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ABSTRACT 

There is a common peak-notch pattern in head-related transfer functions (HRTFs) for the median plane, and the pat-
tern provides cues for perceiving the elevation of the sound source. In the present study, to examine morphological 
features necessary for generating the typical peak-notch pattern, the pinna was modeled as a rectangular plate with a 
rectangular hole, and then it was modified to generate the pattern. The finite-difference time-domain method was 
used for calculating HRTFs by numerical simulation. The results of calculations indicated that the first peak was 
caused by the first closed-open resonance in the medio-lateral direction. On the other hand, the second and third 
peaks were caused by the first and second closed-closed resonances in the supero-inferior direction, which were also 
associated with the first notch. These findings implied that the vertical length and geometry of the hole mainly con-
tributed to generating the typical peak-notch pattern, while the depth of the hole determined the first peak frequency. 

INTRODUCTION 

We have calculated head-related transfer functions (HRTFs) 
in the median plane from the head shape data measured by 
magnetic resonance imaging (MRI) using a finite-difference 
time-domain (FDTD) method [1-3]. Based on analyses of 
HRTFs among two males and two females, a common peak-
notch pattern of HRTFs in the median plane was found. Fig-
ure 1 (a) shows HRTFs calculated from the segmented left 
pinna for a female and (b) schematically represents the typi-
cal peak-notch pattern. Three peaks (P1, P2, and P3) existed 
below 10 kHz and the first notch (N1) surrounded them. P1 
constantly appeared across elevation angles, while P2 and P3 
appeared at a relatively narrow range of angles centered at 
approximately 120˚. The frequencies of P1, P2, and P3 were 
stable, while the frequency of N1 systematically changed 
with elevation angle. The frequency of N1 was lower than 
that of P2 below 0˚, it increased as the elevation angle ap-
proached 120˚, and then it decreased to be lower than that of 
P2 above 180˚. According to Iida et al. [4], the trajectory 
pattern of the second notch (N2) is similar to that of N1 but at 
a higher frequency. However, an N2 pattern was not clearly 
observed in our simulations [1-3]. The trajectories of N1 and 
N2 and the stable P1 provide cues for localizing the elevation 
angle of the sound source [4].  

We have also examined how peaks and notches of HRTFs in 
the median plane were generated based on simulations with 
an MRI measured pinna [3]. As a result, we arrived at the 
following conclusions:  

(1) Although diffraction effects of the head on HRTFs were 
observed below 5 kHz, they were relatively small. Thus, the 

basic peak-notch pattern was maintained, even if HRTFs 
were calculated only from the pinna segmented from the head.  

(2) One, two and three pressure anti-nodes were observed on 
the pinna cavities (concha, cymba, triangular fossa, and sca-
phoid fossa, as shown in Fig. 2) at P1, P2, and P3 frequencies, 
respectively. In all cases, one of these anti-nodes developed 
at the concha. 

 
Figure 1. (a) HRTFs calculated from the segmented left 

pinna for a female in the median plane. (b) Schematic repre-
sentation of typical peak-notch pattern. 
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(3) N1 is generated by the cancelation between the resonance 
of pinna cavities other than the concha (i.e., a resonance of 
the upper cavities, as shown in Fig. 2) and the incoming wave. 

Modification of primitive model 

The “primitive model” was modified to examine effects of 
the morphological features on HRTFs and to generate the 
typical peak-notch pattern. Four types of modification were 
carried out and HRTFs were calculated after each modifica-
tion. Note that the width of the rectangular cavity (antero-
posterior dimension) was unmodified. 

Although we qualitatively clarified how peaks and notches 
were generated, we could not reveal the relationship between 
morphological features of the pinna and frequencies of peaks 
and notches. This is because the pinna shape is too complex 
to define how to measure each cavity’s shape such as depth 
and length. Thus, in the present study, we try to develop a 
simple pinna model which can generate the typical peak-
notch pattern as shown in Fig. 1 (b) and examine morpho-
logically essential features for the pattern.  

Modification 1: for examining effects of the cavity height 
on HRTFs. The height of the cavity (supero-inferior dimen-
sion) was reduced to 2/3 or 1/3. Hereafter, they are referred 
to as the “2/3 height model” and “1/3 height model,” respec-
tively (Fig. 4 (a) and (b)). 

