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ABSTRACT

We present a system for recognizing 3-D objects at unknown orientations from their 2-D sil-
houettes. The geometric description of an object model is provided in CAD form and is then
compiled into a set of geometric constraints for a large set of viewing directions. The silhouette
is parsed into a set of straight edges, and these edges are compared to the edges of the model
by conceptually structuring all possible interpretations in a tree. This enormous search space is
pruned by extending the interpretation tree search of Grimson and Lozano-Perez to work for the
3-D model/2-D data case. This includes a precise analysis of the propagation of errors in the
position and orientation of silhouette edges, which then provide adequate constraints for pruning
the search tree. Any hypotheses that survive the pairwise constraints of tree search are verified
by synthesizing a silhouette of the model for the hypothesized orientation and comparing this
synthetic silhouette to the observed silhouette.

Based only on silhouette data, the system can find all plausible interpretations of the data,
including symmetric viewpoints. The system performs in the presence of unknown viewpoint,
moderate scale uncertainties, occluding objects, and degradations in the silhouette shape due to
image noise and image processing artifacts. These characteristics should enable the system to
perform well in applications where images have reasonable spatial resolution but where limited
resolution in the signal (intensity or range) reduces the information in the data to a silhouette.
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1. INTRODUCTION

1.1 SILHOUETTES AND MODELS

Silhouettes represent an important class of object features. In many application domains, limits
on resolution and signal-to-noise ratio reduce the usefulness of grayscale images to that of a binary
image or a silhouette. While such domains severely limit the amount of information available
for object recognition, human beings are easily capable of recognizing silhouettes of complex 3-D
objects, such as those depicted in Fig. 1-1.

R &5

Figure 1-1. Silhouettes of commonplace objects.

Recognition of silhouettes implies a knowledge of the objects that can produce silhouettes;
therefore, we must have a set of models for the objects of interest in the scene. While most vision
algorithms incorporate some model of the world, we call a recognition system “model-based” if
there is a model for each object of interest that includes sufficient detail to permit recognition
of that object. Most model-based recognition systems then consist of two distinct parts. The
first is the model-formation stage in which object models are created off-line. The second is the
recognition stage in which an instance of the model is located in the image in an on-line process.

Recognition of silhouettes also implies a knowledge of the process by which silhouettes are
formed. We must have a projective transformation that can, to some approximation, create
the instances of the objects in the sensor data. What we are looking for then is the inverse
transformation to get us from the projection of the object in the sensor data back to the models.
The problem is that the projective transformation is destructive. That is, information is lost
during the transformation with the result that the object models contain more information than
occurs in the the sensor data. Thus it is not possible to reconstruct a complete model from
a single image and then perform the comparison at the model level. The relationship between
objects and their silhouettes is discussed in further detail in Section 2.2.
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1.2 THE RECOGNITION TASK

Most commercial vision systems currently available are restricted to the recognition of 2-D
objects in 2-D images (2D/2D vision). Recognition of 3-D objects from 2-D images (3D/2D
vision) is often achieved by exploiting a-priori information on the position and orientation of the
objects of interest. Although these a-priori expectations can be justified for some applications,
such as certain robotics problems, they largely reduce the generality of the vision systems. To
give an example in silhouette recognition, if one assumes a known viewing direction, then there
is only one possible shape for the silhouette, thereby reducing it from a 3D /2D vision problem to
a 2D/2D problem.

Early failures at solving the 3D/2D vision problem have led researchers to develop more so-
phisticated sensors to produce full 3-D images of the object, providing fine detail of the relief.
Although 3-D vision from 3-D images (3D/3D vision) is more straightforward than from 2-D
images, the 3-D sensors are generally much more sophisticated and costly than their 2-D counter-
parts, and they are impractical in a large number of cases. In the example of Fig. 1-2, the image
is provided by a 3-D sensor, but the resolution of the range measurements prevents their use in
recognition so that the data is inherently two-dimensional. The range measurements would be-

Figure 1-2. Gray-scale coded range image obtained with laser radar.

come useful in recognition if their resolution was increased by a factor of about 20; however, this
would require an excessive increase in the signal/noise ratio. It is hence important to recognize
3-D objects with unknown orientations from the simpler 2-D images provided by a majority of
Sensors.

The recognition of 3-D objects from 2-D silhouette information is among the harder problems in
machine vision. As mentioned previously, 3D /2D vision is an inverse transformation that is highly

2
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ambiguous in the absence of a-priori information. Silhouette recognition is even more difficult,
since silhouettes contain less information than do complete images that include inside details of
the objects. A second difficulty is also common to all 3D/2D vision problems. Specifically, the
imaging transformation has at least 5 degrees of freedom in this case, compared to 3 degrees of
freedom for the transformation from a 2-D model to a 2-D image. The correspondence between a
simple image feature and a model feature provides 2 constraints on the transformation. Therefore,
the pairing of two image features with two model features is sufficient to determine a 2-D to
2-D transformation, perhaps up to a 2-fold ambiguity. However, at least three simple image
features must be matched to determine a transformation from 3-D to 2-D, up to 2- or 4-fold
ambiguities. The determination of the projection transformation is hence much more difficult
for the recognition of 3-D objects than for the recognition of 2-D objects. In 3D/3D vision,
the transformation has at least 6 degrees of freedom, but each simple image feature provides 3
constraints on the transformation so that the determination of the transformation is simpler in
this case.

Determination of the transformation for a general projection of a 3-D object onto a 2-D image
will allow for variations in the viewing direction and variations in scale caused by the viewing
distance. Differences in scale between the model and the actual object must also be accounted
for. To provide a robust solution to the 3D/2D vision problem, a recognition system must also
perform well in the presence of noise and partial occlusions. Since one of the motivations for using
silhouettes is to perform the recognition task when the sensor data is too noisy or of too low a
resolution, clearly a silhouette recognition system should be able to handle noisy data gracefully.
Partial occlusions also become important when objects can not be segmented easily on the basis
of some simple criterion. In that case, a combined silhouette will be presented to the system to
which a model will make only a partial match.

1.3 THE SILC SYSTEM

To perform the task of objection recognition from a single silhoutte image, we have designed the
SILC software system. The SILC system compares a silhouette in the input image, taken with an
unknown viewpoint, with a list of object models in its database and decides which model(s) and
which viewpoint(s) correspond to the input data. A simple example of shapes that are identified
by the computer is shown in Fig. 1-3; the silhouettes in the figure were easily identified by SILC,
given numerical descriptions of the 3-D object models in Fig. 1-4.

The design of SILC was motivated by a problem of recognizing targets in range images produced
by a laser radar developed at the Laboratory [12,28]. The example of a low-resolution range
image shown earlier, Fig. 1-2, is a typical example of the type of data produced by the radar. It
is apparent from this image that the most robust feature identifying the target in the image is its
silhouette. There are numerous other applications where objects must be recognized based only
on the shapes of their silhouettes, or where silhouettes provide the foremost identification cue
among image features. These include images obtained with passive optical systems, with passive
and active infrared sensors and with range/doppler radars.

