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Abstract

Shadowing effects dramatically enhance the realism of virtual en-
vironments by providing useful visual cues. Shadow mapping is an
efficient algorithm for real-time shadow rendering, which is exten-
sively adopted in real-time applications by its generality and effi-
ciency. However, shadow mapping usually suffers from the inher-
ent aliasing errors due to the image-based nature. In this paper, we
present the Parallel-Split Shadow Maps (PSSMs) scheme, which
splits the view frustum into different parts by using the planes par-
allel to the view plane and then generates multiple smaller shadow
maps for the split parts. A fast and robust split strategy based on
the analysis of shadow map aliasing has been proposed, which pro-
duces a moderate aliasing distribution over the whole depth range.
By applying the geometry approximation procedure to each of the
split parts instead of the whole scene, the tighter bounding shapes
of visible objects enhance the utilization of the shadow map resolu-
tion. Hardware-acceleration is used to remove the extra rendering
passes when synthesizing the scene-shadows. Our approach is in-
tuitive to implement without using complex data structures, with
real-time performance for dynamic and large-scale virtual environ-
ments.

CR Categories: I.3.3 [Computer Graphics]: Picture/Image
Generation—[Anti-aliasing, bitmap and frame-buffer operations]
I.3.7 [Computer Graphics]: Three-Dimensional Graphics and
Realism—[Color, shading, shadowing, and texture]

Keywords: Shadow Mapping, Image-based Rendering, Large-
scale Virtual Environments

1 Introduction

Shadows are essential for the realism of computer images and vir-
tual environments. Even tremendous advances in computer graph-
ics and programmable GPUs have made real-time photo-realistic
rendering a reality, the synthesis of realistic shadowing effects is
still challenging and computationally intensive.

The two main categories of shadow algorithms are shadow volumes
[Crow 1977] and shadow mapping [Williams 1978]. Shadow vol-
umes work in the object space, in which the connectivity informa-
tion of all polygons is required to compute the silhouette of each
shadow caster. The scene complexity thus directly influence the
performance due to the object-based nature. Shadow mapping, on
the other hand, works in the image space and requires only one
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additional rendering pass per light. With such flexibility and per-
formance, shadow mapping is extensively adopted in real-time ap-
plications. Shadow mapping is basically a two-pass algorithm. In
the first pass, the scene is rendered from the light’s point of view.
The scene’s distance information to light is stored in the current
depth buffer (i.e. shadow map). In the second pass, the scene is
rendered from the eye’s point of view. Here, each pixel is trans-
formed into the light’s view space again. If the depth value of the
pixel is larger than the depth value stored in the shadow map, this
pixel is shadowed.

As any image-space method based on discrete buffers, shadow map-
ping usually suffers from aliasing problems. The aliasing errors
are mainly caused by the insufficient shadow map resolution (un-
dersampling). Such aliasing errors can be further classified into
perspective aliasing and projection aliasing [Stamminger and Dret-
takis 2002] and an insightful analysis for different perspective repa-
rameterizations is presented in [Wimmer et al. 2004]. In the follow-
ing, the shortcomings of shadow mapping methods when applied
especially for large-scale virtual environments are discussed:

Texture Resolution: In large-scale virtual environments, a very-
large shadow map resolution is required to produce high-quality
shadowing effects. However, it’s impractical and insufficient to use
a single huge shadow map because of the limitation of the maxi-
mum texture resolution on commodity hardware (e.g. 2048x2048
at maximum on today’s DirectX9-level hardware).

Global Reparameterizations: Global reparameterizations treat all
objects in the same manner, such as warping the shadow map plane
by using the perspective transform. Due to the complexity of the
scene, it is however impractical to produce sufficient sampling den-
sities for pixels being mapped by reparameterizing a single shadow
map, especially in large-scale virtual environments.

Geometry Approximation: The geometry approximation proce-
dure is usually applied to increase the available shadow map reso-
lution, which makes the shadow map focusing on the objects within
the view frustum as seen from the light as possible. In large-scale
virtual environments, the empty gaps between objects in the global
approximation of the whole scene may waste a great amount of res-
olution.

Dueling Frusta Case: Few shadow mapping approaches handle
the worst case dueling frusta, in which the directions of viewing
and lighting are nearly opposite. In this extreme case, the visible
region of view frustum only occupies a small portion of the shadow
map. The anti-aliasing method based on reparameterizing a single
shadow map still remains an open question.

