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Abstract

Medical illustrations use simple drawing styles to demonstrate shapes and features
of organs and organ systems, while omitting irrelevant details. In this contribution, we
present a non-photorealistic rendering algorithm for illustrating anatomical data. Unlike
other existing methods that rely on available triangulations of the organs to be rendered,
our approach relies only on a subset of surface points, together with their normals. The
advantage is that surface points and normals can be quite easily extracted from medical
data, without an intermediate triangulation.

1 Introduction

Anatomical illustrations serve an important purpose for education in medical professions.
They accurately depict the characteristics of organs and organ systems within the human
body, while at the same time remove details that are not necessary for the understanding of
their shapes and functions. Anatomical illustrations go back to early anatomic studies (eg.
by Leonardo da Vinci) and are part of every anatomical text book [GC95]. Unfortunately,
they heavily depend on the artistic skills of the medical illustrator.
With the introduction of photography and modern scanning methods, new techniques be-
came available for the representation of anatomy [HPP+00]. However, these techniques
frequently provide too many details and too complex lighting operations that can block the
view of the essentials of the organ systems.
Non-photorealistic rendering (NPR) in contrast provides means for enriching the repertoire
of computer graphics techniques with expressive methods. In particular, NPR is a useful
alternative to conventional volume or surface rendering for medical illustrations, since it
highlights relevant information better than photorealistic-rendered images by focussing on
the shape and features of the targeted object, thus mimicking traditional illustration tech-
niques.
In this paper, we introduce an algorithm for anatomical data illustration. Our approach be-
longs to the class of silhouette algorithms, and is based on surface points, extracted from
medical volume datasets, where the data is arranged on a cartesian grid. Only a subset of

∗salah@gris.uni-tuebingen.de
†bartz@gris.uni-tuebingen.de
‡strasser@gris.uni-tuebingen.de



generated surface points and their normals are needed for silhouette estimation and ren-
dering. Halftoning is adopted for producing illumination and shading effects. Although
we only focus on anatomical illustrations, the presented ideas and techniques are equally
well applicable to other objects, if a sufficiently covering surface point set representation is
available.
The remainder of this paper discusses these issues in details. Section 2 provides an overview
of related work and Section 3 describes the various steps of the rendering algorithm. Exper-
imental results are demonstrated in Section 4. Finally, Section 5 summarizes our approach
and describes areas of future work.

2 Related Work

One goal of scientific visualization is to provide visual representations that allow to effi-
ciently grasp the shape and features of objects (eg. an organ). NPR has proved successful
applicability in this domain, where the general idea is to exploit artistic techniques in gener-
ating approximate illustrations based on 2D images as well as volume datasets. Rheingans
and Ebert [RE01] introducevolume illustration, where the familiarity of a physics-based
volume rendering model is combined with the ability to enhance important features using
NPR techniques. Kindlmann et al. [KWTM03] utilize curvature-based transfer functions
to enhance the expressiveness in non-photorealistic volume rendering. Volume rendering
with silhouette enhancement of targeted objects was also presented by Csébfalvi et al.
[CMH+01]. Hadwiger et al. [HBH03] used a similar method for volume rendering of seg-
mented datasets. Lu et al. [LME02] present a framework for an interactive direct volume
illustration system that simulates traditional stipple drawing. Volumetric hatching, intro-
duced by Dong et al. [DCLK03], extracts silhouette points from volumetric data, projects
them on the final image, and generate 2D lines connecting these projections.
Some methods that use hardware-accelerated rendering have also been introduced. In their
rendering algorithm, Raskar and Cohen [RC99] use traditional z-buffering along with back-
and front face culling for automatically determining polygons that define the silhouette.
Using point-based representations as rendering primitives has been introduced by Levoy
and Whitted [LW85] and has gained an increasing interest. Zwicker et al. [ZPvBG01] ex-
tended this concept for high quality image reconstruction from point clouds. In [CLL+88],
points with attributes are used to render medical data. The points are essentially gener-
ated on the voxel grid, similar to the triangle vertices generated by the Marching Cubes
algorithm [LC87].
Xu et al. [XNYC04] have recently presented an approach for interactive rendering of sil-
houette for point-based models. An adaptation of this approach is used for abstraction and
rendering of 3D scanned outdoor environments [XC04]. In [PKG03], line-type features are
extracted from point-sampled surfaced using principal component analysis and used to cre-
ate line drawings. Deussen and Strothotte [DS00] introduced an algorithm for generating
pen-and-ink illustration of trees. In their method, the foliage of a tree is represented as a
set of particles, which are rendered by randomly oriented disks. Alexa et al. [ABCO+01]
presented an approach for rendering point set surfaces at different resolution using repre-
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Figure 1: NPR-Method: (a) Surface points, (b) silhouette detection and rendering, (c) hid-
den silhouette parts are removed, (d) final shaded rendering.

