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Caustics Mapping: An Image-space Technique for
Real-time Caustics

Musawir Shah, Jaakko Konttinen, Sumanta Pattanaik

Abstract—In this paper, we present a simple and prac-
tical technique for real-time rendering of caustics from
reflective and refractive objects. Our algorithm, concep-
tually similar to shadow mapping, consists of two main
parts: creation of a caustic map texture, and utilization
of the map to render caustics onto non-shiny surfaces.
Our approach avoids performing any expensive geometric
tests, such as ray-object intersection, and involves no
pre-computation; both of which are common features
in previous work. The algorithm is well suited for the
standard rasterization pipeline and runs entirely on the
graphics hardware.

I. INTRODUCTION

AUSTICS are complex patterns of shimmerin
light that can be seen on surfaces in presen
of reflective or refractive objects, for example thos
formed on the floor of a swimming pool in sunlight
Caustics occur when light rays from a source, such
the sun, get refracted, or reflected, and converge at a _ _ _ _ _
single point on a non-shiny surface. This creates tRig- 1. Image r.endereq using the caustics mapping algorithm. This
—unif distribution of bright and dark areas. Fi urresult was obtained using double surface refraction (both for the
non-unirorm g ) - F19 Qppearance of the bunny as well as for the caustics) at the rate of
2 shows a photograph of caustics from a glass sphapefps.
captured with a digital camera. Caustics are a highly
desirable physical phenomenon in computer graphics due

to their immersive visual appeal. Some very attractive

results have been produced using off-line high quali _mp_utaltion performed_ on_the CPU. Thisis an ‘”_’po”"?‘”t
rendering systems; however, real-time caustics rem fierion in certain appllcatlons, such as games, in W_h'Ch
open to more practical solutions. Deviating from thii'e CPU is already extensively scheduled for various

conventional geometry-space paradigm, which involvgéSks other than graphics.

path tracing in a 3D scene, intersection testing, etc, we! '€ remainder of this paper is organized as follows:

explore an image-space approach to real-time renderfhnort survey of related work is presented in Section 2.
of caustics. Our algorithm has the simplistic natur@U! rendering algorithm is then explained in Section 3,
of shadow mapping, yet produces impressive resu @Iowed by Section 4 discussing results and limitations.
comparable to those created using off-line rendering. conclude with a summary of the ideas presented in
support fully dynamic geometry, lighting, and viewin%he paper and provide directions for future research in
direction since there is no pre-computation involve€ction -

Furthermore, our technique does not pose any restrictions

on rendering of other phenomena, such as shadows, Il. PREVIOUSWORK

Whlch s the case In some previous work [3]._Our Although caustics rendering, in general, has been
algorithm runs entirely on the graphics hardware with ng e teq to a fair amount of research, a practical real-

{mali,jaakko,sumaR@cs.ucf.edu, School of Computer Sciencet,ime_ CaIUStiCS rent_jering .does not exist for everyday
University of Central Florida applications. In this section, we look at some of the
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the algorithm since the amount of computation done is
directly proportional to the number of sample points used
in rendering caustics.

Perhaps the most prominent caustics are those formed
in the presence of water. Therefore, the problem of
rendering underwater caustics specifically has received
significant attention. In early work, Stam [13] pre-
computed underwater caustics textures and mapped them
onto objects in the scene. Although this technique is
extremely fast, the caustics produced are not correct
given the shape of the water surface and the receiver
geometry. Trendall and Stewart [15] have shown re-
Fig. 2. (l;hoktcigraph of Caulsticsdfrom_a SI|0hefi<t3|?' }'?tl'ass ?ﬁpef Wei;ﬁi‘ﬁctive caustics to demonstrate the use of graphics
g T Steffrdware for performing general purpose computations.

Their intent was to perform numerical integration which

they used to calculate caustic intensities on a flat receiver

surface. Their method cannot support arbitrary receiver
earlier work in offline caustics rendering and recegfeometry and also cannot be easily extended to handle
attempts to achieve caustics at interactive frame-rateshadows.

