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This study examined inter-subject differences in the transfer functions from the free field to the
human ear canal, which are commonly know as head-related transfer functions. The directional
components of such transfer functions are referred here to as directional transfer functions (DTFs).
The DTFs of 45 subjects varied systematically among subjects in regard to the frequencies of
spectral features such as peaks and notches. Inter-subject spectral differences in DTFs were
quantified between 3.7 and 12.9 kHz for sound-source directions throughout the coordinate sphere.
For each pair of subjects, an optimal frequency scale factor aligned spectral features between
subjects and, thus, minimized inter-subject spectral differences. Frequency scaling of DTFs reduced
spectral differences by a median value of 15.5% across all pairs of subjects and by more than half
in 9.5% of subject pairs. Optimal scale factors showed a median value of 1.061 and a maximum of
1.38. The optimal scale factor between any pair of subjects correlated highly with the ratios of

subjects’ maximum interaural delays, sizes of their external ears, and widths of their heads.
© 1999 Acoustical Society of America. [S0001-4966(99)01409-5]

PACS numbers: 43.66.Pn, 43.64.Ha, 43.66.Qp [DWG]

INTRODUCTION

The physical structures of the head and external ears
transform the spectrum of a sound as it travels from the
source to the ear canal. The transfer function from the source
to any of several points in the ear canal has come to be
known as the head-related transfer function (HRTF; e.g.,
Morimoto and Ando, 1980; Butler, 1987; Wightman and Ki-
stler, 1989a). The HRTF contains prominent spectral fea-
tures, such as peaks and notches, that vary according to
source direction (e.g., Batteau, 1967; Blauert, 1968/69;
Shaw, 1974). Direction-specific spectral features provide
cues to the directions of sound sources (reviewed by Middle-
brooks and Green, 1991). When a listener hears through
headphones sounds that have been filtered with HRTFs mea-
sured from his or her own ears, a ‘‘virtual acoustic environ-
ment’’ results. The listener reports sensations of sounds that
appear to originate from well-defined directions in the space
surrounding the subject (Wightman and Kistler, 1989a, b;
Bronkhorst, 1995; Hartmann and Wittenberg, 1996; Méller
et al., 1996). Subjects can localize such virtual targets with
accuracy that approaches the accuracy of localization of ac-
tual free-field sound sources. Conversely, when targets are
synthesized using HRTFs that have been recorded from the
ears of a different subject, the virtual environment is less
vivid and localization is less accurate. In particular, virtual
localization with nonindividualized HRTFs is characterized
by a high incidence of large errors in vertical and front/back
localization (Morimoto and Ando, 1980; Wenzel ef al.,
1993; Méller et al., 1996). The goal of the present study was
to identify systematic inter-subject differences in HRTFs that
might account for this degradation of the virtual environ-
ment.

Previous reports from several research groups have men-
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tioned inter-subject differences in HRTFs (e.g., Shaw, 1966;
Mehrgardt and Mellert, 1977). For instance, Wightman and
Kistler (1989a) reported that inter-subject standard devia-
tions within 1/3-octave bands of HRTFs could reach nearly 8
dB for bands centered between 7 and 10 kHz. In our previ-
ous work, we have noted that the directional sensitivity (i.e.,
direction-specific amplitude gain) of a particular subject’s
ear at one frequency can closely resemble the directional
sensitivity of another subject’s ear at a different frequency
(Middlebrooks et al., 1989). Moreover, we found that the
frequencies at which subjects showed similar directional sen-
sitivity tended to rank inversely with the overall sizes of
subjects. Intuitively, one can think of lower-frequency
sounds, with longer wavelengths, as interacting with larger
heads and ears in a similar way that higher-frequency
sounds, with shorter wavelengths, interact with smaller heads
and ears. These observations suggest that it might be pos-
sible to reduce inter-subject differences in HRTFs by scaling
them in frequency. Reductions in inter-subject differences in
HRTFs, in turn, might lead to improvements in virtual local-
ization using nonindividualized HRTFs.

This report considers the directional components of
HRTFs, which are referred to as directional transfer func-
tions (DTFs). Two hypotheses are tested. The first is that
DTFs differ systematically among subjects in regard to the
frequencies of spectral features. The second is that the opti-
mal scale factor between the DTFs of two subjects can be
predicted by the relative physical sizes of the subjects. The
results largely confirm both hypotheses. The companion
study (Middlebrooks, 1999) tests the hypothesis that reduc-
tions in inter-subject differences produced by frequency scal-
ing can result in improvements in virtual localization.
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I. METHODS
A. Subjects

Subjects were recruited from the student population of
the University of Michigan and from members and associ-
ates of the Kresge Hearing Research Institute. Subjects
ranged from 21 to 50 yr in age (30.2%+ 6.3, mean=standard
deviation). Twenty-three were male, and 22 were female. On
the basis of predominant racial heritage, 34 of subjects were
European, 9 were Asian, and 2 were African. No subjects
were recruited or excluded because of properties of their
ears, but none of the subjects exhibited any conspicuous ab-
normalities of external ears, and none reported any hearing
disorder. Some effort was made to sample subjects represent-
ing a broad range of physical sizes. Subjects ranged from
152 to 193 cm in height (171 10.4). During measurements,
subjects removed earrings and eyeglasses and fastened long
hair so that the paths to the ears were clear.

B. Apparatus and sound generation

Acoustical measurements were made inside a double-
walled anechoic chamber. The usable space inside the sound-
absorbent cones was 2.6X3.7X3.2m. The chamber con-
tained a mechanism that could position two loudspeakers on
the surface of an imaginary sphere that was 1.2 m in radius.
The mechanism was driven by computer-controlled stepping
motors. The loudspeakers were separated by 160° on the
sphere, and one loudspeaker or the other could be positioned
at any azimuth throughout 360° and at any elevation from
70° below to 90° above the horizontal plane. The subject
stood on a platform that was adjusted in height to place the
center of his or her interaural axis at the center of the coor-
dinate sphere.