In this paper, we develop the parallel-split shadow maps (PSSMs)
scheme, which splits the view frustum into different depth layers
by using split planes parallel to the view plane, and then render an
independent shadow map for each of the split parts (Figure 1). Our
approach is based on the observation that points at different distance
to the viewpoint need different shadow map sampling densities.
This view-driven characteristic of the shadow map resolution moti-
vates our approach to avoid the above shortcomings due to the facts:
1) Each of the split parts has an independent shadow map, different
parameterizations can be applied in different depth ranges accord-
ing to the application’s requirement. The single shadow map texture



with a large size is replaced by multiple textures with smaller sizes,
and the texture memory used in our PSSMs scheme is usually less
than the single shadow map used by other shadow mapping algo-
rithms but with high-quality shadow rendering. 2) Since the depth
range is split into smaller layers, our split scheme changes the res-
olution requirement from ”sufficient for every point” to ”sufficient
for every depth layer”. 3) The geometry approximation is applied
in each of the depth ranges separately. The tighter bounding shape
significantly enhances the utilization of the shadow map resolution.
4) Because each shadow map in PSSMs is focused in smaller sub-
frusta, the shadow qualities in the dueling frusta case is also greatly
improved.

In the following, Section 2 outlines the previous related work in
shadow rendering. Section 3 describes our PSSMs scheme for
large-scale virtual environments, including pre-processing of light-
ing sources, view frustum split, light’s frustum split, PSSMs ren-
dering and scene-shadows rendering. Section 4 presents the exper-
imental results of our proposed scheme, in comparison with single-
map shadow mapping methods for several dynamic virtual environ-
ments. Finally, the summary and further work go to Section 5.

2 Previous work

The literature on real-time shadow rendering in computer graphics
is vast, and far beyond the scope of this paper. We thus concentrate
on most relevant to our algorithm in solving the aliasing problem
of shadow mapping. More details related to real-time shadow ren-
dering in general are given in the comprehensive survey [Woo et al.
1990].

Adaptive Shadow Maps (ASMs) [Fernando et al. 2001] reduces
aliasing by storing the shadow map as a hierarchical grid structure.
By evaluating the contributions of shadow map pixels to the over-
all image quality, it is refined to create higher resolution at regions
that contain shadow boundaries. Artifacts at those critical regions
is thus greatly reduced without requiring a ”flat” shadow map of
huge resolution. However, the traversal and refinement operations
require many rendering passes and aren’t feasible for real-time ap-
plications. Recently, a GPU-accelerated implementation of ASMs
was presented by Lefohn et al. [Lefohn et al. 2005], but the re-
ported performance is still not satisfactory in complex virtual en-
vironments. The work presented by Arvo [Arvo 2004] can be re-
garded as a simplified variant of ASMs, which proposed to use a
tiled grid data structure to tessellate the light’s viewport. For each
cell area in this grid, a particular sampling density is adopted based
on a heuristical analysis. However, subdivision artifacts may occur
due to the heuristic nature of the binary cutting, such that some tiles
may obtain extremely non-square shapes from the shadow map.

Perspective reparameterizations have been first proposed in Per-
spective Shadow Maps (PSMs) [Stamminger and Drettakis 2002],
in which both the scene and the light source are transformed to the
post-perspective space. Then the shadow map is generated in this
space by rendering a view from the transformed light source to the
unit cube (i.e. transformed view frustum). Since the shadow map
”sees” the scene after perspective projection, perspective aliasing
can be significantly decreased. [Kozlov 2004] presented a prac-
tical implementation of PSMs. A recently improved perspective
reparameterization is the Light Space Perspective Shadow Maps
(LiSPSMs) [Wimmer et al. 2004], which avoids some inconve-
nience of PSMs and leverages the aliasing distribution over the
whole depth range. Trapezoidal Shadow Maps (TSMs) [Martin and
Tan 2004] is another perspective reparameterization and very simi-
lar to PSMs and LiSPSMs. The essential difference between TSM

and prior perspective parameterizations is that a different perspec-
tive warping transform is used in TSM, such that the user-focused
portion at the front of the frustum is mapped to the 80% line on
the shadow plane. Another way of warping the shadow map texels
is to tilt the shadow plane [Chong and Gortler 2004][Low and Ilie
2003], but such oblique shadow plane can not be globally optimal
to the whole scene.