For a fair amount of computational cost, accurate andBeam tracing has been employed to produce more
extremely beautiful caustics can be produced. Introdyshysically accurate underwater optical effects, caustics
tory work using backward ray-tracing was proposed hy particular [5], [17]. In this technique, a light beam
Arvo [1], which was then pursued and extended by through a polygon of the water surface mesh is traced
number of researchers. In this method, light rays ate the surface of a receiver object, hence projecting the
traced from the light source into the scene as opposedotmlygon onto the receiver. The energy incident on the
conventional ray tracing in which the rays emerge fromater surface polygon is used to compute the caustic
the eye. Photon mapping, a more flexible framework, wasgtensity at the receiver, taking into account the areas
proposed by Jensen [9] which handles caustics in a nat-the surface and projected polygons. The intensity
ural manner on arbitrary geometry and can also suppodntributions from all the participating polygons are
volumetric caustics in participating media [10]. Variantaccumulated for the final rendering.
and optimized versions of path tracing algorithms have Nishita and Nakamae [11] present a model based on
been presented which utilize CPU clusters [4] and grapbeam-tracing for rendering underwater caustics including
ics hardware [12]; but the computational cost in timeolumetric caustics. Their idea was implemented on
and resources are limiting factors in practical applicatiagraphics hardware by Iwasaki et al. [7]. In a more recent
of these techniques to real-time systems. Wyman et plblication Iwasaki et al. [8] adopt a volume rendering
[19] rendered caustics at interactive frame-rates usingegzhnique in which a volume texture is constructed
large shared-memory machine by pre-computing lodar receiver objects using a number of image slices
irradiance in a scene and then sampling caustic inf@entaining the projected caustic beams. The case of
mation to render nearby surfaces. Such pre-computatiearped volumes which can occur in beam tracing has
steps in algorithms restrict their functionality to domainsot been addressed in either of the above. Ernst et al.
for which the pre-computation was performed and af8] manage this scenario and also present a caustic in-
unable to support fully dynamic scenes. Our algorithtensity interpolation scheme to reduce aliasing resulting
is also based on the backward ray-tracing idea, howewersmoother caustics. However, their algorithm is unable
it does not require any pre-computation. to obtain shadows since it does not account for visibility.

Wand and Strder [16] developed an interactive causk contrast, our algorithm is able to handle shadows and
tics rendering technique by explicitly sampling points1 general does not impose any restrictions on rendering
on the caustics-forming object. The receiver geometryasher phenomena.
rendered by considering the caustic intensity contributionIndependently and in parallel with our work, Szirmay-
from each of the sample points. The authors presentgdios et al. [14] conducted research on approximating
results using specular caustics-forming objects, but may-geometry intersection estimation using distant im-
fractive caustics can also be achieved with this techniqumsters which they applied to rendering caustics. Al-
However, the explicit sampling hinders the scalability dhough this technique is similar to ours, there are two
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main differences. We present an intersection estimation
algorithm which maps to the Newton-Raphson root find-
ing method that has faster convergence than the Secant
method used by Szirmay-Kalos et al. [14]. Furthermore,
a ray-plane intersection operation is performed for every
iteration of their method which is not needed in our
algorithm.

Our rendering algorithm consists of two main phases:
(i) construction of a caustic map texture, and (i) ap-
plication of the caustics map to diffuse surfaces called
receivers. We will first give a brief explanation of how
caustics are formed, and then relate it to our method of
construction of the caustic-map.

RENDERING CAUSTICS

Fig. 3.

\ surface normals

light rays
refractive object
\\e-;
\...*
refracted rays \
“

diffuse "receiver' object

Diagram showing how multiple light rays can refract

through an object and converge at the same point on a diffuse surface.

A. Caustic formation

Caustics are formed when multiple rays of light con-
verge at a single point. This occurs in the presence
of refractive or reflective objects which cause the light
rays to deviate from their initial path of propagation
and converge at a common region. Therefore, to ob-
tain caustics accurately, one must trace light rays from*
their source and follow their paths through refractive
and off reflective surfaces. The photons eventually get
deposited on nearby diffuse surfaces, called receivers,
thus forming caustics as illustrated in Figure 3. Our
algorithm closely emulates this physical behavior, and
is capable of obtaining both refractive and reflective
caustics. For reflective caustics we support a single
specular bounce. In the case of refractive caustics, in
addition to single surface refraction, our method also *®
supports double surface refraction employing the image-
space technique recently proposed by Wyman [18]. The
algorithm supports point and directional lighting. Area
lights can be accommodated by sampling a number of
point lights.