3
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Figure 1-3. Silhouettes of simple geometric objects.
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Figure 1-4. Models corresponding to the simple silhouettes.

The image in Fig. 1-2 also illustrates the need for the system to recognize the object (in this
case a tank) from an unknown viewing direction. In the context of this application it must
perform recognition for any rotation of the target around a vertical axis, for any target tilt due
to terrain slopes, and for any sensor tilt in airborne data.

The experimental SILC system does recognize 3-D objects when presented with their silhouettes
in images taken from unknown viewpoints. Although a number of other experimental systems
have demonstrated recognition of 3-D objects given 2-D images from unknown viewpoints, their
performance has been illustrated only by a few examples and has not been demonstrated in the
context of silhouette identification. The SILC system is an extension of a state-of-the-art 2D/2D
vision system developed by Grimson and Lozano-Perez [11] to the harder problem of 3D/2D
vision. This system and others are discussed further in Section 2.1.

1.3.1 System Characteristics

The SILC system

e Recognizes 3-D Objects in 2-D Images.

¢ Bases the Recognition on Silhouette Data Only.

e Compares the Inputs with a Database of Polyhedral Object Models.

e Finds All Plausible Interpretations of the Data.

105340-3
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o Performs In the Presence of

- Unknown Viewpoint.
- Moderate Scale Uncertainties (20%).
- Occlusions, resulting in Missing Features.

- Superimposed Objects, resulting in Imperfect Segmenta-
tion.

- Image Noise, resulting in Silhouette Shape Degradations.

- Early Vision Artifacts, resulting in Spurious/Degraded
Features.

In the context of images such as Fig. 1-2, it is important for the system to perform in the
presence of the degradations itemized above. Indeed, the targets of interest may always be
partially occluded by other objects in the scene. Occluding objects at a different range may be
separated from the target by their range values in this example, and more generally by other cues
such as color, texture and motion. When the target cannot be separated from the background
or from occluding objects, the system must be able to distinguish the target from other objects
in its neighborhood. In addition to these artifacts due to the structure of the scene, the input
images may be noisy and the early processing of these images may produce false, erroneous or
missing features. It is important for the system performance to be robust in the presence of these
degradations. Finally, a good recognition system must enable the user to define complex object
models. In this context, the current implementation of SILC falls short of the laser radar image
application because it involves objects with internal articulations which are not available in the
current SILC system.

The performance of SILC in the presence of unknown viewpoint is illustrated in Fig. 1-5. The
system successfully recognized all 8 silhouettes in the figure; these correspond to 8 different views
of the model displayed in the upper-left corner of the figure. The characteristics of SILC are
further discussed and illustrated in Section 3.

The proposed system is a good candidate for practical applications, especially those involving
unknown orientations, potential occlusions and noise. In addition, the strategy implemented in
this system should be applicable to several other signal interpretation tasks beyond the recognition
of silhouettes.

1.3.2 Basic Strategy

The identification of an input silhouette is performed in SILC by first parsing the silhouette
into a set of straight edges, then successively comparing the configuration of these edges with
the edges of each model in the database. The silhouette configuration is compared to a model
by conceptually structuring all possible interpretations of the silhouette edges into a tree, then
pruning this tree by testing simple necessary constraints on the configuration of pairs of edges.
The search efficiently discards most incorrect interpretation hypotheses; the remaining ones are
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Figure 1-5. 3-D model and its silhouette for 8 views.
further tested by estimating the imaging transformation, synthesizing a silhouette of the model

for this transformation, and finally comparing the synthetic silhouette to the observed silhouette.
The various steps are illustrated in Fig. 1-6.

The silhouette in Fig. 1-6(a) is first processed and parsed into the set of straight edges pictured
in Fig. 1-6(b). The tree search determines the valid associations of these edges with edges of the
model shown in Fig. 1-6(c). Finally, an interpretation of the image edges such as that illustrated
by the labels in Fig. 1-6(d) is confirmed by superlmposmg a synthetic silhouette of the model
with the image edges.

1.4 ORGANIZATION OF THE REPORT

The remainder of this report is organized as follows. The second section of this report reviews
some related work on model-based vision, both to set our system in the context of the current
state-of-the-art, and to review some techniques that our system exploits. The third section
outlines our strategy to the silhouette recognition problem, and shows how this strategy permits
recognition in the presence of unknown view, occlusions and noise. The fourth section focuses
on the key novelty in our search of the interpretation tree, namely the careful derivation of
constraints on the relative positions in which a pair of edges can appear in the silhouette, given

6
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(@) (b)

(c) (d)

Figure 1-6. Example of recognition: (a)silhouette, (b)silhouette edges, (c) 3-D
model, (d)recognized view.

their geometries in the 3-D model. The fifth section discusses our description of 3-D models
and 2-D silhouettes. The compilation of tables predicting the model appearance in the image
is discussed, as well as the evaluation of corresponding tables for the observed silhouette. The
sixth section is devoted to the search of the interpretation tree; although the concept itself is well
known, we indicate a number of heuristics used in SILC to improve the performance of the search.
The verification of a candidate interpretation is discussed in Section 7, covering a number of novel
approaches introduced in this work. In Section 8, the performance of the system is illustrated with
a number of individual examples, and with performance statistics over moderate data samples.
Finally, Section 9 concludes by suggesting some direct applications and directions in which the
present work may be extended. A few questions of more technical interest are covered in the

7




appendices to this report, namely the parsing of silhouette chains and the estimation of a viewing
transformation given correspondences between image edges and model edges.




2. BACKGROUND

In this section, a number of recently developed vision strategies applicable to silhouette iden-
tification are reviewed. Differences among these state-of-the-art systems and their influence on
system performance are discussed. To conclude this section, a theory of silhouettes supporting
the approach developed in the present work is reviewed.

2.1 BIBLIOGRAPHY REVIEW

Various strategies have been proposed for silhouette identification and several strategies are
applicable to this problem. Four state-of-the-art systems are discussed in detail, namely the
ACRONYM system developed by Brooks [5], the RAF system developed by Grimson and Lozano-
Perez [11], the stochastic labeling designed by Bhanu and Faugeras [3], and the SCERPO system
by Lowe [18]. Among these systems, only ACRONYM and SCERPO address the identification of
3-D objects in 2-D images taken from unknown viewpoints. The RAF system and the system by
Bhanu and Faugeras only recognize 2-D objects in 2-D images. Note that Grimson and Lozano-
Perez have also applied RAF to the recognition of 3-D objects given 3-D data; since we do not
consider 3-D data, this system is not covered here.

All the above systems base their recognition on descriptions of images in terms of features. The
choice of feature-based methods is first justified by comparing it to correlation-based methods.
Then the choices of features and choices of hypothesis space search techniques will be addressed.
Finally, the effects of these choices on system performance will be discussed.