Tadamura et al. [Tadamura et al. 2001] proposed a ”plural” ap-
proach which uses a dynamic texture array comprised of multiple
shadow maps with varying resolutions. Like the approach pro-
posed in this paper, it divides the view frustum into several parts
to approximate the continuously varying of the resolution along the
distance from the view point. Comparing to this approach, three
important improvements are proposed in this paper: (1) The com-
plicated and time-consuming computations for optimal lengths of
split parts are replaced by our efficient split scheme. A straight and
robust split scheme based on the analysis of perspective parameter-
izations has been proposed in this paper. Our split scheme satis-
fies the depth adaptive requirement of the shadow map resolution,
but without the recursive searching procedure. The shadow quality
only depends on the interactively adjustable number of split lay-
ers (given the shadow map resolution). (2) The varying resolutions
of shadow maps in the Tadamura approach is not compatible with
the hardware that only support the textures with the dimension of
”power of two”. Instead, the same resolution configuration makes
our approach more general and easy to control the overall texture
memory required. (3) The Tadamura et al. approach requires mul-
tiple rendering passes for both shadow maps rendering and scene-
shadows rendering. In our approach, only single pass is needed for
scene-shadows rendering by using pixel shader on programmable
GPUs. The potential acceleration of shadow maps rendering on fu-
ture hardware is also discussed.

Practical Shadow Mapping [Brabec et al. 2002] proposed to calcu-
late the bounding box (geometry approximation) of the view frus-
tum. The tight fitting frustum makes the shadow map only concen-
trates on the visible parts of the scene, the available shadow map
resolution is thus increased. Unlike other shadow-mapping meth-
ods which store a single depth at each pixel, Deep Shadow Maps
(DSMs) [Lokovic and Veach 2000] stores a representation of the
fractional visibility through a pixel at all possible depths. Second
Depth Shadow Mapping [Wang and Molnar 1994] can be used to
reduce problems due to depth quantization and self occlusions. Per-
centage Closer Filtering [Reeves et al. 1987] extends the the con-
cept of classical bilinear filtering used in texture sampling, to help
anti-aliasing around shadow boundaries. Recent techniques [Sen
et al. 2003][Govindaraju et al. 2003] propose to integrate shadow
maps and shadow volumes or other primitives to inherit the merits
of both image-space and object-space methods.

3 Parallel-Split Shadow Maps

The goal of shadow map parameterizations is to produce an opti-
mized distribution of shadow map texels, in order to providing suf-
ficient sampling densities for points being mapped. Due to the com-
plexity of the scene, it is however impractical to achieve this goal
by reparameterizing a single shadow map especially in large-scale
virtual environments. Thus, our PSSMs scheme treats the continu-
ous depth range as multiple discrete layers. The geometry approx-
imation procedure and different parameterizations can be applied
to each layer separately. Our approach can produce a more even
aliasing distribution and tighter bounding shapes such that utilizing
the shadow map resolution better. For the clarity of illustration, we
split the view frustum into 3 parts in Figure 1. The general case of



Figure 1: Split the view frustum into three parts, and shadow maps
with the same resolution are generated for the split parts.

splitting is discussed in subsection 3.3.

3.1 Light Sources

In our system, we use directional lighting sources to illustrate the
idea for clarity. Actually, all kinds of lighting sources including
point lighting sources can be unified as directional lighting sources
in the light’s post-perspective space (Figure 2). After applying the
light’s projection transform to the scene, all objects are transformed
to the normalized clip space of the lighting source. Point lighting
sources are converted to directional ones and directional lighting
sources keep unchanged. The shadow maps are then rendered in
this space, and all pixels also need to be transformed into this space
during shadow determination. Therefore, by rendering the shadow
maps and scene-shadows in the light’s post-perspective space, our
system supports both the directional and point lighting sources.
The pre-processing on light sources simplifies our discussion later,
which was also used in LiSPSMs.

Figure 2: Point lighting sources are converted to directional ones in
light’s post-perspective space.

3.2 PSSMs Overview

The processing steps of the PSSMs scheme are outlined in the fol-
lowing:

STEP 1 Split the view frustum into multiple depth parts.

