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Abstract

Realistic modeling of reverberant sound in 3D virtual worlds pro-
vides users with important cues for localizing sound sources and
understanding spatial properties of the environment. Unfortunately,
current geometric acoustic modeling systemsdo not accurately sim-
ulate reverberant sound. Instead, they model only direct transmis-
sion and specular reflection, while diffraction is either ignored or
modeled through statistical approximation. However, diffraction is
extremely important for correct interpretation of acoustic environ-
ments, especially when the direct path between sound source and
receiver is occluded.

The Uniform Theory of Diffraction (UTD) extends geometrical
optics with diffraction phenomena: illuminated edges become sec-
ondary sources of diffracted rays that in turn may be reflected and
diffracted. In this paper, we propose an efficient way for comput-
ing the acoustical effect of diffraction paths using the UTD for de-
riving secondary diffracted rays and associated diffraction coeffi-
cients. Our main contributions are: 1) a beam tracing method for
enumerating sequencesof diffracting edges efficiently and without
aliasing in densely occluded polyhedral environments; 2) a practi-
cal approximation to simulated sound field in which diffraction is
considered only in sound shadow regions; and 3) a real-time aural-
ization system demonstrating that diffraction dramatically improves
the audio quality in virtual environments.

Keywords. Spatialized Sound, Virtual Environments, Sound Vi-
sudlization, Uniform Theory of Diffraction, Beam Tracing.

1 Introduction

Realistic smulation of virtual environments has been a mgjor fo-
cusof researchin interactive computer graphicsfor decades, dating
back to the early flight simulators of the 1960s. However, most
prior research has focused on visualization, while relatively little
attention has been paid to auralization. But, auditory cuesare im-
portant in immersive virtual environments, as they combine with
visual cuesto aid in localization of objects, separation of simultane-
ous sound signals, and formation of spatial impressions [6] which
enhance and reinforce visual comprehension of the environment.
Experiments have shown that accurate acoustic modeling gives a
user astronger sense of presencein avirtual environment [10], and
that high-quality audio enhancesperceived visual quality [38].
Current virtual environment systemsrender audio using geomet-
rical techniques, such as ray-tracing, to compute propagation paths
between sound sourcesand listener [13, 14, 35]. Unfortunately, cur-
rent systemsfail to spatialize soundrealistically becausethey do not
accurately account for diffraction effects. For instance, Funkhouser
et al. [13, 14] recently described a system that spatializes sounds
based only on specular reflections and transmissions. The main
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Figure 1: Diffraction of sound in a city environment where direct sound from
sourcesis occluded. We use the Uniform Theory of Diffraction which considers edges
in the environment as sources of new diffracted rays, complementing reflected and
transmitted rays.

contribution of their work was a set of methods for tracing beams
from sound sources off-line so that reflection paths could be up-
dated at interactive rates in large environments. However, by their
own admission, their acoustical models were grossly inadequate
dueto the omission of diffraction effects.

Diffraction is aform of scattering by obstacles whose size is of
the same order of magnitude as the wavelength. It is afundamental
mode of sound propagation, particularly in building interiors and
cities where the direct path between a sound source and a receiver
isoften occluded [6]. For example, consider thetraining simulation
scenario shown in Figure 1, in which a pedestrian must respond to
a helicopter and a fire engine. Failure to simulate sound diffrac-
tion accurately could be “disastrous,” since the person cannot see
either sound source, and the direct path from both sound sourcesis
blocked by tall buildings. In situations such asthis one, it isimpor-
tant that avirtual environment system simulate diffraction correctly
because people localize sounds by interpreting echoes according to
their delays relative to the first arriving wavefronts [6, 31]. More-
over, if diffraction isomitted from avirtual environment simulation,
the user may experience abrupt changes in spatialized sounds as
he/sheturns a corner and the sound source disappearsfrom the line
of sight. For instance, consider walking down the hallway of your
office building and having the sound disappear after you pass each
open door. Such abrupt changesin a simulation would introduce
amismatch with our real world experiences, which would provide
“negativetraining,” or at least confuse users.

In this paper, we propose an efficient way for computing the
acoustical effect of diffraction paths according to the Uniform The-
ory of Diffraction [22, 25, 27] which considerswedges (an edge be-
tween two adjacent surfaces) in the model as radiating an additional
diffracted field. Specifically, we make three contributions. First,
we describe a beam tracing method, for enumerating sequences
of diffracting edges efficiently and without aliasing in densely oc-
cluded polyhedral environments. Contrary to prior work, we intro-
duce beams whose source is an edge span. Second, we propose a
practical approximation to simulated sound fields suitable for im-



mersive virtual environmentsin which diffraction is computed only
in shadow regions. Finally, we describe a real-time auralization
system that produces spatialized sound with diffractions, transmis-
sions, and specular reflections during interactive walkthroughs of
complex environments.