2.1.1 Correlation-Based VS Feature-Based Recognition
Correlation-Based Recognition

One of the earlier silhouette identification approaches includes correlating a template of the ob-
ject with the image and thresholding the resulting signal. Although successful fixed-font character
readers have been built with this method, it has a large number of drawbacks in the context of
more general tasks. Identification by correlations is the optimal algorithm in the statistical sense
for recognizing templates in 2-D images with unknown translations and additive white Gaussian
noise. However, it does not easily perform in the presence of unknown rotations and scaling
in the image plane and cannot be used in the presence of unknown 3-D rotations, perspective
and occlusions. The inability of correlations to address the more general vision problems can be
attributed in part to its attempt to make an identification decision immediately based on raw
image pixels. It is now widely recognized [19] that powerful and robust vision systems should be
based on several levels of interpretations connecting the raw pixels in the input image to higher
level decisions on the contents of the scene pictured in the image. This idea has been incorporated
in the statistical pattern matching strategies by replacing correlations on regions by correlations
on intermediate level descriptions such as chains of points on the region contour, or numbers
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characterizing the global shape of the objects (8,14,23,30]. With some of these methods, it is
possible to recognize 2-D templates with unknown orientation and scaling, but they all fail to
address 3-D transformations.

The approaches based on classical pattern recognition techniques all match 2-D models with
the image data. Images of 3-D objects taken from an unknown viewpoint can be identified with
these methods only when the object is represented by a catalog of views. These catalogs are large
for unrestricted orientations, to a degree where storage, computation and sometimes false alarm
rates become impractical.

Feature-based Recognition

Large catalogs of views characterizing the appearance of a 3-D object in 2-D images can be
avoided by performing the match directly between appropriate descriptions of the 2-D image and
corresponding descriptions of the models. Image descriptions often consists of a set of features
describing the image data by their nature and their configuration.

A major issue when matching descriptions in terms of features is that the identity, position
and orientation of the object are initially unknown, and that the relations between 2-D features
and 3-D features are also unknown at first. When the identity, position and orientation of
the object can be hypothesized, correspondences are easily found and the hypothesis can be
verified or invalidated. Similarly, when relations between image features and model features are
hypothesized, the position and orientation of the object can easily be estimated and the relations
can be tested. However, the hypothesis spaces for position and orientation on one side, and
for feature pairings on the other side are generally much too large to be explored exhaustively.
Techniques have been developed to efficiently search the space of viewpoints with the use of
characteristic views [16,6,15], or a combination of the appearance models of Selfridge [22] and
characteristic views [29]. Although good performance levels have been demonstrated with these
methods, they suffer from a number of disadvantages. The performance of these algorithms is not
guaranteed in the presence of occlusions and/or multiple objects; also, model compilation must
often be assisted by the user for all but the simplest shapes. For the time being, the authors
believe that matching in feature space is preferable for recognizing objects in the presence of
occlusions and/or superimposed objects. The remainder of this review will therefore concentrate
on the four model-based vision techniques mentioned earlier. These techniques basically explore
the hypothesis space of matches between image features and model features, although some of
them also estimate and exploit the viewpoint during the search.

2.1.2 Image Features

Descriptions of object images by features have been proposed in terms of corner points [21],
straight edges [11], corners [24], parallel lines 18], generalized rectangles [5] or other features [4].
Generally, simple features such as lines or points each convey very little information about the
position, orientation and identity of the corresponding object so that the recognition must be
based more on the configuration of a set of features than on the characteristics of each single

10




feature. When operating with simple features, a substantial number of image features (say 5 to
10) must be matched to model features in order to claim a match with a reasonable confidence.
The number of hypotheses is exponential in the number of image features [10], so that recognition
based on simple features is confronted with an extremely large search space and is practical only
with efficient search algorithms.

To avoid the search space explosion experienced with simple features, more complex image
features can be considered, such as generalized rectangles, or images of circles. Complex features
each retain more information on the identity and localization of the object so that an object can
be recognized with a small number (1-3) of features. However, it is difficult to define sets of
complex features that will accurately represent a wide variety of image shapes. In addition, their
extraction from input images is performed by moderately complex open-loop image processing
algorithms that are less robust than the algorithms for extracting simple features. ACRONYM is
an example of a system based on relatively complex features, namely generalized ribbons. Good
performance was demonstrated for the characterization of images of airplanes on the ground, but
other types of scenes may be difficult to describe in terms of generalized ribbons. In addition to
this issue, the image processing subsystem of ACRONYM was missing a substantial number of
image ribbons in the example images, and it had difficulties detecting partially occluded ribbons.

2.1.3 Hypothesis Space Search

The hypothesis space of matches between image features and model features is now considered,
and techniques for searching this space are discussed. The discussion is organized into a number
of choices that were made in the four systems being reviewed

Search and Verification

In feature-based vision, the hypothesis space consists of all the possible pairings of image
features with model features. When complex features are used, there are usually few possible
pairings and the hypothesis space can be tested exhaustively; this is done for example in the
ACRONYM system. However, when the image features are indistinguishable (for example, simple
points), each image feature can be interpreted as any of the model features; for moderate numbers
of image features, the size of the hypothesis space is astronomical in all practical cases so that an
exhaustive search is excluded. To offset the huge size of the hypothesis space, the search usually
proceeds in two phases. First, a small subset of the hypothesis space is selected using simple
tests, then more comprehensive tests are applied to the remaining hypotheses. These two phases,
referred to as search and verification, may be interleaved in practice.

Exhaustive or Satisfying Search

The search for candidate interpretations in RAF will provide all legitimate interpretations of
image features (exhaustive search), while the search in the other systems will determine one
of a few matches that satisfy the search constraints (satisfying search). After an exhaustive
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search, the system evaluates confidence functions for all the retained hypotheses, and the search
tests guarantee that all other interpretations will have lower confidences. The system can then
select the optimal solution in the statistical sense by comparing the confidences of all selected
interpretations. With a satisfying search, the system will find a few valid interpretations of the
data with no guarantee of optimality. Although this approach finds a satisfactory explanation
of the data, this may not be the only possible interpretation. For example, the silhouette of
a symmetric object always corresponds to two symmetric views of the object, as illustrated in
Fig. 2-1. Both views will be selected and will be given equal confidences with an exhaustive
search; a satisfying search may find only one view, possibly the wrong one.
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Figure 2-1. Two views of a symmetric object produce the same silhouette.

The suboptimality of a satisfying search may be an advantage in some cases, for example
when the image features may be interpreted in terms of model features in a large number of
similar ways. In such a case, the exhaustive method will spend large amounts of computation in
testing each individual interpretation while a non-exhaustive method may investigate only a few
interpretations in detail and find a satisfactory solution.

