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ABSTRACT
Head-related transfer functions (HRTFs) are essential for cre-

ating a virtual sound source when sound waves are transmit-

ted through headphones. The measurement of HRTFs is a

complicated and time-consuming task. Therefore, the inter-

polation of HRTFs is crucial for virtual auditory display sys-

tems in which both listeners and sound objects are likely to

move in a virtual auditory space. In this study, HRTFs are

measured with a high spatial resolution in order to develop an

effective interpolation method. An analysis of HRTFs indi-

cates that the functions exhibit periodicity in amplitude along

the azimuthal angle. The optimum filter coefficients required

to interpolate HRTFs from several functions measured along

multiple azimuthal directions are derived. Computer simu-

lations indicate that in comparison to conventional methods,

the proposed method yields less estimation error in the inter-

polation of HRTFs. Listening tests indicate that the proposed

method can provide better perception of virtual sound.

Index Terms— Audio systems, Acoustic signal process-

ing, Head-Related Transfer Function, Interpolation, Spatial

linear prediction

1. INTRODUCTION

Head-related transfer functions (HRTFs), or head-related

impulse responses (HRIRs), which are representations of

HRTFs in the time domain, are essential factors for virtual

auditory display systems to add spatial information to sound

when it is presented through headphones or earphones. How-

ever, the measurement of HRTFs along all potential directions

is a complex and considerably time-consuming task. More-

over, HRTFs differ among individuals, and the measurement

of HRTFs necessitates the listener to remain still for a long

time. Therefore, interpolation is required. Assuming HRTFs

are measured densely for all directions beforehand, inter-

polation will be useful in implementing the HRTFs into an

interactive virtual auditory display system because of the

memory and computational limitations.

aThis research was partly supported by Grant-in-Aid for Scientific Re-

search by Japan Society for the Promotion of Science (JSPS).

Many interpolation methods for the measurement of

HRTFs have been developed in the last decade. T. Djelani et
al. proposed the separation of the initial delay from the HRIR

and the interpolation of the initial delay and the remaining

part, separately [1]. M. A. Blommer and G. H. Wakefield rep-

resented HRIRs in a form of a pole-zero model [2]. Watanabe

et al. proposed the interpolation of poles and zeros on the ba-

sis of this model [3]. These methods employed only HRIRs

of the neighboring measured points to calculate the HRTF

within the measured points. J. Chen et al. first executed

the Karuhnen-Lóeve expansion of HRIRs for all measured

points and interpolated coefficients for reconstruction [4].

This method employed only the coefficients of the neighbor-

ing points in the interpolation, although the Karuhnen-Lóeve

expansion was applied for HRIRs of all the measured points.

T. Ajdler et al. investigated the effects of the microphone po-

sition, which is usually not the center of the circle of positions

of the speaker in the HRTF measurement, by using a circu-

larly deployed microphone array. They found that the Fourier

coefficient of each frequency bin in the HRTF varies accord-

ing to a sinc function as a speaker moves circularly around

the head due to the difference in the time of arrival of the

signals [5]. On the basis of their observations, they proposed

the interpolation of HRTFs by using a sinc function.

In this study, the periodicity of HRTFs along the az-

imuthal angle is investigated by measuring HRTFs with a

high spatial resolution. Subsequently, the optimum filter co-

efficients for spatial linear prediction of HRTFs are derived.

The performance of the proposed method is evaluated through

both computer simulations and listening tests.

2. HEAD-RELATED TRANSFER FUNCTION

2.1. Measurement

HRIRs were measured for every 1 -̊azimuth in order to an-

alyze their spatial frequency characteristics. The measure-

ment was conducted in an anechoic chamber in which an

HRTF measurement system was mounted beneath its ceil-

ing, as schematically depicted in Fig. 1. The arched arm of

the system could rotate horizontally and the support of the
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Fig. 1. Setup for the HRTF measurement
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Fig. 2. Power spectrum of measured HRTFs for the left ear of

HATS (Gray scale indicates the relative level in dB)

speaker could move along the arm. The azimuth and eleva-

tion of the speaker were automatically controlled by using a

personal computer. An optimized Aoki’s time-stretched pulse

(OATSP) signal of length 16384 points was used at a sampling

rate of 48 kHz and with a resolution of 16 bits. The HRIRs

were measured using microphones (Sound Professionals SP-

TFB-2) placed at the entrance of both ears of a head and torso

simulator (HATS: B&K 4128) and at a sampling rate of 48

kHz and with a resolution of 16 bits. The OATSP signal was

played 40 times for each speaker position and then it was av-

eraged to improve the signal-to-noise ratio. The power spec-

trum of the measured HRTFs for the left ear is shown in Fig. 2.

