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ABSTRACT

In this report, a new theory analyzing the relations between 3-D convex objectls
and their silhouettes in orthographic projections is presented. The theory is based on
three new representations of 3-D surfaces in terms of scalar, vector and tensor func-
tions on the Gaussian sphere, and the matching representations of 2-D curves by func-
tions on the Gaussian circle. The key advantage of these representations is that a slice
through the spherical representation of a 3-D object is closely related to the circular
representation of the silhouette of the object in a plane parallel to the slice. This rela-
tion is formalized in three Silhouette-Slice theorems, which underline the duality
between silhouettes in object space and slices in the representation space. These
theorems apply to opaque objects and have a conceptual similarity with the
Projection-Slice theorem, which applies to absorbing objects.

Silhouette construction with the theorems is demonstrated by examples of
silhouettes of complex curved surfaces. Applications 1o the reconstruction of object
shapes from silhouette measurements and to the recognition of objects based on their
silhouettes are suggested.
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1.0 INTRODUCTION

Visual information is a prime communication medium for humans. Analysis of
this visual information and of its processing is important and serves multiple pur-
poses. Visual information generally consists of images of scenes in the three-
dimensional world projected on two-dimensional surfaces such as paper, film, video
screens or the human retina. Information intrinsically contained in these images is
best characterized by regions with intensities, colors and texture, and discontinuities
between these regions. On the other hand, scenes are better described by the sets of
objects present in the scene, shapes, surface properties and spatial arrangement of these
objects and the illumination of the scene. Substantial work has been accomplished in
studying the relations between scene properties and image properties. Theories
developed so far have permitted for example, the development of systems for syn-
thesizing realistic images, for enhancing images, and for recognizing objects in images.

In most theoretical analyses of the relations between scenes and images, only one
or a few image properties are related to their correspondent properties in the scene. In
addition, assumptions are made which decouple these relations from other effects. The
decoupled problems are amenable to analysis, and their solutions are often found
valuable outside the simplified context. The present report follows this approach by
considering only relations between silhouette shapes in images and object shapes in the
scene.

1.1. SILHOUETTES

The word "silhouette" is generally used in two similar senses. The first
corresponds to portrays or scenes depicted as outlines filled in with black, whereas the
second corresponds to just the outlines themselves; see Fig.1.1. Clearly, these two con-
cepts are closely related, and it is easy to transform one form into the other. For the
sake of clarity, we have decided to use the word "silhouette" for the outline only, and
the expression "filled-in silhouette" for the outline filled-in with black. More pre-
cisely, the silhouette of an object in an image will refer to the curve which outlines
the image region covered by the projection of the object.

Among a variety of features which can be identified in an image, silhouettes are
known to convey a strong perceptual content for humans [2, 3]. For example, most of
us recognize without difficulty the various animals represented by filled-in silhouettes
in Fig.1.2. In this report, a new theory is developed to relate shapes of silhouettes to
shapes of the corresponding 3-D objects.

1.2. THREE BASIC PROBLEMS

Although the initial motivation for our work came from the domain of machine
vision, relations between objects and silhouettes can be exploited in a variety of con-
texts. A majority of the applications are closely tied to one of three basic problems,
namely silhouette construction, reconstruction from silhouettes and recognition from
silhouettes. These three basic tasks are now outlined as a motivation for the analysis



Fig.1.1. Silhouette as a) a filled-in outline, b) an outline. (from [1].)

of object-silhouette relations.

The first problem is that of silhouette construction from a description of the 3-D
shape of the object and the imaging geometry. This construction is required for exam-
ple for the synthesis of blueprints from 3-D object models. Presently, most synthetic
renditions are in the form of shaded images. For these, silhouette construction is not
explicitly required but can be used for anti-aliasing processing or for outlining areas to
be covered by surface painting processes.

The second problem is that of reconstructing the shape of a 3-D object from
silhouette data. It is easy to see that the reconstruction of the shape of a 3-D object
from one silhouette is largely underconstrained. Reconstruction of general shapes is
possible only when multiple silhouettes are available for processing; this occurs in
some examples of medical imaging and non-destructive testing, and for vision systems
where several views of the object are available [4].

The third problem is that of 3-D object recognition from silhouette data. A
sithouette recognition system would exploit silhouette data obtained from an image,
and compare this with a description of the 3-D shape of a known object. The system
must determine if there is evidence in the silhouettes suggesting the presence of the
given object in the imaged scene, and estimate its position and orientation in the scene.
A large number of solutions to this problem have been proposed for the case where the
viewing direction relative to the object is known a-priori. In that case, the silhouette
can be precomputed up to a rotation and a translation in the image plane, so that the
matching process is greatly simplified. When there is no a-priori estimate of object
orientation relative to the camera, the same object can produce very different
silhouette shapes, and the problem is much more complex.




Fig.1.2. Filled-in silhouettes of animals (from [1]).

1.3. PREVIOUS WORK ON SILHOUETTES

Previous approaches to silhouettes are briefly sketched here; they will be dis-
cussed in greater detail in Section 2. Most algorithms presented in the past for solving
the problems mentioned in the previous section have been based on the well-known
relation between coordinates of points in the scene and coordinates of their projection
in the image [5]. In order to relate object shape and silhouette shape, this relation must
be combined with the knowledge of which points of the object in the scene are pro-
jected onto the points of the silhouette in the image. Silhouette analysis based on pro-
jections of points is satisfactory for the development of many computer graphics algo-
rithms, has helped to develop methods for reconstructing objects from silhouettes and




methods for recognizing block objects from their silhouettes. However, there are
several drawbacks in the classical formalism. First, the classical method does not
explicitly analyze the relation between curved 3-D shapes and their silhouettes.
Shapes of generalized cones have been related to the shapes of their silhouettes [6], but
these relations are approximate and apply to simple generalized cones only. Second,
the classical method does not easily support intuitive reasoning when several object
points are related simultanesouly to the corresponding silhouette points. Third, no
intermediate representation has been proposed where information from different
silhouettes is readily combined. Finally, the relations between silhouette points and
object points must be supplemented by various ad hoc arguments to solve different
problems.

Deficiencies of the classical silhouette theory are most severe for the problem of
recognition, but the other two application areas can also benefit from new results on
silhouette analysis.

1.4. OVERVIEW OF THE REPORT

Solving any of the three basic problems described in Section 1.2. requires a good
understanding of the relation between the shape of a 3-D object and the shape of its
silhouette obtained for any given viewing direction. In this report, we present new
representations for objects and silhouettes, and the relations between these representa-
tions for corresponding object-silhouette pairs. Specifically, silhouette curves will be
represented by functions on the Gaussian circle, and object surfaces by functions on
the Gaussian sphere. The functions describing these shapes are chosen in such a way
that the relation between object functions and silhouette functions is particularly sim-
ple. The representation of a given silhouette is simply related to a slice of the
representation of the object on the sphere. The new theory hence relates silhouettes of
objects to slices of their representations, and the theorems formalizing these relations
have been named "Silhouette-Slice” theorems.

The theories presented in this report apply to the case of orthographic projection
only, and are initially developed for smooth strictly convex objects, such as the super-
quadric in Fig.1.3. Although the class of smooth convex shapes is somewhat res-
tricted, the theorems will be extended to cover objects with corners, edges and flat

\Y

a) b)
Fig.1.3. Superquadric and its Silhouette for the Viewing Direction V.



components, which include convex polyhedral objects such as in Fig.1.4. As a conse-
quence, the same theories are capable of analyzing silhouettes of curved objects and of
polyhedral objects. Furthermore, some of the results are applicable to non-convex
objects such as the torus depicted in Fig.1.5. However, silhouettes of non-convex
objects may contain singularities such as inflections and cusps which are not well
analyzed with the Silhouette-Slice theorems, but which have been studied in detail in
other work [7, 8,9]. Finally, the scope of the results can be extended considerably
when Boolean combinations of objects are considered. Indeed, combinations of simple
primitives such as the superquadric in Fig.1.3 have been shown to adequately model
complex objects [10].

The new theorems allow the derivation of closed form expressions for the
silhouettes of complex 3-D shapes, when these are defined analytically. In addition to
these mathematical relations between silhouette and surface shapes for the class of
objects of interest, the new theory also provides an elegant qualitative interpretation
of these relations. The framework of the Silhouette-Slice theorems is well suited to
develop an intuitive understanding of the relations between silhouette shape and

!

a) b)
Fig.1.4. Cube and its Silhouette for the Viewing Direction V.
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Fig.1.5. Torus and its Silhouette for the Viewing Direction V.



object shape. The representations proposed for 3-D shapes can be thought of as inter-
mediate representations in which information from silhouettes corresponding to
different viewing angles is readily combined. Finally, the representations of an object
by functions on the sphere can be interpreted as a compact representation for the set of
all the silhouettes of the object.

1.5. ORGANIZATION OF THE REPORT

Section 2 of the report reviews some earlier work on silhouettes in the context of
the three basic problems outlined in Section 1.2. As object modeling plays an impor-
tant role in the analysis of relations between object shape and silhouette shape in gen-
eral, and in the analysis presented in this report in particular, previous work on that
subject is also reviewed.

Section 3 reviews some basic concepts of analytic and differential geometry. In
addition to the review of classical concepts, a number of original geometrical concepts
are presented. The first is the definition of an invariant measure of surface curvature.
The second concept is the definition of local reference directions at each point of the
Gaussian sphere, in order to support the discussion of object functions with vector and
tensor values. Finally, a relation is proposed between representations of normals with
gradients in a Monge parameterization on one side and with coordinates on the Gaus-
sian sphere on the other side.

In Section 4, the classical approach to silhouette construction is reviewed. This
approach consists of a two-step process, where the first step is the selection of object
points which contribute to the silhouette, and the second step is the projection of these
points. This approach is illustrated in the case of a simple object, a cone. The
equivalent formalism is also presented in the dual space of tangents. For both
methods, surface normal orientation is shown to be the key parameter to silhouette
construction with orthographic projection. This conclusion motivates representations
of objects and silhouettes where normal orientation is explicit.

Sections 5 and 6 present the major developments in this report. A set of represen-
tations is developed for 2-D curves and for 3-D surfaces, with the relation between
these representations for an object-silhouette pair.

Section 5 introduces three different representations for the shapes of 3-D object
surfaces and for the shapes of 2-D silhouette curves, as functions on the Gaussian
sphere and on the Gaussian circle respectively. All three representations are unique
and uniquely invertible for objects in the class of interest, and are explicitly phrased
in terms of normal orientations. A close parallel is followed in the discussion of the
representations in 2-D and 3-D.

Section 6 presents three theorems expressing the relations between corresponding
silhouette circular functions and object spherical functions. A unified proof method is
presented for the three theorems corresponding to each of the three representations.
The spherical transforms of 3-D objects are also interpreted as compact representations
of the set of all their silhouettes.

Section 7 extends the theories presented in Sections 5 and 6 to the case of object
surfaces with edges, corners and planar faces.



In Section 8, examples of silhouette construction with the Silhouette-Slice
theorems are provided. Other applications of the method are suggested, such as a stra-
tegy for reconstructing objects from silhouette data, and the principles of a recognition
scheme for silhouettes.

Finally, Section 9 concludes by summarizing the key contributions of this report
and suggesting directions for future work.




2.0 LITERATURE REVIEW

In this section, previous work on silhouette analysis is reviewed. As no general
framework previously existed for this analysis, much of the work on silhouettes pub-
lished in the literature is found in application areas and considers relations between
object shape and silhouette shape only in the context of particular tasks. Literature is
most abundant for the problem of recognition, but it is also instructive to consider
how silhouettes have been handled in other application areas. Section 2.1 examines
existing approaches to the three basic problems outlined in Section 1.

In order to relate silhouette shapes and object shapes, it is necessary to base the
relations on some description of the shape of the object surfaces. Therefore, surface
modeling procedures play a central role in any analysis of the silhouette problem. In
addition, one of the key contributions of this report is a set of surface representations
for which the relations between objects and silhouettes are greatly simplified. Section
2.2 reviews previous work on surface modeling, with special emphasis on the relations
between the proposed representations and the shapes of silhoucttes.

2.1. LITERATURE ON SILHOUETTES
2.1.1. Construction of Silhouettes

Most examples of numerical evaluation of silhouettes are found in the synthesis
of images in the field of computer graphics. Several references, such as [11, 12], pro-
vide a good introduction to the field. The synthesized image can take different forms,
such as wireframe diagrams, blueprints, or shaded renditions. In the case of blue-
prints, the output image consists of lines and curves representing creases in the object
surface and silhouettes of the object and of its parts. For this type of output, explicit
silhouette construction is necessary. In the case of shaded images however, explicit
construction of silhouettes can be avoided, as they are implicitly generated on boun-
daries of rendered surfaces. Although explicit construction of the silhouettes is not
indispensable for the synthesis of shaded images, it can be useful for example in the
elimination of jagged outlines, known as anti-aliasing processing. In the synthesis of
both shaded renditions and wireframe drawings, silhouettes can also be used to deter-
mine a-priori which regions of the image will be covered by which objects. With this
information, the rendition can be divided into several processes without risk of
interferences if the processes are run in parallel. Silhouettes can also be useful for the
rendition of shadows. The determination of the shadow of an object on a planar sur-
face is equivalent to the determination of a silhouette of the object for an appropriate
imaging geometry [13]). Results obtained for silhouettes are hence immediately appli-
cable to shadows. In suminary, the construction of silhouettes is used or has a poten-
tial for use in several facets of image synthesis.

Computer graphics is a relatively mature field, and some silhouette construction
methods are well known. Most of these are based principally on the relation between
coordinates of points in the scene and coordinates of their projection in the image
plane; these relations are nicely illustrated in the context of graphics in [5].



In addition to the relation between point coordinates, the exact shape of the silhouette
depends on which points of the object are projected onto the points of the silhouette;
this set of object points is referred to as the silhouette generator in this report.
Methods for determining the silhouette generator depend on the type of representation
for the objects. In the case of polyhedral objects, the silhouette generator is the set of
all edges touching a face oriented towards the eye position and a face oriented away
from the eye position. The selection of this set of edges usually requires a search
through all the edges of the polyhedron. Objects with curved surfaces are often
described as collections of curved surface patches, such as segments of spheres,
cylinders, general quadrics, superquadrics, Bezier patches, B-spline surfaces ... In this
case, the silhouette is a 3-D curve containing all the points where the viewing rays are
grazing the object surface; this curve is twisted in general. For quadrics and some
higher order surfaces, closed-form expressions have been determined for the silhouette
generator and for the silhouette itself. For other surfaces, accurate approximations
have been proposed.

2.1.2. Reconstruction from Silhouettes

In a significant number of cases, images contain little more information than the
silhouettes of the imaged objects. This arises for example in some nondestructive test-
ing x-ray images, in images of backlit objects, and in some range images [14, 15). It is
often desirable to estimate the 3-D shape of the imaged objects in those circumstances.
It is intuitively obvious that a large number of different 3-D objects could have gen-
erated any given silhouette, so that reconstruction of a 3-D object shape from the
shape of one silhouette is ambiguous. Several ways have been proposed to reduce or
resolve this ambiguity, e.g. by considering restricted object classes, by using more than
a single silhouette, or by applying regularization methods. Previous work on these
three facets of reconstruction from silhouettes is now reviewed.

Exact reconstruction of a 3-D shape from one silhouette can be guaranteed only
by considering a restricted class of 3-D objects. An interesting class which has been
considered is the class of axisymmetric objects. For these objects, the silhouette con-
struction is invertible in the absence of self-occlusions, for known object orientation.
However, the orientation of the object axis is usually unknown a-priori and must be
estimated from the image data. Methods have been proposed for estimating this orien-
tation from the shape of the silhouette of the object base, or from a self-shadow on the
object image [13]). In a recent paper, the author has proposed an alternative method
based on the Silhouette-Slice theory, for determining the orientation of the axis [16].

A second approach to the reconstruction of object shape from silhouette data is to
consider the problem as improperly posed and to apply regularization techniques [17].
A unique shape estimate is obtained by maximizing some smoothness constraint while
matching the observed silhouette. Strong constraints are imposed by the silhouette
observations when object surfaces are assumed to be continuous along the silhouette
generator, so that the surface must be tangent to the viewing rays corresponding to the
silhouette. The object surface orientation is uniquely determined at these points by
the silhouette orientation in the image and by these viewing rays. Reconstruction
results obtained with this method seem to be in acceptable agreement with the human
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perception of shape from silhouette images.

Complete and accurate reconstruction of 3-D shapes from silhouette data is possi-
ble for a large class of objects, when multiple silhouettes are available. A well-known
solution to this problem consists of first considering, for each projected silhouette, the
object outlined by the corresponding viewing rays. This object, referred to as the
extruded silhouette by some authors, is a prism for parallel projection, a generalized
cone for perspective projection. The orientation of each extruded silhouette in a world
reference frame can be determined from the imaging geometry for the corresponding
silhouette so that all extruded silhouettes can be combined in the world reference
frame. Among all objects with shapes consistent with the measured silhouettes, the
intersection of all these extruded silhouettes is the object with the largest volume.
This maximal volume object can be considered as an estimate of the object shape.
Implementations of this reconstruction procedure are discussed in [4, 18].

2.1.3. Recognition from Silhouettes

Object recognition from image data is a major concern in the field of machine
vision. Several books, such as [19, 20, 21], provide a good introduction to the field.
Silhouettes are important features in images of objects, so that substantial research has
been accomplished in the area of recognition from silhouette data. A summary of
some important published research on this topic is sketched below.

Whereas objects in a scene are generally three-dimensional, their silhouettes in
images are necessarily two-dimensional. As a result, object shapes can not be directly
related to the shape of their silhouettes. Several strategies have been proposed to cir-
cumvent this apparent mismatch. The first approach consists of precomputing
silhouettes for the known objects and performing the match at the 2-D level. In the
second approach, only planar objects or planar object parts are considered, but their
plane is not required to be parallel to the image plane. The third approach consists of
first processing the observed silhouette to estimate the shape of the corresponding 3-D
object, then performing the match at the 3-D level. The fourth approach consists of
devising judicious models for both objects and silhouettes so that the match can be
performed between features of these models. Most algorithms proposed for recogni-
tion from silhouettes can be related to one of the above classes.

Systems which compare the observed silhouette with synthesized silhouettes
must perform matches between 2-D outlines differing by only translations and rota-
tions in their plane. Numerous methods have been proposed for performing this opera-
tion on complete silhouettes [22, 23,24, 25, 26, 27, 28,29, 30]. However, these
methods require the knowledge of the correct 3-D object orientation and work well
only when this orientation can be estimated a-priori. Otherwise, a large number of
orientations inust be tried, requiring matching and either computation or storage of
large numbers of silhouettes for each object in the data base. These requirements may
easily become excessive for medium to large object data bases.

When only planar objects are considered in the scene, the object outline is related
to the observed silhouette by an affine transformation. A method has been proposed to
characterize planar objects by features invariant in affine transformations [31]. With
this method, general polyhedral objects can be recognized by building a separate model
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for each planar face and matching each of these to image features.

A different strategy consists of first performing an approximate reconstruction of
the 3-D shape of the object using procedures similar to those described in the previous
section. The reconstructed shape is then matched with known object models. When a
restricted object class can be hypothesized or when a large number of silhouettes is
available, accurate reconstruction of the 3-D object shape is possible, and the problem
becomes one of 3-D shape matching. When the approach is applied to a single
silhouette with no constraints on the 3-D shape, the information is insufficient to accu-
rately reconstruct the 3-D shape so that this strategy is difficult to implement. Work
has been done on qualitative estimation of object shape from silhouette data, and on
the use of this information for recognition (see for example [32, 33]).

A number of systems have been reported where nontrivial 3-D object features are
compared to 2-D silhouette features. Two characteristic examples are described here.
The first example is given by the ACRONYM system [34], where object features are a
collection of generalized cones which describe the object shape. These features have
"ribbons" for silhouettes and the relations between corresponding cone/ribbon parts are
readily evaluated. A parsing mechanism converts each measured ribbon into sets of
inequality constraints on the parameters of corresponding object cones. These con-
straints are collected and the matching is converted into a decision procedure for the
large resulting set of inequalities. Success of this approach is partially linked to the
astute choice of cones and ribbons, a set of corresponding features which judiciously
relate silhouette information to object information. The second approach considered
here consists of extracting edge features from both the silhouette and the object and of
performing the match based on these edges. Goad proposes a fast implementation of
this procedure [35]. In this case too, the choice of features is appropriate since relation-
ships between image edges and object edges are straightforward.

In many of the approaches discussed above, the measured silhouette must be com-
plete. If part of the silhouette is missing, recognition can be much more complex.
Missing silhouette parts may be due for example to occlusions in the scene or segmen-
tation errors in early processing of the image data. Although recognition of 2-D
objects has been demonstrated in cases of partial occlusion, for example in [36], the
problem of 3-D object recognition from partially occluded silhouette data still requires
substantial work.

In addition to the work presented above which is intrinsically related to applica-
tions, some more general analyses of silhouettes have been presented. Shafer reviews
some basic silhouette construction methods, referred to as "classical” in this report, and
draws a number of conclusions for the analysis of silhouettes of generalized cones [13].
In other work, Koenderink has considered the relation between characteristic events on
the silhouette curve and corresponding surface features [7). His work is the only
reference known to the author where relations between shapes of surfaces and shapes
of their silhouettes are analyzed in detail. He independently discovered the dual of
Euler’s theorem [33] presented in Appendix 3.
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2.2. LITERATURE ON OBJECT MODELS

This section gives a brief overview of modeling methods for 3-D shapes and their
consequences for silhouette analysis. Quite different approaches to modeling must be
followed, depending on whether the models are used for synthesizing or for recogniz-
ing shapes. Modeling methods intended for synthesis are used in CAD/CAM systems,
and the theories are covered in texts such as [37, 38]. Modeling for recognition is
addressed in texts on computer vision and in a number of articles such as [39, 40]. As
models for synthesis pertain to silhouette construction and models for recognition per-
tain to recognition, both aspects of modeling are addressed here. Since silhouettes
depend only on the exterior surfaces of objects, modeling methods specifying the inte-
rior of objects such as constructive solid geometry or solid patches are not addressed
here.

The synthesis of a complex shape usually starts by breaking up the surface into
simpler parts (surface patches), then independently describing each part by some
atomic surface element using a limited number of parameters. Basic elements include,
in order of increasing complexity, planar facets, segments of spheres, cylinders, cones,
quadrics, superquadrics and parametric surfaces such as Bezier patches or B-spline
patches. In order to determine silhouettes of the synthetic shapes, closed-form expres-
sions are desirable for the silhouettes of the set of basic element types.

When defining a model for the shape of a given object by the above method, it is
generally attractive to position the element boundaries at some meaningful surface
boundaries, although this is not necessary. It is usually possible to define or closely
approximate the same shape by several different descriptions. In the field of machine
vision however, careful attention is paid to the uniqueness of the representation of the
objects. Difficult issues arise in recognition when the same shape can be described by
different representations. Therefore, representations used for shape synthesis are usu-
ally not appropriate as such for recognition applications.

In some early machine vision systems, 3-D objects were represented by 2-D views
corresponding to different aspects. The major problem of this method is the large
number of different views required for describing each object. Although 3-D represen-
tations are now generally preferred, interesting approaches based on 2-D representa-
tions are still proposed [41]. Analysis of complex silhouettes such as the ones in
Fig.1.2 is difficult because natural objects such as these animals have extremely com-
plex and variable shapes. Analysis of their silhouettes requires the combination of an
understanding of image processing and geometry on one side, and of representation
mechanisms for the structure of complex shapes on the other side. Some authors in
the computer vision community have adopted a representation of 3-D objects in terms
of generalized cones [6, 13, 19, 34, 42]. These models are viewpoint independent and
are well adapted to the representation of complex shapes. When applied to silhouette
analysis, the proposed method is attractive because silhouettes can be approximately
predicted by a simple method for a large class of generalized cylinders. There are
however a number of drawbacks to modeling with generalized cones. Generalized cone
models are not always unique and, for complex surfaces, the usual approximations
involved may lead to incorrect conclusions [43].
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A very different modeling approach is taken by Horn with the Extended Gaussian
Image [44]. The Extended Gaussian Image represents a complex shape in one step,
specifying the shape by a scalar function on the Gaussian sphere. The value of the
function on the sphere defines the inverse Gaussian curvature of the surface at the
corresponding point of the object. This representation is known to be complete and
unique for convex objects. An algorithmic inversion has been proposed and its imple-
mentation reported in [45]. The Extended Gaussian Image combines information
related to different viewpoints in an elegant way. It has been successfully used in
recognizing and positioning 3-D objects [46]. It will be shown in this report that the
Gaussian mapping greatly simplifies the selection of silhouette generator points. How-
ever, the Gaussian curvature of the object is not related to silhouette properties in a
straightforward way, a fact that makes the Extended Gaussian Image inappropriate
for work on silhouettes.

2.3. CONCLUSION

To summarize our analysis of the literature on silhouettes, we notice that work
published on silhouettes suffers from the lack of a basic theory which would summar-
ize most of the individual results. In addition, a detailed analysis of the relation
between complex curved shapes and their silhouettes has not been presented. Finally,
our survey of classical modeling techniques reveals that silhouette shapes cannot usu-
ally be related to the 3-D representations. This report tries to overcome these
deficiencies by contributing a basic theory of silhouettes for objects with curved sur-
faces. It will be shown that the theory based on curved surfaces can be easily
extended to surfaces with edges, corners and planar faces, so that the same theory can
be used in many situations.

The new theory is based on a set of three new representations for the shape of 3-
D surfaces, and the corresponding representations for planar curves. The new object
representations presented in this report retain a basic concept of the Extended Gaussian
Image, namely the description of object shapes by functions on their Gaussian sphere.
The functions used in the representations proposed in this report specify points,
tangent planes and complete curvature of the object surfaces. These functions are
easily related to the corresponding functions for silhouettes corresponding to any
viewing direction. Some of the functions on the Gaussian sphere are substantially
more complex than the the function represented in Extended Gaussian Image function
and require the definition of vectors and tensors at each point of the Gaussian sphere.
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3.0 BACKGROUND

In this section, the framework in which the silhouette analysis will be developed,
is reviewed. As silhouettes refer to outlines of image projections, the study of
silhouette shapes is equivalent to the study of the shape of closed curves. A key issue
addressed by this report is the relation between silhouette shapes and shapes of the
corresponding objects. Opaque objects are completely determined by their bounding
surface so that object shapes are equivalent to shapes of closed surfaces. It will hence
be possible to phrase the relations between object shapes and silhouette shapes in terms
of curves and surfaces. Both curves and surfaces are sets of points which can be
specified by expressions for their coordinates in appropriate frames. These sets will be
analyzed in this report with tools from analytic geometry and differential geometry.
Basic concepts from these fields are reviewed here, and notations used throughout the
report are defined.

In Section 3.1, geometry of points, lines and planes is reviewed. Coordinates are
defined for these elements and effects of transformations of axes on these coordinates
are studied. Specification of the imaging projection is addressed. Relations between
coordinates of points and planes in the scene and the coordinates of their projections in
the image are developed.

In Section 3.2, the geometry of curves and surfaces is reviewed. Representations
in terms of global parametric equations and in terms of local Monge parameterizations
are discussed. Curvature is defined in terms of a Taylor expansion of the Monge
parameterization. For curves, the resulting definition is identical to the classical cur-
vature k , which is also the inverse of the radius of curvature p =k ~!. In the case of
surfaces however, our method defines curvature by two new invariant tensors which
are inverses of each other, and will be denoted here as the tensor of curvature and the
tensor of radius of curvature.

In Section 3.3, the Gaussian mapping is reviewed, and definitions of silhouette and
object properties in terms of functions on the Gaussian sphere and on the Gaussian cir-
cle are proposed. Geographical coordinates on the sphere are introduced, and represen-
tations of vector and tensor valued functions on the sphere are formally addressed.
Finally, the global definition of normal orientations on the Gaussian sphere is related
1o local definitions in terms of Monge parameterizations.

In our review of concepts of geometry, it will often be useful to develop the
arguments in the simpler case of two dimensions first, and to use this formulation to
introduce the more complicated case of three dimensions. However, for some problems
which are essentially meaningful in three dimensions only, the case of three dimen-
sions is analyzed first.

A pragmatic approach is followed through this section. More rigorous accounts of
differential geometry are provided in textbooks such as [47, 48].
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3.1. GEOMETRY OF POINTS

3.1.1. Coordinates of Points and Vectors

Cartesian Coordinates (x,z) and (x,y,z) are used for the representation of
points in 2-D and 3-D respectively; see Fig.3.1. Axis orientation corresponds to a
counterclockwise rotation from Ox to Oz in 2-D, and to a right-handed trihedron in
3-D. Vectors are denoted as = (x z )Y and X=(x y z ). The notations fI and
I are reserved for vectors normal to a curve and to a surface respectively. Upit vec-

tors are denoted as, for example, 1,. for a unit vector along X in 2-D, and 1,, for a
unit vector along Tt in 3-D.

We have chosen the letters x and z to denote the axes in the plane instead of the
usual x and y to emphasize the relation between the vertical axis z in 2-D and 3-D.

3.1.2. Tangential Coordinates

Tangential coordinates, also referred 1o as dual coordinates, will be considered for
the characterization of lines tangent to a silhouette and planes tangent to an object.
These coordinates are discussed in some detail here since no reference consistent with
our notation could be found. Additional material and insight can be found in [49].

Curves and surfaces are usually described in terms of their points and the coordi-
nates of these points. However, it is also possible to describe curves and surfaces by
the sets of their tangents; these descriptions will be referred to here as tangential
representations. Tangential representations require the definition of coordinates for
lines and planes. As in the case of points, coordinates for a tangent ( a line or a plane )
represent the position of this element relative to a system of axes. One set of coordi-
nates used in this text to specify tangents is the set of inverse intercepts with the axes.
In 2-D, a line intersecting the axes at (1/X,,0) and (0,1/\, ) will be given coordinates
(A, ,)\y) and a plane intersecting the axes at (1/X, ’0,0), %O,l/)\y ,0) and (0,0,1/X,)
will be given coordinates (A, ,\,,\,); see Fig.3.2. These coordinates for lines and
planes will be referred to as Cartesian tangential coordinates in this text. They can be

Fig.3.1. Cartesian Coordinates in 2-D and 3-D.
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Fig.3.2. Tangential Coordinates.

viewed as coordinates of elements (lines and planes) represented by points in an other
space, which will be referred to here as the tangential space; this space is isomorphic to
the dual space. Elements in the tangential space can be referred to by sets of coordi-
nates or also by vectors in the tangential space, A=(\ A, )Y in 2-D and
A= (A Ay X,)7 in3-D.

It is sometimes useful to consider a different set of coordinates for elements in
tangential space, which will be referred to as polar tangential coordinates. For both
lines in 2-space and planes in 3-space, the polar coordinates specify the distance p to
the origin and the normal orientation. Orientations are specified in 2-D by the polar
angle W and in 3-D by the longitude € and latitude 7); see Fig.3.2.
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The conversion from polar coordinates (p ,\) to Cartesian coordinates (A, ,A,) of a
line in 2-D is given by

A, = cosy/p
Ay, = sinyy/p

The corresponding relations between 3-D Cartesian coordinates (A, ey ,\, ) and polar
coordinates (p ,£,m) for a plane are given by

(3.1)

N, = cosécosn/p
A, = sinfcosn/p (3.2)
A, = sinn/p

Points of a line with tangential coordinate vector A have coordinates which
satisfy

x N, +y Ay, =1 ,also written Mg=1 (3.3)

The vector X in tangential space defines a line in point space which is perpendicular to
A considered as a vector,in point space. Similarly, the equation for points of the plane
with coordinate vector A = (}\x }\y A )T is given by

x A +yh; +2 XA, =1 ,also written AT X =1 (3.4)

The equation for points on a line with polar tangential coordinates (p ,\JJ) is given
by
x cosyp +y siny = p (3.5)
which is sometimes referred to as the normal equation of the line. Points of a plane
with polar tangential coordinates (p ,£,m) satisfy the equation
x cosécosn + y sinfcosn + z sinn=p (3.6)

which is referred 1o as the normal equation of the plane.

3.1.3. Transformations of Axes

Coordinates of points, lines and planes depend on the choice of a system of axes.
The same physical point, line or plane is described by different sets of coordinates in
two sets of axes. Relations between these coordinates are investigated in this section.

Three systems of axes will be considered in this report for the description of
curves and surfaces; these systems will be referred to as global, rotated, and local
axes. The local axes are rotated and translated with respect to the global axes; they
are centered at P. The rotated axes are parallel to the local axes but centered at the
origin of the global axes. The three systems are sketched in Fig.3.3, for both 2-D and
3-D space.
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Fig.3.3. Global, Rotated and Local Systems of Axes

3.1.3.1. Transformations for Point Coordinates

Denoting coordinates in rotated axes by the subscript R, coordinates in local axes
by the subscript {, and coordinates in the global axes by symbols without subscripts,
the various coordinates in 2-D are related by

cosyiy —siny,

sinysy  cosyg

x XpR

V4

ZR
g =RFf 5y, %5 (3.7)

COS\!JO —Sin\llo

simfsy  cosyiy

X
+

2y

R=RXo+ RZR _G(\!Jo) X, (3.8)

where the symbol RZR ~C denotes the matrix of the 2-D rotation from rotated to global
axes and X is the coordinate vector of P in global axes. The corresponding relations
for coordinates in 3-D are given by

cos§pcosng —sing, —cosépsinng| | xp

x
y| = | sinfgcosng cos€y —sinéysinng| | ye
2 sinng 0 COSTgo Zp

X = R3R_G(§o,770) Xp (3.9)
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X0 cos§pcosn, —sinéy —cosépsinmg | | x;

%
y| = | yo| + | sinépcosne cos§éy —sinéysinmg v
= Zo sinmyg 0 CosMg z;

X= ?0 = R3 _G(go,no) }_(.l (3.10)

where the symbol R¥ ~C denotes the matrix of the 3-D rotation between the rotated
frame and the global frame, and Xy, is the coordinate vector of P in global axes. In
the above expressions, iy is the counterclockwise angle from the global axes to the
rotated axes in 2-D and €. Mg are the longitude and latitude of the orientation of the
rolated Oxp axis with respect to the global frame in 3-D, a notation consistent with
angular coordinates introduced for the Gaussian circle and Gaussian sphere in a later
section.

As is done repeatedly in this report, both expanded and compressed notations are
provided for the same equation. The abridged notation stresses the similarity between
rclations in 2-D and 3-D, whereas the expanded notation is more explicit.

3.1.3.2. Transformations for Tangential Coordinates

After having considered the transformation of point coordinates between
different reference frames, transformations of tangential coordinates are now derived
for the case of pure rotations of axes. Coordinates for a plane in rotated axes are
obtained by first writing the equation in global axes for the coordinates of the points
of the plane. These coordinates are related to the coordinates in the rotated axes using
the transformation discussed in the previous section. An equation is obtained for the
coordinates of the points of the plane in the rotated axes, from which the tangential
coordinates of the plane can be extracted. It will be concluded that the transforma-
tions of Cartesian coordinates of planes are identical to the transformations of Carte-
sian coordinates of points. The same argument and the same conclusions also apply to
the coordinates of a line in 2-D.

Consider a plane with global coordinates . This plane contains the points X for
which; see equ. (3.4)

NMx=1 (3.11)
The equation of the plane of interest in the new axes has the form
AL B =il o (312)

where X’g has to be determined. Equation (3.11) is transformed into a form more
similar 1o (3.12) by applying the transformation in equation (3.9) to the point coordi-
nates X.

X Ry %%p =1 (3.13)
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Identifying this form with equation (3.12) produces
XF =X RFC also written X =RECX, (3.14)

The tangential coordinate vectors for planes hence transform in the same fashion as
point coordinate vectors. This is not surprising, since the vector A in point space is a
normal to the plane at hand. Transformations of tangential coordinates between
translated axes is less straightforward and is not discussed here.

3.1.4. Imaging Projections

This section describes how the imaging geometry is specified, and how coordinates
of points and lines in the image can be obtained from the coordinates of points and
planes in the imaged scene. For a general perspective projection, the imaging geometry
is completely defined by the position and orientation of the "camera frame” and by the
focal length of the "camera®. In this report, only orthographic projections are con-
sidered; these projections are completely defined by the viewing direction.

It is customary in machine vision to relate the camera frame to the reference
frame of a particular object in two steps by considering an intermediate world frame
attached to the scene being analyzed. The "camera” is defined by a system of axes
Xc Yo Z¢» its position and orientation are specified with respect to the world frame
Xxw Yw 2w and account for the position and orientation of the imaging device relative
to the scene. On the other hand, each object is described in an individual reference
frame, say xg Yo Zp; the relation between this frame and the world frame accounts
for the position and orientation of the object in the scene; see Fig.3.4. The geometry of
the imaging projection relative to the object is hence determined by the composition of
the transformation from x5 yp2p 10 XwyYwZw, then 10 Xeye2Zc. In this report,
only the combination of these two steps is considered, by describing the imaging
geometry directly in the object frame.

Yo

Yo

/\}’w

Xw
Fig.3.4. Traditional Definition of Positions and Orientations.
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For orthographic projections, the imaging geometry is entirely specified by the
viewing direction, which is parallel to the vector ¥ pointing away from the scene
towards the viewer. The vector ¥ itself is referenced by its longitude ¢ and latitude 6
in the object frame; see Fig.3.5.

Cartesian coordinates for the unit vector 1, are given by

T, = ( cosgcosh singcoshd sin )7 (3.15)

In the discussions of this report, the global frame Oxyz defined in Section 3.1.3.
denotes a frame in which the object is described, hence a frame similar 10 x5 Yo Z( -
The local frame Pgx; y; z; defined in Section 3.1.3. is not related to the frames intro-
duced here. It is used 1o locally define the geometry of of the object in the neighbor-
hood of Py,

Relations between coordinates of points and planes and coordinates of their pro-
jections in the image plane are now investigated. Points and planes of 3-D space are
referenced to the global object-centered frame Oxyz . A cartesian frame O ;X .z . is
chosen in the image plane II, where O, is the projection of the origin O and O ,z  is
the projection of the Oz axis. Coordinates in these axes of the projection plane will be
denoted by a subscript 7. In order to simplify the projection operation, it is useful to
first consider a rotated system of axes, in which the viewing direction is parallel to one
of the axes. This particular rotated frame is referred to as the camera frame here, and
coordinates in these axes are denoted by a subscript C. The system Oxcyczc is
chosen so that Ox is parallel to the viewing direction, Oyc parallel to O ,x , and
Oz, parallel 10 O .z ,; see Fig.3.6.

<l

=

Fig.3.5. Relative Orientation of the Object and the Viewing Direction.
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Fig.3.6. Coordinate Frames in 3-D and in the Projection Plane.

The coordinates of points in this system of axes are related to global coordinates by

Xc cos¢pcos  singcosd  sinh x
Yo| = | -—sing cos¢ 0 y (3.16)
Zc —cos¢sind —singsing cosh z

i’c =R36—C§

Similarly, coordinates of planes in the camera frame are related to global coordinates
by

Ac cos¢pcosf)  singcosd  sinh Ay
MNe | = —sin¢g cosg 0 Ay (3.17)
Ao —cosgsind —singsind cosd A,

Xe =R§{°X

Projections are meaningful for planes only when they are parallel to the viewing
direction, in which case A, = 0. For such planes, the projection in the image plane
consists of a line, whereas the projection of all other planes in the scene covers the
entire image plane.
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This property will be useful when considering the projection of surfaces defined in
tangential coordinates. Note that a plane is parallel to the viewing direction if

Ac = A, cosgcosf + A singcosf) + A, sinf = 0 (3.18)
In the rotated axes, the viewing direction is parallel to the Ox. axis. As a conse-

quence, the coordinates in the image plane are related to coordinates in the camera
frame by the straightforward expressions

X
010 &
z.| oo 1] |
Zc
R, = I3 Xc (3.19)
A
) T 010 3C
s R
)‘zC
X, =1, xc (3.20)

where 1,3 denotes the 2x3 matrix including the 2x2 matrix in the above expressions.
Note that the last equation relates coordinates of lines in the image to coordinates of
plares parallel to the viewing direction in the scene.