The longest acoustical wavelength of interest in this
study was 113.3 mm (at 3 kHz) and the largest head width
was 153 mm (Sec. IID). Thus the 1200-mm distance be-
tween the loudspeaker and the center of the subject’s head
corresponded to roughly 10.6 wavelengths and 7.8 head
widths. For that reason, the stimulus conditions are regarded
as a reasonable approximation of the acoustical far field.

The loudspeakers were Pioneer model TS-879 two-way
coaxials. Audio signals were generated and recorded using
an Intel-based personal computer that was equipped with a
16-bit analog interface and floating-point array processor
from Tucker-Davis Technologies (TDT). Output and input
sample rates were 50 000 samples per second.

C. Measurements of transfer functions

Transfer functions were measured by recording from
subjects’ ear canals with miniature microphones while pre-
senting broadband sounds from various locations. Record-
ings were made simultaneously from Knowles model 1934
microphones placed in both ears approximately 5 mm deep
to the entrances of the ear canals. The transfer function from
the free field to a microphone in an ear canal varies substan-
tially with changes in the position of the microphone in the
standing-wave pattern in the canal. Nevertheless, we have
shown previously that, at any particular frequency, measure-
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ments of the directional gain of the ear are largely insensitive
to the position of a microphone at any point deep to the ear
canal entrance (Middlebrooks ef al., 1989). Moreover, we
have described a procedure, reviewed below, by which one
can isolate a directional component of the transfer function
that is essentially independent of microphone position in the
ear canal (Middlebrooks and Green, 1990).

Probe stimuli consisted of ‘‘Golay codes,”” which are
complementary pairs of binary sequences that have correla-
tion structure equivalent to many repetitions of a single im-
pulse (Golay, 1961; Foster, 1986; Zhou ef al., 1992). At each
sound-source location, a single pair of 512-point codes was
presented at an output rate of 50000 samples per second.
That resulted in a 256-point spectrum that ranged from 0 to
25 kHz with resolution of 97.7 Hz. Normally, for the purpose
of rapid data acquisition, complementary Golay codes were
presented immediately one after the other. There was initial
concern that reverberation from the response to the first code
might contaminate the response to the second code, but pre-
liminary control experiments proved that contamination to be
negligible. Probe stimuli were presented from 400 loud-
speaker locations that ranged through 360° of azimuth and in
elevation from —70 to 90°. The locations were distributed in
azimuth and elevation so that each location represented a
roughly equal area on the coordinate sphere and so that
neighboring locations were separated by angles of no more
than 10° measured at the center of the sphere. At each loca-
tion, the probe sound level was adjusted so that the amplified
microphone signal into the analog-to-digital converter was
50%-99% of the clipping level of the converter.

On the day of each set of measurements, the transfer
functions of the two loudspeakers were measured using the
Golay probe stimuli and a 3-in. precision microphone (ACO
Pacific) positioned in the center of the testing chamber in the
absence of the subject. The transfer functions from the loud-
speakers to the ear canal were computed by dividing the
spectra measured with the ear canal microphones by the
transfer functions of the loudspeakers. The influence of the
transfer functions of the ear canal microphones was elimi-
nated along with the lumped ‘‘common component’ de-
scribed below.

Measurements from each subject were completed in ap-
proximately 8.5 min. The subject was instructed to stand
stationary during the measurements, to hold his or her mouth
closed with the jaw slack so that the teeth did not touch, and
to refrain from swallowing. A handrail was provided to help
the subjects remain stationary, but otherwise there was no
head rest or other restraint. Subjects were observed with a
video monitor. In a few instances in which a subject coughed
or moved or reported swallowing, measurements were halted
and begun again. With those exceptions, however, move-
ment of subjects appeared not to contribute appreciably to
variance in measurements. This was confirmed by the test—
retest reliability of results (Sec. IIC).

Each external-ear transfer function was treated as the
product of two transfer functions. The first, which contained
components that were specific to each sound-source direc-
tion, was referred to as the directional transfer function
(DTF; Middlebrooks and Green, 1990). The second con-
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tained components that were common to all directions. Con-
tributors to the common component included the ear canal
resonance and the microphone transfer function. The magni-
tude spectrum of the common component was estimated for
each set of measurements in each ear by computing the root-
mean-squared (rms) of the sound pressure at each frequency
averaged across all 400 sound-source locations. The
minimum-phase spectrum of the common component was
given by the Hilbert transform of the logarithm of the mag-
nitude spectrum (Oppenheim and Schafer, 1975; Middle-
brooks and Green, 1990). The complex common component
was formed by the common magnitude spectrum and the
minimum phase spectrum. The DTF for each sound-source
location was calculated by dividing the complex transfer
function measured at each location by the complex common
component.

D. Data analysis

The linear spacing of frequency components in mea-
sured DTFs sampled higher octaves more densely than lower
octaves. To avoid over-representing higher frequencies and
for ease in scaling DTFs in frequency, DTFs were processed
with a bank of band-pass filters to sample frequency compo-
nents at equal intervals on a base-2 logarithmic (i.e., octave)
scale. The filter bank consisted of 85 triangular filters. The
3-dB bandwidth of the filters was 0.057 octave, filter slopes
were 105 dB per octave, and center frequencies were spaced
in equal intervals of 0.0286 octave from 3 to 16 kHz. The
interval of 0.0286 octave was chosen to give intervals of 2%
in frequency, which provided suitable resolution in prelimi-
nary tests of frequency scaling.

