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Abstract

Multi-perspective rendering has a variety of applicatipegzamples include lens refraction, curved mirror re-
flection, caustics, as well depiction and visualizationwéwer, multi-perspective rendering is not yet practical
on polygonal graphics hardware, which so far has utilizedstiyosingle-perspective (pin-hole or orthographic)

projections.

In this paper, we present a methodology for real-time nu#tispective rendering on polygonal graphics hard-
ware. Our approach approximates a general multi-perspecfirojection surface (such as a curved mirror and
lens) via a piecewise-linear triangle mesh, upon which eaiemgle is a simple multi-perspective camera, pa-
rameterized by three rays at triangle vertices. We deriva\ait formula showing that each triangle projection

can be implemented as a pair of vertex and fragment programmagrammable graphics hardware. We demon-
strate real-time performance of a variety of applicationsileled by our technique, including reflection, refraction,
caustics, and visualization.

Categories and Subject Descriptgiscording to ACM CCS) 1.3.1 [Computer Graphics]: Hardware Architecture:
Graphics Processors; |.3.7 [Computer Graphics]: Threadbsional Graphics and Realism

Keywords: multi-perspective rendering, GPU techniques, graphicdviiare, reflection, refraction, caustics, vi-
sualization

1. Introduction So far, the most natural and common rendering method
for multi-perspective projection is ray tracing. For exam-
. L . . . ple, reflection can be simulated by bouncing rays off curved
A smgle-pe_rspectl_ve Image conta_uns light rays passing iror surfaces, and refraction can be achieved by bending
through a single v_|ewp0|nt. A multl-perspecuve Image, In rays through curved lens. Unfortunately, mapping ray trac-
poptrast, collects “g.ht rays across a multlplg (af‘d pcb,ssm ing to graphics hardware is tricky, as it requires random ac-
|nf|n!te) number of VIewpomts. For example, in Viewing re- cessibility with a database of scene triangles, which does
flections off a curved mirror, the set of rays converging at not fit well with a SIMD feed-forward graphics pipeline

a pin-hole camera is single-perspective, whereas the set Of[PBMHOZ CHHO2]. This problem is further exacerbated
rays reflected off the curved mirror usually do not intersect with dyna’mic scenes [CHCHO6], which, unfortunately, is

ata smgle point af‘d could only be modele(_j b_y a multi- o mon for interactive applications such as gaming.
perspective projection. Even though the majority of real-

time rendering applications are based on single-persgecti A variety of graphics hardware techniques have been pro-
projection (e.g. pin-hole cameras), multi-perspective-pr  posed to simulate multi-perspective rendering without ray
jection describes a variety of common phenomena, such tracing. However, these techniques are often heuristids an
as curved reflections [OR98, HSLO1, YMO5], refractions applicable to only individual phenomena; to our knowledge
[GS04, Wym05], non-pinhole cameras [KMH95, SGNO1], there is no general framework for multi-perspective render

or caustics [WS03, PDM3, WymO06]. In addition, multi- ing on graphics hardware. For example, even though tech-
perspective images have important applications in depicti  niques exist for supporting multiple center-of-projensan
and visualization [RB98, AZMO00, SKO03]. VR applications [KKYKO01, SSP04], they are limited to a
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Environment map Ray tracing Our technique (63 fps)

Figure 1: Curved reflection of nearby objects is a classic example dfiperspective rendering. Our multi-perspective fraroekvrenders
more accurate reflection than a traditional environment,mégich is single-perspective. In this example, we utilifi2l tamera triangles to
approximate the mirror. Each camera triangle i8/@4in size and the final rendering size is 80800. All reported frame-rates are measured
on a NVIDIA Geforce-7800-GT chip.

few discrete single-perspective viewpoints and therefiore ticular. As a result, we can render dynamic scenes naturally
suitable for continuously varying projections like gelera  without the need for any pre-processing, such as building an
curved reflections or refractions. These phenomena can beacceleration data structure or converting scene objetds in
simulated by representing scene objects as image spritesimage sprites. The disadvantage of our technique is that it
[SKALPO5, WymO05], but it remains unclear how to robustly is brute force, since we have to render each scene triangle
resolve the dis-occlusion problem, and how to perform vis- in each multi-perspective camera triangle in the worse.case
ibility sorting of these multiple depth sprites efficientha However, we will present acceleration techniques to amelio
hardware z-buffering. rate this performance problem. In addition, we believe our
technique would scale well with future generation graph-

So why is multi-perspective rendering difficult on polyg- e chips due to its affinity with a feed-forward graphics
onal graphics hardware? For a general multi-perspective pipeline.

model, each pixel can have a unique camera projection ma-
trix. This means that the proper vertex transformation is un _
known until the vertex is projected to a known pixel location ~ 1.1. Overview of Our Methodology

a classic chicken-and-egg dilemma. Given a general curved projection surface of a multi-