Coordinates of the projected points and lines can be obtained directly from coor-
dinates in the global object frame by combining the above projection operations with
the rotation from global axes to camera axes in (3.16) and (3.17).
cos¢pcosf  singcosf  sinf x

—sing cos¢ 0 y
—cos¢sing —singsind cosf| | z

X7

010
001

Zq

—sin¢ cos¢ 0 *
~ | —sinfcos¢ —sinfsing cosd| |
z

X,,T = 123 R3G —C )—(' (3.21)
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cos¢pcosf  singcosh sinh Ry
—sing cos¢p 0 A
—cos¢sin® —singsing cosf | | )\

Ny qr 010

001

X

Ay

A

—sing cosg 0
—sinfcos¢ —sinfsing cosh

X” = 123 R:? =G _X.. (322)

3.2. CURVES AND SURFACES

In this section, a number of classical results on representations of curves and sur-
faces are reviewed, and an original definition of curvature is proposed. In the first
subsection, definitions of curves and surfaces in point space are presented, followed by
definitions in tangential space and conversions between the two representations. In the
second subsection, the Monge parameterization, a particular specification method for
curves and surfaces, is presented. In the third subsection, curvature is defined in
terms of the coefficients of the second order Taylor expansion of a local Monge parame-
terization. This definition of curvature is equivalent to commonly used definitions in
the case of curves, and provides a new intrinsic definition of curvature in the case of
surfaces.

3.2.1. Definitions

Precise definitions of curves and surfaces require careful attention to avoid the
possibility of pathological cases. However, refinements will be omitted here for the
sake of conciseness. A curve in 2-space is defined as the set of points

{P(x,y) 1 x=x(t), y=y(t); €T} (3.23)
where T is some domain for the parameter ¢ . A surface in 3-space is defined as the set
of points

{Px,y,z) l x=x(@y),y=ywy), z=z@w,v); (uyv)eW} (3.24)
where W is some 2-D domain for the parameters «, v. Note that in both cases, curves
and surfaces are defined as sets of points. Although parametric equations are used to
define the sets, the sets themselves exist independently of the parametric equations.

Two curves or surfaces are identical if they contain the same points. For example, the
curve

P 7)) | a=%0(s)), y=yi@ (s )rse (D)} (3.25)

where s (.) is a monotonic function, is identical to the curve defined in (3.23). The
same curves or surfaces may also be specified in different ways, for example the points
can be defined by an implicit equation for their coordinates, F (x,y ) =0 for a curve
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and F (x,y,z) =0 for a surface. The distinction between curve/surface points and
curve/surface equations is stressed here. In a later section, a new representation of
surface curvature is presented, which depends only on the surface defined as a set of
points. In contrast, definitions of surface curvature in most differential geometry text-
books also carry information about the equations used for defining the surface. This
difference is investigated in Appendix 4. A

Unless otherwise specified, only smooth curves and surfaces are considered in this
report. Smoothness refers here to the existence and continuity of second order deriva-
tives of parametric equations defining the surface. Other important concepts such as
regularity are not discussed here. Partial derivatives will be denoted by subscripts as
in X, = §X/Qu ., except when confusion is possible. It can be shown that first deriva-
tives of the parametric equations are related to tangent directions. Specifically, %, (¢ 0)
is a vector parallel to the tangent to the curve X(¢ ) at (¢ ). Similarly, X, (uo,v o)
and X.(uqv,) are langent to the surface X(u,v) at X(ugvy). The vector
n =X, XX,, defines a surface normal. First derivatives of parametric equations are
hence related to tangent and normal orientations. In a later section, second derivatives
will be related to curvatures.

3.2.2. Convexity

As mentioned in the introduction, the silhouette problem is first analyzed in this
report for convex objects only. For a convex object, the straight segment joining two
points of the object is completely included in the object. In order to avoid the presence
of straight components in the object surface, a stronger definition of convexity will be
required. For a strictly convex object, the open straight segment joining two points of
the object must be completely included in the interior of the object, even when the
two points are on the boundary of the object. Examples of a non-convex object, a con-
vex object and a strictly convex object are given in Fig.3.7.

Later in the text, curves and surfaces will be described by equations in terms of
normal orientations, instead of parametric equations in terms of the generic parameters

a) b) c)
Fig.3.7. Smooth 2-D Objects: a) Non-Convex, b) Convex, c¢) Strictly Convex.
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t,u,v. The parameters chosen for this purpose are the polar angle {s of the normal
for curves and the longitude ¢ and latitude 7 of the normal for surfaces. Representa-
tions in terms of angular parameters are unique and regular for the class of strictly
convex smooth surfaces considered in this report. Relations between this type of
parameterization and generic parameterizations are addressed in Appendix 2.

3.2.3. Tangential Space Representations

As indicated in section 3.1.2., it is sometimes useful to define curves and surfaces
by their sets of tangents instead of their sets of points. As in the case of point
specification, both parametric and implicit equations are possible. For example, a curve
can be specified by the set of tangent lines L as

(LN A TFLAN)=01) (3.26)
A surface can be specifed by the set of tangent planes P
(PN A M) T FM A A, )=0} (3.27)

where implicit equations were used in both cases to prescribe coordinates of the
tangents. Conversion from a tangent representation 1o a point representation is now
considered. This conversion corresponds to determining curves and surfaces as the
envelopes of their sets of tangents. In the general case, the set of lines tangent to a
planar curve is a one-parameter family. Points of these lines satisfy equations such as
F (x,y,o) = 0 where « is a parameter for the lines. An equation for the envelope of
these is obtained by eliminating the parameter o« between

F z,y0)=0
(8/8a)F (x,y,0) =0

Similarly, when all the planes tangent to a surface are given by a two-parameter fam-
ily with equation F(x,y,z,x,B8)=0, an equation for the envelope is obtained by
eliminating the parameters o and 3 between

F(x,y,z,a,8)=0
(8/8)F (x,y,z,0,8) =0 (3.29)
(8/0B)F (x,y ,z,a,8) =0

The above formalism will be exploited in Section 5, for the discussion of a representa-
tion which explicitly specifies curves and surfaces by the sets of their tangents.

(3.28)

3.2.4. Monge Parameterizations

This section reviews a description of curves and surfaces by explicit equations of
the form x = f (z)and x = f (y,z ), which are referred to as Monge parameteriza-
tions. Several features of these descriptions have prompted their use for describing
surfaces in the machine vision literature. These features include a direct relation to
image-plane coordinates and straightforward expressions for surface normals. In our
work, Monge parameterizations will not be used as general object models because of
their strong dependence on the reference frame, but will be used to define surface cur-
vature in local axes. Monge parameterizations in local axes will be related to global
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descriptions in a later section. Monge parameterizations have been studied mainly for
surfaces, which are therefore analyzed first. Subsequently, a simple equivalent is
sketched for the case of 2-D curves.

The Monge parameterization for a surface can be considered as a special form of
parametric equations, in which the parameters are two of the three Cartesian coordi-
nates, say y and z ; see Fig.3.8. ‘

x =f(y.z)
y =y (3.30)
Z =2

Viewing these equations as a parametric form ¥ = X(y,z ), a surface normal is easily
obtained as

| 1
n= ioy ><}_'fz = _fy =\ m (3.31)
_fz -m,

where m, = 3x /9y and m, = 3x /§z are referred to as gradients of the surface. In
other work, these gradients are often denoted by the symbols p, ¢ ; this notation is not
followed here because of possible confusions. The simple expression for surface nor-
mals in (3.31) makes Monge parameterizations convenient in surface-reconstruction
problems from a single image, such as the shape-from-shading problem [21].

In the equivalent formalism for 2-D curves, the parametric equations in the plane
x, z have the form

Fig.3.8. Monge parameterization for a Surface.
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2 SC) (3.32)
z =z
A normal vector for points on the curve is given by
1 1
i= —fz = ‘_mz ] (3.33)

3.2.5. Curvature

In this section, definitions for curvature will be proposed and justified. The
simpler case of 2-D curves is addressed first, followed by the case of 3-D surfaces.

3.2.5.1. Curvature of 2-D Curves

In the case of a planar curve, curvature corresponds to the intuitive notion of
how fast the curve diverges from its tangent. The definition chosen here for curvature
is based on this notion, as it is the first non-zero coefficient of a Taylor expansion of the
Monge parametric form of the curve in a local coordinate frame. Consider the curve C
around the point P, and the local system of axes Pgx;z; where Pyx; is along the
normal at P; see Fig.3.9. The Monge parameterization of the curve in these local axes
has the form x; = f (z;). Since Py is on the curve and since Pz, is tangent to C at
P, the Taylor series of f (z;) contains no terms of order zero and one in z;. The first
nontrivial expansion is hence given by

xX; = _1/2 Zl kZl + O (213) (334)

where the term }’c:/:l2 has been decomposed for similarity with the corresponding
expression for surfaces. The error term 0(213) indicates that the error of the

2 4]
c A Ziy
% Yy
P() \b y
—_— - == x( l
P %)

Fig.3.9. L.ocal Axes for the definition of Curvatures in 2-D and 3-D.
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expansion is upper bounded by a third order polynomial in z;. The curvature of C at
P is defined in this report as the coefficient £k in the above expansion, a choice con-
sistent with the intuitive notion of curvature since large values of k¥ imply a fast
divergence of the curve away from its tangent at P. Note that the coefficient £ in the
above Taylor expansion is identical to the second derivative (-)le /) (-)zl2 at the origin, so
that curvature is formally related to second derivatives of the equations of the curve.
This definition of curvature is equivalent to the classical definition X = d {/ds , as is
shown in Section 5. The inverse of the curvature k is defined as the radius of curva-
ture p=k ~1. A justification of the definition is now presented by showing that the
radius of curvature of a circle is equal to the radius of the circle. The equation for a
circle of radius R tangent to z; at the origin is given by

(xl + R )2 + Zl2 = R2 (3.35)

Considering only the branch through the origin, then expanding to second order in z;,
the following explicit equation is obtained.

x; = —R + R¥=72?

212

2
=R +(R - %) L@ = 0l (3.36)

Comparing this expression with the expression used to define curvature in equation
(3.34), it is clear that the curvature for the above circle is given by k = 1/R, which is
the desired result.

3.2.5.2. Curvature of 3-D Surfaces

In the case of a surface, curvature is also related to the intuitive notion of diver-
gence rate away from the tangent plane. Curvature of a surface will be defined here
in the same way as it was defined for a curve, namely as the coefficients of the first
non-zero term in the Taylor expansion of a local Monge parameterization of the sur-
face. Specifically, consider the surface £ in a neighborhood of the point P ; see Fig.3.9.
Consider also the local frame Pyx;y,z; where x; is along the normal at P,. The
second order expansion of the surface equation in these axes can be written as

kqiy kg, Y
ki ko 2y

where the error term O ((y, z;)?) indicates that the error of the expansion is bounded
by a third order polynomial in y;, z; . The above equation will also be written in vec-
tor form as

x==2ly z + 0 ((y;,2,)3) (3.37)

x, = —7,Kz, + 0(z?) (3.38)

which stresses the similarity with the 2-D equation (3.34). Characterizing the curva-
ture of a surface is more involved than in the case of a curve, as divergence from the
tangent plane may depend on the direction chosen along the tangent plane. In equation
(3.37), there are three independent coefficients in the second order term, thus
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emphasizing the added complexity of surface curvatures over curvatures of curves.
Curvature of the surface  at P will be taken as the set of second order coefficients of
(3.37), namely as the symmetric 2x2 matrix K. 1t is now shown that this matrix is

really a tensor by showing that it transforms as a tensor in transformations of axes
[47].

Consider a second system of local axes, P ox;,Y;y2; 4 related to the original local
frame Pgyx; y; z; by a rotation with angle  around the Px; axis; see Fig.3.9. Coordi-
nates in the two frames are related by x; = x;,, and

Y
Z;

cosyy —sims
simfp cosy

Yiy

Z; v
A Taylor expansion of the Monge parameterization of the surface in the rotated frame
is obtained by combining equations (3.37) and (3.39)

(3.39)

cosyg sing| |11 k12| | cosp —sinygs| | Yiy
X1y ==Y2 vy 21g| | _a : (3.40)
simp cos| | kqp kop| | SImp  cosy Z1y
Y kg k| | Yy
= —/2 z
T 2] | kyay kagg| | 200
where the 2x2 curvature matrix in the rotated axes is given by
kiy K12y costp sing| | k11 k12| [ cosy —sinyg (3.41)
kiay kaay| = | —sing cosy| | k1 kpp| | sing cosy '

The matrix K transforms as a covariant tensor in coordinate transformations such as
the one studied above, and is therefore a covariant tensor. Therefore, it will be
referred to as the tensor of curvature of the surface at Pg. In differential geometry,
the name of tensor of curvature is usually reserved for a tensor with 4 indices due to
Riemann which is not directly related to ﬁ'

The components of our tensor of curvature are related to second derivatives of
the surface equation; for example, k ;; = ale /ayl2 at y; = z; = 0. Preserving the
parallelism with the case of curves, the inverse of the tensor of curvature will be
defined as the tensor of radius of curvature

Bk l= ki ka2
kiz ko

-1
i1 12 (3.42)

=2 Ty

The above definition of curvature by a tensor in local axes is original. Its relation
with other definitions is discussed in Appendix 4. For a general surface, there exists at
each point an orientation s of the axes Pqy;yZ;y in the tangent plane for which the
2x2 tensors R and K are diagonal. In these axes, values on the diagonal of K are
referred to as the principal curvatures k; and k ,. The diagonal values of R are
referred to as the principal radii of curvature p; =k ;! and p, =k ;1. The Gaussian
curvature of a surface is defined as the product of the two principal curvatures,
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kg =k kj;in general axes, k, = detK. The mean curvature of a surface is defined
as the mean of the two principal curvatures, k, = Y2(k,+k,); in general axes,
Kp = 1/2trK. Note that in the case of a strictly convex surface and an outward nor-
mal pointing towards positive x;, the curvatures & ;, k,, k,, and kg are all strictly

positive.

To illustrate the above definitions, the tensor of curvature is evaluated for a
sphere of radius R through P, tangent to the Pgy, 2z, plane at Py. The equation of
this sphere is given by

(xl +R)2+y12+212=R2 (3.43)

Solving for x;, considering the branch through the origin, then expanding to second
order produces

S 4 g
x; = =R + JRT—y7=2?=—R+(R - L, P €2 ) (3.44)
2R 2R
I/R O Yt
- _1/2 yl Zl O I/R Zl A= O ((}’1 yzl )3) (3'45)

The curvature tensor and the radius of curvature tensor for the sphere are thus
respectively given by

1/R O RO
0O 1/R 0O R

The form of the tensor of radius of curvature, i.e. a unit tensor scaled by the constant
R, expresses the fact that the curvature of the sphere is isotropic and that normal sec-
tions all have a radius of curvature equal to R. For the sphere, both principal curva-
tures and the mean curvature are equal to 1/R. Both principal radii of curvature are
equal to R . The Gaussian curvature is equal to R ~2.

- = (3.46)

3.3. THE GAUSSIAN MAPPING

In this section, the theory of the Gaussian mapping is reviewed, together with its
application to curve and surface representations. The Gaussian Mapping is presented
as a mapping between points on a 3-D surface and points on a unit sphere, and also as a
mapping between points on a 2-1) curve and points on a unit circle. The images of the
mapping are usually referred to as Gaussian circles and Gaussian spheres, and also col-
lectively as Gaussian images. 1t turns out that the Gaussian images can also represent
the normal orientations of curves and surfaces. This construction is then exploited to
define representations of curve and surface properties as functions on the Gaussian
images, referred to as Property Circles and Property Spheres. Coordinates used in this
report to parameterize the Gaussian circle and Gaussian sphere are also defined in this
section.

Two new concepts are proposed in addition to the classical theory of the Gaussian
mapping. First, local reference frames are defined on the Gaussian images and the
problem of representing vector and tensor fields on the Gaussian sphere is formally
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addressed. Second, gradients in local Monge parameterizations of curves and surfaces
are related to normal orientations and their specifications by angles on the Gaussian
sphere. The advantage of the Gaussian sphere over the Monge gradients for represent-
ing normal orientations is two-fold. First, gradients are able to represent only half of
the complete set of normal orientations. In contrast, the Gaussian sphere is capable of
describing all surface normals [44]. Second, the representation of surface normals
with the Gaussian sphere does not favor specific viewing directions as is the case for
the Monge gradients.

The Gaussian mapping was initially developed in the context of 3-D surfaces, see
for example [50]. We will therefore also start with the case of 3-D surfaces, then
show that the equivalent formalism for 2-D curves is trivially obtained.

3.3.1. Definitions

The 3-D Gaussian mapping is a relation between points on a surface and points on
a unit sphere, referred to as the Gaussian sphere. To each point Py of the surface
corresponds a point P; on the sphere so that the normals at Py and Pg are parallel
and have the same direction; see Fig.3.10.

Points on the Gaussian sphere will be referenced by coordinates, namely by the
longitude ¢ from the x-axis and latitude 7 from the Oxy equator; see Fig.3.11. Points
on the sphere are related to normal orientations in 3-D through the Gaussian mapping.
Hence, the coordinates (§,n) can also be used to specify directions in 3-D.

The corresponding unit vector is given by

cosécosn
1, = | sinécosn (3.47)
sinm

The 2-D Gaussian mapping is a relation between points on a curve and points on a
unit circle. Corresponding points on the curve and on the circle have parallel normal
orientations; see Fig.3.10. Points on the Gaussian circle and the corresponding orienta-
tions in the plane are referenced in this text by the polar angle |y measured counter-
clockwise from the x-axis; see Fig.3.11. The polar angle |y can be used as a coordinate
for directions in the plane, namely to refer to directions parallel to the unit vector

cosys
2= e i (3.48)

For strictly smooth convex 2-D curves and 3-D surfaces, the Gaussian mapping is

one-to-one. Examples of the Gaussian mapping are presented in Appendix 1, when
deriving the transforms of various geometrical shapes.
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Fig.3.10. Examples of 3-D and 2-D objects, their Gaussian images,
and the normal orientations at corresponding points.
a) 3-D object. b) Gaussian sphere of a).
¢) 2-D object. d) Gaussian circle of c).



Fig.3.11. Coordinates and local orientations on Gaussian lmages.

3.3.2. Property Circles, Property Spheres

In his work on object recognition, Horn defined the extended Gaussian image, a
representation of surfaces by scalar functions on the Gaussian sphere [44]. The basic
concept of the extended Gaussian image is to represent a function of surface points in
terms of normal orientation, then as a function on the sphere, since each point on the
sphere is uniquely related to a specific normal orientation; the name of "property
spheres” was given to this type of representations in [51]. In this report, three new
representations of 3-D objects in terms of property spheres will be defined. A major
conceptual difference between previously proposed property spheres and two of the
new representations stems from the vector and tensor ranges of the new object func-
tions as opposed to a scalar range for the extended Gaussian image. In order to
represent vectors and tensors, it is necessary to describe their values in terms of com-
ponents in a system of axes. We propose to use axes aligned with local orientations on
the Gaussian sphere, which are hence different for each point of the sphere and each
corresponding object point. The axes chosen in this report are oriented in the directions
of the unit normal 1,, the unit tangent 1; to the parallel and the unit tangent 1, to
the meridian; see Fig.3.11. The components of those unit vectors in global object axes
Oxyz are given by

cosé cosm —siné —cosésinT
Tn = | sinécosn| , _Og = | cosé|, T,,= —sinésinm (3.49)
sinm 0 cos™M

Note that these vectors are functions of the angles £ and 7.
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At a later stage, it will be helpful to consider the derivatives

al, : ol _ <

- = COS =

Y N am "

dl¢ — .= 0l

— = —cosnl, +sinml, —= =0 (3.50)
o " ™

01, = 01, -

——— = —sinnl —=-1,

8¢ e am

The above system of reference frames is singular at the poles of the sphere.
Unfortunately, the topology of the sphere does not permit the definition of a continu-
ous field of axes at each point, without singularities. For our choice of frames, the
singularities correspond to multiply defined frames at the poles. These¢ singularities
create some problems, but these can be overcome by requiring special equivalences
between the multiple definitions. For 7= % 7/2, all the values of € refer to the same
point, namely the pole. Compatibility between the potentially different values of a
property sphere function for all ¢ must hence be ensured. In the case of a scalar func-
tion f (£,m), the consistency condition between the multiple definitions is simply

FE,Em/2)= F (O xm/2) forall (3.51)

In the case of vector and tensor fields, the consistency is more complex since the com-
ponents are referred to different axes for each value of ¢ at the poles. The necessary
consistencies for a vector function ¥ and a tensor function T are given by

cosé  sin
v(¢m/2)= _Smi C;Sg v(0,7/2) (3.52)
- cos¢ siné| _ cosé —siné
T(§m/2) = —siné cosé T(0,7/2) siné cosé (3.53)

for the north pole. Consistency relations at the south pole are similar, except that the
transformation matrices must be transposed.

Representations equivalent 1o the property spheres are now considered for planar
curves. Properties of planar curves expressed in terms of normal orientation can be
represented as functions on the Gaussian circle of the curve, these functions being
referred to as property circles. Three representations of curves in terms of property
circles will be defined in this report; they are exactly equivalent to the three new pro-
perty spheres proposed for surfaces. A key contribution of this report will be a set of
relations between the 2-D and 3-D representations when these are applied to an
object-silhouette pair. As in the case of property spheres, non-scalar property circles
rely on the definition of rotated axes for each point on the Gaussian circle.



The axes chosen here are oriented along the unit normal I,, and the unit tangent 1, ;
see Fig.3.11. The components of these vectors in the global axes Oxz of the image
plane are given by

cosys
sinys
Derivatives of these vectors with respect to the orientation parameter s are given by

1 - 1 -

S, e (3.55)
oV oY

3.3.3. Relations between Monge Gradicnts and Coordinates of the Gaussian

Image

—simfs

cosys

n

(3.54)

’ t ’

In this section, a relation is obtained between two different specifications of sur-
face normals. Specifically, normal orientations can be defined in terms of gradients in
Monge parameterizations, but also by points on the sphere and by angular coordinates
for these points in the Gaussian sphere representation. Relations between these two
representations are described here, first in the case of 3-D surfaces, where both Monge
parameterizations and Gaussian spheres are especially meaningful. A similar formal-
ism is then briefly developed for the case of 2-D curves.

Consider a small surface element AX in the neighborhood of the point P, and a
Monge representation of AL in the local axes Pyx;y, z; where x; is normal to AZ. Let
the normal orientation T, at P be defined by the angles £, 7y on the Gaussian
sphere. The normal 1 at a points on AL can be defined by its coordinates £, 1 on the
Gaussian sphere, but also by its local gradients my;, m,; in the local Pox;y, z; axes.
Relations will be obtained between the gradients and the differences §é—€,, N—") in
angles on the Gaussian sphere, for small values of the gradients; see Fig.3.12. The
result is obtained by considering the general form of a normal vector in global axes,
transforming this expression to local axes and comparing with the expression in terms
of the Monge gradients.

A normal vector is defined in local axes by an expression similar to (3.31).
1
n = | —my (3.56)
—my
On the other hand, the same normal vector is expressed as a function of angular coor-
dinates on the Gaussian sphere as
n cosécosn
n = | nsinécosn (3.57)
n sinm

where n is the length of the normal vector. This last expression for normal orienta-
tion is now expressed in local axes as
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Fig.3.12. Angular Coordinates for Normals on the Gaussian Sphere.

cosgocosmg  sinépcosny sinmg| (n cosécosm
n, = Rf Ru= —siné, cosé 0 n sinécosm (3.58)

—cos€psinmg, —sinéysinmg cosmg n sinm

cosmcosngeos(é — €,) + sinnsinm,
=n cosmsin(€é — &)
—cosmsinngeos(€ — €,) + sinncosng

For small values of (§—&;) and (n—n5), the above form of the normal in local axes is
given to first order by

1
n, = | cosmsin(é—¢€,) (3.59)
sin(n—n)
Comparing components in the above expression with the corresponding components in

(3.56) produces the following first order relations between Monge gradients and global
normal angles

my = —(&—§qy)cosng
my =—(n—mnp)

These expressions underline the close relation existing between local gradients and glo-
bal angular orientation coordinates. Note the cosmy, coefficient which takes into account
the shortening of longitude units at higher latitudes.

(3.60)



An argument similar to the one developed above can be developed for the Monge
parameterization of curves in 2-D. The relation between the local gradient m,; and
the polar angle s is obtained as

iy === =1l (3.61)

3.4. SUMMARY

A number of tools from geometry have been reviewed or presented in this section.
The combination of these will allow us to develop an elegant theory for the relations
between object shapes and silhouette shapes. Section 4 reviews the classical analysis of
silhouette shapes and motivates some of the directions chosen in our analysis of
silhouettes. The main results of this report are then presented in Sections 5 and 6.
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4.0 CLASSICAL SILHOUETTE THEORY

In this section, a number of silhouette construction methods are discussed and
illustrated by the simple example of the silhouette of a cone. This section aims at the
double goal of familiarizing the reader with classical silhouette analysis methods, and
of discussing some basic concepts which introduce our original formulation of the rela-
tion between objects and silhouettes.

First, the well-known silhouette construction based on the silhouette generator is
presented; this is the approach primarily used in the literature, and is very similar to
the methods presented in [2, 13]). In the second step, silhouette construction is investi-
gated with tangential space representations. Finally, silhouette construction is
developed with the Gaussian mapping. These last two approaches are not intrinsically
new, but their application to silhouette analysis has not received much attention in the
computer graphics and computer vision communities. Through the discussion of these
silhouette construction methods, it becomes apparent that normal orientations on the
object surface play a prominent role in silhouette construction, and that the represen-
tation of surface normals with the Gaussian mapping is particularly convenient for
silhouette analysis. This conclusion motivates the development of representations
based on the Gaussian mapping and the development of relations between the
representations of an object and the representations of its silhouettes.

4.1. SILHOUETTE CONSTRUCTION BASED ON THE SILHOUETTE GENERA-
TOR

In this section, we discuss a classical method for obtaining the shape of a
silhouette given the shape of the corresponding object and the viewing direction rela-
tive to the object. It is straightforward to see that the silhouette is the projection of a
set of points on the surface of the object. This set is a smooth curve for a smooth con-
vex object; and is referred to as the silhouette generator in this report; other authors
use different terms such as contour generator or boundary rim. The geometry of the
projection and the silhouette generator are illustrated in Fig.4.1 for the example of a
superquadric. For this example, the silhouette generator is a complex twisted curve.
Marr has shown that the silhouette generator is planar for all viewing directions only
when the object surface is quadratic [2]. The silhouette generator is the set of points
of the object surface where the projection rays are grazing the surface; for a smooth
object, this corresponds to the set of points where the tangent plane is parallel to the
viewing direction. An equivalent property of the points on the silhouette generator is
that the normal orientation is perpendicular to the viewing direction. The tangent
plane and the normal at one point of the silhouette generator are displayed in Fig.4.1.

The silhouette of a smooth convex object in orthographic projection can be deter-
mined in two steps. The first step consists of selecting which points of the object sur-
face have a tangent plane parallel to the viewing direction, thereby defining the
silhouette generator. The second step consists of projecting the points of the silhouette
generator onto the image plane, thereby producing the silhouette itself.
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Fig.4.1. Imaging Geometry for Orthographic Projection

This procedure is outlined in the diagram of Fig.4.2.

In order to gain better insight into the relation among object, silhouette and
silhouette generator, it may be useful to consider an analogy with shadows. If the
projection is replaced by a beam of light parallel to the viewing direction, the object,
presumed opaque, will cast a shadow on the projection screen. The outline of that sha-
dow is identical to the silhouette in the previous setup. In the shadow setup, only part
of the object surface is illuminated by the light beam, as the other part is self-

' Selection Silhouetie Projection ‘
Object Silhouette
Generator

Fig.4.2. Silhouette Construction with Point Representations.
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shadowed. The boundary between the illuminated and self-shadowed parts of the
object is identical to the silhouette generator. Light rays emanating from the light
source graze the object at the points of the self-shadow boundary. Similarly, in the
case of silhouettes, rays parallel to the viewing direction graze the object at each point
of the silhouette generator.

4.1.1. Example: Silhouette of a Cone

The silhouette construction method described above is now illustrated with the
simple example of a circular cone; the geometry of the projection is sketched in Fig.4.3.
The geometry of the cone itself and of its silhouette are depicted in Fig.4.4. The stra-
tegy for determining the shape of the silhouette consists of first computing the normal
orientation at each point of the surface. Then, the surface points with a normal per-
pendicular to the viewing direction 1. are determined; these constitute the silhouette
generator. Finally, the silhouette generator points are projected onto the image plane,
producing the desired silhouette. In all the developments, the sets of points are
defined by parametric equations. Therefore, the final result is a set of parametric
equations for the silhouette from which the silhouette shape can be interpreted.

z
Viewing
Direction
Q 0
h
Silhouette
Silhouette
Generator

Fig.4.3. Geometry for the Projection of the Cone.
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Fig.4.4. a) Circular Cone. b) Silhouette.

In a system of axes centered at a distance z below the vertex of the cone, with
the z-axis along the axis of symmetry, the points of the cone can be described by

u sinTCoSv

— —s . .

X=X ,v)= | usinngsinv (4.1)
Zo— U COST)g

where u € R, v e(0,27] are parameters and Mo is a constant, equal to the half-angle
of opening of the cone. The choice of positive values for u corresponds to the choice of
the lower sheet of the cone illustrated in Fig.4.4a).

A vector normal 1o the surface is obtained by a formula decsribed in Section 3.2.,
by
B =%, XX, (4.2)
which is proportional to
COSV COST)

n = | sinvcosng (4.3)

sinng
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Comparing this vector with the canonic form of a unit normal vector 1, in terms of
the angles (£,m) on the Gaussian Sphere,
cosécosm
1, = | sinécosn
sinm

it appears that the canonic orientation angles of the normal are related to the parame-
ters of the surface by §=v, n=m),. Consider now the orthographic projection with a
viewing direction specified by the angles (¢,0) in object-centered axes. The viewing
direction unit vector is given by

1. = ( cosBcosp cosfsing sinf )7 (4.4)
Points of the silhouette generator are the points for which Tn 'T‘. =0, i.e.
cosficosghcosngcosv + cosfsingcosnysinv + sinfsinng = 0
also writtten
cos(¢p — v ) = —tanmytand (4.5)

This equation has two solutions for v, which will be denoted by
Vg1 = ¢ + acos(—tanmgtand)

Vs 2 = ¢ — acos(—tanmgytan) ()
The silhouette generator is hence defined by
X = usinmMuCoSvgg;
Y = usinmgCosvgg; 4.7)

Z = Zzy—ucosng

for u €RY, i = 1,2. These are the equations of two straight lines parameterized in u .
The projected silhouette is obtained by applying the projection operation to the coordi-
nates of points of the silhouette generator. The projection transformation for point
coordinates was determined to be

X g —sing cosg 0 =
—sinfcos¢ —sinfsing cosd| |~
&

(4.8)

>

<

The result of applying this transformation to the parametric equations of the
silhouette generator in (4.7) is

x = usinng sin(vgg; — )
(4.9)

2 » = —u sinmgsinfcos(vgs; — ) — u cosmpeosh + z ycosd

fori=1,2.
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The following equations are obtained after replacing vgg; by its value in (4.6),
x ;= tusinngy/1 — tan’nytanZd

cosngcos?f — sin?nysin?g (4.10)

z,. = zqcosh —u
= ¢ cosmgcost

These equations for the silhouette define two lines parameterized in u. These lines

intersect at the point (x ,z ;) = (0,z ocosf) in the projection plane and are symmetric

about the Oz ., axis. The half-angle opening s, of the two silhouette lines is defined in

Fig.4.4b), and can be evaluated as

v B ) . /1 — tan‘ngtan
tanyiy = —————— = sinmCosmMCos e
07 zycos0—=z, RS cos?n,cos? — sin®n,sin’f
sinmMg
= e (4.11)
\Jcos“0 —sin“n,
A simpler expression can be obtained for the sine of i, namely
. tamyy, sinng
sinyg, = e = (4.12)
Yo /1 + tan?yy, cosf

The above relation between the opening angle of the cone Mg and the opening angle s,
of the silhouette is a relation between 3-D object orientation and silhouette slope. It
will become clear later on that this type of relation, obtained here in the context of a
particular example, is independent of object shape. Furthermore, similar relations will
be obtained with much less effort in Section 6 using arguments on the Gaussian sphere.

It is worthwhile to note that the simple example of the cone has interesting appli-
cations. Indeed, different circular cones can be obtained by choosing different values
for the ordinate z 3 and for the opening 7. A large class of axisymmetric objects can
be defined as stacks of sections of such cones, so that a silhouette theory for axisym-
metric objects can be developed based solely on this simple analysis for the cone.

4.2. SILHOUETTE CONSTRUCTION IN TANGENTIAL SPACE

In this section, silhouette construction is discussed with a method based on
tangential representations; these representations were reviewed in Section 3.1.2. A
tangential representation describes a 3-D object by the set of all its tangent planes. It
is easy to see that only the planes tangent at the points of the silhouette generator
effectively contribute to the shape of the silhouette. Since the surface normal is per-
pendicular to the viewing direction for points on the silhouette generator, the planes
tangent to the object on silhouette generator are all parallel to the viewing direction.
This set of planes will be referred 1o as the silhouette generating planes. The
silhouette generating planes are also perpendicular to the image plane, so that their
projections are equivalent 1o their traces in the image plane. These projections are a set
of lines tangent to the silhouette, so that this procedure provides a tangential represen-
tation of the silhouette. One silhouette generating plane and its projection are
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illustrated in Fig.4.1. The construction procedure in tangential space is outlined in the
block diagram of Fig.4.5.

Silhouette construction in tangential space can be more convenient than in point
space. Indeed, the crucial operation of selecting the silhouette generating planes can be
much simpler than the corresponding selection of the silhouette generator points. As a
consequence, even when the object is initially described in point space, it may be
advantageous to evaluate a tangential description of the object from the given point
representation first, perform the silhouette construction in tangential space and finally
convert the silhouette representation back to a point space representation. The block
diagram of Fig.4.6 outlines this scheme.

Object Selection Silhouette |Projection| Silhouette
(tangent Generating (tangent
representation) Planes representation)

Fig.4.5. Silhouette Construction with Tangential Representations.

Object . Silhouette
(point (point
representation) representation)

Object Selection Silhouette |Projection| Silhouette
(tangent Generating (tangent
representation) Planes representation)

Fig.4.6. Silhouette Construction with Conversion to Tangential Representation.
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4.2.1. Example: Silhouette of a Cone

Silhouette construction in tangential space is now illustrated with the same exam-
ple developed previously in point space. In order to determine the silhouette of the
cone, the first step is to determine parametric equations for the tangential coordinates
of the cone. The silhouette generating planes are then determined as the tangent
planes parallel to the viewing direction. The coordinates of the traces of these planes
in the image plane are determined by applying the imaging transformation. This
derivation produces parametric equations for the tangential coordinates of the
silhouette in the image plane. Finally, the shape of the silhouette is interpreted from
these equations.

Equations for the planes tangent to the cone may be obtained by noting that in
general, for a point X, with surface normal T, the tangent plane is the set of points
with coordinate vector X satisfying

HO'(S{*—EEO) = O (4-13)

The plane tangent 1o the cone at the point with parameter values (v ,v) is obtained
by applying the above formula to (4.1) and (4.3), which produces

X COSTMECOSV o + y cosMnysinv g + z sinng — zsinmg = 0 (4.14)

This equation is compared with the canonic equation of a plane,
x A\, +y A, +z X\, =1, to determine the tangential coordinates (A, , Ay, A, ) of
the tangent planes

A, = cotngcosv / z
A, = cotngsinv / z (4.15)
}\'Z =5l /ZO

Note that these coordinates are undefined for zy= O since in that case, all tangent
planes pass through the origin. The case of zy= O can be addressed rigorously using
homogeneous tangential coordinates, although this is not done here. The equations
obtained above are a set of parametric equations for the tangential coordinates of the
circular cone. Note that the parameter ¥ does not appear in the parametric equations.
The tangent planes are only a one-parameter family in the case of the cone, as opposed
to a two-parameter family in general. This degeneracy stems from the fact that the
cone is a special ruled surface, for which each tangent plane is tangent to the surface
along a whole line of points.

The silhouette generating planes are now determined by selecting the planes
parallel to the viewing direction. The vector A determining a plane in tangential space
can be considered as a point-space vector normal to the plane defined. The silhouette
generating planes have a normal vector perpendicular to the viewing direction and are
therefore determined by

M1, =0 (4.16)
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cotmgcosv cosfcosg + cotrgsinv cosfsing + sinff = 0 (4.17)

cos( v —¢ ) = —tanftanmn, (4.18)

which produces exactly the same two solutions for v as obtained in Section 4.1.1.
These solutions are referred to as vgs1, Vsg 2. The silhouette generating planes are
characterized by the parametric equations

A, = cotngcosvss; / z o

Ay = cotnesinvgg; / 2z (4.19)

)\z == 1 /ZO
for i=1,2, and with vg;; given by equation (4.6). The projection transformation
defined in Section 3.1.4. is now applied to the tangential coordinates of the planes in

(4.19) to obtain the coordinates A, ., A,  of the tangents to the silhouette. The pro-
jection transformation for tangents was determined to be

)\'\ m xx

)\'ZTT

—sing cosp 0
. o A
—sinfcos¢p —sinfsing cosf y
A,

(4.20)

The result of applying this transformation to the parametric equations fpr the
silhouette generating planes in (4.19) is given by

Ay 7 = COLMOCOSVg Sing — cotnesinvgs cosp = cotngsin(vgs — o)

N (4.21)

. » = —sinfcotngcos(¢p — vz ) + coshd = 1/cosf

The tangential coordinates of the silhouette take on just two values, determined by
the above equations for vg; =Vg; 1, Vsg2- Therefore, the silhouette is composed of
two straight lines. The silhouette is degenerate since, in the general case, a parametric

equation for the silhouette tangents would be obtained instead of the fixed values in
(4.21).

The two silhouette lines defined in (4.21) are symmetric about the Ox ., axis. The
half-angle Y5y between the lines is obtained by noting that a line with coordinates A, .,
N,  crosses the axes at the points (1/A, ,,0) and (0,1/X, ,.); see Fig.4.4b). Note that
Yo is also the polar angle of the normal orientation of one of the silhouette lines in the
image plane. It is given by
/X, tanm, tanm,

/N, ,  cosBsin(ves; — ) N cosf/1 — tan“ngtand

tanyy =

Sinno
\Jcos“6 —sin“n,
which matches the result obtained previously.

(4.22)
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In the above example, it appears that, given an object description in tangential
coordinates, the determination of the silhouette equation can be much simpler than
with point coordinates. When the object is initially defined by a point coordinate
representation, the relative merits of the direct construction method depicted in Fig.4.2
and the indirect method depicted in Fig.4.6 depend on the effort required for convert-
ing the representation. For example, if many silhouettes must be computed numeri-
cally for the same object, the tangential description must be computed only once,
thereby providing a larger potential advantage for the indirect method.