Our experimental results demonstrate that (1) beam tracing is
an efficient and aliasing-free way to find diffraction sequences
in densely occluded environments, (2) it is possible to construct
diffracting reverberation paths and spatialize sounds in real-time,
and (3) diffraction greatly improves the quality of spatiaized
soundsin immersive virtual environments. To our knowledge, this
paper isthefirst to describe methods for interactive acoustical sim-
ulations with diffractions in complex virtual environments.

2 Background and Related Work

There are currently three major approximation theories for diffrac-
tion problemsin polyhedral environments: (1) the Huygens-Fresnel
diffraction theory, (2) boundary integral representations using the
Helmoltz-Kirchoff integral theorem, and (3) the Uniform Theory
of Diffraction.

Huygens principle [18] predicts that every point on awavefront
can be regarded as a source of a secondary spherical wavelet. The
wavefield is defined at each point by the superposition of these
wavelets, which extend in all directions, including shadow regions.
Fresnel supplemented Huygens' theory by adding interference be-
tween the wavelets to treat diffraction [7]. He also subdivided
space between the source and the receiver into concentric ellipsoids
with frequency-dependent radii: the Fresnel ellipsoids. By model-
ing diffraction effects asa lossin signal intensity, Bertoni [5] and
Tsingos and Gascuel [42] used Fresnel ellipsoidsto determinerel-
evant obstacles at any given frequency. By replacing the binary
geometrical visibility by an extended visibility term between 0 and
1, they achieve frequency-dependent sound “muffling.” This re-
moves abrupt cuts in simulated sound, producing a more pleasing
experience. However, such simulationsfail to capture the temporal
aspect of diffraction since they do not introduce new propagation
paths. Whilethisis not usually a concern for electromagnetic wave
propagation, it is an important issue for acoustics.

The Helmoltz-Kirchoff integral theorem provides a formaliza-
tion of the Huygens-Fresnel principle[7, 11]. It expressesthe scat-
tered field at any point in space as a function of the field on the
surface of the diffracting objects. Mathematically, it can be ex-
pressed asa surfaceintegral and solved by numerical methods such
as Boundary Element Methods (BEM) [17, 19] that discretize sur-
facesinto patches. BEM allow for very accuratetreatment of sound
diffraction. But, they are far too compute intensive for interactive
sound rendering. In some casesthe integral can be solved analyti-
caly [36], such as for height fields or periodic surfaces, assuming
thelistener remainsfar (compared to the wavelength) from diffract-
ing surfaces. However, in the case of virtual environments, neither
of these assumptionsis usually valid.

The Uniform Theory of Diffraction (UTD) [22, 25, 27] incorpo-
rates diffraction into theray theory of light. The UTD treats an infi-
nitewedge asa secondary sourceof diffracted wavesthat inturn can
bereflected and diffracted before reaching the receiver. For agiven
point source and point receiver location, the diffraction of awave
over an infinite wedge is represented by a single ray whose contri-
bution to the wave field is attenuated by a complex valued diffrac-
tion coefficient (see Appendix A). For any sequence of diffracting
edges, the ray follows the path satisfying Fermat's principle: if the
propagation medium is homogeneous, the ray follows the shortest
path from the sourceto the receiver, stabbing the diffracting edges.

Of these three approaches, the UTD is the most promising for
spatializing sounds in interactive virtual environments, as it pro-
vides the right combination of speed and accuracy for most of

the audio spectrum. To date, the UTD has been applied success-
fully in several types of off-line simulations, including acoustical
diffraction over solitary wedges[21, 28], lighting effects in room-
sized scenes[2], and radio frequency propagation in buildings and
cities[12, 34].

The main computational challengein applyingthe UTD for real-
time applicationsis efficient enumeration of significant reverbera-
tion paths. Thisproblemisageneralization of the classical NP-hard
shortest path problem [8]. Although many algorithms exist to find
approximate solutions [30], they are either too inefficient or prone
to aliasing. For instance, Aveneau [2] enumerated all permutations
of polyhedral edges within the first few Fresnel ellipsoids, which
is not practical for sound simulations in large environments. Ra-
jkumar et al. [34] extended a ray tracing algorithm to broadcast
raysin all directions for each edge “intersection.” Similarly, For-
tune et al. [12, 23] and Stephenson [37] described a beam tracing
approach in which propagation due to each edge diffraction was
approximated by a set of beams emanating from point sources at
sampled positions along the diffracting edge. These latter two ap-
proaches approximate the set of potential diffraction paths by dis-
crete sampling. Thusthey are proneto aliasing, which would cause
noticeable artifacts in an interactive sound system. Prior methods
have provided neither interactive response times, nor guaranteed
finding all significant reverberation paths.

