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Abstract function of the location of the viewer and the locations of the
We present a data structure, calledag interpolant tree or RI-  Various light sources in 3-space. The reconstruction process

tree, which stores a discrete set of directed lines in 3-space, elyPlves combining various discretely sampled attributes in
represented as a point in 4-space. Each directed line is associfl§context of some illumination model.

with some small number of continuous geometric attributes. We Producing images by ray-tracing is a computationally
show how this data structure can be used for answeritegpo- intensive process. The degree of realism in the final image
lation queries in which we are given an arbitrary ray in 3-spacd€Pends on a number of factors, including the density and
and wish to interpolate the attributes of neighboring rays in the digmber of samples that are used to compute a pixel's inten-
structure. We illustrate the practical value of the Ri-tree in twjty @nd the fidelity of the illumination model to the physics
applications from computer graphics: ray tracing and volume #f illumination. Scenes can involve hundreds of light sources
sualization. In particular, given objects defined by smooth curv@dd from thousands to millions of objects, often represented
surfaces, the Rl-tree can produce high-quality renderings sigrf® Smooth surfaces, including implicit surfaces [6], subdivi-
cantly faster than standard methods. We also investigate a nuni@P surfaces [22], and Bezier surfaces and NURBS [9]. Re-
of tradeoffs between the space and time used by the data strudi§glive and transparent objects cause rays to be reflected and

and the accuracy of the interpolation results. refracted, further increasing the numbers of rays that need
to be traced. In traditional ray-tracing solutions, each ray is
1 Introduction traced through the scene as needed to compute the intensity

. N . . of a pixel in the image [12]. Much of the work involves de-
There is a growing interest in algorithms and data structures” ™ . . g
. . ; . . teérmining the first object that is intersected by each ray and
that combine elements of discrete algorithm design with cofi-

. ) - : . e location that the ray hits.

tinuous mathematics. This is particularly true in computer In this paper, we propose one approach to help to accel-
gﬁglignﬁgﬁﬁzg?rTeﬁzr%pgittgiﬁ:&ﬁerigo%epoir:g%gte this process by reducing the number of intersection cal-
this isray-tracing[12]. Ray-tracing models the light emitted” lations. Our algorithm facilitates fast, approximate render-

from light sources as traveling along rays in 3-space. HY of a scene from any viewpoint, and is most useful when

A ) ) . . he scene is rendered from multiple viewpoints, as arises in
color of a pixel in the image is a reconstruction of the inten-

sity of light traveling along various rays that are emitted fror(]:qomputmg animations. Rather than tracing each input ray to

a light source, transmitted and reflected among the objectc?rr\n pute the required attributes, we collect and store a rela-

) ) ) avely sparse set afampled raybased on demand and asso-
the scene, and eventually entering the viewer's eye. . . . . .
ciate some continuous geometric attributes with each sample

There are many different methods for mapping this 8 a fast data structure. We can then use inexpernsiee-

proach into an algorithm. At an abstract level, all ray-tracers,” . .

; . . - : . olationmethods to approximate the value of these sampled

involve forming an image by combining various continuods™ ~ "~ . . . :
antities for other input rays. Using an adaptive strategy;, it

quantities, oattributes that have been generated from a dig!

; . is possible to avoid oversampling in smooth areas while pro-
crete set of sampled rays. These continuous attributes i . 2 . : .
. X viding sufficiently dense sampling in regions of high varia-
clude color, radiance, surface normals, and reflection and,te-

fraction vectors. These attributes vary continuously eithertzla?sn' We dynamically maintain eacheof the most recently

. . . enerated samples, in order to reduce the space requirements
a function of the location on the surface of an object or a g
of the data structure.
The information associated with a given ray is indexed
*This material is based upon work supported by the National Scier@ecording to the directed line that supports the ray, which
Foundation under Grant No. 0098151. in turn is modeled as a point in a 4-dimensiolia¢ space
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neighboring rays. The resulting data structure is called zaries smoothly, and for generating high-resolution images
Rl-treeor ray interpolant tree and/or antialiased images generated by supersampling [12]
in which multiple rays are shot for each pixel of the image.
1.1 Related Work The idea of associating radiance infor-  Although we have motivated the RI-tree data structure
mation with points in line space has a considerable histoigm the perspective of ray-tracing, there are a number of
dating back to work in the 1930’s by Gershun on vector irrapplications having to do with lines in 3-space that can ben-
diance fields [10] and Moon and Spencer’s concept of photifit from this general approach. To illustrate this, we have
fields [17], and more recent papers by Levoy and Hanratgtadied two different applications, one involving image gen-
[16] and Gortler, Grzeszczuk, Szeliski, and Cohen [13]. Tlkeation through ray-tracing and the other involving volume
term “light field” in our title was coined by Levoy and Hanwvisualization with applications in medical imaging for radia-
rahan, but our notion is more general than theirs becatisa therapy.
we consider interpolation of any continuous information, not There are a number of issues that arise in engineering a
just radiance. Most methods for storing light field inforpractical data structure for interpolation in line space. These
mation in computer graphics are based on discretizing ihelude the following.