4.3. SILHOUETTE CONSTRUCTION WITH THE GAUSSIAN MAPPING

In this section, we will see that the Gaussian mapping suggests a very simple
method for selecting the silhouette generator or the silhouette generating planes.
Although silhouette construction with the Gaussian mapping can be related directly to
silhouette construction in point space, it is instructive to introduce it through the dis-
cussion of silhouctte construction with polar tangential coordinates, which is
presented in the first subsection. Phrasing the construction method developed in the
previous section f'or tangential space representations in terms of polar coordinates pro-
vides a relation between normal orientations on the object surface and normal orienta-
tions on the silhouctte; this relation is independent of object shape. In a second subsec-
tion, this relation is re-interpreted by mapping normal orientations on the Gaussian
sphere and discovering that the silhouette generator corresponds to a slice of the Gaus-
sian sphere.

4.3.1. Silhouctte Construction with Polar Tangential Coordinates

A particular case of silhouette construction in tangential space is considered in
this section, where polar coordinates (p ,£,m) are chosen to represent planes to the 3-D
object, and polar coordinates (p ,y) to describe lines tangent to the 2-D silhouette;
these coordinates are defined in Section 3.1.2. First, in order to avoid confusion
between the perpendicular distance p in 3-D and 3-D, this distance will be represented
by the symbol p .. for the silhouette in 2-D.

Consider a description of the surface of a 3-D object by parametric equations for
the polar coordinates (p ,£,m) as a function of two independent parameters, say u and
V.

P pu,w)
El = | E(u,v) (4.23)
n n(u ,v)

For smooth strictly convex objects and for a regular parameterization in (u,v ), the
functions defining the angles (£,m) in terms of the parameters (u,v ) are invertible.
The parameters (u,v ) in (4.23) can then be replaced by inverse functions in terms of
(£,m). Examples of this parameter change are presented in Appendix 1.



When this change of parameters is performed in equation (4.23), identities are
obtained for ¢ and 7, and an explicit equation is obtained for p,

p=pm) (4.24)

The above representation form is now discussed in some detail, as it will be the basis
for new representations of 3-D surfaces. Equation (4.24) represents, for each point P
of the object with a normal orientation (£ ,'r;), the perpendicular distance p between
the origin and the tangent plane at P This explicit equation describes the shape of
the object surface by expressing the dependence of one polar tangential coordinate on
the other two, and can be compared in this respect with the Monge parameterization
z = x(y,z ) which expresses one Cartesian coordinate as a function of the other two.
In both cases, the explicit equations are invariant in transformations involving only
the independent variables. The Monge parameterization is therefore invariant in 2-D
translations of the Oyz plane, whereas the form in (4.24) is invariant with 3-D rota-
tions around the origin. Hence, this last representation elegantly casts a surface
representation in a form invariant with viewing direction. The function p (£,7m) is
sometimes referred to as the support function, as it describes the distance from the ori-
gin to a potential support plane when the object is oriented with the direction (£,m)
towards nadir.

Silhouette construction is now investigated for an object shape described by an
equation such as (4.24), by first considering the selection of silhouette generating
planes, then their projection onto the image plane.

For a plane with polar tangential coordinates (p ,§,'r)), the normal orientation is
T,, = ( cosécosn sinécosn sinn )’ (4.25)
The silhouette generator equation is _l.nrl.‘ = 0, more explicitly

( cosécosm sinécosn sinm ) ( cospeos singeos sinf ) = 0 (4.26)

cos(¢ —¢) = —tanntand (4.27)

This equation defines a set of values for (£,m) which correspond to silhouette generat-
ing planes. The following expression for the one-parameter family of solutions will be
derived in Section 6.

€ (1) = ¢+ 7/2 + atan (tanz sinf )

Nsg (¢ ) = asin (sinz cosh ) (4.28)

where ¢ €(0,27) is a parameter. The subscript in €g;,Ms; emphasizes that these
expressions apply to the silhouette generating planes. The result in (4.28) can be
justified by inserting the proposed solution in equation (4.27), then performing simple
trigonometric manipulations to obtain an identity; this justification is omitted here.

Once the silhouette generating planes are determined, the next operation consists
of obtaining the coordinates of their traces in the projection plane. The transformation
of polar tangential coordinates in the projection can be obtained by exploiting the pro-
jection transformation for Cartesian tangential coordinates in (3.22) and by replacing
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the Cartesian coordinates in terms of the polar tangential coordinates, as given in (3.1)
and (3.2). The resulting projection equation for polar tangential coordinates is

cosy/p —sing cosg 0 Cf)sg sinn/p
sing/p —sinfcos¢p —sinfsing cosh Sln§COSn/ )2 (4.29)
sinn/p

The above relation applies only to planes perpendicular to the projection plane, i.e. to
planes determined by (4.27) or (4.28). The following expressions for polar tangential
coordinates of the silhouette can be obtained after trigonometric manipulations, by
replacing £ and 7 in the right-hand side of the above projection equation by their
values in equation (4.28).

p= 1
Pr= P

The first equation above provides an interpretation for the generic parameter ¢ in
(4.28). The second equation can be combined with (4.28) to obtain an explicit equation
for the silhouette in polar tangential coordinates.

Pa(¥) = p(€sc (Y), N5 (¥))
= p ( ¢+m/2+atan(tanys sinf), asin(sinys cosh) ) (4.31)

(4.30)

The expressions obtained above for silhouette construction in polar tangential
coordinates are remarkable in several respects. First, equation (4.28), determines the
silhouette generating planes based on the independent variables (£,m) only. This
result is hence independent of object shape. Selection of the orientations of silhouette
generaling planes depends only on viewing orientation and can be precomputed for a
set of viewing angles; the resulting selection procedure applies to any object. Second,
correspondences between the silhouette orientation coordinate Y and the object orien-
tation coordinates £, M are also independent of object shape, and are given by equations
(4.28) after replacing the parameter ¢ by the angle .

€ = ¢ + m/2 + atan ( tanysind )
o U (4.32)
nsg = asin ( simficosf )

Finally, the normal distance p , for points of the silhouette is related to the normal
distance p at the corresponding point of the object by the trivial relationp, = p.

4.3.1.1. Example: Silhouette of a Cone

In order to apply the method developed in the previous section to the derivation
of the silhouette of the cone, it is necessary first to determine parametric equations for
the polar tangential coordinates of the cone, second to convert these into the form of
equation (4.24), and third to determine an equation for the silhouette with (4.31).
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Polar tangential coordinates for the cone are easily determined by comparing
equations (4.15) and (3.2).

A, = cotngcosv [z, = cos§ cosn/p

A, = cotngsinv /z, = sin§ cosn/p (4.33)
A, =1/z, = sinn /p
It is clear from the above equations, that
€&=v, M=mo, p=zcsinng (4.34)

This result shows again that the cone is a degenerate case since N=cst, p =cst and only
¢ is variable, whereas in general, both ¢ and M would be variable and p would be a
non-trivial function of (£,m). The tangential coordinates of the silhouette are easily
determined with (4.31) and (4.32).

Sinno

cosf (.35

Pr= zosinng, singp=

After conversion of these polar coordinates to Cartesian tangential coordinates using
(3.1), the above results are found to be identical to those obtained previously in (4.21)
and (4.22).

4.3.2. Silhouette Construction with the Gaussian Mapping

In the previous section, relations between normal orientations on the object sur-
face, on the silhouette generator and on the silhouette were obtained by analyzing
silhouette construction in polar tangential coordinates. These relations are interpreted
in this section by considering normal orientations in the Gaussian sphere and Gaussian
circle representations. The resulting interpretation is much more attractive visually
than the one obtained in the previous section, although no new equations are derived.
Indeed, it is much easier to visualize points on the sphere than orientations in 3-D
space. Finally, the relation between silhouette analysis and the Gaussian mapping is
extended by introducing property spheres and property circles.

The relation in (4.32) between normal orientations in 3-D and normal orienta-
tions in the projection plane has a double interpretation. First, considering Y as a gen-
eric independent parameter, these equations characterize the set of normal orientations
of points on the silhouette generator, for a given viewing direction (d),G). These nor-
mal orientations are defined by the polar angles (£,m). Second, it relates points on the
silhouette parameterized with the normal angle Y to the corresponding points of the
silhouette generator.

It is interesting to interpret these relations in representations particularly suited
for normal orientations, namely the Gaussian sphere for the object and the Gaussian
circle for the silhouette. The silhouette generator on the object surface is the set of
points for which the normal orientation is perpendicular to the viewing direction. As
the Gaussian mapping preserves normal orientation, the image of these points on the
Gaussian sphere is the set of points for which the normal orientation is perpendicular
to the viewing direction or, in other words, the silhouette generator of the sphere for
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the same viewing direction. It is straightforward to see that this set of points is the
great circle perpendicular to the viewing direction. In addition, surface normals at the
points of the silhouette generator are parallel to the projection plane and remain
unchanged in the projection operation, so that normal origntations on the silhouette are
identical to normal orientations at the corresponding points on the silhouette genera-
tor. The consequence is that the great circle of the Gaussian sphere is also a Gaussian
circle for the silhouette. The relations discussed above are illustrated in Fig.4.7.

In the above discussion, equation (4.32) has been interpreted in terms of the
Gaussian mapping. Although this interpretation indicates a relation between object
points and silhouette points, it does not suggest a complete method for inferring the
shape of the silhouette from the shape of the object. A complete relation is obtained,
however, by combining equation (4.31) with the Gaussian mapping and considering
object descriptions by property spheres and silhouette descriptions by property circles.
Indeed, the support functions p (£,m) and p,(y) represent perpendicular distances to
tangent planes in terms of normal orientations. Mapping normal orientations on Gaus-
sian images produces functions defining p and p, on the Gaussian sphere and on the
Gaussian circle. These can be considered as property spheres and property circles as
defined in Section 3.3.2. For these representations, equation (4.31) suggests that the
silhouette property circle function values p, are identical to the property sphere

Viewing
Direction

Gaussian Sphere

Great
Circle
Slice

Silhouette
Generator

i
\Sw’ue Gatssian Circle

Fig.4.7. Silhouettes and the Gaussian Mapping



function p on the slice corresponding to the silhouette. Hence, the silhouette property
circle can be considered as a slice of the property sphere of the object.

In this section, we have interpreted silhouette analysis with polar tangential coor-
dinates by representing the 3-D object by a property sphere for the distance between
origin and tangent planes, and the 2-D silhouette by a property circle for the distance
between origin and tangent lines. The silhouette property circle is identical to a slice
of the property sphere of the object by a plane perpendicular to the viewing direction,
through the center of the sphere.

4.3.2.1. Example: Silhouette of a Cone

Construction of the silhouette with the Gaussian Mapping is now illustrated by
the example of the cone. First, the distance p to the tangent is the constant z gsinmg
for all points of the cone. As a consequence, the distance p , to silhouette tangents is
simply equal to the same constant everywhere on the silhouette.

The investigation of silhouette normal orientations leads to a more interesting
discussion. As derived in previous sections, the normal orientations of points on the
surface of the cone are determined by

£e(0,27], m=ng (4.36)

This set of orientations is represented by the parallel at latitude 7y on the Gaussian
sphere; see Fig.4.8. Considering a projection along the direction (¢,8), the silhouette
corresponds to the great circle slice perpendicular to the viewing direction, which is a
Gaussian circle for the silhouette. In the case of the cone, this slice intersects the small

Viewing
Direction

I~

Gaussian Sphere

Fig.4.8. Silhouette of the Cone and Gaussian Sphere.
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circle N"=m, at two points with polar angles i5, 7—{p in the slice plane. The
silhouette is hence characterized by only two distinct normal orientations, so that it is
composed of two lines with those normal orientations. The exact position of these lines
is determined by the distance p , to the origin, which was determined previously. The
exact value of the orientation g in the silhouette plane can be obtained in terms of 7
and O by resolving the right-angled spherical triangle in bold lines in Fig.4.8. The
relation obtained with standard expressions of spherical trigonometry is

sinmg = cosf sinyy, (4.37)

which is consistent with the results obtained previously with other methods (e.g.
equation (4.12)).

Although the Gaussian mapping does not provide new numerical expressions for
the relation between silhouette shape and object shape, it is well adapted to conduct
qualitative prediction of the results. Indeed, the following conclusions can be drawn
by considering the Gaussian sphere of the cone and the silhouette slice in Fig.4.8.
First, the intersection points between the parallel of the cone and the great circle slice
are on the opposite side from the viewing direction. As a consequence, the silhouette
generator on the object is on the samc side of the object as the projection plane; this is
clearly seen in Fig.4.4. Second, by an appropriate choice of the elevation 6 of the
viewing direction, it is possible to give the half angle Y, of the silhouette any value
between 7 and 7/2; this is valid for any value of the opening angle 7q of the cone
itself. Hence, if a pair of lines observed in the image plane are presumed to be the
silhouette of a cone, nothing can be determined about the shape of the cone without
estimating its orientation with respect to the projection plane by some other method.
Finally, for very large elevations 0 of the viewing direction, namely for 0> 7/2—m,,
the great circle does not intersect the parallel 1=mq, and there is no silhouette. It is
not hard to see that this corresponds to a case where the viewer is "above" the cone so
that its image fills the whole projection plane. Similarly, when 6 <—m/2+7n,, there is
no intersection on the Gaussian sphere, and this corresponds to the case where the
viewer is "inside” the cone, so that, once again, no silhouette is obtained in the image
plane.

We have shown in this section that interesting qualitative arguments on
silhouettes can be developed based on the Gaussian mapping. This advantage of
representations with the Gaussian mapping is extremely useful in developing a
thorough understanding of the relation between silhouette shape and object shape.

4.4. CONCLUSION

In this section, we have developed a number of silhouette construction methods
and their illustration on a simple example. Starting from the method used most fre-
quently in the literature, we have gradually progressed to methods based on tangents,
then to methods based on tangent orientations. In the last method, the Gaussian map-
ping was introduced to interpret first a relation between object points and silhouette
points, and second a relation between object properties and silhouette properties. Both
relations are independent of object shape, and the first is independent of the choice of
object property. The second relation depends on which object property is represented



on the Gaussian sphere, and is independent of object shape only for adequate choices of
object properties and silhouette properties.

The key contributions of this report are first the formal analysis of the property
sphere for the distance to tangents introduced in Section 4.3.2., and the demonstration
of its relation with corresponding silhouette property circles, and second the develop-
ment of two additional object properties for which the relation between sphere and
circle are independent of object shape.

In Section 5, three representations of 3-D objects in terms of property spheres are
proposed and analyzed, together with the corresponding representations of silhouettes
with property circles. In Section 6, the relation between these silhouette property cir-
cles and object property spheres is formally developed.
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5.0 REPRESENTATIONS FOR CURVES AND SURFACES
BASED ON THE GAUSSIAN MAPPING

In this section, three property circle representations of 2-D curves and the
corresponding property spheres of 3-D surfaces are proposed. The advantages of this
type of representation for silhouette analysis were suggested in Section 4 and will
become more clear in Section 6, when simple relations are developed between each of
the representations for an object surface and the corresponding representations for its
silhouettes.

The three pairs of representations describe three different properties of the objects
being described as functions on Gaussian circles and spheres. The first representation
describes the normal distance between tangents and a reference point; this scalar pro-
perty sphere/circle is named the Support Transform (ST). The second representation
describes coordinates of object points in rotated axes and is named the Vector Support
Transform (VST). The VST has three components for 3-D surfaces, two components
for 2-D curves, and it turns out that in each case, one component is identical to the
scalar ST. Finally, the third representation describes local curvatures and is named
the Curvature Transform (CT). The three representations are collectively referred to
by the name of transforms, in part to emphasize that these representations are com-
plete and therefore uniquely invertible, and in part to preserve the similarity between
our silhouette theory and the Projection-Slice theorem in computerized tomography.

The particular choice of object properties for these three representations is
justified a-posteriori by the existence of simple relations between each transform of an
object and the corresponding transforms of its silhouettes; these relations are demon-
strated in Section 6. The existence of such simple relations was suggested for the ST in
Section 4. In the case of the VST, it can be expected that simple relations exist between
point coordinates in 2-D and 3-D. Finally, in the case of the CT, the dual of Euler’s
theorem indicates a relation between silhouette curvature and object surface curva-
ture. The dual of Euler’s theorem is demonstrated independently of the Gaussian
mapping in Appendix 3, and it turns out to be also a corollary of the relations between
the 3-D CT of an object and the 2-D CT of its silhouettes.

The definitions of the transforms presented in this section are accompanied by the
derivation of conversions to and from Cartesian representations. These relations are
useful when evaluating or inverting the transforms for specific object shapes. In addi-
tion, the conversion relations are used in Section 6 to develop the relations between 3-
D transforms of an object and 2-D transforms of its silhouettes.

In this section, all arguments are developed for curves and surfaces which are
outlines of smooth strictly convex objects. It is possible to describe these curves and
surfaces by equations parameterized with the normal orientation angles Y in 2-D,
(¢,m) in 3-D. Only these parameterizations are considered here for Cartesian coordi-
nates. Relations between these and other parameterizations are briefly discussed in
Appendix 2. Extensions of the representations to include object surfaces with edges
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and their silhouette curves are discussed in Section 7.

The concepts of the three transforms are very similar in 2-D and 3-D, a similarity
emphasized by the vector notation used in this section. As the algebra is more
straightforward in the 2-D case, we have chosen to discuss the 2-D transforms in Sec-
tion 5.1 and the 3-D transforms in Section 5.2. The algebra supporting the discussion
of 3-D surface models is more involved than in the 2-D case, but the parallelism of
concepts substantially improves readability. In order to preserve the similarity of
notations, some aspects are presented with considerable detail in the case of 2-D
curves.

5.1. REPRESENTATIONS FOR PLANAR CURVES

In this section, three property circle representations of 2-D curves are defined,
and their transformations to and from Cartesian coordinates are developed. The
representations, collectively referred to as transforms, define curve shapes by property
functions on the Gaussian circle. The object properties are represented in a different
set of rotated axes for each object point, so that the rotations of coordinates defined in
equation (3.7) appear in both the direct and inverse transform expressions. Relations
among the three transforms of the same curve are developed at the end of this section;
these relations are exploited to develop consistency constraints for the ST and the
VST.

5.1.1. Support Transform of a Planar Curve

Definition: The Support Transform of a planar curve is the property circle defining
the normal distance between the origin and the tangent at each object point. This dis-
tance is denoted by the symbol p .

The ST is equivalent by definition 1o a representation of the distance p to the
tangent as a function of the normal orientation angle , and is hence a representation
of tangents to the curve equivalent to the explicit equation p (\b) for the polar tangen-
tial coordinates. The function p ({s) is sometimes referred to as the support function,
a name which has determined our choice for the name of the Support Transform.

Figure 5.1 illustrates the definition of p for the point Pg on the curve C. Let
Yo be the polar angle of the normal at Py. The distance p  is measured along the nor-
mal at P, which is parallel to the Oxp axis of the rotated frame Oxp zp for Y=y.
The ST function is hence related to Cartesian coordinates by p o= xp (P). This rela-
tion is given, for a generic point of the curve, by

xe () cosy sing| | x ()
p () = xp(Y) = l 10 e | = l ! Ol —simyy cosy z ()
= | cosys sin\p] zgﬁ;l
p(P) =& x5 (p) = & Ry " =(y) = T/=(y) (5.1)

where €; denotes the canonical unit vector (1 0)!. The transformation from ST to
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Fig.5.1. Tangent to the curve C at P and normal distance p .

Cartesian coordinates is now derived by first considering the equation for the Carte-
sian coordinates of the points on a tangent line with polar tangential coordinates p (\b)

.
x cosy + z siny = p (ys) (5.2)

The above equation describes a one-parameter set of tangents to the curve, where s is
the parameter. The curve itself is the envelope of these lines and its equation can be
evaluated by eliminating the parameter iy between the equation for the tangent and
the derivative of this equation with respect to Y. These two equations are given by

x cosy + z sinp = p ()
—x siny + z cosy = p () 5.3
cosyr simys x D
—siny cosyr| |z Py (50

where p,, =dp/d . Comparison of these equations with the transformation from
global to rotated coordinates, namely

XD cosys  sinys x
zp | | —siny cosy| |z
s =Ry Xx (5.5)
reveals that the coordinates of points of the curve in the rotated frame are given by
xp () ()
W] = | puw) 2ol

and that global Cartesian coordinates are related to the ST by
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x (Y1) | cosyp —sinys p ()
z(P)] ~ | sing  cosys r ()
_ ()
() = RF 6(y) pn//(‘b) (5.7)

The following alternate vector notation emphasizes the contribution of the ST along
each local unit vector on the Gaussian circle.

WP =pW 1, +p,PT, (5.8)

5.1.2. Vector Support Transform of a Planar Curve

Definition: The Vector Support Transform of a planar curve is the property circle
defining the Cartesian coordinates of each point in a rotated frame oriented along the
normal and the tangent at that point. These coordinates arc denoted by n and t for the
coordinates along the normal and along the tangent respectively. The vector combining
these coordinates is denoted by § = [n 1 ]T ;

The above definition emphasizes that the VST describes object point coordinates.
However, it is easy 10 see that the first component of the VST is identical by definition
to the scalar ST. Therefore, the VST is a superset of the ST and it explicitly describes
tangents 1o the curve in addition to points of the curve. The presence of two com-
ponents in the VST and its relation to the ST justify the name of Vector Support
Transform.

Figure 5.2 illustrates the definition of the VST for the point P on a curve C
described in global axes Oxz. If {5, is the normal orientation angle at P, the VST
defines the coordinates of Pg in rotated axes Oxp zp for Y=ys,. The transformation
between VST and coordinates in the global axes is given by the transformation of

Xp

2 lb(}

ng
\
o ' =

Fig.5.2. VST of P as Coordinates in the Rotated Frame.
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coordinates between rotated and global axes in equation (3.7). The transformation is a
rotation with an angle Y5 for the point P and, for a general point, the normal angle
Y. This angle has a different value for each point on the curve. The transformation
from the VST to equations for Cartesian coordinates in the global frame is given by

x () n ()
z () t ()

() = RFC(y) s(y) (5.9)

The following alternate vector notation emphasizes the contributions of the VST along
each local unit vector of the Gaussian circle.

P)=nP 1, +:(Y) 1, (5.10)

The transformation from Cartesian coordinates to the VST is the inverse of the above
transformation, namely

cosys —simys
sinys  cosys

n () cosy simp| | x ()
t ()| T | —=sing cosy| |z(yP)
s(y) = Ry ~X(Y) =(¢) (5.11)

5.1.3. Curvature Transform of a Planar Curve

Definition: The Curvature Transform of a planar curve is the property circle
defining the radius of curvature at cach corresponding object point. This radius of cur-
vature is denoted by the symbol p.

The CT defines the radius of curvature p for each given normal orientation { and
is hence equivalent to the intrinsic equation p(\[}), a representation which is well
known in differential geometry [52]. Our motivation for defining curvature by the
radius p as opposed to the curvature k is the simplicity of object/silhouette relations
for this choice of representation for curves and for the corresponding representation
for surfaces.

The definition of radius of curvature at the point Pg of a curve C introduced in
Section 3.2.5. is based on the Taylor expansion of the Monge parameterization in local
axes Pyx,; vy, z; oriented along the tangent and normal at P,

x, = —Vazypg 'z + 0(2,3) (5.12)

where pg is, by definition, the radius of curvature at P,. Local axes for the above
Monge parameterization are sketched in Fig.5.3. Note that for a convex curve without
straight segments, p(y) > O for all .

The transformation from the CT function p(ys) to Cartesian coordinates is now
determined. In contrast with the ST and the VST, the CT defines the shape of the
curve only locally. As a result, it is not possible to determine direct relations between
parametric equations X(y) and the CT representation, although a relation will be
obtained between the first differential d X(y) and the CT. The curve is first
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IYip.5.3. Local axes for Defining the Curvature of AC at Py,

considered in a small neighborhood of the point P and analyzed in the fixed local
reference frame Pyx; z;. An expression for the differential d X; ({) in the local axes is
obtained by the chain rule

d Xl (Z[ ) le dmzl
dz, dm, dy

where m,; was defined in Section 3.2.4. as the gradient of the local Monge equation.
The first two derivatives in the right-hand-side of (5.13) depend on the particular
curve shape at P, expressed in (5.12). The last derivative in (5.13) depends on the
relation between the local gradient and the global orientation angle, a relation dis-
cussed in Section 3.3.3. Each of the factors in (5.13) is evaluated in Appendix 6; the
resulting expression for d X, is given by

dx, () = d (5.13)

dx,
dz, | =Po | dy + 0 (y—Po)d ¢
d&, = pol,; dy+ 0=y d (5.14)

The above expansion is exact for Y = Js;, which corresponds to the point P,
d®,(Po) = po 1, d

The differential of global coordinates is obtained by applying the coordinate transfor-
mation from X, to X, defined in equation (3.8)

dx () cosy, —sinyy, 0 —sinys,
dz () B singiy  cosyy, | Pedy= cosy, Pod P
d (o) = Ry (o) & pod Y= T, 0 pod (5:.15)




As the point P is generic, the above relation is valid for all the points of the curve, so
that

p .
| - 2] s
d®(y) = 1, p(Y)d Y = REC(P) &, p(y) d ¢ (5.16)

The above equation is a first-order differential which can be integrated to produce an
expression for Cartesian coordinates of points on the curve

x () X0 v —sinys
2] = [z I PO cosy | €Y
v
R(Y) = %o + [ p(YT, (Y) d ¢ (5.17)
o

For a simple closed curve, the vector function (i) must be periodic in { with a
period of 27. Therefore, the CT function p(y) must satisfy the following constraint

2 —_c

{p(t[:) CZ:::J dy=0
27
[ T, (W) dy=0 (5.18)
0

One interpretation of the above relation is that p(ys), considered on a 27 interval,
must have no Fourier series term of order one. The relation in (5.18) has also been
interpreted by considering p(\[;) as a distribution of mass on the unit circle [53]. The
consistency relation is then equivalent to requiring the center of mass of the distribu-
tion to be at the center of the unit circle.

Two expressions for the CT in terms of Cartesian parametric equations are now
obtained, the first by multiplying both members of equation (5.16) by 1, , the second
by taking the modulus of (5.16).

p() = %‘Q-T, - %‘“—' (5.19)

Note that the right side of the above expression is identical to a classical definition for
the radius of curvature of a convex curve [52].

5.1.4. Relations among the ST, the VST and the CT of a Curve

Relations among the three transforms of a 2-D curve are developed in this section.
Based on these relations, a number of consistency criteria are developed for the ST and
the VST.
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By definition, the first component of the VST is identical to the scalar ST. As a
consequence, the VST is a superset of the ST and is therefore redundant, since the ST is
complete. Comparing equations (5.8) and (5.10), it is straightforward to determine
that

n=p
I =Py (5.20)
t = n¢,
where the first two equations express the relation between the ST and the VST, and
the third equation is a consistency relation for the VST.

In addition to the above relations, a consistency criterion for the ST and for the
VST can be obtained by relating these to the CT, then expressing the convexity con-
straint p>0 on the CT. The relation between the ST and the CT is obtained by con-
sidering the inverse ST equation

W) =pW 1, +p,PT, (5.21)

and by comparing the differential of this expression with (5.16). The differential of
(5.21) is easily obtained, using the derivatives of unit vectors in (3.55).

() = | p(W) +pyy(P) | T, (5.22)

Comparing this expression with (5.16), the relation between the ST and the CT is
determined to be

p(P) = p (Y) + pyy(P) (5.23)

The corresponding relation between the VST and the CT can be obtained by a similar
argument.

p(P) = n () + 1t ,(p) (5.24)

For a convex curve, p(y) > O for all 5. As a consequence, the following inequalities
must apply to the ST and to the VST components:

p(P)+ pyy(P) >0 (5.25)

n(y) +2y(p) >0 (5.26)

It is instructive to consider the relations between each of the three transforms
and derivatives of the support function p (s).

p(Y)=p
siw =[p p, V¥ (5.27)
p(Y)=p +pyy

The above relations emphasize the dependence of the ST, the VST and the CT on
derivatives of p up to orders 0, 1 and 2 respectively; similar conclusions will be




observed for 3-D surfaces. These relations will be useful in Section 7 when analyzing
discontinuities of these functions for curves and surfaces with straight edges.

5.1.5. Examples of 2-D Transforms

In Appendix 1, the three 2-D transforms are derived analytically for superconics.
Graphs of the transform functions are presented in Fig.5.4 for a superconic with major
axis half-lengths @ =2.0, c =1.0 and an exponent of n =1.2. The property functions
are drawn on polar plots in Fig.5.4, with the origin of the plots offset from the center
to allow the representation of negative values in ¢ ({s).

5.2. REPRESENTATIONS FOR 3-D SURFACES

In this section, three property sphere representations for 3-D surfaces are defined.
These representations are extensions to 3-D of the three representations defined for
2-D curves in the previous section. The representations of surfaces will be referred to
by the same names as their 2-D counterparts, namely the ST for a property sphere
specif ying normal distances to tangent planes, the VST for a property sphere of object

S O

a) b)
c) d)

Fig.5.4. 2-D Curve and Polar plots of 2-D Transforms.
a) Superconic with exponent 1.2, b) Support Transform,
c¢) Tangential Component of Vector Support Transform, d) Curvature Transform.
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point coordinates, and the CT for a property sphere of curvatures. Transformations to
and from Cartesian coordinates are derived for the three transforms. Relations among
the three transforms are developed and exploited to develop consistency constraints
for the ST and for the VST. In addition to the above relations, relations between the
extended Gaussian image and the three surface transforms are determined. A close
parallel has been preserved with the notation used in the case of 2-D silhouettes, as
this association improves the readability.

5.2.1. Support Transform of a 3-D Surface

Definition: The Support Transform of a 3-D surface is the property sphere defining
the normal distance from the origin to the tangent plane at each point of the object. This
distance is denoted by the symbol p .

The ST function on the Gaussian sphere specifies the normal distance p to the
tangent plane with the given orientation and is hence equivalent to the representation
of planes tangent to the surface by the explicit equation p=p (£,m) for the polar
tangential coordinates. In other work, the function p (¢,m) is referred to as the sup-
port function for the surface. As illustrated in Fig.5.5, the normal distance p for the
point P, on the surface element I is the distance between the origin and the tangent
plane at Pj. This distance is measured along the normal, and is equivalent to the xp -
coordinate of P in rotated axes for {=¢£,, N=mno.

Fig.5.5. Tangent Plane II to the surface ¥ at Py and normal distance p .



The ST function is hence related to Cartesian coordinates for the curve by

xR (5,77)
pm) =xp= [1 0 Ol ye (€,)
Zp (5»7’))
cosécosn  sinécosn sinm| [ x(&m)
=100 —siné cos€ 0| |y(&m)
' —cosésinn —sinésinn cosn| | z (&,m)
X (5,77)
= | cosécosm sinécosn sinn| |y (&)
Z (5,77)
plEmyr=2el 2p(Em) =eF RS *HEm) =1 (Em) (5.28)

where €, denotes the canonical unit vector (100 )7 . The transformation from ST to
Cartesian coordinates is now derived by first considering the equation for the Carte-
T’an coordinates of points on a tangent plane with polar tangential coordinates

pEm, ¢, n] :
x cosécosn + y sinécosm + z sinm = p(&,m) (5.29)

The above equation describes a two-parameter set of planes tangent to the surface.
The surface is the envelope of these planes and its equation can be evaluated by elim-
inating the parameters £,m among the equation of the tangent plane and its derivatives
with respect to £ and 1. The three equations are given by
cosécosm x + sinfcosm y + sinm z = p
—sinécosn x + cosécosm y Pt (5.30)
—cosésinm x — sinsinn y + cosm z = p,

where the subscripts in p¢ and p, denote partial derivatives. After scaling of the
second equation by cosm, the above equations can be rewritten in the following matrix
form.

cosécosn  sinécosm sinm P

x
—siné cos¢ 0 y| = | p¢/cosn (5.31)
—cosésinm —sinésinn cosm Z P
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Comparison of this equation with the transformation from global coordinates to coor-
dinates in rotated axes, namely

xR cosécosn sinfcosn sinn] [ =x
ye | = —siné cosé ol |y
Zp —cosésinm —sinésinm cosn| |z

X =RIER (5.32)

reveals that the coordinates of the surface points in the rotated frame are related to
the ST by

xR p
Yr | = | p¢/cosn (5.33)
Zp pn

and that Cartesian equations for the surface are expressed in terms of the ST by

wilEn) cosécosn —siné —cosésinm p(&M)
y(Em)| = | sinfcosn cos§ —sinésinn| | p(€,n)/cosn
z(¢Em) sinm 0 cosn p (£
p(&m)
X&) = R§"G Em |p g(§,n)/cosn (5.34)
po(€m)

The following alternate vector notation emphasizes the contribution of the ST along
each local unit vector on the Gaussian sphere.

REM =pEM T, + plém)cosn 1 + po (€)1, (5.35)

5.2.2. Vector Support Transform of a 3-I) Surface

Definition: The Vector Support Transform of a 3-D surface is the property sphere
defining the three Cartesian coordinates of each surface point in a rotated frame
oriented along the local normal, parallel and meridian of the Gaussian Sphere. The com-
ponents are denoted individually as n, h and v respectively. The vector combining
these components is denoted bysS={(n h v ).

The above definition emphasizes that the VST specifies point coordinates, but it is
easy to see that the first component of the VST is identical to the scalar ST, so that the
VST is a superset of the ST and defines tangent planes in addition to points.

Consider on the surface X, the point Py with normal orientation fl’o(go,no)' as
illustrated in Fig.5.6. The VST components n g, A, v for the point P are the Carte-
sian coordinates of P, in the rotated axes Oxp yp zp for P,
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Fig.5.6. Tangent Plane II to the surface £ at P,
VST s5= (ng,ho,v )7 and principal orientation vectors.

The transformation between this frame and the global object frame is defined in equa-
tion (3.9), for £ = £, and = n,. This relation is valid for each point of the surface,
when £ and 7 represent the corresponding normal orientation. The Conversion from
Cartesian parametric equations X = X(£,n) to the VST is hence given by

n(¢m) cosécosn  sinfcosn sinm| [ x (&)
h(én)| = —siné cosé o] |y(m)
v(ém) —cosésinn —sinésinn cosn| | z (€,m)
s(¢m) = RY R(¢,m) X&) (5.36)

The transformation from the VST to equations for the Cartesian coordinates is
the inverse of the above 3-D rotation, namely

x(&m) cosécosn —siné —cosésinm| [ n (€,m)
y(¢m)| = | sinfcosn  cosé —sinésinn| | h (£,m)
z(¢m) sinm 0 cosn) |v(&m)
X(¢,m) = REC(¢En)S¢m) (5.37)
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The following alternate vector notation emphasizes the contribution of the VST along
each local unit vector on the Gaussian sphere.

REMN=nEMT, +hEMN T +v(EMNT, (5.38)

5.2.3. Curvature Transform of a 3-D Surface

Definition: The Curvature Transform of a 3-D Surface is the property sphere
defining the tensor of radius of curvature of the surface expressed in axes oriented along
the parallels and meridians of the Gaussian Sphere. The components of the tensor are
referred to as ryy, r 13 and 1 5,, with the index 1 corresponding to the direction of the

parallel. The tensor itself is represented by the symbol R.

This definition of the CT is a natural extension of the CT defined for 2-D curves
in Section 5.1.3. A different extension of the 2-D CT to 3-D is given by the extended
Gaussian imagel44, 53] Relations between the extended Gaussian image and our 3-D
transforms are developed in a later section.

The curvature of a surface £ at the point P was defined in Section 3.2.5., based
on the Taylor expansion of the Monge parametric form in local axes at Py,

=]

0 0
11 712 3
w=na] g8 o] oG 3
xX; = —1p Zl ﬁo_lzl + O (Zl3) (5.40)

where x; is along the normal and y;,z; in the tangent plane at Py. In the above
expression, Ry, is, by definition, the tensor of radius of curvature at P, and Z, denotes
the 2-vector ( y; z; )7 in the local tangent plane. The surface and the local axes at P,
are sketched in Fig.5.7.

The transformation from the CT representation to Cartesian coordinates is now
determined. As the CT representation describes only local properties of the object sur-
face, it can not be directly related to Cartesian coordinates, although it will be related
10 the first differential d X(&,m) of these coordinates. For this purpose, a small surface
element AZ in the neighborhood of Py is analyzed in the fixed local axes Pgx; y; z; .
An expression for the differential is first obtained in the local axes by the chain rule

DX,(z;) Dz, Dm

d%, = = (5.41)
: Dz, Dm, D¢ ¢

where expressions such as DX, /DZ; denote Jacobian matrices, i, = (myl my W s
the 2-vector of local gradients, and d & is the vector of normalized global angle
differentials d € = (cosnd £ d )Y, The first two Jacobian matrices in the right hand
side of (5.41) depend on the shape of the particular surface around P, defined by
(5.39). The last Jacobian matrix in (5.41) depends on the relation between local gra-
dients and global orientation angles, a relation which was discussed in Section 3.3.3.
Each of the factors in (5.41) are evaluated in Appendix 6. When inserted in equation
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Fig.5.7. Local Axes for the Definition of the Curvature of X at Py,

(5.41), they produce an expression for the differential d X; in local coordinates, valid
to first order around P . The expression is exact at P, and since Py is generic, the
differential in local axes at a given point is represented by a similar expression.

d
& R0 Fia g cosnd ¢
dy| =10 12 a2 dn
dzl O 1
X; = 5.42
d¥, =1, Rd¢ (5.42)

where I, is a 3x2 matrix consisting of only zeros and ones. A differential for the sur-
face in global coordinates is obtained by applying the transformation in (3.10).

dx cosécosn —siné —cosésinm| [0 O ri Tio o
dy| = | sincosn cosé —sinésinn 10
: e U dn
dz sinm 0 cosTM 01
dX=RFfC1;,Ra¢ (5.43)

In principle, the above differential can be integrated to produce Cartesian equations for
the surface. As the integration domain is two-dimensional, an integration path must be
prescribed; this question is addressed in the next section.
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Transformations from Cartesian equations to the CT are easily developed based
on equation (5.43). Indeed, explicit expressions for the partial derivatives of X can be
obtained from (5.43) as

X¢/cosn ri1 12 ¢ -
X ~ r rez) |1,

An expression for determining the CT of a surface given by parametric equations
X(£,m) is hence

Pt Pagfl 1X/cosn 1,X¢/cosn o
712 722 Xy L&,

5.2.3.1. Consistency Constraints for the 3-D CT

In this section, consistency constraints are determined for the CT function defined
on the Gaussian sphere. Equation (5.44) relates first derivatives of Cartesian coordi-
nates to the CT. This expression has a conceptual similarity to the expression for sur-
face reconstruction from needle maps [21]. In both cases, first derivatives of a func-
tion are given on a two-dimensional domain. In the case of the needle map, surface
reconstruction is possible only if the gradient field corresponding to the needle map is
curl-free. The curl-free condition, also referred to as an integrability constraint,
corresponds to a zero elevation gain on all closed loops in the image plane, and is
equivalent for smooth surfaces to equality of the mixed derivatives. This condition
guarantees that integration of the Cartesian coordinates is independent of integration
path and is a necessary and sufficient consistency constraint for a needle map. A simi-
lar condition is derived here for the CT by requiring equality of the mixed derivatives
X¢n and Xpg. These mixed derivatives are first evaluated from (5.44), taking into
account the derivatives of local unit vectors given in equation (3.50).

