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Figure 1: Interactive volumetric shadows rendered at 40 to 80 fps withhybrid shadow volume and ray marching technique.

ABSTRACT accumulate illumination, Monte Carlo techniques to probabilisti-
cally scatter particles, or volumetric photon maps to account for

Scattering effects arising from participating media, such as smoke, scattering in a two-pass process. These methods generally require

haze, and fog, dramatically add to perceived realism in renderings.

As shadows affect illumination throughout an environment, they
signi cantly diminish scattering effects in umbral regions. Unlike

surface shadowing, accurate volumetric shadows require simultane

ously integrating illumination, scattering, and attenuation through-
out the volume, which proves challenging for interactive applica-

tions. We propose a method for rendering volumetric shadows in

homogeneous single scattering media that combines ray marchin
and shadow volume techniques, eliminating performance de cien-

extensive computation, restricting their use in real-time rendering.
Recently, researchers have proposed a number of methods for
interactive volumetric shadows. Besides a few post-process tech-

niques [16], these techniques broadly fall into two categories, based
on either shadow volumes or ray marching. Methods using shadow
volumes [3, 15, 10] identify shadowed segments of viewing rays
that do not contribute to in-scattering. To correctly identify these

gsegments, however, shadow polygons must be rendered back-to-

front on a GPU, adding sorting costs to the rendering time.

cies inherent in both. We extend this approach to interactively ren- Dobashi et al. [5] render quads parallel to the image plane at

der shadows from textured lights and show results under two Scat'varying distances from the eye. These quads cut through a 3D rep-

tering models. Our prototype uses graphics hardware to accelerate - T > i
shadow volume and ray marching computations. However since resentation of the participating media and are accumulated back

our hybrid selects sample points more intelligently than brute force to-front using blending. Blending small values generally leads to
techn>i/ ues. it could aIsF()) bga lied to traditignal ¥a tracin precision errors; however, using fewer planes with larger individ-
ques, PP y 9 ual contributions increases aliasing. Imagire et al. [9] address these

problems by using fewer planes and averaging illumination over
regions near each plane. Essentially, these techniques perform per-
pixel ray marching through the volume, where sampling points in
adjacent pixels are correlated by lying on planes perpendicular to
the view.
Computer graphics applications make simplifying assumptions  We propose a hybrid method that avoids unpredictable num-
about scenes to maintain interactivity. One common assumption bers of depth peeling passes in shadow volume approaches by ray
limits light interactions to surfaces, ignoring contributions from marching to identify contiguous segments of illumination along
light scattered by particles in the air. Because haze, smoke, fog,viewing rays. We reduce ray marching costs using analytic fog con-
and other precipitation are common in real environments, applica- tributions [19] along illuminated ray segments, limiting the number
tions often fake their effects using simplistic distance-based models of steps by only marching between front and back shadow poly-
to approximately attenuate distant geometry. Recently introduced gons. Conceptually, this is similar to surface shadowing techniques
interactive methods [19] more realistically account for single scat- that restrict work to necessary regions by culling [13] and stencil-
tering effects. However, these approaches ignore volumetric shad-ing [1, 4]. We also propose computing scattering at low resolution,
owing where occluders block light from scattering in umbral re- allowing us to extend our work to scenes with textured spotlights
gions. for a modest cost increase. While this work currently aims to pro-
Volumetric effects have been well studied in the context of of- vide a method amenable to GPU implementation, future ray tracing
ine rendering. Typically renderers use ray marching methods to implementations may ease standard GPU limitations, such as only
using point light sources. For instance, the hybrid may be gener-
alized to area light sources using penumbra wedges [2] instead of
shadow volumes.

Index Terms: 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism

1 INTRODUCTION
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2 PARTICIPATING MEDIA REVIEW

As light travels through participating media, particles modify the
intensity through emission, absorption, in-scattering, and out-
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Figure 3: (Left) Using a scattering model such as Sun et al's [19]ight

Figure 2: Important paths of light in single-scattering participagi media. mode, fog contributions need only be computed at shadowpedy (Right)
ds and d are the distances from the eye to the surface and light, xds th  Not every shadow polygon is important everywhere; rendgack-to-front
distance to a point on the viewing ray, and d is the distanomfthe light allows identi cation of these cases, but at signi cant cost

to this point.
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scattering. As a full discussion of these phenomena is beyond thewhere.f(x). gz € T Repeating Sun et al.s [19] mf.ith’
scope of this paper, we focus on a discussion of the homogeneousthiS Simpli es to two lookups into thé (u;v) texture for every il-
single-scattering media assumed in our work. Interested readersUMinated segment along the viewing ray, where front facing poly-
can refer to standard texts (e.g., [7]) for more extensive cogerag ~ 90NS are positive contributions and back facing polygons are nega-

We use the following equation, based on the discussion by tive contributions.