 

Modification 2: for examing effects of the location of the 
observation point on HRTFs. The cavity was shifted down-
ward in order to place the observation point at 1/3 or 1/2 the 
height of the cavity. Note that the cavity size was unchanged. 
They are referred to as the “1/3 position model” and “1/2 
position model,” respectively (Fig. 4 (c) and (d)). 

(a) (b) (c) (d)
 

Figure 2. Anatomical part names of the pinna cavities 

 

MATERIALS AND METHODS 

Primitive model and HRTF calculation 

Figure 3 (a) shows the simplest pinna model, which is a rec-
tangular plate (72 mm height, 36 mm width, and 17 mm 
depth) with a rectangular hole (33 mm height, 16 mm width, 
and 15 mm depth). This model represents the left pinna, and 
the hole represents the pinna cavities. Hereafter this model is 
called the “primitive model.” Note that the hole is long in the 
vertical direction, while the long axis of the real pinna cavi-
ties is tilted at approximately 30˚ backward. 

 
Figure 3. (a) Configuration of the “primitive model” (left 

pinna). Obp stands for the observation point. (b) Lateral view 
of simulation field and the elevation angle. (c) Top view of 
the simulation field and the tilt angle. The dashed line indi-

cates the head. 

Figure 4. (a) “2/3 height model.” (b) “1/3 height model.” (c) 
“1/3 position model.” (d) “1/2 position model.” The observa-
tion point (denoted by the red circle) was fixed to the pinna 

as indicated by the dashed line. 

(a) (b) (c)  
Figure 5. (a) “8 mm two-step model.” (b) “4 mm two-step 
model.” (c) “three-step model.” The observation point is 

denoted by the red circle. 

Modification 3: for examining effects of a two-step cavity 
on HRTFs. To increase the complexity of the cavity, a step 
was added. The depth of the upper 2/3 of the cavity was re-
duced by 8 mm and 4 mm. They are referred to as the “8 mm 
two-step model” and “4 mm two-step model,” respectively 
(Fig. 5 (a) and (b)). The observation point (denoted by Obp. in Fig. 3 (a)) was 

placed at 1 mm lateral to the cavity’s medial wall, 5 mm 
posterior to the cavity’s frontal wall, and 6 mm superior to 
the cavity’s bottom wall. This point corresponded to the en-
trance of the ear canal. A Gaussian pulse was fed to this point 
and the pressure change was calculated by the FDTD method 
[5,6] during 8 ms at points placed on the circumference of a 
circle with a radius of 0.1 m at 10 degree intervals (Fig. 3 (b)). 
Utilizing the reciprocity theorem, HRTFs up to 24 kHz were 
computed from pressure changes at those 36 points. 

Modification 4: for examining effects of a three-step cavity 
on HRTFs. The depth of the upper 1/3 of the cavity was re-
duced by 8 mm, and that of the middle 1/3 was reduced by 4 
mm. This model is referred to as the “three-step model” (Fig. 
5 (c)). 

Pressure distribution pattern 

In order to examine acoustic phenomena at frequencies of 
peaks or notches, the time course of the instantaneous pres-
sure distribution pattern was calculated. For a given elevation 
angle and at a given frequency, the analysis field was excited 
by a sinusoidal wave at that frequency. Depending on the 
elevation angle, the source point was selected from among 
the 36 points used for HRTF calculation. After reaching a 

In the human body, the lateral surface of the pinna faces 
slightly forward. To incorporate this morphological feature, 
the pinna model was tilted at 5˚ to the medial plane (Fig. 3 
(c)). Note that the elevation angle for the frontal direction 
was set at 0˚ and that for the overhead direction at 90˚. 
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steady-state, the pressure distribution pattern within the 
whole analysis field was recorded at a 200 kHz sampling rate 
during 0.5 ms. The pressure distribution pattern at each sam-
pling step was visualized by a volume rendering technique. 