Search for a Complete or Sufficient Interpretation

The four systems also differ in the number of image features matched in the first stage of
the search. The RAF tree-search (Grimson & Lozano-Perez) and the relaxation search (Bhanu
& Faugeras) find an interpretation for all image features, whereas the grouping technique in
SCERPO (Lowe) initially finds interpretations for a minimal set of features only. A system that
interprets all the features in the first stage spends a large fraction of its computational efforts
in the search for these interpretations, while the other system minimizes the search time by
attempting to verify a hypothesized interpretation as soon as the number of matched features
is sufficient to estimate a transformation between model space and image space. These systems
will usually perform faster; however, the interpretation of a redundant set of features provides a
better performance in the presence of image degradations.
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Consistency Tests

Various tests can be applied to the data to select valid interpretations of features. In the systems
reviewed here, the tests compare the geometry of image features with the geometry of the model
to determine compatible interpretations of image features in terms of model features. A complete
test of this compatibility includes verifying the existence of a transformation from model space
to image space that will superimpose image features and model features. It is implemented by
first estimating the transformation given the interpretations of image features in terms of model
features, then by computing a synthetic image of the model for this transformation, and finally by
comparing the image features with the features in the synthetic image. This test, referred to here
as verification by synthesis, is applied during the verification stage in all the systems mentioned
above. Because of the computational cost of estimating the transformation and of computing a
synthetic image of the model, this test is not applied in the initial search stage. Instead, much
simpler tests are applied to the data during the search phase; these tests are discussed in the next
two paragraphs. Verification by synthesis can be used only when the number of matched features is
sufficient to uniquely determine the transformation. When the transformation is determined, the
superimposition of a synthetic image of the model to the image data may suggest interpretations
of image features that were previously unmatched so that the labeling of image features can be
extended and the transformation can be estimated more accurately. This extension of the match
after verification is fully exploited in SCERPO, where only the minimum number of features
are interpreted before attempting a verification. The minimum corresponds to the number of
feature that will guarantee a unique imaging transformation. After this first verification, the
interpretation is iteratively extended with the verification by synthesis.

Groupings of Image Features

In Lowe’s SCERPO system, the initial feature interpretations are hypothesized by first detect-
ing special viewpoint-independent configurations of edges in the image. Configurations of edges
are selected for parallelism, colinearity and adjacency. Based on these configurations, the system
determines candidate model edges to match these image edges. A complete database of objects
can be precompiled to sort the configurations of model edges according to their predicted appear-
ance in the image. It is then possible to find candidate matching model edges directly from this
list. With this procedure, the system simultaneously tests for both the identity and localization
of the object. The indexing into the entire database is important when matching a silhouette with
a moderate to large database of objects. Very good results have been demonstrated with this
method on real images of 3-D objects taken from unknown viewpoints, where the images include
internal details of the objects. However, the system has not been demonstrated with silhouettes,
and it can be argued that the grouping criteria perform well only when the models contain pairs
of parallel edges and when these edges are visible in the image.
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Constraints on Pairs of Edges

In the RAF system designed by Grimson and Lozano-Perez, and in the system by Bhanu and
Faugeras, consistent interpretations are selected by comparing the configuration of each pair of
image features (edges) to the configurations of pairs of model features. In the RAF system,
strict bounds are set on the configurations of each pair of edges; when a pair of interpretations
is determined to be incorrect, all the interpretations including the assignment for that pair can
be rejected. This procedure is operated efficiently on a tree structure embedding the whole
hypothesis space. In the system by Bhanu and Faugeras, confidence measures determine, at each
moment, the belief that a given image edge can be interpreted as each one of the model edges.
The degree of match between the configuration of each pair of image edges with each pair of
model edges is used to iteratively update these confidence measures until the interpretation can
be decided. Both techniques have the potential of incurring large computational costs since the
problems they are addressing have an intrinsic exponential complexity. However, Grimson has
shown, both theoretically and experimentally [10], that the RAF system will perform with very
reasonable computational efforts in practical cases.

Decision of Inequalities in ACRONYM

In the ACRONYM system, the complex image primitives reduce the hypothesis space to a size
that is easily searched exhaustively. Therefore, only “verification” tests are performed on the
data. The problem addressed by ACRONYM is substantially more complex than that solved
by the other systems, since the object models in ACRONYM allow for variations in internal
parameters. For example, a model was designed for generic “wide-bodied passenger airplanes”
in ACRONYM. This model has a range of acceptable values for body width, wing span, and
for other parameters. The verification by synthesis is much more complex in this case, since it
involves the decision of whether a system of equalities and inequalities has a solution or not. The
decision of large sets of nonlinear inequalities is a very complex problem and its implementation
is a key to the success of ACRONYM. In the implementation reported by Brooks [5], bounds
are used to determine when a solution cannot exist. The implementation is quite successful at
detecting airplanes on runways from a viewpoint.close to the vertical. However, no examples are
shown to support recognition from a horizontal viewpoint, such as that of a person standing on
the runway.

It is interesting to contrast the ease of constraint tests on the configuration of each pair of edges
in RAF with the difficulty associated with the simultaneous test of all constraints in ACRONYM.
In both ACRONYM and RAF, the tests are guaranteed to retain all correct interpretations
of the data. The strict necessary and sufficient conditions for accepting an interpretation are
coupled and their equations nonlinear. In RAF, this complexity is avoided by using decoupled
constraints on configurations of pairs of edges. These constraints are only necessary and not
sufficient, thereby allowing some incorrect interpretations to be retained. In ACRONYM, the
system corresponding to all strict constraints is built, but this system cannot be solved exactly
because of its complexity. Brooks has proposed approximate solution methods for the constraints,

14




but these provide sufficient solutions so that incorrect interpretations may also be introduced
here. The major difference between the tests in RAF and ACRONYM is then that in RAF,
the constraints are decoupled using geometry in the problem domain, whereas in ACRONYM
they are decoupled in their algebraic form. The method in RAF has the advantage that the
decoupling is performed in advance so that tests can be compiled before accepting the input
image. Precompilation of constraints would be much more difficult in ACRONYM.

2.1.4 Summary

A number of state-of-the-art model-based vision systems were reviewed in this section. These
systems differ in several ways, by the features they extract from the images, by the method used
for searching matches between image and model, by the emphasis on search or on verification,
and by the tests applied to determine matches. By comparing the different approaches and their
potentials, we decided to explore the application of tree-search techniques to the recognition of
silhouettes, similar to those in RAF. The SILC system reported here is an implementation of this
extension; in addition, it incorporates some of the iterative verification strategies developed by
Lowe. The SILC system was also inspired by an understanding of silhouette theories developed
by the author in other work [26]; a review of relevant aspects of silhouette theory are developed
in the next section.

2.2 RELATIONSHIP BETWEEN 3-D OBJECTS AND THEIR SILHOUETTES

This section discusses the relation between the shape of a 3-D object and the shapes of its
silhouettes. More specifically, we review the aspects of these relations which are relevant to the
present work; a comprehensive analysis of the subject can be found elsewhere [26).

