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; a@zimuthal (left-right) direction [64]. Despite its weaknesses, duplex
theory provides a gQod i & to which we can compare and contrast HRTF/spectrally based models

using the time, frequency, and spatial domains to compare HRTF's empirically measured from human subjects and
HRTF's computed from an analyj€al, rigid sphere model of the head. Cross-comparison of HRTF data in these
domains highlights two well-known structures in HRTF data: diffraction effects due to the head, and elevation
effects.

1.1 Duplex Theory

Duplex theory is a model for estimating a free-field target's spatial location by two binaural cues: inter-aural time
differences and interaural intensity differences [7][64]. An inter-aural time difference (ITD) is defined as the
difference in arrival times of a sound’s wavefront at the left and right ears. Similarly, an inter-aural difference (11D)
is defined as the amplitude difference generated between the right and left ears by a sound in the free field.



It has been shown that both ITD’s and IID’s are important parameters for the perception of a sound’s location in the
azimuthal plane, e.g., perception of sound in the “left — right” direction [7]. In general, a sound is perceived to be
closer to the ear at which the first wavefront arrives, where a larger ITD translates to a larger lateral displacement. In
other words, for pure sinusoids, perceived lateral displacement is proportional to the phase difference of the received
sound at the two ears. However, at approximately 1500 Hz, the wavelength of a sinusoid becomes comparable to the
diameter of the head, and ITD cues for azimuth become ambiguous. At these frequencies and above, ITD’'s may
correspond to distances that are longer than one wavelength. Thus, an aligsing problem occurs above 1500 Hz, and
the difference in phase no longer corresponds to a unique spatial locatiop, as\can be seen in Figure 1 and Figure 3.

At frequencies above 1500 Hz, the head starts to shadow the ear fagther awa§ from the sound, so that less energy

[7]. See Figure 2 for details.

Although the simplicity and success of duplex theory ar
azimuth, or “left-right” displacement. If one attempts

D, IID, and spectral cues to determine spatial location at all
plane. However, while psychoacoustic experiments have verified

Whereas the linear relationship between ITD, 11D, and perceived spatial location is reasonable to predict, there is

less intuition as to how spectral structure and perceived spatial location relate mathematically. Consequently, as a

first step toward understanding spectral cues in directional hearing, many researchers have tried to physically model
[65], empirically measure [77], or more recently computationally simulate [42] the direction-dependent frequency
response of the ear directly. These measurements are called Head-Related Transfer Functions (HRTF’s), and
summarize the direction-dependent acoustic filtering a free field sound undergoes due to the head, torso, and pinna.
In this manner, researchers expect first to record the frequency response of the ear, and then analyze and uncover the
data’s perceptual structure later.

Formally, a single Head-Related Transfer Function (HRTF) is defined to be a specific individual's left or right ear
far-field frequency response, as measured from a specific point in the free field to a specific point in the ear canal.
Typically, HRTF’s are measured from humans or mannequins for both the left and right ears at a fixed radius from



the listener’s head. HRTF's are measured at several different azimuths (left-right direction) and elevations (up-down
direction), which are both measured in degrees or radians. Figure 5 contains some relevant terminology, and depicts
the spatial coordinate system used in much of the HRTF literature.

HRTF's are commonly specified as minimum phase FIR filters. Note that an HRTF subsumes both ITD and 11D
information: time delays are encoded into the filter's phase spectrum, and 11D information is related to the overall
power of the filter. However, HRTF's have been found empirically to be minimum-phase systems [45], which

allows us to simplify the FIR specification of HRTF’s in two important ways: I} The minimum phase assumption
allows us to uniquely specify an HRTF's phase by its magnitude respoyfse along. This is because the log magnitude
ini m form a Hilbert transform pair [56]. 2)
FIR speC|f|cat|on of HRTF's. Since
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Here, we assume theft) issspatially invariant, and can be computed from known measurements of the recording
apparatus and spectrally avegageq values gf(t) andm g t) for several locations. Hence, the left and right DTF’s
can be computed as follows.
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Phase information from the computed time domain DTF’s is used to compute ITD information associated with
azimuth® and elevatiomp. Specifically, letd, g,n) andd; 5n) be the discrete, time-domain DTF'’s for the left and
right ears corresponding to azim@tland elevatiomp. Then the ITDnyrp g4 iS computed as the lag for which the
cross-correlation function betwedy fn) andd, g n) is maximized.