Nishita et al. [17], in our model: ~ However, not all shadow p_olygons contribute to_this computa-
tion. For complex models, silhouette edges not visible from the

L = Lattn+ Lsctr light are extruded into extraneous polygons. Other shadow poly-
ds lo gons are valid in only certain regions (as in Figure 3). Previ-

= Lge (kathkdsy o ksr(a)@e (kat k(A0 g (1) ously, solving these problems required repeated depth peeling to

) sort shadow quads [3]. This is costly for two reasons: numer-
where the rst term corresponds to the attenuated light re ected ous passes may be needed for even simple scenes and rendering
from surface point and the second term represents the additional shadow quads consumes signi cant |l rate even for single-pass

light contributed by in-scattering along the viewing rdy repre- stencil shadows.
sents the radiance re ected fromtowards the eyelg the light's Other approaches use volume rendering techniques, accumulat-
emitted radianceds the distance from the eye & andd the dis- ing contributions along slices through the scene [5] or ray marching

tance from the light to an arbitrary point on the viewing ray at dis- along each pixel [12]. These methods typically avoid aliasing by
tancex from the eye, as illustrated in Figure Ra andks are the adding additional slices or ray steps. While this additional work is

][nedig's absorption and scattering coef cients, arfd ) isits phase  necessary near shadow boundaries, it is wasteful elsewhere.
unction.

Obviously, the integration proves challenging in interactive con- 3.1 Hybrid Ray Marching / Shadow Volumes
texts. Solutions are possible using numerically preintegrated values
for each scene stored in tabular form, but more recent analytical
approximations have produced good results. Of particular interest
Sun et al19] reduce this integral to two lookups into the function
F(uv)= gexd utanx]dx:

h g' 1. Render a shadow map from the light;
Lscr=lofo F Auihz F Ay @) 2. Render shadow volumes, as seen from the eye, storing the
distance to the frontmost and backmost polygons;

3. Render from the eye, attenuatedeyka* ks)ds:;
4. Use the airlight model [19] directly for eye pixels encounter-

We propose a hybrid method that eliminates the sorting require-
ment of shadow volume approaches by using ray marching, but
*only marches in regions where shadow volumes identify that shad-
ows exist. The basic idea can be described as follows:

whereF (u; V) is precomputed and stored in a textufg.are func-
tions ofg, ds, d;, andks introduced for clarity:

. _ kee ksdicosg. ing no shadow quads;

Po(diigks) = 2pd, sing ' ®) 5. Ray march from the back to front shadow quads, use the
Ald akd = ke si 4 shadow map to identify illuminated regions (such as the seg-
1(chi g ks) 0 sing; “) mentdsds in Figure 3), use the airlight model (Equation 2)

Ag(diigds) = P+ 1 rctants__dcosg : ) for each lit interval;
4 2 d sing 6. Combine attenuated scene and airlight contributions.

Note thatd,, the distance from eye to the light, is constant per frame
andks is constant in homogeneous media. Thus, for any particular
frame Lgctr Varies only inds and g, the angle between the view
ray and the vector from eye to light. The supplementary material
provides additional details about this model.

We perform this algorithm in four passes, combining the last three
steps by drawing a full-screen quad, evaluating the airlight model
(step 4) for fragments without a corresponding shadow volume, per-
forming ray marching (step 5) for other pixels, and computing the
sum from Equation 1 (step 6) for all pixels.
3 VOLUMETRIC SHADOWS Step 2 can be done in a single pass by outputting degtfol
front-facing polygons and an inverted depth (2) for back-facing
polygons, either using GMIN blending to accumulate back and
front contributions into different color channels or using a geome-
try shader to output front and back facing polygons into different
buffers.

