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Humans perceive sound three-dimensionally thanks to auditory cues generated
by reflections in the outer ear. In this project we developed advanced techniques in computer
simulation of acoustics, to study the influence of ear shape and skin reflection coefficient on the
auditory cues. The results reveal how the surface of the ear should be physically manipulated to
enhance auditory cues for sound source localization.
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(1) Humans can perceive sound, for example localize sound sources, in three dimensions.
All the auditory cues for three-dimensional (3D) sound localization are contained in head-
related transfer functions (HRTFs), and HRTF peaks and notches are particularly important
for determination of sound-source elevation. However, depending on the individual and
elevation angle, HRTF notches are often observed to be shallow, and notch trajectories in the
median plane are often discontinuous. Although it is still only a hypothesis, it is conceivable
that deepening notches and rendering their trajectories more continuous, for example by
careful adjustment of individual pinna physiology, may help enhance these individuals’ 3D
sound perception. However, the necessary adjustments are not known because, despite some
research progress, the relations between HRTF notches and pinna physiology are still not
well established.

(2) In this regard, computer simulation of acoustics is a powerful tool for computation of
HRTFs and for detailed investigation of acoustic-physiology relations. In particular, we
pioneered the use of finite-difference time domain (FDTD) simulation for computation of
pinna sensitivity maps, which reveal the sensitivity of acoustic parameters (HRTF peaks or
notches) to small, local changes in pinna physiology. However, the method is computationally
very intensive and a more efficient algorithm is desirable.

(1) Accordingly, in this project our first research aim was to develop a more efficient method
of computing pinna sensitivity maps for HRTF peaks or notches, using FDTD simulation.
Such a method would facilitate further investigation of the relations between individual
pinna physiology and auditory cues for sound localization.

(2) Second, we aimed to find, for a given individual’s pinna shape, the physical adjustments
required to deepen HRTF notches and render their median-plane trajectories more
continuous. While perception experiments to assess sound localization improvements are left
for future research, here we aimed to develop the necessary computational methods that
would enable such research.

(1) Central to our research method, was our previously developed FDTD acoustic simulator.
Here, we significantly revamped the structure and operation of our computer program. We
also added an option to explicitly specify acoustic impedance at the air-skin boundary, so that
unrealistic wave propagation inside the head could be safely ignored.

(2) Next, we used the FDTD simulator to compute pinna sensitivity maps using our
conventional method (DP: direct perturbation of one voxel at a time) and a potentially much
more efficient method (ARP: acoustic radiation pressure computed in only one run). To
facilitate the interpretation of results, this was done using a simple pinna shape, i.e., an
elliptical concha model.

(3) Lastly, using a human pinna voxelized on a 3D grid (resolution 2 mm), we employed
sensitivity analysis with the FDTD simulator to find the necessary adjustments to the local
reflection coefficient at the pinna surface, that would be required to deepen HRTF notches in
the median plane.

(1) Regarding our first research aim, we reported results (Mokhtari, 2019) comparing
sensitivity maps for the first three resonances of an elliptical concha model. Such maps were
calculated using both the conventional DP method and a new ARP method which is 2-3 orders
of magnitude more computationally efficient. Results indicated a close match between the
two methods which was highly encouraging, but only after setting a coefficient in the ARP
equation to a value of about 3, instead of unity as theoretically implied. Thus, we succeeded
in developing an efficient computational method, but the reason for the factor 3 is still
unknown and warrants further research.



(2) Thanks to streamlining our FDTD simulation program and adding the option of an
explicit boundary impedance, we were able to calculate a full set of HRTFs for the left and
right pinnae of 19 individuals, and we analyzed this large dataset using principal components
analysis (PCA) to extract HRTF eigenmodes. As a result, we were able to publish a journal
paper (Mokhtari et al., 2019) with the following three main findings: (i) by comparing with
previous psychoacoustic results, we inferred that at least 10, and as many as 24, HRTF
eigenmodes would be needed for a virtual-audio system suitable for many listeners; (ii) the
frequency characteristics of the top 5 eigenmodes appear to be stable across different groups
of individuals and experimental methods, i.e., independent of whether the HRTFs were
directly measured or, as in our case, computed by simulation; and (iii) the top 3 eigenmodes
encode familiar spatial contrasts, i.e., along the left-right, top-down, and a tilted front-back
axis, respectively. It is worth noting that although this study was not initially planned, these
results were enabled directly by our efforts in this project; this is a reminder that research
projects may lead to unexpected directions, and it is beneficial to be receptive and mindful to
advance research even in directions not envisioned at the planning stage.
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Fig. 1. Median-plane PRTFs simulated with an unmodified human ear shape (left)
and with reduced reflection coefficient at certain parts of the pinna surface (right).

(3) Next, regarding our second research aim, we reported
results at two domestic conferences (Hirota et al., 2021;
Mokhtari et al., 2022a) and as an invited contribution to a
structured session on Spatial Hearing at an international
conference (Mokhtari et al., 2022b). In summary, starting with
an individual’s pinna geometry, we used our FDTD simulator
to compute pinna-related transfer functions (PRTFs) in the
median plane, and conducted sensitivity analyses to find the
adjustments to pinna surface reflection coefficients, that are
necessary for deepening the notches. As a result, we succeeded
in finding a particular pattern of reduced reflection coefficients
covering only certain parts of the pinna surface, that deepened
notches throughout the median plane (see Fig. 1) and thereby
increased the dynamic range of the PRTFs by 7 dB on average.
Interestingly, this result was achieved not by modifying the .
pinna shape — the original pinna geometry was retained —but ~ F19- 2. Parts of the ear
instead, by reducing only the acoustic reflection coefficient at ~ Surface (colored) reduced

the concha back wall and a few other local parts of the pinna 1N reflection coefficient to
surface (see Fig. 2). achieve the above results.

(4) While our reported results are exciting, further research is needed to: (i) understand the
acoustical significance of the identified parts of the pinna; (ii) find practical methods to
replicate such results with real, human pinnae; (iii) examine the psychoacoustic effects on
sound localization (among other other spatial-hearing phenomena) of the identified surface-
reflection adjustments that deepen median-plane notches; and (iv) extend these lines of
investigation to a greater number of individuals.
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