including 7 (0 from 0° to 180° with an interval of 30°) and 5 (¢ from
—60° to 60° with an interval of 30°) angles, respectively. Each angle was
tested 5 times repetitively. The corresponding best and worst matched
HRTFs for each subject were tested. The stimuli were 2 s wideband white
noises convolved with HRIRs of different types and directions, with a 20
ms ramps at onset and offset. Both the sample rate of the noises and the
HRIRs were 44.1 kHz. In each trial, the stimuli appeared randomly and
the subjects made judgments to the sound source direction through
clicking in a virtual panel which is shown in Fig. 10 (a). Subjects can
feedback their perceptual direction of the sound source, or that the
stimuli appear in their head via clicking the central button. Besides, the
subjects were able to listen to the stimulus repeatedly by clicking the
button in the lower right corner until they make a judgment. Noticing
that both in the virtual selection panels of the horizontal and the median
plane, several basic ticks are visible to subjects. For example, dash lines
mark ¢ at —90°, 0°, and 90° as Fig. 10 (a) depicts. Before each test block,
subjects were required to accept training which playbacks all stimuli in
sequence until they believed that they were familiar with stimuli.

In static binaural virtual audio synthesis, listeners have a high chance
to feel the stimuli appearing in their heads rather than outside the heads,
or confuse the front-back, up-down directions. Thus, the in-head ratio
and confusion ratio were gathered after the experiment. The in-head
ratio was calculated from the in-head response made by subjects,
while the confusion refers to the situation where the difference of angle
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Fig. 9. Averages of the absolute frequency deviation for each elevation for six
subjects. Error bars indicate the standard deviations.
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Fig. 10. The virtual interface and results of the experiments. (a) The virtual
panel where subjects can make their judgments after heard stimuli. (b) and (c)
The results of the localization experiment in the median plane across 6 subjects.

between response and stimuli larger than 60°.

The results reveal that in the horizontal plane, the average in-head
ratio is 0.1% and 6.6% for the best and worst-matched HRTF, respec-
tively. However, the confusion ratios, 13.5% and 12.8% respectively,
have no promotion in the horizontal plane. In terms of the median plane,
the average in-head ratios are 4.0% and 4.7%, while the average
confusion ratios are 9.1% and 12.9% for the best and worst-matched
HRTF, respectively. Fig. 10 (b) and (c) illustrate the in-head ratio and
confusion ratio of the median plane test block including all involved
subjects. Subject S; who obtained a high in-head ratio with best-
matched HRTFs, performed well with best-matched HRTFs when
considering confusion ratio. However, both the in-head ratio and
confusion ratio obtained by S; were relatively high compared with other
subjects. Subjects Sp and S4 got poor performances with best-matched
HRTFs in confusion ratio and they made no in-head judgment for both
best and worst matched HRTF. The other subjects including S3, Ss, and
Se got a promotion in both two metrics with best-matched HRTF.
Although the performance varies with different subjects, the subjects
prone to perform better with their best-matched HRTFs in the median
plane. The results of the localization experiment are consistent with the
results of two objective indicators mentioned in previous sections
overall.

4. Discussion

In this study, an anthropometric-based cluster analysis was con-
ducted on a baseline database with 100 subjects. We obtained eight pairs
of typical pinnae and the corresponding HRTFs via cluster analysis. The
anthropometry parameters of a new listener are compared with eight
typical pinnae, the corresponding HRTFs of the most similar pinnae are
selected as personalized HRTFs.

The present work differs from conventional anthropometric param-
eter match-based works (e.g., studies of Zotkin et al. (2003) and Zeng
et al. (2010)) and other selection-based works (e.g. studies of Spagnol
(2020) and Schonstein and Katz, 2010) in that a preliminary clustering
was conducted to obtain an optimal anthropometry parameter subset.
The HRTFs selection was carried out upon the subset rather than the
whole dataset. In considering of relevant state of the art in dataset
reduction, Andreopoulou and Katz (2016) and Katz and Parseihian
(2012) optimized HRTFs database via results of the perceptual experi-
ment, Xie et al. (2015) and So et al. (2010) reduced the size of HRTF
database by using cluster analysis on HRTFs. None of these procedures
tend to obtain a small size optimal database by utilizing anthropometry
parameters.