space into uniform grids. In contrast, we sample rays ad?é)— 5 )
tively, concentrating more samples where they are greafdQV @nd where to sample rays?Regions of space where
continuous information varies more rapidly need to be

value. The most closely related work to ours is the Inter- : i .
polant Ray-tracer system introduced by Bala, Dorsey, and sampled with greater density than regions that vary
Teller [4], which combines adaptive sampling of radiance ~ STOOtly.

information, caching, and interpolation for rendering cofynhether to interpolate? In the neighborhood of a discon-
vex objects. Our method generalizes theirs by storing ad in- {jnyity, the number of rays that may need to be sam-

terpolating not only radiance information but other sorts of pled to produce reasonable results may be unaccept-
continuous information, which may be relevant to the ren-  5p)y high. Because the human eye is very sensitive

dering process. We also allow nonconvex objects. Unlike {5 giscontinuities near edges and silhouettes, it is of-
their method, however, we do not provide guarantees on the ten wise to avoid interpolating across discontinuities.

worst-case approximation error. This raises the question of how to detect discontinuities.
In addition, there has been earlier research on accelerat- \ypen they are detected, is it still possible to interpolate

ing ray tracing by reducing the cost of intersection compu- o should we avoid interpolation and use standard ray-
tations using bounding volume hierarchies [19], space par- {acing instead?

titioning structures [11, 15], and methods exploiting ray co-

herence [2, 14, 1, 18]. Some of these methods can be apptikgiv many samples to maintain?Even for reasonably

in combination with ours. smooth scenes, the number of sampled rays that would
A simpler variant of this data structure was introduced need to be stored for an accurate reconstruction runs

by the authors in [3]. The current data structure has two main well into millions. For this reason, weachethe results

improvements over the previous one. Firstly, the previous of only the most relevant rays. What are the space-time

data structure was nalynamic as a pre-processing phase, tradeoffs involved with this approach?

the entire data structure was built sampling millions of rays . . . .
o ) . = . .~ We investigate these and other questions in the context
originating from the entire space of viewpoints in various di-

rections. This resulted in high pre-processing times, and h%‘?ha number of experiments based on the applications men-

space requirements. The current data structure, on the o ed above. The paper is organized as follows. In the rest

er. . . . . .
. : : . thIS section, we give a brief overview of our algorithm
hand, is dynamically built generating samples on demand— : . .
o in_the context of ray-tracing. In Section 2, we explain the
only when they are actually needed, and maintained by a : . :

. . construction of our data structure, and its use for answering
caching mechanism. Secondly, the current system general- . . . .
. -interpolation queries In Section 3, we report experimental
izes the framework and can handle general scenes Contal?t‘a%lts

multiple objects with different surface reflectance properties,

whereas the previous syste_r_n focused on S|_ngle refle_:ctlvegh_o\{ Algorithm Overview In order to make things con-
transparent objects. In addition, a systematic analysis of ttie : X .
rete, we will describe our data structure in terms of a ray-

erformance of the data structure is presented in this papgr. . o . : . .
P P pap racing application. As mentioned in the introduction, ray-

1.2 Design IssuesThe approach of computing a sparse Strtacmg_ \_/vorks by simulating the light propagation in a scene.
traditional ray-tracer shoots one or more rays from the

of sample rays and interpolating the results of ray shooting Is . . .
i . viewpoint through each pixel of the image plane. The ray

most useful for rendering smooth objects that are reflective . . .
1s traced through the scene and the intensity gathered consti-

or transparent, for rendering animations when the VIeWpO{HEes the color of that pixel. To reduce problems of aliasing,



multiple rays may also be traced for each pixel and these re- Front Plane Back Plane |4
sults are interpolated. y 2z |
We can distinguish two major tasks in a ray-tracer. Tﬁe/ ] i
geometric componeid responsible for calculating the clos X | ‘ /
est visible object point along a specific ray, as ghading ! ﬁ.vl/ '3
componentomputes the color of that point. If the object is : - h ‘I’
reflective or transparent, the reflection and transmission rays | ! -
are traced recursively to gather their contribution to the inten- | ! !
sity. The primary expense in ray-tracing lies in the geomet- s ,' j
ric component, especially for scenes that contain complex — o =% d
objects such as Bezier or NURBS surfaces, and/or reflective
and refractive objects. o draw
Each object can be modeled abstractly as a funcfion 7

mapping input rays to a set of geometric attributes that are

used in color computation. The attributes depend on thigure 2. The two-plane parameterization of directed lines
object's surface reflectance properties. For objects wh@swl rays. The +X plane pair is shown.

surfaces are neither reflective nor transparent, denoted

simple surfaceghe function returns the point of intersection

and the surface normal at this point. For objects Whog&ractions. In the neighborhood of discontinuities, however,
surfaces are either reflective or transparent the functigfarhy input rays may follow quite different paths. In cases
additionally returns theexit ray, that is, the reflected oryhere we cannot find sufficient evidence to interpolate, we
refracted ray, respectively, that leaves the object’s surfaggrform ray-tracing instead.

