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Abstract

Head Related Transfer Functions (HRTF’s) char-
acterize the transformation of a sound source o the
sounds reaching the eardrums, and are central to bin-
aural hearing. Because they are the result of wave
propagaiion and diffraction, they can only be approxi-
mated by finitely parameterized fillers. The functional
dependence of the HRTF on azimuth and elevation is
described, the requirements for a model are discussed,
and existing models are reviewed.

1 Introduction

When sound waves are propagated from a vibrating
source to a listener, the pressure waveform is altered
by diffraction caused by the torso, shoulders, head and
pinnae. In engineering terms, these propagation ef-
fects can be captured by two transfer functions, Hp,
and Hp, that specify the relation between the sound
pressure of the source and the sound pressures at the
left and right ear drums of the listener. These so-called
Head Related Transfer Functions (HRTF’s) are acous-
tic filters that vary both with frequency and with the
azimuth 6, elevation ¢ and range r to the source[3].
If a monaural sound signal representing the source is
passed through these filters and heard through head-
phones, the listener will hear a sound that seems to
come from a particular location in space. Appropri-
ate variation of the filter characteristics will cause the
sound to appear to come from any desired spatial loca-
tion [23, 24]. This is the basis of the Convolvotron, a
virtual acoustic display system that generates convinc-
ing 3D sounds through headphones by real-time con-
volution with experimentally measured HRTF’s [21].
Such systems have a number of possible applications,
including providing more effective acoustic informa-
tion to pilots [14], supporting teleconferencing, and
enhancing virtual reality systems [21, 8].

Several attempts have been made to model HRTF’s,
both to understand their behavior and to simplify the
binaural synthesis process. This system identification
task has been complicated by four major problems:
(a) the difficulty of approximating the effects of wave
propagation and diffraction by simple, low-order pa-
rameterized filters, (b) the complicated joint depen-
dence of the HRTF’s on azimuth, elevation and range,
(c) the lack of a quantitative criterion for measuring
the accuracy of an approximation, and (d) the great
person-to-person variability of HRTF’s. In this paper,
we present the requirements for an effective model and
review the various models that have been proposed.

2 The HRTF and Localization Cues

Psychoacousticians have extensively studied the
various cues that people apparently use to determine
the location of sound sources [3, 15]. It is well known
that the primary cues for azimuth are binaural, and in-
clude the interaural time difference (ITD) and the in-
teraural intensity difference (IID). Tt is widely believed
that the most important elevation cues are monaural,
and are derived from changes that occur in the spec-
trum as the sound source moves up or down, although
we have shown that outside of the median plane the el-
evation can be accurately recovered from the IID alone
[7]. The cues for range and the qualities that make
sounds heard over headphones seem externalized are
only partially understood [15]; since people are not
particularly good at range estimation, we limit our
attention to azimuth and elevation.

Fig. 1 shows experimentally measured head related
impulse responses hg(t, 8, ¢) for the right ear, both in
the horizontal plane and in the median sagittal plane.
The Fourier transform Hg(w,6,¢) captures the same
information in the frequency domain, with the am-
plitude Ag = 20log,, |HRg]| providing intensity infor-
mation and the phase ®r = LHpg providing timing
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