Since many scenes include volumetric shadows in only limited
regions, this hybrid avoids marching completely in pixels unaf-
fected by shadows. Additionally, since shadows often interact with

Various researchers [3, 15] have used shadow volumes to rende
volumetric shadows. The key idea is that regions between shadow
quads havéy = 0 and thus do not contribute to the integral in Equa-
tion 1. This allows splitting the integral into multiple integrals, one
for each illuminated interval. For the case in Figure 3:

Z d1 Z d3 Z d5

Lsctr = Kslo f(x) dx+ f(X) dx+ f(x)dx; (6)
0 d; ds



the media for a limited distance along any ray, this approach fo- though a variety of other noise reduction and antialiasing tech-
cuses samples in relevant regions, reducing the number of samplesiiques could also work.

required to avoid aliasing. Finally, because ray marching starts and  Using textured spotlights signi cantly increases aliasing poten-
stops at shadow polygons, we guarantee that the frontmost and naltial, as coarse steps along the ray undersample high frequencies in

shadow boundaries along each ray will not exhibit aliasing. the texture. Our second optimization arises from observing that
) ] these high frequencies are rarely visible in real environments, as
3.2 Adding Textured Spotlights multiple scattering diffuses sharp illumination edges. We use a

While the above approach quickly adds volumetric shadows to downsampled, blurred image of the spotlight to reduce high fre-
scenes with single color point lights, most scenes contain more in- quency details. In some sense, the idea is similar to Sun et al.'s [19]
teresting illumination. precomputation of scattering from environment map illumination,
For single-colored spotlights, one could simply use the above though in our case it gives a precompusgthocapproximation of
method, limiting computation to regions inside the spotlight (in- blurring from additional scattering events that simultaneously al-
stead of from the eye to poiis). However this approach does not lows use to sample the volume's illumination less frequently.
work for multi-colored lights, for instance the illumination from a Extending this idea further, a mipmap hierarchy for the spotlight
stained glass window. In these cases, additional stepping along thelexture can also reduce illumination aliasing by allowing determi-
ray is necessary; dg is no longer constant over lit regions, it can-  nation of each ray interval's illuminatioty, using only appropriate
not be pulled out of the integrals in Equation 6. frequencies. This provides a tunable quality versus speed tradeoff,
However, we can restrict ray marching to regions inside the light where rays outside the shadow volumes but inside the light frustum
frustum. Furthermore, inside this frustum shadowed and illumi- ¢an be sampled arbitrarily coarsely in exchange for correspondingly
nated regions can be sampled at different rates, so we use both th@lurry illumination from scattering. _ _
light frustum and shadow volumes to reduce marching costs. Inthis ~ Finally, the low frequency of volumetric scattering means the

case, the algorithm becomes: exact shadow boundaries are not so important. This allows shadow
volumes from coarse occluders to stand in for those of full resolu-

1. Render a shadow map; tion geometry. Taken to the extreme, one could use an axis-aligned
2. Render shadow volumes, as seen from the eye; _bounding box _to a_pproxirr_\ate the occluder. However, we found that
3. Render from the eye, attenuatedeoyka* ks)ds: in order to maintain an alias-free shadow boundary, the low resolu-

4. Render light frustum from the eye, storing front and back dis- tion model must have silhouettes that at least coarsely approximate

those of the original. When using an axis-aligned bounding box, its
frontmost “shadow volume” does not mark the start of the shadow
region; the shadow map must be sampled to identify this boundary,
which introduces shadow aliasing.

tances;

. Outside the light frustum, set scattering to 0;

. Inside the light frustum, march from the back to front for pix-
els with no shadow volumes, sampliihg and scattering at
each step; 3.4 Implementation Details

7. For pixels encountering shadow volumes, ray march along o nymper of implementation tricks help us achieve real-time per-
three segments inside the light frustum: before the Sh&!dOWv formance. For the airlight model (Equation 2), repeatedly comput-
between shadow volumes, and after the shadow, samling g the A terms each pixel for many ray steps is costly. Because

and scattering for each illuminated segment; the A terms vary only in two dimensionsld and g) every frame,
8. Combine attenuated scene and scattering contributions. we can re-factor Equations 2 and 6:

o Ol

While one would initially think shadowed ray segments could Lectr = é lspan FYcosg Xend FACOSG, Xpeqin) |
use a coarser sampling, interestingly we often found that due to g
objectionable aliasing at shadow boundaries the segment betweerby rendering=Cinto a 2D texture once per frame, removing com-
shadow quads needs denser sampling. And as discussed in the “e)ﬁutations for the terms from the inner ray marching loop. Here
secti.on, due to the lower freq.uen.cic.es in. iIIuminatgd participating Ispanis the intensity over a ray step aRghginandxeng are distances
media we used coarser sampling in illuminated regions. from the eye to the beginning and end of the inter#lis indexed