STEP 2 Split the light’s frustum into multiple smaller ones, each
of which covers one split part also the objects potentially cast-
ing shadows into the part.

STEP 3 Render a shadow map for each split part.

STEP 4 Render scene shadows for the whole scene.

Here frequently used notations in our discussion are listed:

notation description
V view frustum.
Vi the ith split part of V (1 ≤ i ≤ m).
n and f near and far planes of V .
m number of split parts.
Ci depth of the ith split plane in the view space

(1 ≤ i ≤ m− 1), for convenience we supple-
ment to define C0 = n and Cm = f .

Ti the shadow map texture for Vi.
PSSM(m; [res]) the split scheme to split V into m parts, and

the resolution of each shadow map is res.

3.3 View Frustum Split

The ”split” idea is based on the observation that objects located in
different depth layers to the viewer need different texture resolu-
tions. Figure 3 shows the m split planes in general that are located
at {Ci | 0 ≤ i ≤ m} along z axis.

Figure 3: Along the z axis the view frustum is split into parts by
using the split planes at {Ci | 0 ≤ i ≤ m}.

The key problem here is how to specify the split positions. Before
discussing how to select Ci, we briefly outline the main causes for
shadow map aliasing errors which are also presented in [Wimmer
et al. 2004]. In Figure 3, the light beams through a texel with the
size ds× ds in normalized texture space (i.e. s ∈ [0,1]) falls on a
surface with the length dz in world space (e.g. dz = ( f − n)ds for
standard shadow maps). The size of view beams dp on the screen
projected from the surface is approximately ndy/z. ϕ and θ de-
note the angles between the surface normal and vector to the screen
and shadow map plane respectively. Since dy = dzcosϕ/cosθ , the
shadow map aliasing error dp/ds can be expressed as

dp
ds

= n
dz
zds

cosϕ
cosθ

(1)

Shadow map undersampling appears when dp is larger than the
pixel size of the screen, this can happen when perspective aliasing
dz/zds or projection aliasing cosϕ/cosθ becomes large. Projection
aliasing cosϕ/cosθ usually happens for a surface almost parallel to
the light direction. Since projection aliasing is heavily related to
the scene’s geometry details, the local increase of sampling densi-
ties on this surface is required to reduce this category of aliasing.



This is not possible without an inevitably expensive scene analysis
at each frame and complex data structure, which can not be accel-
erated by current hardware. On the other hand, perspective aliasing
dz/zds comes from the perspective foreshortening effect. Perspec-
tive aliasing can be reduced by applying a global transformation to
warp the shadow map texels. In this paper, our split scheme is based
on the analysis of the perspective aliasing distribution.

Now we present our selection criteria for {Ci} in detail. In the
following, three split schemes are discussed: logarithmic split
scheme, uniform split scheme and practical split scheme. Log-
arithmic split scheme is designed to provide the theoretically even
distribution of perspective aliasing errors. Uniform split scheme
produces the worst distribution of perspective aliasing errors as the
uniform sampling densities same to standard shadow maps. In the
practical applications, we integrate logarithmic split scheme and
uniform split scheme into practical split scheme to produce a mod-
erate sampling densities over the whole depth range.

Figure 4: Practical Split Scheme.

Logarithmic Split Scheme {Clog
i }:

Ideally, the optimal distribution of perspective errors makes dp/ds
constant over the whole depth range. That is namely dz/zds = ρ
(ignoring projection aliasing), where ρ is a constant. Then,

s =
∫ s

0
ds =

1
ρ

∫ z

n

dz
z

=
1
ρ

ln(z/n)

Here we have an important notice: the local parameterization of the
shadow map s ∈ [0,1] implies an assumption – the shadow map ac-
curately covers the view frustum and no any resolution is wasted on
invisible parts of the scene. That means the above parameterization
only can be achieved in theoretical. Based on the assumption of
s ∈ [0,1], easily we have ρ = ln( f /n). Hence, the theoretically op-
timal perspective shadow map parameterization s(z) should satisfy
the following logarithmic function:

s =
ln(z/n)

ln( f /n)
(2)

However, the only non-linear transform supported by current hard-
ware is the perspective transform (s = A/z+B). To approximate the
logarithmic function, we have to discretize it at several depth layers.
More layers we split the view frustum into, more optimal approxi-
mation of this function we have. This is the essential motivation of
the ”split” idea we proposed in this paper.

