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Abstract

Shell mapping is a technique to represent three-dimensional surface details. This is achieved by extruding the tri-
angles of an existing mesh along their normals, and mapping a 3D function (e.g., @ 3D texture) into the resulting
prisms. Unfortunately, such a mapping is nonlinear. Previous approaches perform a piece-wise linear approxima-
tion by subdividing the prisms into tetrahedrons. However, such an approximation often leads to severe artifacts.
In this paper we present a correct (i.e., smooth) mapping that does not rely on a decomposition into tetrahedrons.
We present an efficient GPU ray casting algorithm which provides correct parallax, self-occlusion, and silhouettes,
at the cost of longer rendering times. The new formulation also allows modeling shells with smooth curvatures
using Coons patches within the prisms. Tangent continuity between adjacent prisms is guaranteed, while the
mapping itself remains local, i.e. every curved prism content is modeled at runtime in the GPU without the need
for any precomputation. This allows instantly replacing animated triangular meshes with prism-based shells.

Categories and Subject Descriptors (according to ACM CCS): 1.3.3 [Picture/Image Generation]: Display algorithms;
1.3.7 [Three-Dimensional Graphics and Realism]: Color, shading, shadowing, and texture;

1. Introduction

Image-based representations have been used for a long
time to simulate surface detail. Common examples are tex-
ture maps [BN76] for color, bump maps [Bli78] for en-
hanced shading, and displacement maps [CCC87] for fine-
scale height field-like details. Volume textures by Kajiya and
Kay [KK89] and more recently shell maps by Porumbescu et
al. [PBFJO05]) add arbitrary small-scale surface detail to a tri-
angulated object. The detail, called texture function, can be a
sampled height field, a 3D texture, an analytical 3D function,
or, in the case of shell maps [PBFJO5], even meshes. The
idea is to construct a volume from a surface mesh by apply-
ing an extrusion along the vertex normals to obtain prisms.
The texture function is then mapped into these prisms. This
makes it possible to interactively render three-dimensional
surfaces like bricks, fur, cloth, webbing, facades, ornaments,
etc. but also complete 3D textural objects, with correct par-
allax, occlusions, silhouettes and shadows.

However, there is as yet no formulation that allows a
smooth mapping between the surface detail definition space
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and its world-space representation. While some offline ap-
proaches provide a reasonable approximation through recur-
sive subdivision [SSS00] for the special case of displace-
ment mapping, recent approaches [PBFJ05, HEGDO04] resort
to piece-wise linear mappings induced by subdivision of the
world-space prisms into tetrahedrons. These mappings lead
to objectionable artifacts at the subdivision borders similar
to the artifacts induced by non-perspective correct texture
mapping (see Figure 1, left).

In this paper, we present a new formulation and imple-
mentation of a smooth mapping between the texture func-
tion and world space. Texture functions can be applied to
geometry with high local curvature, and even very thick sur-
faces can be displayed without reducing image quality (see
Figure 1, middle). The new formulation allows for the defi-
nition of smooth curved shells based on Coons patches (Fig-
ure 1, right). Our implementation of the mapping relies on
ray casting on graphics hardware and provides interactive
frame rates.

The main contributions in this paper are:

A high-quality shell-mapping algorithm that avoids arti-
facts due to piece-wise linear approximations. This algo-
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Figure 1: Shell mapped blowfish. Left: previous shell mapping approach based on tetrahedra. Middle: smooth shell mapping.
Right: curved shell mapping. Note that the mesh is the same in all three images.

rithm gives pixel-correct results for the intended mapping,
runs completely on graphics hardware and is interactive.
Curved shell maps, an extension to smooth shell maps that
provides tangent-continuity at the prism borders. This is
achieved using a Coons-patch formulation that has previ-
ously been introduced for curved displacement mapping
in offline rendering. Curved shell maps are slower than
smooth shell maps, but still interactive.

The shell mapping methods do not require any preprocessing
so that the mesh and the extrusion (i.e., normals) can be mod-
ified interactively. This fact makes smooth and curved shell
maps a powerful modeling primitive. Both methods can sim-
ply replace a standard texture map without any other modi-
fications to the base mesh.

2. Related Work

There are numerous methods for representing volumetric
surface detail, including parallax mapping, displacement
mapping, relief maps, and image slice-based methods. Ren-
dering surface detail can in general be done by forward
mapping polygonal representations or backward mapping
texture-based representations using ray casting. In the fol-
lowing, we will focus the discussion on methods based on
ray casting, as they are most closely related to the new ap-
proach.

Kajiya and Kay [KK89] first used ray casting through
3D texture maps to display fur. They define a shell volume
over a surface and use mappings to transfer from texture
space to shell space. Rays that intersect the shell are trans-
formed to texture space and traced through the 3D texture.
Neyret [Ney98] used a similar algorithm and rendered vari-
ous types of objects using volumetric textures. In contrast,
the hypertexture introduced by Perlin and Hoffert [PH89]
renders functions instead of sampled data.

Several approaches [PHL91, HS98, PH96] are based on

ray tracing displacement maps, which is computationally ex-
pensive and can still not be implemented on graphics hard-
ware. Smits et al. [SSS00] already pointed out the problem
of curved rays in texture space (see Section 4), but their al-
gorithm did not address it.