B. Caustics Mapping Algorithm

Without loss of generality, we will describe render-
ing of caustics through refractive objects using our
algorithm. A general overview of the algorithm, which
closely resembles shadow mapping, is presented next
along with elaborative discussion on certain parts.

Following is a stepwise breakdown of the main caus-
tics mapping algorithm. Since the algorithm runs entirely
on the GPU, it is explained in terms of render passes
performed on the graphics hardware.

» Obtain 3D positions of the receiver geometry:
The receiver geometry is rendered topasitions

texturefrom the light’s view. 3D world coordinates
are output for each pixel instead of color. This posi-
tions texture is used for ray-intersection estimation
in the next step.

Obtain 3D positions and surface normals of the
refractive object: The refractive object is rendered
to texture from the light's view. Using multiple
render targets, the surface normals and 3D world
coordinates are output for each pixel. These textures
are used with a grid of vertices of equal resolution,
such that each vertex maps to a pixel on the texture.
The vertex grid is used for the remainder of the
algorithm in place of the refractive object.

Create caustic-map texture:The caustic-map tex-
ture is created by splatting points onto the receiver
geometry from each vertex of the refractive vertex
grid along the refracted light direction. The inter-
section point of the refracted ray and the receiver
geometry is estimated using the positions texture.
This step is explained in detail in the following
section.

Construct shadow map: Although optional, con-
ventional shadow mapping can easily be integrated
into the caustics mapping algorithm to render im-
ages with both caustics and shadows.

Render final scene with causticsThe 3D scene

is rendered to the frame buffer from the camera’s
view. Each point of the receiver surface is projected
into the light’s view to compute texture coordinates
for indexing the caustic-map texture. The caustic
color from the texture is assigned to the pixel and
augmented with diffuse shading and shadowing.

The steps mentioned above are performed every frame
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in separate render passes, and thus impose no constraints
on the dynamics of the scene. Furthermore, no compu- normal
tation is performed on the CPU; neither as a per-frame
operation nor as a pre-computation.

C. Creating the Caustic-Map

Rendering of the caustics map texture lies at the heart
of our algorithm. It consists of three main steps:

» Refraction of light at each vertex of the refracting ol rpra—

surface P1 projection final estimate
« Estimation of the intersection point of the refracted

ray_W|th_ the recelver ggomet_ry . . Fig. 4. Diagram of the intersection estimation algorithm. The
« Estimation of caustic intensity at the intersectiofyjig-lined arrows correspond to the position texture lookups.

point

The caustic-map texture is created by rendering the
refractive vertex grid from the light's view. The vertices
are displaced along the refracted light direction by th@hered is the distance from the vertex Estimating
estimated distance and then splatted onto the receitfe® point of intersection amounts to estimating the value
geometry by rendering point primitives instead of triarf d, the distance betweenand the receiver geometry
gles. The algorithm is implemented in a vertex shad@long 7. An initial value of 1 is assigned td and a
program and proceeds as follows: new position,P;, is computed:

for each vertex vdo

7 = Refract( LightDirectionVector )

P = Estimatelntersection( v.positiorn;
ReceiverGeometry )

v.position = P

return v

Pl=v+1x7 2

P, is then projected into the light's view space and
used to look up the positions texture. The distartte,
betweenv and the looked up position is used as an
estimate value fod in Equation 1 to obtain a new point,

Notice that multiple vertices can end up at the sanf@- Finally, P is projected in to the light's view space
position on the receiver geometry. In the pixel shader, tR8d the positions texture is looked up once more to
light intensity contribution from each vertex is accumubtain the estimated intersection point. Following is a
lated using additive alpha blending. Details regarding t§81PPet of shader language code that computes the esti-
intensity and final caustic color computation are given fijatéd intersection point. The inputs to this algorithm are
Sub-section III D. the initial point on the rayy, the normalized refraction

