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Figure 1: A metallic ring on a wooden floor creates the classic cardioid-shaped caustics, rendered at 512 x 512
pixels with 2 x 64 x 8 triangles on the ring. From left to right: a) the full scene rendered using our new algorithm,
b) closeup of algorithm using constant intensity across caustic triangles (62 fps from the view in the leftmost
image), ¢) closeup of our algorithm using interpolation (47 fps without any precomputation from the view in the
leftmost image), d) closeup of the reference image computed using photon mapping with one million photons
(130 seconds).

Abstract high-quality offline rendering systems, but only a limited
In this paper we present an improved technique for inteset of techniques for real-time rendering of caustics are
active rendering of caustics using programmable graphievailable. This means that caustics are rarely included in
hardware. Previous real-time methods have used simpg@plications such as games.
prisms for the caustic volumes and a constant intensity In this paper we present a new technique for interactive
approximation at the receiver. Our approach uses interendering of smoothly interpolated caustics using pro-
polated caustic volumes to render smooth high-qualitgrammable graphics hardware. Our method is based on
caustics. We have derived a simple formula for evalusaustic volumes 19, 13] as shown in Figfiie 2. We ren-
ating the density of wave-fronts along a caustic ray, ander these caustic volumes using programmable graphics
we have developed a precise method for rendering caustiardware similar to approaches for real-time shadow ren-
volumes bounded by bilinear patches. The new optimizalering that uses the shadow volumes algorithm [5]. Our
tions are well suited for programmable graphics hardwareontributions are summarized below:
and our results demonstrate interactive rendering of caus-
tics from refracting and reflecting surfaces as well as vol-
ume caustics. In contrast to previous work, our method
renders high quality caustics generated by specular sur-
faces with much fewer polygons. e The use of warped caustic volumes as shown in Fig-
ure[2, which is significantly more accurate than the
prisms used in previous work.

e Fast and simple interpolation of the light intensity
over each caustic triangle to avoid blocky appear-
ance.

Key words: Caustics, caustic volumes, volume caustics,

real-time rendering, graphics hardware. e Fast analytic computation for volume caustics in ho-
mogeneous participating media.

1 Introduction

Caustics are beautiful and complex patterns of light gen- ¢

erated by specular to diffuse light transport. Examples in-

clude the shimmering light at the bottom of a swimming

pool and light focused through a glass of wine onto a ta-

ble. There are several techniques for rendering causticsTinese key properties are illustrated in Figure 1.

An algorithm formulated for the standard pro-
grammable feed-forward rasterization architecture
with many optimizations that makes for high per-
formance.



specular triangles

L1/ light polygon divided by the area of the caustic polygon.

Shinya et al.[[15] present pencil tracing, where a pencil
is a set of rays in the vicinity of a given axial ray. This
work can be seen as an extension of beam tracihg [7]
in the sense that it handles refractions more accurately,
and also provides error tolerance analysis in an elegant
manner. However, it is not targeted for use with graphics

caustic triangles

hardware.
Figure 2: Three different cases of caustic volumes. From Nishita and Nakamae present a sophisticated shading
left to right: caustic volumes that are diverging, converg- ~model for rendering the optical effects within water|[13].
ing, and warped, where the sides clearly are not planar. In contrast to Watt [19], they also take into account the
volumetric effects, and can thus render volumetric caus-
2  Previous Work tics. For each scanline, their rendering process finds the

Rendering of caustics has been an active area of reseaF@WrseCteq volumes, and accumulates the.|r. regults mto_an
in graphics for roughly 20 years. Early work concentratefﬁ‘ccumu""‘t'on buffer. Homogeneous participating m_edla
on rendering complex caustic patterns, while recent work" l_ae handled. I\(vas_akl et al. [8] pres’ent an algorlthm
has focused on faster rendering. Fhat |mplefment3 Nishita apd Nakamae’s techmque_s us-
Work based on ray tracing was started in 1986, whelt9 graphics hardwar e. Since they use a constant inten-
Arvo [1] presented backwards ray tracing as the first prac's—Ity across causfic triangles, they have to use large water

tical technique for rendering caustics. His method trace%lurface me?isﬁﬁu x ?12 Ve:.'CES) t?( avoid ]E)Iocky ap- f
rays “backwards” from the light sources into the scen earance ot Iné caustics, which makes periormance sut-

storing information about the caustics in texture map er. Also, they do not handle warped caustic volumes, as