The word “silhouette” will be used to refer to outlines of images of objects in the projection
plane. The silhouette of any object in an image is the projection onto the image plane of a set of
special points on the image surface, which we will refer to as the silhouette generator. Points on
the silhouette generator are the points of the object where “viewing rays” graze the object. For
a smooth object, these points have a normal orientation perpendicular to the viewing rays (see
Fig. 2-2). On a polyhedral object, the silhouette generator comprises the edges adjacent to one
visible face and one hidden face (see Fig. 2-3).

An interesting question is to determine the set of viewpoints for which a given point on an
object will appear on its silhouette. A point on a smooth surface is on the silhouette generator
only for viewing directions parallel to the tangent plane at that point. However, a point on
the edge of a polyhedron is on the silhouette generator when one face adjacent to the edge is
visible while the other is hidden. In the case of orthographic projections, a face is potentially
visible only if its normal has a positive component in the direction of view. In a representation
of viewing directions by points on a unit sphere, the set of directions for which a face is visible
is a hemisphere. The set of views for which an edge is on the silhouette is the double crescent
delimited by the great circles parallel to the two adjacent faces, as illustrated in Fig. 2-4.
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Figure 2-2. Silhouette generator for a smooth object.

The above discussion was deliberately limited to convex objects, where an edge can be occluded
only by the adjacent faces. An edge of a non-convex object is hidden for all viewpoints outside
the double crescent corresponding to the edge, but it may not be visible for all viewpoints inside
the crescent because of potential occlusions by other object parts. For a non-convex object then,
the crescents are a superset of the viewpoints for which the edge appears on the silhouette. The
set of views for which a model edge appears on the silhouette are crucial in the development of
the appearance of a 3-D model in its silhouette for unknown viewpoints; this topic is developed
in Sections 4 and 5.

The SILC system presented in this report was designed to recognize both polyhedral objects
and objects with curved surfaces, given models of either the true object shape in the first case
or a model of a polyhedral approximation to the object in the second case. It is interesting
to note however, that there are substantial differences between polyhedra and curved surfaces
in terms of the relations between silhouette shapes and object shapes. Given a point on the
silhouette of a smooth object, the normal orientation of the surface at the corresponding point
on the object silhouette generator is completely determined [2]. Therefore, the correspondence
between a silhouette point and an object point determines strong constraints on the imaging
transformation (4 constraints). For a smooth object, the silhouette generator varies continuously
with changing viewing directions; any point on a smooth convex surface will be on the silhouette
generator for some viewing direction. In the case of a polyhedral object, however, the silhouette
generator can lie only on the convex edges of the polyhedron. In addition, the correspondence
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Figure 2-3. Silhouette generator for a polyhedral object.

6

Figure 2-4. Map of the viewing directions for which an edge appears on the silhou-
ette.

between a silhouette edge point and a model edge point restricts the viewing direction only to a
region such as the crescents in Fig. 2-4.

In the next few paragraphs, we will see how the differences discussed above between smooth
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objects and polyhedrons can be reconciled in the context of our recognition system, and more
specifically, we will determine how a polyhedral approximation to a curved surface can model the
relation between this surface and its silhouettes. This discussion will be illustrated by the simple
example of a straight cylinder approximated by a regular prism. Consider a straight circular
cylinder and its approximation by a regular straight prism with 36 facets, as shown in Fig. 2-5.
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Figure 2-5. Cylinder and its approximation by a prism.

For any point on the lateral surface of the cylinder, there is a viewing direction for which the
point will project onto the silhouette. When a match is hypothesized between a point on the
silhouette and a point on the model, the viewing direction is restricted to be in the tangent plane
at the model point, and the intersection of the tangent plane with the image plane must include
the silhouette point. There is hence only one free parameter in the transformation, namely the
angular elevation of the viewpoint with respect to the cylinder axis. The translation of these
concepts in terms of the polyhedral approximation by a prism is now addressed.

The appearance of model points on the silhouette is considered first. Among points on the
lateral surface of the prism, only those on the edges of the prism may be projected onto the
silhouette for some viewing direction. In contrast, any lateral point of the smooth cylinder can
appear on its silhouette. By making the approximation sufficiently fine, however, the sets of
candidate silhouette generator points on the lateral surface can be made arbitrarily dense. A
silhouette generator point can be made arbitrarily close to any given point by an appropriate
choice of the approximation. In our example, a point on an edge of the prism approximation is
at most 5 degrees away from any given point on the cylinder; this edge point will appear on the
silhouette for appropriate viewpoints.

The constraints on the viewing direction determined by a match between a silhouette point
and a model point are now considered both for a cylinder and for its approximation by a prism.
When a lateral point of the cylinder is declared on the silhouette generator, the viewing direction is
constrained to be parallel to the tangent plane at that point; representing viewpoints by points on
the sphere, this corresponds to the meridian of the viewing sphere perpendicular to the normal at
the object point. On the other hand, when a lateral edge of the prism is declared on the silhouette
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generator, the viewing direction is constrained to be in the double crescent corresponding to the
edge, as in 2-4. Although the viewing direction is constrained to a one-dimensional space in the
case of the cylinder and to a two-dimensional set for the prism, the difference is reduced when
these regions must be enlarged to take noise effects into account. In addition, the crescent for the
prism is only 10 degrees wide in our example, and could be made thinner by choosing a prism
with a larger number of facets (see Fig. 2-6).

In summary, although there are theoretical differences between smooth surfaces and their poly-
hedral approximations in the context of silhouette generation, the practical effects of these dif-
ferences are only slight and can be reduced to any level by the choice of a fine approximation.

Figure 2-6. Viewing directions for a given silhouette generator.
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3. SYSTEM DESIGN

In this section, the major specifications of the experimental silhouette recognition system
(SILC) are detailed, and the system strategy chosen to simultaneously satisfy all performance
criteria is developed and justified.

3.1 SYSTEM SPECIFICATIONS

SILC analyzes images of a scene which may contain one or more objects of interest. The system
has a database of models for the objects of interest, and compares silhouettes in the image with
the models in a database to determine if any of the silhouettes can be explained in terms of the
models. When such an interpretation is discovered, it indicates a strong belief that the object in
question is actually present in the scene. In the case where several interpretations are retained
with a high confidence, the decision between them must be made by higher level processes. The
system bases its decision on two types of data, the input images and object models; both are now
discussed in more detail.

3.1.1 Input Images

The main input to the SILC system is an image of the scene. This image is expected to be
a binary image of an orthographic project of the objects in the scene. Many times the binary
image, which contitutes the silhouette to be recognized, is a result of some preprocessing stage
that partially segments the object(s) of interest from the background in a gray-scale image.

The images provided to SILC may be acquired by a number of different sensors. In all cases, the
images convey imperfect and/or incomplete information about the scene and the objects being
imaged. The system must perform with incomplete knowledge of the imaging geometry and in
the presence of degradations of the silhouette data. The major obstacles faced by the system are
the ignorance of viewpoint, uncertainties on the scale of objects, the presence of occlusions and
multiple objects in a silhouette, and the degradations in the image. These various facets are now
discussed in more detail.

