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This dissertation discusses the problems of 3D sound field rendering. Rendering generates graphics or sounds
in a virtual scene from the descriptor of the scene. Realistic ones can be rendered by analyzing optical or
acoustical wave behaviors in the scene. Interactive rendering of dynamic scenes allows a user to walk around
the virtual environment. The synergy of realistic and interactive rendering would immerse a person in a virtual
world visually and auditorily. In such virtual environments, various kinds of activities are available without
practical environments: professional trainings, simulations, conventions, acoustical designing and testing of
prototype buildings, and so on.

3D sound field rendering is realized by simulating acoustical wave phenomena caused by environments and a
listener's body. Waves emitted from a sound source reflect at walls and/or diffract at barriers and then arrive at
the listener from various directions. The arrival waves reflect and/or diffract again at the torso, shoulders, and
outer ears of the listener. Such wave phenomena can be analyzed by numerical means, or numerical acoustics
(NA); it numerically solves the wave equation. Although NA is able to involve all of the above wave effects,
the analysis is strictly limited to small cases because it requires massive computer resources. In addition, fast
analysis for interactive rendering is impractical due to the high computational cost. Geometrical means, or
geometrical acoustics (GA), approximately analyzes wave propagations with rays. The procedure is simple and
much faster than NA, which is better suited to interactive rendering. On the other hand the ray based analysis
cannot handle two kinds of wave effects by itself: diffraction and head-related effects. They can be involved in
GA by introducing a diffraction model and a binaural signal processing technique. However, the introduction
induces computational difficulties. While coping with the difficulties, this dissertation tries to realize an
interactive system of 3D sound field rendering.

This dissertation first discusses diffraction modeling in GA. Diffraction should be involved in sound rendering
to give listeners enough cues to perceive and localize a hidden sound object. Moreover, in several applications
such as acoustical designing, diffraction fields must be accurately estimated. For this purpose, this dissertation
focuses on the analytic secondary source model which is the exact model of diffraction. This model gives
accurate results but requires us to solve numerically challenging integrations: multiple integrations and
integrations with singularities. Because of this computational complexity, this exact model has rarely been
applied to rendering applications. The novel method, proposed in this dissertation, solves the integrations by

means of ray-tracing-like procedure and the Monte Carlo method. The similarity between the proposed method
and general GA analysis makes it possible to utilize the various acceleration approaches developed for ray
tracing such as many-core parallelization. In order to address the difficult integrations, two importance
sampling are derived. The proposed method, complemented the importance sampling, can solve the
integrations efficiently and accurately. The accuracy of the proposed method is demonstrated by comparing its
estimates with the ones calculated by reference software. An analysis of signal-to-noise ratios is performed
objectively and subjectively in order to evaluate the error characteristics and perceptual quality. The
experiments also confirm that the proposed method is superior over the conventional approximate diffraction
model, i.e., the uniform theory of diffraction.

This dissertation then examines a problem with regard to head-related wave effects. A transfer function of a
sound signal from a source to a listener's outer ear is referred to as head-related transfer function (HRTF). By
simulating HRTFs with digital filters, head-related wave effects can be involved in rendering; this process is
referred to as binaural signal processing. However, many HRTF filters must be operated simultaneously for
sound field rendering because numerous indirect sounds come from the surroundings of the listener's head in
echoic environments. To deal with this problem, an efficient binaural processing method for multiple sources is
discussed. The proposed method introduces an existing idea that groups several sources by means of clustering
and shares a single HRTF filter with the group, reducing the total number of HRTF filters. Another idea,
amplitude-panning, is also introduced and combined to the above scheme by utilizing fuzzy clustering. The
proposed method, exploiting the two conventional methods' features, can efficiently render multiple sources
with a smaller number of HRTF filters. The proposed method is applied to 3D sound field rendering and
evaluated. Objective and subjective evaluations reveal that the proposed method is about 2-7 times more
efficient than the conventionals in terms of the number of HRTF filters.

Finally, a 3D sound field rendering system is realized by utilizing the contributions above mentioned. For fast
GA analysis including the proposed ray tracing for diffraction, this system employs the OptiX ray tracing
engine, which exhibits good acceleration performance on a commercial graphics processor. In order to make it
efficient to execute multiple HRTF filters, OpenMP based multi-threading is employed. The system,
accelerated by the above techniques, can interactively analyze dynamic auditory scenes and render sound fields
in real-time, while supporting the difficult wave effects. The realization of the system significantly contributes
to the evolution of various applications which involve sound rendering. The sense of reality and immersion in
VR applications and video games will improve with the proposed system. Interactive and accurate rendering of
the system can support acoustical designing of rooms. The combination with authoring tools for acoustic
content expands the possibility of the content production.
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