senting polynomials.
Several other artistic techniques have been utilized to create non-photorealistic render-
ings. Stroke-based Rendering (SBR) is perhaps among the most common techniques
[Her98, KGC00]. Other proposed algorithms and styles include painting [Her98], pen-and-
ink drawing, tile mosaics [Hau01], and stippling [MPFS03].
In rendering 3D objects, hatching is frequently used to add more impression for NP-
rendered surfaces or volumes, where different alternatives are applied for determining
hatching directions. Some methods rely on material properties in the original volume
datasets, for example the direction of muscle fibers [DCLK03]. Other surface-NPR meth-
ods estimate the hatching direction by computing the surface principal curvatures [HZ00].
Unlike most other methods, our approach does not rely on existing polygonal meshes (tri-
angulations) of the organ to be illustrated. The input of the algorithm is a subset of sur-
face points together with the corresponding normals, which we extract directly from seg-
mented voxel data of the targeted organ, without generating a surface representation. Since
vertex/normal data is inherently available in triangulations, our algorithm can be applied
equally well - with minor adaptation - to triangulated surfaces.

3 Rendering Algorithm

Our approach belongs to the class of silhouette algorithms. The silhouette of an object is
typically defined as the set of points on the object’s surface where the surface normals
are perpendicular to the view vector. Silhouette-based algorithms principally perform two
steps to illustrate an object: first, the silhouette of the object is detected and represented
using one of the several available methods. Second, visibility culling approaches are intro-
duced afterwards to hide invisible parts of the silhouette. Isenberg et al. [IFH+03] provide
a developer’s guideline for silhouette algorithms that apply to polygonal models.
Our algorithm renders an object relying on its surface points. In other words, the input to



the algorithm is a set of surface points along with their corresponding normals. The output
is an ink- or coal-like illustration of the object. In short, the whole pipeline performs the
following steps: A set of surface points is first extracted, object silhouette is estimated and
rendered, hidden parts of the silhouette are removed, and lighting effects are finally added.

3.1 Surface Points Extraction

The way in which surface points are extracted depends on the form in which the targeted
object is available. In the case of anatomical data, it is usually provided by a binary seg-
mentation of an organ. These segmentations are based on scanned volume datasets (CT
and MRI scans). Surface points are then defined by uniformly selecting a subset of contour
points (in 3D context). IfS denotes the segmented voxel data, we apply volumetric binary
morphological erosion onS with radius = 1, i.e., a 3x3x3 structuring element, producing
SE (eroded version ofS). With C = S − SE (difference image), contour points are all
non-zero points inC. This is equivalent to extracting a one-voxel thin shell of surface vox-
els (the outer skin of the object). Normals are acquired by computing the gradient of the
binary imageS at the surface points. Figure 1a shows a set of extracted points for a tooth.
These extracted surface points and computed normals are fed to the software tool as anini-
tial point set. In order to reduce the points and render load, the initial set can be uniformly
sub-sampled.
If the 3D polygonal model of the object (a triangulation) is already available, the extraction
of surface points is straightforward. The vertices of the mesh or the center points of triangles
can be chosen. In both cases, the normals can be computed easily.