—

xgn = 5617(7‘ 11 Cosn)—l.g -+ 5617(7‘ 12 COST))Tn ARy COST)Tn

(5.46)
i.'l’)£= a—gr 12 — 722 SinT) _1.§ + ‘a%jrzz"l"rlz Sim') Tn_rlzcosnTn

The consistency constraints are obtained by comparing individual components of the
above expressions for the mixed derivatives.

—é%—(rucosn)= %—rlz—rzzsinn

a9 g :
——r,, = ——(r,cosn ) —r,,sinn
o¢ on
When the above consistency relations are verified, the integral of the differential d X is
independent of integration path.

(5.47)
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A second type of constraint must be satisfied by the components of the CT of a
convex object. Specifically, positivity of mean and Gaussian curvatures implies posi-
tivity of the trace (71 + 7 5 ) and of the determinant (7,75, —7 % )

5.2.4. Relations Among the ST, the VST and the CT of a Surface

In this section, relations among the three transforms of a given 3-D surface are
developed. From these relations, consistency constraints are determined for the ST
and for the VST.

By definition, the first component of the VST is identical to the scalar ST. Since
the ST representation is complete, the above relation indicates that the VST is redun-
dant. Comparing equations (5.38) and (5.35), it is straightforward to determine that

n=p
h = p¢/cosn (5.48)
vV =p,

h = ng/cosn

v=n, (5.49)

ve = 9/9n(h cosn)

where the first group of equations expresses the relations between the ST and the com-
ponents of the VST. The equations in the second set are relations among the three VST
components.

In addition to the above relations, a set of inequality constraints can be developed
for the ST and VST by relating these representations to the CT, then expressing the
convexity of the surface in terms of the CT representation. The relation between the
ST and CT is derived by considering the inverse ST equation,

REM=p¢EMT, + p ¢(€,m)/cosn Té & P (€ m) T,, (5.50)

and by comparing the derivatives of this expression with (5.44). The derivatives of
(5.50) are easily obtained with the derivatives of unit vectors in (3.50).

X¢/cosn i ) ég/coszn —pqtann  pey/cosm+py sinm/cos?n -’é
Xy N Penfcosm+p, sinn/cos®n p +p - T,,
(5.51)
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Comparing this expression with (5.44) produces the following expression for the CT
tensor in terms of the ST function p (£,7).

p +pggl/cos’n—ptanm  pg/cosm+ p g sinn/cos’n
Pegfcosm+pye sinn/cos?n p + P

11 712

12 T 22

65.52)

For a convex object surface, both the determinant and the trace of R must be positive.
The following inequalities must therefore be satisfied by p (£,7).

2p + pgg/coszn kB = Pytéinn >0 (5.53)
(p + pgg/coszn —potan)(p +p ) — (pgy/cosn + ‘z)gsimq/coszn)2 >0
Relations similar to (5.52) can be formulated between the VST and CT; these also

allow the development of convexity constraints for the VST. The relation between
VST and CT is given by

11 712 n +hg/cosn—vianm vg/cosm+h tann ( )
= 5.54
r12 r22 h,n n +\’,n
The resulting convexity constraints are
2n + hg/cosn + v, —vitann > 0 (5.55)

(n +hg/cosn—vianm ) n +v,)—h,(ve/cosn+htann) > 0

Considering equations (5.48) and (5.52), it can be observed that the ST, VST and
CT depend on derivatives of p up to orders 0, 1 and 2 respectively. This conclusion is
identical to the corresponding observation made for the transforms of planar curves.

5.2.5. Relations between the Extended Gaussian Image and the CT, VST, ST

In this section, relations between the extended Gaussian image (EGI) and the three
property sphere representations are developed. The EGI is a property sphere for the
inverse of the Gaussian curvature. The Gaussian curvature is the determinant of our
curvature tensor K and is also the inverse of the determinant of the radius of curva-
ture tensor R; see Section 3.2.5. Hence, the EGI is equal to the determinant of the CT.

G(é,m) = detR(¢£,m) (5.56)

where G denotes the EGI function. The CT function is hence a redundant superset of
the EGL. In the case of 2-D curves, the CT is identical to the EGI defined in [53). The
3-D EGI and the 3-D CT can be considered as two different generalizations to 3-D sur-
faces of the same representation for 2-D curves.
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The ST can be related to the EGI by combining (5.56) and (5.52).

G(Em = (p +py/cos’n—potann)p +p o) (5.57)
- (p g,,/cosn +p gsinn/ C08277)2 .

The above relation should prove useful in combining EGI and ST representations, such
as for the work presented in [45]. Finally, a relation between VST and EGI is obtained
by combining (5.56) and (5.54).

Gm)= (n +hg/cosn—viann)n +v,)

— h,(vg/cosn+htann) (G522

5.2.6. Examples of 3-D Transforms

In this section, the three transforms of a simple object are derived. These deriva-
tions illustrate the computation of transforms from parametric equations. The object
considered here is a sphere of radius R offset from origin, centered at P (X 4,Y 0,2 o)-
Transforms of more complicated object shapes are derived in Appendix 1.

Parametric equations for the sphere are given by
x = xqy+ R cosé cosm
Yy = Yo+ R sin{ cosn (5.59)
z =zo+ R sinm
The ST of this sphere is obtained by applying (5.29) to the above parametric equations
p(€m) = xycosécosn + yqsinécosn + z o sinn + R (5.60)

In the particular case where the center P, of the sphere is at the origin, the above
expression simplifies to p (§, 1) = R.

The VST of the sphere can be derived by applying equation (5.36) to (5.59).
X g cosécosn + yosinécosn + zysinn + R
s¢n) = —Xx o 8iné + y o cos§ (5.61)
—x o cosésinm — y o sinésinm + z 4 cosm
In the particular case that X, = 0, the VST is given by S(¢,m) = (R 00)7.

It is possible 1o derive the CT from the parametric equations in (5.59) by different
methods. Indeed, the CT can be determined directly from (5.59) with equation (5.45),
indirectly from the ST with equation (5.52), or indirectly from the VST with equation
(5.54) The indirect derivation via the ST is developed here.
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Partial derivatives of the ST can be evaluated as

p¢ = —xgsinfcosn + y, cosécosn

Pg = —xgcosécosn — ygsinécosn

P¢n = xgsinésinn — y cosésinn (5.62)
Py, = —xgcosésinn — yosinésinn + zcosn

Py = —Xgcosécosn + ygsinécosn — z sinn

Using the above derivatives, the 3-D CT function is determined as

11 712 D +p§§/coszn—pntann pgn/cosn+p§sinn/coszn
T2 T2 P gn/cos n+ pgsinn/cos p +p o,
RO
= 5.63
0 R (5.63)

Note that this result is independent of the position of the center of the sphere. The CT
function is identical to the curvature tensor of the sphere determined in Section 3.2.5..

Each 3-D transform contains large amounts of information, so that it is not easily
displayed on one graph. In Section 8, some 3-D transforms will be represented by
polar plots of their components on meridians of the Gaussian sphere.

5.3. SUMMARY

Three representations for closed curves and the corresponding representations for
3-D surfaces have been defined in this section. The motivation behind the study of
these representations is the simplification they introduce in the analysis of relations
between object shapes and silhouette shapes. In Section 6, three theorems will be
demonstrated, relating the transforms of a 3-D object to the transforms of its
silhouettes. Specifically, it will be shown that the properly circle of the silhouette in
an orthographic projection can be obtained by slicing the property sphere of the object
by a plane perpendicular to the viewing direction and going through the origin, then
appropriately projecting the vector or tensor information onto the slice plane. The
specific object properties represented by the three transforms were carefully chosen to
lead 1o such simple relations.

Aside from their interest in silhouettle analysis, the transforms presented in this
section can also be analyzed simply as representations of 2-D curves and 3-D surfaces.
Each of the transforms is now discussed individually in this respect.

In both 2-D and 3-D, the ST is quite similar to the support function, an explicit
equation for polar tangential coordinates. Although this form is known, it has not
received much attention in the graphics and vision fields.

The 2-D and 3-D VST are simply related to descriptions in terms of Cartesian
point coordinates, but their relation with the ST and CT is interesting for at least two
reasons. First, the relations between the ST and CT on one side, and the VST on the
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other side are quite simple, so that the VST may be used as an intermediate step when
converting the ST or the CT to a description in terms of Cartesian coordinates. In
some applications, when a Cartesian representation is required, the VST itself may be
appropriate, thereby eliminating the need for a different Cartesian representation. For
example, it should be easy to synthesize a shaded rendition of an object for a general
view-point, based on the VST only. A second interesting feature of the VST is that it
forms with the ST and CT, a range of representations depending on derivatives of p
up to orders 0, 1, 2. Instead of the VST which combines normal and tangential com-
ponents of rotated Cartesian coordinates, it is possible to describe property circles and
spheres describing only the tangential components. These representations would avoid
the trivial redundancy with the ST, but would not be uniquely invertible. For exam-
ple, the VST of a sphere centered at the origin is zero everywhere and does not depend
on the radius of the sphere. We have therefore preferred the definition of the VST
proposed in this section, and its interpretation as a complete description of point coor-
dinates of the object.

The CT representation of 2-D curves and 3-D surfaces will now be discussed.
Forms closely related to the 2-D CT have been proposed by various authors
[23, 53, 54). The 2-D CT is closely related to the intrinsic form relating radius of cur-
vature and normal orientation. Intrinsic descriptions of the shape of curves have been
extensively studied in differential geometry and are well known [52]. However, to the
best of the author’s knowledge, equivalent representations have not been proposed for
surfaces. The 3-D CT can be considered as such an intrinsic form for surfaces and
should therefore be of interest when analyzing the shapes of 3-D surfaces. Represen-
tations of surface shapes presented in textbooks of differential geometry usually rely
on two tensors, referred to as the tensor of the first fundamental form and the tensor
of the second fundamental form. The two tensors convey information about both the
shape of the surface and the parameterization used to define the surface. With this
formalism, it is not possible to retain a complete description of surface shape without
interfering with the description of the parameterization. The literature on surface
representation in machine vision seems strongly influenced by this description of sur-
faces in terms of fundamental form tensors. Characterizations of surface curvature
by local invariants have also been proposed. These invariants combine information
from the two fundamental tensors and are independent of parameterization. For
example, the extended Gaussian image defines surface shapes by one invariant, the
Gaussian curvature; a description of surfaces by t{wo invariants, the Gaussian and
mean curvatures, has also been proposed [40]. These representations, although inverti-
ble with appropriate boundary conditions, do not carry a complete local characteriza-
tion of surface shape. The 3-D CT representation proposed here is an elegant alterna-
tive to the classical shape description methods. 1t combines a new invariant curvature
tensor function with the parameterization used to represent normal orientations in the
extended Gaussian image. Relations between the CT and classical descriptions of sur-
face curvature are further addressed in Appendix 4.

The framework developed in this section for representating shapes stresses the
similarities between 2-D and 3-D, and suggests straightforward generalizations to
representations of n-dimensional hypersurfaces in (n+1)-dimensional space. These
generalizations are not addressed here.
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6.0 SILHOUETTE-SLICE THEOREMS

In this section, relations between the transforms of 3-D convex object surfaces
and the corresponding transforms of their 2-D silhouettes in orthographic projections
are determined. It turns out that these relations prescribe pointwise correspondences
between property-function values on the Gaussian sphere of the object and property-
function values on the Gaussian circle of the silhouette. Hence, there are two aspects
to the relation between 2-D and 3-D transforms. The first part of the relation deter-
mines which values of the 3-D object property sphere directly contribute to the
silhouette, whereas the second part specifies how the values of the 2-D transforms are
related to the values of the 3-D transforms at the corresponding points. These two
aspects of the relation are closely tied to the selection and projection steps of the clas-
sical silhouette construction method reviewed in Section 4.

The exact form of the relation between the transforms of the object and the
transforms of its silhouettes will be determined by applying the classical silhouette
construction method sketched in Fig.4.2 to the surface shape expressed as the inverse
transform of each of the three representations. The first step of the classical method
will indicate an equivalence of points on the Gaussian circle of the silhouette and
points on a slice of the Gaussian sphere of the object. The slice is the intersection of
the Gaussian sphere with a plane through the center and perpendicular to the viewing
direction. The second step of the classical silhouette construction will indicate how
transform values on the slice of the Gaussian sphere of the object are related to
transform values on the Gaussian circle of the silhouette. Specifically, it will be
shown that the silhouette ST values are identical to the object ST values on the slice,
and that the values of the VST and CT of the silhouette can be obtained by projecting
onto the slice plane the vector or tensor values of the corresponding 3-D transforms on
the slice of the object Gaussian sphere. The relations among 3-D objects, 2-D
silhouettes and their transforms have a strong conceptual similarity with the
Projection-Slice theorem of computerized tomography. The theorems describing the
relations in the case of silhouettes have been named Silhouette-Slice theorems to
underline this similarity.

In Section 6.1, the relation between Gaussian circles of silhouettes and slices of
the Gaussian sphere of the object is demonstrated. Relations among angular coordi-
nates on the sphere, the angular coordinate on the silhouette slice circle and the view-
ing direction are determined. ln Section 6.2, the transformation between local systems
of 3-D axes corresponding to the slice of the Gaussian sphere and local systems of axes
on the silhouette is derived. It will be shown that this transformation is the composi-
tion of two 3-D rotations and a projection, and that its expression can be substantially
simplified. In Section 6.4, relations between silhouette property circle functions and
object property sphere functions are determined by applying the transformation
derived in Section 6.2 to coordinates of points of the silhouette generator of the object,
expressed in terms of the ST, VST and CT representations. Finally, the results are dis-
cussed and compared with the Projection-Slice theorem of computerized tomography.
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6.1. SILHOUETTES, GAUSSIAN SPHERES AND GAUSSIAN CIRCLES

The first step in determining relations between silhouette properties and object
properties is to determine which object points contribute to the silhouette, and which
points of the silhouette are affected by which points of the object. It is shown in this
section that only the points on the great circle slice of the Gaussian sphere perpendicu-
lar to the viewing direction contribute to the silhouette, and that the points of the slice
are related to corresponding points of the silhouette by the Gaussian mapping.

The following discussion refers to Fig.6.1 which illustrates a 3-D object and its
orthographic silhouette in the image plane. Consider a point Pg; on the silhouette
generator of the object, its projection Pg in the image plane and its image P; on the
Gaussian sphere. First, by definition of the Gaussian mapping, the normal to the object
surface at Pg; is parallel to the normal to the sphere at Pg; . Second, since Pg; is on
the silhouette generator, the normal at Pg; is parallel to the projection plane, so that
its direction is unaffected by the projection operation. Hence, the normals to the
silhouette at Pg, to the object at Pg; and to the sphere at P; are all parallel. The
image of the silhouette generator on the Gaussian sphere is thus the set of points of the
sphere for which the normal orientation is perpendicular to the viewing direction.
This set of points is the great circle of the Gaussian sphere perpendicular to the

Viewing
Direction

Gaussian Sphere

Great
Circle
Slice

Silhouette
Generator

ol

Gatssian Circle

Silbeuette

Fig.6.1. Relation between the Silhouette Generator and a Slice of the Gaussian Sphere.
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viewing direction. Individual points of the silhouette and of the slice corresponding to
the same object point, such as Pg and P, are related by the parallelism of their nor-
mals. Therefore, the slice of the Gaussian sphere of the object is a Gaussian circle for
the silhouette. This conclusion is formalized as follows:

Silhouette-Slice Theorem 0: Each grear circle slice of the Gaussian Sphere of a
smooth convex object is the Gaussian Circle of the silhouette of the object in an ortho-
graphic projection on a plane parallel to the slice.

The above theorem is now complemented by trigonometric relations between the
angular coordinates (£,m) of points on the slice, the angular coordinate Y on the Gaus-
sian circle of the silhouette, and the angles (¢,0) specif ying the orientation of the
viewing direction. Consider the point P; on the slice of the Gaussian sphere
corresponding to the viewing direction V¥, as illustrated in Fig.6.2. For this point, the
five angles of interest appear in the spherical triangle AP; C, drawn in bold in the
figure. This triangle is also displayed "flattened out” with the values of all its ele-
ments on the same figure. The sixth element of the triangle ABC is related to the
angle o characterizing the orientation of the slice plane in local axes Pg; x; y, z; at Pg .
Applying the standard relations between elements of a right-angled spherical triangle
in[55] to the above triangle produces the following identities

sinp = tan(é—¢—7/2) tanw (a)
—cos(é—¢) = tanm tanf (b)

sinf = tan(é—¢—n/2) coty (c)

sinae = tanm cotys (d)

cosyy = tanf tana (e) 6.1)

sinm = cosf sinys (f) '
—cos(é—¢p) = cosa sinys (g)

sinf = cosn cosx (h)

sine = sin(é—¢) cosf (i)

cosy = cosm sin(é—¢) (j)

Note that the angles &, ¢, Y are defined over the range [—7,+7] and the angles 1, 0
over the range [—7/2,7/2]. The full range of these parameters is covered by relating
the quadrants of the arguments in the tangent trigonometric functions in expression

(6.1)(c).

For a fixed viewing direction (¢,8), the silhouette point with normal orientation
Y in the image plane corresponds to the object point with normal orientation (£,m) for
the values of these angles satisfying (6.1). Specifically, (6.1)(c) implicitly relates the
angles Y and ¢, whereas (6.1)(f) relates the angles  and 7. Explicit forms for these
relations are given by

¢ =& () =+ 7/2+ atan (sinf tanys )
N = nsg (Y) = asin ( cosh siny )
where the subscripts SG indicate that the angles correspond to points of the slice

(6.2)



2y

a w/2—0 K

E—dp—m/2

Fig.6.2. Great Circle Slice and Angles on the Gaussian Sphere

which are the images of points on the silhouette generator. In the above expression,
the range of the arcsine is (—7/2,7/2) and the quadrant of the arctangent must be the
quadrant of s when 6>0 and the quadrant symmetric with respect to the x-axis



otherwise. The above expressions can be considered as parametric solutions for equa-
tion (6.1)(b); this equation is equivalent to the equation of the silhouette generating
planes in (4.27). The solutions in (6.2) of this last equation were anticipated in Sec-
tion 4. The angle o is the tilt of the slice at each point relative to the local axes
P x;y,z;. This angle is useful when projecting vectors and tensors defined by their
components in local axes, onto the slice plane.

Equations (6.1) and (6.2) can be further exploited to derive expressions for the
differentials d £ and d 1 in terms of d s on the slice for a fixed viewing direction.
These relations are sketched in Fig.6.3; they will be useful when projecting
differentials of Cartesian coordinates expressed in terms of the CT. The differentials
of &£ and m along the silhouette generator could be evaluated from derivatives of (6.2),
but are evaluated here instead from the corresponding implicit forms (6.1)(c) and
(6.1)(f). For a fixed viewing direction, the differential d {¢; along the silhouette gen-
erator is obtained by differentiating a form equivalent to (6.1)(c), namely

—cotys = sinf tan(é—¢)
Gy sinf =

sin®y cos*(é—¢)
which can be simplified, using (6.1)(g) and (6.1)(h).
cosa
d = d )
€56 prm— Y (6.3)
z
v
dy
X
cosnd

Fig.6.3. Relation between Angle Differentials on the Slice.
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The expression for d 1g; is obtained by differentiating (6.1)(f).
sinm = cosf simys
—cosnd m = —cosf cosY d P
This can be further simplified using (6.1)(d).

d g = sinad o (6.4)
As a result, the normalized differential d £s; has the following form
cosnsg d €56 cosas
= =1 . (6.5)
€56 d Msc SINGsG By

where oag; refers to the value of o on the silhouette generator. This relation confirms
the geometrical intuition suggested by Fig.6.3.

6.2. PROJECTION OF THE SILHOUETTE GENERATOR

In the previous section, the set of points of the object property sphere which are
directly related to the silhouette was determined. In this section, a procedure for
relating values of the property functions of the silhouette to the values of the pro-
perty functions of the object is developed. This procedure consists of formally
expressing coordinates of silhouette generator points in terms of the transforms of the
object and applying the classical projection operation to these forms. Expressions for
the inverse transforms of the property spheres are simplest when object coordinates
are expressed in rotated axes at each point; they are given by

p(&m)
Xp(€m) = | pg€m)/cosn

Pn(&n)

n(¢m)
Xp€m) = [hm)| =3¢ m) (6.6)
v(ém)
00

dXp(Em)= |10
01

r11(§,77) rlz(gﬁl)
r12(€m) 7 (€M)

d &/cosn

d ) = I32 ﬁ(g’n) d g




The rotated coordinates of points on the silhouette generator are easily obtained from
the above expressions by replacing €3 ,n) by their values on the silhouette generator as
given in equation (6.2).

? (€sc (P),nse (P))
Xe(W) = | pésc (Y)mse (¥))/ cosngg ()

P o(€sc (Y).nse (W) (6.7)
Xp (\P) = _S(gsa (\»b)rnSG (\1’))

dXe(P) = I3y R(ése (W) nse (¥)) d €6

Note that the variables (£,) must be considered as independent when evaluating
derivatives p¢, p,, for the expression of the ST. However, the differentials dé, dnin
the expression for the CT must be taken along the great circle slice; their relations to
d s are given in (6.5).

The projection of points of the silhouette generator is now addressed. Coordinates
of silhouette points can be obtained by first converting the coordinates in rotated
frames in (6.7) to coordinates in global object axes by the transformation in (3.9), then
applying the projection transformation (3.21). Coordinates of silhouette points in glo-
bal axes of the projection plane are hence obtained from the rotated coordinates of the
object by

2, () = Ls RS CRE (¢ (Wmse (Y)) R (P) (6.8)

The operations described in the above equation correspond to the 3-D rotation Rf —G
from rotated to global coordinates, followed by the 3-D rotation R3G € from global to
camera axes, and finally the projection I, 3 along the first coordinate axis of the camera
frame. The composition of the two rotations in the above equation is a third rotation
which will be denoted by R3R ~C and which relates coordinates in the camera axes to
coordinates in rotated axes. This rotation is explicitly written as

R C=R{CREC (6.9)
cos¢pcosf  singcosh sinh cosécosn —siné —cosésinm
= —sing cos¢ 0 sinfcosn  cos§ —sinésinm
—cosgsind —singsinf cosd sinm 0] cosn

cosOcosncos(é—¢) + sinfsinm  —cosOsin(é—¢p) —cosOsinmncos(é—p) + sinfcosm
= cosmsin(é—¢) cos(é—¢) —sinmsin(é§—¢)
—cosmsinfcos(é—¢) + sinncosd  sinbsin(§—¢p)  sinmsinBcos(é—¢) + cosbeosm

When only rotated axes corresponding to points on the silhouette generator are con-
sidered, the angles in the above rotation matrix are related by the expressions in (6.1).
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The expression of R3R_c can then be simplified substantially. After tedious but
straightforward trigonometric manipulations, it can be shown that

0 _SinaSG Cosx g
R3 _C(fsc Msg ) = cosys —Cosagsg siny —sinogg sinys

sinys  Cosag; COSY  Sinogg Cosys
(6.10)
0 0O 1 1 0 0

= |cosy —sinf O O cosagg sinogg

Sin\p Cos‘l’ 0 0 _SinaSG Cosa g

This result can also be derived derived through geometrical reasoning on the composi-
tion of the two rotations in equation (6.9). Referring to Fig.0.4, the rotation from
rotated to camera axes links coordinates in axes parallel to the local orientations 1,
1¢ 1,, with coordinates in the global silhouctte axes X », Z,, Which are parallel to
1, 0 %z_o; It is clear that these two axes can be aligned with 1,, 1, by a rotation
around 1, with an angle «, followed by a rotation with an angle s around the rotated
1, axis.

The transformation from rotated object coordinates X to global silhouette coor-
dinates X, in the image plane is obtained by combining the above rotations with the
projection operator I, 5, producing

y4
v %
l.n Z gy
1,
6 ¢
X
t0
¥
an g
X

Fig.6.4. lllustration of the Composition of Rotations.



_ 6 —0 =
K, =I5 Rj3 Xp

0 _SinaSG COSO¢ g Xp
X 010 i ] )
= COSYy —COSOgs SiMYy —Sinags siny Ye
Z 001 .
siny  Cosog; COSY  Sinagg COSY Zp

cosy —cosagg sing —sinagg sing| | *R

= |'sing cosagg cosy  sinagg cosy YR (6.11)
ZR
3 xR
cosyr —sinys 1 0 0
T | siny cosys 0 cosog; sinogg YR
ZR

where the last form was obtained using the factorization of R§ ~C in (6.10). Com-
parison of this form with (3.7) suggests that a simpler expression for the imaging
transformation is obtained by expressing silhouette coordinates in rotated 2-D frames.

0 0 bl
= G—R —
x"R - R2 (‘b) x" - 0 COSQSG SinaSG YR (6.12)
ZR

This expression is now rewritten for the individual components of the silhouette coor-
dinate vector in the rotated frame.
XqR T XpR

: (6.13)
ZpRr = YpCOsag; t+ ZpSinogs

This simple expression is a key element in the derivation of the three Silhouette-
Slice theorems described in the next section. It formally expresses that for points on
the silhouette generator represented by coordinates in rotated axes, normal components
are unaffected by the projection operation. Components along the tangent plane are
projected as a 2-vector in the tangent plane 1o produce the corresponding silhouette
coordinate along the tangent in the projection plane. This relation between rotated
coordinates on the silhouette generator of the object and on the silhouette is illustrated
in Fig.6.5. The orientation involved in the above projection is the angle ag; character-
izing the orientation of the slice in local axes of the Gaussian sphere. Note the
equivalence of the first equation with the relation derived for the normal distance to
tangents in Section 4, specifically in equation (4.31).
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Fig.6.5. Projection of Rotated Coordinates.

6.3. PROPERTY CIRCLES OF SILHOUETTES

In this section, formal expressions for silhouettes in terms of the 3-D transforms
of the object are obtained by applying the projection transformation in (6.13) to the
coordinates of points on the silhouette generator in terms of the 3-D object transforms
in equation (6.2). The resulting expressions are then related to the corresponding 2-D
transforms of the silhouettes to obtain a direct relation between 3-D transforms of the
object and 2-D transforms of its silhouettes. These relations will be formalized as
three Silhouette-Slice theorems.



6.3.1. Silhouette-Slice Theorem for the Support Transform

When the imaging transformation for rotated coordinates in (6.13) is applied to
the rotated coordinates of silhouette generator points expressed in terms of the ST in
(6.6), the following equation is obtained for the silhouette coordinates in rotated local
axes.

X TR P

P ¢ cosa; / cosngg + p o sinogg

(6.14)
ZaR

where p and its derivatives in the right hand side must be evaluated at {=¢&; ,
N="s; » SO that the right hand side is implicitly parameterized in ys through €5 , Nsg
and ag; . This expression can be compared with the expression for rotated coordinates
in terms of the 2-D ST, namely

P
op /Y

where the index in p . indicates that this normal distance is relative to the silhouette
in the image plane. The equality between the first components in (6.15) reveals that
the ST function of the silhouette, p (i), is identical to the 3-D ST on the slice of the
Gaussian sphere of the object.

? - (P) = p (€sc (Y)nsg (P)) (6.16)

The identity between the second components of (6.15), and (6.14) is consistent with
the following evaluation of the partial derivative §p /Y-

gp__”_za_P=6_p désc 4 0P d Ngg _, COSOg;
6¢' 6¢' 6§ d \l) 67] d \’J £ COSTNsg

where (6.5) was used to determine d £/d s and d n/d . The relation between the ST
of the silhouette and the ST of the object is formalized as follows:

X
ki (6.15)

ZaR

+ p, sinogg (6.17)

Silhouette-Slice Theorem 1: The 2-D Support Transform of an orthographic
silhouette of a smooth convex object is the restriction of the 3-D Support Transform of
the object surface to the great-circle slice parallel 1o the projection plane.

This theorem indicates a silhouette construction method identical to the last
method presented in Section 4.

6.3.2. Silhouette-Slice Theorem for the Vector Support Transform

When the imaging transformation for rotated coordinates in (6.13) is applied to
the rotated coordinates of silhouette generator points expressed in terms of the VST in
(6.6), the following expression is obtained for the silhouette coordinates in rotated
axes.

X TR n

(6.18)

ZaR hCOSQSG +VSinaSG
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where the components (2 ,h,v) must be evaluated for {=€s;, N=Tsg » so that the
right hand side implicitly depends on s through 5, Mg and o . This expression
can be compared with the expression of coordinates in rotated axes in terms of the
VST, namely
nog
== t"T

where the indices in the components n ., t, indicate that these correspond to the
silhouette in the image plane. This comparison implies that the relation between the
3-D VST of the object and the 2-D VST of the silhouette is given by

n (Y)= n(&ss(P)nse (¥))
t ()= h(€se (P)nss (Y)cosags (Y) +v (€sg (Y),ns6 (‘P))Sinasc ()

(6.19)

The above equation for the projection of the VST components has the same geometrical
interpretation as the projection of rotated coordinates illustrated in Fig.6.5. The rela-
tion between the 3-D VST and the 2-D VST is formalized in the following theorem:

Silhouette-Slice Theorem 2: The 2-D Vector Support Transform of an ortho-
graphic silhouette of a smooth convex object is obtained by considering the restriction of
the 3-D Vector Support Transform of the object surface to the great-circle slice parallel
to the projection plane. The normal component of the 2-D VST is identical to its 3-D
counterpart on the slice, and the tangential component of the 2-D VST is obtained by
projecting the tangential part of the 3-D VST as a 2-vector onto the projection plane.

X 7R

Z 7R

6.3.3. Silhouette-Slice Theorem for the Curvature Transform

When the imaging transformation (6.13) is applied to the differentials of coordi-
nates of silhouette generator points in rotated coordinates in terms of the CT represen-
tation (6.6), then combined with the expression for the differentials of the angular
variables on the slice in (6.5), the following differentials are obtained for the
silhouette coordinates in rotated axes

dx'n'R 1 0 0 00 ii1 T2 COSt g
dzp | |0 cosag; sinogg C])(]) Fis Tap sinocg ay (6.20)

Combining the first two matrices on the right-hand side reveals that dx ,p = O and
that

i1 12 COSCISG

dZ'rrR =

COSQSG SinaSG

diy

Comparison of this equation with the expression of the 2-D differential of silhouette
coordinates in terms of the 2-D CT, namely dz ., = p({y)d s, reveals that the CT
function p(ys) of the silhouette is related to the 3-D CT function by

T'is T 29 sinogg
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1156 T 128G COS& g

p(YP) = | cosag; sinogg (6.21)

1256 T 225G SInGg;

where the dependence of the right-hand side on Y is implicit through ags; and
iise — Py (€56 :Msc )- The right-hand side of (6.21) is the projection of R along the
direction given by cosags, Sinog;. As the tensor of curvature is defined in the
tangent plane, (6.21) exactly corresponds to a projection of this tensor onto the trace
of the image plane in the tangent plane. This relation between silhouette curve CT and
object surface CT is formalized as follows:

Silhouette-Slice Theorem 3: The 2-D Curvature Transform of an orthographic
stlhouette of a smooth convex object is obtained by considering only the restriction of the
3-D Curvature Transform of the object surfuace to the great-circle slice parallel to the
projection plane, and projecting the tensor-valued object function on the slice onto the
projection planc.

In addition to relating the property functions for the CT, equation (6.21) indi-
cales a remarkable result relating the radius of curvature of the silhouette to the
radius of curvature tensor at the corresponding point of the object surface.
Remembering that o; is the angle betwecn the local y, -axis and the plane of the
slice, the above equation indicates that the radius of curvature of the silhouette is the
projection of the tensor of radius of curvature on the plane of the slice. This result is
the dual of a well known theorem due to Euler in the geometry of surfaces. Both
Euler’'s theorem and its dual are discussed in more detail in Appendix 3.

6.4. EXAMPLE: SILHOUETTE OF A SPHERE

The Silhouette-Slice theorems are illustrated in this section by the simple example
of a sphere of radius R centered at Po(x,v .2 o). as illustrated in Fig.6.6. The three
transforms of this sphere were evaluated in Section 5.2.6. Although this particular
example could be solved by a number of alternative methods, the approach used here
provides insight into the mechanism of analytic silhouette evaluation with the
Silhouette-Slice theorems. More coinplex illustrations of the Silhouette-Slice theorems
are provided in Section 8.

The 3-D ST of the sphere is given by
p (&) = xycosécosn + vy sinfcosn + zysinm + R (6.22)

For a viewing direction (¢,0), the 2-D ST of the silhouette is obtained from the above
expression with equation (6.16), as

P x(¥) = x o cosé; cosngg + yosinésg cosngg + zgsinng; + R (6.23)

where £g; ,Msg implicitly depend on (¢,0,ys) by equation (6.2). Replacing &g ,MsG
by these expressions, performing trigonometric manipulations and rearranging terms
produces

Pr = (—xgsing + y, cose) cosys

.24
+ (—x ( sinfcosp — y o sinBsing + z  cos Isinys + R L
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Fig.6.6. Projection of a Sphere

The coefhicients of cosys and sinys in the above expression can be recognized as the coor-
dinates x o, Z g Of the projection in the image plane of P, the center of the sphere.
Indeed, these coordinates are related to the 3-D coordinates (x 4,y 0,2 o) by

cos¢pcosf)  singcosf  sind X0

—sing cos¢p 0 Yo (6.25)
—cos¢sinf —singsinf cosf| | ;

010
001

X 0

Z0m

The 2-D ST of the silhouette is hence given by
2 () = x, jcos + zo,sing + R (6.26)

This expression is identical to the 2-D ST of a circle of radius R centered at
(xOn’Z O1r)'

The 3-D VST of the sphere is given by
x o cosgcosn + y o sinécosn + zsinn + R
s¢m) = —x osing + y o cosé (6.27)
—x o cosésinm — y o sinésinm + z o cosm
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The 2-D VST of the silhouette is obtained from the above expression by applying
equation (6.19). The resulting normal component of the VST is, by definition, identi-
cal to the 2-D ST derived above. The tangential component is given by

4 ﬂ(lll) B COSQSG h (ESG ’nSG ) + SinaSG % (fSG ,nSG ) (6.28)

The angles £,m,a in the above expression are replaced in terms of ¢,0,ys using (6.1) and
(6.2). After trigonometric manipulations, the result is found to be

t () = —x o SinNY + Z o, COSYs (6.29)

where X o, Z o are as defined above. The above result is identical to the tangential
component of the VST of a circle centered at (x o,Z o7r)-

The 3-D CT of the sphere was obtained in Section 5.2.6. as

RO
O R

The 2 D CT of the silhouette is obtained from the 3-D CT of the object with equation
(6.21) a

R= (6.30)

R O
O R

which is obviously the 2-D CT of a circle of radius R. Note that the ST is indepen-
dent of translations so that the position of the silhouette cannot be predicted by the
construction with the CT. The independence of the CT on translations is an advantage
in some applications, a disadvantage in others. Relative merits of the wvarious
transforms and Silhouette-Slice theorems are discussed in Section 8 in the context of
applications presented there.

COSOs; )

p(ll»’) — COSO(SG SinaSG ] SinaSG

6.5. DISCUSSION

In this section, theorems have been proposed to relate representations of
silhouette curves in terms of functions on their Gaussian circles to the corresponding
representations of object surfaces in terms of functions on the Gaussian sphere. Two
additional aspects of the Silhouette-Slice theory will be discussed in this section,
namely its relation with the Projection-Slice theorem in computerized tomography,
and an interpretation of the 3-D transforms as compact representations of the collec-
tion of all silhouettes of an object.

6.5.1. Comparison: Silhouette-Slice Theorems and Projection-Slice Theorem

The formal relations among an opaque convex object, its silhouettes, and their
representations on Gaussian images are sketched in Fig.6.7. The concept of this
diagram bears a strong similarity with that relating an absorbing object, its line-
integral projections and their Fourier Transforms, sketched in Fig.6.8. This last set of
relations is important in the field of computerized tomography, and is referred to as
the Projection-Slice Theorem to stress the duality between projection in object space
and slicing in transform space. The similarity between this result and the new
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3-D — Property
Object Sphere
Surface - of Object
Projection Slice
2-D —— Property
Silhouette Circle
Curve <«— | of Silhouette

Fig.6.7. Block Diagram for the Silhouette-Slice Concept

3-D ——> | 3-D Fourier
Attenuating Transform
Object -— of Object
Projection Slice

2-D ——— | 2-D Fourier

Line-integral Transform

Projection <

of Projection

Fig.6.8. Block Diagram for the Projection-Slice Theorem

relations presented in this report has suggested the name of Silhouette-Slice Theorems
for the new relations, to stress the duality between silhouette construction in the
object domain and slicing in the model domain.

In spite of the formal similarity between the Projection-Slice theory and the
Silhouette-Slice theory, there are substantial differences between the two formalisms.
First, the Projection-Slice theorem applies to absorbing objects which can be defined by
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a real-valued function defined in 3-space, whereas the Silhouette-Slice theorems apply
to opaque objects which can be described by functions of two variables, or by func-
tions with binary values defined in 3-space. Second, the Fourier transform used in the
Projection-Slice theorem is an integral transform, where each value of the transform
depends on all the values of the function specifying the object. On the other hand, the
transforms of opaque objects defined in Section § of this report are point transforma-
tions where each value of the transform depends only on the value of a function
defining the object at one point.

It is possible that a theory of silhouettes comparable to the one presented in this
report could be obtained by modeling an opaque object as an object with a finite uni-
form absorption coefficient, to which the Projection-Slice theory applies, then consider-
ing the limit of the line-integral projection when the absorption coefficient becomes
infinite. This approach to silhouette analysis would provide a nice bridge between
theories for absorbing objects and for opaque objects, but we have not been able to find
an appropriate formulation for the limiting argument.

6.5.2. 3-D Transforms as Compact Representations of Silhouettes

The relation between slices of 3-D transforms of objects on the Gaussian sphere
and 2-D transforms of silhouettes leads 10 the interpretation of the 3-D transforms as
indirect representations of the set of all silhouettes of a convex object. Indeed, for any
given orientation of the viewing direction, simple representations of the silhouetie,
namely the ST, the VST and the CT, are obtained by slicing the corresponding 3-D
representation of the object. It is worthwhile to emphasize that this type of construc-
tion is possible only for selected representations of the silhouettes. It is tempting to
investigate the existence of other 3-D representations of objects, for which a slice
would be related to the silhouette by expressions simpler than the inverses of the ST,
VST and CT. For example, one could try to construct a "dual" object, such that a
silhouette of the original object is identical to a slice of the dual object. A simple
counter-example suggests that this construction fails in most cases.

Consider a cube and the silhouettes of this cube obtained for a set of viewing
directions covering a 180° arc around the cube; this set of directions and one particu-
lar silhouette are represented in Fig.6.9 a). 1f a "dual" object of the cube exists, it can
be constructed by superimposing the set of silhouettes corresponding to the viewing
directions in Fig.6.9 around a center, while keeping their respective orientations. The
resulting object is shown in Fig.6.9b), where the contribution of the particular
silhouette illustrated in Fig.6.9a) is drawn in bold. It is easy 1o sce that this object
does not have the desired property by considering a viewing direction outside the set
used to synthesize this candidate dual object. One such viewing direction is shown in
Fig.6.9a) and the corresponding slice in Fig.6.9b). This slice is quite different from the
actual silhouette, which is a perfect square. As each silhouette of a 3-D object is two-
dimensional and as the set of viewing directions is two-dimensional also, a "dual”
object whose slices are the silhouettes of the original object is necessarily four-
dimensional, unless special relations among individual silhouettes are exploited.