3.3 Further Optimizations by cosgand distance:

Single-scattering models, by de nition, only scatter once inside the Fo(cosg X) = Ag(di; g ks)F (A1(di; g ks); Ao(d; g X)) ;
participating media. In relatively thick fog or haze where volumet-

ric shadows are most apparent, light often scatters repeatedly. Inwhich allows computation of each summation step with one texture
real environments, this means shafts of light or shadow lose the lookup, one subtraction, and one multiply. See the supplementary
crisp, high-frequency edges seen under single scattering models. materials for additional details.

This blurring allows three further optimizations to improve per- Another improvement suggested by Imagire et al. [9] uses vari-
formance. First, we render scattering contributions at a much lower ance shadow maps [6] to return the probability a point is shadowed,
resolution than the nal rendering. This reduces ray marching costs rather than a binary visibility. This helps remove aliasing at shadow
and rendering shadow polygons consumes less ll-rate. We found boundaries, though we found the additional cost to create the VSM

using a 256 in-scattering image was suf cient for a 1024nal is not worthwhile for all scenes—simply using smaller ray steps
rendering, though we apply a 33 Gaussian blur to the low reso-  was sometimes as cost effective.
lution image to eliminate aliasing of very thin volumetric shadows. Finally, the key to reducing the number of ray marching sam-

Rendering low resolution scattering and upscaling in the nal ples lies in intelligently picking them. Using samples on image-
render requires care at depth discontinuities, as geometric discon-parallel planes or of uniform sizes across all pixels leads to visible
tinuities coinciding with high contrast changes in the airlight con- coherency artifacts in the image, similar to regular sampling arti-
tribution appear aliased. This can be avoided by selecting the cor-facts during multisampling. We found uniformly sampling the dis-
rect scattering contribution (in the nal step) based upon fragment tance between front and back shadow volumes worked well; while
depth and not blurring the low resolution image over depth discon- adjacent pixels maintain coherency, it is along non image-aligned
tinuities. We essentially modify our 33 Gaussian into a bilateral ~ surfaces that generally parallel shadow boundaries (see Figure 4).
Iter [20], similar to a a number of existing techniques (e.g., [18]), Currently, we determine the sampling rate empirically.



1
ssnne = Sampling planes ~o ! Light Frustum

Figure 4: (Left) When marching between shadow polygons, we sample the
front-to-back distance uniformly per ray. (Right) When géing light col-

ors, bends in the sampling planes produce clearly visibtdeamts. Instead

we sample uniformly, with step size determined based omiije &etween
spotlight and each pixel's ray directions.

Figure 8: (Left) Our hybrid with a point light using Sun et al's model
and a textured spotlight using Hoffman and Preetham's m@ight) Ray
traced comparison, sampling scattering 500 times per piXéle colored
light insets show the same region, one with enhanced cdntras

mainly on image resolution and number of steps, particularly when
sampling the scattering at all 102gixels. Using our hybrid to se-
Figure 7: Examples from scenes with varying object and depth complexi lectively march behaves similarly when sampling at each pixel and

ties. Note that fairy scene objects not in the shadow map ticast volu- the shadow or light frustums cover most of the scene (e.g. the spring
metric shadows, as the shadow map determines if each rayesegsrillu- and yeah right scenes). In the case of single-color point lights our
minated and we chose to light all segments outside the lightfm. framerates are mostly dependent on model complexity, and this de-

pendency also emerges when computing low resolution scattering

For textured spotlights, we initially uniformly subdivided this in-  Under textured lighting. _
terval as well. However this adds artifacts at view frustum bound- _ Limiting ray stepping to only between shadow polygons gives a

aries, where the sampling plane changes sharply. Instead we choos8~8 = SPeedup over brute force techniques at fo2kepending on

our sampling distance based on the angle between the spotlight di-Shadow size and volume, and computing scattering at lower resolu-
rection and the ray direction, similar in spirit to the volume ren- tions adds another 25-100%. Performance with textured lights typi-
dering sampling suggested by Kniss et al. [11]. See the paper's f:allylmproves by a factor of 3—6 using lower resolutions, depend-

supplementary appendices for speci cs on how we sample the ray. "9 0N if high_er resolution costs are bpund more by ray marching or
geometry. Figure 6 shows that with increased samples along each