RESULTS AND DISCUSSION 

HRTFs and pressure distribution pattern for “primi-
tive model” 

Figure 6 represents HRTFs calculated from the “primitive 
model.” Below 15 kHz, five peaks (3.5 kHz, 6.75 kHz, 
11.25 kHz, 11.75 kHz, and 13 kHz) were observed. Between 
the first and second peaks, a notch was observed below 0˚ 
and above 180˚. The frequency of this notch gradually in-
creased as the elevation angle approached 0˚ from below. 
From 0˚ to 180˚, the notch trajectory was not clearly ob-
served. Above 180˚, the notch frequency decreased as the 
elevation angle increased. At 0˚ and 180˚, the notch fre-
quency agreed with the second peak’s frequency, and thus, 
they appeared to cancel each other. Except for elevation an-
gles from 0˚ to 180˚, the notch pattern resembled a typical N1 
trajectory. 

 
Figure 6. HRTFs for “primitive model.” 

(a) (b) (c) (d) (e)
 

Figure 7. Pressure distribution patterns at the lower five 
peaks of the “primitive model.” The excited frequency and 
source elevation angle for each peak is as follows: (a) 3.5 
kHz, 90˚. (b) 6.75 kHz, 90˚. (c) 11.25 kHz, 90˚. (d) 11.75 

kHz, 0˚. (e) 13 kHz, 30˚. 

Figure 7 represents instantaneous pressure distribution pat-
terns at the five peaks. Red indicates high positive pressure, 
and blue indicates high negative pressure. Thus, red and blue 
parts were the pressure anti-nodes with reverse phase.  

At the first peak (3.5 kHz), only an anti-node developed in 
the cavity (Fig. 7 (a)). This pattern indicates that the primary 
resonance (the quarter wavelength resonance) occurred in the 
cavity. That is, the cavity resonated like a closed-open tube in 
the medio-lateral direction. At the second peak (6.75 kHz), 
two anti-nodes were observed at the upper and lower ends 
(Fig. 7 (b)). This indicates that the first mode of the closed-
closed tube resonance (the half wavelength resonance) oc-
curred in the supero-inferior direction, even though the cavity 
did not strictly form a closed-closed tube. At the third 
peak (11.25 kHz), three anti-nodes were observed. The mid-
dle anti-node had a reverse phase compared with the others. 
This indicates that the second mode of the closed-closed tube 
resonance (the one wavelength resonance) occurred in the 
supero-inferior direction. At the fourth peak (11.75 kHz), two 
anti-nodes were observed at the front and back ends (Fig. 7 

(d)). This indicates that the first mode of the closed-closed 
tube resonance (the half wavelength resonance) occurred in 
the antero-posterior direction. At the fifth peak (13 kHz), four 
anti-nodes were observed (Fig. 7 (e)). This indicates that a 
two-dimensional resonance occurred in the cavity at that 
frequency. 

HRTFs of modified models  

First, we discuss the results of modification 1. Figure 8 repre-
sents HRTFs for the “2/3 height model.” According to pres-
sure distribution patterns, the first peak was caused by the 
first medio-lateral resonance, the second by the first supero-
inferior resonance, the third by the first antero-posterior reso-
nance and the fourth by the two-dimensional resonance. That 
is, because the cavity height was reduced, the frequency of 
the first supero-inferior resonance increased while the ampli-
tude of the second supero-inferior resonance diminished be-
yond visibility. Also, the N1 like notch shifted to a higher 
frequency region, together with the second peak. 

 
Figure 8. HRTFs for “2/3 height model.” 

 
Figure 9. HRTFs for “1/2 height model.” 

Figure 9 represents HRTFs for the “1/2 height model.” Only 
two peaks were observed. The lower one was caused by the 
first medio-lateral resonance, and the higher one by the first 
antero-posterior resonance. This modification removed not 
only the peaks derived from the supero-inferior resonances 
but also the N1 like notch. This fact indicates that the N1 like 
notch was associated with the supero-inferior resonances. 