The three transforms presented in Section 5 are compact representations of the set
of all silhouettes of the object, as they are only three-dimensional as is the object
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a) b)

Fig.6.9. Counter-Example of a Direct Representation of all Silhouettes.
a) Object, a particular silhouette and the set of viewing directions.
b) Dual object constructed from a set of silhouettes, and a test slice.

itself. In order to obtain this compactness of representations, redundancies among
individual silhouettes must be detected and exploited. The existence of redundancies
between the set of all silhouettes of a single object are now discussed, together with
their impact on the representations of silhouettes and 3-D objects.

Redundancies among silhouettes of an object can be expected in the general case
only when relating the contribution of the same surface element in different
silhouettes. Consider the set S; of all silhouettes for which the point P on the object
surface is on the silhouette generator. This set of silhouettes corresponds to all the
viewing directions perpendicular to the normal Ny at P ; see Fig.6.10. Let P ; be the
projection of Py on each silhouette S;. We have identified three properties of the
silhouette curves around the points Pg,; which have a high degree of redundancy
among the different silhouettes S;. The first two properties are the projections onto
the normal and tangent at Pg,; of the vector from the origin O ;; to Py,;. The third
property is the radius of curvature, p;, of the silhouette curve at Po,;. It is straight-
forward to show that the normal components of the vector O ,Pq,; are identical for
all silhouettes and that the tangential components of these vectors are the result of the
vector projection of a single 2-vector in the tangent plane. Finally, the relation
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Fig.6.10. Set of Viewing Directions for which P is on the Silhouette Generator.

between the curvatures of the S;’s at Pg,; is given by the dual of Euler’s theorem
discussed in Appendix 3. This theorem shows that the radii p; depend on the orienta-
tion of the viewing direction as a function specified by only three independent parame-
ters, namely the components of the 2x2 tensor of curvature of the surface at P,

The above argument clarifies the redundancy between silhouettes corresponding
to different viewing directions. This redundancy is now related to property circles
and spheres by considering the image Py; of P on the Gaussian sphere, the property
sphere value at P , and the values of the various silhouette property circles at P .
It is easy to see that the slices corresponding to the set S; are all the great circles pass-
ing through P,; drawn on Fig.6.11. The relations between property circles defined on
these slices at the point Pg; correspond to the relations between silhouette properties
at Po;; . For the transforms defined in Section 5, the ST property functions have the
same value on each slice at P; , the VST tangential functions are projections of a sin-
gle 2-vector, and the CT functions are projections of a 2x2 tensor.

We have shown in this section that the Silhouette-Slice theorems provide an
interpretation of the 3-D transforms as compact representations of the set of all
silhouettes of a convex object. In addition, we have shown which type of constraints
must be satisfied by property circles for constructing compact 3-D representations of
silhouettes. It is conjectured that, aside from higher order properties corresponding to
terms of order 3 and higher of Taylor expansions of curves and surfaces, there are no
property spheres and circles representing metric information, other than the ST, VST
and CT, for which the Silhouette-Slice theory applies.




Fig.6.11. Slices of the Gausian Sphere corresponding to Silhouettes including P,

6.6. SUMMARY

In this section, theorems have been proposed to relate representations of
silhouette eurves in terms of functions on their Gaussian circles to the corresponding
representations of object surfaces in terms of functions on the Gaussian sphere. It was
first shown that the silhouette representations are directly related to a great-circle
slice of the object representations. In the second step, the silhouette property func-
tions on the Gaussian circle were related to the object property functions on the slice
of the Gaussian sphere. The relations are an identity for the ST function and for the
normal component of the VST function, a vector projection for the tangential part of
the VST function and a tensor projection for the CT function. It is interesting to note
the correspondence between the projection operations applied to great circle slices,
which are projections of scalars, vectors and tensors, and the observation that the ST,
VST and CT depend on derivatives of p () up to orders 0, 1 and 2 respectively.

The silhouette theory developed in this section is applicable to smooth strictly
convex objects only. In the following section, these results will be extended to objects
with corners, edges and planar faces, and to their silhouettes. In Section 8, a number
of examples of silhouette construction with the three theorems are presented; one of
these examples shows that the results are sometimes valid even for non-convex
objects. Other potential applications of the Silhouette-Slice theorems are also dis-
cussed in Section 8.
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7.0 EXTENSIONS TO SURFACES WITH EDGES
AND CORNERS AND THEIR SILHOUETTES

In Sections § and 6, a theory relating the shapes of smooth strictly convex object
surfaces and the shapes of their silhouettes was developed. In this section, extensions
of this theory to more general types of objects will be investigated; specifically, object
surfaces with abrupt changes of curvature, edges, corners and embedded straight seg-
ments will be considered. Using limiting arguments, it will be shown that most of the
results developed so far for smooth surfaces can be extended to these types of sur-
faces. In Section 7.1, the basic method for obtaining the extensions is developed. In
the subsequent sections, the extensions themselves are analyzed successively for the
circular transforms of 2-D curves, for the spherical transforms of 3-D surfaces, and
finally for the Silhouette-Slice theorems relating the transforms of the object to the
transforms of its silhouettes

7.1. EXTENSIONS OF THEORIES DEVELOPED FOR SMOOTH SURFACES

Extensions of the theories developed so far, to include abrupt changes of curva-
ture are trivial. Indeed, continuity of curvatures, which is identical to continuity of
second derivatives, was exploited only in the derivation of consistency constraints for
the 3-D CT in Section 5.2.3.1. Except for these conclusions on consistency, all the
theories developed in Sections 5 and 6 are valid for surfaces with curvature discon-
tinuities and their silhouettes. The other extensions of silhouette analysis will be
developed with the following argument. Each convex surface L,g ,whether or not
smooth and strictly convex, can be considered as the limit of a sequence {ES,-} of
smooth strictly convex surfaces. In the presence of edges and corners in Zyg, the
sequence {Lg; } could be constructed as dilations [56] of the object with balls with
radii 1/i. For each surface Lg;, the 3-D spherical transform is well defined and can
be evaluated by the methods developed in Section 5. For a given viewing direction, the
Silhouette-Slice theorems apply to these spherical transforms and determine the circu-
lar transforms of the silhouettes corresponding to each Xg; . Finally, these transforms
can be inverted to determine the silhouettes Sg; of all surfaces Eg;. If the initial
object surface Xy is smooth and strictly convex, the sequence of 3-D transforms of
the Xg; converge to the 3-D transform of Xy, the 2-D transforms obtained with the
Silhouette-Slice theorem converge to the 2-D transform of the silhouette Syg of Ly,
and the silhouettes S; themselves converge to Sy .

Convergence of the above sequences is now investigated in the case where Iy
does not satisfy the smoothness and/or strict convexity constraints required for the
theories developed in Sections 5 and 6. Although the surface Ly is not smooth, its
silhouette Sy is well defined, and it is obvious that the sequence of silhouettes {Sg; }
of the surfaces Lg; converges to the silhouette Syg. However, convergence of the
spherical transforms of the Lg; and of the circular transforms of the Sg; is not
guaranteed. Since the transforms are defined as functions on the Gaussian images of
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curves and surfaces, convergence must be analyzed for both the Gaussian mapping
itself and for the property functions defined on the Gaussian circle/sphere. Conver-
gence of the mapping is analyzed first. During our analysis of particular discontinui-
ties, it will become apparent that the Gaussian mapping converges to singular map-
pings in the neighborhood of each discontinuity. Two basic types of singularities will
be observed. In the first type, one point of the object is mapped onto many points of
the Gaussian image. In the second type of singularity, many points of the object are
mapped to the same point of the Gaussian image. For the first type of singularity, each
point of the Gaussian image of Zyg corresponds to a single point of the surface. We
will show that in this case, the spherical transforms of g are well defined and equal
to the limits of the transforms of the Zg;. For the second type of singularity how-
ever, only the CT converges in the space of continuous functions. The limits are func-
tions of class C  for the VST and generalized functions for the CT.

The extension of the class of surfaces of interest has implications also on the
inverse transforms of the circular and spherical functions. The case of the 2-D inverse
transforms is considered first. The result of the inverse circular transform is a set of
equations parameterized with the normal orientation angle Y. For a curve with
straight segments, a set of equations parameterized with Y cannot explicitly define all
the points of the curve, as is now illustrated by the example of a square with rounded
corners; this curve is sketched in Fig.7.1a).

4 N

N N

a) b)

Fig.7.1. Curve with Straight Edges. a) Complete Curve.
b) Points explicitly defined by the parametric equations.
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It is defined by the parametric equations

x cosys + sign (cosy)
_ < 7.1
z sinys + sign (siny) A e L)
where
1 for x>0
sign(x) =

—1 otherwise

By definition, a curve is the set of points obtained as the image of the domain in
parameter space in the transformations specified by the parametric equations. Hence,
only the four arcs of circle displayed in Fig.7.1b) are defined by (7.1). In order to
define the curve in Fig.7.1a) by parametric equations such as (7.1), it is necessary to
consider this representation in a wider sense, namely that the image of the mapping
(7.1) from the parameter space to R? is a set of arcs such as those in Fig.7.1b), and that
these arcs must be implicitly joined by straight segments. Equivalent arguments show
that inverse transforms of surfaces for which the Gaussian mapping has singulartities
of the second type also represent surface patches with gaps corresponding to the
straight components. These inverse transforms must also be considered in a wide
sense, with straight segments implicitly bridging the gaps.

In order to make precise conclusions about the limits of the sequences of surfaces,
silhouettes and transforms defined above, several issues must be addressed. For exam-
ple, the type of convergence of the sequences of 2-D curves and 3-D surfaces must be
defined and it must be shown that the limits of the sequences depend only on the sur-
face being approximated, not on the particular sequence {ES,- }. These and other issues
are important to develop a mathematical theory, but we have decided instead to rely
on inuitive reasoning and to focus on qualitative interpretations of the results.

7.2. EXTENSIONS OF THE CIRCULAR TRANSFORMS OF 2-D CURVES

In this section, the circular transforms are extended to curves with corners and
edges. In the neighborhood of a corner, a curve is considered as the limit of a sequence
of curves with a rounded corner, as the radius of the corner tends to zero. In the
neighborhood of a straight edge, the curve is considered as the limit of a sequence of
arcs, as the curvature of the arc tends to zero. Finally, the extensions are illustrated
by defining a rectangle as the limit of a sequence of superconics of degree n for n —co.
The rectangle has both corners and straight edges.: its circular transforms obtained
with the sequence of superconics are consistent with the results obtained for indivi-
dual corners and straight edges.

7.2.1. Circular Transforms for a Curve with Corners

The circular transforms are considered here for a corner joining two edges with
normals 114, 1, and corresponding normal orientations s, {s,; see Fig.7.2. The corner
is modeled as the limit of a sequence of arcs joining the two straight edges, as the
radius of the arc tends to zero. Each one of these arcs is mapped to the arc ﬁbl, P, ] of
the Gaussian circle. The image of the corner on the Gaussian circle is hence the arc
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Fig.7.2. Curve with a Corner.
a)Sequence of curves approximating the corner. b) Gaussian circles.

[, ¥,] joining the images of the sides of the corner. The singularity of the Gaussian
mapping is of the first type. Each point of the Gaussian circle represents one point of
the object and the sequence of transforms converges to continuous functions. In addi-
tion, the values of the three transforms are well defined everywhere in the limit. The
inverse transforms correctly reconstruct all the points of the original curve. Among
all the transforms, the presence of the corner is conspicuous only in the CT, where the
radius of curvature is zero over the image of the corner on the Gaussian circle. The
length of the null arc representing the corner in the CT is equal to the exterior angle
Y,—s; of the silhouette corner.

7.2.2. Circular Transforms for a Curve with Edges

In this section, the circular transforms are considered for a straight edge of length
{ and normal orientation {55, from A to B; this edge is considered as the limit of a
sequence of arcs joining A and B, when the radius of curvature of the arcs increases
without bound; sce Fig.7.3. The image of each arc AB on the Gaussian circle is a
small segment of the circle around Y as for example, the bold arc in Fig.7.3b). In the
limit, all points of the edge AB map to the single point Y=y, of the Gaussian circle.
As the normal orientation is identical for all points on a straight edge, it is natural
that the limiting process defines the Gaussian image of the segment as the single point
Y=y, corresponding to this orientation. For an edge then, the Gaussian mapping has a
singularity of the second type. One consequence is that parametric equations defining
a curve with edges in terms of normal orientation must be considered in the wide
sense defined in Section 7.1.

The effect of the singularity of the mapping is now investigated for each of the
three circular transforms. In the simple case of a straight edge, it is possible to obtain
the resulting transforms without applying the limiting argument. In the case of the
ST, the normal distance to the tangent is, by definition, identical for all points on a
straight edge. As a consequence, this unique value unambiguously determines the
value of the ST for Yy=1s,. Examining the tangential component ¢ of the VST next, it
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Fig.7.3. Curve with a Straight Edge.
a) Sequence of curves approximating the straight edge. b) Gaussian images.

can be observed that ¢, by definition the distance between the contact point and the
projection of the origin on the tangent, varies continuously along the edge, with a total
variation equal to the length [ of the edge. The t -component of the VST has hence a
step discontinuity of height [ at ys,. Finally, the effect of the edge on the CT can be
predicted with equation (5.20), p(y) = p () +1 y(). As p(¥) is continuous and
t (\p) has a step discontinuity of height [, it can be predicted that ¢ v and therefore p
have an impulse of height [. This conjecture can be verified by noting that, if s
represents the arc length along the curve,

1]
s()—s W) = [ p(y)d ¥ (7.2)
2]
so that
Vote
) =m| sl =5 (\po—e)l =1lim [ p(p)dy (7.3)
€0 e—0y)
Therefore, s () must have an impulse with height { at ys,.
p(p) = 1 8(Y—yy) (7.4)

7.2.3. Example: Transforms of a Rectangle

The extensions of the circular transforms obtained in the previous sections are
illustrated here by the example of a rectangle, considered as the limit of a sequence of
superconics. A superconic can be defined by the implicit equation

n
=
|a

n

5 =1 (7.5)

<
b
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This curve is smooth and strictly convex for 1 <n <oo, and tends for n —co to a rec-
tangle with sides 2a, 2b centered at the origin: see Fig.7.4. The circular transforms of
the superconic are derived in Appendix 1; the property functions are given by

1/k +1
p = | lacosy ¥ + |bsing | ¥ ! (7.6)
k +1
5= i =p7*|.. k +1 ? k=1 4 pk+1) k=1 (7.7)
t sinyr cosy(—a“ T lcosy 1“7+ b5 T I sing 14 71)
i) = k (ab)**! | cosy siny|* ! —
(7.8)

k +1

la cosy |1 + |bsimp | ¥ 1!

where k = 1/(n—1). The limits of the above transforms are now considered for
n —oo, so that £ —0.

l}in})p(\[;) = lacosy! + |bsimpl (7.9)
l}in})z () = —a siny sign (cosy) + b cosys sign (sinys) (7.10)

oo for Yy=0,7/2, 7, 3m/2

(7.11)
O otherwise

kli_n'}) p(y) =

It is clear from the above expressions that the ST is continuous, although it has slope
discontinuities at Y = 0, w/2, m, 3w/2. The expression for ¢ reveals discontinuities
with alternating heights 2b and 2a for the same values of . Finally, the CT func-
tion contains impulses at these four values of . The strengths of the impulses in the
limit for £ —0 can be determined by integration. For example, the height A of the
impulse at Y= 0 is determined as

+e€
h = lim li d
g b J pwia
" | cosy sing 1 ¥ 1 d
= lim lim k (ab }* *! -
i Jm 0¥ ] Zx

la cosy 1% +1 + Ibsim[;l"“l

€
= lim lim 2bk ldy=2b
ling Jim 26¢ [~ 9
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Curves Support Transforms

t-component of VST's Curvature Transforms

Fig.7.4. Circular Transforms of a Rectangle and of a Sequence of Superconics.
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The height of the remaining impulses can be determined by symmetry, so that

limp(y) = 2a | &(yp—m/2) +&(y=3m/2) | +2b I &(¢) + 8(y—m) (7.12)

The above result confirms that the value of the CT is zero for the segments of the
Gaussian circle corresponding to the corners of the rectangle. The impulses are located
at the images of the sides on the Gaussian circle and have strengths equal to the
lengths of the edges. Parametric equations for the rectangle can be obtained by invert-
ing any of the circular transforms determined above; the result is given by

x = a sign (cosy)

y = b sign (sing) (7.13)

Note that these equations explicitly represent only the four corners ol the rectangle.
The limits of the transforms for the rectangle are displayed together with transforms
of the superconics in the limiting sequence, in Fig.7.4. The various discontinuities of
the circular transforms of the rectangle are consistent with the relations ¢ = p,
p=p tpyy

Summarizing the extensions of the 2-D transforms, curves with corners are
readily accomodated by the formalism developed for the ST, VST and CT in terms of
smooth curves. The direct and inverse transforms also apply to curves with straight
edges, when generalized functions are considered for the CT, and when the parametric
functions in terins of normal orientation are considered in an extended sense.

7.3. EXTENSIONS OF THE SPHERICAL TRANSFORMS OF 3-1) SURFACES

Extensions of the spherical transforms are considered in this section successively
for surfaces with curved edges, developable surfaces, surfaces with straight edges,
corners, and planar faces.

Each non-smooth surface is considered as the limit of a sequence of smooth sur-
faces, and its transforms are defined as the limit of the transforms of the surfaces in
the sequence. It can be shown by arguments similar to the ones exploited for curves,
that the extension of the forward and inverse transforms is straightforward when the
Gaussian mapping has only singularities of the first type, which is the case for surfaces
with curved edges and corners. Furthermore, it turns out that the extensions are also
straightforward for the ST of surfaces with any of the discontinuities listed above.
Extension of the VST to all these surfaces requires only to allow step discontinuities
in the tangential components of the spherical function. The discussion of this section
will therefore emphasize the two remaining aspects, namely the definition of the Gaus-
sian mapping for non-smooth surfaces, and the singularities introduced in the CT ten-
sor when representing straight surface components.
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7.3.1. Curved Edges

The first singularity considered here is a curved edge, such as the edge joining two
segments of sphere in the object illustrated in Fig.7.5a). This type of edge can be con-
sidered as the limiting case of a torus patch which smoothly joins the two faces of the
edge, when the section radius of the torus tends to zero. A sample of the limiting
sequence is illustrated in Fig.7.5¢). In this example, the torus patch smoothly "fills"
the gap between the surfaces on each side of the edge, which have normals with lati-
tudes 7y, M,. As the section radius goes to zero, the image of the smooth edge on the

o,
n,
b)
c) d)

Fig.7.5. Surface with a Curved Edge
a) Surface with sharp edge. b) Gaussian image of a point on the edge.
c) Surface with smooth edge. d) Gaussian image of smooth edge.
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Gaussian sphere is unchanged. In the limit then, each point on the curved edge is
mapped to an arc of points on the Gaussian sphere, namely the great circle arc joining
the limits of the normals on both sides of the edge. For example, the point P at long-
itude &, on the curved edge in Fig.7.5a) is mapped to the arc between T¥y(£(,m,) and
n,(£4,m,) on the Gaussian sphere, see Fig.7.5b). The Gaussian mapping has a singular-
ity of type 1, so that the three transforms and their inverses are well defined. The
presence of the curved edge is not clearly apparent in the ST and the VST of the sur-
face, but the limiting argument can be used to determine that the CT has special
values on the Gaussian image of the corner. In Appendix 1, the CT of a torus patch
with cross-section radius r and principal radius R is determined to be

R +r cosn 0
- cosm (7.14)
Rtorus = 0 7 ™ < n < N>

The CT value corresponding to the curved edge is obtained as the limit of the above
expression as r —0, namely

R/cosm O
0 0

In our example, the edge is oriented along the local axis Tg. More generally, the CT
tensor on a curved edge is singular, i.e. its determinant is zero. The principal values in
our example are zero and R /cosm, the second of which is related to but not equal to
the radius of curvature of the edge. In addition to being curved, a general edge may
also be twisted. However, torsion of a curve is related to third order derivatives of
the equations of the curve [47, 52]). Therefore, the expression of the CT for a twisted
edge is similar to that for a planar curved edge.

R= N1 <My (7.15)

7.3.2. Developable Surfaces

The case of a developable surface is considered in this section, and illustrated by
the example of a section of cylinder with radius 7 and length [ ; see Fig.7.6a). This
section of cylinder will be considered as the limit of sections of tori with constant sec-
tion radius 7, increasing principal radius R and constant length { = R (§,—¢,) along
the principal axis. One of these torus sections is illustrated in Fig.7.6c). The image of
the section of torus on the Gaussian sphere is the area between the two meridians with
longitudes €,, £,, shown on Fig.7.6d). As the radius R increases 10 oo, the longitude
interval {,—¢;=10/R decreases to zero. In the limit, all points on each generatrix of
the cylinder are mapped onto a single point of the Gaussian sphere, and the cylinder
surface is mapped to a single meridian £=§, sketched in Fig.7.6b). The Gaussian
mapping has a singularity of the second type .
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a) b)

€2

c) d)

Fig.7.6. Developable Surfaces.
a) Section of a Cylinder. b) Gaussian Image of Cylinder.
¢) Section of a Torus. d) Gaussian Image of Torus.
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The CT values corresponding to the torus patch are obtained by the limiting pro-
cess

R. = i
cyl R—'oo,Rl?gz—gl)=l torus
R +7rcosn 0
. cosm
= e g | k=) —uil—5)]
where
1 x20
u(x)= 0 x <0
[ 8(§ _'§()) 0
cosn (7.16)
ﬁc'yl = 0 s

7.3.3. Straight Edges

A straight edge £ with length [ joining two faces with normals 1;, I, is now
considered, and defined as the limit of a cylinder patch joining the two faces when the
radius of the cylinder goes to zero. The edge is depicted in Fig.7.7a), and a rounded
surface in the limiting sequence in Fig.7.7¢). The image on the Gaussian sphere of the
cylinders in the limiting sequence is the great circle arc Iy, I, sketched in Fig.7.7d),
and is defined in the limit as the image of the edge £: see Fig.7.7b). The singularity of
the Gaussian mapping for this edge is complex, as each point and all points on the edge
are mapped 1o the arc j 5.

The behavior of the CT corresponding 1o this edge is now investigated. The CT of
the edge is determined as the limit of the CT's of cylinders in (7.16), as r =0. As a
consequence, impulses with strength [ /cosm are introduced in the tensor component
parallel to the edge, at all points of the Gaussian image of the edge. For example, for a
horizontal edge with longitude £ joining faces with normal latitudes m,, 1,, the con-
tribution of the edge 1o the CT tensor is the impulse ridge

L 18—ty [10
Redge = ey 00

Note that the CT value at the points of the Gaussian sphere corresponding to the
straight edge has one zero eigenvalue while the other eigenvalue has an impulse.

(u(n=,)—u(n—;,)) (7.17)

cosm
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Fig.7.7. Surface with a Straight Edge.
a) Sharp straight edge. b) Gaussian image of edge.

d)

¢) Smooth straight edge. d) Gaussian image of smooth edge.
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7.3.4. Corners

The Gaussian mapping and the transform values are now considered for surface
corners. A corner is defined as the limit of a rounded corner when the size of the
rounding becomes arbitrarily small. A polyhedral corner Py is considered first, at the
intersection of three faces with normal orientations W, W5, N3, as illustrated in
Fig.7.8a). The image on the Gaussian sphere of a rounded corner approximating the
corner at P covers the area between the three great circle arcs TN, N,N3, N3N,
illustrated in Fig.7.8b). The limiting process defines the Gaussian image of the sharp
corner to be the same area. The Gaussian mapping has a singularity of 'the first type, so
that the spherical functions and their transforms are well defined. Among the three
transform functions, only the CT has a special value at a corner, namely the null ten-
sor

00
00

Polyhedral corners with three or more faces are mapped to spherical polygons on the
Gaussian sphere. In general, the image of convex corners is a convex area on the Gaus-
sian sphere. An example of a corner surrounded by a smooth curved surface is given
by the tip of an object similar in shape to a football; the image of the corner on the
Gaussian sphere is an area limited by a small circle. The surface and the Gaussian
image of the corner are displayed in Fig.7.9.

R =

corner

(7.18)

ﬁ' o
3 A
P,
/ ﬁ2 ﬁz
n, n
a) b)

Fig.7.8. Surface Corner.
a) Polyhedral Corner. b) Gaussian Image of the Corner.
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a) b)

Fig.7.9. Surface Corner.
a) Corner on a single curved surface. b) Gaussian image of the corner.

7.3.5. Planar Faces

The discontinuity corresponding to a planar face with normal orientation N is
now addressed. The image of this face in the Gaussian mapping is first considered. All
points of the face have the same normal orientation T, and are therefore mapped to
the corresponding point of the Gaussian sphere: see Fig.7.10. The Gaussian mapping
has a singularity of the second type on a neighborhood containing the face. The

n, No

< G

a) b)

Fig.7.10. Planar Face. a) Surface element. b) Gaussian Image.
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representation in terms of normal orientations is hence defined only in the extended
sense, as are the inverse spherical transforms.

The values of the spherical transforms are now considered. First, the normal dis-
tance between the origin and the tangents is identical for all points on a planar face.
The ST value is hence well defined for the point corresponding to iy on the Gaussian
sphere. However, the tangential components of the VST are measured in the plane of
the face and have therefore a different value at each point of the face. The tangential
VST components are hence undefined at Ty and the VST function has step discontinui-
ties at this point of the Gaussian sphere. Considering the behavior of the CT around
1, the correspondence with the case of an edge for a planar curve suggests describing
the planar face by a tensor impulse in the CT. This conjecture happens to be false
however, as it is not possible to explicitly define the shape of any face boundary by
only three numbers, the three CT components. It is not possible in general to ade-
quately describe a planar face locally by the CT function on the Gaussian sphere.

The results obtained in this section for the description of non-smooth convex 3-D
surfaces by the three spherical transforins are now summarized. At corners and edges
of a surface, one point of the surface is mapped to many points on the Gaussian sphere.
The values of the spherical transform functions are well defined, and special values
are obtained only for the CT, where the tensor is null on a corner, and has a zero
eigenvalue on an edge. When a straight component is present in the surface, all points
of the segment are mapped to the same point on the Gaussian sphere. This is the case
for developable surfaces, straight edges and planar faces. The ST is well defined at the
corresponding points of the sphere, but tangential components of the VST have step
discontinuities. In the case of the CT, impulses must be introduced in one eigenvalue .
of the CT tensor at points corresponding to a straight edge or a developable surface.
The other eigenvalue is finite in the case of a developable surface and null for a
straight edge. Finally, the shape of a planar face cannot be modeled adequately by the
T

7.4. SILHOUETTE-SLICE THEOREMS

In this section, extensions of the three Silhouette-Slice theorems presented in Sec-
tion 5 for smooth surfaces are discussed. The appropriate extensions are obtained in
most cases by the limiting process described in Section 7.1. Specifically, the extended
theorems describe the relations between the limit of the spherical transforms of the
Ls; and the limit of the circular transforms of the Sg; . When the spherical transform
of Zngs is a function in the strict sense, the limiting process defines the circular
transform of the silhouette as the appropriate projection of the great circle slice of the
corresponding spherical transforin, exactly as in the case of smooth objects. This argu-
ment shows that the Silhouette-Slice theorems for the ST and VST can be extended
without modifications 1o cover surfaces with corners, edges and faces, and also develo-
pable surfaces. By the same argument, the Silhouette-Slice theorem for the CT can be
extended to surfaces with corners and curved edges.

The extension of the Silhouette-Slice theorem for the CT to surfaces with straight
edges and to developable surfaces cannot be obtained only by the formal argument
used for the other cases, since the corresponding sequences of spherical and circular

116



transforms do not converge in the space of strict-sense functions. This remaining issue
concerning the extensions is investigated in a first subsection. The second subsection
considers some corollaries of the extended Silhouette-Slice theorems.

7.4.1. Silhouette-Slice Theorem for CT’s with Impulses

In the two cases to be analyzed here, namely straight edges and developable sur-
faces, the 3-D CT was determined in Section 7.3. to contain ridges of impulses. The
main issue is then to determine how a ridge of impulses intersecting the silhouette slice
contributes to the CT on the slice. To simplify the analysis, the issue of slicing a ridge
of impulses is first considered f or a scalar function in the Euclidean plane Oxz . Con-
sider a function f ., (x,z) on R?, and a slice of this function along a line through the
origin, with an angle o with the Oz axis: see Fig.7.11. The slice points can be
represented by the parametric equations

x =1 sin
* R (7.19)

Z =1 CoSx

where ¢ is a metric parameter along the slice axis. When f,, is a strict-sense func-
tion, the values of the function along the slice, f, (¢ ), are obtained by introducing
(7.19) into f , (x,z ), giving

f.@)=f,, (1 sina,t cosa ) (7.20)

A generalized function is now considered for f ,,, namely a ridge of impulses of unit
height along the x axis,

n 0Lz<1/n

(7.21)
O otherwise

[ (2 )= 8z )= lim

n —oo

-
<

Fig.7.11. Geometry of the Slice in the Oxz plane.
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The correct value of the slice is obtained by applying the slicing operation to the
sequence of functions in the above definition.

. n 0<tcosa<l/n
o0 = ,,h_l.rolo O otherwise
i n 0<t <l/n COSKx (7.22)
n—e | O otherwise
1
t) = &(z
fi(e) coso @)

The same result is also obtained by formally introducing (7.19) direcily into (7.21)
and carefully considering the scaling of the impulse.

/. (@) = f.,(t sina,t cosa) = 8(t cosa)

S

| cosa |

Hence, the correct result of the slice of an impulse ridge can be formally obtained by
simply replacing the two variables of the function being sliced by their expressions in
terms of the parameter on the slice, then applying the scaling expression for the 8(.)
distribution.

The analysis of the slicing of impulse ridges in the Euclidean plane suggests that
the result of slicing a ridge of impulses in the 3-D CT function on the Gaussian sphere
can be evaluated by applying the equation used for predicting the silhouette CT for a
smooth surface, equation (6.21)

1156 T 125G COSQ s

(7.23)

p(Y) = | cosog sinozSG]

1256 T 225G SIN&sG

and considering the change of variables in the impulses present in the components of
R. This procedure leads to the correct silhouette CT function, as is illustrated below
for the case of a straight edge with length [. The object axes are chosen so that Oy is
parallel 1o the edge. The contribution of the edge to the 3-D CT is given by (7.17) as

10
00
For a viewing direction specified by the angles ¢, 0, the contribution of the edge to the
silhouette 2-D CT is given by introducing (7.24) in (7.23).

/

p(y) = m 8(€ s () COSZOtSG

= [
R = —— (&
edge cosm 8(0)

(7.24)
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The appropriate scaling of the delta function is accounted for by writing

P 1 2
ply) = COSMsG ’ d€ss Hyyo) cos”xsg
dy |y

where o is determined by £¢; (Yo) = 0. The derivative in the above equation was
determined in (6.3) as d £ /d P = cosogg /cosngg . Therefore,

p(Y) = [ cosagg S(PY—iy) (7.25)

Comparing this result with (7.4) shows that the predicted contribution of the 3-D edge
1o the silhouette is a 2-D edge with length [ cosog; . This result is consistent with the
well-known result of the projection of an edge making an angle ag; with the projec-
tion plane.

The Silhouette-Slice theorem for the CT is now considered for surfaces with
planar faces. As the contribution of planar faces to an object shape cannot be modeled
by the 3-D CT, the corresponding contributions to the silhouette shapes cannot be
predicted with the CT either. However, planar faces are mapped only to individual
points of the Gaussian sphere. Considering a surface with planar faces as the limit of a
sequence of smooth convex surfaces, the planar faces will prevent convergence of the
sequence of silhouette circular transforms only when the great circle slice passes
through some of the points corresponding to the faces. In all other cases, the CT's are
well defined on the slice and the Silhouette-Slice theorem applies without
modifications. The set of viewing directions for which the slice intersects the image of
a face has a measure zero for surfaces with a finite number of faces. As a consequence,
the Silhouette-Slice theorem for the CT applies 1o surfaces with planar faces, for
almost all viewing directions.

7.4.2. Corollaries of the Extensions

Two particular consequences of the extended Silhouette-Slice theorems are
covered in this section. The first is the relation between the angle of a silhouette
corner and the shape of the corresponding corner of the object. The second is an
expression for the curvature of the silhouette generated by a flat surface with a curved
boundary.

7.4.2.1. Silhouette of a Corner

In Sections 7.1. and 7.2, it was shown that the presence of a corner on a surface
and on its silhouette is apparent mainly in their CT’s. Specifically, the 3-D CT of the
object surface is the null tensor in the region of the Gaussian sphere corresponding to
the object corner, so that the 2-D CT of the silhouette has a zero value for the arc of
the slice circle inside the image of the corner. It is clear that whenever the slice
corresponding to the viewing direction traverses the image of the 3-D corner on the
Gaussian sphere, a corner will appear on the silhouette. The size of the null gap on the
2-D CT of the silhouette is given by the arc length of the slice inside the image of the
corner on the Gaussian sphere: see Fig.7.12. As the arc length of the image of the
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Fig.7.12. Silhouette of a cube corner. a) Corner.
b) Gaussian image, with a slice corresponding to
the silhouette with the largest exterior corner angle.

corner on the Gaussian circle is equal to the exterior angle of the silhouette corner, the
above discussion provides a qualitative procedure for relating corner angles on the
silhouette with the geometry of the 3-D corner of the object. This procedure can be
used for example to determine the largest exterior angle of the silhouette corner that
can be generated by a given 3-D corner. This angle is given by the largest arc of great
circle in the image of the 3-D corner on the Gaussian sphere. This argument shows
that a cube corner can generate only right-angled or obtuse silhouette corners: see
Fig.7.12.

7.4.2.2. Curvature of the Silhouette of a Planar Object

In this section, the curvature of the silhouette of a planar object with a curved
boundary is related to the curvature of the object boundary itself. This result pro-
vides an expression for the radius of curvature of the orthographic projection of a 3-D
curve, as a function of the radius of the curve and the orientation of the viewing
direction.

The problem is first analyzed in a system of axes where Oxy is in the plane of the
object and in which ¢=0. In the Oxy plane, the object has a 2-D CT p (€) where ¢ is
chosen to characterize the normal angle in the Oxy plane. In the Gaussian mapping of
the object considered as three-dimensional, the two faces of the object are mapped to
the poles of the Gaussian sphere, and each point of the boundary to a half meridian
with a longitude ¢ corresponding to the normal orientation of the curve in the Oxy
plane.
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The 3-D CT of the object can be obtained with equation (7.15)
g | (£)/cosn 0O
- 0 0

The radius of curvature pg of the silhouette is obtained with the Silhouette-Slice
theorem for the CT, as

(7.26)

Ps = GOS%iss M (7.27)
COSTsG

1t is useful in this case to specify the viewing direction in terms of angles with respect
to the Frenet trihedron of the curve at each point. The angles &, 0 are chosen for this
purpose: see Fig.7.13. The angle 0 is the angle between the viewing direction and the
osculating plane of the curve, whereas ¢ is the angle between the projection of the
viewing direction in the osculating plane and the principal normal to the curve. Equa-
tion (7.27) can be expressed in terms of these angles with (6.1)(h) and (6.1)(i).

_ (1 —sin*¢cos’0 )3/2
sinf

Ps po (€) (7.28)
The above equation expresses the radius of curvature of the orthographic projection of
a 3-D curve, in terms of the radius of curvature of the 3-D curve and the orientation
of the viewing direction in the Frenet trihedron of the curve. This result can also be
obtained by a classical method, as is done in Appendix 5; it is also valid for non-planar
curves, since torsion only affects third order derivatives. When £=0, the viewing
direction is in the normal plane of the curve and the relation simplifies to
Ps = po /sind.

<l

Fig.7.13. Planar Curve and
Angles Specifying the Viewing Direction in the Frenet Trihedron.
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7.5. SUMMARY

In this section, the silhouette theories developed in Sections 5 and 6 for smooth
surfaces have been extended to cover surfaces with discontinuities, edges and planar
faces. It is remarkable that theories supported by differential geometry of smooth sur-
faces provide correct results when extended to surfaces with sharp edges and corners.
In addition 1o the analytic expressions for the silhouette shapes, a number of powerful
qualitative relations between silhouettes and 3-D shapes have been derived. These
qualitative relations prove to be useful when developing algorithms for object recogni-
tion from silthouettes. This is briefly explained in Section 8.
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8.0 EXAMPLES AND APPLICATIONS

This section presents a number of examples of silhouette construction with the
Silhouette-Slice theorems. In addition, applications of the new theories to the recon-
struction of the shapes of 3-D objects from silhouette data are suggested, followed by
the principles of a system for recognizing polyhedral objects from their silhouettes. It
must be pointed out that the main results of this report are theoretical. Applications
presented in this section prove that these theories are useful for solving practical prob-
lems, but they have not been developed in great detail.

It is tempting to develop algorithms for solving each of the three basic silhouette
problems by sampling the spherical and circular object functions introduced in Section
5, and relating these discrete transforms to Silhouette-Slice theorems for discrete
transforms. However, sampling questions introduce difficult obstacles in the develop-
ment of a discrete theory. First, sampling continuous functions defined on the sphere
is a complex problem which has not been adequately solved. In addition, great circle
slices corresponding to given viewing directions do not typically intersect the sampling
grid on the sphere at sample points. As a result, interpolations between the sample
values of the spherical transforms are necessary to generate samples of the silhouette
transform in almost all cases. The choice of sample points on the sphere was
addressed in [44, 57] for the case of the Extended Gaussian Image. It was shown that
the largest number of regularly spaced sample points on the sphere is equal to the
largest number of faces on a regular polyhedron, namely 20. For any larger number
of samples, an irregular sampling must be considered. In addition to the choice of
sample points, both the choice of sample values in terms of the continuous function
being represented and the interpolation of sample values to recover the corresponding
continuous function must be considered, but these have not been studied in detail. At
this point, the unsolved sampling issues make it difficult to apply the new theories
directly to the development of numerical algorithms. However, the theories developed
in this report provide valuable tools for qualitative reasoning which the examples of
applications presented in this section attempt to illustrate. In addition to the relations
between objects and silhouettes, the C1 representation for 3-D surfaces presented in
Section § is a valuable contribution to the understanding of surface shapes, both for
geometry and for computer applications. Since this aspect of the theory is not directly
related to silhouette analysis, its discussion is relegated to Appendix 4.

8.1. SILHOUETTE CONSTRUCTION

In this section, a number of examples are presented to illustrate silhouette con-
struction with the Silhouette-Slice theorems. These examples demonstrate that
numerically correct answers are obtained with the proposed formalism. They further
provide insight into the form of the three transforms and the result of the slicing
operations. In a number of cases, qualitative reasoning with the Silhouette-Slice
theorems is proposed to predict the gross aspect of the silhouette.
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As mentioned in the introduction of this section, sampling of the spherical and
circular functions raises non-trivial issues. To generate the examples presented in this
section, sampling of the transforms on the Gaussian sphere has been circumvented by
using closed-form analytic expressions for the spherical functions. On the other hand,
the circular functions and the corresponding silhouettes must be sampled, at least for
display purposes. The sampling issues have been largely eliminated by using a large
number of samples for the circular transforms of the silhouettes. Our approach to the
sampling question is tractable when closed-form expressions are available for the
transforms of the surface shapes considered. It will be shown that accurate
silhouettes can be determined by this method for many surface shapes. The
Silhouette-Slice theorem can provide the shape of silhouettes for surfaces for which no
closed-form silhouette expressions are available, for example, for superquadries. The
three spherical transforms for superquadrics are derived analytically in Appendix 1.
Although it relies on analytical formulas, our treatment of the sampling problem is
compatible with the computation of silhouettes for surface models designed with a
CAD system. These surfaces are defined as combinations of a number of surface
patches, where each patch is described by a relatively simple analytic equation. The
silhouette problem can be solved with the proposed method when spherical transforus
can be evaluated analytically for the primitive surface elements.