Collins [4] introduced an improved backwards ray tracin howrr: tothe rightin F'g?@ 2.t_Howev§r, thehy cr;an acl:(coufnt
technique, which tracks the wavefront [12] of the causti or a nomogeneous participating media, which makes for

rays. This method gives higher accuracy, but is limited t eautiful |.mages of volumetric cau§tlcs. o
planar diffuse receivers. Jensénl[10] uses photon tracing!Wasaki et al.[[9] present a technique, based on Nishita
(similar concept as backwards ray tracing) and stores tfé!d Nakamae’s algorithm, that can render reflective and
caustics in a caustics photon map — the photon map Céﬁfrac_twe caustics using graph|c_s hardware. The_|r algo-
render caustics on arbitrary geometry with non-diffusé'thm is avqlume rendering technique, where r_ecewerob—
materials. The photon mapping algorithm has been eJ€cts are sliced by several pIar)es, and. caustics rendgred
tended to handle participating media and effects such 88 €ach of thes.e.. The rendermg quall'ty increases with
volume caustics [11]. Recently, Guenther et[al. [6] use §1€ number of slicing planes. This algorithm cannot han-
cluster of 18 dual Athlon PCs to render caustics at 10d/€ participating media and does not use warped caustic
20 frames per second with photon mapping. Wyman é/plumeg. Furthermore, no |nterpolat|or) over caustic tri-
al. [20] use a shared-memory machine with 32 CPUs t@ngles is used. Frame rates of 2.5-10 images per second
gether with precomputation in order to obtain real-timére reported for water meshes@f x 64 to 128 x 128
rendering of caustics. Due to the precomputation phas¥ertices.
a limited set of scene configurations can be rendered in The methods that use caustic polygons and assume
real time. Purcell et al[T14] use graphics hardware tgniform intensity across each caustic polygon all require
render images with caustics using the photon map a|g§.finely tessellated specular surface, and have problems
rithm. They use the graphics hardware to implement when the curvature of the specular surface is high. This
breadth-first stochastic ray tracer. A scene similar to ougsue was addressed by &m and Poulin([2] by a su-
ring scene takes about 8 seconds to render. perior approach that tracks the wavefront of each ray of
Heckbert and Hanrahah![7] introduced the concept ¢he volume and uses barycentric interpolation over each
beam tracing, and this concept was used by Wait [19] in@austic triangle. This avoids the blocky appearance of
two-pass algorithm capable of rendering caustics. In tH&€e techniques presented above. Their algorithm is tar-
first pass, a beam of light is created for each water surfag@gted for ray tracing, and rendering times of minutes up
polygon, and for each receiver it hits, a pointer is stored t& many hours are reported. In our work, a simpler and
the water surface polygon. The projected polygon of thé@ster interpolation scheme over each caustic triangle is
beam where it hits the receiver is calledastic polygon ~ used.
In the second rendering pass, the intensity of the caustic Stam [16] renders approximate textures of underwater
polygon is proportional to the area of the water surfaceaustics on a plane using wave theory. Trendall and Stew-