Equation (2) can be discretized at z = {Clog
i }:

si = s(Clog
i ) =

ln(Clog
i /n)

ln( f /n)

or
Clog

i = n( f /n)si (3)

Because this split scheme is designed to produce the theoretically
even distribution of perspective aliasing errors, the resolution allo-
cated for [Ci,Ci−1] should be i/m of the overall texture resolution.
Substituting si = i/m in Equation (3) gives:

Clog
i = n( f /n)i/m (4)

The main drawback of this split scheme is that the lengths of split
parts near the viewer are too small, so few objects can be included
in these split parts. This is due to the theoretically optimal parame-
terization assumes that the shadow map accurately covers the view
frustum and no any resolution is wasted on invisible parts of the
scene. In other words, this assumption requires every z ∈ [n, f ]
must be mapped to a unique s ∈ [0,1] in the normalized texture
space. However, this assumption can’t be satisfied in practice such
that over-sampling occurs for the parts nearer the viewer, and under-
sampling for the parts further from the viewer. As a result, logarith-
mic split scheme is hard to be applied in practice.

Uniform Split Scheme {Cuni f orm
i }:

The simplest split scheme is to place the split planes uniformly
along the z axis:

Cuni f orm
i = n+( f −n)i/m. (5)

The produced distribution of perspective aliasing errors is the same
as for standard shadow maps. Because s = (z−n)/( f −n) in stan-
dard shadow maps, the perspective aliasing is ( .

= means ignoring
projection aliasing):

dp
ds

.
= n

dz
zds

=
n( f −n)

z

That means the perspective aliasing in uniform reparameterizations
increases hyperbolically as the object moves near to the view plane.
Therefore, uniform split scheme results in under-sampling at the
points near the viewer, over-sampling at the points further from the
viewer. On the contrary to logarithmic split scheme provides the
theoretically optimal aliasing distribution, uniform split scheme re-
sults in the theoretically worst aliasing distribution.

Practical Split Scheme {Ci}:

Since logarithmic and uniform split schemes can’t produce appro-
priate sampling densities for both near and far depth layers simulta-
neously, practical split scheme is designed to moderate the theoreti-
cally optimal and worst sampling densities in the above two extreme
split schemes. It simply adopts the even value of Clog

i and Cuni f orm
i

as the split positions Ci to achieve a better aliasing distribution.

Ci = (Clog
i +Cuni f orm

i )/2 (6)

In Figure 4, practical split scheme produces moderate sampling
densities for both near and far split parts. Combining Equations (4),
(5) and (6), the split positions Ci can be calculated by the following
equation,

Ci =
n( f /n)i/m +n+( f −n)i/m

2
+δbias, ∀0 ≤ i ≤ m. (7)

Where the variable δbias is a non-negative bias, which can be used
to accurately adjust the clip positions according to practical require-
ments of applications. In [Tadamura et al. 2001], an adjustable pa-
rameter has been introduced to determine the appropriate shadow



map resolution to alleviate artifacts, through an expensive scene
analysis at each frame. However, the tradeoff between shadow qual-
ities and rendering speed is prone to be broken, due to the fact that
the calculation time for shadows is proportional to the value of this
parameter. Instead, Equation (7) gives a fast and robust split scheme
without involved computations for both resolutions and split posi-
tions.

3.4 Light’s Frustum Split

In this step, we split the light’s frustum W into smaller ones {Wi}.
Each Wi can be constructed by computing the axis-aligned bound-
ing box (in the light’s view space) of Vi ∩W . Wi covers Vi and the
objects potentially casting shadows into Vi.

To simplify our explanations, the direction of the lighting source is
perpendicular with the view direction in Figure 5. Bi and B denote
the bounding box of Vi and V respectively. To utilize the shadow
map resolution better, Wi and W can be focused to Bi and B respec-
tively. We call Bi (or B) as the geometry approximation of Vi (or V ),
which makes the shadow map only focusing on ”shadow relevant”
objects.

Figure 5: The light’s frustum W is split into {Wi}, each of them
covers the split part Vi. Then, applying geometry approximation
to Wi to produce a focused bounding shape Bi. The sum of Bi is
smaller than the bounding shape B of V .