We resolve this difficulty by grouping and rendering co- pers_pectivg camera _(such asa curvec_i reflector), we first ap-
herent bundles of rays together, rather than by tracing in- proximate it with a pleceW|se-I|ngar trlangle mesh. At eac.h
dividual rays. Our main idea is inspired by beam trac- Mesh vertex we compute a ray direction, based on the orig-
ing [HH84], in that a curved reflector/refractor is tessel- [N@l camera model. Under this representation, each mesh
lated into a coarse polygonal representation followed by triangle can be considered a simple multi-perspective cam-

rendering rays bouncing off the same polygon together as & where the ray of each camera pixel is computgd from
a coherent beam. However, beam tracing cannot be di- the three vertex ray. Due_ to_the shared vertex du_rectlons,_we
rectly implemented on graphics hardware, as rays belong- duarantee at lea§t® continuity of rays across adjacent tri-
ing to the same beam might not intersect at the same angles.

eye point, which is a necessary condition for a pin-hole  we render individual multi-perspective cameras via the
camera modeling. In our technique, we model each beam ordinary feed-forward polygonal graphics pipeline, arehth
of rays as a multi-perspective camera triangle, and render map this piecewise-linear rendering result back onto the
these rays by passing down geometry as in a traditional original multi-perspective surface via standard textussm
feed-forward graphics pipeline. Specifically, we rend@hea  ping. Specifically, we collect texture maps correspondng t
multi-perspective camera triangle in a separate rendering individual camera triangles into a joint texture atlas. Eve
pass, where the multi-perspective projection is achievad v though this approach is only approximate, it provides visu-
a pair of customized vertex and pixel programs. The final ga|ly satisfactory results and eliminates the problem of per
multi-perspective rendering is then accomplished bytstitc  pixel projection matrix.

ing together resultimages rendered by individual caméra tr

angles. We demonstrate that correct multi-perspective projection

of each camera triangle can be computed via a pair of vertex

A noteworthy feature of our technique is that the entire and fragment programs on programmable graphics hardware
rendering process is fully compatible with a feed-forward [LKMO1]. Since a straight line in space can be projected
pipeline, and no ray tracing scene database is used in par-into a curve in a multi-perspective camera, for correct ras-
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terization of a scene triangle, we customize both vertex and flecting the eye position around the interpolated normals at
fragment programs. In our vertex program, we compute the each pixel.

vertices of the bounding triangle for the projected triangl
defining the proper region for rasterization. In our fraginen
program, we render the projected triangle out of the bound-
ing triangle by calculating the 3D intersection point betwe
the rasterized triangle and the ray emanating from the cur-

rent pixel, and from this intersection we interpolate thespi 2D 3D
attributes (depth, color, and texture coordinates) foreszir
multi-perspective effects.

Figure 2: lllustration for piecewise-linear approximation (shown

in black) of a curve projection surface (shown in gray). In,2D
each triangle (line segment) is a pin-hole camera with cesfte
projection at the intersection of the two vertex directidfdswever,

in 3D, each triangle is a multi-perspective camera becawesthtee

The key contribution of our approach is the idea of cast- Vertex rays might not intersect at the same point.

ing this difficult multi-perspective rendering problem ant

an algorithm suitable for feed-forward graphics pipelifie. For GPU rendering, we treat each triangle on the simpli-
our knowledge, this approach has not been published before. fiey mesh as a simple multi-perspective camera. To render
We provide implementations for rendering multi-perspecti  yhe myti-perspective projection of the entire mesh, we firs
images via special shader programs on graphics hardware. o qer the sub-images at each camera triangle and store the
We demonstrate a variety of applications enabled by our yoqts into a joint texture map. From this joint texture map
technology, including reflection, refraction, caustiosd ai- we render the original projection surface in a subsequent re
sualization. dering pass via standard texture mapping. The correspon-
dence between the original surface and the joint texture map
is computed in a pre-process and depends on the particular
application at hand.

1.2. Our Contribution

2. Our Approach

As described in [Gla00], any continuous multi-perspective
projection can be parameterized by two curved surfaces; one
for lens and the other for imaging. This parameterization
is general enough to model a variety of multi-perspective
phenomenon such as real camera lens and curved reflectors
most of which have continuous variations in the projection
directions. This continuous requirement also avoids the di
ficulty of depth compositing multiple single-perspective i
ages [AZMO0Q]. Because of these advantages, we adopt this
continuous representation for multi-perspective pragect
Our goal now is to approximate this projection on graphics
hardware.

The projection of each triangle camera is determined by
the projections directions at the three triangle vertides.
general, this may not be a pinhole or orthographic camera
since the three rays might not intersect at the same poimt. Ou
goal is to find a parameterization for the rays at each cam-
era pixel so that (1) the parameterization interpolatestéxa
at the three camera vertex directions and (2) the parameteri
zation isC® continuous across the edges shared by adjacent
camera triangles. Even though alternative techniqueg exis
for parameterizing non-pinhole cameras [YMO05, MPSO05],
neither preserves projection continuity across adjacamtc
eras in general situations. GLC guarantel?scontinuity

One naive method is to pre-compute the projection points only if the adjacent cameras are co-planar or if the cam-
on the imaging surface for a dense sample of 3D locations, €ras are infinitely small [Yu05], while [MPS05] utilizes ra-
and store the result within a texture map. This technique is dial distortions for extending object silhouettes so there
general enough to handle many situations (as long as eachC® continuity even if two adjacent cameras are co-planar.