art [17] show that general calculations can be performetthe description. The implementation works with an arbi-
using the graphics hardware of 2000. Their test applicarary number of reflective/refractive generators and mul-
tion is that of refractive caustics on the bottom plane of &iple lights. All geometry is stored as indexed triangle
pool of water. This work is important in the sense that isets. Caustic volumes are computed by the CPU for every
considered the graphics hardware as a general tool for difame. Therefore, we can handle fully dynamic scenes.
ferent calculations. Neither of these two techniques gert each vertexv® of the generator, the vector from the
eralize to arbitrary receivers. Wand and Stragser [18] takight source tov? is refracted at the surface using the ver-
a completely different approach by placing sample pointsex normaln’. Refracted vectors’ are stored in an array,
on the specular surfaces, and then treating each samplmilar to vertices and normals. Each triangié*! con-
point as a camera that projects an image of the inconsisting of vertices/’, v¥ andv! generates a caustic vol-
ing light onto diffuse receivers. They take into accountime bounded by the rays + tr/, v* 4 tr* andv! + tr!,
local curvature to decrease antialiasing, and can use higtheret > 0.
dynamic range images as lights. The number of passesOur algorithm works like this: In a first pass, the world
of this algorithm is directly proportional to the numberspace positions of the receivers are rendered to a texture
of sample points on the specular surfaces, and in the pngsing a simple fragment program. Because of this, re-
sented images, undersampling problems are visible. ceiver geometry can be arbitrary. It need only be possible
Neither of the algorithms above is capable of rendetto render it with OpenGL/DirectX. In the second pass, the
ing caustics onto arbitrary receivers at interactive framerucial operation is to draw a bounding volume for each
rates using only a single PC with a graphics card witheaustic volume. Using the positions from the texture,
out a blocky appearance or noise in the caustics. In thEint-in-volume tests are computed for every visited pixel
following, we present an algorithm based on caustic voby a fragment shader. For points inside the volume, caus-

umes that addresses these issues. tic intensity is computed and accumulated in the frame
_ _ buffer. The accumulation is achieved by simple additive
3 Caustics Algorithm blending. Intensity calculation and point-in-volume tests

The geometry in the scene is separated geaerators Nneed some more detailed explanation.

and receivers Generators are objects with a specular The following section lists the limitations of our algo-
component in their BRDF, while receivers always have &thm, and then follows the details of our warped caustic
diffuse component. Glossy effects are neglected for caugolumes. In Sectiop 3|3, we describe our method for test-
tic computations. An object may be both a generator arifig whether a pointp, is inside such a volume. For points

areceiver. inside a volume, we compute its intensity as described in
Rendering caustics using a caustic volume approacction 3.## as well as volumetric effects in the presence
can be carried out according to a simple algorithm: ~ Of participating media (Sectign 3.5).
foreach visible point P on a receiver 3.1 Limitations
foreach caustic volume V The limitations of our algorithm are summarized in the
if P is inside V following list:

Compute & accumulate caustic intensity
e Only a single specular bounce

Various hierarchical data structures have been pro-
posed to reduce the number of point-in-volume tests for
CPU based rendering. However, GPUs perform best
when executing highly optimized brute-force algorithms,
and we use a highly optimized inner loop rather than a o |+ st be possible to render receivers into the Z-
hierarchical method to obtain real-time performance. buffer

Simplifying assumptions about the geometry of the
caustic volumes are often made to reduce the compu-e Reflected/Refracted vectors are linearly interpolated
tational cost. Artifacts and the inability to render self- over specular triangles
intersecting volumes are the price for this speedup. Our
method computes exact point-in-volume tests efficiently3.2 Warped Caustic Volumes
and it is not limited to GPU implementations. Previous algorithms for rendering caustics with caustic

Without loss of generality, we will outline the algo- volumes using graphics hardware have all assumed that
rithm for a scene with one refractive generator (e.g. the volumes are prisms, that is, with planar side surfaces.
water surface) and one light source in order to simpliffHowever, due to different normals at the vertices of a

e No shadowing for caustics

e Generators must be triangular meshes
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Y Figure 4: Caustics from a section of an ocean surface with
64 x 64 points rendered at 256 x 256 pixels. The left

Figure 3: a) An example of a warped caustic volume.  image was rendered with triangulated prisms as bound-

b) The two-dimensional coordinate system in which our  ing volumes. Gaps between adjacent prisms result in

caustic volumes are represented. clearly visible artifacts. The right image was rendered

with tightly fitting bounding volumes and our exact point
specular triangle, this is in general not true. An examin volume test.
ple of th|.s is shown to the leftin .Flgu@ 3. . 33 Point-in-Volume Test
The side surfaces of a caustic volume are defined bTyh e :

the three verticesy’, i € [0,1,2], of the specular tri- e pom_t-ln-vol_ume test is the performance hoF—spot of

angle, and the reflected/refracted vectafs,associated the algorithm, since this is executed for every.plxel cov-

with each vertex. Assuming a finite caustic, the exacg’€d Py the bounding volume of each caustic volume.