The global geometry approximation methods focus the whole scene
V to B. A main shortfall of the global approximation methods is that
they don’t take into account the distribution of objects, the resulted
bounding shape makes the shadow map waste the resolution on the
empty gaps between objects. This situation becomes worse when
the objects are located sparsely in large-scale scenes. Stefan Brabec
et al. [Brabec et al. 2002] proposed to utilize the histogram equal-
ization to uniform the distribution of the objects, but it needs to read
back the frame buffer again such that the performance drops down.

On the contrary, our PSSMs scheme applies the geometry approx-
imation approach to each of the split parts separately, rather than
the whole view frustum. In Figure 5, axis-aligned bounding box
(AABB) is used as an example of geometry approximation meth-
ods. Apparently, ∑m

i=1 Area(Bi) ≤ Area(B). This means the more
precise approximations can be achieved based on our split scheme.
More parts we split the view frustum into, more compact bound-
ing shapes we have. This partial (or non-global) approximation
scheme can be easily integrated with other shadow mapping tech-
niques.

3.5 PSSMs Rendering

After the light’s frustum is split into {Wi}, each split part Vi is
rendered to a shadow map Ti in the space Wi. We call {Ti} as
parallel-split shadow maps (PSSMs). Since practical split scheme
(Equation 6) only moderates the split positions of logarithmic split
scheme (Equation 5) and uniform split scheme (Equation 4), the
resolutions of {Ti} are still the same in our implementations. In
comparison with the shadow map resolution in single-map meth-
ods is usually above 1024x1024, PSSM(m; 512x512) (m is less
than 4 in practice) satisfies the requirements of most applications.
The total texture memory used (512x512xm) in PSSMs is less than
that (1024x1024x1) in single-map methods. Furthermore, other
shadow mapping techniques can be seamlessly integrated into our
split scheme.

Since our approach utilizes multiple shadow maps to improve
scene-shadows qualities, the generation of PSSMs needs multiple
passes which may result in the performance degrading. For this
concern, multiple rendering targets (MRT) in the specification of
OpenGL 2.0 (or Microsoft Direct3D 9.0) might be the choice for
this problem, which can render split parts into different textures si-
multaneously. In many applications especially for the large-scale
virtual environments, it is necessary to support the high quality
scene-shadows rendering with the optimal texture memory cost and
real-time performance by using the up-to-date graphics hardware.
Even without MRT support, it is worth to pay a moderate cost on
the multi-pass rendering in real-time with the dramatic improve-
ment of shadow qualities. In our experiments, we have tested the
PSSM(2), PSSM(3) and PSSM(4) schemes which produce a good
tradeoff between the rendering speed and scene-shadows qualities.
Particularly, PSSM(3) produces the best result in terms of both per-
formance and shadow qualities. Our experimental results (m ≤ 4)
have shown the better visual qualities with less texture memory
used and real-time performance. Table 1 shows the rendering speed
of the above PSSMs schemes in our experiments.

3.6 Scene-shadows Rendering

With the PSSMs generated in the previous step, shadow effects can
be now synthesized into the virtual scene. Like standard shadow
mapping, each pixel should be transformed into the light space
when determining if the pixel is shadowed or not. The differences
here are: 1) we should select the correct shadow map Ti, and 2) the
pixel should be transformed into Wi rather W . This procedure is
accelerated by hardware.

Theoretically, multiple shadow maps require extra rendering passes
in this step because we need to sample all split shadow maps for
each rasterized fragment. This burden depends on the number of
texture stages supported by the hardware. In order to avoid multi-
ple passes for the final scene-shadows rendering, we have utilized
the so called pixel shader functionality available on programmable
GPUs. By using the following hardware-accelerated procedure,
only a single rendering pass is required to synthesize shadow ef-
fects for all pixels.