We scaled DTFs in frequency by applying constant off-
sets in logarithmic frequency. An upward scaling of 2%, for
instance, was accomplished by offsetting each component
upward by 0.0286 octave. Scale-factor axes in the illustra-
tions are drawn on logarithmic scales to indicate the equal
logarithmic steps in which scale factors were manipulated.
Also, computation of correlation coefficients and of root-
mean-squared (rms) differences between sets of scale factors
utilized the base-2 logarithms of scale factors. The advantage
of a logarithmic scale is that the logarithm of a factor and of
its inverse are symmetrical about the origin. For instance,
linear factors of 2 and 1 correspond to +1 and —1 octave.
For convenience to the reader, the results of computations
conducted using logarithms are expressed as linear factors.

The set of tested sound-source locations sampled some
regions of space somewhat more densely than others. To
provide uniform sampling and to permit rotation of the co-
ordinate sphere (needed for Sec. II B), a spatial interpolation
procedure was employed. In that procedure, 393 sectors were
defined on the coordinate sphere. Each sector had a solid
angle of 0.0305 steradians. On the horizontal plane, the sec-
tors were 10° wide in azimuth and 10° tall in elevation. At
higher and lower elevations, the dimensions of sectors were
adjusted to maintain a constant solid angle. The centers of
sectors ranged through 360° of azimuth and from —60 to 90°
in elevation. A DTF at the center of each sector was com-
puted by forming a weighted average of the filter-bank-
processed DTFs measured for all points within 16° of the
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FIG. 1. Directional transfer functions (DTFs) for directions on the frontal
midline at the elevations indicated relative to the horizontal plane. Left and
right panels show DTFs measured from the right ears of subjects S35 and
S07, respectively. Numbers 1 through 4 indicate spectral notches discussed
in the text.

center of the sector. The spatial interpolation was described
in more detail and its validity tested in a previous report
(Middlebrooks, 1992). Except when stated otherwise, all
computations that involved only one ear were conducted
with DTFs that were measured from subjects’ right ears and
that were processed with the filter bank and spatially inter-
polated as described above.

Il. RESULTS
A. Scaling of DTFs among subjects

Directional transfer functions (DTFs) were recorded
from the ears of 45 subjects. Examples of DTFs from the
right ears of two subjects are shown in Figs. 1, 2, and 3.
Those DTFs were measured for sound sources at eight eleva-
tions along the frontal (Fig. 1) and rear (Fig. 2) midlines and
at eight frontal azimuths in the horizontal plane (Fig. 3). The
left and right columns of plots represent measurements from
subjects S35 and S07, respectively. The DTFs of these sub-
jects, as well as those of all other subjects in the sample,
showed patterns of spectral features (e.g., spectral peaks,
notches, and slopes) that varied systematically as a function
of sound-source elevation and azimuth. As sound sources
were shifted in elevation from low to high, the center fre-
quencies of spectral features tended to shift from low to high
frequencies (Figs. 1 and 2). Changes in sound-source azi-
muth resulted in upward shifts in the frequencies of spectral
features as source azimuth shifted from the side opposite the
recorded ear, past the frontal midline, to the side of the re-
corded ear (Fig. 3).

The DTFs shown in both columns of Figs. 1 through 3
contain similar patterns of spectral features, but those spec-
tral features tend to lie at higher frequencies for subject S35
(left column) than for subject SO7 (right column). For de-
scriptive purposes in Fig. 1, numbers identify four notches in
the DTFs for elevation —60°. In the left column, notches 1
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FIG. 2. DTFs for directions on the rear midline at the elevations indicated
relative to the horizontal plane. The asterisks indicate spectral peaks dis-
cussed in the text.

through 4 lie between 6.9 and 16.8 kHz, whereas the corre-
sponding notches lie about 25% lower in the right column,
between 5.2 and 12.8 kHz. In the data for the rear midline
(Fig. 2) asterisks indicate spectral peaks that can be seen in
the DTFs for elevations —60 through +20°. Again, those
peaks lie at higher frequencies for subject S35 than for sub-
ject SO7. In Fig. 3, asterisks indicate the lowest-frequency
notches. As the sound-source location was shifted from azi-
muths 0° to right 80°, the center frequencies of those notches
shifted from 8.4 to 10.5 kHz in S35’s DTFs and from 6.1 to
8.0 kHz in the S07’s DTFs.

Quantitative comparisons among DTFs from various
subjects used DTFs that had been filtered with a bank of 85
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FIG. 3. DTFs for directions on the frontal horizontal plane at the azimuths
indicated relative to the midline. L and R indicate left and right. The aster-
isks indicate spectral notches discussed in the text.
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FIG. 4. DTFs for directions on the frontal midline at elevations indicated
relative to the horizontal plane. These DTFs were processed with a bank of
narrow-band filters, as described in Sec. I D. Thin and thick lines represent
measurements from subjects S35 and S07, respectively. In the left panel, the
DTFs are shown unscaled, as they were measured, whereas in the right
panel subject S07’s DTFs are scaled frequency by 1.126 and subject S35’s
DTFs are scaled by 1/1.126, a combined relative scaling of 1.28. The ver-
tical grid lines indicate the frequency band over which quantitative compari-
sons were made.

bandpass filters (see Sec. I). Figure 4(A) shows DTFs from
subjects S7 and S35 filtered in that way. One can see several
instances in which a peak in the DTF from one subject cor-
responds in frequency to a notch in the DTF from the other
subject. In Fig. 4(B), DTFs from subject SO7 are scaled up-
ward by a factor of 1.126, and those from subject S35 are
scaled downward by 1.126. The combined inter-subject scal-
ing by 1.268(1.126%) resulted in a conspicuously better
alignment of spectral features between the two subjects. Note
that the DTFs that are represented in Fig. 4 contained fre-
quency components in equal logarithmic steps. Frequency
scaling upward or downward by a factor of 1.126 was ac-
complished by shifting components upward or downward by
six 0.0286-octave steps.