In this paper, we describe real-time methods for simulating
sound reverberation with the Uniform Theory of Diffraction inlarge
virtual environments. We address the two main issues of such a
system: (1) enumerating significant reverberation paths efficiently,
and (2) computing an approximation to the diffracted field in the
shadow regions. Details are provided in the following sections.

3 Enumerating Reverberation Paths

According to the UTD, an acoustic field incident upon an edge
between two non-coplanar surfaces, forms a diffracted wave that
propagates from the intersected part of the edge in a cone shaped
pattern of rays, as shownin Figure 2. Our challengeisto represent
the propagation pattern of these rays as they traverse free space,
transmit through obstacles, and reflect off surfaces.

Fi gure 2. AccordingtotheUTD, anincomingray p givesrisetoaconeof diffracted
rays, where the aperture angle 6 ; of the cone is equal to the angle 6 ; between the
incident ray and the edge. For a given receiver location, a single ray describes the
diffractedfield.

Our approach is based on object-precision beam tracing [16].
Themotivation for this approachis to exploit the spatial coherence
in reverberation paths, while avoiding the aliasing artifacts of sam-
pling diffraction edges. In contrast to ray tracing, beam tracing
works with object-precision polyhedral volumes supporting well-
defined intersections with diffracting edges, and thus eliminating
aliasing dueto approximationsresulting from intersecting infinitely
thin rays with infinitely thin edges[34]. In contrast to brute-force
enumeration of all edge permutations[2], beam tracing providesan
effective method for pruning the search based on the feasibility of
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Fi gure 3. Overview of our process: (a) Virtual environment (office cubicles) with source S, receiver R, and spatial subdivision markedin pink. (b) Sample reflected and diffracted
beam (cyan) containingthe receiver. (c) Path generated for the corresponding sequence of faces (green), portals (purple), wedges (magenta). (d) The procedurerepeated for all beams

containing R.

stabbing lines [39]. Asaresult, beam tracing finds every reverber-
ation path up to a specified termination criteria without undersam-
pling errors. Moreover, beam tracing algorithms have been shown
to be practical for densely occluded virtual environments (at least
for specular reflections) [13], and they can be readily incorporated
into an interactive virtual environment system [14].

In thefollowing two subsections, we focuson the new challenges
of tracing beams and constructing reverberation pathswith diffrac-
tion. Unfortunately, as beamsemanating from asourceand diffract-
ing over an edge are traced along subsequent sequences of reflec-
tions and transmissions, they can become quite complex, bounded
by quadric surfaces due to triple-edge (EEE) events. Rather than
representing these scattering patterns exactly [9, 40], we conserva-
tively over-estimate the space of rays diffracting over an edge with
apolyhedral approximation. We compensatefor thisapproximation
later by checking each reverberation path to determine if it liesin
the over-estimating part of the polyhedron, in which caseit is dis-
carded. Thisapproachis similar to conservative occlusion culling.
Since diffraction patterns can be approximated conservatively and
tightly with simple polyhedra, and checking reverberation pathsis
quick, the whole process is much faster than computing the exact
propagation pattern directly.

3.1 Beam Construction and Tracing

The goa is to enumerate the significant permutations of diffrac-
tions, specular reflections, and transmissions along which a sound
wave can travel from a given source location. The agorithm
must be conservative, so that no significant reverberation paths are
missed. But, it should not be too over-estimating, so that the sec-
ond stage of our process becomes over-burdened with construction
of infeasible reverberation paths. Finally, to enable efficient check-
ing of reverberation paths, our algorithm must not only construct a
beam containing the region of space reachable by each reverbera-
tion sequence, but it must also encode potential blockers (or equiv-
alently “portals”) be used to check reverberation paths quickly.