The exit ray is represented by its origin, teeit point and In a traditional ray-tracer, each object is associated with
directional exit vector In general, objects that are bothy procedure that computes intersections between rays and
reflective and refractive could be handled by associatifis object. For objects whose boundaries are sufficiently
multiple exit rays with an input ray, but our implementatiogmooth, we replace this intersection procedure with a data
currently does not support this. These quantities are depic@@icture, which will be introduced in the next section.

We will refer to the combination of the underlined attributgterpolation.

below as theoutput ray
2 The Ray Interpolant Tree

In this section we introduce the main data structure used
in our algorithm, theRI-tree or ray interpolant tree Each
RI-tree is associated with a singlebject of the scene,
which is loosely defined to be a collection of logically
related surfaces. The object is enclosed by an axis-aligned
bounding box. The data structure stores the geometric
attributes associated with some set of sampled rays, which
may originate from any point in space and intersect the

For simple surfaces:
f : Ray— {NormalIntersectionPoirjt

Otherwise:
f : Ray— {Normal,IntersectionPoint,ExitPoifixitVector}

exit vector

intersection point intersection point /,—"éxit point object’s bounding box.
normal f normal i f 2.1 Parameterizing Rays as PointsMe will model each
ray by the directed line that contains the ray. Directed lines
input ray input ray can be represented as a point lying on a 4-dimensional man-
Simple Object Refractive Object ifold in 5-dimensional projective space usingiBfer coor-
dinates [21], but we will adopt a simpler popular represen-
Figure 1: Geometric attributes. tation, called théwo-plane parameterizatiofi3, 16, 4]. A

directed line is first classified into one of 6 different classes
For many real world objects, which have large smootborresponding to flane pairg according to the line’som-
surfaces,f is expected to vary smoothly. In the context ahant direction defined to be the axis corresponding to the
ray-tracing, this is referred to aay coherenceNearby rays largest coordinate of the line’s directional vector and its sign.
follow similar paths, hit nearby points having similar normalhese classes are denoted’, — X, +Y, -Y,+Z, —Z. The
vectors and hence are subject to similar reflections anddmected line is then represented by its two intercepts)



tributes have greater variation. For this reason, the subdivi-
sion is carried out adaptively based on the distance between
v Back plane output attributes. The distance between two sets of output
u attributes are defined as the distance between their associ-
ated output rays. We define tlistancebetween two rays
front plane ; to be theL, distance between their 4-dimensional represen-
of left child | s tations. To determine whether a cell should be subdivided,

¢ [ front plane we first compute the correct output ray associated with the

LS ; I~ of right child midpoint of the cell, and then we compute an approximate

Front plane of parent output ray by interpolation of the 16 corner rays for the same
point. If the distance between these two output rays exceeds

Figure 3: Subdivision along s-axis. a given user-definedistance threshol@nd the depth of the

cell in the tree is less than a user-defirdapth constraint

the cell is subdivided. Otherwise the leaf is said tdibal.

. . If we were to expand all nodes in the tree until the

and(u, v) with front planeandback planerespectively, that.g}e final, the resultin% data structure could be very Iargye,

are ort_hoqonal to the dominant direction and c0|nC|d_|ng.W| pending on the distance threshold and the depth constraint.
the object’s bounding box. For example, as shown in Fig. . : R
Or this reason we only expand a node to a final leaf if this

ray I with dominant direction}- X’ first intersects the front leaf node is needed for some interpolation. Once a final leaf

plane of thet+ X plane pair afs, t), and then the back plane ) o X ; .
at(u, v), and hence is parameterizedast, v, v). Note that, node is used, itis marked with a time stamp. If the size of the

the+X and—X involve the same plane pair but differ in th data.structure exceeds a user defmacl '€ §|zgthen the the.
T ree is pruned to a constant fraction of this size by removing
distinction between front and back plane. .
all but the most recently used nodes. In this way, the RI-tree

2.2 The RIl-tree The RI-tree is a binary tree based on téehaves much like an LRU-cache.

recursive subdivision of the 4-dimensional space of directgql Rendering and Interpolation Queries Recall that

lines. It consists of six separate 4-dimensional kd-trees . : .
) ) L our goal is to use interpolation between sampled output rays