View-dependent visibility information along rays can also
be precomputed, as was demonstrated by Wang et al. for
displacement maps [WWT 03] and arbitrary volumetric
data [WTL 04]. The method provides impressive results (in-
cluding indirect illumination, shadowing, and correct silhou-
ettes), runs in real time on a GPU, but needs large amounts
of memory for the sampled five-dimensional function. In ad-
dition, the approximated mesh curvature can lead to texture
distortions and only works for static 3D textures.

Recently, performing ray casting on graphics hardware
became popular. Policarpo et al. [POCO5] presented re-
lief texture mapping, which starts with rendering a textured
mesh. For every rendered pixel, the entry point and view di-
rection of the corresponding ray is transformed to texture
space, which contains a height field. The ray is linearly tra-
versed until it hits the height field, and a binary search is used
to increase the intersection accuracy. In practice, the method
shows visually pleasing results with correctly handled self-
occlusions and real-time performance, and it is simple to im-
plement. However, as for simple texture mapping, the ob-
ject silhouette remains flat, and systematic artifacts are in-
troduced between adjacent triangles.

In subsequent work, Oliveira and Policarpo [OP05] tried
to correctly render silhouettes by locally approximating the
object surface with a piecewise quadric representation at
the fragment shader level. These quadrics are used as ref-
erence surfaces for ray traversal so that a ray can leave the
mesh, resulting in better approximated object silhouettes.
Unfortunately, the quadrics work only sufficiently correct
for the direct neighborhood of the ray entry point. Figure 2
shows an example where this approximation is incorrect
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for a torus, resulting in large texture distortions and even
holes in the representation. In addition, interactively deform-
ing the mesh is not straightforward because the quadrics
must be precalculated from the mesh geometry. Most re-

Figure 2: Texture distortions and holes due to wrong surface
curvature approximation.

cently, Policarpo [POO06] presented a variation of his method
that renders multiple image layers instead of height fields.
However, since the work is based on the previous meth-
ods [POCO05, OP05], it shares the same problems.

Hirche et al. [HEGDO04] form prisms by extruding the
base mesh. In contrast to this paper, every prism is decom-
posed into three tetrahedrons, with adjacent prism sides shar-
ing the same triangulation in order to ensure a continuous
volume. For each pixel of a rendered tetrahedron, the two in-
tersections of the viewing ray with the tetrahedron are com-
puted, transformed into texture space, and linear sampling is
applied between them. The result is a linear bijective map-
ping between tetrahedrons and texture space which is an ap-
proximation of the “smooth” mapping described in this pa-
per. Unfortunately, as Porumbescu et al. [PBFJ05] pointed
out, the piecewise linear approximation systematically re-
sults in objectionable artifacts. These are visible as “buck-
lings” along the tetrahedron borders, as can be observed in
Figure 3 as well as Figure 1. In addition, tetrahedrons can be
inverted at long thin triangles, resulting in empty shell space.
By rendering the prism geometry directly, our algorithm can
avoid all such systematic errors, generate fewer primitives
and consequently has less overdraw.

World space

M- >/

Texture space

Figure 3: Bucklings in a height field function due to a linear
approximation of the prisms using tetrahedrons.

Dufort et al. [DLP05] showed how the algorithm by
Hirche et al. can be used for semi-transparent surfaces by
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a front-to-back composition of the tetrahedra. Porumbescu
et al. [PBFJO5] introduced shell maps, which use the
same tetrahedron-based (i.e., piece-wise linear) mapping as
Hirche [Por06]. They show both forward mapping of geome-
try and backward mapping using a software ray tracer. How-
ever, since their mapping is still based on tetrahedrons, it
shares the problems of Hirche et al. [HEGDO4]. Note that for
forward mapping of geometry-based surfaces, mesh quilt-
ing [ZHW 06] can greatly reduce distortions.

Recently, Baboud and Decoret [BD06] rendered whole
objects on the GPU as a collection of images with depth. Or-
thogonal and perspective projections are supported, which
are linear mappings between world space and texture space
in contrast to shell mapping.

3. Shell Definition

In this section, we give a definition of the spaces involved
in shell mapping, and describe the “correct” mapping func-
tion which is the basis for smooth shells. The term “correct”
means here that the shell is defined along the interpolated
vertex normals, which is the most intuitive and common de-
finition. We will then extend the smooth mapping formula-
tion to curved shell maps which provide tangent continuity
between prisms.

World space Texture space

Figure 4: Shell definition: world-space prisms correspond
to prisms in texture space.

Given a triangle mesh called base mesh (see Figure 4,
left), a shell is constructed by extruding this mesh to an
offset mesh along its normals at every vertex. The shell is
then the union of all prisms formed by the base mesh trian-
gles together with their offset mesh counterparts [WWT 03,
HEGDO04, PBFJ05]. Every prism has a corresponding prism
in texture space (see Figure 4, right). Intersections between
prisms pose no problem to the rendering algorithm and can
be allowed similar to [PBFJO05].

3.1. Smooth Shell Mapping

Given a shell construction as above, the question is how to
define a function  to map between a texture space prism
and its corresponding world space prism. This will then be
used to map the texture function to a shell. Previous ap-
proaches based the mapping on a tetrahedalization, basically