same side surfaces could each be defined by four pos$US: thorough optimization is crucial for real-time per-

bly non-planar points; two from the specular triangle, anéPmance. The basic idea to test if a poin world

two from the bottom of the caustic volume. Such a surSPace is inside of a volumié is simple. Firstp is trans-

face is the simplest of bilinear patches. Our assumptiofl‘?rmed into the local coordmgte system %,f yleldlqg
‘. All subsequent computations are carried out in the

here is that the reflected/refracted vectors when travelirl%g ! i h : ! ande? of
from one vertexy’, to anothery’, can be created by lin- 0@l coordinate system. The vertice$ c' andc® o

early interpolating:’ into r. In terms of the generated the caustic trianglé\. are computed by intersecting the

side surfaces, this is an approximation in the case of rGaUStic rays with a virtual plane with normat= (0, 1, 0)

o , . ) /
fraction, but itis much more precise than the use ofplan&omff"Inlngp (see Figurd 3 to the right). A_”Y p_omt—
side surfaces. in-triangle test can now be used to checkpif is in-

For a point,p, inside a caustic volume, we need to findSIOIe AC.‘ We apply a test th?t compl_Jtes three valfips
the area of the caustic triangle pf The choice of the proportional to the barycentric coordinates, because they

plane used to find the caustic triangle is arbitrary as Ion@re needed for linear interpolation later on. The actual

as it passes through Intersecting a plane with a bilinear _arycentrlc coordinates could be computed fromby

patch results, in general, in a quadratic curve. Thus thde'vISIon by the area of tha... Below, we show how the

“ s N nnormalized3; can m , and then w ri
caustic triangle” would have curved edges. However.norma edj; can be computed, and then we describe

by choosing the normal of that plane to the same as tﬁéé)me optimizations.
normal of the specular triangle, i.e., the two triangles are a = p’y
parallel, we are guaranteed that the caustic triangle will

i % i
have straight edges. This is the approach we take for our ¢ = V/ tar » L€ [0:1,2]
computations. e = p —-c, 1€][0,1,2]
To simplify the shader optimizations presented in Sec- Bo = el xe?
tion[4, we change the coordinate system so thagtaeis B = le*x e
coincides with the normal of the specular triangle’s plane, B = | x el
y =

and so that thg-coordinates of the’ are all set to zero.
Furthermore, the directions are scaled so that the¢  The pointp’ is insideV if all 3; have the same sign.
components are set to one, ixg,,= 1. Thisis illustrated A significant performance gain can be achieved, when
to the right in Figur¢ 8. the point-in-triangle test is done in two dimensions, us-
In Figure[4, we show the differences between usingng a projection of the involved points onto a plane. The
triangulated volumes and using warped volumes. ratios of the barycentric coordinates are invariant under



this transformation. We choose to project along the local If all caustic volumes are described in the same coordi-

y-axis, since that will give numerically stable results.

Due to the code above, atf andp’ lie in the same
plane,y = «, which means that thg-component of alé’
will be zero. Thus, the computations of thés simplify
to:

nate system, interpolation could be done as follows. For
every vertexv® of a generator, the triangle fan around
this vertex is used to compute an area function for the
vertex. Then triangles around/* are denoted\;, j €
[1,2,...,n]. The area coefficients for a vertex could

be computed by just summing up the triangle area coeffi-

Bo=le' xe?|=p(e—c2) +PLlcz—cz) + cac; — eac? cients,a;, b;, c; of then triangles around’:
Br=le? xe’|=pl,(cd—c2) + pl(ch—cy) + ciey — el
o =lexel|=p(c:—cd) +pl(ch—c;) + chey — ches 3

n n
Ei:Zaj, bi:ij, 62'1263‘,
To test whether a point is inside a caustic volume, a frag- j=1 j=1 j=1
ment shader computes tf¥#s as shown above, and tests
whether all3’s have the same sign. If this is the case, th&lote thatA(A;) = A;(0) = a;, soa; is the sum of

point is inside. The comparison is further optimized irfhe areas of the triangle fans around ventéx A per
Sectiol4p. vertex caustic intensity; for v* at deptha is computed