Inter-subject differences between DTFs were quantified
by a metric that will be referred to as the inter-subject spec-
tral difference. That metric was computed across the 64
filter-bank components from 3.7 to 12.9 kHz. That frequency
band is indicated in Fig. 4 by vertical dashed lines. The dB
amplitudes of the 64 components of DTFs for each direction
were subtracted, component by component, to form a differ-
ence spectrum. Then the variance across the 64 components
of the difference spectrum was computed. Finally, the vari-
ance was averaged across 393 tested directions for each pair
of subjects. The variance computation that was used to rep-
resent inter-subject spectral differences captured inter-
subject differences that varied with frequency and eliminated
differences, such as differences in overall gain, that were
constant across frequency. For that reason, the variance com-
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FIG. 5. Inter-subject spectral difference in sets of DTFs from subjects SO7
and S35 as a function of relative frequency scale factor.

putation was preferred over a measure of the sum of the
squared differences, or the square root thereof (the ‘‘Euclid-
ean distance’’), which might have emphasized differences in
overall gain at the expense of differences in spectral shape.

Figure 5 shows the inter-subject spectral difference be-
tween subjects SO7 and S35 as a function of relative fre-
quency scale factor. DTFs were scaled incrementally by fac-
tors of 1.02 (or 1/1.02) by making alternating upward
logarithmic frequency shifts of 0.0286 octave in one set of
DTFs and downward log frequency shifts in the other set. As
a set of DTFs was scaled upward, high-frequency samples
passed out of the high end of the analysis band and low-
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frequency amplitudes entered the low end of the band, as
indicated Fig. 4(B). The plot in Fig. 5 shows a clear mini-
mum spectral difference at a scale factor of 1.268. The inter-
subject spectral difference dropped from 17.5 dB? prior to
scaling to 5.4 dB? when subject S07’s DTFs were scaled
upward by 1.268 relative to those of subject S35. That is a
69.1% reduction in inter-subject spectral difference. The
scale factor that produced the minimum spectral difference
between any given pair of subjects will be referred to as the
optimal scale factor.

Although inter-subject spectral differences normally
were measured across DTFs for all sound-source directions,
the scale factor that minimized spectral difference usually
was quite similar when measured for DTFs for individual
source directions. Figure 6(A) shows inter-subject spectral
differences for one pair of subjects as a function of scale
factor. The thick line shows the spectral difference averaged
across all sound-source directions (the usual procedure). The
optimal scale factor was 1.24. The thin lines show the spec-
tral differences computed for three individual directions.
Two of the thin lines show minima that correspond closely to
the minimum of the thick line. The third thin line showed a
second, slightly deeper, minimum at a scale factor less than
one (indicated by the arrow). The histogram in Fig. 6(B)
shows the distribution of optimal scale factors for the same
pair of subjects computed for each of the source directions.
The seven tallest bars in the histogram encompass 77% of
the directions, and optimal scale factors computed for those
directions fell within a range of 1.17—1.32. The histogram
shows a second peak near a scale factor of 0.79. That peak
corresponds to measurements that were made at a few direc-
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N=393 B 1

Percent of Locations

07 1.0 1.4

Frequency Scale Factor

FIG. 6. (A) Inter-subject spectral difference between subjects S16 and S22 as a function of relative frequency scale factor. Values were computed for 3
individual sound-source directions (thin lines) or averaged across 393 sound-source directions (thick line). (B) Distribution of optimal scale factors for subjects
S16 and S22, measured for 393 individual directions. The isolated mode around 0.79 represents 10 directions behind the subjects’ heads at which the
signal-to-noise ratio was low.
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FIG. 7. Distributions of (A) optimal scale factors and (B) percent reduction of spectral difference by frequency scaling. The order of scaling was chosen so
that all optimal scale factors were > = 1. Values were computed for all 990 possible pairwise combinations of 45 subjects.

tions behind the head on the side opposite to the side of the
recorded ear where signal-to-noise ratios were low. The
spectral difference plot for one of those measurements is
shown as a thin line in Fig. 6(A).

The distribution of optimal scale factors across all 990
pairs of subjects is shown in Fig. 7(A). The order of scaling
was chosen so that optimal scale factors all were > =1, al-
though for every scale factor X that scaled subject A to B,
there was a complementary factor 1/X that scaled subject B

to A. The median and maximum optimal scale factors were
1.061 and 1.38. Figure 7(B) shows the distribution of the
percent reduction of the inter-subject spectral difference that
was accomplished by scaling DTFs in frequency. Frequency
scaling reduced spectral differences by 15.5% or more for
half of the subject pairs, and the spectral difference was re-
duced by more than half for 9.5% of subject pairs.

One can think of an optimal scale factor as the overall
frequency disparity between subjects’ DTFs. Figure 8 plots
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FIG. 8. Inter-subject spectral difference as a function of optimal scale factor. Symbols indicate the inter-subject spectral differences that were measured before
(open circles) and after (X’s) scaling DTFs by optimal scale factors. Small filled circles represent spectral differences and optimal scale factors for
comparisons of pairs of successive measurements from 13 subjects. Dashed lines are regression lines. N=990 pairs.
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the inter-subject spectral difference in DTFs, before and after
frequency scaling, as a function of the optimal scale factor.
Each symbol represents one pair of subjects. Before scaling
(open circles), the spectral difference was roughly propor-
tional to the frequency disparity between DTFs. After scaling
(X’s), the spectral difference was nearly independent of the
magnitude of the optimal scale factor. This indicates that
there was a component of the spectral difference that could
be eliminated almost entirely by frequency scaling and that
remaining components of the spectral difference were largely
independent of the overall frequency disparity.

