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Abstract

We presemt a GPL-driven method for the fasi compulation of specular reflections on curved objects. For every
reflector of the scene, our method compuies a virtual object for every other object reflected in i This virtual
reflected object is then rendered and blended with the scene. For each veriex of each virtual object a reflection
point is found on the reflecior s surface. This point is used to find the reflected virtual vertex, enabling the reflecied
virtual scene to be rendered. Our method renders the 3D points and normals of the reflector into fextures, and
uses a local search in a fragment program on the GFPU to find the reflection poinis. By reorganizing the daia and
the compuiaiion in this manmer, and correctly treating special cases, we make excellent use of the parallelism and
stream-processing power of the GPLU In our results we show that, with our method, we can display high-quality

reflections of nearby objeciz interaciively.

1. Introduction

Realistic effects such as reflections and refractions are very
mmportant for many applications, including computer games
and virtual reality. However, in theze applications, interac-
tvity 15 essential, incurnng 2 trade-off between realism and
speed. Rav-tracing 1s the appreach tradiionally used to com-
pute such effectz n computer graphics. Whilst recent ap-
proaches using PC-clusters can achieve mteractivity to some
extent [WSBWU(1], thiz approach 1z still not feazible as a
standard solution for consumer PCs, especially m a game-
like context, where scenes contam moving objects. In ad-
drfion, ray-tracing 1z a completely different rendering ar-
chitecture, which would require a sigmificant sft for ex-
1sting GPU-based workflows. Clearly, an algonthm which
provides interactrve, high quality specular reflections from
curved reflectors within a standard GPU-bazed pipeline,
would be very useful m such contexts.

Previcus work on interactive reflections on planar surfaces
has been based on rendenng the reflecfed scene, In an ad-
drional passz [DB97]. Extensions have been proposed for
curved objects (e.g., [OR%8, EMD*03]), where a reflechng
tnangle or a reflection point for each vertex are found on the
reflector, allowing the reflected scene to be rendered. Our
work contmues this direchon of research, in particular to
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zearch for reflection points [EMD™03] for each scene ver-
tex reflected.

Figure 1: Lefi a frame of an imteraciive sequernce using
our method, running at 81fps. Right, a ray-traced image
{35/ frame)

Our key observation i1s that, with appropriate reorganisa-
tion of the data and the computation, thiz search can be a
simple and local operation. In addition, 1t involves computa-
tions such as dot products, which can be done m parallel for
all the verfices to be reflected. All thesze properties make this
an 1deal candidate for GPU processing. Our solution encodes
appropnate informatien of posihons and normals in texture
memory in a first pass, then performs the zearch for refiec-
tion points in a fragment program. The reflected vertices are
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rendered to texture, and a final pass renders the reflechions in
the reflectors. Our appreach 13 a claszic caze of reorgamzing
computation to be siream-proceszsor fmendly. Thanks to the
data and computation recrganization, the resulting speed on
the GPU allows high-quality reflections to be integrated mto
a standard rendering pipeline.

Although the idea of searching for reflechons pomts 1=
bazed on the approach of [EMD™03], we prezent a new
search algonthm which 15 GPU-fnendly, and runs in a frag-
ment program. Cur new approach resuliz in an order of mag-
nitude speedup compared to [EMD™03]; in addition it 1=
much more robust and stable thus totally avoiding Hicker-
mng during camera motion or animatien. Such speedup e g,
from 8fps (usmg [EMD*05]) to 804ps (Fig. 1(a)) can make
the difference of going from “just about interactive™ to real-
time.