. . using the area; of the triangle fan around? and the
3.4 Caustics Interpolation

) . aread;(«a) of the caustic fan:
In order to avoid the blocky appearance of caustics, we

interpolate the intensities inside the caustic triangles. Do-
ing linear interpolation requires the computation of inten-
sity values per vertex, as opposed to computing a single
valug for an entire caustic triangle. For this purpose, we here;, b;, andz; are computed for each vertex by the
considered a wavefront based methad [2], but decided . . . )

i o : PU. An interpolated intensity at the pointp’ in a caus-
use a simpler and more efficient function to calculate thF ' ' 1 9
. . . T . ic volume, defined by the verticed, v andv?, is com-
intensity at a given depthy, inside a caustic volume. It . . : :
. . o . . puted using the non-normalized barycentric coordinates
is suited for both an optimized hardware mplementauo@ ic01,2]:
and linear interpolation. The area of the caustic triangle®’ T
A(A.) is defined af

A(Ac) = [(e! =) x (e — )|

ai + ab; + a%c;,
EZ/Z7 (OL)

Zl(()é) =
I, =

I Boto + Bia1 + Baan
BoAo(a) + B1 A1 () + B2Az(c)

To simplify notation, we introduce a set of new vectors:  The problem with this approach is that caustic vol-
umes, in general, need not share a common coordinate

system. Fortunately, we can enforce this condition lo-
Note thatk; = 1; = 0. We can rewrite the area func- cally, by flattening the fan around vertex for the com-
tion as a function of the depth, along they-axis in the putation of the coefficients. For this purpose, the lgeal
coordinate system from Figur¢ 3 as: axis is chosen to be the vertex normmél All vertices in
the fan are projected along their reflected/refracted vec-
tors into a plane with normail’ containingv®. This trans-
d formation is depicted in Figuig 5.

The transformation is still problematic because the
point p would have to be transformed into three differ-
ent coordinate systems to compute the three vertex in-
tensities. For a real-time system, this is a costly opera-
tion. However, it can be avoided when area coefficients
are computed for every vertex of every triangle and not

Thea, b andc can be precomputed and sent to the fragfor every point in the mesh. The fan is then flattened
ment program as texture coordinates. For our hardwate a plane with the geometric normal of the specular tri-

implementation, we rewrite the function as a dot produc@ngle. In this way, the coordinate system for the fan is
the same as the coordinate system of the caustic volume.

2 . . .

Ala) = (1,07, ) - (a,¢,b) They-coordinate ofp’ can be used for both the point-in-

1Actually, this is twice the area, but we always compute ratios of/c’lume test anq the mtensn)_/ Calcu'?-uon-. Exactly hbw
triangle areas, and so these terms cancel. is computed using the GPU is described in Sedtjon 4.

ki=vi—v lI'=r—1% icll1,2

Ala) = (k' + al') x (kK2 + al®)| = a + ab + ¢

where theriangle area coefficients, b andc are define
as:
a = k2 — kK2,
= kL2 —KL2 K2 - K2

x'zo
_ 1;2 172
c o= 12—l




specular 4 Implementation and Optimizations
triangles

In this section, our optimizations of the implementation
will be described.

4.1 \Vertical SIMD on GPUs

SIMD computations can be separated into horizontal and
vertical computation models. Let the size of the SIMD
registers be three, for example. In a horizontal model, a
set of three vectors would be stored in registers like this:

flattening
[ =

0,0 .0

1
z> Vy» 2, v

1,1 .1

2
m?vy7 z)) A\

Figure 5: Flattening of triangle fan around vertex v® with vi=(v =(v =(vz, vzzl’ ?)
normal n°, shown in two dimensions. Note that this flat-
tening is only used in order to compute the area function
coefficients, and that the side surfaces of the volumes re-

main intact.