Unknown Viewpoint

Given a 2-D silhouette, SILC recognizes the 3-D object without any a-priori knowledge of
the viewpoint. For example, all the silhouettes shown in Fig. 3-1 are correctly matched to the
3-D model of a table, illustrated in the upper-left of the figure. Note that the shapes of these
silhouettes show wide variations over the various views; for example, the area, width, height, and
elongation vary significantly from one view to the other.

In the current implementation of SILC, the projection is modeled as orthographic. This is a
valid approximation of a general perspective projection for objects with a limited angular extent
and imaged near the center of projection. In addition to the ignorance of viewpoint, it is assumed
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Figure 3-1.  3-D model and silhouettes for various viewpoints.

that the system has no reference to orientations and translations inside the image plane. The
imaging transformation then has 5 degrees of freedom, namely three for rotations and 2 for
translations. Note that the basic system concept is not restricted to orthographic projection; the
extension to perspective projections should be straightforward.

Imprecise Scale

In a perfect orthographic projection, the scale of images in the projection plane is related to
the scale of objects in the 3-D scene by the simple rule of foreshortening. However, when the
orthographic projection is used to approximate a perspective projection, the relation between
distances on the object and distances in its image also depends on the range of the object in the
scene. The range resolution in laser radar images is sufficient to provide an accurate estimate of
the image scale, but an accurate scale may not be available for other sensors. SILC successfully
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recognizes objects when presented with silhouettes that are over- or undersized by 10 to 20%. For
example, the table modeled by the polyhedron in the middle of Fig. 3-2 is successfully identified
in the silhouettes to the left and to the right in the figure, which are scaled down and up by 15%.
In favorable cases, the system may tolerate scale errors as large as 50% or more. Note that the
orthographic transformation has 6 degrees of freedom when the scale is not precisely known.

FULL SCALE INVARIANCE

S W

LIMITED SCALE INVARIANCE

e o B

Figure 3-2. Scaled silhouettes recognized by the system.

Occlusions

Another important characteristic of SILC is that it will recognize objects in the presence of
partial information. For example, when the object of interest is partially occluded by another
object at a closer range, then the silhouette analyzed by the system matches only a part of the
silhouette of the object model synthesized for the same view. In the example of Fig. 3-3, the
table is partially occluded by the person standing in front of it; the figure also shows that the
silhouette segments analyzed by the system cover only a part of the true object silhouette. As a
particular case of occlusions, the system correctly handles self-occlusions in non-convex objects.
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Figure 3-3. Example of partial occlusion.

Multiple Objects

In the above example, it was assumed that the occluding object can be separated from the
object of interest in the image. This separation can be based on range gating in low-resolution
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range images; it could be based on texture, shading, color or motion in passive optical images.
However, it is not always possible to separate the object of interest from “clutter” in the scene.
The system has the ability to recognize an object in a silhouette composed in part by the object
of interest, and in part by other objects. In Fig. 3-4, the scene on the left contains the object of
interest, the table, and another object, the computer terminal. The silhouette of this combination
of objects, shown on the right, is composed in part by silhouette segments of the table, and in part
by other segments. To achieve a successful recognition, SILC has to distinguish the silhouette
parts corresponding to the object of interest from the other parts.

—
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Figure 3-4. Example of silhouette of multiple objects; left: scene, right: silhouette.

Image Degradations

In the design of a signal interpretation system, it is crucial to account for the presence of
degradations in the input data. In particular, SILC has been designed to account for the presence
of noise in the input images. The silhouettes presented to the system could be extracted from
images generated by a number of different sensors. These include passive optical or infrared
images, laser radar images and range/doppler images. Since each sensor may produce different
noise characteristics, the system does not attempt to account for an accurate model of sensor
noise. Instead, degradations are accounted for by allowing uncertainties in the silhouette shapes
extracted from the image. In addition to degradations in the input images, other errors may be
introduced by the early processing of the image data. These errors may consist of false or missing
image features, and of errors in the estimates of feature characteristics. The identification system
is designed to accommodate these errors by rejecting spurious features and by matching models
with incomplete data.
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Limitations

In the current implementation, the system processes a silhouette corresponding to a single
object or perhaps to a handful of superimposed objects, and interprets this silhouette in terms
of the object models stored in its database. When recognition is applied to a cluttered scene
where the object of interest accounts for a small fraction of the edges, the system must allow an
extremely large number of null edges and its performance becomes useless; the SILC system was
not designed to directly analyze complex scenes as a whole. In order to perform scene analysis
with a good level of performance, the present system must be coupled with an image segmenter
and perhaps a top-level engine for controlling the focus of attention. See Section 3.2.2 for further
discussion on the use of null edges in matching.

3.1.2 Object Models

The model database is composed of objects defined by rigid polyhedra. Note that this choice
does not necessarily limit the system to the “blocks world”, since complex shapes can always be
modeled arbitrarily closely by polyhedra. The SILC system must be given a description of each
model with sufficient detail to uniquely specify the geometry of a polyhedron. The description
may be given in terms of faces, edges and vertices, or in terms of set operations on primitive
volumes. It is assumed in the design of the system that the object models are given to the system
ahead of time so that it can compile special representations to improve its performance while
running the recognition algorithm. The specific form of the models and the process by which
they are compiled is discussed in detail in Section 5.

3.1.3 Review Of Specifications

The main specifications of our silhouette recognition system discussed in the above sections are
summarized below.

The system

e Recognizes 3-D Objects in 2-D Images

e Uses Only Silhouette Data

e Uses a Database of Polyhedral Object Models
e Performs in the Presence of

- Unknown Viewpoint
- Moderate Scale uncertainties (20%)

- Occlusions, resulting in missing features

Superimposed objects, resulting in imperfect segmenta-
tion

26




- Image Noise, resulting in silhouette shape degradations

- Early vision artifacts, resulting in spurious/degraded fea-
tures

3.2 SYSTEM STRATEGY

In this section, the recognition strategy applied by SILC is presented, and justified with respect
to the specifications described above. The SILC system interprets a silhouette by comparing it
successively to each model in the database. In the remainder of the report, only the problem of
comparing a silhouette to one model is considered.

The match between the silhouette and a model is performed at the level of edge features. Since
the identity of the silhouette is mainly retained in the edge configurations, the match consists
of comparing edge configurations in the image to those in the model. The silhouette shape is
uniquely described by a set of edge features only if their number is sufficient to prevent the
image configuration from matching the model by pure chance. We have observed experimentally
that six to ten edges are required in general to uniquely characterize the shape of a silhouette.
In the absence of constraints, the number of interpretations of I image features in terms of M
model features is M!. Typical numbers of interpretations are on the order of 102°, which is
impractically large for direct evaluation. We have adopted a tree-pruning strategy similar to the
one proposed by Grimson and Lozano-Perez to reduce the size of the hypothesis space. We test
intermediate nodes of the tree by comparing the configurations of pairs of silhouette edges with
the configurations of the matched pairs of model edges. We have carefully designed these binary
constraints to make them viewpoint independent and to allow for the effects of scaling, occlusion
and noise. The configuration of a pair of silhouette edges is tested by comparing six numbers
describing their relative position to the ranges of these numbers predicted for the matched model
edges. The numbers describing silhouette edge configurations are computed for all pairs before
starting the tree search; the numbers for the model can be compiled off-line. The test of each
tree node costs then only a few arithmetic comparisons and is extremely efficient.