2. Previous and related work

For brevity, we restrict this section to a rapid review of a
subset of the literature on reflechons. Environment Maps
(EM) [BINT6] are frequently used to achieve specular reflec-
tion effects on curved objects. They assume that the environ-
ment 1z infinitely distant from the reflector, malang reflec-
tions from the cenire of the object a sufficient approxima-
tion [Gref6). Some improvements have been proposed, us-
mg warping [CON99], pre-generated EMMs for multiple mter-
reflections [Kil99], or an extension to zelf-reflechons using
parameterized EMs [H5L01]. Dynamic environments can be
treated combiming precomputation and warpmg [ML035], and
they can also be used to compute recursive specular reflec-
tions [NCO2). The above methods do not provide satisfactory
resultz when the viewer 1= close to the reflector.

Fay-tracing using the GPU 13 ancther techmique used
to compute specular reflections at interactive frame
rates [Pur(4]. These techmiques rely on acceleration struc-
tures that are computed in a pre-process step, and thus are
not suitable for fully dynamic environments. In [SKALPOS]
an approximate ray tracing methed 13 presented that achieves
real-tme performance. Althouph thiz method can handle
complex reflectors, it only performs well for simple reflected
scenes containmg large polygons because in thiz casze the
vizibility function 1= simple enough to be stored with dis-
tance impostors.

Multipazz rendenng was first used for planar mir-
rors [DB97], by projecting a virtual object through the plane
for each reflechion and blending thiz into the scene. Pre-
computed radiance maps [BHWLS9] can be used to avoid
the projection step. For curved reflectors, an intereshing zo-
lution was proposed m [OE9E]. For each vertex to be re-
flected, an efficient data structure (the explosion map) accel-
erates the search for a tnangle uszed fo perform the reflection.
Although this 13 efficient, there can be problems with accu-
racy in some cazes. An analytic approach haz alzo been de-

veloped [CAOD], using a preprocessing step based on path-
perturbation theory. When objects move, the preprocessing
step needs to be recomputed.

Recently, m [EMD*03] the reflected (or virfual) vertices
" are found by first localizing the reflection point £ on each
reflector. Geometry and normal information 15 stored in a
pair of cubemaps, thus makang 1t available during rendermg.
Their implementation achieves interactive rates cn medium-
sized scenes. Our method 15 based on the same generzal prin-
ciple, Le_, searching for reflection points to reflect scene ver-
tices. In all of the above methods however, there 13 no direct
way to truly exploit the power of modem graphics GPUs.

In a method developed concurrently with ours [RHS06],
a similar approach has been presented. The foundations and
scope of both methods are similar; the main difference 1z the
search method and the GPU mapping. The resultz achieved
are comparable to ours in speed. However our approach will
handle changing reflectors more efficiently, and the view-
dependent nature of the textures used for the search avoids
potential rezolution problems when the viewpoint 15 close to
the reflector.

3. Overview

At each frame and for every reflector, all the reflected ob-
jects are computed, rendered and blended with the rendered
reflectors, usimg the stencil buffer, in order to compose the fi-
nal mage. The following psendo-code summanzes this pro-
Cess.

foreach frame
computeR eflactedScenss)
dranMonReflectors()
drawBeflectors WithStenal(])
dranBefiectedScenes()
endfor

The reflected scenes contam the reflected objects, which
we call virtual objects from now on. Virtual objects are com-
posed of virfual vertices topologically connected as in the
original objects. A virtual vertex I’ is computed by specular
reflechon of the comresponding vertex I onto a point of re-
flechion R on the reflector’s surface. As illustrated i Fipure
2, the pomt of reflechion R 1z such that the hisector vector
Eg of the angle formed by the observer O, R and V 15 the
same as the surface normal vector N at A. Thiz can be 1den-
tified when N - B 1z equal to 1. It has been proven that, on
comvex and closed reflector surfaces, the point of reflechion
1z umique [EMD™03]. However, concave and mixed curva-
ture objects can alzo be handled on some sitnations. The ef-
ficiency of the approach thus depends on the speed of the
search for the reflection points.