3D point has a unique projection), but suffers from the usual 1, satisfy these continuity requirements, we propose the
sampling and texture storage problems. use of barycentric interpolation, as illustrated in Fig@re

In our approach, we analytically compute the projec- CGIVen a camera trianglé.vyvovs with normalized raysly,
tion without sampling or extra texture storage. Given a U2, andds, we define the rayl at an arbitrary pixelp via
multi-perspective projection surface, we approximateaty ~ Standard barycentric coordinates:

a piecewise-linear triangle mesh, as shown in Figure 2. At d = widy +Wodp + Wsds
each vertex of the piecewise-linear mesh, we specify a ray area( A pvj )
based on the property of the original input. (Note that this Wi = : )]

is equivalent to the representation in [Gla00].) For exampl AreALVIVVS) i k=123 #k
in simulating a multi-perspective camera, the ray direwtio  Obviously, barycentric interpolation would return exaat-v
are determined by bending the eye rays through the camera;ues ofd;, dp, andds at the camera triangle vertices, and the
while in rendering reflection, we specify normals as the ray computation i<c® continuous across adjacent triangles, so
directions and compute the true reflection directions by re- both requirements listed above are satisfied.
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Figure 3: Multi-perspective camera parameterization. The camera
triangle is parameterized by three rays at the trianglecesrt Given

an arbitrary pixelp, its rayd_can be found via barycentric interpo-
lation fromd_l, d_z andd_g.

Given this parameterization, we can compute the projec-
tion pof a space poing or vice versa (Figure 4). The com-
putation ofg from p can be efficiently performed by inter-
secting the rayl from p with scene triangles. The computa-
tion of p from qinvolves solving a quartic equation, as de-
tailed in Apppendix A. Even though quartic equations can be
solved algebraically, they are still too complex for effitie
GPU implementation; fortunately, we do not need to explic-
itly perform this operation, since we only need to compuyte
from p.

VAN

pa N

Figure 4: Projection of a scene trianglaq; gz0s. Left: In general
situations, the projection\ p1 pz ps of Ag10z0s is curvilinear under
our multi-perspective camera. Right: Depending on the riesce
tions at the camera triangle (shown in white) vertices, ttogepted
triangle (shown in color) can have various shapes.

Figure 4 demonstrates the projectigop; pop3 from a
scene triangleAqi0203, following Equation 1. In gen-
eral, Api1p2p3 can have curved edges due to our multi-
perspective projection (Figure 4 top right); two curvedeslg
may intersect each other (Figure 4 middle right); and a
space point might have multiple projections (Figure 4 bot-
tom right). Obviously, these effects cannot be achieved in
a fixed-function graphics pipeline because a fixed-function
rasterization can only produce straight projected linemfr
straight space lines.

To resolve this issue, we utilize programmable features

of current GPUs, and customize both vertex and fragment
programs to render the curvilinear multi-perspective goj
tion effects. Due to the independent processing of triamgle
in a feed-forward graphics pipeline, we only discuss how to
properly render a scene triangleg; g»>qs3; the same opera-
tion would be applied for every other triangles. In our verte
program, we estimate the bounding trianglb; bybs for the
(unknown) projected trianglé p1 p, p3, defining the proper
region for rasterization. In our fragment program, we rende
Ap1p2ps out of Abgbobs by calculating the 3D intersection
point g between scene trianglkg; o0z and the rayd ema-
nating from the current pixgd, and from this intersection we
interpolate the pixel attributes (depth, color, and texttw-
ordinates) for correct multi-perspective effects. Theadet
are described below.

2.1. Vertex Program: Compute Bounding Triangle

\ d2
X

Figure 5: The bounding triangle\b; b, b3 for a projected triangle
Ap1p2ps. Line L is orthogonal to camera vertex directidp and

pij lndicates the projection of scene triangle verggxvith respect
to d;.

In our vertex program, we compute, for each space vertex
of the rasterized scene triangleg; gp0s, the corresponding
vertex on the bounding trianglé&bibybs so that it wholly
contains the projectiord\ p; pop3 (Figure 5). Even though
a variety of techniques exist for calculating boundingrtria
gles, we have to choose an algorithm that is suitable for effi-
cient vertex program implementation; a complex algorithm
that yields tight bounding region might be less favorable du
to its complexity. In addition, the bounding algorithm must
be robust enough to handle a variety of situations as depicte
in Figure 4. To satisfy these goals, we propose the following
bounding triangle computation.

For each scene triangle vertgxj}i—1 -3, we compute
corresponding projectionsjj }i j—1,2, 3 wherepjj is the pro-
jection ofg; in the direction ofd; (see Figure 5 for illustra-
tion). Obviously, Ap;p2p3 is wholly contained within the
convex hull formed by p;; } since the projectiod of eachp
inside A p1 p2p3 is computed from barycentric interpolation
of {d; }i—1,2,3 (Equation 1). So now if we could find a bound-
ing triangleAby bybs that contains all the nine poin{s;j },
then we can guarantee thab; bybs containsA p; p2ps.