Optimal scale factors computed for subjects’ left ears
correlated highly with the optimal scale factors computed for
their right ears. A correlation coefficient was computed be-
tween the base-2 logarithms of optimal frequency scale fac-
tors for 990 inter-subject pairs of right ears compared to 990
pairs of left ears. The correlation coefficient was 0.95. Given
that observation, one would predict that interaural-level-
difference (ILD) spectra would scale in frequency similarly
to the DTFs of each ear. To test that prediction, ILD spectra
were estimated by filtering right-ear and left-ear DTFs with
the bank of band-pass filters, as described above, then sub-
tracting left-ear DTFs in dB from right-ear DTFs in dB.
Inter-subject ILD spectral differences for each pair of sub-
jects were computed by subtracting ILD spectra between
subjects for each direction, computing the variance of the
difference distribution at each direction, then averaging those
variances across all directions. The inter-subject ILD spectral
differences were measured as a function of inter-subject fre-
quency scale factor. The base-2-logarithms of optimal scale
factors computed for ILD spectra correlated closely with
those computed for right-ear DTFs (»=0.96).

B. Additional components of inter-subject DTF
differences

An average of 6.18 dB? of inter-subject spectral differ-
ence remained after DTFs were scaled in frequency by an
optimal factor. Several characteristics of measured DTFs
might have accounted for that remaining difference. One
possible component was the experimental variability inher-
ent in the recording of DTFs. That variability was estimated
by repeating the DTF measurements from 13 of the subjects.
In each case, the second set of measurements was made one
or more days after the first. The spectral differences and
optimal scale factors that were measured for each pair of
subjects are shown in Fig. 8 by small filled circles. The av-
erage spectral difference was only 1.33 dB? which was ap-
proximately 20% of the spectral difference between subjects
that remained after frequency scaling.

Another possible source of inter-subject differences in
DTFs could have resulted from differences in the positions in
which subjects held their heads during the DTF measure-
ments and/or in the orientations of subjects’ external ears on
their heads. The effect of tilting a subject’s head about the
interaural axis was simulated post hoc by rotating the spatial
coordinate system that was used to interpolate among DTFs
at various locations (see Sec. ID). A relative tilt was intro-
duced between a pair of subjects by rotating one subject’s
DTFs upward while rotating the other subject’s DTFs a sym-
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FIG. 9. Distributions of inter-subject spectral differences in DTFs. Distribu-
tions of inter-subject spectral differences (A) prior to any manipulation, (B)
after scaling in frequency, and (C) after scaling in frequency and introducing
relative coordinate-system tilts. N=990 subject pairs.

metrical amount downward. We computed for each pair of
subjects the relative tilt that minimized spectral differences
in DTFs. Across all 990 pairs of subjects, the unsigned mag-
nitude of the optimal tilt averaged 9.0°, and the head-tilting
procedure reduced spectral differences by an average of
13.7%.

Figure 9 shows the distribution of inter-subject spectral
differences before manipulating DTFs [Fig. 9(A)], after scal-
ing DTFs in frequency [Fig. 9(B)], and after scaling in fre-
quency and adjusting the tilt [Fig. 9(C)]. The means of the
distributions were reduced significantly after each procedure
(paired #-test, N=990, p<<0.001). Neither procedure had
very much influence on the smallest spectral differences, but
both reduced the largest differences. For example, frequency
scaling brought the 95th percentile of inter-subject spectral
difference from 14.3 to 9.3 dB?, and subsequent adjustment
of relative tilts brought the 95th percentile to 7.6 dB>.

Visual inspection of DTFs from various subjects gives
some insight into the characteristics of the inter-subject dif-
ferences that remain after frequency scaling and correction
for head and ear orientations. Figure 10 shows examples of
DTFs from eight subjects for sound-source locations in the
frontal midline at elevations of —60° (left column), 0°
(middle column), and +60° (right column). In all cases, the
coordinate systems were rotated (i.e., the heads were
““tilted’”) to minimize spectral differences. The DTFs shown
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FIG. 10. DTFs from eight subjects. The top row of panels shows DTFs selected from four subjects among whom the optimal scale factors were near one.
Those DTFs are illustrated unscaled. The bottom row of panels shows DTFs selected from four subjects that showed a broad range of optimal scale factors.
Those DTFs have been scaled to minimize spectral difference with an average subject. The scale factors are shown next to the plots in the lower left panel.
The left, middle, and right columns of plots represent DTFs from elevations of —60, 0, and 60° relative to the frontal horizontal plane.

in the upper row of panels were selected because the optimal
scale factors among them were near unity. They are shown
without any scaling. The DTFs shown in the lower row of
panels represent a large range of relative frequency scale
factors, and those DTFs are scaled in frequency to minimize
the spectral difference among them. The number near each
DTF indicates the scale factor that was applied. Although
one can see inter-subject differences among the DTFs for
each location, it appears that the most prominent spectral
features are similar across subjects. In particular, the lowest-
frequency spectral notch tends to be well aligned across all
subjects. Because the lowest-frequency notch also tended to
be the largest spectral feature, one assumes that it tended to
dominate the measurements of inter-subject spectral differ-
ence and the determination of the optimal scale factor.
Higher-frequency spectral features are somewhat less well
aligned, and differences among them contribute to residual
inter-subject spectral differences. One can see differences in
the magnitudes of spectral peaks and notches, which were
not influenced directly by any of the manipulations that were
employed. Also, there are instances of spectral features that
are unique to particular DTFs.

1487 J. Acoust. Soc. Am., Vol. 106, No. 3, Pt. 1, September 1999

C. Relation of optimal scale factors to interaural
delays

The difference in the travel time from a sound source to
the two ears introduces an interaural time difference (ITD)
that provides an important cue for sound localization. ITDs
are produced by some of the same physical structures (i.e.,
head and external ears) that produce the amplitude compo-
nent of DTFs. For that reason, one would expect inter-
subject differences in ITDs to parallel inter-subject differ-
ences in DTFs. ITDs were computed from ‘‘raw’’ DTFs that
had not been processed with a band-pass filter bank and had
not undergone spatial interpolation. For each sound-source
direction, a cross spectrum was computed from the complex
DTFs from the right and left ears, then an inverse Fourier
transform was used to generate the interaural cross- correlo-
gram. The ITD was given by the delay of the peak of the
correlogram.