Uzmng the current viewpoint, we render the 3D points and
normals of the reflector into texture memery on the GPU,
then search for the pixel in these textures for which V-5 1z
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Figure 1: The basic geometry wsed: the observer O, a point
P on the reflecior, a vertex V which will be reflected on the
reflecior D, the normal Np and the bizecior Bp. The point
R iz the reflection point, ai which By = Ng, by definifion
(figure adapted from [EMD™03]).

one. This search 1s performed mn a frapment shader, preatly
enhancing the speed and the parallelizm of the computation.
However, care has to be taken for a number of specific 13-
sues: hidden vertices which need to be reflected to maintain
the topology, and parhially vizible reflectors. We present our
solutions to these 13zues, and dizcuss the use of temporal co-
herence to accelerate our method.

4. Reflections on curved reflectors

Our approach operates entirely on the GPU and does not re-
quire any pre-computation. At each frame we render the re-
flector, uzing the same camera used for the obzerver, mto two
floating-pomt textures, one storing the 3D coordinates of the
reflector’s points and the other the normal vectors at these
points. From now on, we will call these textures Tp and Ty,
for clanty.

The methed’s inputs are theze previously rendered tex-
tures, the vertex coordinates, and the search starting points.
Vertex coordinates and starting points are stored in vertex ar-
rays and fed to the frapment program as texture coordinates.

For each vertex of the scene, we search 1tz reflechion point
m the reflector’s texturez Ip and Fy. This search 1z per-
formed by a fragment program on the GPU. Each vertex to
reflect 13 rendered as a GI_POINT primitive that generates
a single fragment, and then the frapment program performs
the search and computes the reflected vertex.

The method’s resulting reflected vertices are stored cne
after another, row after row iIn a frame buffer When the
whole scene has been reflected the results are copied to a
vertex array. We use this vertex amray to render the reflected

scene on the reflector

For the imitial frame we start the search at the central texel
of the reflector’s bounding box projechon. We iteratively ex-
amine a 3x3 neighbourhood i the texture. A crosshair pat-
tern 15 used (zee Fig. 3(lefi)) to determme the first four sam-
plezs we test. For each sample the fragment program com-
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Figure 3: (Legfi) The crosshair patiern wsed fo sample the
textures for the reflection point search. (Right] An example
of an open'closed reflecior pair

putes the normalized bizector vector given the coordinates
of the reflechion point in Tp, itz normal vector cocrdinates in
Iy, the vertex coordinates, and the observer’s position stored
a3 a global parameter.

Then, the frapgment program computes the dot product be-
tween the computed bizector vector and the normal vector
from I;. The pomt of reflection that we are looking for has
a dot product of one. In practice, the search stops if the cen-
iral texel of the 3x3 neighbourthood has the maximum scalar
product value. Otherwise, the process continues iteratively
by shifting the neighbourhood to center it at the zample with
the maximum scalar product. The zearch 13 implemented az
a non-fixed length loop.

The following pseudo-code summanizes thiz process:

computeReflectedScenes()
foreach raflactor Fa
renderAndStore3 Dand™Mormal Texturas()
setUpF.enderTargats()
setUpCe()
send Verfices TolGPTI)
copvBasultToReflacted Vertex Arran()
endfor

5. Handling special cases

As described in detail in [OF.98 EMDI*03], a specular reflec-
tor and an cbserver posihon give nse to the three regions,
shown in Fig. 4(left). Using the termmology of [OF98],
these are: Region A, the “reflected resion”, in front of the
reflector, region C the “hidden region™ from which no ob-
ject can be reflected, and region B the “unreflected region™,
which cccurs for “open™ reflectors, 1.e., objects which are not
modeled az solids, which can occur in a typical production
workflow.

5.1. Open reflectors and hidden vertices

If the zearch exits from the hmits of the refiector, we Imow
that orngmal vertex 1z 1n region B or C. If 1t 13 n region
B we have an open reflector We azsume that these ob-
jects have been modeled as a open'closed reflector pair (zee
Fig. 3(right) for an example). By open reflector we mean
the oniginal reflector geometry, while by closed reflector, we