Nitpoe = arg[naxz dI,G,(p (n)jr,e,qo (n + T) (7)

After computing the ITD, minimum phase versions of the DTF’s are of gbuted by windowing the real
cepstrum of, 4 4(n) andd; 5 n) [56][37]. Define the window
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HRTF, right HRTF, and N(D associated with a specific location completely characterize the acoustic filtering of a
sound originating from thatNocatiqn. Thus, assuming that the auditory system associates these quantities with a
particular spatial location, HRXF’s and ITD’s can be used to filter a monaural sound into a binaural sound which
will sound as though it originateS4rom that location.

Formally, suppose that one wants to process a monaural s{ghsilich that it sounds as if it is located at azinfuth
and elevationp. Specifically, let dmiry{n) and dming(n) be the minimum phase impulse responses measured at
azimuth® and elevatiomp which have magnitude responseg |ftk)| and |Dg (k)| respectively. Construct two
soundss(n) ands(n) as follows, and preseg{n) ands.(n) to the left and right ears simultaneously over
headphones. Hergyp ¢, iS defined to be negative for sounds arriving at the left ear first.

S (n) = S(n “Nirpgg )* dmin, , (n) (12)
Sr (n) = S(n)* dminr,e,(p (n) (13)



Several applications involve real time synthesis of spatial audio in which the sound source moves over time. Thus,
in practice, high-speed DSP hardware is used to implement the convolutions in (12) and (13), while delay lines are
used to implement the time delay in (12). In order to synthesize moving sounds, HRTF's and ITD’s are dynamically
updated in time to correspond to new spatial locations. Figure 6 shows a block diagram of a simple real-time
headphone-based spatialization system.

1.2.3 Problems with HRTF-based Synthesis of Spatial Audio




2. DIFFERENT REPRESENTATIONS OF HRTF DATA

There have been many attempts to understand the structure of HRTF's by displaying and analyzing HRTF data sets
in the time, frequency, and spatial domains. In order to compare and contrast these different representations of
HRTF data, we compare and contrast two different HRTF data sets — HRTF data empirically measured from a
human subject, and HRTF data computed from a purely mathematical, spherical model of the head. In addition, in
order to demonstrate some specific structures in HRTF data, we describe fwo well-known HRTF structures: head-
related diffraction effects and elevation-related effects. We show how the uctures can be found in each of the
HRTF data sets to some degree, in all of the time, frequency, and spatj ins. Each type of data set and each of
the structures to be investigated are summarized below:

1. Types of HRTF data
A. HRTF's derived from a spherical model of the head

sets, researchers hope to learn ho
derivation of HRTF's derived fro

The spherical mode| of the head predicts HRTF's which exhibit diffraction effects. Specifically, for some
frequencies and incidaqt gigles, the sphere has an amplifying effect on an incident plane wave at certain
points near the sphere dde to diffraction [60]. Surprisingly, there are some locations on the contralateral

side of the head where this effect occurs, even though the head directly “blocks” or shadows the
contralateral ear. Shaw refers to these contralateral locations as a “bright spot” in his analyses, since there is
a local maximum in energy transmission that occurs in these areas on the contralateral side of the head [65].
An analytical derivation of the effect can be found in [7].

B. Elevation effects in the ipsilateral HRTF’s due to the pinna
Spectral cues corresponding to elevation are thought to be related to the pinna, or external ear.
Consequently, frequencies near 6-8 kHz are thought to be important for elevation decoding, since these
frequencies have wavelengths which are similar to characteristic lengths of the pinna, and therefore interact
strongly with the pinna [21]. There are noticeable patterns in HRTF data near these frequencies which have
been shown psychophysically to be correlated with the perception of elevation [48].



2.1 Frequency domain representation of HRTF data

HRTF data is perhaps most easily understood in the frequency domain, where the magnitude response of various
HRTF's are plotted as a function of frequency. Many studies have attempted to visualize HRTF data by examining
how certain macroscopic properties of HRTF sets, such as peaks, notches, or other spectral shapes in particular
locations of the magnitude frequency responses, associate and/or systematically vary with the perception of azimuth
and/or elevation [7][43][44]. Consequently, many signal processing technigues have taken advantage of this domain

's computed from a
,9 and Flgure 8,10 show

pes in the contralateral HRTF's corresponding to azimuths
. The HRTF'’s corresponding to azimuths 127° to 60° for the

2.2 Time domain represemntation of HRTF data

The time domain version of the MRTF is the FIR filter which is computed by performing an inverse FFT on the
frequency domain HRTF. Time domain HRTF's are sometimes called Head-Related Impulse Responses (HRIR'S)
in some literature [21][82]. HRIR's are in a form which can be inserted directly into sound spatialization systems
such as the one shown in Figure 6. Because the complexity of a spatialization system depends largely on the length
of the HRIR’s, there has been some attempt to minimize the length of the HRIR while still preserving important
spatially-related spectral cues. In addition, some researchers have smoothed (low-pass filtered) HRIR’s in an effort
to reduce the noise which the HRTF measurement process inevitably introduces [13].