In a vertical model, alk, y andz components are stored
together in registers. This leads to the following data lay-
out:

vx = (v0,0,02), vy = (v

T VX YT

0

i 012)

vz = (v,,v,,v;

1,2
’Uy, l/)’
3.5 Volumetric Caustics
While this layout seems unnatural, it can be much more

Scattering in participating media is described by the "%fficient, because the values in one register all have the

diative transport equationl|[3], which relates the change 'Qamemeaning The same computations are applied to

ratilllantc.:e alor:jgt? dlreptlc()jn mta rnedll:tm t%tpehlfs\jvdue,lgll three vectors in parallel. However, it can be tricky to
extinction and the gain due to inscattered light. We will,, s fing three such vectors.

consider only homogeneous media in the following. This GPU computations are usually carried out in horizontal

means thaF We can use a simple analytigal evaluation MOde, while SIMD code for CPUs is arranged in vertical
the scattering contribution due to a caustic beam [11]: mode for optimal performance. We have applied vertical
SIMD computations to the GPU with great success. This

Lo (@) = e tde et Ao p(3 - &) Li (&), is due to the fact, that most computations operate only on

thex andz components of the vectors. Such calculations

can be expressed without any overhead of the unneces-

saryy-components in vertical mode.

Computation of the3-values in vertical mode looks

e this in Cg:

wherelL, is the radiance seen at the eygjs the extinc-
tion coefficiento is the scattering coefficiend, andd,
are the distances in the medium of the eye ray and trme(
caustic beamp is the phase function of the mediuth;

is the incident radiance of the caustic beam, dndis float3 p = texRECT(pTex, wPos.xy).xyz;
the distance that the eye ray passes through the caugtic Transform p to local space here ...
beam. In the following we will describe how we computef©at 2lpha = p.y;

d., d,, andAz—the remaining values are parameters fof 023 ¢* = alpha * rx.xyz + vx.xyz;

*
.. . R float3 cz = alpha * rz.xyz + Vvz.Xyz;
the participating medium. P N v v

float3 beta = p.x * (cz.zxy - cz.yzx)

We draw a bounding volume for each caustic volume + p.z * (CX.yzxX - CX.2Xy)
and execute a fragment program for each visited pixel, + CZ.yzX * CX.zZXy
computing the intersection of the scan plane with the - CX.y2ZX * CZ.ZXY;

three caustic rays. In general the resulting triangle has - . .
L . The texture containing receiver world space positions
curved edges, but we assume that it is linear in the case .
. . ) C is"bound to parametgsTex. The x and z coordinates
of volumetric caustics. This approximation works well . . .
: . of the specular triangle vertices, vz and the refraction
as the error for the accumulated volumetric effect is neg- . .
L . . ctors ¢£x, rz) are passed in as texture coordinates. Re-
ligible and does not result in any gaps between adjacen

volumes. It should be noted that we still use the morg’nember that thg-components of the refraction vectors

: X . . are normalized to one and that thecoordinates of the

precise computations for geometric receivers. The entré/ . .

; L . pecular triangle vertices are zero.
point p,, and the exit poinp into the volume are com-
puted by intersecting the triangle edges with the eye ra§:2 Shader Optimizations
in the scan plane. Thudz is the distance betwegn, Shading language compilers usually fail to generate opti-
andpy. d. andd, are the distances frop,, + py)/2to  mal assembly code. Optimization of the output is benefi-
the eye point and the specular triangle, respectively.  cial in most cases. Simplification of boolean expressions



and usage of special instructions are most problematic.
We will describe two important optimizations here, that
result in a performance improvement of 20%.

A point p is inside the volume if all3; > 0,Vi €
0,1,2] or 3; < 0,¥i € [0,1,2]. When we ignof§the
case where one or twé-values are zero and the remain-
ing are negative, the test can be reduced from nine as-
sembly instructions to three. Thevector is compared
componentwise to a zero vector. A dot product of the re-
sulting boolean vector with a vector, containing all ones, ) L.
gives the number of-values greater or equal to zero. |fF1gure 6 TQ the left a cagsﬂc VOIUI'He is {Hus?trated, and
this value is either one or two, the tested point is not i the right its corresponding bounding prism is shown.
the volume and the fragment can be discarded. Pseuliih R
assembly code for this test is given below: } K [ ‘