The ITDs for one subject are plotted in Fig. 11(A) as a
function of the angle of the sound source relative to the me-
dian plane (the lateral angle). The ITDs approximate the
function that describes ITDs in high-frequency sounds
around a spherical head (Woodworth, 1938). The function is
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sound-source directions. The solid line is a fit to the spherical-head ITD expression given in the text. (B) The spherical-head ITD expression is plotted here
for two head radii that represent the smallest and largest radii in our sample of subjects.

ITD=r/c[ 8+ sin(6)], where r is the radius of a spherical
head, ¢ is the speed of sound, and @ is the lateral angle in
radians. The ITDs for each subject were summarized by fit-
ting the data to this spherical-head ITD and adjusting 7 in the
function to minimize the squared error. The function was
then evaluated at a lateral angle of 90°. The result is an
estimate of the maximum ITD for each subject. Maximum
ITDs calculated in the 33 subjects from whom physical di-
mensions were available (see Sec. II D) ranged from 657 to
792 us (709%+32 ws). Figure 11(B) plots the fitted ITD
functions for the subjects who showed the shortest and long-
est ITDs.

Inter-subject ratios of maximum ITDs were compared
with the scale factors that minimized inter-subject differ-
ences in DTFs. For the purpose of computing correlation
coefficients, inter-subject optimal scale factors and inter-
subject ratios of maximum ITDs were expressed as loga-
rithms so that logarithms of ratios and their inverses would
be symmetrical on a linear scale. Log ratios of maximum
ITD and log optimal scale factors were formed over all 1056
pairwise combinations of 33 subjects, including both subject
A/subject B and subject B/subject A. Inter-subject log maxi-
mum ITD ratios correlated highly with inter-subject DTF log
optimal scale factors (r=0.71).

D. Relation of optimal scale factors and ITDs to
physical dimensions

The spectral details of a DTF result from the physical
interaction of an incident sound wave with the head and
external ears. For that reason, one would expect the frequen-
cies of spectral features to depend on the sizes of the head
and ears. A set of physical dimensions was measured from
33 of the subjects; the other 12 subjects were not available
for measurements. A micrometer was used to measure dis-
tances among the points on the external ear shown in Fig. 12.
The measurements included inter-tragal notch to the rim of
the helix (pinna-cavity height, 1 to A), notch to anti-helix (I
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to B), notch to crus (1 to C), concha depth (F to G), tragus to
antitragus (G to H), and pinna-cavity breadth (G to E). A
caliper was used to measure the head width from side to side
at the point in front of the tragus that is defined by the
condyle of the mandible (J). That point can be identified by
palpating in front of the tragus while the subject opens and
closes his or her jaw. Finally, as a global measure of each
subject’s physical size, each subject’s body height was mea-
sured, from bare feet to the top of the head. Table I gives
summary statistics of those measurements.

Inter-subject ratios of physical dimensions were com-
pared with inter-subject optimal scale factors. Again, ratios
were expressed as logarithms for the purpose of computation
of correlation coefficients. Correlations of ratios of physical

Crus of
helix

Tragus

Concha

Antitragus
Heli

FIG. 12. Drawing of an external ear. Lettered dots indicate the points from
which physical measurements were taken. Points A, B, and C are, respec-
tively, the points on the rim of the helix, on the ridge of the anti-helix, and
on the ridge of the crus that maximized the distance to the bottom of the
inter-tragal notch (point I). Point E is the inside surface of the back of the
concha, and point F is directly medial to the tip of the tragus (point G),
superficial to the ear canal entrance.

John C. Middlebrooks: Individual differences in HRTFs 1488

Meta Platforms, Inc.
Exhibit 1080
Page 009



TABLE 1. Physical measurements (33 subjects).

Std.
Minimum Mean Maximum Deviation
Pinna-cavity height (mm) 36.1 43.9 56.1 4.8
Notch to anti-helix (mm) 21.6 26.6 32.5 2.8
Notch to crus (mm) 11.5 16.4 21.4 24
Concha depth (mm) 6.5 10.4 14.7 2.0
Tragus to anti-tragus (mm) 3.0 6.8 12.9 2.1
Pinna-cavity breadth (mm) 8.2 11.9 16.7 1.9
Head width (mm) 122 134 153 8
Body height (mm) 1520 1690 1930 102
Maximum interaural delay (us) 657 709 792 32
Optimal scale factor
(1056 subject pairs) 0.72 1.38

dimensions with ratios of optimal scale factors were com-
puted over all 1056 pairs of 33 subjects. Table II shows the
correlation coefficients. All of the correlations in the table
are significant at least at the P<<0.01 level. The physical
dimensions that correlated most strongly with the inter-
subject optimal scale factor were the pinna-cavity height (7
=0.72) and the head width (»=0.67). The correlation of
optimal frequency scale factors with all other dimensions
that were measured from the pinna was r<<=0.41. Correla-
tions among physical dimension were computed directly
from the dimensions in 33 subjects (i.e., not the logarithms
of inter-subject ratios). The greatest correlation in Table I,
r=0.85, was between head width and maximum ITD. That is
consistent with our previous report of a small sample of sub-
jects that showed a correlation of »=0.91 between head
width and interaural envelope delay (Middlebrooks and
Green, 1990). Body height also correlated highly with maxi-
mum ITD (»=0.67), but that probably reflects the fact that
body height correlated with head width itself (»=0.67).