The intersection point of the refracted ray with th@irection vector, 7, and a texture sampleposTexture
receiver geometry must be computed in order to outptg€d to lookup the positions texture.
the final position of the vertex being processed. Nor-
mally, this requires expensive ray-geometry intersection
testing which is not feasible for real-time applications.
We present a novell imagg-space algorithm for estimatingqo i3 p1 = v + 1.0% :
the intersection point which, to our knowledge, has not float4 texPt = mul( floatd( P1, 1) , mViewProj);
been used before. float2 tc = float2(0.5*(texPt.xy/texPt.# float2(0.5,0.5);

The intersection estimation algorithm utilizes the po- ¢y = 1 of - tc.y;
sitions texture rendered in the first pass of the mainfgata recPos =tex2D(posTexture, i
caustics mapping algorithm. A schematic illustration of fioat4 p2 = v +distancef,recPos.xypr:;
the procedure is shown in Figure 4. bebe the position  texpt = mul( float4( P2, 1) , mViewProj);
of the current vertex and” the normalized refracted +tc = float2(0.5*(texPt.xy/texPt. ) float2(0.5,0.5);
light vector. Points along the refracted ray are thustcy = 1.0f - tc.y;
defined as: return recPos =tex2D(posTexture, g

}

float3 Estimatelntersectiolf float3 v, float3 r,
sampler posTexture) {

P=v+dx7 1)
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Proof: We will construct a proof by applying the defin-
ition of f . Let d be the distance along the refracted ray from
the ray origin to the intersection point. Let= v + d * 7,
wherev is the ray origin and7” is the ray direction. If the
positions texturds looked up by projecting into the light's
view, the same poinp is obtained. Since the distance of a
point from itself is 0, the value of must be equal to O by
definition. ]

. . . ~ Thus the intersection estimation problem has been reduced
Fig. 5. Caustics on non-planar surfaces can be ot_)talned ustpdthe problem of computing the root ¢t Although any root
Caustics Mapping. The scene shows underwater caustics on a S'fﬁ'f&ing algorithm can be applied as per user preference, the
and a rugged seabed. Caustics Mapping algorithm uses an iterative method derived

from the Newton-Raphson (NR) algorithm. The NR iteration

. i ] ) is defined as follows:
D. Convergence of Intersection Estimation Algorithm

The intersection estimation algorithm is essentially an itefo find a root off(d) = 0 with the initial guessi,
ative process of which a single iteration has been discussed A
above. For example, in the next iteration the distance between dpsr = dj — Jf(dk) where k=0,1,2,3, ... (4)
the estimated intersection point in the last iteration anauld f'(d)
be plugged into Equation 1 as a new estimate valuelfdihis Note that the NR iteration requires the evaluation of the
iterative process was derived from the Newton-Raphson ragrivative function,f’(d). Since the functiory is in a discrete
finding method, whose convergence rate is faster than oth@m, its derivative can be computed using finite differences.
popular methods such as the Secant and Bisection methods. In
this sub-section, we map the problem of intersection estimation F(d) = (f(d+ A) — f(d))/A (5)
to a root finding problem. We then discuss the Newton-

Raphson method and relate it to our intersection estimatiS:HDU_COde for the NR_ iteration is provided n the_ Appendl_x,
algorithm. and it can be used in place of our approximative iterative

In order to compute the intersection using a root findin§C)|l.Jt'o.n i deswed_wnh the added cost qf computing the_
method, we must define a functiof(x), whose zero corre- erivative. In certain cases where the derivative is approxi-
sponds to the point of intersection of the refracted ray and tm}ated usmg_the c_jlffe_rence between two points specifying an
receiver geometry. Let the refracted ray be the x-axis for! terval, this iteration is referred to as the S_ecant method._Note
discrte uncon/9). (0 is the dstance betueenan he | 4 12 Secenl method speates o an e of bty
projection ofx. For each pointz;, along the refracted ray finite difference in the NR method, the interval has to be