(© The Eurographics Association 2006.
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Since we do not know the exact shape’gb; pops (it can

curved reflector/refractor surface, we perform mesh sim-

have odd shapes as shown in Figure 4 and even the compu-plification via progressive meshes [Hop96], and select a

tation of {pj }i—1,23 involves solving quartic equation), we
simply enforce the edges a@fb;bybs to be parallel to the
lines {L;}i—123 where eacli; is orthogonal tad; and lies

on the camera plane. (In singularity situations{df} such

as one of them being orthogonal to the camera plane or two
of them as parallel, we simply pici; } to be the edges of
the camera triangle.) To compute edyge;, all we need to do

is to find the point amongpjj }i,j—1,2,3 that is outmost from

Lk ki (interms of the signed edge equation). For example,
in Figure 5,p;3 determines; b, becausep; 3 is closet tol3
among{ pij }i,j=1,2,3- Even though this algorithm does not
provide the most tight bounding, it works reasonably well;
when{d; } is coherent and\g1 0,03 is not far away from the
camera plane, the bounding region is usually pretty tight.

The above computation fof\b;byobz can be efficiently
implemented in our vertex program. As a pre-process, we
compute the line equation for eadl}x-123 and store
the results as program constants. Inside our vertex prqggram
we computed; from g as the intersection of the two lines
{bibj}j—123 - Eachbib; can be determined by figuring
out which {pi }i—12,3 evaluates maximum value with the
line equationLy k. In total, this requires only six line
equation evaluations and a single line-line intersectmm-c
putation inside our vertex program.

We pass down this bounding triangleb; bybs to the rest
of the graphics pipeline for rasterization and fragment-com
putation. For each computed verticig|i—1 2 3, we attach
information of all three of the original verteg;i=1,23 (via
unused texture coordinate slots) so that the fragment pro-
gram can perform correct interpolation and projection.

2.2. Fragment Program: Space Point for Pixel

In our fragment program, we determine, for each pigel —
the corresponding 3D poigton Agigp0s So thatg projects
onto p. This g can be efficiently computed via ray-triangle
intersection between the rayat p and the plane containing
A010203 [CHHO2]. From the barycentric coordinates @f —
on Agi10203, We interpolate depth, color, and texture coor-
dinates from the corresponding values storefbgn_, 2 3. If

the intersection poirg is outsideAqg; qpgs, we simply throw
away the pixel (via fragment kill) without further computa-
tion since it is not part of the projected triangbep; p2 ps. In

simplified mesh with proper number of triangles as our
multi-perspective camera mesh to meet the target qual-
ity/performance goals. We then establish the correspaen
between the original surface and the coarse camera mesh via
normal shooting as described in [SG@R]; this essentially
determines the texture coordinates parameterizing tige ori
inal surface over the coarse camera mesh. For each camera
mesh triangle, we allocate a uniform-size right angle trian
gle in the joint texture atlas (similar to [SGG0]). Because

of this, the texture packing is trivial without wasted textu
space as in a general atlas.

Our current tessellation and packing process is static; we
leave dynamic parameterization as a potential future work.

2.4. Limitations and Discussion

The major disadvantages of our approach are (1) the ren-
dering every triangle in each camera, and (2) the over-
estimation of bounding triangle size. Further disadvaesag
include our inability of taking advantage of early z-cull
since our fragment program computes per-pixel depth val-
ues based on ray-triangle intersection. Below, we discuss o
strategies to address these performance issues.

Obiject Culling One possible acceleration to reduce our ver-
tex workload is to pre-compute bounding boxes for scene
objects, and for each camera, only to render those objects
which fall within the camera viewing frustum. This can be
achieved either in object space on CPU, or via the occlusion
query feature on NVIDIA graphics cards. (However, care
must be taken with occlusion query because it may incur
pipeline flush depending on the particular graphics card.)

Bounding Triangle Culling Even though in theory every
triangle needs to be rasterized by every camera, in reality,
it often happens that each camera only sees a subset of the
triangles, even for objects surviving the culling. In our ap
proach, we can further cull away triangles whose bounding
region is outside the camera as follows. We associate a clip-
ping region with each camera triangle and use the hardware
viewport clipping to clip away bounding triangles that ave t
tally outside the clipping region. Note that even though our
multi-perspective camera could in theory have non-planar

some sense, we use our fragment program to carve out theside-polygons on the clipping frustum, our clipping can be

curved boundary of\ p; pop3. Note that this effect cannot

simply performed by considering the bounding triangle on

be achieved via [LBO5] because it operates in texture space the camera plane, since our vertex program always trans-

and therefore cannot handle triangle boundaries.

2.3. Scene Construction

Here, we describe further details on how we construct
the camera triangles and the joint texture maps. From a

(© The Eurographics Association 2006.

forms vertices onto the camera plane and we compute the
true 3D position by ray-triangle intersection in the fragrne
program. If we were to perform culling in the 3D viewing
frustum, the problem would be much more complicated; for-
tunately, we do not have to.
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Camera Tessellation LevelTo achieve optimal perfor-
mance, we have to balance the workload between vertex and
fragment stages. This can be achieved by proper tessallatio
of our multi-perspective projection surface to yield théi-op

mal camera triangle sizes; the more and smaller the camera
triangles, the more vertex work (because every scene ver-
tex needs to be transformed in every camera triangle with-
out other acceleration) but less fragment work (because the
overdraw ratio between bounding triangles and projected tr
angles are smaller due to increased coherence between th
rays at camera triangle vertices). The ideal level of subdiv
sion depends on the specific scene and graphics hardware,
and can be determined empirically. (See Table 1 and Fig-
ure 6 for an example.) Note that since we do not perform any
context switch (i.e. pipeline flush) between camera triesgl
there is no stall penalty associated with using multiple-<cam
era triangles. 26x 4 26x 4x 4

Figure 6: Quality comparison with different amount of camera tes-

sellation. The reference ray tracing image is shown on tibpvigth

the rest of the images show our results with different nundfer
We discuss further disadvantages of our method when tessellation camera triangles. As shown, the quality ivgsawith

compared with other techniques in specific application do- increasing number of tessellations, but beyond a certaiit the

mains (SeCtion 3) payoff levels off.