The azimuthal angle of 0˚ corresponds to the speaker position
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Fig. 3. Spatial frequency characteristics of HRTFs

of the frontal direction of the HATS, and it increases clock-

wise. A similar but symmetric pattern is obtained for the right

ear. It must be noted that data for the points between 161˚

and 164˚ are missing because the arched arm could not move

along these angles due to mechanical limitations.

2.2. Analysis

The power spectrum of the measured HRTFs shown in Fig. 2

were further analyzed through discrete Fourier transformation

(DFT) along the azimuthal direction, that is, the column di-

rection in Fig. 2, in order to investigate the spatial frequency

characteristics of the HRTFs. The spatial frequency charac-

teristics of the HRTFs are depicted in Fig. 3. The abscissa

corresponds to each frequency bin of the HRTFs. The ordi-

nate corresponds to the periodic cycle of the power spectrum

level along the azimuthal direction. For example, a cycle pe-

riod of five means that the wavelength approaching the pe-

riodicity corresponds to five degrees. Before applying DFT,

the part with the missing data was removed in order to avoid

blurring of the periodicity of the HRTFs due to the disconti-

nuity in the data. It is noteworthy that the periodicity, which

is shown as white portions in the figure, is remarkable; it is

approximately up to 15 kHz, and the cycle period is approx-

imately 6-7 .̊ Considering the Nyquist theorem, an azimuthal

resolution of less than 3˚ is required to measure HRTFs with-

out being affected by the aliasing due to this periodicity.

This periodicity along the azimuthal direction can be at-

tributed to the interference of diffracted sound around the

head, because it markedly appears at the contralateral side of

the speaker. Therefore, it is expected that a similar periodicity

can be observed for heads with similar sizes. In fact, these

results hold true for the HRTFs of other people, which are

measured using a dummy head created on the basis of precise

calculations of the physical features of the people from their

MRI data.
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di(ω) ≡ [c(ω, θ0 + i) c(ω, θ1 + i) . . . c(ω, θK−1 + i)]T i = 1, 2, . . . , k − 1 (1)

C(ω) ≡

⎡
⎢⎢⎣

c(ω, θ0−N/2+1) c(ω, θ0−N/2+2) · · · c(ω, θ0+N/2)
c(ω, θ1−N/2+1) c(ω, θ1−N/2+2) · · · c(ω, θ1+N/2)

. . .
c(ω, θK−1−N/2+1) c(ω, θK−1−N/2+2) · · · c(ω, θK−1+N/2)

⎤
⎥⎥⎦ (2)

C(ω)wi(ω) = di(ω) (3)

3. FORMULATION

It can be expected that the development of a better interpola-

tion method is possible by using HRTFs measured at multiple

positions because the periodicity of HRTFs exists along the

azimuthal direction, as described in the previous section. Al-

though the periodicity was determined for the power spectrum

of HRTFs, in this section, it is formulated for the complex

spectrum of HRTFs.

Consider the interpolation of HRTF along a certain direc-

tion in a horizontal plane among the HRTFs measured at a

constant interval of k˚ in the plane. For simplicity, let k de-

note a factor of 360 so that the number of measured points

should become K = 360/k. The problem is to find the op-

timum filter coefficients w, which satisfy simultaneous equa-

tions expressed in Eqs. (1)-(3), when HRTFs with a spatial

resolution of 1˚ are required. In Eqs. (1) and (2), θj(j =
0, 1, . . . , K − 1) denotes the angles for which HRTFs are

assumed to be measured, and c(ω, θ) represents a complex

Fourier coefficient for frequency ω of the HRTF for azimuthal

angle θ. The transpose and complex conjugate transpose of a

matrix is denoted by T and ∗, respectively. Assume that for

symmetry the taplength of w, denoted by N in Eq. (2), is an

even number. The optimum solution of Eq. (3) in terms of the

minimum mean squared error is represented as

wi(ω) = (C∗(ω)C(ω))−1C∗(ω)di(ω). (4)

Although HRTF measurement with a high spatial resolution

is required once in this method, it can be carried out by using

a dummy head instead of a real human head. The obtained

coefficients are used to interpolate the HRTFs of other people,

whose HRTFs are measured more coarsely.