We incrementally compute beams starting from a source by
traversing the cell-face and face-edge adjacency graph of a polyhe-
dral cell complex, asin [20, 1, 13, 14, 39] (see Figure 3). Starting
in the cell containing the source with a beam representing the en-
tire cell, it iteratively visits adjacent cellsin priority order, consid-
ering different permutations of transmissions, specular reflections,
and diffractions due to the faces and edges on the boundary of the
“current” cell. As each new cell C' is visited, the current beam
B isupdated such that it contains all potential reverberation paths
along the current traversal sequence. We identify diffracting edges
¢ on the boundary of C' as the ones: (1) intersected by B and (2)
shared by two faces F; and F> on the boundary of C' that are ei-
ther non-coplanar or have different acoustic properties (e.g., F1 is
transparent and F is opaque). For each such edge, we construct
a new beam containing potential diffraction paths and begin trac-
ing it through all adjacent cells. We also construct and trace beams

for transparent and reflecting surfaces, as in [13]. All sequences
andtheir corresponding beamsare logged in abeamtree data struc-
ture [13, 16], which can be queried later to determine the set of
reverberation paths reaching a specific receiver location.

Each beam emanating from a diffracting edge and passing
through or reflecting off a sequence of cell boundaries is repre-
sented conservatively by the intersection of two cones and a poly-
tope (see Figure 4). The two conesare constructed with axesalong
the diffracting edge, with apexes at the two extremal points of the
beam-edge intersection, and with interior angles derived from the
extremal equal angle constraintsdictated by the Uniform Theory of
Diffraction. The polytope bounds the set of lines emanating from
the diffracting edge and stabbing the traversed sequence of con-
vex cell boundaries with a constant number of opposing planes, as
described in [40]. This representation allows every beam traced
through a sequence of arbitrarily oriented faces to keep a bounded
complexity, which isimportant for both the efficiency and memory
consumption. Accordingly, using the adjacency information in the
cell complex, each beam can be updated incrementally in expected-
case constant time.

Figure 4: Possible diffraction paths are conservatively bounded by the intersection
of two cones and a polytope. Left: a beam incident on the edge (red) of a window
and the two extremal diffraction cones (shown in blue and green only in the halfspace
behind the window). Right: a close-up view of the intersection (hatched) between the
two cones and the polytope resulting from stepping through the next portal (yellow).

Although there are generally exponentially many distinct se-
quencesof diffraction through a3D polyhedral scene, most are psy-
choacoustically insignificant, and thus beams are traced in priority
order [29], either during an off-line precomputation (as in [13]) or
in real-time using multiple asynchronousprocesses (asin [14]).

3.2 Path Construction and Validation

Once beams have been traced from a sound source, we construct
areverberation path for each beam containing a receiver location.
The geometry of the path is used to determine the delay, amplitude,
and directivity of the sound wave traveling along the path from the
sourceto the receiver.

According to the UTD, the wave field resulting from a diffrac-
tion can be approximated by a piecewise-linear propagation path
—i.e., the shortest among all possible paths from the source to the



receiver stabbing the faces and edges in the sequence. In order to
construct this path for agiven sequenceof beams, we must find the
points of intersection for every reflecting face and diffracting edge.
Since the intersectionswith specularly reflecting facesare uniquely
determined by the locations of the source, receiver, and diffraction
points, the problem isreduced to finding the locations of the diffrac-
tion points, P; (: = 1..n) (see Figure 5). At each of these paints,
the path satisfiesa simple “unfolding property” (see Figure 2): the
angle (¢;) at which the path enters the edge must be the same as
theangle (64) a whichit leaves[15]. Thus, for each potential path,
we must solve anon-linear system of » equations expressing equal
angle constraints at the diffracting edges:

Pis-E = PP (—E1)
PP - = PP (—D)

. (1)
PoPpy-En = PoR-(—En)

where S is the source point, R is the receiver point, JE_?: isthe nor-

malized direction vector of the ¢tk diffracting edge, and P;41 P; is
a normalized direction vector between two adjacent points in the
shortest path. To incorporate specular reflections in this equation,

E and P;;, P; aretransformed by successive mirroring operators
accounting for the sequenceof specularly reflecting faces up to the
th diffraction.

Fi gure 5: A single reverberation path comprising a diffraction, two specular reflec-
tions, and another diffraction. The two diffraction points (P ;) are determined by equal
angle constraints at the corresponding edges (E ;).

Parameterizing the edges, P; = O; + tiﬁ_ﬁ (where O; isarefer-
ence point on edge:), the system of equations (1) can be rewritten
in terms of » unknowns¢; and solved within a specified tolerance
using anon-linear system solving scheme. We usealocally conver-
gent Newton scheme [33], with the middle of the edgesas astarting
guessfor the diffraction points. Since the equation satisfied by any
diffraction point only depends on the previous and next diffraction
points in the sequence, the Jacobian matrix is tridiagonal and can
easily be evaluated analytically. Thus, every Newton iteration can
be performed in time O(n) where n is the number of unknowns
(i.e. edges). We found this method to be faster than the recursive
geometrical construction proposed by Aveneau [3].