Although the decoupled constraints on the configurations on pairs of edges are extremely simple,
they are only necessary constraints on the validity of the match. As a consequence, the tree search
is guaranteed to retain all correct interpretations of the data, but it may also retain some incorrect
interpretations. It is therefore necessary to apply a final test to each interpretation retained by
the tree search. The test is implemented in SILC by comparing the image data with an image
of the model synthesized from an appropriate viewpoint. In addition to the acceptance decision,
this comparison provides a confidence factor indicating the quality of the match.

The major operations of the system during recognition are

e Extraction of Image Edges
¢ Tree-Pruning of the Hypothesis Space of Edge Pairings

o Verification of the Retained Hypotheses
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This overall system strategy closely follows the one described in [11]. However, substantial
differences between the two systems can be found in the constraints used in the tree search, in
the verification strategy, and in the compilation of model constraint tables. We will now discuss
in more detail how the system strategy supports the system specifications described earlier,
namely recognition in the presence of image degradations and the matching of curved silhouettes
with polyhedral models. We first justify the exhaustive tree-search technique in the context of
statistical pattern recognition, then show how the match of silhouette edges with model edges
accommodates the specifications for the system.

3.2.1 Matching with Uncertainties

In this section, we discuss how the concept of pruning a large space of hypothesized pairings
between image and model features is justified by concepts of statistical classification.

In the vast majority of signal interpretation tasks, the input signals are degraded by uncon-
trollable events, so that no signal ever matches a model exactly. Classical pattern classification
approaches in the presence of degradations address this problem by decision methods such as
maximum likelihood and maximum a-posteriori probability decisions. These consist of estimat-
ing the likelihood or posterior probability of each hypothesized event and choosing the event with
the highest figure. In the presence of huge discrete hypothesis spaces, it is impractical to compute
likelihoods or posterior probabilities for all events; the classification can be performed only if a
majority of hypotheses corresponding to extremely low probabilities can first be discarded. In
the classical analysis, hypotheses can be discarded only when the probabilities associated with
these are zero; in turn, null likelihoods or posterior probabilities will be experienced only when
the noise model for degradations proposes zero prior probabilities for degradations outside some
finite interval. The decision system can then reject a hypothesis categorically if its probability or
likelihood can be proven to be exactly zero.

The SILC system must be given strict bounds on all the degradations and free parameters
(except for the viewpoint); the prior probability densities are set to zero outside those bounds.
The signal interpretation task can then be separated in two parts. The first part consists of
discarding all the hypotheses corresponding to zero likelihoods or posterior probabilities. The
second part consists of estimating a figure of merit for each remaining hypothesis and of selecting
the best interpretation based on this figure. In this report, we focus the attention on the first
part of the signal interpretation. The goal of our system is hence to determine all legitimate
interpretations of the data, given bounds on the amplitude of degradations and on the values of
free parameters. The system will always select the correct interpretation of the data when there
is one. In addition, the system will also select interpretations that are consistent with the input
data and the given bounds on degradations, even when these interpretations do not correspond
to the real configuration of the scene. In particular, all symmetric orientations of a symmetric
object are selected by the system. When the system is given loose bounds on image degradations
and on free parameters, the system is likely to retain additional interpretations of the data. These
additional solutions can be considered as “false positives” in the statistical sense, but they are
inherent in the data (signal + noise limits) presented to the system.
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In summary, the system accepts noisy input images and bounds on the degradations of the
image. In return, the system provides all interpretations of the data that are consistent with the
known models and with the noise bounds. By design, the system has a false reject rate of zero,
and its false alarm rate reflects the ambiguity of the input data.

3.2.2 Matching Edges

In this section, we discuss how the SILC system appropriately responds to the degradations
listed in Section 3.1.3 by the tree-pruning search based on pairwise constraints and by the veri-
fication of the retained hypotheses. The compatibility of pairwise constraints with degradations
is further developed in Section 4, whereas the relation between degradations and the verification
is investigated in Section 7.

Degradations of the positions and orientations of silhouette edges by noise are easily accounted
for by relaxing the thresholds tested against edge pair configurations. This increase in the accepted
range of image measurements is carefully controlled in SILC and tailored to the expected noise
margins for each individual measurement. Occlusions in the scene must be modeled in a slightly
different way. As a result of occlusions, certain edges may be only partially visible in the image
or may even be totally absent. In the system, partially occluded edges are taken into account
by always allowing the match of a partial image edge to a full model edge. This feature is also
important in the matching of silhouette curves with polyhedral models. The total absence of an
edge from the image is not an issue in the implementation since the system finds interpretations
of silhouette edges in terms of model edges and doesn’t require each model edge to be matched.

The case of multiple objects in the same silhouette is taken into account in the system by an
additional “model” edge, namely the “null” edge. Silhouette edges corresponding to a different
object in the scene are assigned to the null edge. The null edge may also be used to discard from
the match, a spurious edge arising from an error in the early processing of the image data.

We stated earlier that because of occlusions, a match must be possible between an image edge
and a model edge when the image edge covers only part of the model edge. However, the opposite
does not apply, i.e., a model edge may not be matched to a longer silhouette edge. In the case of
special alignments, the image may contain a long edge in the silhouette made of the alignment
of two or more edges in the object. The system will not be able to correctly match this edge;
if the silhouette contains a sufficient number of edges, the other edges may be matched and the
interpretation will be accepted by interpreting the merged edge as a “null edge.”

A key to the success of our implementation is the search for binary constraints which maximize
discriminating power while always accepting correct matches, even in the presence of noise or
other artifacts in known amounts. Powerful yet satisfying constraints are attained by a careful
strategy for extracting long straight edges from the silhouette, an innovative limitation of the
range of viewing angles considered for each pair of model edges, and by devising realistic upper
bounds on noise degradations. The constraints on pairs of edges are developed in the next section.

Any recognition system must accept matches in the presence of foreseeable image degradations;
a successful system must hence perform with imperfect input features. Qur system considers two
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types of degradations and responds to them in two different ways. Small deviations between model
and observations are accounted for by carefully relaxing the constraints according to estimates
of the image degradations. On the other hand, large degradations such as missing features,
extra features and misinterpreted features are either implicitly covered by the system approach
or treated as outliers and discarded.