3.2 Silhouette Estimation and Rendering

Silhouettes are used to depict object outlines. The subset of surface points that defines the
silhouette (PSil) of the object is determined by examining the normals of all surface points.
PSil is defined as the set of all pointspi satisfying:

|ni · (xi − V P )| ≤ TSil (1)

whereni is the normal at the pointi, xi is its position,V P is the view point, andTSil is
a threshold value controlling the tolerance of choosing silhouette points. For an absolute
silhouette,TSil must be 0.
The rendering element in our algorithms is a disk, i.e, a filled circle. Each silhouette point
in PSil is rendered with a disk of radiusrdisk with a chosen silhouette color, centered at
the point position, and oriented such that the point normal is perpendicular to its surface,
resulting in an ellipsoid on the screen (see Figure 2a).
Obviously, points that lieexactlyat the silhouette (the dot product in Equation 1 is exactly
zero) will be rendered with disks that are parallel to the viewing direction, i.e., the ellip-
soids will be infinitely thin. Therefore, the toleranceTSil is chosen within a small range
around zero so that more disks are rendered to produce the required effect (for most of the
models we rendered, a toleranceTSil = 0.2 generated good silhouettes). In other words,
the toleranceTSil controls the thickness of the rendered silhouette. Rendering all silhouette
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Figure 2: Silhouette Rendering: (a) a disk as a drawing element, (b) The effect of rendering
silhouette points using properly oriented disks

disks will produce the overall effect of pen-stroke drawing (see Figure 1b). A zoomed view
of the tooth roots is shown in Figure 2b.
For producing convincing renderings, the input points should be dense enough and uni-
formly covers the surface of the rendered object. If input points are not sufficiently dis-
tributed, in particular in silhouette regions, a noncontinuous silhouette is rendered. This
problem mainly arises when the input point set is extracted from a triangulation of the
object, where the surface is usually triangulated less finely in regions of low curvature.
However, in our application, we extract points directly from a segmentation of the object
(we actually extract surface voxels), which provides a quite dense point set that uniformly
covers the object surface.

3.3 Hidden Silhouette Removal

We actually render disks at each non-silhouette surface point with a chosen color for the
object and shift silhouette disks slightly in their normal directions. As shown in Figure 1c,
non-silhouette disks, rendered with a proper scaling factorSall, will occlude hidden silhou-
ettes.Sall is adjusted so that the occluding disks sufficiently overlap and no holes appear
(even when the user zooms in). However, the overall rendering of occluding disks may still
permit very few (still very small) pieces of the hidden silhouette to appear. Since the goal
is a non-photorealistic illustration, this possible effect is negligible and the resulting ren-
dering is quite acceptable. However, this effect can be controlled by increasing the scaling
factorSall. Since this increase may cause some of the visible lines to disappear, silhouette
disks are tuned with an additional scaling factorSsil which allows for further controlling
the size of silhouette disks to compensate for the disappearing parts.
Such artifacts in hidden silhouette removal arise usually in regions where the surface points
are too sparse. In this context, please note that the availability of a dense and uniformly dis-
tributed input point set is important also for this step to succeeds. As stated in the previous
section, in our application, the input points resemble extracted surface voxels of the object,
which ensures, to a great extent, that the mentioned artifacts very rarely arise.