Next, we discuss the results of modification 2. Figure 10 
represents HRTFs for the “1/3 position model.” Although the 
peak-notch pattern for the “1/3 position model” was basically 
the same as that for “the primitive model”, the amplitudes of 
peaks and notches differed between the two models. Espe-
cially, the amplitude of the second peak was considerably 
reduced. Figure 11 represents HRTFs for the “1/2 position 
model.” In this modification, two peaks corresponding to the 
second and fifth peaks for the “primitive model” were lack-
ing. At these two peaks, a pressure node was observed at the 
half height of the cavity (Fig. 7 (b) and (e)). For the “1/3 
position model,” therefore, the observation point came close 
to the node, and consequently the amplitude of the peak re-
duced. On the other hand, for the “1/2 position model,” the 
observation point was placed on the node, and thus the peaks 
were lost. In other words, because the observation point was 
originally placed near the lower end of the cavity where a 
pressure anti-node existed, the first supero-inferior resonance 
appeared as the second peak. In addition, an N1 like notch 
was not observed in Fig. 11. This fact also indicates that this 
notch was associated with the supero-inferior resonance. 
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Figure 10. HRTFs for “1/3 position model.” 

 
Figure 11. HRTFs for “1/2 position model.” 

Figure 12. HRTFs for “8 mm two-step model.” 

 
Figure 13. HRTFs for “4 mm two-step model.” 

Next, we discuss the results of modification 3. Figure 12 and 
13 represent HRTFs for the “8 mm two-step model” and “4 
mm two-step model,” respectively. The peak-notch pattern of 
these models approached the typical pattern shown in Fig. 1 
(b). The peak corresponding to P2 was clearly observed in 
Fig. 13. On the other hand, it was broad and ambiguous in 
Fig.12. This would be because the second peak was com-
bined with the first one. The peak corresponding to P3 was 
observed at 11.5 kHz at narrow range of elevation angles 
centered at 90˚ in Fig. 13, while it was not clearly observed in 
Fig. 12. The notch corresponding to N1 appeared more 
clearly in Fig. 13. These results indicate that the geometry of 
the upper part of the cavity affected the amplitude and fre-
quency of P2, P3, and N1. 

 
Figure 14. HRTFs for “three-step model.” 

 

Finally, we discuss the results of modification 4. Figure 14 
represents HRTFs for the “three-step model.” The typical 
peak-notch pattern as shown in Fig. 1 (b) was successfully 
obtained, although P3 was above 10 kHz. Compared to the “4 
mm two-step model,” the amplitude of the third peak in-
creased, the notch pattern became clearer across a wider 
range of elevation angles, and the second peak became broad 
and appeared across a narrower range of elevation angles. For 
the “4 mm two-step model,” the frequencies of the second 
and third peaks were 6.5 kHz and 11.5 kHz, respectively. For 
the “three-step model,” they became 7.25 kHz and 11 kHz. 
Therefore, the second and third peaks converged for the 
“three-step model.” These results also indicate that the ge-
ometry of the upper part of the cavity affected the amplitude 
and frequencies of P2, P3, and N1. 

Figure 15. HRTFs for modified “three-step model.” 

Morphological features necessary for typical peak-
notch pattern 

In our preveous studies based on an MRI measured pinna, 
one, two, and three pressure anti-nodes were observed in the 
pinna cavities at P1, P2, and P3 frequencies, respectively [1-
3]. Concering P1, Shaw and Teranishi reported that it was 
caused by the primary resonance of the concha [7]. Our pre-
vious studies [1-3] and the present study (Fig. 16 (a)) sup-
ported their result. Concering P2 and P3, however, the rela-
tionship among anti-nodes was unclear. In the present study, 
we clarified that P2 and P3 were caused by the first and sec-
ond modes of the closed-closed tube resonances in the su-
pero-inferior direction (Fig. 16 (b) and (c)). Furthermore, 
these resonances were associated with N1. Therefore, for 
generating the typical peak-notch pattern, morphologically 
essential features of the model’s cavity are as follows: 

In order to obtain a peak-notch pattern much closer to the 
typical one shown in Fig. 1 (b) by removing the strong 
peak at 12 kHz and decreasing the third peak frequency, the 
“three-step model” was further modified. Because the peak at 
12 kHz was caused by the first antero-posterior resonance, 
the cavity width (antero-posterior dimension) was reduced by 
5 mm. Since the third peak was caused by the second supero-
inferior resonance, each step was elongated by 3 mm. Figure 
15 represents HRTFs for the modified “three-step model.” As 
a result, the peak at 12 kHz was successfully removed, and 
the third peak shifted below 10 kHz. After the peak at 
12 kHz disappeared, the second notch became visible below 
0˚ and above 180˚. The frequencies of the first, second, and 
third peaks changed from 4.25 kHz, 7.25 kHz, and 11 kHz to 
4.5 kHz, 7 kHz, and 9.75 kHz, respectively. 