From Eq. (4), it is inferred that the interpolation of the

proposed method is executed on each frequency bin indepen-

dently. C. I. Cheng and G. H. Wakefield suggested the in-

terpolation of HRTFs for each frequency bin [6]. However,

their method employed only the magnitude of HRTFs, and

therefore special measures was adopted for dealing with their

phase components. On the other hand, the proposed method

represented the HRTFs in a single complex expression and

moreover integrated the HRTFs of multiple positions on the

basis of spatial linear prediction.

4. EVALUATION

4.1. Computer simulation

The optimum coefficients were derived assuming that the

HRTFs for every 1˚ azimuth were to be interpolated from

those measured for every 5 .̊ The HRTFs of HATS (B&K4128)

investigated in Sec. 2.1 were used in the derivation. The

obtained coefficients were then applied to HRTFs of other

dummy heads, which were created on the basis of the MRI

data of real people, to obtain interpolated HRTFs.

The performance of the proposed method was compared

with those of two conventional methods:

1) Linear interpolation

The interpolated HRIR for angle θ from those measured at θa

and θb is obtained as

h(n, θ) = αh(n, θa) + (1− α)h(n, θb) a �= b, (5)

where

α =
θb − θ

θb − θa
. (6)

2) Linear interpolation with arrival time correction [7]

The initial delay is removed in order to align the HRIRs. The

removed initial delay and the remaining part are then inter-

polated separately. Signals are first up-sampled by eight and

down-sampled after interpolation to mitigate the problem of

discrete time delay.

The objective performance was evaluated in terms of the

mean squared error (MSE) defined as

MSE =
1
2

∑
j=L,R

1
M

∑
θ

10 log
||hj(n, θ)− ĥj(n, θ)||2

||hj(n, θ)||2 ,

(7)

where M (= 284 in the present test) denotes the number of

directions for which HRIRs are interpolated, h(n, θ) repre-

sents a measured impulse response for angle θ, the subscript

indicates the ear measured for, and ĥ(n, θ) represents an in-

terpolated impulse response.

The results are shown in Fig. 4. The horizontal positions

of each condition are intentionally shifted for visibility. It is

apparent that the proposed method is superior to conventional

methods when the taplength of the filter is greater than two.
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Fig. 4. Estimation error of interpolated HRTFs

4.2. Listening test

Unofficial listening tests were conducted to study whether

artificial unnatural noise is perceived when a virtual sound

source moves because the proposed method consider the con-

tinuity neither along frequency nor along the azimuthal an-

gle. Filters with taplengths of two and six employed in the

proposed method were compared with the simple linear inter-

polation and the linear interpolation techniques with arrival

time correction. A piece of jazz music was convolved with

HRTFs along all the directions (360 )̊; the HRTFs were ob-

tained by interpolating HRTFs of every 15˚ by means of one

of the abovementioned four interpolation methods. Contin-

uous variation in the HRTFs with a short time period could

generate an image of sound source rotating around the head.

Listeners listened to the stimuli through headphones and were

asked to judge the direction along which the sound image was

rotating and to rate the convergent of the sound on a scale of

1 to 5. Five listeners participated in the tests and answered

twice for each condition. The sound image was rotated clock-

wise and anti-clockwise equally but in a random order. The

correct answer rate for each method is shown as a box plot

in Fig. 5. The boxes have lines at the lower quartile, median,

and upper quartile values. The whiskers are lines extending

from each end of the boxes.The mean scales for the rating of

convergence are shown in the figure.

It is apparent that the linear interpolation (Method 1) and

the linear interpolation with arrival time correction (Method

2) are inferior to the proposed method (Method 3 and 4).

5. CONCLUSION

HRTF interpolation based on spatial linear prediction is pro-

posed. The method produces good results in both objective

and subjective tests as compared with basic conventional

methods. HRIRs for directions other than the horizontal

plane can be obtained by a simple extension of the proposed
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Fig. 5. Correct answer rate of judging the rotating direction

of a virtual sound source and mean rating of the sound con-

vergence. (1: Linear, 2: Linear with correction, 3: Proposed

with taplength of two 4: Proposed with taplength of six)

method; this should be investigated further in the near future.

Moreover, further interpolation of wj would be required to

estimate the HRTFs with higher spatial resolutions than that

used for the derivation of wj .
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