For each rasterized fragment, we sample the appropriate shadow
map based on the depth value of this fragment. In the view
space, obviously Ti should be used for points located in the range
[Ci−1,Ci]. However, in the fragment buffer, the coordinates are
measured in the clip space. In Direct3D, the depth value z in the
view space is transformed to f

f−n (1− n
z ) in the clip space. There-



Robot War Huge Chessboard Knights Mining Terrain

Figure 6: Testing Scenes

Scene Triangles TSM (1024x1024) PSSM(2; 512x512) PSSM(3; 512x512) PSSM(4; 512x512)
#FPS #Tex #FPS #Tex #FPS #Tex #FPS #Tex

Robot War 240K 46.40 32.84 28.40 29.93
Huge Chessboard 51K 67.29 1Kx1K 58.00 512x512x2 50.08 512x512x3 47.22 512x512x4

Knights 1M 33.20 23.20 19.60 18.00
Mining Terrain 1.3M 22.00 15.60 14.00 13.20

Table 1: From left to right are testing scenes, the number of triangles in each scene, rendering speed (#FPS: frames per second) and texture
memory used (#Tex) for TSM, PSSM(2), PSSM(3) and PSSM(4) respectively.

fore, Ci is transformed to Cclip
i below:

Cclip
i =

f
f −n

(n−
1
Ci

) ∈ [0,1]

Hence, for a pixel in fragment buffer with the depth value zclip, if
zclip ∈ [Cclip

index−1,C
clip
index] or

f
f −n

(n−
1

Cindex−1
) ≤ zclip ≤

f
f −n

(n−
1

Cindex
) (8)

the shadow map Tindex is selected. Consequently, this fragment is
transformed into the split light’s frustum Windex for the depth com-
parison.

This step can be simply and purely implemented on the GPU side,
by using shader programming languages such as HLSL (High Level
Shading Language, Microsoft Corp.), GLSL (OpenGL Shading
Language, OpenGL Architectural Review Board) and Cg (C for
Graphics, NVidia Corp.). In our system, we implement this pro-
cedure by using HLSL on DirectX-9 level hardware. More imple-
mentation details can be found at our project webpage.

4 Experimental Results

We have developed the Parallel-Split Shadow Maps by using Mi-
crosoft DirectX SDK 9.0. We run the shadow rendering tests using
800*600 image resolution, and fps is measured by an Intel Pentium
4 2.8GHz CPU with 1G RAM, a NVidia GeForce 6800Ultra GPU
with 256M video memory. The vertex/pixel shader programs are
coded to address the rendering of shadow maps and scene-shadows
synthesization. In addition, we have compared our PSSMs with
single-map shadow mapping techniques including standard shadow
maps (SSMs), perspective shadow maps (PSMs), lighting space
perspective shadow maps (LiSPSMs) and trapezoid shadow maps
(TSMs) from NVidia SDK 9.1. In the experiments of our PSSMs
scheme, TSM is selected to generate the shadow maps for the split
parts.

Four virtual scenes are composed and tested in our experiments:
Robot War (220K triangles), Huge Chessboard (51K triangles),

Knights (1M triangles) and Mining Terrain (1.3M triangles), in
which a dynamic directional lighting source and field of view 60◦

are set up (Figure 6). In Robot War, there are about 160 static
robots randomly located in the 1.44km2 environment. 32 static
chessmen are placed on a 0.49km2 huge chessboard in Huge Chess-
board. near = 1m and f ar = 800m are configured for both of
them. Knights is a virtual desert environment which consists of
60 shadow-casting objects randomly located over a 1.6km2 terrain
with near = 1m and f ar = 800m. The objects in this virtual scene
include 15 dynamic dwarfs, 15 dynamic knights, 15 static trees and
15 static cactus. Mining Terrain is a virtual outdoor environment
rendered in the view frustum with near = 1m and f ar = 1000m.
There are about 55 complex objects including 10 dynamic clawbots,
15 dynamic windmills, 20 static rocks and 10 static trees randomly
located in the 2.56km2 environment.

The objective of our experiments is to examine how the shadow
qualities are improved in PSSMs when we increase the split num-
ber of the view frustum. To achieve real-time performance, m ≤ 4
is adopted in our experiments. This restriction is reasonable be-
cause applications need computer resources to produce other re-
alistic rendering effects. Other techniques including SSM, PSM,
LiSPSM and TSM are also tested for reference. For each scene
snapshot in Figure 8, we have marked and enlarged a rectan-
gle area to show the detail of scene-shadowing qualities. Snap-
shots for Huge Chessboard, Robot War, Mining Terrain, and
Knights are listed in the columns (a) to (d) respectively. The rows
from top to bottom in each column show the shadows rendered
by SSM(1024x1024), PSM(1024x1024), LiSPSM(1024x1024),
TSM(1024x1024), PSSM(2; 512x512), PSSM(3; 512x512) and
PSSM(4; 512x512) respectively. As we see, the shadow qualities
are dramatically increased as the view frustum is split into more
depth layers. Figure 8(e) shows the dueling frusta case when the
lighting and eye sight are nearly opposite. A single huge shadow
map (2048x2048) is used for single-map techniques (SSM, PSM,
LiSPSM, TSM). PSSM(2;1024x1024), PSSM(3;1024x1024) and
PSSM(4;1024x1024) are used for comparison. In this extreme
case, the shadow aliasing shown in single-map shadow mapping
techniques increases sharply, even the shadow map resolution is
2048x2048. The results also show that our approach can produce
better shadowing qualities in this extreme case.