Once the diffraction points are found, we validate whether the
resulting path intersects every cell boundary in the sequence (to
compensate for the fact that the beams are conservatively approx-
imate). If not, the path in the over-estimating part of the beam is
discarded. Otherwise, it contributes to an impulse response used
for spatializing sounds (see Appendix A).

The proposed conservative beam tracing and path construction
enumerate all sequencesof diffracting edges (without aliasing) up
to a specified termination criterion, while most acoustically infea-
sible sequencesof edges and faces are culled during beam tracing.

4 Shadow Region Approximation

The beam tracing technique we described in the previous section
allows for finding diffraction paths efficiently and without aliasing.
However, contrary to specular reflections or transmissions, diffrac-
tion introduces a scattering in all directions around thewedge. This
resultsin a fast combinatorial explosion of the number of beamsto
consider, even for moderately complex scenes. In this section we
introduce an approximation to reduce the spatial extend of diffrac-
tion beamswhile largely preserving the accuracy. This approxima-
tion enables us to achieve interactive auralization in large environ-
ments.

4.1 A New Shadow Region Diffracted Field

Severa quantitative and psychoacoustic results [32, 41] show that
diffractions are unlikely to be heard in regions where direct contri-
butions from a source also reach the listener. On the other hand, we
notethat diffraction into shadow regionsis crucial for typical virtua
environments, as there are many regions where only the diffracted
field exists. Thus, we compute the contribution of diffractions only
in shadow regionsinduced by silhouette edges.

Our current on-line implementation allows for adding an extra
halfspace to the polytope representing each diffraction beam so
that it tightly, yet conservatively, boundsthe shadow region of each
diffraction.

However, discarding the diffracted field in the illuminated region
of a wedge introduces a discontinuity at the shadow boundary, as
the direct field is abruptly replaced by the diffracted field. Thisis
due to the fact that the UTD diffracted field is defined to ensure
that the sum of the direct and diffracted fieldsis continuousfor any
receiver location (see Figure 6(a)), while both fields, independently,
are discontinuous at shadow boundaries.

To preserve continuity at shadow boundaries, we normalize the
diffracted field as predicted by the UTD, so that it is C° continuous
with the direct field at the shadow boundary, SB. We define our
normalized diffracted field at the receiver location R as:

& dittracted (R) = Efviaent (R)Ediftracted (R)/Eitraciea (R), (2)

where &35, (R) and &35 . .. (R) ae the incident and
diffracted fields evaluated assuming the receiver R isrotated to lie
on the shadow boundary S B (at the same distance from the edge).

This modified expression scales the diffracted field equally for
all directions around the edge, unnecessarily modifying the origi-
nal UTD field away from the shadow boundary. Hence, our new
approximated diffracted field is derived by interpolating between
the expression given by equation (2) and the exact expression of
the diffracted field (see Appendix A) as the receiver moves be-
tween the shadow boundary (S B in Figure 6(a)) and the shadowed
wedge boundary (point A in Figure 6(a)). Sincethe expressionsare
complex-valued, care must be taken in the interpolation: argument
(i.e. phase) and modulus must belinearly interpolated to give anew
value.

4.2 Evaluation

Figure 6 showsa comparison of the total wavefield as predicted by
the UTD and our approximated wave field for the situation shown
in Figure 6(a). Although there are differencesin the vicinity of the
shadow boundary, most properties of the origina UTD diffracted
field are still captured by the approximation: (1) the edgeis till the
source of the diffracted echo and path delays are not modified by
our approximation, (2) thefield is continuous, so no audible artifact
is heard when crossing the shadow boundary, (3) the field ampli-
tudeisindependent of frequency at the shadow boundary, and (4) it
decaysfaster asfrequency increasesand tendstoward the real value
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Fi gure 6: Plots of (a) the UTD total wavefield, (b) our approximation, and (c) the error as a function of diffractionangle (o 4), asthe receiver rotates around the edge, for asingle
diffracting wedge (inset). Each plot shows several curves corresponding to the sound pressure level (SPL) for the center frequencies of octave bands ranging from 100 Hz (top) to
24kHz (bottom). Our approximation culls the diffracted field contribution in the illuminated region of the wedge but still closely matchesthe original UTD field.

of the UTD diffracted field as the receiver moves away from the
shadow boundary. As a result, the spatialized sound produced by
our on-line system provides many of the significant cues useful for
localization of objects, separation of signals, and comprehension of
spacein animmersive virtua environment.