Figures 11-14 show left and right ear HRIR’s computed from a spherical model of the head, as well as HRIR's
measured from a human subject. Figures 11, 12 and Figures 13,14 show HRIR’s for locations in the horizontal and
median planes (elevation = 0°, azimuth = 0°), respectively. Figure 11 and Figure 12 show that in general, a location
which is farther away from the ipsilateral ear in azimuth and elevation has a corresponding HRIR which has a lower-



amplitude initial peak that occurs later in time. This is consistent with duplex theory, which predicts larger ITD’s
and 1ID’s for sources with a larger absolute azimuth, or displacement from the median plane. In addition, The
pronounced negative dip, or “overshoot” in some HRIR's in Figure 11 and Figure 12 indicates that high frequencies
are boosted for these locations [21].

Diffraction effects and Shaw’s “bright spot” can also be easily seen in Figure 11 and Figure 12. HRIR's
corresponding to contralateral locations which lie in the direct shadow of the head have relatively higher-amplitude
initial peaks. For example, Figure 11 shows how left-ear HRIR’s associajéd with azimuths of +90 have relatively
large amplitude initial peaks, even though these locations lie in the dire€t shadgw of the head. One can also see
elevation-related effects in the HRIR'’s of Figure 13 and Figure 14, ag'there is€a slight difference in arrival times of
for positive and negative elevation HRIR's.

There have been data in the spatial domain. For example, principal components
analysis (PCA) ' e spatial domain as an attempt to parameterize HRTF's [14].
Spherical basi iéns semusedfgo parameterize HRTF's in the spatial domain [41]. There have been

attempts to parans domain using a beamformer, where a virtual sensor array models the
spatial and temporakcharacterjsti 's simultaneously [15]. Spatially-based HRTF interpolation methods
have also been develoged & perceptually reasonable HRTF's [48][34][19]

Elevation perception can beNinkeg to some of the local maxima or hotspots in SFRS’s at specified frequencies. An
SFRS with one dominant hotspot plight suggest that the auditory system favors the location of that hotspot
perceptually when presented with harrowband noise centered at that frequency. This is consistent with the theory of
directional bands, which states that certain narrowband signals are correlated with perceptually preferred spatial
directions. For example, the 6.8 kHz SFRS’s in Figure 17 corresponding to measured HRTF's contain dominant
hotspots which are positive in elevation, near (azimuth, elevation) (-90°, +20°) and (+90°, +20°) for the left and

right ears, respectively. Similarly, the 8.7 kHz SFRS’s in Figure 18 corresponding to measured HRTF's contain
dominant hotspots which are negative in elevation, near (azimuth, elevation) (-90°, -30°) and (+90°, -30°) for the left
and right ears, respectively. Therefore, one might guess that subjects listening to narrowband sounds centered at 6.8
and 8.7 kHz would perceive the sounds as coming from above or below them, respectively. Indeed, one
psychophysical study designed to test the theory of directional bands for several frequencies found that subjects
tended to localize narrowband sounds centered at 6 and 8 kHz as originating from positive and negative elevations

! This section contains some material previously discussed in [18] and [19].



respectively, regardless of the actual free-field location of the source [48]. Thus, the theory of directional bands is
consistent with the perception of elevation in this case, and is illustrated by the hotspots in the 6.8 and 8.7 kHz
SFRS's.

Diffraction effects are easily seen in SFRS’s computed from both measured and theoretical HRTF's. The 1.9 kHz
SFRS and 2.4 kHz SFRS’s in Figure 15 and Figure 16 both contain a “hotspot” on the contralateral side, near
(azimuth, elevation) (90°, 10°) and (-90°, 10°) for the left and right ears, respectively. This is the well-known “bright
spot” that Shaw refers to in his analyses [65].

theoretical data. Figures 15-18 show that the measured data has gts in SFRS’s which are not found in
the theoretical data. Furthermore, the measured data in Figure 18 sh ) s{nimum on the contralateral side at

which are responsible for the added detail in the SFRS’

3. CONCLUSIONS

otherwise model salient HRTF 3 . ning these data sets in the time, frequency, and spatlal
domains, we were able tg \ N HRTF data: diffraction effects due to the head and

which the theoretical HRYF's did not dontaiw,
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Frequency Domain Representations of HRTF’s
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Figure 7. Frequency domain comparison of theoretical HRTF's as a function of azimuth in
the horizontal plane (elevation = 0). Diffraction effects for low frequencies can be seen on
the contralateral side at azimuths +90and —9C for the left and right ears, respectively.
Amplification effects due to the ear’s proximity to the head can be seen on the ipsilateral
side. The contralateral HRTF's are more complex than the ipsilateral HRTF's.