at a distancel; from the origin of the rayf(x) is defined as : S . .
g yik) small. Computing the derivative requires two evaluations of

follows: AT I
the functionf. This directly translates to two accesses of the
y; = posTexture(z;) positions textureper iteration. In order to reduce the overall
f(z;) = distance(z;, y;) ) number of texture accesses, we introduce an approximation

to the NR evaluation. The NR method givés, 1, the new
The functionposTexturef;) retrieves a 3D point from the estimate of the root point by incrementinfg, with a scaled
positions textureby projectingz; into the light's view and version off(dk), the function value atl;. The exact scale is
computing texture coordinates. For example, in Figure 4, titlee negative reciprocal of the derivative of the functionlat
distance betweet?, and P; projectionis the value forf(P;). In our method we use the distance of the surface geometry
For simplicity, f(x) can be re-parameterized using the disat d;, from the origin of the refracted ray (i.ely=0) as the
tance,d, from the origin of the ray instead of a 3D point, estimate ford,;. This approximation of the NR iteration was
along the rayf(v + d * ) or simply, f(d) (recall thatvand 7 influenced by three key observations:
are the origin and the direction of the refracted ray). Notice « A rough similarity to NR estimator: The distance of the
that whend is equal to the distance from the refracted ray  surface geometry af;, from the origin of the refracted
origin to the intersection point/f(d) is equal to 0. Therefore, ray (i.e.d,=0), can be approximated @ incremented
the root of f(d) directly corresponds to the distance to the by an amount related t¢(dy).
intersection point. We can now define the following theorem: « Correctness:At the root, i.e. at the point of intersection,
dy is indeed equal to the distance of the surface geometry
from the origin of the ray.
Theorem 1: f(d) = 0 if and only ifd is equal to the distance « Computational efficiency: This estimator eliminates the
along the refracted ray from the ray origin to the intersection  need for explicitly computing the function derivative and
point. thus cuts down the number of texture lookups by half.
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Fig. 6. Caustics from a glass sphere (from left to right) using the distance imposters method, our caustics mapping, and photon mapping.
3 iterations of the respective intersection estimation algorithms were used for both the first and the second image. The distance imposter’s
method produced a frame rate of 160 fps whereas caustics mapping produced 245 fps on a GeForce 7800.

to the Newton-Raphson method is that in some cases it
starts oscillating between two reference points and thus never
converges to the true root. This problem is attributed to the fact

that the Newton-Raphson method keeps only the most recent
estimated point instead of an interval which contains the root

point. This oscillation, however, can be detected by storing the

last two estimates and then remedied by switching to a more
conservative algorithm such as the Bisection method.

We have found empirically that the estimate of the intersec-
on point improves rapidly with each iteration. The magnitude
cf the error and the number of iterations to convergence
depends on the topology distribution of the scene. For a fairly

uniform topology, the error is negligible after only 5 iterations.
For the purpose of rendering caustics, we observed that only

The intersection estimation algorithm assumes that the traesingle iteration is sufficient. Furthermore, the small error
intersection point lies at the same distance frgnas the in the estimation is well sustained by our caustics mapping
current estimate point. Visually, this can be observed asalgorithm and thus is suitable for the purpose. It is important
circular arc connecting’; and P, centered at with radiusd’.  to note that the algorithm is not limited to rendering caustics
The assumption that the receiver surface is curved rather tlamplanar surfaces. As long as the visibility function is well
planar in the local region of the intersection was motivated lefined and continuous, even fairly rugged terrains produce
the fact that no explicit intersection tests would be required accurate results. Figure 5 shows under-water caustics falling
the former case. The algorithm thus incurs the cost of justoa a shark and the floor, both of which have non-planar surface
texture look-up at each iteration, unlike the distant imposteggometry.
technique which additionally requires a ray-plane intersection
test.