We have performed a performance profiling of our algo-
rithm with a particular scene as demonstrated in Figure 7.

3. Applications

. . ) Our technique supports curved local reflection by tessel-
Our core algorithm described above enables a variety of real |54ing the reflector surface into piecewise-linear camera t

time applications on graphics hardware. Below, we present gngjes; as illustrated in Figure 2. We pre-compute the eorre
a subset of the potential applications and describe their im spondence between the original reflector and its piece-wise
plementation details. Even though techniques exist formod |inear approximation. During rendering, the individuarea
eling each of the following individual applications, these g3 triangles are first rendered as described in Sectiont2 wit
techniques are often ht_eurlstlcs a_nd there is a lack of 9€n- following minor difference; instead of assigning projecti
eral framework for multi-perspective rendering on graphic  5y¢ at vertices and perform barycentric interpolation for
hardware. For each application, we compare our technique iyes e instead assign surface normals at vertices, per-
with previous work, discussing relative pros and cons. form interpolation in rasterizer, and from interpolated-no
We summarize our application scene statistics in Table 1 Mals and eye point we compute the reflection rays per frag-
for easy reference. ment. This would yield a more accurate reflection compu-
tation than direct interpolation as pointed out by [YMO5].
We then texture map the original reflector by the rendered
3.1. Curved Reflection of Nearby Geometry camera triangles via the pre-computed correspondence.

Reflection off curved mirrors is a classic example of multi- Figure 1 compares our technique with environment map-
perspective projection [YMO5]. However, itremains adaunt  ping and ray tracing. As shown, our technique provides more
ing task to render curved reflection of nearby geometry accurate rendering of near-object reflections than environ
for dynamic scenes in real-time. Previous work either as- ment maps while operating in real-time.

sumes distant objects as in the classical environment maps

[BN76], planar reflectors [DB97], static scenes [YYMO5], Compared to [OR98], the disadvantage of our approach

is that we require a separate rendering pass for each cam-

or relies on heavy pre-computatlo.n [H.SLOH' [SKAl.‘POS] era while [OR98] needs only one pass. The advantage of our
renders near reflection by approximating scene objects as . .
approach is that we do not need to subdivide the scene ge-

depth imposters; because these imposters are rendered from . . L
) . ) . . . ometry. In addition, since we do not need to build virtuatver
a single perspective, disocclusion artifacts may appdheif

imposters are reused from a different viewpoint [MPS05]. ggii;se'gﬁﬁig d?g(r);\e/g):ir:IqrueilQ;tgr?(lgsh::r:fss(t:g:\ézxi’
[OR98] is one of the few methods that satisfy the above re- ! y

quirements, but since its image quality depends on fine tes- Figure 1).
sellation of scene geometry, this computation requirement  Figure 7 illustrates a more complex scene with a shiny
may prevent real-time performance. teapot reflecting many dynamic objects. Due to the mas-

(© The Eurographics Association 2006.
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# boundingA | #rendered| overdraw | camera texturg frame rate
Scene # sceneA | # camera\ . .
fragments fragments ratio resolution (fps)

reflection 108 26 2002513 62860 32 1282 51
108 26x 4 920156 62734 15 64°/2 63

108 26x 4° 783566 62823 12 32°)2 5

refraction 252 12 2475722 106349 23 128 /2 46
caustics 2 400 945962 475852 2 64°/2 35
visualization 6841 400 213248 213248 1 64° /2 46

Table 1: Demo scene statistics. In the reflection demo, we demoestnatperformance effect of three different camera tesimildevels,

with quality comparison shown in Figure 6. See our discussidSection 2.4. Overdraw ratio g

# scene/\ | # cameraA no acc acc
(fps) (fps)

800 100 45 20.1
1200 100 3.6 14.6
1600 100 2.1 9.2
400 256 1.5 6
800 256 0.5 2.1
1200 256 0.35 1.8
400 512 0.8 2.5
800 512 0.3 1.0

Figure 7: Performance profiling of our algorithm. In this scene, we
reflect multiple independent and dynamic objects off a steayot.

By controlling the number of camera and scene triangles weas-

ily profile the performance of our algorithm (reported in){psith

and without our acceleration discussed in Section 2.4 dsati gen-

eral the performance does not scale linearly with respettietét of
cameraA due to load balance between vertex and fragment stages;
see our discussion on “Camera Tessellation Level” in Se@id.

sive number of independent objects, this scene is diffioult t
render efficiently and robustly via sample-based techmique
[SKALPO5, Wym05]. Our technique can easily handle this
due to its feed-forward geometry natural.