SGER TEMP, BETA, {0,0,0,0}; // >=0
DP3H TEMP.x, TEMP, {1,1,1}; // dot prod
SEQHC HC, TEMP.xxxx, {1, 2, 1, 2};

KIL GT; // kill fragment if outside

The computation of the caustic intensity requires a ve(
torm = (1, (pfy)z,pfy). Compiler output uses three in-
structions to generate this vector. Using O&T instruc-
tion, it can be computed efficiently with a single instruc
tion:

Figure 7: An ocean surface with 64 x 64 points rendered
DSTH M, P.yyyy, P.yyyys at 512 x 512 pixels. The left image was rendered at 10.7

4.3 Bounding Prisms fps with our technique without interpolation, and the right

For each caustic volume, a screen-size quad could be rdftage was rendered at 8.9 fps using interpolation. As can
dered and the point-in-volume test be executed for eveRf seen. the quality is substantially improved with our
pixel. This would be extremely slow, and in our firstinterpolation scheme.

implementation, we instead rasterized an axis-aligned N
bounding box for each volume. However, the tightet? the positive half space of the plane. The plane that

bounding volume, the fewer point-in-volume tests neef©!ds the entire caustic volume in its negative half space
to be executed. In this section, we describe how a tigtt the plane that we need to build our prism. For such a
bounding prism can be computed for a caustic volumé!ane, the following must holdn" - b* 4 d' < 0, for
This prism is then rasterized, and the fragment shader® ¥ € [0,1,2]. Note that all three planes must be tested
executed for each visited pixel. since the volume can be self-intersecting (converging).
Recall that the vertices of the specular triangleire ~ ONce @ plane has been found for each of the edges of
and for all practical applications, the volume need also b§'€ Specular triangle, the ray of each vertex is computed
of finite length. So, assume that the vertices of the “bof@S the intersection of the adjacent edges’ plane equations.
tom triangle” of the volume are denotéd. The specular Finally, a pot_tom triangle is found by making certain that
triangle will be the top of the triangular prism, and a tigh@ll b* are inside the volume. _
plane which contains an edge will be computed for each AN example is shown in Figuri| 6. Notice that the
edge of the specular triangle. Such a plane is comput&@unding prism always is much tighter than using an
as follows. axis-aligned bounding box. We have observed a speedup
Assume, that we want to compute a plane for the edddf about2x because of this.
vOvl. Three planesp’ - x + d' = 0,i € [0,1,2] can be

_ 5 Results
computed as: )
‘ ‘ ‘ ‘ In all our test results, we have used a PC with an AMD
n' = (v =v% x (b =v?), @' = —n’-v°. Dual Athlon MP 1800 (though only one CPU was used),

_ and a GeForce 6800 GT. In FigJrg 7, caustics from an
Ensure that the plane normal points outwards f;qm th§cean surface are shown when viewed from above. No-
volume by flipping sign ofn" andd" if the pointv=is  tice in particular the quality improvement using our inter-

2We have not experienced any visual artifacts due to this optimizap()latIon Scheme- . . )
tion. For the ring scene, shown in Figure 1, we achieve a




Figure 8: Zoomed-in renderings of the cardioid caustic generated by a reflective ring. The first three images from left to
right show renderings with increasing generator resolution (1024, 4096 and 16384 triangles) but without interpolation.
In the last image, our new interpolation technique was used with a resolution of 1024 triangles. To clearly see the
artifacts in the third and fourth image, zoom in the pdf.

frame rate of about 47 fps. Static generators require alg interpolation of the caustic intensity for each caustic
most no CPU computations. With dynamic generator geriangle. We also presented a fast method for simulating
ometry, the CPU consumes 15% of the rendering time farolumetric caustics in homogeneous participating media,
the computation of caustic rays and area function coeffand finally we presented a number of optimizations that
cients. To achieve similar image quality with no interpotake advantage of programmable graphics hardware. Our
lation, the resolution of the ring needed to be increasetlirrent algorithm takes into account only one specular-to-
by a factor of 16, which made the frame rate drop to 18liffuse bounce. More specular bounces could be included
fps. Thus, the similar image quality can be obtained withusing the techniques presented byé&se and Poulin[2],

out interpolation by increasing the resolution. Howeverbut this would probably require some non-trivial clipping
our interpolated version runs abatik faster, and also of the volumes.