5 Experimental Results

The 3D data structures and agorithms described in the preceding
sections have been implemented in C++ and run both on SGI/Irix
and PC/Windows computers. We have integrated them into a pro-
totype system that allows a user to move through avirtual environ-
ment interactively, while images and spatialized audio are rendered
in real-time according to the user's simulated position.

To test if our beam tracing approach is practical for modeling
diffractionin typical virtual environments, and to evaluatethe bene-
fits of incorporating diffraction into real-time auralization, weran a
series of tests computing reverberation paths both with and without
diffraction. During each test, we used a 3D model with 1,762 poly-
gons representing one floor of a building (see Figure 8). For sm-
plicity, we assumed that every polygon in the 3D model was 80%
reflective and acoustically opague (no transmission). Before each
test, we traced 50,000 beams in breadth-first order from a station-
ary sound source (located at the white dot in Figure 8) and stored
them in a beam tree data structure. Then, as a receiver moved at
three inch increments along a hallway (the long vertical one on the
right side of each image in Figure 8, we computed reverberation
paths from source to receiver, updated an impulse response, and
auralized spatialized sound in real-time. All the tests were run on
a Silicon Graphics Onyx2 workstation using two 195MHz R10000
processors, one of which was dedicated to software convol ution of
audio signals.

The test sequencewas executed three times, once for each of the
following beam tracing constraints:

1. Specular reflection only: We traced 50,000 beams along
paths of specular reflection, with no diffraction. The results
represent the state-of-the-art prior to this paper [13, 14].

2. Diffraction only: We traced 50,000 beams along paths of
diffraction (around silhouette edges into shadow regions),
with no specular reflections.

3. Both specular reflection and diffraction: We traced 50,000
beams along paths representing arbitrary permutations of
specular reflection and diffraction.

Figure 7 shows plots with the number of reverberation paths (the
top plot) and the power of the impulse responses (the bottom plot)
computed for each receiver location during the three tests.”

I Power is computed as 10 - log Z:;l a? where n is the number of
reverberation pathsand « ; the amplitude aong the :th path.
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Fi gure 7: Plots showing the number of reverberation paths (top) and power of the
correspondingimpul se responses (bottom) computedfor every receiver positionduring
tests with specular reflection only (red), diffraction only (blue), and both specular re-
flection and diffraction (purple). Note how adding diffraction givesasmoothly varying
sound level as thereceiver moves.

From these plots, we confirm that specular reflection aloneis not
adequateto producerealistic spatialized soundin typical virtual en-
vironments. The red curves in Figure 7 show that the number of
reverberation paths and the power in the corresponding impul se re-
sponsesvaried dramatically with small changesin receiver location.
This effect is easily understood by examining images of the beams
and power distributions shown in Figure 8(a-d). Note the pattern
of thin beams zig-zagging across the hallways in the top-left im-
age. As the receiver walks along the test trgjectory, she movesin
and out of thesedistinct specular reflection beams, leading to sharp
discontinuities in the computed reverberations. Even worse, there
are several |locationswhere no specular reflection paths reached the
receiver, and thus the power of the auralized sound drops to zero
for short periods. These locations, which are marked with capital
letters on the horizontal axis of the plots in Figure 7, correspond
to the visible “holes’ in the beam coverage in Figure 8(a). They
are particularly troublesometo users during a walkthrough, as sud-
denly appearing “dead-zones” clearly fail to match our real-world

4.8



40 60 80 100
Delay (ms)

20 40 60
Delay (ms)
()

LIL |

100

[0}
o

IN
S

Log(Power) (dB)

n
o

o
o

20 40 60 80 100
Delay (ms)
0}

Fi gure 8: Images depicting results of our experiment with 50,000 beams for specular reflection only (top row), diffraction only (middle row), and both specular reflection and
diffraction (bottom row). Theleft-most column shows beams (cyan) traced from a source point. The next column shows the corresponding power plots (red represents higher power
and green lower power). The third column shows computed reverberation paths to receiver point. Finaly, the right-most column shows the corresponding echograms. Note how
diffraction beamsfill the entire space and how diffraction combines with reflection to produce a more complete acoustical impression.

acoustical experiences.

In contrast, we note that tracing beams only along paths of
diffraction leads to smoothly varying reverberations (the blue
curves in Figure 7). The reason can be seen in Figure 8(e-h).
Diffraction beamstend to cover larger volumes of space than spec-
ular beams; and, in our test, they cumulatively cover all reachable
parts of the 3D environment (the light gray regionsin the middle of
the model correspond to elevator and wiring shafts unreachable by
sound). Even though we traced diffraction beamsonly into shadow
regions, our approximation produced a smoothly varying impulse
response (see the power map in Figure 8(f)) because direct paths
were replaced by diffracting ones with equal amplitude at shadow
boundariesas the receiver moved past open doors.