(© The Eurographics Association 2006.

boundingA fragments
# rendered fragments’

3.2. Curved Refraction of Nearby Geometry

N lens [/

lens approximation —

/ camera triangle lens approximation

,/ camera triangle
/
/

I [
eye point eye point

(a) single refraction (b) double refraction

Figure 8: Curved refraction by multi-perspective projection. (a)
Our technique can be applied directly for single refracti) In
multiple refraction, the multiple-bending of vertex rayatitions is
beyond the basic parameterization of our multi-perspeaamera.

Refraction through a single curved interface is another
classic example of multi-perspective projection. Thelistex
a variety of techniques for simulating refraction on GPUs.
[GS04, DB97] simulates multiple refractions of planar inte
faces. [Sou05] renders refractions through mostly plamar s
faces with small bumps such as water waves by perturbing
texture coordinates. These techniques all achieve neal-ti
performance, but could not be applied for curved refractors
[WymO5] renders curved refractors by storing as depth im-
ages the backface of the refractor as well nearby scene ob-
jects. The technique can handle two-sided refractionsisbut
approximate in nature and suffers from sampling and alias-
ing artifacts since it is image-based.

Our technique can be naturally applied for rendering sin-
gle curved refraction by approximating the refraction inte
face via a piece-wise linear camera surface, as shown in Fig-
ure 8 (a). In fact, our algorithm for rendering single refrac
tions is quite similar to our reflection algorithm; the major
difference lies in the computation of rays at camera triangl
vertices. Figure 9 demonstrates curved refractions rexder
by our technique.

A disadvantage of our approach is that our multi-
perspective camera cannot directly handle multiple refrac
tions. As illustrated in Figure 8 (b), multiple refractions
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Ray tracing Our technique (46 fps) Ray tracing Our technique (35 fps)
Figure 9: Near-object refraction through curved interface. We uti-  Figure 11: Rendering caustics by our technique. We utilize 400
lize 12 camera triangles to approximate the refractor. Eachera camera triangles to approximate the reflector. Each camiargle
triangle is 128/2 in size and the final rendering size is 80800. is 642 /2 in size. The photon-location map size is 5812 and the

final rendering size is 640480. The frame-rate is lower than other
applications because more than 50% of the frame time is spent

o photon splatting.
would bend the rays so that the camera vertex projections

are no longer straight lines, and this is beyond the basic pa-
rameterization of multi-perspective cameras. We leavedt a

future work to extend our technique for multiple refracton  Figure 10) as described in [Wym06]. We render the final im-
Compared to [WymO05], the advantage of our approach is that age from the eye's point of view and add caustics by splat-
we allow hardware depth sorting of all refracted geometry ting pixels from the photon-location map. Figure 11 demon-

without conversion to any image-based representation. As strates caustics effects rendered by our technique.
a consequence we project the scene geometry with greater

accuracy and we do not suffer from geometry sampling or
aliasing artifacts. 3.4. Multi-perspective Visualization

In addition to physical phenomenon such as reflection, re-
3.3. Caustics fraction, or caustics, multi-perspective rendering caalkb
be applied for visualization. As demonstrated in previous
reflector photon location map work [AZMO00, SK03, YMO04], multi-perspective rendering
could unveil more information on a single image than tradi-
N tional single-perspective rendering. However, most onevi
? ‘ < methods rely on image gapturing or offline ray traf:ing for
multi-perspective rendering, and this greatly diminishss
applicability in real-time applications.

light source

Our technique can be directly applied for real-time multi-
perspective visualization by constructing a (potentialyy
Figure 10: Rendering caustics via our technique. In the first pass, namica”y Varying) mu|ti_perspective camera, approxmt
we render a multi-perspective image from the light sourpet by our piecewise-linear surface. An example rendering ef-

of view, and store the result in the photon-location maphingec- fect achieved by our technique is demonstrated in Figure 12.
ond pass, we render a normal image from the eye’s point of, view

splatting pixels from the photon-location map for addingstés.

caustic receiver

4. Concluding Remarks

Caustics occur when light is focused by curved reflec- Since its inception, programmable graphics hardware has
tion or refraction. Our technique can be directly extended Peen applied to a variety of applications beyond what was
for rendering caustics via a standard two-pass process asfriginally intended for real-time polygon rendering. Se fa
demonstrated in previous work [Wym06, PDE3, WS03]. the majority of these extensions focus on the pixel-shading
As illustrated in Figure 10, in the first pass, we render multi  €ffects; the geometry transformation remains relatively u
perspective reflection or refraction of scene geometry into €Xplored except for a few applications such as vertex skin-
the light source’s point of view, via our techniques as de- Ning or displacement.
scribe(_j earlier._The res_ult is stored in a photon Iogatiop,ma In this paper, we have demonstrated that the vertex and
recordlpg the |nformat|o.n. about the surface point reached fragment programs can be customized for multi-perspective
by the light, such as position and depth. In the second pass, rendering, allowing real-time applications to break from
we approximate caustics intensity as the relative solid an- the parrier of the traditional pin-hole camera model. Even
gle (seen from light source’s point of view) of the photon-  hough the speed of our implementation might not be as

location map triangle and caustic triangle (ifigaaa) N fast as say, OpenRT [DWBS03] on CPUs, we believe our