Although continuous spherical transform functions are used in the examples
presented in this section, silhouette shapes have also been obtained by considering sam-
ples of the transform functions on the Gaussian sphere and by relating these to sam-
ples of the silhouette transforms on the appropriate slice. This discrete formulation of
the Silhouette-Slice theorems requires a large number of interpolations between sam-
ple points on the sphere to determine samples of the silhouette circular transforms on
the great circle slice. In addition, sampling effects introduce degradations in the shapes
of the computed silhouettes. These degradations become negligible for dense sam-
plings, but the number of samples required to ensure a given accuracy cannot be
quantified because of the lack of a sampling theory for this problem. The sampling
questions are beyond the scope of the report, which concentrates on the theories for-
mulated in terms of continuous functions.

Silhouette construction will be illustrated for three different types of objects,
namely a cylinder, superquadrics, and a torus. In the context of these examples, a
number of qualitative aspects of the theory are discussed. Qualitative aspects of the
circular transform graphs such as signs, extrema and zero crossings are related to the
silhouette shape. The effect of the choice of a reference frame on the transforms is dis-
cussed. A qualitative prediction of the shape of silhouettes of polyhedra with the
Silhouette-Slice theorem is presented. This result is then extrapolated to predict the
shape of silhouettes of smooth surfaces which are closely approximated by polyhedra,
such as some superquadrics. Finally, silhouettes of a torus illustrate the application of
the results to a non-convex object and raises issues related to the extension of the
results to these objects.
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8.1.1. Silhouettes of a Cylinder

The first example is that of a simple axisymmetric object, namely a cylinder of
height 2H and radius -, sketched in Fig.8.1. The various transforms of the object are
also axisymmetric, when the reference point is positioned on the object axis. For a
reference point at the center of the cylinder, the 3-D VST of the cylinder is given by
T

0° <1 <90°

T (8.1)

—90° < 1 K0°

(r cosn + Hsinm) 0 ( H cosn—rsinn)

—
S —

(r cosn— Hsinn) 0 (—H cosn—r sinn)

The CT of the Cylinder is given by

r /cos 0
R= il

0 2H8N) +rdn—m/2)+r&(n+m/2)

Except for A and r;, which are identically zero, profiles of the components of the
transforms are displayed in Fig.8.2. The profile of an axisymmetric function on the
Gaussian sphere is, by definition, a 1-D function representing the values of the
axisymmetric function for a fixed value of §. The profile is defined for
—90° £ 1 £ 90°, but the profiles were extended to the range of —180° < 1 < 180°
for display purposes. 1n this form, the profiles correspond to a vertical section of the
Gaussian sphere. These extended profiles are represented by polar diagrams in Fig.8.2.
In these diagrams, the zero value is offset from the center to allow the representation
of negative values.

(8.2)

The cylinder does not satisfy smoothness and strict convexity constraints
required in the theories of Sections 5 and 6, because of the presence of edges and

Fig.8.1. Cylinder with radius =2, height 2H =35.
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Profile of 3-D ST Profile of v-component of 3-D VST
Profile of r j;-component of 3-D VST Profile of r 55-component of 3-D VST

Fig.8.2. Profiles of the Spherical Transforms of the Cylinder in Fig.8.1.

embedded straight components. As a result, the ST displays discontinuities in the first
derivative, the v-component of the VST displays step discontinuities, and the CT con-
tains impulses. These discontinuities are all related to the length of the corresponding
straight surface components, as discussed in Section 7. Specifically, the discontinuities
in the slopes of the ST, the step discontinuities in v and the lateral impulses in r ,, are
equal to the height 2H of the cylinder.

Circular transform functions for silhouettes of this object are obtained by pro-
jecting the spherical function values on the appropriate great circle slice onto the plane
of the slice, according to the Silhouette-Slice theorems developed in Section 6.
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Silhouettes and the corresponding circular functions are displayed in Fig.8.3a)-b) for
two different orientations of the viewing direction. The circular silhouette functions
were computed at 200 equally spaced samples of the appropriate great circle slice;
points of the silhouette were generated by inverting the silhouette VST with equation
(5.9) applied to the sample values. The following characteristics can be observed on
these silhouettes and their circular transforms. The ST is strictly positive every-
where, because of our choice of the origin inside the 3-D object. The angular points in
the graph of the ST correspond to the flat sections of the silhouette. The t-component
of the VST has values with alternating signs, since it must integrate to O over the 27

s \
S
Sithouette for = 10° Support Transform
t-component of VST Curvature Transform

Fig.8.3a). Silhouette of the Cylinder for § = 10°, and Corresponding Transforms.
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Silhouette for 6 = 50° Support Transform

O

t-component of VST Curvature Transform

Fig.8.3b). Silhouette of the Cylinder for 8 = 50°, and Corresponding Transforms.

interval. The zero crossings of ¢t correspond to points for which the normal goes
through the reference point. The 2-D CT's of both silhouettes contain two impulses
corresponding to the straight sections on the sides of the silhouette, which correspond
themselves to the lateral surface of the cylinder. In addition, the 2-D CT of the
silhouette contains two maxima corresponding to the top and bottom parts of the
cylinder. Note that the silhouette CT’s contain impulses related to the lateral
impulses of r,, in Fig.8.2, but none related to the top and bottom impulses in 7 ,,.
This observation can be justified by considering the 3-D graph of r ,, on the Gaussian
Sphere in Fig.8.4. In the 3-D CT of the cylinder, the lateral surface generates an
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Fig.8.4. Graph of the r 5, component of the 3-D CT of the cylinder

equatorial ridge of impulses. The impulses on the 2-D CT of the silhouette correspond
to the intersection of the great circle slice with the equator, as is shown in the figure
for a slice corresponding to =30°. As all slices cut the equator, the equatorial
impulses related to the lateral surface appear on all silhouettes. However, the
impulses of the 3-D CT corresponding to the top and bottom parts of the cylinder are
located only at the poles of the Gaussian Sphere. Therefore, they affect only great cir-
cle slices through the poles, which correspond to silhouettes with § = 0°.

The effect of translations of the reference point on the various surface spherical
transforms and the corresponding silhouette circular functions is now investigated.
The effect of origin position on the VST is characterized by the expression

n cosécosn  sinécosm sinm x(&€m) X0
h| = —siné cosé 0 yl& | = |0 (8.3)
v —cosésinn —sinésinm cosm z(&.m) Za

where (x ¢,y .2 o) are the coordinates of the reference point in fixed object-centered
coordinates. The ST is identical to the first component of the VST, and the CT is
unaffected by the choice of origin. The effect of the choice of origin on the ST and on
the VST components of the silhouette is illustrated in Fig.8.5a)-d) for the silhouette of
the cylinder with 6 = 20°, ¢¢=0°, and for four excentric positions of the reference
point. It can be observed in these figures that significant changes of the ST and VST
result from the displacement of the origin. Specifically, negative values appear in n .
when the reference point is outside the object, the number and locations of zero-
crossings of ¢ .. and extrema of n ., t , are modified; of course, the numerical values of
the transforms are considerably affected.
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Fig.8.5a). Normal and Tangential Components of the VST of a Cylinder Silhouette
with the Reference Point (0,0,—1).
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Fig.8.5b). Normal and Tangential Components of the VST of a Cylinder Silhouette
with the Reference Point at (0,0—4).
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Fig.8.5¢). Normal and Tangential Components of the VST of a Cylinder Silhouette
with the Reference Point at (0,1,0).
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Fig.8.5d). Normal and Tangential Components of the VST of a Cylinder Silhouette
with the Reference Point at (0,3,0).
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8.1.2. Silhouettes of Superquadrics

In this section, silhouette construction is demonstrated for a subclass of super-
quadrics [58). The subset of superquadrics considered here is defined by the implicit
equation
n

n n

"
b

z
C

+ + =1 (8.4)

X
a

The parameters a, b, ¢ correspond to the intersections with the coordinate axes. They
hence control the size and elongation of the surface shape. The parameter n, however,
controls the smoothness of the surface. For 1<n <oo, surfaces defined by (8.4) are
smooth and strictly convex. Examples of superquadrics with a =4, b=3, c=2 are
displayed in I‘ig.8.6 for n =1, 1.2, 4.5, co. Ellipsoids are a special case of superqua-
drics for n=2. In the limit for n =00, the superquadric becomes a parallelepiped,
whereas the limit for n —1 corresponds to an octahedron.

It is possible to evaluate the three spherical transforms in closed form for the
surfaces specificd by (8.4), and therefore to compute the shape of their silhouettes in
orthographic projections. The analytic computations of the spherical transforms
require relatively tedious algebra and are therefore relegated to Appendix 1. Examples
of silhouettes of the two smooth superquadrics in Fig.8.6 are shown in Fig.8.7a)-d).
As mentioned in Appendix 1, the CT of superquadrics contain discontinuities when
n >2. These discontinuities are apparent in Fig.8.7d) for n =4.5. They correspond to
the six slowly curving parts in the corresponding silhouette. Such discontinuities in
the CT of superquadries with n > 2 present an additional obstacle to discrete represen-
tations of the C1.

An example of qualitative predication of the shape of silhouettes with the
Silhouette-Slice theorems is now presented, first for the polyhedra (n = 1, o), then
for the smooth superquadrics (n = 1.2,4.5). The qualitative shape of silhouettes of
the octahedron and the parallelepiped can be readily estimated with the Silhouette-
Slice theorem for the CT. The CT of the two polyhedra have ridges of impulses on the
great circle arcs which are the images of the polyhedron edges on the Gaussian sphere.
In Fig.8.8, these arcs have been plotted on the Gaussian sphere for the two polyhedra,
for the same values for the diameters as in Fig.8.6. Slices of the 3-D CT of the polyhe-
dra are composed of impulses so that the silhouettes are polygons with a number of
edges equal to the number of great circle arcs sliced by the silhouette great circle.
Except for special coincidences, the number of silhouette edges is 6 for the paral-
lelepiped and can be 4 or 6 for the octahedron. The similarity betwen superquadrics
with small values of n and the octahedron (n =1), and between superquadrics with
large values of n and the parallelepiped (n =co) is preserved in the silhouettes. As a
result, the silhouettes of the smooth superquadrics in Fig.8.6 can be predicted to be
polygons with bent edges and rounded corners, with a number of edges equal to the
numbers for the corresponding polyhedra. It can be observed in Fig.8.7a)-d) that the
silhouettes of both superquadrics contain the numbers of bent edges qualitatively
predicted by the above argument. The presence of these bent edges in the silhouette is
also apparent as maxima in the CT, which are maxima of the radius of curvature.
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n=4.5 n =co

Fig.8.6. Superquadrics with a =4, b =3, ¢ =2.
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Silhouette Support Transformn

t-component of VST Curvature Transform

Fig.8.7a). Silhouette and corresponding Circular Transforms for the superquadric
with n = 1.2, for the viewing direction (¢,0) = (10°,10°)
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Silhouette Support Transform

t-component of VST Curvature Transform

Fig.8.7b). Silhouette and corresponding Circular Transforms for the superquadric
with n = 1.2, for the viewing direction (¢,0) = (40°,20°)
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Silhouette Support Transform

t-component of VST Curvature Transform

Fig.8.7¢). Silhouette and corresponding Circular Transforms for the superquadric
with n = 4.5, for the viewing direction (¢,8) = (10°,10°)



Silhouette Support Transform

t-component of VST Curvature Transform

Fig.8.7d). Silhouette and corresponding Circular Transforms for the superquadric
with n = 4.5, for the viewing direction (¢,0) = (40° ,20°)
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Parallelepiped, (¢,0) = (10°, 10°) Parallelepiped, (¢,0) = (40°, 20°)
Octahedron, (¢,8) = (10°, 10°) Octahedron, (¢,0) = (40°, 20°)

Fig.8.8. 3-D CT of the superquadrics with n =1 (octahedron) and n =co (parallelepiped)
The CT’s have ridges of impulses along the lines drawn on the Gaussian sphere.
Also shown are the great circle slices corresponding to two viewing directions.

8.1.3. Silhouettes of Tori

The example of silhouette construction for the torus presented in this section
introduces issues arising from the application of the Silhouette-Slice theorems to non-
convex objects. It is clear that each point of the Gaussian sphere corresponds to two
points of the torus surface (see Fig.8.9) except for the poles of the sphere; each pole
corresponds to an infinite number of object surface points. To determine its
silhouettes, the torus surface is cut into two parts, which will be called the interior
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Torus Gaussian sphere

Fig.8.9. Gaussian Mapping of the Torus.
Both points marked on the torus surface map on the same point of the unit sphere.

and exterior parts, see Fig.8.10. The set of points along the separation line between the
two parts has a zero measure and is not considered here. The Gaussian Mapping is
one-to-one for each of the two parts. The exterior part consists of elliptic surface
points only, so that the Silhouette-Slice theory applies without restriction. The inte-
rior surface points are all hyperbolic however. As the ST and VST do not specifically
depend on surface curvatures, these representations and the related silhouette theory
apply without modifications for the interior part. In the case of the CT, the main

Exterior Surface Interior Surface

Fig.8.10. Interior and Exterior parts of the torus surface.
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difference is that the tensor R is no longer positive definite. The Spherical transforms
of the torus are given by

n tRcosn+r

5= [h| = 0 (8.5)
v —( £ R sinm)

g (xR +r<;>sn)/cosn (r) (8.6)

where 7 is the radius of the section, R is the radius of the principal axis, and the posi-
tive and negative signs in the above equations have to be considered for the exterior
and interior parts respectively. These spherical transforms are axisymmetric. Polar
plots of the profiles of the non-zero components of these transforms are displayed in
Fig.8.11 for both the interior and exterior surfaces. Transforms for the silhouette can
be obtained by slicing the above 3-D object transforms. The silhouettes are then
obtained by inverse transformation of the silhouette functions. Two examples of
silhouettes are developed for a torus with R=3, r=1, for viewing directions
corresponding to 6=40° and 6=25°. The two silhouette parts corresponding to the
interior and exterior parts of the object surface are generated separately, then superim-
posed in the final figure. For the case of 6=40°, the silhouettes of both parts and their
transforms are displayed superimposed in Fig.8.12a). The corresponding diagrams are
presented for the case where 6=20° in Fig.8.12b).

After the silhouettes are evaluated separately for the interior and exterior parts
of the torus, issues of registration may arise when combining the individual silhouette
parts. When the silhouettes are obtained with the ST or VST, both parts are referred
to the same point in the projection plane and registration is trivial. However,
silhouette parts generated with the CT are not related to an origin. In the case of the
torus, accurate superposition of the two parts was possible thanks to the symmerty of
the surface shape. In the case of a surface in the shape of a distorted torus, the interior
and exterior silhouettes could not be accurately registered.

The silhouettes evaluated with the Silhouette-Slice theorems correspond to the
projection of all object surface points with a normal perpendicular to the viewing
direction. For a non-convex object, some of these points may be occluded by other
object parts, so that they do not effectively contribute to the silhouette. The set of
silhouette points of a non-convex object determined with the Silhouette-Slice theorems
must therefore be considered only as a set of candidate silhouette points. The
silhouette itself may be equal to this set, as in the example of Fig.8.12a, or may be a
subset of the candidate silhouette, as in the example of Fig.8.12b. Indeed, spurious
silhouette parts appear on this figure. They correspond to the projection of points of
the object surface for which the normal is perpendicular to the viewing direction, but
which are occluded by other parts of the object. When occluded silhouette parts are
removed from the interior silhouette, the result displayed in Fig.8.13 is obtained. Note
that in this figure, there are two segments of silhouettes in the interior of the object.
These must also be eliminated if the silhouette is considered as the set of outline points
in the image plane, but are included in the silhouette if it is considered as the set of
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Profile of 3-D ST (exterior) Profile of t-component of 3-D VST (exterior)
Profile of 3-D ST (interior) Profile of t-component of 3-D VST (interior)
Profile of r {;-component of 3-D VST Profile of 7 55,-component of 3-D VST

Fig.8.11. Spherical Transforms of the two parts of the torus
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Silhouette Support Transform

t-component of VST Curvature Transform

Fig.8.12a). Silhouette of the Torus and Circular Transforms.
Viewing Direction: 0=40°.
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Silhouette Support Transform

t-component of VST Curvature Transform

Fig.8.12b). Silhouette of the Torus and Circular Transforms.
Viewing Direction: 6=25°.
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Fig.8.13. Silhouette of the torus for =25°.
The occluded parts have been removed.

discontinuity points of a range map in the image plane. Note that, in the example of
Fig.8.12a generated for §=40°, the correct silhouette is obtained directly. It can be
observed that, for §=40°, the CT of the silhouette part corresponding to the interior
surface has a negative radius of curvature while the Gaussian curvature of the surface
is negative. In this circumstance, all silhouette points generated with the Silhouette-
Slice theorem are true silhouette points. In the case of 6=25°, the CT of the
silhouette contains alternating signs and zero crossings. The curve of candidate
silhouette points has cusps corresponding to the zero crossings. It has been shown by
Koenderink[33] that when candidate silhouette points corresponding to a surface with
negative (Gaussian curvature have a positive curvature, these points are necessarily
self-occluded. This property allows us to eliminate the two lateral parts of the inte-
rior silhouette in Fig.8.12b. Points on the two remaining longitudinal silhouette parts
cannot be tested for visibility by arguments on local surface shapes. On the other
hand, the presence of self-occluded silhouette parts suggests the presence of additional
silhouette segments for which occlusion oecurs due to remote surface elements.

Summarizing our discussion on non-eonvex objects, each point of the Gaussian
sphere may correspond to several points of a non-convex object. The surface can be
decomposed into parts so that for each point, the Gaussian mapping is 1:1. When
applied to these parts, the Silhouette-Slice theorems provide the correct silhouettes in
some cases. More generally, the theorems provide a set of candidate silhouette points
in which the silhouette points are included. The actual silhouette points are deter-
mined by testing the candidate points for visibility. One necessary visibility condition
requires corresponding signs for the curvature of the silhouette and the Gaussian cur-
vature of the surface on the silhouette generator.

8.1.4. Discussion

In this section, silhouette construction has been demonstrated with all three
Silhouette-Slice theorems. Through simple experiments, we have observed that con-
struction with the VST is less sensitive to sampling problems than the other two
methods, although accurate results are obtained with the three transforms when
sufficiently fine samplings are used. We have generated the examples presented in this
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section with a mixed analytical/numerical method; this strategy can be exploited only
when analytical expressions can be determined for the 3-D transforms of the surface
shapes of interest. The ST and the VST of a surface can be determined in closed form
only for surfaces which can be explicitly parameterized with the normal orientation
angles (£,m). Although such parameterizations can be derived for several surface
shapes, this indicates a limitation of the method. However, it is shown in Appendix 2
that the CT values can be determined analytically for any surface represented by
parametric equations. Silhouette construction with the CT is hence applicable to a
larger set of surfaces than with the ST and the VST.

In addition to numerical silhouette construction, the Silhouette-Slice theorems
can also be exploited to predict qualitatively the shapes of silhouettes. Qualitative
shape features of silhouettes include mainly corners, edges and curvatures. These
features are best represented by the 2-D CT of the silhouette, and can be easily related
10 the corresponding features of the object by the Silhouette-Slice theorem for the CT.

We conclude that the CT should be preferred for prediction of qualitative
silhouette shape, that the VST is numerically less sensitive than the ST and CT for
silhouette construction, but that the C1" can be evaluated analytically for a larger set
of surfaces than the VST.

8.2. RECONSTRUCTION FROM SILHOUETTES

The formal problein of reconstructing the shape of a convex object from a set of
silhouettes is addressed in this section, and a strategy for solving this problem with
the Silhouette-Slice theory is suggested. Due to the lack of a good understanding of
sampling issues on the sphere, a practical algorithin for applying the proposed strategy
has not been imnplemented. However, interesting conclusions can be drawn from a for-
mal analysis of the reconstruction problem.

The reconstruction problem addressed in this section can be described as follows.
A convex object of unknown shape is projected orthographically onto a number of pro-
jection planes II;, and the corresponding silhouettes S; are recorded in each plane.
The viewing directions are referred to by their longitude/latitude ¢, , ;. Given this
collection of silhouettes, a method for constructing a description of the 3-D shape of
the object is desired. In addition to devising a reconstruction method, it is useful 1o
determine what range of viewing angles ¢, § must be covered in order to obtain com-
plete reconstruction.

In the first stage, it is assumed that all silhouette measurements are referred to a
global frame Oxyz. In each projection plane II;, the silhouettes are measured in
orthogonal axes O ,x ,z ,, where O,z , is the projection of the global Oz axis, see
Fig.8.14.

The scheme of the reconstruction procedure is to evaluate a circular transforin
for each measured silhouette, to relate these 2-D transforms to great circle slices of the
corresponding 3-D transform of the object, 10 use this relation to reconstruct the
spherical transform, and finally to invert this transform for the object shape.

As reference axes are available in each projection plane, the evaluation of the cir-
cular transform of each silhouette is straightforward, and is formally obtained with
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Fig.8.14 Reference frame for the projection plane

equations (5.1), (5.11), (5.19). Each circular transform function p,; (), §; (i),
p; () is related to the great circle slice of the corresponding spherical transform of the
object, which is perpendicular to the viewing direction ¢, 6;, namely p (£ Msg B
s M ). R(€g6 Msg ). The exact relation between the transform value at one
point of the silhouette Gaussian circle and the corresponding value of the transform of
the object on the slice of the Gaussian sphere depends on the particular transform in
question and is given by the appropriate Silhouette-Slice theorem. These relations and
their consequences for the reconstruction of 3-D transforms are now investigated in
sequence for the ST, the VST, and the CT.

In the case of the ST, the silhouette transform values on the Gaussian circle are
exactly equal 10 the object ST values on the great circle slice of the Gaussian sphere.
Therefore, the value of the 3-D ST of the object at one point of the Gaussian sphere is
obtained directly as the value of the silhouette ST on a slice passing through that
point. ln order to recover the complete ST function on the sphere, it is hence necessary
to process silhouettes obtained from a range of viewing angles such that the
corresponding great circles entirely cover the sphere. One set of such viewing angles is
obtained by turning the observer around the object by a 180° arc, see Fig.8.15.

Reconstruction using the VST is now considered. First, the normal component of
the VST is equal to the ST for which reconstruction has been already discussed. The
discussion is hence focused on the reconstruction of the horizontal and vertical com-
ponents A, v of the 3-D VST from the tangential component ¢ of the 2-D VST’s of the
silhouettes. The Sithouette-Slice theorem for the VST identifies the value of ¢ , on the
Gaussian circle of the silhouette to the projection onto the slice plane of the vector
(h v ) at the corresponding point of the great circle slice. Estimating A and v is hence
equivalent to estimating a 2-D vector from projections of this vector, and is possible
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Fig.8.15. A sufficient set of viewing directions for reconstruction with the ST

when at least two different projections are known. The vector (h v )’ can hence be
reconstructed at a point of the Gaussian sphere if and only if its projection 7 is given
on two distinct slices through the point. As a consequence, the set of viewing direc-
tions must provide a coverage of the Gaussian sphere by two distinct great circle slices
at each point, in order to reconstruct the 3-D VST of the inspected object. A set of
viewing directions satisfying this criterion almost everywhere is given by the combi-
nation of two different sets of measurements similar to those proposed for the ST. An
example of a sufficient set of viewing directions is given in Fig.8.16.

It can be observed that the 2-D VST of each silhouette specifies two values for
each point of the Gaussian circle, as opposed to one in the case of the 2-D ST.
Although these components are redundant, it is tempting to consider that the VST cap-
tures "more information” about the silhouette at each point of the Gaussian circle.

Fig.8.16. A sufficient set of viewing directions for reconstruction with the VST
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Therefore, it seems counterintuitive that the reconstruction using the VST requires a
larger set of silhouettes than reconstruction with the ST. This stronger requirement in
the case of the VST arises because the redundancy of the 3-D VST was not exploited in
the reconstruction method.

Consider now the reconstruction of the object shape through the reconstruction of
its 3-D CT. The relation between the 2-D CT of the silhouette at a point of its Gaus-
sian circle and the 3-D CT of the object at the corresponding point on the slice of the
Gaussian sphere is that the silhouette 2-D CT, a scalar, is the projection on the slice
plane of the object 3-D CT, a 2x2 symmetric tensor. In order to reconstruct a 2x2
symmetric tensor from projections, three projections on different axes are required. In
order 1o reconstruct the value of the 3-D CT of the surface at one point on the Gaus-
sian sphere then, silhouette 2-1> CT’s on three different great circle slices through the
point must be used. The requirement on the minimum set of viewing directions is that
the Gaussian sphere must be covered everywhere by three layers of great circle slices.
This requirement is satisficd almost everywhere by three orthogonal 180° arcs of
viewing directions, such as depicted in Fig.8.17. In this case again, consistency con-
straints on the 3-D CT are not exploited in the above reconstruction strategy. These
constraints could be used 10 relax the requirements on the minimal set of viewing
directions.

A substantial difference between 3-D shape reconstruction with the CT on one
side and reconstruction with the ST and VST on the other side is that the CT is

Fig.8.17. A sufficient set of viewing directions for reconstruction with the CT.
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independent of translations whereas the other two transforms strongly depend on
translations of the origin. It was assumed up to now that measurements in each pro-
jection plane are referred to axes O ;X ,Z ,, and that each of these sets of axes is accu-
rately related to the global system of axes Oxyz . As silhouette CT’s are independent
of translations of the origin in their plane, the requirement on registration of the
observed silhouettes can be relaxed when reconstruction is performed with the CT.
Specifically, only a reference orientation such as the projection of the global Oz direc-
tion must be known relative to the global axes in each projection plane, in addition to
the orientation of the plane itself. Uncontrolled translations of the reference axes in
each projection plane do not affect the reconstruction mechanism. This conclusion can
be exploited to determine an interesting difference between the reconstruction of a 3-D
object from 2-D silhouettes and the reconstruction of a 2-D object from 1-D
silhouettes. Indeed, in the latter case, reconstruction is ambiguous in the absence of an
origin for each silhouette. Typical examples of this ambiguity are given by ovals of
constant breadth [59]. These 2-1D objects have silhouettes of constant length for all
orientations, just as circle. These two objects could not be differentiated by unre-
gistered silhouettes.

In the previous paragraphs, reconstruction of 3-D transforms of an object surface
from silhouettes has been investigated. Although reconstruction of the object itself
merely consists of inverting the reconstructed transform, additional issues may arise
in the case of the VST and CT, because of their intrinsic redundancy. It is clear that
for a set of silhouettes which actually correspond to the same convex object, con-
sistency of the silhouette circular transforms guarantees consistency of the recon-
structed object spherical transform, in the absence of noise and biases. In practical cir-
cumstances, however, degradations are inevitable so that the reconstructed 3-D spheri-
cal transform is inconsistent in gencral. When and how to exploit the consistency con-
straints in the reconstruction is an open question. These constraints could be forced on
the reconstructed spherical transform before reconstruction of the object shape, or
they could be exploited earlier, during the construction of the spherical transform,
thereby potentially relaxing the requirements on the number of viewing directions.

8.2.1. Discussion

Strategies for reconstructing the shape of a 3-D object from silhouette measure-
ments have been discussed, using the transforms defined in Section 5 and the
Silhouette-Slice theorems developed in Section 6. In order 1o develop numerical algo-
rithms for implementing these strategics, sampled circular transforms must be con-
sidered for representation of the measured silhouettes, and interpolation schemes must
be developed for reconstruction of the spherical transforms. As the discrete versions
of the Silhouette-Slice theorems have not been formulated yet, the interest of the stra-
tegies presented in this section is conceptual at this point.

Reconstruction methods based on the three silhouette-slice theorems are now
compared, assuming that satisfactory solutions can be provided for the sampling
issues. When consistency constraints of the 3-D transforms are not exploited, the ST
seems preferable since it is least redundant and requires the smallest set of viewing
directions. For reconstruction using the constraints, the 3-D VST should be preferred,
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since it incorporates more measurements from the silhouette. In addition, the inversion
of the 3-D VST is only a set of 3-D rotations, while derivatives must be estimated for
inversion of the 3-D ST. Finally, reconstruction with the CT should be considered
when registration of the origins in the various silhouette planes is absent or imprecise.

Incorporating consistency constraints in the reconstruction of a 3-D transform
could be implemented as an optimization problem where the solution would have to
satisfy the constraints while minimizing the total deviation from the slices
corresponding to the measured silhouettes. The solution could be obtained by iterative
methods similar to the ones used to solve other surface resontruction problems such as
the shape-from-shading problem [21].

8.3. RECOGNITION FROM SILHOUETTES

This section suggests an application of the Silhouette-Slice theory to the deriva-
tion of constraints for a system performing object recognition from silhouettes. The
arguments are based on the extension of the Silhouette-Slice theorem for the CT to
polyhedral objects developed in Scction 7.

It was demonstrated in the previous section that a large number of silhouettes
corresponding to different viewing directions are required for accurately reconstruct-
ing the shape of a 3-D object. It would seem then that one silhouette contains too lit-
tle information to discriminate between different objects. Although some different
objects may produce exactly the same silhouettes when viewed from selected direc-
tions, shapes of objects of interest are sufficiently different in general so that these
singularities of the problem are rare. As a result, one silhouette is often sufficient to
specif y one object in a set of known objects.

The principles of a system for recognizing polyhedral objects from one of their
silhouettes are now presented. The system is based on a well-known approach in
model-based vision. Primitive features such as points, edges or facets are first
extracted from the input data. These features are then matched to corresponding
model features, implicitly creating a large matching tree. The tree is explored and
pruned by constraints resulting from the pairing of small sets of measured features to
sets of model features. Finally, the remaining hypotheses are tested more thoroughly
for correspondence with the models. Implementation of this approach has been
reported for recognizing 2-D objects from 2-D mmeasurements, and for recognizing 3-D
objects from 3-D measurements [60]. In the case of 2-ID models and data, powerful
constraints arise from the pairing of two object features 10 two model features, so that
the pruning is very effective. When matching 2-D data such as silhouettes to 3-D
models, the constraints resulting from the pairing of two primitives are much weaker
since there are six degrees of freedom. In the proposed approach, constraints are con-
sidered for the pairing of three silhouette features to three model features.

The proposed recognition method is based on primitive features consisting of
polyhedral edges. Its scope is restricted to polyhedra or shapes with a sufficient
number of straight edges. For a number of objects expected in the input images, it is
assumed that geometric models explicitly describing the edges are available. An unk-
nown silhouette is analyzed by first detecting straight edges and measuring their
length and orientation. Pairings are hypothesized between measured edges and edges
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of the 3-D models. As the number of potential global matches may be astronomical,
pairings between sets of only three silhouette edges and three model edges are con-
sidered first. Each such set of pairings is tested against a set of constraints, an example
of which is derived later in this section. After discarding the pairings that fail these
tests, additional edges are added to the remaining hypotheses, and further testing is
applied. In a favorable case, a large fraction of the search tree is eliminated by the
constraints, leaving only a few potential interpretations of the data. Each of these
interpretations is then tested in more detail by an appropriate method.

A number of constraints are now derived for the matching of three silhouette
edges to three particular model edges. The derivation of the pruning constraints is
substantially simplified by reasoning with the Silhouette-Slice theorems. First, it is
worthwhile to note that position and orientation of a detected object are unknown a-
priori in recognition problems. The ST and VST strongly depend on the choice of an
origin, as was illustrated in Section 8.1. Therefore, these transforms are not appropri-
ate for recognition applications. The derivations in this section are based solely on the
Silhouette-Slice theorem for the CT.

The contribution of three edges e 4, €5, € 3 to the 2-D CT of the silhouette is given
by three impulses at orientations 1y, Y5, Y3 corresponding to the normals of the edges.
The strengths of these impulses are given by the lengths [, [,, [ 5 of the silhouette
edges, see Fig.8.18. Note that the orientation of the object is unknown a-priori, so that
the reference orientation in the silhouette plane cannot be related 1o the object model.
The angles 10 be considered in the constraints are hence the differences ys;, = Y,—{s,
and y,3 = Y3—P,. These angles can be directly estimated from the image, and can be

e Ny =
s nj
e . —
\ =ity

€ 1 _- '-//-’.

/‘/, \
ny

Measured Silhouette 2-DCT

Fig.8.18. Three Silhouette Edges and the corresponding CT
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related to angles in the object model.

Consider now a hypothetical match between the three measured edges e, e,, €3
and three model edges £, £'5, E'5. The three model edges each correspond to an arc of
great circle on the Gaussian sphere, as illustrated on Fig.8.19. When the silhouette
great circle slice intersects one of these arcs, the image of the corresponding edge is
present in the silhouette, and has a normal orientation determined by the orientation
of the intersection in the slice plane. The strategy for accepting or rejecting the match
consists of first deciding if there is an orientation ¢, 8 of the viewing direction for
which the slice cuts the model arcs at points separated by the measured angles i,,,
Yr3. When the hypothesis is accepted on the basis of these orientations, the viewing
direction is fixed. For this viewing direction then, the lengths ly;q, {5;5. {5;3 of the
silhouette edges corresponding to the model edges £, £'5, £'3 can be evaluated. For a
convex object not obscured by other objects, the measured edge lengths /; must match
the estimated lengths [5,; within some tolerance bounds. For non-convex objects, par-
tial self-occlusions may occur, and, more generally, object edges may be partially
obscured by other objects. A better test in those cases is to require the measured edges
[; to be smaller than the estimated [, , within a tolerance bound.

Expressions for the orientations ¢, 6 and acceptance constraints are now derived
for three silhouette edges such as those depicted in Fig.8.18. The derivation is
simplified by considering three model edges perpendicular to one another, such as the
ones displayed in Fig.8.19. The case of three right angles arises frequently in man-
made parts; extensions to include one or two acute or obtuse angles are tractable. Con-
sider hence matching the three silhouette edges e; depicted in Fig.8.18 with the three

Model Polyhedron 3-DCT
Fig.8.19. Three Model Edges and the corresponding CT arcs
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model edges depicted in Fig.8.19. The great circle slice corresponding to the match is
drawn on Fig.8.19; the angles of interest appear in the two spherical triangles 1A 2,
2B 3, which are displayed "flattened out" in Fig.8.20. We consider the angles {15, Y153
as positive. In order to match the great circle slice, the silhouette edges must be such
that y;, + {3 7. The orientation of the corresponding viewing direction is deter-
mined by 0 and ¢ = §,—m/2. Standard relations of trigonometry for right-angled
spherical triangles[55] are applied to the triangles of Figure Fig.8.20 to produce

tan¢, coty, = cos(w/2—6)
tan(w/2—¢,) cotys,3 = cos(w/2—0)
sinys; , Cosay, = siné,
siny, 5 Cosa, = cos,

The angles 6 and £, can be extracted from the first two equations above.
tané, = \flanyi;cotyfsyy
sinff = [ Jcoti ,coliy;

The above relations imply the necessary constraints that ,,
Y2+ Pa3>7/2.

Y3

7/2—,

TT/Z_G 7r/2—§2 B

7/2—a,

1

(8.7)

(8.8)

Y3 <m/2;

Fig.8.20. Two spherical triangles of interest for deriving the matching constraints.
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The predicted lengths of the silhouette edges corresponding to £, £,, E 3 are given by

l _ l _ l Singz

1§ = btip COSKy = Ly sinl;,
ZZS = ZZM COSO = le ( 1 '—Cotlplz COt\I}z:; )1/2 (8-9)
R y cosé,

3s = t3p COSQ3 = L3 sinYps

These predicted silhouette edge lengths ;¢ must be tested against the measured
silhouette edges /; .

Although the above system has not been implemented, there are indications that
this type of system has a potential for success.

8.3.1. Discussion

A formal application of the Silhouette-Slice theorems to a problem of object
recognition was presented in this section, thereby illustrating the use of the
transforms and of the theorems in reasoning about silhouettes, and in applying the
intuition to practical recognition problems. As object position and orientation are usu-
ally unknown a-priori in recognition tasks, the Silhouette-Slice theorem for the CT
seems the most useful one for recognition, since the CT is independent of origin loca-
tion. In addition, many applications to recognition are based on qualitative relations
between silhouette shapes and object shapes. These relations are also obtained most
easily with the CT. The theories developed for the CT are hence the most important
for applications in object recognition.

8.4. SUMMARY

In this section, several applications of the theoretical results of this report have
been suggested. Examples shown in the section on silhouette construction are close to
actual implementations of the Silhouette-Slice theorems to problems in computer
graphics. Other examples presented in this section are of a more conceptual value. This
section has suggested the wide applicability of the Silhouette-Slice theorems as reason-
ing tools in problems of computer graphics and computer vision, and their potential
for developing new algorithms in these domains.
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9.0 SUMMARY

9.1. CONTRIBUTIONS

In this report, a new formalism for relating the shapes of objects to the shapes of
their silhouettes has been proposed. Three representations of 3-D object surfaces and
the equivalent representations of 2-D curves have been defined. It has been shown
that the representations of a 2-D silhouette curve are simply related to the representa-
tions of the corresponding 3-D object surface. More specifically, object surfaces have
been represented by scalar, vector and tensor functions on the Gaussian sphere, and
curves by scalar and vector functions on the Gaussian circle. It has been demonstrated
that a slice of the Gaussian sphere perpendicular to the viewing direction is a Gaussian
circle for the silhouette. Furthermore, the property functions on the Gaussian circle
of a silhouette are related by a projection to the property function of the object on the
slice corresponding to the silhouette.

The relations between an opaque object, its silhouette and their transforms is con-
ceptually similar to the relations between an absorbing object, its line-integral projec-
tion and their Fourier transforms, which are formalized in the Projection-Slice
theorem of computerized tomography. These similarities have prompted the use of the
name of Silhouette-Slice theorems for the new relations presented in this report.

The theory relating property circles of silhouettes to slices of property spheres of
objects provides substantial insight into qualitative and quantitative relations between
silhouette shapes and object shapes. This insight is useful when reasoning about par-
ticular problems involving silhouettes, and provides straightforward explanations of
known results. Applications of the theories to three basic problems have been con-
sidered, namely silhouette synthesis, reconstruction from silhouettes and recognition
from silhouettes. The theories have been demonstrated in this report for convex
objects and orthographic projections only; in addition, difficult issues remain to be
solved before discrete versions of the continuous transforms and Silhouette-Slice
theorems can be developed. As a consequence, it has not been possible to develop
direct implementations of the theory into general numerical algorithms for solving the
three basic problems. However, methods based on continuous functions have been
proposed for applying the results to each of the three problems. Mixed continuous-
space / discrete-space algorithms have been proposed and demonstrated for the syn-
thesis of silhouettes of complex curved surfaces such as a torus and superquadrics. A
general strategy has been proposed for reconstructing the shape of a convex 3-D object
from silhouette observation. The method consists of first constructing the circular
transform of each silhouette, then combining these into the spherical transform of the
object. Finally, the object shape is obtained by inverting the 3-D transform. In the
context of recognition from silhouettes, several quantitative and qualitative relations
between object features and silhouette features have been proposed. These relations
are typically exploited in recognition algorithms as constraints on pairings of
silhouette features with object features. An example of the use of edge constraints has
been proposed as a strategy for recognizing polyhedral objects from their silhouettes.
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The spherical transforins of 3-D surfaces presented in this report can be inter-
preted as coinpaet representations of the set of all silhouettes of the object. In addi-
tion, these transforms have potential applications for representing surfaces indepen-
dently of viewpoint. In particular, the 3-D Curvature Transform is an intrinsic form
for surfaces, which specifies surface curvature as a {unction of normal orientation.
Compared 1o most characterizations of surfaces in computer vision [39] and in
differential geometry [47], the originality of the Curvature Transform is two-fold.
First, curvature is completely described by an invariant tensor of curvature, as
opposed to two tensors in classical differential geometry, and a partial description by
one or two scalar invariants in machine vision. Second, the curvature is described
with a canonic parameterization, as opposed to generic parameterizations in differential
geometry, and 1o image plane descriptions generally used in machine vision.