The set of optimal scale factors between each subject
and every other subject could be summarized by the geomet-
ric mean of the optimal scale factors. Geometric means of
optimal scale factors ranged from 0.833 to 1.143. Female
subjects tended to have higher mean scale factors than males
(i.e., spectral features lay at higher frequencies), but there
was no indication of a gender effect that could not be ac-
counted for by the tendency of females to be smaller than
males. There was no conspicuous trend in scale factors de-
tected across our relatively small sample of various racial
groups.

Inter-subject optimal scale factors could be estimated
with some accuracy from ratios of certain physical dimen-
sions. The pinna-cavity height and the head width both
showed strong correlations with optimal scale factors. Those

TABLE II. Correlation coefficients (r).

two measurements showed a correlation of only »=0.47 with
each other, so a combination of those two measurements
should provide a better estimate than either one alone. A
linear regression was performed on inter-subject log ratios of
the two terms and the resulting regression equation was used
to estimate log optimal scale factors. For the present data set,
the regression equation to scale subject A to subject B using
pinna-cavity height (pinna) and head width (head) was:

log,(optimal scale factor)=0.340*1og,(pinna, /pinnag)
+0.527*log, (head, /headg).
(1)

The sign convention was such that if subject A were larger
than subject B, subject A’s DTFs would be scaled upward in
frequency to align with the DTFs of subject B. The scale
factors estimated by this equation correlated highly with
acoustically measured optimal scale factors (r=0.82, N
=1056 subject pair). The rms difference between log opti-
mal scale factors estimated in this way and logarithms of
factors computed from acoustical measurements was 0.0813
octave, which corresponds to a factor of 1.058. For compari-
son, optimal scale factors in this set of 1056 subject pairs
ranged between 0.72 and 1.38. Thus knowledge of the physi-
cal dimensions of the head and external ears of a pair of
subjects substantially reduced the uncertainty in their optimal
scale factor.

lll. DISCUSSION

The results confirm, with some reservations, the two
working hypotheses of the study. The first hypothesis specu-
lated that DTFs differ systematically among subjects in re-
gard to the position of spectral features along a frequency
axis. Scaling of DTFs in frequency more than halved the
spectral difference in 9.5% of subject pairs and produced a
substantial, though lesser, reduction in spectral difference
among the majority of other subject pairs. Some 20% of
pairs of subjects showed little or no reduction in inter-subject
spectral difference in DTFs, but those pairs involved subjects
who showed relatively little spectral difference at the outset.
A residue of spectral difference, averaging 6.2 dB? across all
subject pairs, remained after scaling by an optimal factor.
Possible components of that residual spectral difference in-
cluded variability in experimental measurements and inter-
subject differences in the orientations of subjects’ heads and
ears. The DTFs from individual subjects also contained
direction-specific idiosyncrasies that could not be resolved
by a global scale factor. Such idiosyncrasies included the

Optimal Maximum Body Head Pinna-cavity
scale factor ITD height width height
(1056 pairs) (33 subjects) (33 subjects) (33 subjects) (33 subjects)
Maximum ITD 0.71
Body height 0.59 0.67
Head width 0.67 0.85 0.67
Pinna-cavity height 0.72 0.54 0.51 0.47
Pinna height to crus 0.41 0.43 0.58 0.49 0.48
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presence or absence of particular spectral features and inter-
subject differences in the magnitudes of such features. One’s
impression from visual inspection of DTF plots, however, is
that frequency scaling eliminated the greatest, perhaps the
only, systematic difference among individual subjects’
DTFs.

The second working hypothesis speculated that the fre-
quency difference between the DTFs from two subjects
could be predicted by the relative physical sizes of the two
subjects. Physical measurements of subjects identified sev-
eral dimensions that correlated significantly with optimal
scale factors and with maximum ITDs. Given measurements
of pinna-cavity height and head width from a pair of sub-
jects, it was possible to estimate the optimal scale factor
between those subjects to within an rms error of 0.0813 oc-
tave, a factor of 1.058. That is less than three times the
smallest increment in frequency scale factors that was tested.
Some of the correlations that were observed among physical
dimensions and optimal scale factors are likely to reflect a
causal relationship. For instance, mathematical models of
ITDs produced by a spherical head incorporate head radius
as a parameter (Woodworth, 1938; Kuhn, 1977). Similarly,
Rabinowitz and colleagues (1993) modeled the DTFs that
would be produced by diffraction on the surface of a sphere.
In the far-field condition (like that approximated in the
present study), the DTF scaled linearly in frequency by 1/8
when the sphere radius was scaled by 8. Several investiga-
tors have modeled the directionality of the pinna in terms of
a system of parallel delays and summations (e.g., Batteau,
1967; Hebrank and Wright, 1974; Watkins, 1978). As the
size of the pinna increases, delays within the pinna increase,
and notches and peaks in the delay-and-add spectra move
downward in frequency. In contrast to these causally related
parameters, the relative body heights of subjects probably
have no direct influence on their optimal scale factors. Nev-
ertheless, to the degree that the dimensions of subjects’
heads and ears are proportional to subjects’ overall physical
sizes, ratios of subjects’ heights might provide a rough esti-
mate of their optimal scale factors.

A. Relation to previous results

Several previous reports have commented on inter-
subject differences in the frequencies of spectral features in
DTFs. Shaw (1966, 1982) illustrated DTFs from ten listen-
ers. He noted that the ‘‘relative positions of the individual
curves [in frequency]... are independent of the angle of inci-
dence”’ (Shaw, 1966, p. 469). This observation is in keeping
with the notion that DTFs are similar among subjects but
tend to be offset in frequency. Shaw (1982) also noted inter-
subject differences in the number of spectral ‘‘“minima,’’ the
elevation dependence of the frequencies of minima, and the
tendency of minima to cluster along the frequency axis.
Those are the types of individual differences that were not
influenced by any of the manipulations in the present study.
Mehrgardt and Mellert (1977) were concerned with preserv-
ing spectral detail when averaging DTFs among 20 subjects.
They observed that DTFs from various individual subjects
for particular directions overlapped more closely when they
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were scaled in frequency by as much as 8%. A scale factor of
8% is slightly larger than the median value of optimal scale
factors, 6%, in the present study. Mehrgardt and Mellert op-
timized frequency scale factors on a direction-by-direction
basis, whereas the procedure in the present study attempted
to find a single scale factor that would minimize inter-subject
spectral differences across all source directions.