(© The Eurographics Association 2006.
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multi-pass rendering. Finally, since most current multi-
perspective visualizations are based on single staticésag
[RB98, SK03], an interesting future direction is to ask what
kind of new experience could be achieved if the user could
freely navigate within a virtual environment in real-time-u
der a multi-perspective camera?
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Appendix A: Projection Computation

Original Our visualization (46 fps) Figure 3 illustrates a triangle under general linear ptigec
For triangle verticesy, Vo, andvs, projection directions are
specified as unit vectors idy, dp, anddz. Now given an
arbitrary pointq in space, our goal is to find its projection
p on the Avyv,vs plane, so thag — pis interpolated from
d1d,d3 via the same barycentric coordinatespof

approach will favor better with the performance improve-  Specifically, we need to solve the following system of
ment in future feed-forward graphics hardware. Further- equations
more, OpenRT and other ray tracing techniques are often

Figure 12: Multi-perspective visualization by our technique. In
this example, we utilize 400 camera triangles surroundingléer.

limited to static scenes (or with limited animation) whevea B Fi = WaVi-FWov2 +WaVs
our technique naturally handles dynamic scenes with unre- q—p = C(W1d1 +W2d2+W3d3)
stricted motions. We hope the publication of our work can 1 = Wi+Wo+Ws 2)

inspire future research for real-time applications of irult
perspective rendering, as well a deeper exploration of the
potential of programmable graphics hardware.

where the unknowns includg, the barycentric coordinates
w1, W», W3 and the scaling constaat

One major limitation of our current implementation is the Adding the first two lines of the above equation, we obtain

over-estimation of bounding triangle region; as shown in Ta qg=wi (v_l —+ cd_l) +Wp (V_g + cd_z)
ble 1, the ratio of rasterized bounding triangle fragmeats t Fo(l—w—wp) (v§+cd_3) ©)
the rendered fragments can be high, depending on the partic-

ular scene characteristics. Even though we perform fragmen  sjnce we have three unknowms, w,, c and three equa-
kill for all fragments that do not lie inside the trianglelsete tions (@is a three-vector), Equation 3 can be solved under
is still significant computation wasted. This problem can be general conditions. Specifically, the equation can be rediuc

addressed by either finding a better bounding triangle esti- o 3 quartic polynomial ofv; and solved exactly [HE95].
mation algorithm on our current barycentric parameteriza-

tion, or by devising a fundamentally new multi-perspective : Cin1 -1 (4)
camera parameterization that allows for tighter bounding i;

triangle estimation than our current barycentric techaiqu

Specifically, even though [YMO5] does not provide the nec-  Since Equation 4 has four roots, we find the true solu-
essaryC? continuity we require, we have found their GLC  tion by eliminating non-real roots and those solutions that
parameterization much more elegant for mathematical anal- are outside the camera triangle. But in general, it is possi-
ysis, and in particular for computing a tighter bounding tri  ble for a space poirg to project onto multiple positions; an

angle. We envision extending GLC f@° or higher con- example is shown in Figure 4.
tinuity across non-planar tiling would be both theoretical
interesting and practically important. References
[AZM00] A GRAWALA M., ZORIN D., MUNZNER T.: Atrtistic
Another potential future work is to extend our tech- multiprojection rendering. IProceedings of the Eurographics
nique for multi-bounce reflections and refractions via jgrop Workshop on Rendering Techniques 2¢2000), pp. 125-136.

(© The Eurographics Association 2006.



Xianyou Hou, Li-Yi Wei, Heung-Yeung Shum, and Baining Gueal-Bme Multi-perspective Rendering on Graphics Hardevar

[BN76] BLINN J. F., NEWELL M. E.: Texture and reflection in
computer generated imaggsommun. ACM 1910 (1976), 542—
547.

[CHCHO6] CARR N. A., HOBEROCK J., CRANE K., HART
J. C.: Fast gpu ray tracing of dynamic meshes using geometry
images. InTo appear in the Proceedings of Graphics Interface
2006(2006).

[CHHO2] CARR N. A., HALL J. D., HART J. C.: The ray en-
gine. InProceedings of the ACM SIGGRAPH/EUROGRAPHICS
conference on Graphics hardwaf2002), pp. 37-46.

[DB97] DIEFENBACHP. J., BADLER N. |.: Multi-pass pipeline
rendering: realism for dynamic environments. $t3D '97:
Proceedings of the 1997 symposium on Interactive 3D graphic
(1997), pp. 59-f.

[DWBS03] DIETRICHA., WALD |., BENTHIN C., SLUSALLEK
P.: The OpenRT Application Programming Interface - To-
wards a Common API for Interactive Ray Tracing. Mmo-
ceedings of the 2003 OpenSG Symposi2@03). Available at
http://www.openrt.de.

[Gla00] GLASSNERA. S.: Cubism and Cameras: Free-form Op-
tics for Computer GraphicsTech. Rep. MSR-TR-2000-05, Jan-
uary 2000.

[GS04] Guy S., OLER C.: Graphics gems revisited: fast and
physically-based rendering of gemstone&CM Trans. Graph.
23,3(2004), 231-238.

[HE95] HERBISON-EVANS D.: Solving quartics and cubics for
graphics. InGraphics Gems \(1995), pp. 3-15.

[HH84] HECKBERTP. S., HANRAHAN P.: Beam tracing polyg-
onal objects. I'BIGGRAPH '84: Proceedings of the 11th annual
conference on Computer graphics and interactive techisique
(1984), pp. 119-127.