[5, 20] one for each of the six dominant directions. The roo . .
whenever things are sufficiently smooth. RI-tree can be used

of each kd-tree is a 4-dimensional hypercube in line spa{(ée erform a number of functions in rendering, including

containing all rays that are associated with the correspond(ljp ermining the first object that a ray hits, computing the

plane pair. The 16 corner points of the hypercube represe . : ) ) .
reflection or refraction (exit) ray for nonsimple objects, and
the 16 rays from each of the four corners of the front plane . . o . :
answering various visibility queries, which are used for
to the each of the four corners of the back plane. Eac . L .
T ) ; . . ._example to determine whether a point is visible to a light
node in this data structure is associated with a 4-dimensiona

. ource or in a shadow.
hyperrectangle, called@ell. The 16 corner points of a lea Let us consider the interpolation of a given input fay
cell constitute the ray samples, which form the basis of W

interpolation. When the leaf cell is constructed, these 16 rays first mapR to the assomated_ point in the 4'_0"me”?'°”"?"
|reﬁ:ted line space and, depending on the dominant direction

are traced and the associated geometric attributes are stg*et is line, we find the leaf cell of the appropriate kd-tree

in the leaf. through a standard descent. Since the nodes of the tree are

. _ constructed only as needed, it is possible tRatill reside
2.3 Adaptive Subdivision and Cache StructureThe RI- in. a leaf that is not marked &al. This means that this

tree grows and shrinks dynamically based on demand. Ini-

: . . L articular leaf has not completed its recursive subdivision.
tially only the root cell is built by sampling its 16 corne : . g ;

. - . In this case, the leaf is subdivided recursively, along the path
rays. A leaf cell is is subdivided by placing a cut-plane at t

I . . would follow, until the termination condition is satisfied,
midpoint orthogonal to the coordinate axis with the longes ' T 3
N - -and the final leaf containing is now marked ainal. (Other
length. In terms of the plane pair, this corresponds to divid-

ing the corresponding front or back plane through the migaves generated by this process are not so marked.)

f : " I Given the final leaf cell containind?, the output at-
point of the longer side. We partition the existing 16 corner ; .
. ; ributes for R can now be interpolated. Interpolation pro-
samples between the two children, and sample eight new ¢ ds in two stens. First we aroun the ravs in arouns of four
ner rays that are shared between the two child cells. (Ths\ﬁ]e pS. group ys In group '

new rays are illustrated in Fig. 3 in the case thatdtaxis is . '(.:h we call thedirectional groups Rays in the same group
split.) originate from the same corner point on the front plane, and

. .pass through each of the four corners of the back plane (For
Rays need to be sampled more densely in some regions ; .

: . -Z'example, Fig. 4 shows the rays that originate from the north-
than others, for example, in regions where geometric at-



R Requiring that all 16 patches arise from the same equiv-
= alence class can significantly limit the number of instances in
NE (u v) which interpolation can be applied. After all, linear interpo-
lation in 4-space can be performed with as few as 5 sample
/’(st) back plane points. If the patch-identifiers for the 16 corner samples of
' the leaf arise from more than two equivalence classes, then
front plane we revert to ray tracing. On the other hand, if exactly two
equivalence classes are present, implying that there is a sin-
Figure 4: Sampled rays within a directional group. ~ 9le discontinuity boundary, then we perform an intersection
test to determine which patch the query ray hits. jhetle-
note this patch. This intersection test is not as expensive as a

east corner of the front plane). Within each directional groggneral tracing of the ray, since typically only a few patches

o . . : X . are involved, and only the first level intersections of a ray-
bilinear interpolation with respect tu,v) coordinates is . :
Haé\cmg procedure is computed. Among the 16 corner ray

performed to compute intermediate output attributes. Tsamples, only the ones that hit a patch in the same equiva-

outputs of these interpolations are then bilinearly interplo— .
. . . ence class ap, areusableas interpolants. These are the
lated with respect t¢s, t) coordinates to get the approximate

output attributes foR. Thus, this is essentially a quadrilin-ray samples hitting the same S'd(.e of a d|scont|.nU|ty bc_:u_nd-
: . ary as the query ray. If we determine that there is a sufficient
ear interpolation. .
number ofusableray samples, we then interpolate the ray.
Otherwise, we use ray-tracing. See [3] for further details.