(1) The pinna cavity has a certain depth. 

(2) The pinna cavity is vertically long. 

(3)The observation point is placed near the lower end of the 
pinna cavity. 

(4)The depth of the pinna cavity decreases in the upper part. 

The first feature relates to P1. As described above, since this 
peak was generated by the first resonance in the medio-lateral 
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direction (Fig. 16 (a)), the depth was the primary factor for 
the frequency. The second feature relates to P2, P3, and N1. 
Because the supero-inferior resonances generated P2 and P3 
which coupled with N1, the vertical dimension was the pri-
mary factor for the resonances, while the geometry of the 
upper part of the cavity affected their amplitude and frequen-
cies. According to the third feature, the observation point was 
placed on the pressure anti-node of the first and second su-
pero-inferior resonances (Fig. 16 (b) and (c)). Thus, these 
resonances were included as P2 and P3 in HRTFs. The fourth 
feature affected the amplitude and frequency of P2 and P3, 
and contributed to generating a clear N1 pattern. 

 

 
Figure 16. Pressure based resonance modes. (a) P1: the first 

closed-open resonance (1/4 wavelength resonance) in the 
medio-lateral direction. (b) P2: the first closed-closed reso-
nance (1/2 wavelength resonance) in the supero-inferior di-
rection. (c) P3: the second closed-closed resonance (1 wave-

length resonance) in the supero-inferior direction. 

 

Comparison between modeled and real pinnae 

There are four major cavities on the human pinna: the concha, 
cymba, triangular fossa, and scaphoid fossa (Fig. 2). The 
lower, middle, and upper step of the “three-step model” 
would correspond to the concha, cymba, and triangular and 
scaphoid fossae, respectively. The concha is the deepest cav-
ity, and thus it would determine P1 frequency. The pinna 
cavities are arranged vertically, and thus the whole shape of 
the pinna cavites is vertically long. Since the ear canal opens 
into the concha, the first order of the vertical resonance is 
observed as P2. The cymba, triangular and scaphoid fossae 
are shallower than the concha. Therefore, the four essential 
features for the typical peak-notch pattern discussed above 
are common in the human pinna. 

While the elevation-dependent increase and decrease pattern 
of N1 frequency for the human pinna is usually symmetrical 
around approximately 120˚, that for the “three-step model” 
showed symmetry around 90˚. This would be because the 
long axis of the real pinna cavities is tilted at approximately 
30˚ backward to the vertical axis. Because the lateral surface 
of the pinna faces slightly forward in the human body, the 
pinna model was tilted at 5˚ to the medial plane in the present 
study (Fig. 3 (c)). The effect was observed particularly in P1. 
The amplitude of P1 was the highest at 0˚ for all cases. This 
would be because the tilt of the pinna contributed to collect-
ing the sound wave coming from the front direction. 

CONCLUSION 

In the present study, we developed simple pinna models and 
found that one of them, the “three-step model,” generated a 
typical peak-notch pattern observed in the human HRTFs in 
the median plane. The analysis of the pressure distribution 
pattern revealed that peaks below 15 kHz had two different 
origins. Although P1 originated from the first closed-open 
resonance in the medio-lateral direction, P2 and P3 originated 

from the first and second closed-closed resonances in the 
supero-inferior direction. In addition, these vertical reso-
nances brought about N1, although it was unclear what con-
ditions would be necessary for generating the notch. The 
geometry of the upper and middle steps, corresponding to the 
upper cavities of the human pinna, affected the amplitude and 
frequency of P2, P3 and N1. 

As a result of our analyses, four morphologically essential 
features necessary for the typical pattern were extracted: 1) 
the pinna cavity has a certain depth for P1; 2) the pinna cav-
ity is vertically long for P2, P3, and N1; 3) the observation 
point is placed near the lower end of the pinna cavity for P2 
and P3; and 4) the upper part of the pinna cavity reduces in 
depth for P2, P3, and N1. These features are commonly 
found in the human pinna.  
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