The key contribution of this report is a new basic theory for analyzing
silhouettes. The theory provides useful insight in many questions of relations between
silhouette shapes and object shapes, and also in analyzing eomplex curved surfaces. A
number of straightforward applications have been proposed or suggested. It is shown
in the next section that there is substantial room for additional work on the theory
and on its applications, and that this work is promising.

9.2. FUTURE RESEARCH

There are several directions in which the present work can be pursued. Most
proinising areas are a careful analysis of the sampling questions, and an investigation
of extensions to non-convex objects. These two areas are now discussed with more
detail.

At this time, to the best knowledge of the author, there is no theory comparable
to the Shannon sampling theory for the discrete representation of functions defined on
non-L'uclidean manifolds such as the sphere. This problem has several facets. First,
sets of sainple points mmust be defined on the domain of the function. It has been
shown that regular samplings of the sphere are impossible for practical numbers of
samples. Irregular samplings have been proposed, but they have a number of disad-
vantages. The second issue is the definition of sample values; a sample value could be
the value of the continuous function at the sample point, or a weighted average of the
function values in a neighborhood of the sample point. The third issue is the choice of
interpolation algorithms, i.e. algorithms for estimating the value of the continuous
function {rom the sample values, at points other than the sample points. The fourth
issue is the characterization of a class of {unctions for which sampling followed by
interpolation leaves the function unchanged. These four issues are tightly coupled,
and their solution is likely to involve complex arguments. A precise formulation of
the sampling questions would permit the development of algorithms for synthesizing
silhouettes, applicable to shapes specified both analytically or numerically. The
development of numerical algorithms for shape reconstruction from silhouettes using
the circular and spherical transform would also be greatly simplified by solutions of
the sampling question.
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Extensions of the theory to cover non-convex objects are essential for direct
applications of the theories to real-world objects. These extensions include principally
the definition of the transforms for non-convex objects in 2-D and in 3-D, and the
analysis of the occlusion problem. One method for defining the Gaussian mapping and
therefore the spherical transforms for non-convex objects consists of separating the
object surface into several patches such that each part has a well-defined Gaussian
image. A different method is to consider several Riemann "sheets" on the Gaussian
sphere. The same methods are applicable to Gaussian circles of silhouette curves.
When relating Gaussian circles of silhouettes to slices of the Gaussian sphere of the
object, different silhouette parts or sheets on the Gaussian circle must be related to
their counterparts on the Gaussian sphere of the object. This correspondence is readily
preserved in silhouette synthesis, but may raise difficult issues in reconstruction from
silhouettes. Indeed, when several sheets are defined on the Gaussian circles of
different silhouettes, care must be exercised in preserving a consistent pairing of the
sheets when combining the circles as slices on the Gaussian sphere of the object.

In addition to issues involving multiplicity of the Gaussian image, silhouette
analysis is more complex for non-convex objects due to the possibility of occlusions.
When applying the silhouette construction method with the silhouette generator to
non-convex objects, a superset of the silhouette is obtained instead of the silhouette
itself. Indeed, some of the points generated by this method may eorrespond to
oceluded object surface patches so that they do not appear in the silhouette. The set of
points generated by the silhouette construction method for convex objects is hence a
set of candidate silhouette points when applied to a non-convex object. This set must
then be pruned for occluded points. In the context of reconstruction from silhouettes,
the occlusions imply that less information may be obtained from each silhouette. Asa
consequenee, a larger set of viewing directions may be required to reconstruct the com-
plete shape of a non-convex object. The question of which non-convex objects can be
reconstructed from the set of all their silhouettes has not been answered yet. These
objects have been called "tangible objects”; for each point on the surface of a tangible
object, there must be at least one tangent line which does not intersect the surface [61].
Convex objects are a subset of tangible objects, and some non-convex objects are also
tangible objects. It is easy to construct non-tangible objects by considering a long flexi-
ble cylinder and tying "knots" in this object. A simpler and more striking example is
that a torus is not a tangible object, whereas a toroidal object with a square section is.

In addition to the extensions to discrete transforms and to non-convex objects,
there is clear potential for extending the theories presented in this report in two other
directions. One extension would be to consider property spheres of third and higher
order terms of Taylor expansions of surface equations, and 1o relate these to
corresponding property circles of silhouettes. A different extension is to define
transforms on hyperspheres S, for n-dimensional hypersurfaees in (n+1)-dimensional
space. These two extensions seem coneeptually straightforward, would involve tedi-
ous algebra, and may not be very useful.

Aside from extensions of the theories developed in this report, there is a large
potential for applications. Once sampling issues are resolved, algorithms for numerical
synthesis of silhouettes and numerical reconstruction of 3-D shapes from silhouettes
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can be developed. The mixed analytical/numerical silhouette synthesis method used
in this report to generate examples could be extended to more surface types by deriv-
ing a table of transforms for many known surface patch equations. This project could
be implemented on a system for symbolic algebra such as MACSYMA.

The theory presented in this report is rich in potential applications in the areas of
computer graphics and computer vision. The work presented here provides new
insights in the geometry of surfaces which could be useful in understanding
differential geometry. This report has provided a new basic theory and provides ample
room for future research.
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APPENDIX 1
EXAMPLES OF TRANSFORMS

In this appendix, the three transforms are analytically determined for a number
of curves and surfaces. Specifically, the Support Transform, Vector Support
Transform and Curvature Transform are evaluated for conics, superconics, torus
patches, quadrics, and superquadrics.

In each case, the curve or surface is first described by parametric equations for its
Cartesian coordinates. With this form, a normal vector is determined at each point,
then compared to the unit vector expressed in terms of the canonical normal angles.
This comparison provides relations between the generic parameters and the canonical
angles, from which canonical parametric equations can be determined, parameterized
with the polar angle  of the normal orientation for a curve, and with the geographi-
cal coordinates (§,n) of the normal for a surface. The transformations in (5.1),
(5.11), (5.19) are then applied to the equations of a curve to determine its three circu-
lar transforms. Similarly, the three transforms of a surface are obtained using equa-
tions (5.29), (5.36), (5.45).

Al.l. Transforms of Planar Curves

Al.l1.1. Conics

Conics are curves described by quadratic implicit equations for the Cartesian
coordinates of their points. The general form of this equation in the Oxz plane is

Ax2+2Bxz +Cz*+2Dx +2Ez+F =0 (Al.1)

When the quadratic form in the left-hand side is not degenerate, the linear terms can
be eliminated by a translation of axes, and the mixed second-order term by a rotation
of axes. As a result, each non-degenerate quadratic curve can be described by an equa-
tion of the type

2 2

=1 (Al1.2)

&

in an appropriate system of axes. When both signs are positive, the above equation
describes an ellipse with half-diameters a and ¢ along the Ox and Oz axes respec-
tively; see Fig.A1.1. A set of parametric equations for the ellipse in (A1.2) is given by

X a cost

= (Al.3)

Z Cc sint
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L.l

Fig.Al.1. Ellipse with semi-axes a =4, ¢ =2.

Al.1.1.1. Normal Vector

The first derivative of X is a vector t tangent to the ellipse
—a sint
c cost

t=gx, = (A1.4)

A normal vector is then obtained by noting that, in 2-D, (zz =r ) is a vector perpen-
dicular to (2, 2, | ol

C cost

i = (Al1.5)

a sint

To preserve the similarity with the case of quadratic surfaces in 3-D, the above nor-
mal vector will be scaled by ac .

(1/a ) cost

(1/c ) sint Gadi)

=

Al.1.1.2. Canonical Parameterization

The normal vector in (A1.6) is compared with the unit vector in terms of the
polar normal angle s

1/a ) cost cos
= (/)_ ,"b (A1.7)
(1/c ) sint simys
Using the identity cos’t +sin’t =1, itit easy to determine that
11 = (a2cos?P + c2sinZy) 12 (AL1.8)
and therefore that the relation between ¢ and s is given by
cost a cos
: = Inl g ‘1’ (A1.9)
sint ¢ sinys
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The equations of the ellipse in terms of the normal orientation ys are hence given by
a’cosys

2 . (A1.10)
C “sinys

= Inl

Al.1.1.3. Circular Transforms

The three transforms of the ellipse are determined by applying the transforma-
tions in (5.1), (5.11), (5.19) to the canonic equation (A1.10). The ST and VST are
given by

p =%1, = (aZcos®P + c 3sin®P)V/? = ;17! (Al1.11)
s=RS*g
a %cos™ + ¢ Zsin?y p2
= Inl 2 e =p—l 2 2N . (A1.12)
(c*®—a”) sinyscosys (c * —a?) sinycosys
In order to determine the CT, the derivative Ky must be evaluated
—sinys
= 2.2 (A1.13)
Ry Ifnla“c cos
The CT function is then obtained as
2
= ac
p(P) = g, T, = (ac ) im13 = (), (A1.14)

(a 2cos?ys + ¢ Zsin?y)3/?

Al.1.2. Superconics

Superconics are a class of curves which includes conics, and which are described
in centered axes by implicit equations such as
S

*|

n
Z

+ =
b

X =1 (A1.15)
a

When both signs are positive and n is a real number in (1,00), the curve specified by
(A1.15) is smooth and strictly convex. It can also be described by the parametric equa-
tions '

b a lcost |° sign (cost )

%= 0Lt <27 (Al.16)

Z b Isint |* sign (sint )

with s = 2/n. Special cases include an ellipse for s =1, a rectangle in the limit for
s —0 and a rhombus for s —2; see Fig.A1.2.
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=4.5 n —oo

Fig.A1.2. Examples of superconics with half diameters a =4, b=2.
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The circular transforms of the superconic are first derived for the first quadrant
of the variable ¢, so that

acos’t

<3 & (A1.17)
. ot \7T/2

=

Al.1.2.1. Normal Vector
A tangent vector is determined by

_ —as cos® "t sint
= xt = o= (Al.l8)
bs sin® "'t cost
The normal vector is then obtained as
bs sin® "t cost
= e, (A1.19)
as cos* 't sint
A simpler form is obtained by scaling the above vector by ab cos® ~'t sin® !t
(1/a )cos* 5t
fi= e (A1.20)
(1/b )sin®*~5t

Al.1.2.2. Canonical Parameterization

The normal vector in (A1.20) is compared to the unit normal in terms of the
polar angle Y to determine the relation between ¢ and .

(1/a )cos® ™5t cosys
(1/b)sin®*~t sinys

Using the trigonometric identity cos? +sin?t = 1, it is easy to determine 1| then
X in terms of .

fi = (A1.21)

Inl = N"V&+D (A1.22)
k k +1 k
———|a" T'cos" Y
=N k+1 bk+lsinkw (Al.23)

withk =s/(2—s)=1/(n—1) and
N = (acosyp)* t1 + (b siny)* *! (A1.24)

165



Al.1.2.3. Circular Transforms

It is straightforward to determine the VST of the superconic by applying the
transformation in (5.11) to (A1.23).

£ (acosy) ! + (b siny)* !

=N £+ ” o (A1.25)
sincosy (—a* *lcosyt "1 + b X Hlginygk 1)
The first component of the above equation is also equal to the ST function
k 1
p =N “*l(a cosp) 1 + (b sing)t 1] = N k1 (A1.26)
An expression for the ST valid in the four quadrants of the normal angle \Js is given by
1 1
p=[|a COS\!Jlk+l+ |bSin\’J|k+l]k+l =Nk+l (A1.27)
where
N = lacosyl**! + |bsinyl* *! (A1.28)
The corresponding expression for the VST is
k
- N
s=N kt1| - ) _ (A1.29)
sinycosy ( —a* 1 Icosyl ¥ + b5 Ising 1k 71)

The CT of the superconic is determined by first evaluating the derivative f‘/,,
then evaluating the CT function with (5.19). The derivative is given in the first qua-
drant by

2k +1

ek =1 ik
x‘l,zk(ab)"“N_"“ cos” T sin” s

sin* ~1ys cos® s

The CT function, i.e. the radius of curvature, is given by the following expression
valid in the four quadrants.

p(y) =

(A1.30)

k (ab )* *1 | cosys sinys | © !

2l (A1.31)
la cosy 1 X 1 + Ibsim,bl"“]

Polar diagrams of the transform functions are illustrated in Fig.A1.3. for a superconic
with n =4.5.
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Superconic Support Transform
t-component of VST Curvature Transform

Fig.A1.3. Transforms of a superconic with n =4.5

167



Al.2. Transforms of 3-D Surfaces

Al.2.1. Torus

The torus is an axisymetric surface obtained by rotating a circle of radius r
around an axis in its plane. The surface generated by the circle is simple when the dis-
tance R from the center of the circle to the axis is larger than . Consider a system of
axes Oxyz as illustrated in Fig.A1.4. Parametric equations for the circle are given, in
the Oxz plane, by

X R +r cosm

) (A1.32)
r sinm

=

where 7 is the polar angle of the normal in the Oxz plane. Equations for the torus
itself are easily determined as

(R +r cosn) cosé
X = | (R +r cosn)siné (A1.33)
r sinm

where (£,m) are the geographical coordinate angles for the normal vector. The identity
of the parameters (£,1) as canonical angles in the above equations is easily verified by
evaluating a surface normal

cosé cosm
n=%X,xX, =r (R +r cosm) | sinf cosn (A1.34)
sinm

Fig.A1.4. Torus generated by Revolution of a Circle
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Al.2.1.1. Spherical Transforms

The VST of the torus is easily determined by applying the transformation in
(5.36) to the parametric equations of the torus in (A1.33).

Rcosn+r
S=R{Fx= 0 (A1.35)
—R sinn
The scalar ST is identical to the first component of the above equation, namely
p =Rcosntr (A1.36)

In order to determine the CT of the torus with (5.45), it is useful to first evaluate the
derivatives i’g and i'.,,

—siné
Xg= (R +r cosn) | cos¢
0
, (A1.37)
—cosé sinm
Xp,= r | —sin sinn
CosTM
The components of the CT are then determined to be
—— Xgle _ R +r cosn
= CosTM cosT
r 12 — ?n._l’f — O (A1.38)
r22 = ?.n'_l'.n =r

Some particular features of the transforms of the torus can be observed in the above
equations, and it can be shown that these observations are also valid for all axisym-
metric objects. Specifically, the A component of the VST and the r ;;, component of the
CT vanish for axisymmetric objects, the n and v components of the VST are identical
to the n, ¢ components of the VST of the generating curve, here the circle of radiusr .
Finally, the r 5, component of the 3-D CT is identical to the 2-D CT of the generating
curve and the r ;; component is equal to the distance of the points of the curve to the
rotation axis, divided by the cosine of 7.

169



Al.2.2. Quadratic Surfaces

Quadratic surfaces are sets of points in 3-D defined by an quadratic implicit equa-
tion in Cartesian coordinates. When the quadratic form is not degenerated, the linear
terms in the quadratic equation can be eliminated by a translation of axes and the
mixed second degree terms can be eliminated by a rotation of axes. As a result, each
generic quadratic surface can be expressed, in an appropriate system of axes, by an
equation of the form
2

o o

2
ge

2

+ =1 (A1.39)

x b4
a b

2
€

When the signs in (A1.39) are all positive, the surface is an ellipsoid with semi-axes a,
b, ¢, as illustrated in Fig.A1.5. A set of parametric equations for this ellipsoid is
given by

a CoSu COSV
X = | b sinu cosv (A1.40)
C sinv

&}

y

Fig.A1.5. Ellipsoid with semi-axes a =4,b=3, c =2.
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Al.2.2.1. Canonical Parameterization

In order to determine the spherical functions of the ellipsoid, the parametric
equations in (A1.40) will be converted into equations in terms of the normal angles
(&¢,m). For this purpose, a normal vector to the surface is first evaluated. A scaled
normal to the surface determined by (A1.40) is easily obtained as

: (1/a )cosu cosv
—— X, XX, = | (1/b)sinu cosv (A1.41)
abc cosv .
(1/c )sinv

where the particular scale factor was chosen to simplify the final expression. This
expression is compared with the expression of the normal unit vector as a function of
the parameters &, 7, specifically

—
n-=—

tel

(1/a )cosu cosv cosé cosm
(1/b )sinucosv| = I | siné cosm (A1.42)
(1/c )sinv sinm
2 2 2

Using the identity cos“u cos?v + sin®u cos?v + sin

is easy to show that

v =1 and the above equation, it

=11
IT| = | a?cos®écos’n + b2sin?écos?n + ¢ 2sinn

and to determine a relation between the parameter sets (u,v ) and (£,m), namely

COSu CoSsv a cosécosm
sinucosv| = I | bsinécosn (A1.43)
sinv c sinm

The parametric equations can then be expressed in terms of (¢,7), as

a %cosécosm
X = IT| | b2sinfcosn (A1.44)
€ 2sim'y
Al.2.2.2. Spherical Transforms

The VST of the ellipsoid is easily derived by applying the transformation in

(5.36) to equation (A1.44), producing

a %cos?¢écos’n + b 2sin?écos?n + ¢ Zsin?n
F=R{*X= IWI (b2 — a?) cosnsinécosé (A1.45)
(c?— a?cos¢ — b2sin?¢) sinncosn

The first component in the above equation is also equal to the scalar ST function

pl&mn).
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Its expression can be simplified as
1L
p =n = | a’cos*cos’n + b2sin®écos’n +csin?ny| = IR (A1.46)

Using the above relationship, the expression of the VST can be rewritten as

2
P
= (b2 —a?) cosmsinécosé (A1.47)

- (c 2 — a’cos?é — b2sin?¢) sinmcosn

The CT of the ellipsoid will be determined with equation (5.45). For this pur-
pose, the partial derivatives of X(&,m) are first evaluated

2 2.
a “cosécosm —a “sinécosm
2 . P 2
Xp=— (6" —a )Coi ysingcoss b2sinécosn | + — | b2cosécosm
b ¢ %sinm 0

—a %siné ( b2cos?n + ¢ %sinn )

- coan b2cost (a2cos’n + c2sinn ) (A1.48)

P (a?—b?%)c?sinécosésinncosn

2 2 .

a “cosécos —a “cosésinm

W SN S, o)
i’n = —sinmncosn @ “cos™¢ b3 sin§ +¢ b2sinécosn | + L3 —b %sinésinm
P 2. P 2
¢ “sinm c “cosm
5 —a cosésinm
= —C——3— —b %singsinm (A1.49)
p

(a2cos?¢ + b2sin?¢ ) cosn

The components 7 1y, 7 15, ' 55 of the symmetric 2x2 CT tensor R are then obtained as

%l

ity = ik % ( b2c 2cos?¢sin®n + a 2c Zsin?ésin®n + a 2b 2cos?n) (A1.50)
cosT p
kN C2 2 2 3 .

ria =Xyl = po (a®—b*)sinfcosésinm (A1.51)
2.3 a 2ol D2

ray =Xyl = F(a cos’¢é + b?sin’¢) (A1.52)
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Al.2.3. Superquadrics

Superquadrics are generalizations of quadrics 1o a class of higher order surfaces
[58]). A subclass of superquadrics has implicit equations similar to (A1.39), except that
the exponents, equal to 2 in the case of a quadric, are replaced by a parameter n in the
case of a superquadric. In particular, the superellipsoid generalizes the ellipsoid and is
defined by the following explicit equation
n

o
.

n n

X

a

-+

Il
[

(A1.53)

Z
C

For n fixed to a real value in (1,00), the surface described by the above equation is
smooth and strictly convex. The limiting cases correspond to an octahedron forn — 1
and a parallelepiped for n — oo, as illustrated in Fig.A1.6. The ellipsoid displayed in
Fig.A 1.5 is a particular case of a superellipsoid corresponding to n =2. The part of the
superellipsoid surface in the first octant can be parameterized as

a cos® u cos® v
= | bsin®ucos®v (A1.54)

csin®v

N < =

where s = 2/n. The derivation of the transforms of the superellipsoid is relatively
tedious. It is helpful to first read the simpler case of the ellipsoid, or the derivation of
the 2-D transforms of superconics.

Al.2.3.1. Canonical Parameterization

The spherical transforms of the superellipsoid are now evaluated. As a first step,
the parametric equations in (A1.54) are transformed into a form parameterized with
the normal orientation angles. For this purpose, the normal orientation is evaluated.

be sin® ~lu cosu sin® ~1v cos® Ty

=%, XX, = | acsinucos® lusin® v cost v (A1.55)

1 2s—1

ab sin® "l cos® ~lu sinv cos v

A simpler expression of the normal orientation is obtained by scaling the above vector
by abc (sinu cosu sinv )* “lcos?* “lv. The scaled normal vector is then compared to

the unit normal vector expressed in terms of (£,1).

(1/a )cos®* S u cos®* > v cosé cosm
n=|(1/b)sin**ucos**v| = ITW| | siné cosn (A1.56)
(1/¢)sin* v sinm
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n=4.5 n=oo

Fig.A1.6. Super-ellipsoids with semi-axes a =4, b=3, c =2,
forn =1, 1.2, 4.5, oo.
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2

Using the identity cos“u cos?v + sin®u cos®>v +sin?v =1 and the above equation, it

is easy to show that

5 2 2 |- 2?
1T = | (acosécosn) 2~ + (bsinécosn) 27 + (csinn) 2™ AT
and
2 s s
at S cos?™S¢cos? oy

s 2 S s

X=I01%" |b ¥ sin?¢cos? 7 CALSB)
2 s
c 2=s sin 2—s n

As several manipulations of the above equation will be necessary to obtain the spheri-
cal functions of the superquadric, it is helpful to simplify it by introducing the
parameter k =s/2—s = 1/(n—1) and

N = IRI1~%*V = (g cosécosn )* T + (b sinécosn ) *1 + (¢ sinn ) !

(A1.59)
The parametric equations can then be rewritten as
a* *lcosk ¢ cos n
X=N *7 | p*Hsin* € cos® n (A1.60)
c k +lsink n

A1.2.3.2. Spherical Transforms
The expression of the VST of the superellipsoid is easily derived by applying the
transformation in (5.36) to the above parametric equation, giving
n cosécosn  sinécosn sinn| [x(&m)
= |h| = —siné cosé 0 y (&) (Al.61)
v —cosésinm —sinésinn cosm) | z(&,m)

‘ (a cosécosn) *1 + (bsinécosn) *! + (csinm) !
=N 41 (b* *lgin* ~1¢ — g *1cosk ~1¢ ) sinfcosécost 1)
(c* *lsin* ~Im — a* *lcost *1cost ~1m — b *lsint *1fcost ~1m ) sinmcosm

The first component in the above equation also specifies the scalar ST function p (¢,7m).
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Its expression can be simplified as
1

p =n = | (acosécosn Y1 + (bsingcosn Y *1 + (csinn )e 1| X *1

(A1.62)

Comparing the above expression of p with the expression of N in (A1.59), it is clear
that N = p**!, and therefore that

L +1
4

s=p~* sinfcosécost m (b4 Hsink ~1§ — gk Hlcost ~1¢)
sinncosn ( c* *sin® ~Im —a* Hlcost *1¢cost ~In — bk Hisink H1fcost “In)

(A1.63)

The third spherical function, the CT, is now evaluated for points in the first
octant of the superellipsoid. In order to derive the components of the CT tensor with
(5.45), it is necessary to evaluate the partial derivatives of X(£,m). Considering the
expression of this vector in (A1.60), it is useful to first evaluate

L

—L ey
(—%—p“’ = S%N etell 565_ (acostcosn ¥ *' + (b sinfcosn ¥ *! + (csiny Y+t **!

L +1

= kN **1cosf *Im(a*f *lsinfcost € — b +1sint fcosf ) (A1.64)

[\

L

i e
—é%p“' = S%N 4l = —é% (acostcosn Y *! + ( bsinfcosn ¥+ + (csinm Y *+1| * !

2t +1
= kN **1cost *In(a* *lcost *1€sinmcost m + b% Hisinf *1¢sinncost ) — c* *sinf neosn )

(A1.65)
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The derivatives Xz = §X/9¢ and X,; = 9X/gn are then evaluated as

g%+ —gk*!

cos® £ cos* 7 sinécos® ~1€cos* n
X = ] p* b *lsinf ¢ coskn| +kp % | b**tlsin* "lécosécost

¢ c* Hlgink 0

- —a* *lsingcosk T1¢ (b* *1sin® 1¢cost *ln + ¢k Hlsink tin)
= KOOSR kT 1¢cosé (a* *lcosk ~1¢cosk t1m + ck *1si n tln)

p 2k 1
c* *lsinécosésin® neosn (a* tlcosk T1¢ — bk tlsin® T1¢)
(A1.66)
a**1cosk ¢ cosk 7 —a* *lcos* ¢sinncost ~ln
X, = 56— l j/ b" tlsink ¢ cos | + kp % | —b* tlsin® ¢ésinncost Tin
& c**lsin* n c**1sin* “Incosn
k+1g k—1 k—1 —a* "cos" gsinn
=S¢ S0 T :}COS L —b* *1sin* ¢sinn (A1.67)
& (a* *lcosk Y1¢ + b* *lgink *1¢ ) cosn

From the partial derivatives above, it is easy to determine the components ri11 T 12
r 5, of the CT tensor R.

—

——p 'l
r=—f (A1.68)
cos?
2 . |
= k (smfcozs"ffi)s'n)‘ (ab cos’n)‘ +1 4 (c sin‘n)" '”(a" +lsin3_" g + bk +lcos3—k 5)]
P
rip="%,1; (A1.69)
k41 .k k—1
— ke Sln'fCOiiS:? NEOE 1, 1 % Hloggk —1g — pk +lsin"_1§l
4
r22 — ?n'_f.n (Al.70)
k41, k—1 k—1
_ kc”"sin - +T17COS M | a* *lcosk +1g + bk *lgink +1¢
p
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Outside the first octant, some of the trigonometric functions take negative values.
As fractional powers are undefined for negative numbers, it is necessary to separate
the magnitude and sign of the trigonometric functions. The following parametric
equations specify the surface points of the superellipsoid in the eight octants.

x| a* 1 Icosécosn I * sign (cosécosn)

N *k*1 [ pk 1 singcosn | * sign (sinécosn) (A1.71)
c**1isinn|* sign (sinm)

X

where
N = | acosécosn |¥ 1+ | bsinfcosn 111 + | csinn 1¥11 (A1.72)

The ST is given by the following expression valid in the eight octants

1
k +1 (A1.73)

= | | acosécosn 1¥ 1 + | bsinécosn 1¥*1 + | csinn 11X 1!
p n n n

The VST is given by the following vector equation valid in the eight octants.

L +1
P
= sinécosé | cosm | * sign (cosm) (5% *!Ising 14~ — gk *+1|cosg 14 —1)

ct*sinn 41— (a lcosé | X *Icosn 14~ — (b Isiné | ¥+l cosn |t 1

sinTcosT

(A1.74)

It can be observed by comparing the previous relations with the corresponding rela-
tions in the first octant, that integer powers and k th powers of the trigonometric
functions retain their signs, and that trigonometric functions raised to the powers
k—1 and k£ +1 are taken in absolute value. This conjecture also produces valid
answers when applied to the expressions for the CT components in (A1.68), (A1.69),
(A1.70).

The spherical functions in (A1.73), (A1.74), (A1.68), (A1.69), (A1.70) can be
used to determine the circular functions of silhouettes of superellipsoids in ortho-
graphic projections. For example, Fig.A1.7 displays a silhouette of the superquadric
with a =4, b =3, ¢ =2, n =4.5, and the three corresponding circular functions.
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Silhouette Support Transform

t-component of VST Curvature Transform

Fig.A1.7. Silhouette of Super-ellipsoid and corresponding circular functions
for 6 = 30°, p=40°.
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In addition to the three spherical functions presented in the text, it is also possible
to determine the EGI function for the superellipsoid with (5.56).

GEm=r “7-22—r122
k2 (abc )**! | sinécosésinncos®n 1¥ 71

3k +1
k+1

| a cosécosn |¥*1 + | bsinfcosn 1¥*1 + | ¢ sinm 1% H1

(A1.75)

For s £2 and therefore k 21, the EGI is continuous over the whole sphere. For s >2,
k —1 <0 and the EGI has discontinuities along the equator 7=0 and along the meridi-
ans é=—7/2,0,m/2,7 on the Gaussian Sphere. These discontinuities account for the
fact that the surface expansions around the corresponding points contain only terms of
order larger than 2. For s —oo, k —0, the EGI vanishes almost everywhere because of
the factor k2 in the numerator of (A1.75); impulses remain at the six discontinuity
points (¢,m) = (.,—m/2), (0,—7/2), (0,0), (0,7/2), (0,7), (.,m/2). The strengths
of thesc impulses can be evaluated as 4ab for the poles (.,—7/2), (.,m/2), 4bc for the
points (0,0), (0,7) and 4ac for the points (0,—m/2), (0,m/2). These values
correspond exactly to the areas of the faces of the parallelepiped which is the limiting
case of the superellipsoid for s oo, see Fig.A1.6.
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APPENDIX 2
PARAMETERIZING CURVES AND SURFACES
WITH NORMAL ORIENTATION

This appendix addresses the issue of converting parametric equations in terms of
generic parameters into equations parameterized in terms of normal orientation. The

problem is first addressed in the case of planar curves, then in the case of surfaces in
3-D.

A2.1. Planar Curves

Consider a curve specified by parametric equations

x (1)
z(z)

where ¢ is a generic parameter. The problem addressed here is the conversion of this
form into an equation X(ys) for the same curve, in terms of the polar angle s of the
normal orientation. A relation between y and ¢ can be obtained by considering the
orientation of the tangent vector X, (¢ ). The relation is given by

z(t

Y= atan—.( ) - Yl ) (A2.2)
x(t)

where dots indicate derivatives with respect toz. The inverse function of Yz ) is for-

mally written as ¢ (), and is inserted into (A2.1) to obtain the desired result, namely

g = %(t (y)) = x(y) (A2.3)

For a strictly convex planar object, the inverse ¢ () is well defined and unique every-
where. However, it is possible to explicitly determine the inverse function ¢ (\[J) only
in particular cases. In other cases, there is no closed-form inverse of (A2.2) but
derivatives of x () can be determined using the formal inverse ¢ (1) and the relation
between derivatives of direct and inverse functions.

dt () _ 1
dt d Yt )/dt
To illustrate the use of derivatives of the formal inverse of Yz ), an expression for the

radius of curvature of a curve is determined in terms of a generic parametric equation
such as (A2.1). The radius of curvature can be determined by

dg | di _ |dx

dt | dy | dt

L= x([ ): (A2.l)

(A2.4)

1
d\y/dt

dx

dy

p:

181



y(z ) = atan

x
dy _ 5% =i
dt  x2+:2
d% 2 2231/2
===l =62
- ( )
<2 +233/2
+
R C o i (A2.5)
ZX =%
A2.2. 3-D) Surfaces
Consider a surface specified by the parametric equations
x(w,v)
X=Xu,yv)=|ywyv) (A2.6)
z(u,wv)

The problem addressed in this section is the conversion of parametric equations similar
to the above form, 10 a set of equations X(&,m) for the same surface, where the angles
(£,m) characterize normal orientation.

First, a relation between the generic parameters (u,v) and the angles (§,n) is
obtained by comparing the normal vector I =X, XX, with the normal vector
expressed in terms of (§,m).

n, YulZv — Y 2u cos¢ cosm

e —_— . = *

n=|n,| =|z,x, —z,x, | = IT| [sin{ cosn (A2.7)
nZ xu y\’ = x\' y“ Slnn

Explicit expressions for the angles ¢ and 7 can be derived from the above equations as

n,
&= atan— =¢&u,v)
N (A2.8)
z
= atan — =n(u,v)
i (nZ+n2)" n
The formal inverses of the above equations will be denoted by
u =ul(¢,
Em) (A2.9)
v=v(mn)
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For a strictly convex object, the above inverse functions are well defined everywhere,
and can be inserted in (A2.6) to obtain the desired parametric equations

X=X (Enyv(EN) =) (A2.10)

In many instances, it is not possible to find explicit forms for the inverse equations
u(€,m), v(£,m), but the expression in terms of the formal inverses can be used to
determine derivatives of X(&,7), using the relation between derivatives of direct and
inverse functions,

-1
o ov o8 on
68 8| _ | B B (A2.11)
o Qv 9 on
an on av oV
The derivatives of X with respect to the angular coordinates are given by
-1
B o Qv | o 9n iy
X X, X
S P A Y Bl I o (A2.12)
Xn o ov | X, 06 om| |X,
an an av oV
The derivatives in the second matrix can be readily evaluated from (A2.8),
8¢ _ Myunx —ny nx,
ou nx?+ ny 2
9f _ ny.nx —ny nx,
ov nx?+ny? o
1
on _ nz,(nx 2+ ny?) —nz(nx nx, + nyny,)
u  (nx’+ny +nz?)(nx2+ny?)”
on _ nz.(nx 2+ nyd) —nz(nx nx. +nyny,)
o (nx?+ny?+nz?)(nx?+ny?)*

where subscripts in the components of the normal vector have been replaced by
postfixes 1o avoid confusion with partial derivatives; for example, n, has been
replaced by nx .

An example of the use of the above formulas is the derivation of the radius of
curvature tensor R from generic parametric equations. The relation between partial
derivatives and components of this tensor is given by

X, r1;c08m 1 + r y,cosmT.
ol e (A2.14)
x,n r12l§+r22ln
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The unit vectors 1¢, 1, can easily be determined in terms of components of the normal
in (A2.7),

=M gy =y Py Mg, T
e= | nu/ng |, 1= | —ngn,/nn (A2.15)
0 Nyy/n
where n? = nx2 . ny2 + nz2 and nxi, S nx2 + nyz. The components of the tensor can
then be determined from the derivatives in (A2.12), as
e,
gy =
CosT
2.7 (A2.16)
rias = x.,, 16
Fiopi= i..n'l.n

It is also possible to evaluate the tensor R from generic parametric equations by
first evaluating the tensors of the first and second fundamental forms, then applying
an appropriate transformation to these tensors. This method was presented in[62] and
is briefly reviewed in Appendix 4.
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APPENDIX 3
DUALITY BETWEEN SLICES AND SILHOUETTES,
EULER’S THEOREM AND ITS DUAL.

In this appendix, the duality between slices and silhouettes of quadratic forms is
reviewed, and an application of this analysis to curvatures of slices and silhouettes is
developed. Silhouettes and slices are first derived for ellipses in 2-D and for quadratic
surfaces in 3-D. In both cases, it is shown that silhouettes can be obtained in tangen-
tial space (dual space) by exactly the same operation that produces slices in point
space. The expressions for slices and silhouettes in the two examples are exploited to
formulate two different derivations of Luler's theorem of differential geometry and of
its dual.

Throughout this appendix, the vector and matrix notation used in the equations
of geometric objects emphasize the duality between equations for curves and surfaces
in point space and their correspondents in tangential space. The formulation also
clarifies the proposed duality between silhouettes and slices of quadratic forms.

A3.1. Slices and Silhouettes of an Ellipse in 2-D

In this section, the slice of an ellipse by an axis through the center is determined
in terms of the polar orientation angle o of the axis; then, the orthographic silthouette
of the ellipse on the same axis is also evaluated. The problem is first solved for a=0,
so that the axis is horizontal, then extended to different values of a by combining the
previous result with rotations of the coordinate frame.

An ellipse centered at the origin of the Oyz plane can be defined by the following
implicit equation in point space.

ag aj

z
Y dyy An Z

The equation for the tangents of the ellipse in dual space is derived by first considering
the equation of the tangent at the point Po(y .z o) of the ellipse.

Yo

20

apy ay

y 2|

a1y an

The tangential coordinates of a line, also named dual coordinates, are the coeficients
Ay, Ay of the equation of the line written as A, x + A,y = 1.
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The coordinates of the line in (A3.2) are hence given by

Yo
290

aj; a2
(A3.3)
A,
Conversely, a line with tangential coordinates (A, ,\, ) is tangent to the ellipse iff the
point P with coordinates

A

is on the ellipse. The equation of the ellipse in tangential space, which is the equation
specifying all the tangents to the ellipse, is obtained by requiring the coordinates of P,
in (A3.4) to satisfy the equation of the ellipse in (A3.1).

a1y Az

Yo
20

e (A3.4)

aj as; z

o ay; ap| |ag an a3 412 ! Ay | (A3.5)
Y Zl ajy ajz ajy az| |ax az AT
ay apn| >\y
= (A3.6)
[)\y A ajy ajz A, :

The explicit tangential equation of an ellipse is hence a quadratic form with a kernel
equal to the inverse of the kernel of the quadratic form describing the ellipse in point
space.

The slice of the ellipse by the horizontal Oy axis and the silhouette on the same
axis are now determined. As seen in Fig.A3.1, both slice and silhouette consist of two
points symmetric with the origin, which will be specified by the absolute value of
their y-coordinates, y ;.. and y; -

N

/\

Ysit Ystice

Y
<

C

N
e

Fig.A3.1. Slice and Silhouette of an Ellipse on the Oy Axis.

\—/
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First, the slice of the ellipse is determined as the points for which z =0, namely

&y Cio Ysti
Ystice o =1 (A3.7)
aj; az 0
An alternative expression for the half-width yy;.. is given by
1 @i T 1
TR 10 G G 0 (A3.8)
Yslice 12 22

The silhouette on the Oy axis is now determined as the intersection of the Oy
axis with the vertical tangents to the ellipse, see Fig.A3.1. For these tangents, A, =0
and A, =\, is determined by

apg ap| )‘ysil
AVSZ‘I O — 1 (A3.9)
' aj; ajz 0
1 ap aj ! 1
= 10] (A3.10)
i ajp @y 0

The coordinates y;; of the silhouette points are given by y.; = I/Kysu , SO that
b
0

a)) aj

ya =110 (A3.11)

a2 Aj

The projections and slices on an axis with a polar angle o are now determined by
first evaluating the equation of the ellipse in a set of axes Oy ,z , obtained by rotating
the axes Oyz by an angle o; see Fig.A3.2. The coordinate transformation between the
two systems of axes is given by

Y«

Z

y Cosx —sIna

z

(A3.12)

Sinx  COSox -

An equation for the ellipse in the rotated axes is obtained by inserting (A3.12) into

(A3.1), which produces
Ty C 12 Ya

Za

COSax  Sina COSax  SIno
Vs s =] (A3.13)

—Sina CoS —SINx COSQx

ai1x Ay

The equation of the ellipse in the rotated axes has the same form as (A3.1), but the
2x2 matrix is now the product of the three matrices in the above equation. Slices and
silhouettes on the Oy, axis can be obtained by applying equations (A3.8) and (A3.11)
in the rotated axes, resulting in

1 ) @y Cy2 Cosa
> — = | cosa smal . (A3.14)
Ystice a1z & 22 St
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Ya

Ystice

Yeir > y

Fig.A3.2. Slice and Silhouette of an Ellipse on a Rotated Axis.