As with all iterative root finding methods, the continuityE' Caustic Intensities
of the function is a vital criterion for convergence. Thus in The intensity of the caustics formed on the diffuse receiver
order for the intersection estimation to be successful, theometry depends on the amount of light that gets accumulated
visibility of the receiver geometry from the light's view mustat any particular point on the receiver's surface. Since the
be well defined. Note that when thmositions texturdookup caustics map texture is created by refracting or reflecting
returns a null value, it implies that no receiver geometry wadbke light rays at each vertex, the intensity of the caustics
seen in that direction. If this null value is encountered iwill depend on the number of vertices which make up the
the intersection estimation algorithm, the result obtained ¢austic-forming object. If the algorithm is employed using a
incorrect. In practice, the value returned is a point at infinitpaive accumulation scheme, the caustics will appear to be
Such a situation arises near the edges of the reciever geomdtright or dark depending on the number of vertices of the
However, this only means that some of the caustic splatfractive object. This undesirable phenomenon occurs due to
would be lost, but it does not cause any visual artifacts the incorrect assumption that the light flux contribution for
the final caustics rendering. Another limitation that is specifigach vertex is the same. We combat this problem by computing

Fig. 7. Difference images of (Left) the distance imposters meth
and (Right) our caustics mapping method with photon mapping. T
difference images were obtained from the results shown in Figure
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Fig. 8. Frames from a water animation demo with caustics mapping. Random "plops” are introduced in the water surface mesh at regular
time intervals. Notice the caustics pattern and the corresponding shape of the water surface.

a weighting coefficient for each vertex which is then multipliefor single refractive surfaces such as water, attenuation is

with the incident light. performed over the distance between the surface and the
In order to compute the coefficient for a vertex, the total fluseceiver geometry.

contribution for that vertex must be determined by observing

thg total flux through the surface of the caustic—forming Obj:eﬁ Implementation Issues

visible to the light souce. Therefore, the total flux contribution

for each vertex in the grid is computed as: The caustics mapping algorithm suffers from issues similar

to shadow mapping and other image-space techniques. There
1 are two main points of concern that must be addressed:
e = V(Ni - Li) ®) aliasing, and view frustum limitation. The former issue is
. . - ._inherent in all image-space algorithms. This problem is further
whe_reV is the total projected visible surface area of t_he obJe‘i‘Eagnified due togthepusagegof point primiFt)ives rather than
Ni is the surface normal vector at the vertex, aidis the triangles for rendering of the caustic-map. The gaps between

incident light vectorV is determined by counting the numbe : : .
: : . . h int splats give a non-contin rance to th -
of vertices of the refractive grid that are occupied by thﬁe point splats give a non-continous appearance fo the caus

roiection of the refractive obiect. Since the arid resolutio cs. However, if there are sufficient number of vertices in
Proj ject. 9 YO refractive vertex grid, the gaps are significantly reduced.
is the same as that of the render target texture(s) used

Step 2 of the Caustics Mapping algorithm, the number FBure 11 shows a comparison of the caustics produced with

rasterized pixels in that sten aives the valueVoThe process Ro different refractive grid resolution§4 x 64 and128 x 128.
P Pg P In our implementations, we have used grids 188 x 128

of detgrmlnmg Fhe numbe'r of rasterlzed pixels IS known Rertices. It is important to note that the tessellation of the
occlusion querying, and this feature is generally implement esh of refractive object has no effect on the quality of the

in modern graph_|cs APls. The acclusion query simply r(':‘turr&%\ustics, which is solely dependent on the resolution of the
the number of pixels that pass the Z-test.

. g _ . refractive grid. Further antialiasing can be achieved by using
It is important to note that the caustic intensity computati

Yextured point primitives with a gaussian fall-off for splatting.
is performed every frame since the projected visible surface P P 9 P 9

area can change. However, it does not involve any complex
operations that can have a significant impact on the frame-r;
The final color of the caustics formed through a refractiy
object is computed by taking into account the absorpti
coefficient of the object’s material. This enables us to achi
colored caustics as shown in Figure 1 and Figure 13.

I = Ie Kad 7

wherel, is the incident light intensityK, is the absorption
coefficient, andd is the distance that light travels throug
the refractive object. This distance is easily determined by

rasterizing the back-faces of the object in an initial rendelg. 9. Caustics rendered using our algorithm for simple objects
pass to obtain positions of the hind points. In fact, this dasach us spheres (245fps) as well as complex ones such as the Stanford
is already available if double surface refraction is used [18Junny (200fps)
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seen in Figure 8. It was rendered at a resolutio64of x 480
at the rate of 60 frames per second. The mesh used for the
water surface consisted @00 x 100 vertices.