3.4 Shading and Illumination

We implement lighting effects by assuming a light source with a diffuse component and
adopting Phong illumination model. For simplicity, we assumed an attenuation factor of 1
and ignored specular reflection. IfLP is the light position, for each non-silhouette surface
point, we define the light intensity as:

Li = ni · (xi − LP ) (2)

The implemented shading is also using our rendering elements, the solid disks. Gradual
lighting is implemented by adapting halftoning techniques [HH94, SS02]. Usually, mod-
ern graphical output devices implement halftoning using rectangular pixel regions, called
halftone patterns. Different tones are produced by setting different number of pixels in the
pattern. In other words, the more set pixels, the darker the pattern is. Alternatively, different
intensity values can be obtained by drawing a filled circle of different radii. We adopted this
alternative for producing gradual shading intensities. We render disks whose radii are in-
versely proportional to the illumination intensity of the corresponding area. More precisely,
we scale a disk with a scaling factorSshd defined as:

Sshd = Ishd
Ashd − Li

Sall
(3)

where the parameterIshd controls the overall intensity (darkness) of shading,Ashd ∈ [0, 2]
controls the area of shaded regions, i.e., the stretching of the shading. A value ofAshd = 2
will stretch the shading to covers the whole model.Li is the illumination intensity defined
in Equation 2, andSall is the global scaling factor used for all rendering and culling disks
(Sections 3.2 and 3.3).

4 Implementation and Experimental Results

We implemented and tested our algorithm using C++ and OpenGL. We also developed a
Qt-based user interface to test the effect of different values of parameters controlling the
algorithm behavior. Volume processing operations, discussed in Section 3.1 were imple-
mented using ITK filters [ISNC03]. Mainly, the erosion was performed with theitkBina-
ryErodeImageFilter. Computation of the normals is principally based on the computation
of the gradient of the segmented image. This was performed by combining the results of
applying theitkDerivativeImageFilterin each of the x, y, and z-directions. Rendering time
of the algorithms is linearly proportional to the model complexity. On a Pentium 4 PC (2.6
GHz, ATI Radeon 9600 graphic card), the algorithms runs in interactive time. For most
models, we achieved more than 5 fps.
In Figure 1, we used an example of rendering a tooth to demonstrated how the algorithm
works. The tooth model points were extracted from a segmented CT scan [NLM]. In Figure
3, renderings of different organs are depicted, where the surface points and normals of the
brain (left) and the spine (bottom) were extracted from available triangulations, based on
MRI and CT scans. Surface points of the cerebral ventricular system (right) were extracted
directly from a segmented dataset measured by an MRI scanner.



Figure 3: Examples of anatomical data rendered with our algorithms.

In Figure 4, two front view renderings of the colon are demonstrated. The rendering on the
right shows that if sufficient surface points are available, our algorithm can depict object
details, even if shading is disabled. Important is only the availability of a point set that
uniformly covers the object surface.
The number of points used for rendering the different models as well as the rendering
times are summerised in Table 1. The right-most column shows whether the input points
were extracted from a segmented volume (S) or a triangulation (T).

Table 1: Number of points, rendering time, and source of the different models (S: from a
segmented volume, T: from a triangulation).

Model Number of points Rendering Time (fps) Source
Cerebral Ventricular System 43816 4.97 S
Tooth 41364 5.48 S
Spine 11706 16.94 T
Brain 36758 5.90 T
Colon 55095 3.88 S



(a) (b)

Figure 4: Rendering of the colon: with shading enabled (left), with no shading(right).

5 Conclusion

We have presented an algorithm for non-photorealistic rendering of segmented anatomi-
cal data. Our approach uses only a subset of surface points together with their normals to
produce silhouette-based renderings. Silhouette detection is based on point normals inves-
tigation. We used properly oriented, filled disks as rendering elements. Variations of disk
renderings were used also for hidden silhouette removal as well as for gradual-tone shad-
ing. Halftoning was adopted for producing illumination and shading effects by controlling
the radii of shading disks. The system runs with interactive performance for models of
moderate sizes.
In addition to testing alternative shading methods, our future work will focus on improving
the applicability of the method for polygonal representations that do not provide sufficiently
distributed surface point set. In this context, adaptive point sampling methods are going to
be investigated. The algorithm will also be extended to hybrid representations, composed
of points sets from segmented volume data and polygonal data.
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