continues to look reasonable even when you zoom in on For future work, we would like to add shadow mapping
the caustics. This is not the case for the non-interpolatexs an approximation to shadows in the caustics, since cur-
version. Zooming in on the caustic is further explored imently occlusion is not handled in our framework. We
Figure[§. would also like to implement the entire creation of the

In Figure[9 all effects using our algorithm are showncaustic volumes in a vertex shader. Also, it would be in-
This includes caustics on the bottom and in a homogéderesting to investigate whether our interpolation scheme
neous participating media. We have also added dispetould be used in other rendering systems, e.g., ray tracing
sion by using slightly different refraction indices for R, based algorithms.

G, and B, and rendered one pass per color. CPU time for
updating the dynamic ocean generator is 5% of the totAiCknowledgements
rendering time per frame. Thanks to Marc Stamminger andiGther Greiner for ini-

A discoball is generating volumetric caustics in Fig-tiating Manfred's visit at UCSD, and to Craig Donner for
ure[I0. Each quadrilateral on the sphere generator usé€¢ water surface generation code. Manfred was funded
the normal of the quadrilateral to generate reflection vedy Bavaria California Technology Center. Tomas was
tors from the light source. This is another example thagupported by the Hans Weéh foundation, Carl Tryg-
shows that our algorithm can handle arbitrary receivingers foundation, Ernhold Lundétns foundation, and the
geometry. Swedish Foundation for Strategic Research. Henrik was

In Figure[I1 we demonstrate the advantage of ofupported by a Sloan Fellowship and the National Sci-
algorithm in the case of high curvature generators ar@nce Foundation under Grant No. 0305399.
receivers. Without interpolation the caustics look ver)h ‘
blocky, while they are perfectly smooth with the new elerences
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Figure 9: Two images of volumetric caustics from a 128 x 128 ocean surface. The bottom image has a more pronounced
bottom surface, i.e., receiver). Notice that these images have been rendered with a slight dispersion effect as well at
0.2 fps at 1280 x 500 pixels.

[3] S. ChandrasekhaRadiative TransferOxford Uni-  [8] K. Iwasaki, Y. Dobashi, and T. Nishita. An Efficient
versity Press, 1960. Method for Rendering Underwater Optical Effects
Using Graphics HardwareéComputer Graphics Fo-

[4] S. Collins. Adaptive Splatting for Specular to Dif- rum, 21(4):701-712, 2002.

fuse Light Transport. IfFifth Eurographics Work-
shop on Renderingages 119-135, June 1994. [9] K. lwasaki, Y. Dobashi, and T. Nishita. A Fast Ren-

[5] Franklin C. Crow. Shadow Algorithms for Com- dering Method for Refractive and Reflective Caus-
puter Graphics. InComputer Graphics (SIG- tics Due to Water Surfaces. BUROGRAPHICS

GRAPH 77) pages 242-248. ACM Press, 1977. 2003 pages 283-291. Eurographics, 2003.

[6] Johannes Guenther, Ingo Wald, and Philipdl0] Henrik Wann Jensen. Global lllumination using
Slusallek. Realtime Caustics using Distributed Pho- ~ Photon Maps. IfProceedings of the 7th Eurograph-

ton Mapping. InEurographic Symposium on Ren-  ics Workshop on Renderingages 21-30. Euro-
dering pages 111-121, 2004. graphics, 1996.

[7] Paul S. Heckbert and Pat Hanrahan. Beam Tracind1] Henrik Wann Jensen and Per H. Christensen. Effi-
Polygonal Objects. InComputer Graphics (SIG- cient Simulation of Light Transport in Scences with

GRAPH 84) pages 119-127. ACM Press, 1984. Participating Media using Photon Maps. Gom-



Figure 10: A discoball in a Cornell-box-like room.

Figure 11: Caustics of a sphere with smooth surface nor-
mals at the ceiling of a Cornell-box-like room. Top: caus-
tics with no interpolation. Bottom: smoothly interpolated
caustics with our new method.
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