Frequency Domain Representations of HRTF’s
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Figure 8. Frequency domain comparison of theoretical HRTF's as a function of elevation in
the median plane (azimuth = 0). There is a slight high-pass characteristic to HRTF’s with
higher elevations, and a slight low-pass characteristic to HRTF’s with lower elevations.



Freqguency Domain Representations of HRTF’s
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Figure 9. Frequency domain comparison of measured HRTF'’s as a function of azimuth in
the horizontal plane (elevation = 0). These HRTF’s are more complex than their
theoretical counterparts in Figure 7. Diffraction effects for low frequencies can be seen on
the contralateral side at azimuths +90and —9C for the left and right ears, respectively. In
general, the contralateral HRTF's have a lower Signal to Noise Ratio (SNR) than the
ipsilateral HRTF's.
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Figure 10. Frequency domain comparison of measured HRTF’s as a function of elevation
in the median plane (azimuth = 0). These HRTF's are more complex than their theoretical
counterparts in Figure 8. There is a notch at 7 kHz that migrates upward in frequency as
elevation increases. There is also a shallow peak at 12 kHz which “flattens out” at higher
elevations. The more complex structure of measured HRTF's is due to pinna and torso
interactions, which are not predicted in the spherical head model of HRTF's.




Time Domain Representations of HRTF's
Theoretical Left-ear HRTF Impulse Responses
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Figure 11. Time domain comparison of measured and theoretical left ear HRTF's as a
function of azimuth in the horizontal plane (elevation = 0). Significant energy arrives at

the left ear from some contralateral locations due to diffraction effects: note the relatively

large amplitude of the initial peak in the impulse responses corresponding to azimuth +90



Time Domain Representations of HRTF's
Theoretical Right-ear HRTF Impulse Responses
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Time Domain Representations of HRTF's
Theoretical Left-ear HRTF Impulse Responses

For Source Locations in the Median Plane (Azimuth = 0)
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Figure 13. Time domain comparison of measured and theoretical left ear HRTF's as a

function of elevation in the median plane (azimuth = 9. Note the slight difference in
arrival times associated with positive and negative elevations.



Time Domain Representations of HRTF's
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Figure 14. Time domain comparison of measured and theoretical right ear HRTF's as a
function of elevation in the median plane (azimuth = 9. Note the slight difference in

arrival times associated with positive and negative elevations.



Spatial Domain Representations of HRTF’s
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Figure 15. Diffraction effects in theoretical and measured HRTF's at 1.9 kHz as expressed
in the spatial domain. Note the local maxima, or “hotspots” on the contralateral side in
both the measured and theoretical HRTF’s near azimuths +100-10C for the left and
right ears, respectively. These hotspots are the “bright spots” discussed by Shaw [65].



Spatial Domain Representations of HRTF’s

Measured Data Measured Data
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Figure 16. Diffraction effects in theoretical and measured HRTF's at 2.4 kHz as expressed
in the spatial domain. Note the local maxima, or “hotspots” on the contralateral side in
both the measured and theoretical HRTF’s near azimuths +100-10C for the left and
right ears, respectively. These hotspots are the “bright spots” discussed by Shaw [65].



Spatial Domain Representations of HRTF’s

Measured Data Measured Data
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Figure 17. Elevation effects in theoretical and measured HRTF’s at 6.8 kHz as expressed in
the spatial domain. Note the prominent “hotspot” which occurs at a positive elevation on
the ipsilateral side. This hotspot corresponds to a preferred positive perceptual elevation

for narrowband sounds centered near this frequency.



Spatial Domain Representations of HRTF’s
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Figure 18. Elevation effects in theoretical and measured HRTF’s at 8.7 kHz as expressed in
the spatial domain. Note the prominent “hotspot” which occurs at a positive elevation on
the ipsilateral side. This hotspot corresponds to a preferred positive perceptual elevation

for narrowband sounds centered near this frequency.