In a previous study (Middlebrooks et al., 1989), we de-
scribed the directional sensitivity of amplitude gain of the ear
at a several individual frequencies. Directional sensitivity
was represented in that report primarily in the form of
frequency-specific plots of sound amplitude in the ear canal
as a function of two-dimensional sound-source direction. We
observed great similarity in directional sensitivity among
subjects, but noted that the frequency at which we observed
a particular directional pattern tended to vary among sub-
jects. That is, the directional pattern measured at 8 kHz for
subject A might correspond more closely to the pattern mea-
sured at 8.9 kHz for subject B than to subject B’s pattern
measured at 8 kHz. We computed, in effect, the optimal
scale factor among 5 subjects at 21 reference frequencies
across 356 sound-source directions. There was a general ten-
dency, with some variation, for frequency scale factors to be
constant across reference frequencies. Moreover, in that
study, scale factors tended to rank according to the physical
sizes of subjects. In another related study, we analyzed DTFs
using principal components analysis (Middlebrooks and
Green, 1992). When subjects were ranked according to body
height, features of the principal-component basis vectors
computed from DTFs of the shorter subjects lay at higher
frequencies than those of the taller subjects.

B. Significance of frequency scaling for virtual
localization

The DTFs measured from a listener can be used to filter
sounds that are presented to the listener through headphones
(Wightman and Kistler, 1989b). In the most successful cases,
a realistic virtual acoustic environment results, in which
acoustic targets appear to occupy well-defined positions in
the space surrounding the listener. The main practical moti-
vation of the current study was to develop a means of tailor-
ing one or a few generic sets of DTFs to specific listeners.
Scaling DTFs in frequency might accomplish a great part of
that goal, and the companion paper reports the results of tests
of the perceptual consequences of frequency scaling
(Middlebrooks, 1999). Considered here are some of the im-
plications of the magnitudes of optimal scale factors, the
significance of head position in measurements of DTFs, and
the utility of estimation of optimal scale factors from physi-
cal dimensions.

It is instructive to compare the magnitudes of optimal
scale factors with perceptual measures of frequency sensitiv-
ity. The median optimal scale factor in the present sample
was 1.061, and the largest optimal scale factor between any
pair of subjects was 1.38. A factor of 1.061 corresponds to
0.086 octave, which is slightly larger than a musical semi-
tone. That value is roughly half the equivalent rectangular
bandwidth estimated for an auditory filter around 7 kHz
(Moore and Glasberg, 1983). Moore and colleagues (1989)
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found that frequency-discrimination thresholds around 8 kHz
were of the order of .015 octave for tones or band-pass noise,
but that frequency-discrimination thresholds for a 9-dB peak
or notch imposed on a broadband base were of the order of
0.08 to 0.10 octave. That means that, if two subjects were to
be chosen randomly, there would be a roughly 50% chance
that individual spectral features in the DTFs from one subject
would fall a detectable frequency increment away from the
corresponding features in the other subject’s DTFs.

The spectral difference between sets of DTFs from a
given pair of subjects often could be reduced by rotating
about the interaural axis the spatial coordinate system of one
set of DTFs relative to the other. That result suggests either
that subjects held their heads at slightly different angles dur-
ing the measurements or that subjects’ external ears are po-
sitioned on their heads at somewhat different angles. That
variability in head and/or ear position complicates inter-
subject comparisons of DTFs. Nevertheless, we are inclined
to regard the inter-subject variance in head orientation as a
nuisance factor that can be largely ignored for the purposes
of virtual localization testing. In a psychophysical localiza-
tion task there can be considerable variation in nominally
upright head position even in a single subject. For instance,
when subjects were asked to orient their heads toward a con-
tinuous broadband noise source located near the horizontal
plane, the head orientations by individual subjects varied
with standard deviations of about 3° (Makous and Middle-
brooks, 1990; also observed in the companion study). In a
situation in which a subject localized using DTFs that were
recorded from a head that was tilted downward by 10°, one
might expect to see a 10° vertical offset in localization
judgements. That offset would be small, however, compared
to the front/back confusions that often are observed when a
subject listens through another subject’s DTFs.

The observation that the optimal scale factor between a
pair of subjects can be estimated from physical measure-
ments of their pinna-cavity heights and head widths offers
the hope that a generic set of DTFs might be tailored to fit
any subject. Estimates of frequency scale factors based on
physical measurements [Eq. (1)] differed from scale factors
computed from acoustical measurements by an rms error of
5.8%. The magnitude of that error can be appreciated by
referring to the plot of inter-subject spectral difference versus
frequency scale factor shown in Fig. 5. A scaling up or down
by 2 products of 1.06 (scale factors of 0.89 to 1.12) encom-
passed 95% of errors in estimates (as measured from the
error distribution). That range encompassed fewer than six
sample points on either side of the minimum value in the
figure. In the illustrated example, frequency scaling by any
factor in that range reduced the spectral difference by more
than 40% or more. It might be the case that a optimal scale
factor estimated only from physical dimensions is adequate
to produce considerable reduction in inter-subject differences
in DTFs. Alternatively, an optimal scale factor estimated
from physical dimensions could be used as a starting point
for an adaptive psychophysical procedure that would seek an
optimal scale factor or that would select from among a li-
brary of sets of DTFs. The companion paper explores the
perceptual consequences of scaling nonindividualized DTFs
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and demonstrates the sensitivity of localization performance
to changes in the values of frequency scale factors.
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