2.5 Handling Discontinuities and Regions of High Cur- o R o
. ) Even if interpolation is allowed by the above criterion, it
vature Through the use of interpolation, we can greatly re- . . . . . X
still possible that interpolation may be inadvised because

duce the number of ray samples that would otherwise 'éle . L .
) the surface has high curvature, resulting in very different out-
needed to render a smooth surface. However, if the ra

output functionf contains discontinuities, as may occur trays for nearby input rays. High variations in the output

the edges and the outer silhouettes of the object, then we Wil (i.e. normal or the exit ray), signal a discontinuous re-

. is ccliop- As a measure to determine the distance between two
observe bleeding of colors across these edges. This ¢ X L
output rays, we use the angular distance between their direc-

be remedied by building a deeper tree, which might invol\(.e - .
. . A . .. 1ional vectors. If any pairwise distance between the output
sampling of rays up to pixel resolution in the dlscontmuny . . .
. . ) . ays corresponding to the usable interpolants is greater than a
regions. This would result in unacceptably high memory re=- : T
! . ivenangular thresholdthen interpolation is not performed.
quirements. Instead our approach will be to detect and cldy!
sify d_|s<_:ont|nL!|ty regions. In some cases we apply a mag{e Experimental Results
sophisticated interpolation. Otherwise we do not interpolate i ) . o
and instead simply revert to ray-tracing. We will present e data structure described in the previous section is based
brief overview of how discontinuities are handled here. Fi#l @ number of parameters, which directly influence the
ther details are presented in [3]. algorithm’s accuracy and the size and depth of the tree, and
surfaces, referred to gsatches Each patch is assigned 4he data structure and have run a number of experiments
patch-identifier Associated with each sample ray, we stof@ test its performance as a function of a number of these
the patch-identifier of the first patch it hits. Since eadframeters. We have performed our comparisons in the

ray sample knows which surface element it hits, it woufPntext of two applications.

be ]P 053|bleltt_o dlfstaIIO\t/\é any mteLpoIatmn k:ﬁtvtv?en dlﬁereﬂt y-tracing: This has been described in the previous sec-
surfaces. IS often de <f:ase, owe\lller, ?harge ﬁ_mr(])o tion. We are given a scene consisting of objects that are
surlfaces are composed of many smalfler palChes, which are o, simple, reflective or transparent and a number of

J(;)m_edt.together alongt_edgesl so that f|r§t1 anddseconld parusl light sources. The output is a rendering of the scene
erivatives vary continuously across the edge. In such o oo oo o viewpoints,

cases interpolation is allowed. We assume that the surfaces
of the scene have been provided with this informatioxplume Visualization: This application is motivated from
by partitioning patches into surface equivalence classes. the medical application of modeling the amount of
If the patch-identifiers associated with the 16 corner ray radiation absorbed in human tissue [7]. We wish to
samples of a final leaf are in the same equivalence class, we visualize the absorption of radiation through a set of
conclude that there is no discontinuities crossing the region nonintersecting objects in 3-space. In the medical
surrounded by the 16 ray hits, and we apply the interpolation application these objects may be models of human
process described above. organs, bones, and tumors. For visualization purposes,

_—




we treat these shapes as though they are transparent (butgenerated, giving rise ttn Bezier surface patches. The
do not refract light rays). If we imagine illuminating volumes are used both for the ray-tracing and the vol-
such a scene by x-rays, then the intensity of a pixel in ume visualization experiments. For ray-tracing we ren-
the image is inversely proportional to the length of its  dered anti-aliased images of s&# x 300 (with 9 rays
intersection with the various objects of the scene. For shot per pixel). For volume visualization we rendered
each object stored as an RI-tree, the geometric attribute 600 x 600 images without antialiasing. Results are av-
associated with each ray is this intersection length. eraged over three different random scenes containing 8,

6, and 5 volumes respectively. Fig. 11 shows a scene of
We know of no comparable algorithms or data structures refractive volumes.

with which to compare our data structure. Existing image-  This i listi q q
based data structures [13, 16] assume a dense sampling of §jgatoes: This is a realistic scene used to demonstrate
the performance and quality of our algorithm for real

light field, which would easily exceed our memory resources h X ¢ ber of

at the resolutions we would like to consider. The Interpolant scegels.d The scr:]ene cor:sst:(sj 0 .a;].num efr| 0 .tom;\to?s,

Ray-tracer system by Bala, et al. [4] only deals with convex ™M© dele i as sp gre_s, P acfe wit 'Qh"’,‘ reflective dovl\)l'

objects, and only interpolates radiance information. Our data mo ;Te ) usmgd ezier sur acbes. IS f's CF"’ereI Y

structure can handle nonconvex objects and may interpolate a reflective an trapsparent ut non-re ractive plastic
wrap (the same Bezier surface described above). There

any type of continuous attributes. is a Bezier surface tomato next to the bowl, and they are
both placed on a reflective table within a large sphere.
The wrap reflects the procedurally textured sphere. The
scene is shown in Fig. 9.