> . iy Eg cosa
yii = | cosa sino (A3.15)

ayy aAay sino

It is useful to consider a particular case where the principal axes of the ellispe are
oriented along the coordinate axes. lLet d ; and d , be the half diameters along the Oy
and Oz axes respectively. The 2x2 matrix of the ellipse is in this case

1/d$ O
— 5 (A3.16)
0 1dys

ajy; aj2

a1y Q22

The expressions for the abscissas of the slice and the silhouette are given in this case
by

1 1 2 |
e S @)t —— S 0 (A3.17)
yslzice d 12 d22

y.5 = d { cos’a + d # sin’a (A3.18)

A3.2. Slices and Silhouettes of 3-D Quadrics

In this section, the slice of a quadric by a plane and its orthographic silhouette are
evaluated. The expressions of these curves are derived with the same strategy that
was used to determine slices and silhouettes of ellipses. First, the slice and silhouette
on a particular plane, here the Oxy plane, are evaluated, then the result for a general
plane is obtained by combining the previous result with transformations of axes. Only
the first step is discussed here.
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In order to show a different facet of quadratic equations in point space and in
tangential space, general systems of axes will be considered, as opposed to axes with an
origin at the center of the figure used in the discussion of ellipses. In order to describe
quadrics in general axes, it is advantageous to use homogeneous coordinates (x a2 ab )
for points in 3-D space. Any quadratic surface can be expressed in point space by an
implicit equation of the form

a; a1z @13 a4

aj3 A3y Aj3 Ay
0 (A3.19)

ELE
aj13 A3 A33 A3g

~ N Y ®

a14 A3q Q34 A4y

The equation of the above quadric in tangential space is obtained by first considering
the equation of the plane tangent to the quadric at the point P(x 3y oz of o) namely

a;; @)z a3 Ajgg X0
a1y A3y Q33 A2y Yo
xyzt =0 (A3.20)
a3 a33 A3z A34 29
A4 A4 A34 Ayq Lo

The tangential coordinates of the tangent plane at P are given by

Re - a); ajz a3 A X0
}‘y Q)2 Q33 Q323 A3y Yo
- (A3.21)
A, a3 a3z azz az| | zo
A, A14 A4 A34 A3g )

Conversely, a plane with tangential coordinates (A, Ay, A, ) is tangent to the quadric
if the coordinates (x gy oz of o) obtained by inverting (A3.21) satisfy the equation of
the quadric in (A3.19). Therefore, the set of planes tangent to the quadric is charac-
terized by the equation

-1
aj); a4y 413 a4 A,
ayy Ayy Aj3 Ayy A

xxxyxzx,l NEL (A3.22)
: a13 Q33 G33 A34 z
a4 A4 Q34 Qg4 A,

It will be useful in the sequel to explicitly consider the inverse matrix in (A3.22),
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A, Aga Ags Aqy a;) 412 @13 a4 1

A Ay Aaz Ay a2 Q32 Q33 A4 (A3.23)
Az Az Azz Azg|  |ay3 a3 a3z asy .
At Ayg Az Aua A4 A4 A34 A4y

The slice of the quadric by the plane z =0 is first considered. This intersection is
the set of points satisfying

ay] Q12 Q13 Q14

Q13 Q) Q33 Ay
0 (A3.24)

l xy Ot I
Q33 d33 a33 A3y

~ O« ¥

A4 Q4 Q34 gy

This equation can be rewritten as an equation for homogeneous coordinates (x ,y ,t ) of
points in the Oxy plane,

Q)] Q)3 a4 x
l xyt ] aj; aj); Ay y{ =0 (A3.25)
l

Q14 Q24 Ayg
The above equation shows that the slice is a quadratic curve in 2-D, also called a conic.

The silhouetle of the quadric in the Oxy plane is now evaluated. For that
matter, it is useful to first consider the silhouette generating planes which are in this
case, the planes with A, =0. For the quadric in (A3.19), the tangential coordinates of
these planes satisfy
A Ap A3 A Ay
A Ay Apz Apaf| | Ay
l Ay Ay O, I P ol =0 (A3.26)
' 13 23 33 34

A14 A24 A34 A44 )\1

It is easy 1o verify that the trace of a vertical plane (A, ,A,,A, =O,\; ) in the Oxy
plane is a line with coordinates (A, Ay oA ). The silhouette of the quadric is hence a
curve with tangential equation

A A A [ M
IX"')“')“I A As Al [N ] =0 (A3.27)
As Az Aug A

which is the tangential equation of a conic.
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The point equation of the conic is then obtained as
An A Ans x
Ix)’t ] Ay Ay A yi =0 (A3.28)
A Ay Asg £

==]

In summary, the slice of a quadratic surface by the Oxy plane is a conic; The
matrix of its equation in point space is obtained by removing the third column and
third row in the matrix of the quadric. The orthographic silhouette of a quadratic
surface on the Oxy plane is also a conic; the matrix of its equation in tangential space
is obtained by removing the third column and row of the matrix of the tangential
equation of the quadric. The matrix of the silhouette in point space is obtained from
the matrix of the quadric in point space by first inverting this matrix, then removing
the third row and column and finally inverting the resulting matrix.

A particular case is now considered, namely the case of a paraboloid with equa-
tion
ab
bc

The above equation can be written as a quadratic form similar to (A3.19) for the
homogeneous coordinates (x ,y,z ,t ).

y
Z

x = —Yalay?+ 2byz +cz?) = (A3.29)

Yy 2

00O01 x
Oabdo y
Ixyztl obcol |z =0 (A3.30)
1000 t
The tangential equation of the paraboloid is
000 1| |M
0A BO| [A
xxxyxzx,l oscol| [r]|=0 (A3.31)
1000 A,
where
A B ab|”
zcl=1s C] (A3.32)
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The slice of this paraboloid by the Oxy plane is given by

001 x
lxyz] 0aoO| |yl =0 (A3.33)
100] |t
which is equivalent to
a bj |1
= -1 2 A3.
x £ 11 © b el lol ¥ (A3.34)

The silhouette of the paraboloid is now determined. From the discussion on
silhouettes of general quadrics, it is known that its equation is quadratic; the matrix of
this equation is obtained by suppressing the third row and third colurin in the matrix
of equation (A3.31), then inverting the resulting 3x3 matrix.

O 0 1

x
Ixyt] 0 Al 0| |ly| =0 (A3.35)
1 0 O t
which is equivalent to
2
x =—12 =
ab 1 (A3.36)
[1 Olls ¢| 1o

When the paraboloid in (A3.29) is sliced by or projected on a plane Oxt making
an angle a with the Oxy plane, both the slice and the silhouette are parabolas; see
Fig.A3.3. The equations of these parabolas can be obtained by first applying a rotation
around Ox , similar to that in (A3.12).

5 5 e
A [
2= Lo
Y
Slice Silhouette

Fig.A3.3. Slice and Silhouette of the Paraboloid
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The equation of the slice is then

y . a b| [cosa| (A3.37)
x =—/2 [cosa sinaf |, | t .
The equation of the silhouette is given by
x == 1 - i
. ab cosa (A3.38)
Cosx SsIno .
b c sino

A3.3. Euler’s Theorem and its Dual

Euler’s theorem in differential geometry relates the curvature of normal slices of
a surface to the principal curvatures of the surface itself. At a point of the surface
with principal curvatures k ,, k ,, the curvature kg;. of a normal slicc making an
angle o« with the first principal direction is given by

Kgice = k 1082 + k ,sin’o (A3.39)

The dual of Euler’s theorem relates the curvature of orthographic silhouettes of a
surface to the principal curvatures at corresponding points of the surface. When a
point of the surface with curvatures k ;, k , is on the silhouette generator, the curva-
ture kg; at the corresponding point of the silhouette on a plane making an angle «
with the first principal direction is given by

-1 1 2 1 .5
= —cos“a + —sIin“« (A3.40)
ksil k 1 k 2
An equivalent formulation of the dual of Euler’s theorem in terms of radii of curva-
ture is given by

psil = pICOS2Ot + p2Sin2a (A3.4l)

Our proofs of these two theorems will be based on the relation between curva-
tures and coefficients of quadratic terms in the Taylor expansion of Monge parameteri-
zations. Our analysis is done for one point on the surface, which is chosen as the ori-
gin of the system of axes; the Ox axis is chosen along the normal of the surface.
Planar curves are also considered in a system of axes centered at the point of interest
and with Ox along the normal. The expansion for a curve is given by

x ==k y2+0(y?) (A3.42)
where k is the curvature at (0,0). The equation for a surface is given by
ki k| |y
x =-2 z +0((y,z)? (A3.43)
J k2 ka2 |2 y:2))

where K = kij is defined as the tensor of curvature of the surface at (0,0). Finally, it
is easy to see that second order expansions of both slices and silhouettes depend only
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on the second order expansion of the surface at the corresponding point.

The proposed theorems will be obtained in two different ways. First, the results
of Section A3.2 are applied to the second order term in (A3.43), then, the curvature of
the slice and of the silhouette are obtained with (A3.42). The second proof is obtained
by considering the two operations of slicing and projecting in a plane parallel to and
close to the tangent plane, say the plane x =—€. The slice of (A3.43) in this plane is
an ellipse so that the results derived in Section A3.1 can be applied. This last analysis
of curvatures in terms of a section by a plane parallel to the tangent plane is well
known. The ellipse in question is usually referred to as the Dupin indicatrix.

A3.3.1. Proof by Operations on Quadrics

The second order expansion of the surface at (0,0) in (A3.43) corresponds to a
paraboloid to which equations (A3.37), (A3.38) can be applied. The slice by a plane
Oxt at an angle o with OxYy is the curve specified by

kll kl2

cosa

x =~ | cosa sina| | o gl e : (A3.44)

Comparing this expression with (A3.42) reveals that the curvature k., of the slice is
k11 k2| | cosa

Kgice = | COsa sinar| | & Bl Vsiti (A3.45)

This expression reduces to (A3.39) when k ;,=0. The expansion of the orthographic
silhouette of the surface on the Oxt plane is obtained with (A3.38),

x =2 L — p2
_ ki1 ko2 cosa (A3.46)
COsax Ssino :
k 12 k 22 Sino
The curvature of the silhouette is obtained by comparison with (A3.42),
-1

1 ) ki1 k2 oS
= | cosax sino . (A3.47)

ksil k 12 k 22 Sino

This expression can be rewritted for pg; =1/kg; in terms of the radius of curvature
tensor R = K

11 712 CoSox (A3.48)

P = | cosx sina

12 T 22 Sino

The above form reduces to (A3.40) when r {,=0.

A3.3.2. Proof by Operations on Dupin’s Indicatrix

The slice of a surface by a plane parallel to the tangent plane at the origin is a
quadratic form when the slice plane is close to the tangent plane. A curve with the
same shape is also obtained by slicing only the second order of the expansion in
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(A3.43) at any distance from the tangent plane. Considering the section plane
x = —!/2, the slice is the Dupin indicatrix

kll k12
k12 k22

The expressions obtained in Section A3.1 for slices and silhouettes of an ellipse are
now applied to Dupin’s indicatrix. The slice by x = —Y2 of the second order expan-
sion of a curve such as in (A3.42) is given by ky2 = 1, which indicates that half diam-
eters d in the plane x = —!/2 are related to curvatures k by d 2=k ). This relation
between half diameters and curvatures, combined with (A3.14) and (A3.15) produces
the same expressions for the curvatures as in (A3.45) and (A3.47).

¥
2

= | (A3.49)

Yy 2

A number of additional properties of Dupin’s indicatrix can be easily shown.
First, the surface of the ellipse is given by

=wdd,=wk{k;? =7wK;? (A3.50)

where K g IS the Gaussian curvature of the surface. 1t is interesting to note that diam-
eters of the ellipse are related to curvatures of slices, and that the area of the ellipse is
related to the Gaussian curvature. A further property of the silhouette curvature can
be easily demonstrated by reasoning on Dupin’s indicatrix. This property, due to
Koenderink [43], relates the silhouette curvature k;, the curvature k,,; of a slice
parallel to the viewing direction and the Gaussian curvature k,. The relation can be
obtained by considering the slice y,,; of Dupin'’s indicatrix in the direction with orien-
tation (a+7/2) perpendicular to the silhouette axis with orientation o. The expres-
sion for y,,; is obtained with (A3.17),

1 = Lsin2o¢ + LCOSZOt (A3.51)

drgd d 12 d 22

The product y,.; ¥si; can readily be evaluated, and the result transposed to curva-
tures. '

Yrad Ysit = d1d > (A3.52)
Therefore,

krad ksil = Kg (A353)

A3.4. Summary

In this appendix, we have first shown that silhouettes of quadratic curves and
surfaces can be evaluated in tangential space in the same way that slices are evaluated
in point space. Second, we have exploited the relations between curvatures and qua-
dratic forms to derive expressions for curvatures of slices and silhouettes of surfaces.
These two expressions can be considered as duals of one another. Finally, we have
shown that the concept of the Dupin indicatrix, proposed initially for the representa-
tion of curvatures of slices of a surface, can also be exploited as a representation of
silhouette curvature, radial curvature, Gaussian curvature and of their relations.
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APPENDIX 4
REPRESENTATIONS OF SURFACE CURVATURE

In this appendix, several descriptions of surface curvature are reviewed and com-
pared, including the classical method of differential geometry [47], representations
proposed in computer vision [44, 40, 63), and the representation proposed in this
report. The various representations will be compared by relating them to the classical
represeniation of differential geometry in terms of the two fundamental tensors.

Features of representations of surface curvature investigated in this appendix
include expressions for curvatures of slices and silhouettes of the surface, parameteri-
zation of the representation, consistency of the representation, and recovery of the glo-
bal shape of the surface from the description of its local curvature.

AA4.1. Representation of Surface Curvature by Two Fundamental Tensors

This section reviews the classical definition of surface curvature; further material
is found in any textbook of differential geometry.

Consider a surface £ and a specification of the points of this surface by
parametric equations

X=Xw,v) (A4.1)

The lines u =cst, v= cst define a coordinate chart on this surface, as pictured on
Fig.A4.1. In general, this chart is not orthogonal, its spacing is different in ¥ and v,
and its local shape varies along the surface. At each point, the metric implied by this
chart defines the expression for the length ds of a small arc specified by its increments

(du dv).

) o X, X, X, X. i
ds*=dXdX= |du dv P (A4.2)
Ry Ry Ko s dv

The above expression is referred 1o as the first fundamental form, and the 2x2 matrix
on the right hand side, as the tensor of the first fundamental form. This matrix is
denoted by G and its components by £, F', G, so that

|
o}

ol

—
u 4 u 'x\'

6: =t

—
u 1 v X g

EF

F G (A4.3)

"l
!
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Fig.A4.1. Coordinate Charts Defined by the Parameterization

Denoting the 2-vector of the arc differentials (du dv )¥ by ds, the first fundamental
form can be written in compact notation as

ds?=ds' Gds (A4.4)

The curvature of the surface is related to the rate of deviation of the surface
from its tangent plane, and can be described by the form

=
—X

a5 (R, T, +%. 1. (gu
—_ '_'.d—' — 74 K — — = =
dxdl, ! d‘] (R, T, +%. 1) =x.1, dv
(A4.5)

where 1,, is the unit normal vector. The above form is referred to as the second fun-
damental form, and the 2x2 matrix on the right hand side as the tensor of the second
fundamental form. This matrix is denoted by D and its components by e, f , g, so
that the second fundamental form can be written as

o e f du
—dXd1l, = |du dv £ 2l | (A4.6)
or, in compact form, as
—d%d1, =&7 Dds (A4.7)

n
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It can be shown that the tensor D is also related to projections of the second deriva-
tives of equations of the surface onto the unit normal

ﬁ: e f _ i(:uu 'ln i(:uv '_.n (A4.8)
f g xuv‘ln Xppodp

Transformations of the matrices 5, G in changes of parameterization are now
investigated. The resulting expressions justify referring to these matrices as tensors,
and characterize the types of these tensors.

Consider a different parameterization (u,v;) of the surface £ discussed above,
where the old parameters (u ,v ) are related 1o the new parameters (u,v ;) by

3 = ol 3, 09)
(A4.9)
v=v(u,v,)
The fundamental tensor él is given, in the new parameterization, by

G, =JGJ (A4.10)

where J is the Jacobian matrix of the transformation (A4.9),

O Qv
- o“; 0V
_ _0uw _
J_aﬁ_ e (A4.11)
Jup 0V

Similarly, the tensor D is modified as
B,=J"DJ (A4.12)

Matrices which transform as in (A4.10) and (A4.12) in coordinate transformations are
twice covariant tensors. This justifies referring to G and D as tensors.

Ad.1.1. Curvatures of Slices and Silhouettes

When the surface is sliced by a plane perpendicular to the surface at some point, a
curve for which the principal normal is identical to the normal to the surface is
obtained. It is interesting to relate the curvature of these curves to the two tensors of
the surface. Curvatures of normal slices and their dependence on orientation of the
slice completely characterize the local shape of the surface at a given point.
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For a curve oriented locally along ds and with a principal normal along the normal T,,
to the surface, the curvature is given by

e f du
Py ) v D&
Kslice = e (A4.13)
E F| |du &I Gds
du dv F G dv

Both tensors D and G contribute to determine the curvature of slices of the surface,
and hence of the surface itself. This is due 1o the fact that D determines the deviation
of the surface from its tangent plane, relative to the parameterization in (u,v). At
the same time, the metric implied on the surface by this parameterization is described
by G. In order 10 determine the shape of the surface independently of the parameteri-
zation and the curvature K., of its slices, it is hence necessary 10 combine the infor-
mation contained in both tensors.

The dependence of the curvatures of slices of a surface on characteristics of the
surface is formalized in Euler’'s theorein, which is analyzed in detail in Appendix 3.
The theorem states thatl the expression of the curvature in (A4.13) has a maximum
value Ky and a minimum value K5, and that these extrema correspond 1o orientations
ds which are 90° apart. The extrema of (Ad4.13) are investigated in the next section,
during the discussion of curvature invariants.

It will be shown in a later section that the curvature of a silhouette of the surface
Z in a plane parallel to the section plane corresponding to ds can be related 1o the two
tensors at the corresponding point of the silhouette generator, by the expression

E F du
du dv F G i
Ksit = —1
EF| e I EF| [du
avigvl gl Ve ol |F G| |
T
= &Eiﬁ (A4.14)
ds’GD Gds

In summary, given the two fundamental tensors and an orientation defined in the
local parameterization of the surface, il is easy to determine the curvature of the slice
or the silhouette of the surface along the given direction. Note however that, when
the orientation is specified with respect 10 a global system of axes, it may be difiicult to
describe this orientation with the local parameterization.
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A4.1.2. Consistency and Inversion of the Representations

It is well known in differential geometry that the six components of the tensors
G, D are not independent; they are related by a series of relations known as the
Mainardi-Codazzi relations. Furthermore, it has been shown (Bonnet’s theorem) that
given any set of six functions (E,F ,G ,e,f ,g ) which satisly the Mainardi-Codazzi
relations, it is possible to synthesize a surface for which the two fundamental tensors
have the given forms. The reconstructed surface is unique up to a solid translation
and rotation. The Mainardi-Codazzi relations are hence necessary and sufficient con-
sistency relations between the components of G amd D. These relations can be found
in any textbook of differential geometry; their form is relatively obscure for the non-
expert.

A4.1.3. Parameterization

When the surface shape is defined by the tensors G and D. these tensors are refer-
enced 10 the values of the parameters (1 ,v) at the corresponding surface points. If
this representation is used as a model for a known surface in a recognition system,
matching with a measured surface may be extremely complicated if the measured sur-
face cannot be defined in the same parameterization. ln order to relate parameteriza-
tions of the model and of measured surfaces, it is necessary to define "canonical”
parameterizations. Examples of proposed parameterizations are Monge parameteriza-
tions [40], parameterizations along lines of curvature [63], and coordinates on the
Gaussian sphere [44]. The advantages of each of these description modes is that the
Monge descriptions are easily obtained from image measurements, the lines of curva-
ture are intrinsic to the surface itself, and representations with the Gaussian sphere
are invariant with viewing direction.

It is possible to use any of the above three parameterizations to define surfaces
with the two fundamental tensors. When lines of curvature are used, it turns out
that the tensor D is diagonal. In that case, the shape of the surface is determined by
the five functions £,F ,G ,e,g [63). The redundancy of the representation is reduced,
but not eliminated.

A4.2. Definition of Curvature by the Shape Matrix and its Invariants

Since the intrinsic curvature of a surface is expressed in the combination if the
tensors D and G, it is tempting to develop combinations of these tensors, in order to
describe curvature by a single form. An example of this type of combination is given
by the "Shape Matrix" B [64]

B=G'D (A4.15)
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It is easy to derive the rule for the transformation of B in changes of parameteriza-
tion, from the rules for G and b:

B, =G, 'D, = (T8’ BN = J'G By

B, =I1"BJ (A4.16)

The above transformation rule determines that B is a once covariant, once contravari-
ant tensor. It is easy to show that for this type of tensor, the determinant and the
trace are invariant in coordinate transformations

tr (B =tr BN = tr JI'B) = tr (B)

det(ﬁl) = det(J7'BJ) = detJ ! detB detJ = detB (A4.17)

As a result, the cigenvalues of B are also invariant in changes of parameterizations.

The relation between the eigenvalues of B and the principal curvatures is now deter-
mined. The principal curvatures «,, kK, are defined as the extrema of normal curva-
tures

_ min g7 H ds
K127 max G'CEH

It is clear that the right hand side of the above expression does not depend on scale fac-
tors in ds. Therefore, the extrema are also obtained for vectors ds with a fixed scale.

(A4.18)

m

in .
ds’Dds; constraint: ds’Gds = 1 (A4.19)

K12 = max

The above constrained optimization can be solved by introducing a L.agrange multiplier
for the constraint,
mi

”azfﬁa;—x ds’Gds — 1 (A4.20)

K —
1.2 ™ max

The stationary points of the above expression can be evaluated by equating its deriva-
tive with respect to ds’ t00.
2Dds—-2AGds=0 (A4.21)

—1
The above expression is left-multiplied by the matrix G . which is nonsingular, to
yield

G'D-r1|l&=0 (A4.22)

The stationary points of the curvature in (A4.18) are hence obtained when ds is an
eigenvector of B It can_ be verified that these points are true extrema. Let the nor-
malized eigenvectors of B be Hl, 32, and the corresponding eigenvalues be A, \,.
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The extrema of the curvature are given by
i3 T &R i
P di, b d;, . al,Z GB d;, _ al,z G A12 al,z
L2 “<iF 7 - T
al,z G al,z al,z G al,z al,z G al,z

=\, (A4.23)

The tensor B has hence the remarkable characteristic that its eigenvalues are the prin-
cipal curvatures. As a consequence, the trace of B is equal to twice the mean curva-
ture and the determinant of B is equal to the Gaussian curvature of the surface.

These properties show that B is closely related to intrinsic curvature properties of the
surface. However, it will be shown in the next section that curvatures of slices and
silhouettes of the surface with generic orientations cannot easily be determined with

only the tensor B

A4.2.1. Curvatures of Slices and Silhouettes

The curvature of a slice of the surface oriented along the vector ds on the surface
is given by

. _ &' B& _ &' GBI
I e oF- R Ol o =

It is clear from the above expression, that when a slice is defined by its contravariant

(A4.24)

K

vector ds, both B and G must be known to determine its curvature.

The curvature of a silhouette of the surface can be obtained by applying to the
above expression, the duality between the curvature of a slice and the curvature of a
silhouette on a plane parallel to the slice. This duality is demonstrated in Appendix 3,
and it is shown that the radius of curvature of the silhouette depends on the principal
radii of curvature of the surface by the same expression that determines the curvature
of the slice in terms of the principal curvatures. The dependence of the curvature of

the slice on the principal curvatures is explicitly obtained by decomposing B in
(A4.24) into its diagonal factorization

: ky O
ds’ GL 0 «, L' ds (A4.25)
Ks[ce = .
8 357 G ds

where L is the matrix formed by the two normalized eigenvectors d;, d, of B. The
duality argument determines that the curvature of the silhouette is given by

ds” Gds
1/k; O

0 1/K2

The three factors in the dgrlqminator of the right hand side are easily recognized as the

K =
* (A4.26)

&' GL L7 ds

diagonal factorization of B so that
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o k- Gl cF-C
&' CB & &7 6D Gds

Ksit = (A4.27)

A4.2.2. Consistency, Completeness and Reconstruction

A number of representations of surfaces based on the shape matrix B or on its
invariants have been proposed in the computer vision literature.

First, the extended Gaussian image[44] represents a surface shape by only one
invariant, the Gaussian curvature, parameterized with the normal orientation of the
surface. It can be shown that this representation is complete for a closed convex sur-
face, and that its consistency €an be expressed globally by three scalar constraints.
These constraints are easily formulated when the extended Gaussian image is specified
as a distribution on the Gaussian image of the surface, specifying the inverse of the
Gaussian curvature of the object. The constraint is then equivalent to requiring the
center of mass of the distribution to be at the center of the sphere. The inversion of
the extended Gaussian image is laborious {45). Because of the consistency constraints,
it is not possible to modify the value of the extended Gaussian image at one point only
and therefore to assess the effect of point values on the global surface shape, but there
are strong indications that the global shape of the surface is affected by any local
change of the Gaussian curvature function. Whether or not the above conjecture is
true, there are no simple relations for determining the local shape of the surface from
only the Gaussian curvature function, and as a consequence, no simple relations for
evaluating the curvatures of slices and silhouettes of the surface. Aside from the
disadvantages discussed above, the extended Gaussian image has a number of desirable
characteristics, such as its invariance with rotations and the ease of computation of
this representation from experimental range maps or needle maps.

In other work, Besl and Jain have proposed a representation of surface shapes by

the two invariants of the tensor 3, namely the mean curvature k,, = Y2(x; + Kz) and
the Gaussian curvature K, = K;Kj [40). The parameterization proposed for indexing
the values of the invariants are image plane coordinates, a choice equivalent to a
Monge parameterization of the surface with a base plane perpendicular to the viewing
direction. Since this representation specifies more information than the extended Gaus-
sian image does, it is likely that it is complete and redundant, so that consistency con-
straints must be satisfied by the two invariants. However, the parameterization is
different than in the extended Gaussian image, and the uniqueness and consistency
issues have not been carefully addressed in this case. Although the mean and Gaus-
sian curvatures determine the local aspect of the surface shape, they do not determine
the orientation of this shape with respect to a global reference, so that this representa-
tion does not provide simple expressions for the curvatures of slices and silhouettes of
the surface. To the best knowledge of the author, there is no algorithm for recon-
structing the surface shape, given the two invariants as functions of coordinates in the
image plane.
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A4.3. Representations Proposed in this Report

The Curvature Transform (CT) introduced in this report specifies a single tensor
representing the local curvature of the surface, as a function of normal orientations.
The parameterization of this representation is identical to the one used in the extended
Gaussian image, but the function represented is more complex. As defined in Sections
3 and §, the characteristic represented by the CT is the inverse of the "tensor of curva-
ture” of the surface, expressed by its components in axes parallel to the local axes on
the Gaussian sphere. The curvature tensor K can be defined in terms of second deriva-
tives of local Monge parameterizations of the surface

£ 0%x, /0y.2  8°x1 /8y, 8z CAAGED
T 8%, /0y,020  8%x,/82,° '

where x; is along the normal, y, parallel to the corresponding parallel on the Gaussian
sphere, and z; parallel to the meridian of the Gaussian sphere. Comparing this expres-
sion with (A4.8), it can be shown that the tensor K is equal at each point of the sur-
face to the tensor D for a Monge parameterization in local axes at the point. In order

to define K at a given point Py, a change of parameters (u,v)— (¢ ,v°) must be
found such that, at Py,

RK=J7DJ (A4.29)

G =49GI" =1, (A4.30)

Indeed, the metric of the local Monge parameterization at P is Euclidean, so that the
metric tensor must be the unit matrix I,,. It is important to note that the parameteri-
zation by (' v") applies only to the point P and that, although the tangent vectors
X+, X,.» are along the local directions 1¢, 1,, the parameters (v ,v * ) are not directly

relaled to the orientation angles &, 7 themselves Assuming that J' s regular, equa-
tion (A4.30), can be modified to

=G (A4.31)

Any matrix J satisfying the above equation is the Jacobian of a parameter change
which leads to a Euclidean metric around P A solution of this equation will be
written formally as

r 6—1/2

The solution of (A4.31) is ambiguous since a product of J' by any orthonormal 2x2
matrix is also solution of the equation. The ambiguity is resolved by requiring the
vector X, to be horizontal. The expression for the tensor of radius of curvature is
written formally as

g8 ’pg (A4.32)
- el i (A4.33)

Explicit expressions for obtaining the components of K in terms of the components of
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G and D were determined in[62)

lez2—2fz,z, +gz,2]
k= 7
- lez,. (Gz,—Fz, )+ fz(l‘?\z/iG—Gzi)z—gzu (—=Fz,+Ez, )] A
le(Gz,—Fz,)*+2f (Gz, —Fz, ((—Fz, +Ez, )+g (—Fz,+Ez,)?]
27 Z(BG — F?)
where =, , z,. denote partial derivatives of z. It turns out that the tensor K is invari-

ant in changes of the parameterization (u,v ), and that its eigenvalues are identical to
the eigenvalues of B It is interesting to note the similarities and differences between
the tensors K defined in (A4.32) and B defined in (A4.15). Major differences between
K and B are that K is Sy mmetric while_B is not, in general; as a consequence, K has
three independent components while B has four components. Furthermore, R is

related 10 local axes on the Gaussian sphere while B is related to local axes determined
by the parameterization.

A4.3.1. Curvatures of Slices and Silhouettes

It has been shown during the demonstration of the Silhouette-Slice theorems that
the radius of curvature of the silhouette is simlpy related to the radius of curvature
tensor R, which is the inverse of K, by

COosx

R (A4.35)

cosa Sina

where a directly characterizes the orientation of the projection plane in the local axes.
Similarly, the curvature of a slice of the surface is given by

K

COSQx

kslice = | cosa sina Sities (A4.36)

The above expressions emphasize that the shape of slices and silhouettes of the surface
are casily determined from only the tensor R specified by the CT.

A4.3.2. Consistency, Completeness and Reconstruction

In Section 5, simple first order differential equations were determined for
parametric equations of a surface, given its CT. The existence of these equations
implies the completeness of the CT. In addition, consistency relations for the CT were
derived simply by requiring equality of the mixed derivatives of the parametric equa-
tions in terms of the CT. These relations are equivalent 1o the Mainardi-Codazzi equa-
tions for the representation with the two fundamental tensors, but they are much
simpler.
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Ad4.4. Discussion

When comparing the various representations of surfaces reviewed in this appen-
dix, it appears that the Curvature Transform has a number of advantages for describ-
ing surface curvature. The CT has only three independent components, while preserv-
ing completeness both locally and globally. It is easy to determine the shape of slices
and silhouettes of a surface defined by its CT. Finally, the consistency relations and
the reconstruction of the surface shape are straightforward for the CT representation.
An additional advantage of the CT is the existence of closed-form relations with the
other two representations proposed in this report, namely the Support Transform and
the Vector Support Transform. The major disadvantage of the CT is its limitation to
convex objects.

When choosing a representation {for a particular application involving descriptions
of surfacce shapes, several factors must be considered. An aspect which was not dis-
cussed in this appendix is the estimation of the representation from experimental
measurements and the robustness of these estimates. Experiments with the new
representation must be performed before it can be compared with other representations
based on this criterion.
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APPENDIX 5

CURVATURE OF THE PROJECTION OF A 3-D CURVE

In this appendix, the radius of curvature of the projection of a 3-D curve is com-
puted in terms of the radius of curvature at the corresponding points of the 3-D curve
and the orientation of the viewing direction relative to the local Frenet trihedron.

Consider a point O on the curve C, and the system of axes Oxyz oriented along
the principal normal n=x, the tangent =y and the binormal b=z at O; see
Fig.AS5.1. Including terms up to the second order, the curve can be described around

O by the equations

x =- : 52

2p,

: (AS.1)
y=a
z=0

where p, is the radius of curvature at O. The viewing direction V is defined in the
axes Oxyz by its latitude 0 and longitude —€. A rotated system of axes Oxp yp Zp is
also considered, such that Oxp is along the viewing direction v and Oyp is on the
Oxy plane, see Fig.A5.1. The projection operation is trivial in the rotated axes, as it
corresponds to retaining the yp and zZp coordinates and discarding xp .

Fig.AS.1. Curve C, local axes Oxyz and rotated axes Oxp yp zp .
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The transformation between the two systems of axes Oxyz , Oxp yp zp is given by

XR cosécosf —sinécosf sinf x

ye | = siné cosé 0 y (AS5.2)

Zp —cosésinf  sinésin® cosf| | z

For points in the Oxy plane, the projection is obtained by merely applying (A5.2) to
the x, y coordinates of each point, then discarding the xp coordinate in the rotated
frame.

YR

ZR

siné cosé
—cosésind sinésinf

X

o

Applying the above transformation to the parametric equations of the curve in (AS5.1),
produces parametric equations for the projected curve

(A5.3)

2
Yp = —siné 2Sp + cosé s
" (A5.4)
zp = cosEsinf—— + sinésinf s
o]

The radius of curvature is now evaluated at the origin, using the standard expression

B (}-,Rz 4 Z-R2)3/2

YRZR T YRR

where the dots stand for derivatives with respect to the parameter of the curve, here
s . The derivatives in the above expression are evaluated at the origin as

v (0) = cos§, zp(0) = sinésinf, y,(0) = — S;)ng , Zp(0) = —‘@pSiﬂ (A5.6)

o] [o]

(A5.5)

As a consequence, the radius of curvature of the projection of the curve around O is
given by

— (c052§ + Ssiir:g sin29)3/2 b, = (1-— sin2§ c0529)3/2 Py (A5.7)

sinf
This result is consistent with that obtained in Section 7.4.2.

Ps
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APPENDIX 6
EVALUATION OF TWO DIFFERENTIALS IN SECTION 5§

In this appendix, the differentials of local coordinates of a curve and of a surface
are evaluated in terms of global angle differentials, providing the expansions of equa-
tions (5.13) and (5.41) in the text.

The case of a curve is addressed first; it is illustrated in Fig.5.3 in the text. In
fixed local axes, an expression for the differential d X(is) in the neighborhood of P is
obtained by the chain rule

d Xl (Zl ) le dmzl

dz, dm, dy
where m,; is the gradient of the local Monge equation defined in Section 3.2.4. The
first two derivatives in the right-hand-side of (5.13) are obtained for the particular
curve shape at P from (5.12). The last derivative in (5.13) depends on the relation

between the local gradient and the global orientation angle, a relation discussed in Sec-
tion 3.2.4.

Each of the factors in (5.13) is now evaluated.

dg, () =

d s (A6.1)

Parametric equations for the curve C around P are easily obtained from (5.12),
namely

X 0 1 g .
2 =112 *|o (—%z,p5 'z, ) +0(2,°)
0 2
=11z +0 (2;%)
g, =2z 1, +0(z? (A6.2)
The first derivative of the above equation with respect to the parameter z; is given by
dx;
dz; 0
| dZ{ = 1 & O (Zl )
dz,
d%, /dz; =1, +0(z) (A6.3)
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The derivative dz; /dm,; is now evaluated. In the neighborhood of P, the local
gradient m,; on the curve C is given by

my = 8%, / 8z, = —pg 'z, +0(z,?) (A6.4)
It follows that .
z = —pymy +0(m;} (A6.5)
so that
dz,
dm,; = —po + 0 (my) (A6.6)
Finally, the local gradient is related to the global orientation angle ys by (3.61)
my = —(g=—1) + 0 ( (Y= )?) (A6.7)
so that
At =—-1+0(yY—yy) (A6.8)
dy

The derivatives obtained above are inserted in equation (5.13) to obtain the differential
d X; in local axes

dx;

a2 d + O (Y—hy)

1

0
- [ , l (=po) (=1) d  + O (Y—ih) = py

d%, = po1, dy+0P—yp) (A6.9)
which is the result exploited in the text, in equation (5.14).

Differentials of coordinates of a surface are now investigated in a local reference
frame around the point P; This frame is illustrated in Fig.5.7 in the text. An expres-
sion for the differential in the local axes Pyx; y, Z; is obtained by the chain rule

_mz(zz) Dz, Dm,, dE (A0
Dz, Dm, D¢ .

where expressions such as DX, /DZ; denote Jacobian matrices, fli,, = (my; m, )’ is
the 2-vector of local gradients, and d & is the vector of normalized global angle
differentials d €= (cosnd £ d m)¥. The first two Jacobian matrices on the right
hand side of (A6.10) are obtained for the particular surface shape around P, from
(5.39). The last Jacobian matrix in (A6.10) is a relation between local slopes and glo-
bal orientation angles which can be derived from relations obtained in Section 3.2.4.
Each of the factors in (A6.10) is now evaluated in sequence.

d%,

212



Parametric equations for the surface around P are given by

e 00} 1y, ! T .
Y — 10 z, — 15 O lyl Z; 7'102 7'202 z, +O((yl ’Zl))
Z 01 0
l
=110 z, +O(()’z,21))
01
-i‘l == 132 Zl +O(zlz) (Abll)

where I35 is a 3x2 matrix whose columns are the canonic vectors €5, €5. I, is also the
matrix of the injective transformation from the local tangent plane Py, z; into 3-
space referenced by Pyx;y,z,. The Jacobian matrix of the above expression is given
by

o dm

o 0z 0 6

Qy_’ .@"_ =110 '*‘O((}’uzz)z)

oy 0z 01

¥ o

oy: 0z

-D—zl‘— =15, + 0(z?2) (A6.12)
Dz,

The Jacobian matrix is now evaluated. The local gradient ffi,; on the sur-

2l

face L in the neighborhood of P can be obtained from (5.39)

0 .0
My 11 712 b
2

== e @ +0(z?)

i) ry2 22 2y
-1
m =-R, z +0(z? (A6.13)
! 0o Z i
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This equation is inverted to produce

0 .0
Y 11 712 My 0 (m2
= - +O0(m
A T2 T 2l *
7, = —R,m, + 0(m2 (A6.14)
The desired Jacobian matrix is then obtained by differentiation.
oY1 oy
0 .0
oMy 0My 11 Tz 0 (m2
= - +0(m
621 621 r102 r;?p_ 2
amyl amzl
Dz,
= R, +0(m2 (A6.15)
2l

Finally, the local gradients are related to the global angles by (3.61) from which
the following form is derived for the last Jacobian matrix in equation (A6.10).

amyl amyl

cosngé M
omy, My S O (§=£om=m0)")
cosmgé oM
D,
Dgl = —1,, + O ((E—¢)?) (A6.16)

where I,, is the 2x2 unit matrix. The expressions obtained above for the Jacobian
matrices are inserted in equation (A6.10) and produce an expression for the differential
d X; in local coordinates, valid to first order around P . The expression is exact at P,
and since P, is generic, applies to all regular points in appropriate local axes.

d
. Oy i 743 cosnd &
dp|=|10 ri2 722 dn
dz; 01
d¥%, =1;,,Rd ¢ (A6.17)
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A differential for the surface in global coordinates is obtained by applying the coordi-
nate transformation in (3.10) to the above differentials

dx cosécosn —siné —cosésinm 00
dy| = | sinfcosm cos§{ —sinésinn| |1 O
dz sinm 0 cos? 01

d¥=Rf 1, Rd¢
which is the result exploited in the text, in equation (5.42).

cosnd &
dn

'in T2

Fag Tag
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