Table 1 shows the results of timing performance and texture mem-
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Figure 7: Performance Statistics.

ory requirement for single-map shadow mapping technique TSM
and PSSMs schemes (m ≤ 4) used in Figure 8 (a) to (d). The ren-
dering speeds for single-map shadow mapping techniques (SSM,
PSM, LiSPSM, TSM) are nearly the same, we thus use TSM as
the single-map representative technique to compare with our ap-
proach. For instance, the average fps for the Mining Terrain scene
is 21.9 and standard derivation is 0.8. Table 1 shows that the PSSMs
achieved real-time performance (#FPS column) for the four virtual
scenes. In our experiments, we did not use other optimizations such
as LOD management and geometry instancing. The frame rates of
PSSM(2) in Chessboard and Mining Terrain achieve 58.00 fps
and 15.60 fps respectively. The frame rates of PSSM(4) in these
two testing scenes are 47.22 fps and 13.20 fps. Although a moder-
ate performance hit caused by using multiple shadow maps (multi-
ple rendering passes needed when generating PSSMs), the achieved
frame rates for our split scheme is satisfactory. Other optimization
techniques may be applied to further improve the performance such
as using large batches of geometry if possible. In Figure 7, (a) vi-
sualizes the timing performance listed in Table 1, and (b) shows
the texture memory used in TSM and our PSSM schemes (#Tex
column in Table 1). As we see, #Tex for PSSMs is usually less
than single-map technique. Particularly, our experiments show that
PSSM(3) achieves the best tradeoff between the performance and
shadow qualities for most practical applications.

In summary, PSSMs can produce real-time shadowing effects with
less texture memory, but significant improvement of shadow qual-
ities, especially for the dynamic and large-scale virtual environ-
ments. See more dynamic shadowing effects at our project webpage
http://www.cse.cuhk.edu.hk/~fzhang/pssm_vrcia.

5 Summary

This paper developed the Parallel-Split Shadow Maps (PSSMs)
scheme, which splits the view frustum into different depth ranges
by using split planes parallel to the view plane, and then renders
multiple shadow maps for the split parts. Our approach proposed
a fast and robust split scheme without expensive scene analysis per
frame, which produces moderate sampling densities over the whole
depth range. The single shadow map with a large size in other
shadow mapping methods is replaced by multiple shadow maps
with smaller sizes in our approach, the total texture memory usage
in PSSMs is usually less than that in single-map methods but better
scene-shadows qualities. Our experimental results have shown the
high-quality shadow rendering on the commodity graphics hard-
ware with real-time performance, especially for the dynamic and
large-scale virtual environments.

We will further our work on hardware-accelerated PSSMs to re-
duce rendering passes for the generation of shadow maps (e.g. us-
ing MRT on current shader model), and the formal analysis of per-

spective aliasing distribution in PSSMs. The effective integration
of shadow mapping techniques in our parallel-split scheme would
also be investigated.
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Figure 8: Columns (a)∼(d): snapshots for Huge Chessboard, Robot War, Mining Terrain, Knights. The rows from top to bottom in each
column between (a)∼(d): shadows rendered by SSM(1024x1024), PSM(1024x1024), LiSPSM(1024x1024), TSM(1024x1024), PSSM(2;
512x512), PSSM(3; 512x512) and PSSM(4; 512x512) respectively. Column (e): the dueling frusta case (i.e. the light direction is nearly
opposite to the view direction) for Knights. The rows from top to bottom in (e): shadows rendered by SSM(2048x2048), PSM(2048x2048),
LiSPSM(2048x2048), TSM(2048x2048), PSSM(2; 1024x1024), PSSM(3; 1024x1024) and PSSM(4; 1024x1024) respectively.