3.1 Test Inputs We have generated a number of input
scenes including different types of objects. As mentioned
earlier, for each object in a scene we may choose to represent
it in the traditional method or to use our data structure. Our,
choice of input sets has been influenced by the fact thaf

the RI-tree is most beneficial for high-resolution renderin I ) : s . .
of smooth objects, especially those that are reflective eedup is defined both in terms of number of floating point

transparent. We know of no appropriate benchmark data éb‘%?raﬂons’ OFLOPs and CPU-time. FLOP speedup is the

satisfying these requirements, and so we have generatedr 8['1? of the number of FLOPs performed by tradition_al ray-
own data sets. tracing to the number of FLOPs used by our algorithm to

render the same scene. Similarly, CPU speedup is the ra-

Bezier Surface: This is a surface is used to demonstrate ti#@ 0f CPU-times. Note that FLOPs and CPU-times for our
results of interpolation algorithm for smooth reflectivé!gorithm include both the sampling and interpolation time.
objects. It consists of a reflective surface consisting of 1he actual error committed in a ray-tracing application
100 Bezier patches, joined with? continuity at the iS measured as the average d|sFance between t_he RGB
edges. The surface is placed within a large spheYglues of corresponding pixels in a ray-traced image and
which has been given a pseudo-random procedural tfi& interpolated image. RGB value is a 3-dimensional
ture [8]. Experiments run with the Bezier surface haxector with values normalized to the rangg1]. Thus
been averaged over renderings of the surface fronil§ maximum possible error i§3. The errorin a volume
different viewpoints. Fig. 10(a) shows the Bezier syyisualization application is measured as the average distance

face from one viewpoint. We rendered images of sipstween the actual length attribute and the corresponding
600 x 600 without anitaliasing (that is, only one ray pelnterpolated length attribute.
pixel is shot.)

Metrics We investigated thespeedupand actual er-
committed as a function of four different parameters.

3.3 Varying the Distance Threshold Recall that the dis-
Random volumes: We ran another set of experiments otance threshold, described in Section 2.3, is used to deter-
randomly generated refractive, nonintersecting, convexne whether an approximate output ray and the correspond-
Bezier objects. In order to generate nonintersectiingy actual output ray are close enough (in termd.efdis-
objects, a given region is recursively subdivided intance) to terminate a subdivision process. We varied the dis-
a given number of non-intersecting cells by randomtgnce threshold fromi.01 to 0.25 while the other parameters
generated axis-aligned hyperplanes, and a convex ale fixed. The results for the Bezier surface scenes are shown
ject is generated within each such cell. Each objectiimsFig. 5.
generated by first generating a random convex planar As expected, the actual error decreases as the threshold
polyline that defines the silhouette of right half of thes lowered, due to denser sampling. But, the overhead of
object. The vertices of the polyline constitute the comore sample computations reduces the speedup. However,
trol points for a random numben) of Bezier curves, even for low thresholds where the image quality is high,
ranging from 5 to 16. Then a surface of revolution ithe CPU-speedup is greater than 2 and the FLOP-speedup
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Figure 5: Varying the distance threshold. (angular threshod®°s maximum tree depth = 2800 x 600 image, non-
antialiased). Note that theaxis does not always start at 0.

is greater than 3. These speedups can be quite signifiexuense of lower speedups. However, the speedups are still
for ray-tracing, where a single frame can take a long timedoceptable even for low thresholds.
render.

Fig. 10 (b) and (c) demonstrate how the variation in err8r5 Varying the Maximum Tree Depth Recall that the
reflects the changes in the quality of the rendered imageximum tree depth, described in Section 2.3, is imposed
Notice the blockiness in part (c) when the data structuretisavoid excessive tree depth near discontinuity boundaries.
not subdivided as densely as in part (b). We considered maximum depths ranging from 22 to 30.

(Because this is a kd-tree in 4-space, four levels of descent
3.4 Varying the Angular Threshold The angular thresh-are generally required to halve the the diameter of a cell.)
old, described in Section 2.5, is applied to each query to ddie results for the Bezier surface scenes are shown in Fig. 7.
termine whether the surface curvature variation is too highhe angular threshold is fixed &0°, and the distance
apply interpolation. We investigated the speedup and ertioreshold is fixed ab.05.
as a function of the angular threshold over the renderings of As the tree is allowed to grow up to a higher depth, rays
three different random volume scenes. The angular threshaid sampled with increasing density in the regions where
is varied from5° to 30°. The results are shown in Fig. 6.  the geometric attributes have greater variation, and thus,

For lower thresholds, fewer rays could be interpolatedror committed by the interpolation algorithm decreases
due to distant interpolants, and those rays are traced insteédth higher depths. The speedup graph shows a more
In this case, the actual error committed is smaller but at tinéeresting behavior. Up to a certain depth, the speedup
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Figure 6: Varying angular threshold (distance threshold=0.25, maximum deptB(28,300, antialiased).
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Figure 7: Varying tree depth (distance threshold=0.05, angular thresholétB@, 600, non-antialiased).