Finally, looking at the resultsof thetest with both specular reflec-
tionsand diffractions (the purple curvesin Figure 7), we seethat the
power varied quite smoothly, while reverberations due to the envi-
ronment are clearly evident. Theimprovement in reverberation can
be seen clearly by examining the echograms (power of every echo
according to its arrival time) shownin the rightmost images of Fig-
ure 8. Each pulsein these plots correspondsto a reverberation path
(shown in yellow in the third column of Figure 8). Note that the
echogram measured with both specular reflections and diffractions
contains not only the shortest (diffracted) path from the source (the
left-most spike), but it also has many high-power early reverber-
ations not found in the other tests because they are reflections of
previously diffracted waves, or diffractions of previously reflected
waves. Theseechoescombinewith the earliest arriving sound wave
to provide the dominant acoustical cues.

We also gathered computational statistics during the three tests
(Table 1). The first two columns contain compute rates. Specifi-
cally, Column 2 showsthe rate (in beams/second) at which beams

are traced from the stationary sourcelocation in each test. Column
3 showstherate (in paths/second) at which reverberation sequences
are computed and processed to form reverberation pathsto the mov-
ing receiver location, including cal culation of reflectionand diffrac-
tion coefficients. The next three columns show the average number
of transmissionsthrough transparent cell boundaries (Trans), spec-
ular reflections (Refl), and diffractions (Diff) along the computed
paths. Finaly, the right-most column (Update Time(s)) shows the
time (in seconds) required to update the impul se response for each
new receiver location in the three tests. Based on these results, we
concludethat tracing reverberation pathswith both diffractions and
specular reflectionsis quite practical for interactive virtual environ-
ment applications. Although diffraction increasesthetime required
to trace beams and construct reverberation paths, the system can
still update impulse responses at interactive time steps (e.g., every
48ms) with our method.

Test Compute Rates Path Statistics Update
Name Beamg/s | Pathg/s || Trans | Refl | Diff || Time(s)
Specular 6,305 4,289 48 | 39 | 00 0.002
Diffract 3,173 1,190 68 | 00 | 52 0.163
Both 3,778 2,943 4.2 18 17 0.049

Table 1: Beam tracing and path generation statistics.

Figure 9 shows visualizations of our results for different appli-
cation domains. The left-most pair of images shows the power of
sound reaching different parts of acity from asiren located on top
of abuilding. Inthiscase, diffraction dueto edgesof large buildings
isthe dominant acoustical effect. The second set of imagesexplores
theacoustical variations of different seatsin the OpéradelaBastille
theater in Paris. There, diffraction over the lip of the orchestra pit
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Fi gure 9: Visualizations of soundsimulations for different application domains. (a) Acoustic power coveragemap for asirenin acity environment. (b) Study of early reverberation
pathsfor a sourcelocated in the orchestrapit of an operahouse. Note the diffracted paths over the lip of the pit and balconies (cyan arrows). () Diffracted sound paths allow players

of avideo game to localize the source hidden under the central pyramid.

provides the primary means for sound to reach the audience, and
the dlanted balconies are responsible for significant occlusion and
diffraction effects. Finally, the rightmost pair of images shows how
spatialized sound with diffraction can be used to enhance an inter-
active video game, as sound diffracting through non-axial obstacles
and over walls helps playersfind each other.

In summary, listening to sound spatialized incorporating diffrac-
tion, we find that our system provides a plausible acoustical im-
pression of the environment. Please watch and hear the examples
on the enclosed video tape.

6 Extensions and Future Work

Our current beam tracing implementation is only practical for
densely-occludedand coarsely detailed 3D models, since beams get
fragmented in sceneswith many free-spacecell boundaries[13, 39].
However, sincethis classof models containsmany typesof interest-
ing acoustical environments (e.g., buildings and cities), our system
is useful for the proposed application domain. To work well for
very high-frequency sound simulationsin complex 3D models, our
beam tracing algorithm would haveto be enhanced, possibly by ex-
tending Fortune's topol ogical beam tracing method [12] to work for
edge sources.

Moreover, the 3D model must comprise only planar polygons.
Although the UTD can be extended to treat curved wedges, our
approach may not be practical in such scenes because the beam
tracing method would require transformations for beams as they
reflect off curved surfaces, and the path generation method would
require finding geodesic curves on the surface of curved wedges.
These extensions seem difficult.