[Hop96] HopPEH.: Progressive meshes. BIGGRAPH '96:
Proceedings of the 23rd annual conference on Computer graph
ics and interactive techniqué4996), pp. 99-108.

[HSLO1] HAKURA Z. S., NYDER J. M., LENGYEL J. E.: Pa-
rameterized environment maps. 318D '01: Proceedings of the
2001 symposium on Interactive 3D graphi@)01), pp. 203—
208.

[KKYKO1] KITAMURA Y., KONISHI T., YAMAMOTO S.,
KISHINO F.: Interactive stereoscopic display for three or more
users. INSIGGRAPH '01: Proceedings of the 28th annual con-
ference on Computer graphics and interactive technid@2681),
pp. 231-240.

[KMH95] KoLB C., MITCHELL D., HANRAHAN P.: A realistic
camera model for computer graphics. S=IGGRAPH '95: Pro-
ceedings of the 22nd annual conference on Computer graphics
and interactive techniqug4.995), pp. 317-324.

[LBO5] LoorC., BLINN J.: Resolution independent curve ren-
dering using programmable graphics hardwarACM Trans.
Graph. 24 3 (2005), 1000-1009.

[LKMO1] L INDHOLM E., KLIGARD M. J., MORETONH.: A
user-programmable vertex engine.SIGGRAPH '01: Proceed-
ings of the 28th annual conference on Computer graphics and
interactive technique001), pp. 149-158.

[MPS05] MEI C., POPESCUV., SACKS E.: The occlusion cam-
era. Computer Graphics Forum 248 (2005), 335-342.

[OR98] OrFEk E., RapPPOPORTA.: Interactive reflections on
curved objects. IfProceedings of SIGGRAPH q8uly 1998),
Computer Graphics Proceedings, Annual Conference Series,
pp. 333-342.

[PBMHO02] PuRCELL T. J., Buck I., MARK W. R., HANRA-
HAN P.: Ray tracing on programmable graphics hardware. In
SIGGRAPH ’'02: Proceedings of the 29th annual conference on
Computer graphics and interactive techniqu@602), pp. 703—
712.

[PDC*03] PuRCELL T. J., DONNER C., CAMMARANO M.,
JENSEN H. W., HANRAHAN P.: Photon mapping on pro-
grammable graphics hardware. HWWS '03: Proceedings of
the ACM SIGGRAPH/EUROGRAPHICS conference on Graph-
ics hardware(2003), pp. 41-50.

[RB98] RADEMACHER P., BisHoOP G.: Multiple-center-of-
projection images. IIBIGGRAPH '98: Proceedings of the 25th
annual conference on Computer graphics and interactivé-tec
niques(New York, NY, USA, 1998), ACM Press, pp. 199-206.

[SGG*00] SANDER P. V., Gu X., GORTLERS. J., HOPPEH.,
SNYDER J.: Silhouette clipping. 'SIGGRAPH '00: Proceed-
ings of the 27th annual conference on Computer graphics and
interactive technique&000), pp. 327-334.

[SGNO1] SWNAMINATHAN R., GROSSBERG M. D., NAYAR
S. K.: Non-Single Viewpoint Catadioptric Cameras: Geome-
try and Analysis Tech. Rep. cucs-004-01, Columbia University,
2001.

[SKO3] SEITz S. M., Kim J.:  Multiperspective imaging.
IEEE Computer Graphics and Applications ,28 (Novem-
ber/December 2003), 16-19.

[SKALPO5] SzIRMAY-KALOS L., Aszobl B., LAZANYI .,
PREMECZM.: Approximate ray-tracing on the gpu with distance
impostors. InEurographics 200%2005).

[Sou05] SOUSAT.: Generic refraction simulation. IBPU Gems
Il (2005), pp. 295-305.

[SSP0O4] $MON A., SMITH R. C., RwLIckl R. R.: Omnis-
tereo for panoramic virtual environment display systenmsVR
(2004), pp. 67-74.

[WS03] WAND M., STRASSERW.: Real-time caustics.Com-
puter Graphics Forum 223 (2003), 611-620.

[Wym05] WyMAN C.: Interactive image-space refraction of
nearby geometry. IRroceedings of GRAPHITE 20@3005).

[Wym06] WyMAN C.: Interactive image-space techniques for ap-
proximating caustics. |IRroceedings of the 2006 Symposium on
Interactive 3D Graphics and Gam¢2006).

[YMO4] YuJ., MCMILLAN L.: A framework for multiperspec-
tive rendering. IrRendering Techniqugg004), pp. 61-68.

[YMO5] YuJ., MCMILLAN L.: Modelling reflections via mul-
tiperspective imaging. NICVPR '05: Proceedings of the 2005
IEEE Computer Society Conference on Computer Vision and Pat
tern Recognition (CVPR’05) - Volumeg(2005), pp. 117-124.

[YuO5] Yu J.: Personal communication, 2005.

[YYMO5] Y u J., YANG J., MCMILLAN L.: Real-time reflec-
tion mapping with parallax. Ir813D '05: Proceedings of the
2005 symposium on Interactive 3D graphics and ga(2685),
pp. 133-138.

(© The Eurographics Association 2006.