increases with depth. This is due to the fact that for lowmet only does the speedup decrease, but space requirements
depth trees, many of the interpolants cannot pass the anginarease as well.
threshold test, and many rays are being traced rather than
interpolated. And so, the speed-ups are low for low-de@t6 Varying the Cache SizeAs mentioned earlier, the RI-
trees. Until the peak value of speed-up at some depth vaie functions as an LRU cache. If an upper limit for the
is reached, the performance gain we get from replacing rayailable memory—the cache size—is specified, the least
traced pixels by interpolations dominates the overheadretently used paths are pruned based on time stamps set
denser sampling. However, with sufficiently large depthhenever a path is accessed. Excessively small cache sizes
values, the speedup decreases as the tree depth becearesesult in frequent regeneration of the same cells. For
higher, since the overhead caused by denser sampling stagsBezier surface scene, we have varied the cache size
dominating. from 0.128 to 2.048 megabytes (MB). The resulting speedup

It seems that a wise choice of depth would be a valgeaph is shown in Fig. 8.
that results in both a lower error, and reasonable speedup. Notice that we used small cache sizes to demonstrate the
For example for the given graph, depth 28 could be a gosadden increase in speedup as the cache size approaches a
choice. In addition, Table 2 shows the required memomgasonable value. Normally, we set the cache size to 100MB
when depth is varied. When the tree is unnecessarily dewpijch is high enough to handle bigger scenes with many
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Figure 8: Varying cache size (distance threshold = 0.05, angular threshold = 30, maximum tree deptix88( image,
non-antialiased).

data structures. There are additional parameters involvedeflected on the wrap. As expected, for lower threshold

in garbage collection, such as what percentage of the cacaklies we can get a very high quality image and still achieve

should be pruned. In these experiments, each garbapgeedups of 2 or higher. If quality is not the main objec-

collection prunes 70% of the cache. tive, we can get approximate images at higher speedups.
The error given is the average RGB-error as explained above.

3.7 Volume Visualization Experiments We have tested

the algorithm for the volume visualization application using

the same random volumes we have used for refractive gb-

jects. Images ar600 x 600 and not antialiased. SampleXeferences

run results are shown in Table 2. The FLOP speedup varies

from 2.817 to 3.549, and CPU speedup varies froB88

to 2.814. For higher resolutions, or anti-aliased images thél] J. Amanatides. Ray tracing with coneSomputer Graphics

speedups could be higher. The error could be as ldwas (Proc. of SIGGRAPH 84)18(3):129-135, 1984. o

for low distance thresholds, and is still at a reasonable vallgl J: Arvo and D. Kirk. Fast ray tracing by ray classification.

for higher thresholds. Fig. 12 shows the actual image, and ggénggtg Graphics (Proc. of SIGGRAPH 821(4):196-
the interpolated image visualizing one of the random volum%] F.B.’Atala)./ and D.M. Mount. Ray interpolants for fast ray-

scenes. All objects have 0.5 opacity, and all have solid gray tracing reflections and refractiondournal of WSCG (Proc.
colors. International Conf. in Central Europe on Comp. Graph.,

Visualization and Comp. Vision}0(3):1-8, 2002.
3.8 Performance and Error for Tomatoes SceneFinally, [4] K. Bala, J. Dorsey, and S. Teller. Radiance interpolants

we have tested the algorithm on the tomatoes scene generat- for accelerated bounded-error ray tracindCM Trans. on
ing an image of sizé¢200 x 900, non-antialiased. Table 1 Graph, 18(3), August 1999.
shows sample results for the tomato scene and Fig. 9 shole J. L. Bentley. Multidimensional binary search trees used
the corresponding images. Fig. 9(a) shows the ray-traced for associative searchingcommun. of ACM18(9):509-517,
image. Part (b) shows the interpolated image, and a cor- 1975 i .
responding color-coded image in which the white region 6] J. Bloomenthal. ~ An Immduq'on to Implicit Surfaces

. . Morgan-Kaufmann, San Francisco, 1997.
denote the pixels that were traged rather than mterpolateﬁj J. B. Van de Kamer and J. J. W. Lagendijk. Computation
Part (c) shows the interpolated image generated with lower

. ! ] of high-resolution SAR distributions in a head due to a
thresholds and the corresponding color-coded image. Notice yagiating dipole antenna representing a hand-held mobile

that the artifacts in part (b) are corrected in part (c). phone. Physics in Medicine and Biology}7:1827-1835,
Note that the closest objects along the eye rays are 2002.

correctly determined by interpolation, as are the reflectiof8] D. S. Ebert, F. K. Musgrave, D. Peachey, K. Perlin, and

rays from the wrap and the bowl, and the shadows. The sky S. Worley. Texturing and Modelling Academic Press
Professional, San Diego, 1998.