4 RESULTS ray marching, the hybrid has an increasingly larger performance ad-
) . . i o vantage as shadow volume costs remain xed but the savings from
Our implementation runs in OpenGL using an nVidia GeForce 8800 gjiminated samples grows.
GTX on a 2.66 GHz multi-core Xeon processor; the timings shown  rigyre 8 provides a ground truth comparison with an of ine ray
in Table 1 are for 1024images. In order to allow a meaning- racing using the same scattering models. As a point of reference,
ful comparison between different scenes we use consistent saM+he ray traced results required 30 minutes per frame (but the ray
pling rates in these timings. For brute force ray marching we Use yacer was completely unoptimized). The color insets show some
150 samples, with our hybrid we use 50 samples inside the light's yemaining jaggies and halo artifacts around depth discontinuities
shadow volumes, and for textured lights we take up to 150 ray Stepscaused by computing in-scatteringnlgtresolution as well as alias-
inside the light frustum, with up to 50 each in front of, between, and ing caused by our use of shadow nl1apping for s:urface shadows
behind_th(_e sh_adow volumes. These numbers were chosen to elimi- The accompanying videos show that under animation our W;)rk
nate aliasing in most of our e_xamples, though in some Scenes (e'g'is quite compelling, even with scattering computed at low resolu-
the sphere) such high sampll_ng rates are unnecessary and n Othegﬁon. A3 3bilateral lter suf ces to eliminate most low-resolution
g%g'étgga\:ﬁ%gﬁﬁggéi??f i;gr?]ez_sampllng' IS hecessary. F'gures_jaggies from the in-scattering, even under animation, though some
pling rates in our results and com very thin shadows are missed completely or blurred awa
pare our work to equivalent cost and quality ray marching. ry pietely Y-
Figures 1 and 7 show additional examples of our volumetric
shadows under both point lights and textured spotlights. Scenes® D!SCUSSION
illuminated by white point lights use Sun et al's [19] model while A number of dif cult cases exist for our hybrid. For scenes where
colored light scenes use Hoffman and Preetham's [8] model, which shadows cover most of the scene (e.g., indoor scenes lit by sunlight
gave us better contrast in those scenes. through a window), shadow volume computations may become pro-
Using brute force ray marching, the computation costs depend hibitively expensive. One possibility would invert the acceleration,



Figure 5: Table 1 suggests brute force may be equivalent to our hyginen identical sampling rates. However, since our hyboiduses samples in more
important regions and trades some blurriness for reducadpgmng in large illuminated regions, it gives higher quglfor equivalent sampling. Combined
with our advantage in per-sample costs seen in Table 1, iesa signi cant speed improvement when comparing resdilégjuivalent quality.

Figure 6: While Table 1 shows acceptable sampling rates for brutesfoay marching with simple point lights, higher samplingestare required under
complex lighting. Even for simple environments such asithisinated sphere, more than 300 samples are needed, aderg hybrid performs well with 75
to 100 samples.



Scene & Timings for nal images rendered at 1024
# Triangles Single colored light source Textured light
(results in frames No Brute force ray Ray marching in shadow| Ray marching in spotlight

per second) Volumetric | marching, 150 spp volume, 50 spp volume, 150 spp
Shadows | @1024 | @256 | @1024 @256 @1024 @256

Sphere (20k) 120.5 12.9 59.8 85.0 99.6 455 83.5

Elephant (24k) 137.2 12.6 57.7 89.6 101.1 335 78.2

Spring (32k) 160.7 14.6 73.1 76.8 1125 18.0 725

Bunny (70k) 135.0 11.9 61.6 47.5 87.5 323 81.3

Fairy (155k) 121.9 12.3 63.5 385 72.1 35.9 78.3

Buddha (250k) 96.1 12.2 46.9 50.2 61.4 28.3 61.7

YeahRight (755k) 57.3 111 32.8 26.3 33.8 16.1 40.9

Table 1: Comparisons of our hybrid rendering speed with brute formg marching and a foggy rendering without volumetric shasloll framerates are
for 1024 output images, with scattering sampled at either 124 or low 256 resolution. To allow meaningful comparisons, all scenesevwsampled at
the same rate for this table. This sampling frequency was@mgo that most scenes were rendered roughly without sagrgnfiifacts, oversampling simple
scenes (e.g., the sphere) and undersampling complex s@egesreahRight) by about a factor of 2.
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