Fig. 10. Comparison of photon mapping (Left) and Caustics
Mapping (Right) for a complex refractive object.

This produces continuity between the individual point splats,
and was employed for generating all the images in this paper.
Although not required, the caustic-map texture can also be
low-pass filtered for additional smoothening of the caustics.
The second issue pertaining to the algorithm is the view
frustum limitation during rasterization of the caustic-map. This
problem is exactly like that of shadow mapping with poingig. 11. Effect of refractive grid resolution. The top image was
lights. In such a case an environment shadow map is createfdered using a grid resolution of 684, whereas the bottom
usually with six 2D textures corresponding to each face ofimage was rendered using a grid resolution of 2288. The gaps
cube map rather than a single texture. Similarly, in the caustRgiween point splats that are visible at grid resolution 64x64, are
mapping algorithm if the caustics are formed outside tHfiot noticeable at grid resolution 128x128
light's view frustum, they will not be captured on the caustic-

map texture. This happens more frequently with reflective ) ) ) ) )
caustics than refractive ones. Using an environment causticFor solid refractive objects, using double-surface refraction

map solves this problem at an overhead cost of renderifigMore physically correct. Most of the previous work done
extra textures. In our implementation we employed cube ma, 'é@l-time caustics rendering is limited to single-surface
however the dual paraboloid mapping technique proposed rﬁ,\}tractlon and cgnnot be easﬂy extended to include the double-
Heidrich [6], which has been applied to shadow mapping fgurface interaction. Our algorithm effortlessly accommodates

omnidirectional light sources by Brabec et al. [2], can also f¥yman’s [18] image-space double-surface refraction. We ren-
utilized. dered various simple and complex objects and observed the

caustics that they produced. The results with caustics from
a sphere, and the Stanford bunny are shown in Figure 9.
IV. RESULTS AND LIMITATIONS Notice that the frame-rate even with double-surface refraction
The caustics mapping algorithm was developed and impis-quite high. The shadows in these images were obtained using
mented on a 2.4GHz Intel Xeon PC with 512MB of physicatonventional shadow mapping. Since we deal with point lights,
memory. However, since the algorithm performs no compa-shadow cube map was employed. The resolution of both the
tation on the CPU, a lower-end processor will be sufficiershadow map and the caustics map W68 x 768 x 6 pixels for
We employed a GeForce 7800 graphics card and pixel shademdering final images of resolutidi®24 x 768 pixels. Figure
model 3.0 because the algorithm requires texture accesslishows caustics from the Stanford bunny up close, occupying
the vertex shader for intersection estimation in the caustimost of the caustic map region. The frame-rate in this case is
map generation step. The algorithm was implemented usiégfps, which shows that the algorithm is fill-rate dependent.
Microsoft DirectX 9.0 SDK. Figure 10 shows a comparison of images rendered with
The major advantage of our algorithm is the speed at whi€taustics Mapping and an offline rendering system using
it renders the caustics, making it very practical for utilizatiophoton mapping. Notice that even with complex objects,
in games and other real-time applications. We conductedsiach as the Stanford bunny, our algorithm produces visually
number of tests and produced results to demonstrate timavincing results. Some small differences do exist, and they
feature-set of our algorithm. Caustics from both refractivare mainly attributed to the accuracy of the emulation of the
and reflective objects were generated. For refractive objeatsfraction events that take place as light travels through the
two main categories were established: single-surface refrcmny to the receiver surface. For simpler geometry, such as
tion, and double-surface refraction. Single-surface refractispheres, the caustics produced using our algorithm are closer
is suitable for underwater caustics since there is only a singtethose produced with photon mapping since the refraction
refraction event as light enters through the water surface aenkents are fairly simple and can be accurately emulated using
hits the floor. The result of our underwater caustics can ldeuble surface refraction. Figure 6 shows a comparison of
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the distant imposters method, our caustics mapping algorithm,Finally we would like to develop methods of applying the
and photon mapping using PBRT. The difference images araustics mapping algorithm to participating media and achieve
shown in Figure 7. The difference image on the right showslumetric caustics.

that the caustics generated by our method are similar to the

caustics generated from classical photon mapping algorithm.