The benefit is that only HRTFs of those typical subjects obtained
through clustering are required and no additional pilot perceptual
experiment are needed because the procedure of dataset optimizing only
relies on anthropometry parameters of pinnae. The merit makes it is
feasible to conduct with a large anthropometry or 3D model database
(Fan et al., 2019) and combine with the procedure of personalization
headset design (Jung et al., 2003). Furthermore, the optimal HRTFs
subset can also be provided for the listeners as orthogonal alternative
choices in some perceptual experiment-based HRTF selection methods
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(Schonstein and Katz, 2010).

Noticing that the selection range is restricted in only several typical
pinnae and corresponding HRTFs, it may be difficult to obtain an effi-
cient HRTF personalization for each listener although the cluster anal-
ysis makes the typical pinnae representative. It is worth verifying the
effect of selecting HRTFs in such an optimized small size database
especially when selection HRTFs among a large database has obtained
impressive results (lida et al., 2014; Zeng et al., 2010).

The customization is a close match under 8 kHz but is ambiguous
under 16 kHz. Similar results were also reported by Grijalva et al.
(2016). An analysis of the peaks and notches indicated that P2 and N1
are similar between the customized HRTFs and the actual HRTFs of new
subjects. The P1 concentrated around a specific frequency among sub-
jects and thus no significant difference was observed. It turns out the
metric SD ranges from about 2 to 4 dB and 4-8 dB under 8 kHz and 16
kHz, respectively. Furthermore, the SD in the median plane is smaller
compared with the unmatching pinnae. As a comparison, Nishino et al.
(2007) found that for frequencies below 8 kHz and below 24 kHz, the
corresponding SD values were about 4.5 and 6.5 dB, respectively. The
SD values were about 4.2-6.4 dB for the upper median plane in the work
of lida and Ishii (2018), who used a multi-linear regression model. The
SD was about 3 dB for the horizontal plane in the study of Hu et al.
(2008), who used a back-propagation artificial neural network. Tor-
res-Gallegos et al. (2015) extracted anthropometric parameters from
photo automatically and match among the CIPIC database, obtained 4.6
and 6.0 dB of the best-matching HRTFs below 8 kHz and 17 kHz
respectively. Therefore, the results demonstrated optimal customization
was achieved, and the unique advantage is that it only needs HRTF data
of several typical subjects compared.

Compared with the worst-matched HRTFs, the subjects got a lower
in-head rate and confusion rate with best-matched HRTFs in the median
plane. However, only in-head rate was decreased with best-matched
HRTFs in the horizontal plane. The results of the psychoacoustic
experiment are not unexpectedly since the objective metrics SD revealed
similar results. One possible reason is that both the clustering and
matching are performed upon anthropometric parameters of pinnae,
which mainly reflect sound waves for the sound source located around
the median plane (Takemoto et al., 2012).

5. Conclusion

In this work, we recruited 100 subjects and scanned their heads to
obtain 3D models of their pinnae. A cluster analysis of this baseline
database classified the 100 subjects into eight clusters. Each cluster
contained subjects whose anthropometric parameters are more similar
to those of other intra-cluster members than extra-cluster members.
Then, the cluster-center pinnae were chosen as typical pinnae to
represent the cluster, and their HRTFs were calculated. Last, a target
listener was matched to one of the cluster centers, the corresponding
HRTFs were selected as the customized HRTFs for the target. To evaluate
the performance of the proposed method, the HRTFs of six new subjects
who are not included in the baseline database were obtained. Both two
objective indexes—the SD and the distribution of peaks and notch-
es—were used to evaluate the efficiency of the method.

The results showed that the method achieves good personalization
for frequencies below 8 kHz. The result is less significant for frequencies
up to 16 kHz. However, the spectrum peak and notches, which are the
dominant localization cues in the median plane at the high frequency,
obtain significant customization. The subjects performed better with
matched HRTFs in the localization experiment. Especially in the median
plane, both the in-head rate and confuse rate are decreased.

Compared with other research into HRTF individualization, there are
more subjects, but fewer HRTF data were required. For practical ap-
plications, it would be meaningful to explore whether the proposed
method can use with amounts of pinna anthropometric data and be
combined with ergonomic design.
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