Dist Thresh| Ang Thresh| Tree Depth| Speedup (FLOP) Speedup(CPU-time) Error | Memory (MB)
0.25 30 28 2.65 1.89 0.00482 34
0.05 10 28 2.40 1.63 0.00190 47

Table 1: Sample results for tomatoes sce®( x 900 non-antialiased).
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Test Input Dist Thresh| Speedup (FLOP) Speedup(CPU-time) Error | Memory (MB)
Bezier Surface 0.010 3.12704 1.96466 0.00377 2.925
0.025 3.43796 1.99712 0.00483 2.371
0.050 3.74473 2.07705 0.00676 1.931
0.075 3.93950 2.11372 0.00858 1.699
0.100 4.08325 2.24707 0.0103 1.549
0.125 4.19358 2.24816 0.01185 1.442
0.150 4.28194 2.29041 0.01331 1.361
0.175 4.35214 2.32532 0.01532 1.301
0.200 4.41940 2.32863 0.01655 1.253
0.225 4.48503 2.34465 0.01763 1.212
0.250 4.52146 2.34591 0.01867 1.185
Random Volumeg ~ 0.010 3.12173 2.63532 0.00627 19.252
(ray-tracing) 0.025 3.26194 2.64317 0.00645 17.518
0.050 3.40527 2.71941 0.00679 15.799
0.075 3.49906 2.76194 0.00722 14.765
0.100 3.56870 2.79244 0.00780 14.088
0.125 3.62689 2.84409 0.00853 13.603
0.150 3.67422 2.88046 0.00890 13.183
0.175 3.70776 2.89190 0.00945 12.875
0.200 3.74041 2.92770 0.00989 12.583
0.225 3.77341 2.94416 0.01048 12.331
0.250 3.80292 2.91917 0.01076 12.094
Random Volumesg ~ 0.050 2.95084 2.42804 0.00850 11.773
(volume 0.150 3.31043 2.67274 0.01179 9.503
visualization) 0.250 3.54958 2.81416 0.01488 8.344
Test Input Tree Depth| Speedup (FLOP) Speedup(CPU-time) Error | Memory (MB)
Bezier Surface 22 3.50486 2.05642 0.02098 0.565
23 3.86223 2.14654 0.01491 0.706
24 4.05344 2.21946 0.01112 0.881
25 4.03178 2.17521 0.01032 1.084
26 3.97010 2.15906 0.00953 1.318
27 3.85335 2.05680 0.00760 1.603
28 3.74473 2.07705 0.00676 1.931
29 3.53944 2.04811 0.00663 2.265
30 3.36016 1.97434 0.00653 2.629
Random Volumeg 22 3.10450 2.56453 0.01859 3.729
(ray-tracing) 23 3.41967 2.63197 0.01708 4.431
24 3.70909 2.74675 0.01526 5.441
25 3.85445 2.90357 0.01449 6.560
26 3.85108 2.93271 0.01305 7.989
27 3.84435 2.87188 0.01187 9.660
28 3.80292 2.91917 0.01076 12.094
29 3.56893 2.79997 0.01026 14.361
30 3.34045 2.73197 0.00987 17.413
Input Scene Ang Thresh| Speedup (FLOP) Speedup(CPU-time) Error
Bezier Surface 5 2.68103 1.68226 0.00424
10 3.51840 2.01129 0.00591
15 3.68553 2.11734 0.00663
20 3.72731 2.12195 0.00673
25 3.74471 2.11754 0.00676
30 3.74473 2.07705 0.00676
Random Volumeg 5 2.56317 2.15410 0.00478
(ray-tracing) 10 3.44274 2.67800 0.00896
15 3.70928 2.83973 0.01007
20 3.76320 2.88208 0.01055
25 3.78206 2.89311 0.01063
30 3.80292 2.91917 0.01076
Random Volumeg 10 2.81703 2.38833 0.01047
(volume 15 3.21517 2.62693 0.01340
visualization) 20 3.40653 2.73348 0.01411
30 3.54958 2.81416 0.01488

Table 2: Speedup and actual error on Bezier Surface and Random Volumes (ray-tracing and volume visualization) for
various parameter values.
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Figure 9: (a) Ray-traced image, (b) Interpolated image (distance threshold=0.25, angular threshold=30) and corresponding
color-coded image, white areas show the ray-traced regions, (c) Interpolated image (distance threshold=0.05, angular
threshold=10) and corresponding color-coded image, showing ray-traced pixels.
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Figure 10: (a) Ray-traced image, (b) Lower right part of interpolated image (distance threshold=0.01), error = 0.00377, (c)
Lower right part of interpolated image (distance threshold=0.15), error = 0.01331.
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Figure 11: (a) Ray-traced image, (b) Interpolated image (distance threshold=0.05) and the corresponding color-coded image
where white regions indicate pixels that were ray-traced.
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Figure 12: (a) Ray-traced image, (b) Interpolated image (distance threshold=0.25).