Finally, our current real-time implementation does not include
sophisticated models, relying on measured data, for acoustical re-
flectance properties or directionality of audio sources. However,
since we compute explicit geometric reverberation paths, adding
these auralization featureswould be straight-forward.

Thisresearch suggests several directions for further study. First,
verification of simulation results by comparisonto measured datais
essential. Towardsthis end, we have recently built a“room” whose
walls have known acoustical BRDFs and that allows addition of

panels to create interesting geometries, including diffracting pan-
els. We are using this room to verify our smulations and evaluate
different approximations.

Second, application of the proposed methods to problems be-
yond acousticsis a promising topic for future work. In particular,
diffraction has recently received attention in the computer graph-
ics community. For instance, the wave nature of light forms a ba-
sis for reflection models incorporating diffractions due to micro-
facets [36], and simulations of the scattering of light passing
through small dlits appear in [4]. We are currently investigating
hybrid beam tracing and path tracing approachesto global illumi-
nation in which coarsely detailed beamsare used to guide the sam-
pling and intersection of pathsin aMonte Carlo lighting simulation.
Other potential applications include motion planning, transmitter
power prediction, fire simulation, and traffic analysis.

Finally, perhapsthe most interesting topic for future work isthe
study of the inter-play between visual and auditory stimuli in hu-
man perception of 3D environments. Accurate simulations of both
sound and light in an interactive system may provide a useful tool
for perceptua psychologiststo investigate thisimportant question.

7 Conclusion

In this paper we introduce a novel, efficient technique for incorpo-
rating diffraction effectsin interactive audio simulationsfor virtua
environments. Relying upon the Uniform Theory of Diffraction, we
describe a beam-tracing approach to construct reverberation paths
with diffraction, and we introduce a practical approximation to the
diffracted field in shadow regions. Thisis the first instance where
aredlistic diffraction model is used to produce sound at interactive
rates in complex virtual environments. By simulating diffraction
in our virtual environment system, we have removed the disturb-
ing “cuts’ in the audio that occur when a sound sourceis occluded
by an acoustically opague surface, and made it possible to localize
occluded sound sources. Based on our initial experienceswith this
system, we concludethat it is possibleto compute diffraction paths
in real-time and that diffraction dramatically improves the realism
and quality of the audio experience.
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A Auralizing the wedge diffracted field

According to the UTD, the acoustic pressure field diffracted by a wedge can be ex-
pressed in terms of the incident field onthe edge, € incident (M ), as:

Eaitiractea(R) = Eincident(M) D A(r, p) e7**7, (©)
where R isthereceiver location, M isthediffraction point (seeFigure2) , A(r, p) =

v/ pr/(p+r)is ascdar distance attenuation term along the propagation path,

the complex exponential ¢ ~**" represents phase variation along the diffracted path,
k = 27/ is the wave number (X is the wavelength). Equation (3) is applied suc-
cessively for every diffracting wedge and multiplied by attenuationsdueto reflections,
transmissions, and path length [32] to form a contribution to the impul se response for
every reverberation path.

Figure 10: Notations for the UTD diffraction coefficient.

D is the complex-valued UTD diffraction coefficient [25, 27] accounting for am-
plitude and phase changes due to diffraction:
i
2nV/2k 7 sin 6
tan~?! (%) F (kLa"'(ozd - oz,))
+tan~?! (%) F (kLa_(ozd - oz,)) )

+{ tan~?! (%) F (kLa"'(ozd + oz,))

ran (S0 P (1200 0) }]

where (see also Figure 10 and Figure 2):

D(n,k,p,r, i, aq,aq) = —

+oo
F(X) = Zix/Xe’X/ =i g, )
vx
L = sin? 9, (6)
p+r
+ 2 2rpNE — 153

a*(p) = 2008” ( ———= ), )

N isthe integer that satisfies more closely the relations:
27TnN+—ﬁ:7T and 27nN~ — 3= -7 (8)

In order to render the virtual sound field, we compute a digital filter [24, 26], with
which audio signals emanating from the source can be convolved to produce a spa-
tialized audio signal with reverberations. For high quality auralization, this filter is
computed using complex values in Fourier frequency space at the desired sampling
rate resolution. For interactive applications, fewer frequency bands can be considered,
depending on how much processing is available. The modulus of the complex field
for the center frequency of each frequency band can be used to re-equalize the source
signal. For more information on the signal processing involved in auralization, please
refer to [24, 26, 35]