Caustics from reflective objects using our method are shown ACKNOWLEDGMENT
in Figure 12. Our caustics mapping algorithm performs better
with refractive caustics than reflective ones since the error inThe authors would like to thank Guillaume Francoig&vit
the intersection estimation during the caustic-map generatiBoulanger, and Jared Johnson for their insightful comments,
step tends to be greater in the latter case. This is due to the faotl Eric Risser for assistance with illustrations used in this
that refraction causes small deviations in the path of the ligh&per. This work was supported in part by 12Lab, Electronic
ray, whereas reflection causes the ray to change its directians and ATl Reseach.
completely. Therefore for the reflection case, the visibility
function is more probable to be discontinuous. We would like
to improve upon our intersection estimation algorithm in future APPENDIX
work to better handle this issue.

Another limitation of our algorithm is that it does not easily The following code listing is a GPU implementation of
extend to volumetric caustics like some techniques proposg@ Newton-Raphson root finding method for the intersection
in previous work [3]. This is mainly due to the fact that thestimation computation. Note that this is the original, un-
caustic-mapping algorithm operates in image-space. One waydified version of the Newton-Raphson algorithm. In our
of achieving volumetric caustics using our algorithm is teork, we use a modified version which does not require
use a number of planes perpendicular to the light ray as @ computation of the derivative and is thus cheaper to
caustic receivers. However this method spawns further isswg@luate. The input parameters to the function are respectively:
relating to sampling and volumetric rendering which need {sos the origin of the refracted rayir, the direction of the
be addressed. refracted raymVR, the light’s View-Projection matrixposTex
the receiver geometry positions textureimiter, the desired
number of iterations. The functiogetTC()used in the code
computes texture coordinates from a 3D point by projecting
it to the texture’'s view plane and moving it to the range
[0,1], identical to computing shadow mapping coordinates.
The function returns the distance along the refracted ray as
an estimate of the intersection point.

float rayGeoNP(float3 pos, float3 dir, floatdx4 mVP,
sampler posTex, int num_iter)
{

float eps = 0.1;
float2 tc = float2(0.0,0.0);

Fig. 12. Reflective caustics from a metal ring. The desired shape /I initial guess

that is observed in real life is obtained from the caustics-mapping float x_k = 0.10;
algorithm. Notice the circular caustic band outside the left edge of ?’r('nt i=0;i<num_iter;i++)
the ring.

I f(x_k)

float3 pos_p = pos + dir *X_K;

tc = getTC(mVP, pos_p);

float3 newPosl = tex2D(posTex, tc);
float f x_k = distance(newPosl , pos_p);

V. CONCLUSION AND FUTURE WORK
Il f(x_k + eps)

We have presented a practical real-time caustics rendering float3 pos_q = pos + dir * (x_k+eps);
algorithm that runs entirely on the graphics hardware and tc = getTC(mVP, pos_q); .
requires no pre-computation. It emulates the light transport I:g::Sf nxekangé z 5%2%%?&%’0;?’, pos_q):
involved in caustics formation in the image-space; therefore T B
it is both physically inspired and fast. The algorithm is float deriv = (f_x_k_eps - f x_k)/eps;
conceptually similar to shadow mapping and integrates easily I the newton raphson iteration
into virtually any rendering system. x_k = x_k - (f_x_k/deriv);

We also presented a fast ray-scene intersection estimation }
technique which we plan to further explore and improve in
future work. This technique is extremely fast and is well suited }
to algorithms, such as caustics mapping, which can tolerate a
certain amount of error in the estimation.

return x_Kk;
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Fig. 13.
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(Left) Colored caustics from a refractive bunny with light attenuation in different color channels. (Right) Spectral refraction effect

obtained using the caustic mapping algorithm with different refractive indices for each of the three RGB color channels.
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