3.2.3 Review of the System Response to Degradations

In the previous section, we discussed how degradations in the inputs can be addressed in the
context of the edge matching strategy. In summary, the degradations are overcome by

e Relaxing the Constraints (Noise)
e Matching Silhouette Edges to Parts of Model Edges (Occlusions)

e Rejecting Spurious Edges (Multiple Objects)

3.3 SUMMARY

In this section, we have presented the main strategy used in the silhouette recognition system.
The system is based on the matching of silhouette edges to edges of models in the database.
The matching is performed by a tree-pruning search followed by a verification by synthesis.
This approach can be tailored to perform in the presence of realistic image degradations and
uncertainties about the imaging geometry.

In the next few sections of this report, we will present the implementation of each system part
in more detail. Specifically, we will describe our implementation of the binary edge constraints
in Section 4, the description and compilation of models in Section 5, detail relevant to the tree-
search in Section 6 and the verification of candidate hypotheses in Section 7. In the remaining
sections, we will analyze the performance of the system, both from an experimental and from a
theoretical viewpoint, and present our conclusions.
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4. CONSTRAINTS ON THE CONFIGURATION OF PAIRS OF EDGES

In this section, we discuss the constraints tested on each pair of edges in the interpretation
corresponding to an intermediate tree node. These constraints ensure that the configuration of the
pairs of edges extracted from the observed silhouette is consistent with the image configuration
predicted for the matched model edges. In the absence of image noise and occlusions, and with
a perfect knowledge of the viewpoint and scale of the image, the configuration of two silhouette
edges must be identical to the configuration of two model edges to claim a match. However,
in the face of noise, occlusions, and variations of viewpoint and scale, two model edges may
appear in a range of different configurations in the image. The tests designed in this section
verify only necessary constraints on the interpretation of a pair of silhouette edges in terms of a
pair of model edges. In other words, the match is accepted if the configuration of the silhouette
edges is consistent with the configuration of the model edges. The match is rejected only if the
configuration can be proven to be incompatible with any acceptable values for viewpoint, scale,
noise, and occlusion.

The constraint tests will be developed first for the simplest case, which has no image noise or
occlusions and where the image scale and viewpoint are perfectly known. Then, the tests will
be extended successively to include the effects of noise, occlusions, scale variations, and finally
viewpoint variations.

4.1 CONSTRAINTS IN THE SIMPLIFIED CASE

In the absence of noise, occlusions, and variations of scale and viewpoint, the interpretation
of a pair of silhouette edges as a corresponding pair of model edges can be accepted only if the
configurations of the silhouette pair is identical to the configuration of the projection of the model
pair, i.e., if these two pairs can be superimposed by a simple rotation and translation in the image
plane (see Fig. 4-1).

To design the test, it is sufficient to completely characterize the relative position of the two
edges, and to require that these characterizations be identical for the model edges and the silhou-
ette edges. We have chosen to characterize the relative position of two edges by three measures,
namely the relative angle ¢ between the edge normals, and the vector distance between the edge
centers, where the two components of the distance vector are the component t (tangent distance)
along the first edge and the component n (normal distance) along its normal.

It is assumed in this work that the direction of the outside normal of the edge can be extracted
from the image, i.e., the early vision subsystem extracting the silhouette edges can also determine
which side of each edge is inside the silhouette and which side is outside. With this assumption,
the distance components n and t have a consistent sign. We have chosen the positive n axis
to point outward from the silhouette, and the positive t axis to point in the counterclockwise
direction when following the silhouette. The constraints on the interpretation of a pair of edges
are tests on the equality between the signed values of ¢, n, and ¢
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Figure 4-1. Configuration test in the absence of noise.

tC = tC

s(z;l mcgd

Mgl = Rpod (4.1)
¢sil = ¢mod

where the superscript C indicate that the distances correspond to the center points.

The choice of measures to characterize configurations of pairs is not unique, but the choice
described above is well suited to the design of constraints in the presence of image degradations.
This design also accommodates within the same framework both finite edges and zero-length
edges used to characterize curves.

4.2 CONSTRAINTS IN THE PRESENCE OF OCCLUSIONS

In the presence of partial occlusions, either by the object itself for non-convex objects, or by
other objects, edges extracted from the silhouette in the image may correspond to only a fraction
of the corresponding edge in the model (see Fig. 4-2).

In addition, silhouette edges can be split because of image degradations, and zero-length edges
used to represent curve points will match only a single point of the edge approximating the curve
in the model. However, we do not consider the case where a model edge matches only part
of an edge extracted from the silhouette; this case is rare but occurs in the presence of special
alignments such as shown in Fig. 4-3. The system handles this case by leaving the combined edge
as uninterpreted. In brief, the match of a silhouette edge and a model edge is acceptable when
the silhouette covers part of the projection of the model edge, but not vice-versa.

Although the relative angle ¢ of two silhouette edges is independent of their length, the relative
distances t and n may be different for different fractions of the projected model edges, since the
center points of the edge parts may take different positions. The configuration test must determine
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Figure 4-2.  Silhouette edge matching a fraction of the model edge (occlusion).

Figure 4-3. Model edge matching fraction of silhouette edge (special alignment).

if the distances t and n are consistent with positions of the silhouette edges that fall within the
projections of the corresponding model edges. The center point of each edge fraction in the
silhouette may lie anywhere between the extreme points in the projected model edge. The test
for distances between the midpoints is then

tgl € Ugod - Ignod/2 - ICOS ¢I13nod/29 tr?-uod + I:nod/z + |COS ¢|Irznod/2] 2
"aciz € ["S.ad — | sin ¢l172nod/2’ "S.od + | sin ¢“72n.od/2] (4.2)

where I! . is the length of model edge i.

Although this test accepts all the valid configurations, it also accepts a large number of invalid
configurations; for example, it will accept a configuration where both center points of the silhou-
ette edges match the extreme points of the projected model edges, even though the finite length
of the silhouette edges puts its endpoints out of range (see Fig. 4-4).

The drawback of the above test is that it is designed for silhouette edges of any length, including
zero so that it doesn’t take advantage of the known length of the silhouette edges. The longer the
observed silhouette edges are, the stronger the constraints on the relative configurations on a pair
of edges. In particular, when the lengths of the silhouette edges are equal to the lengths of the
model edges, the tests in Eqn. 4.1 are applicable. To offset this unfavorable behavior of the test
in Eqn. 4.2, the midpoint constraint will be replaced by a constraint on the ranges of distances
between points on each edge. This constraint does exploit the estimated length of the observed
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Figure 4-4. Incorrect match accepted by the midpoint distance constraints.

silhouette edges to maximize the capability of rejecting incorrect pairings. It is equivalent to
Eqn. 4.2 in the case of zero-length edges and to Eqn. 4.1 in the case where the lengths of the
silhouette edges are equal to the lengths of the projected model edges.

The alternate test considers the distances n and ¢t measured between all pairs of points on
the two edges; the sets N, and T,;; contain all the values of t,;;, ny for the pair of silhouette
edges. The silhouette configuration is accepted if these sets are included in the sets Np,,4 and
T4 Tepresenting the possible values of these distances between points on the projected model
edges. The sets Ny, Tsity Npmod, and Ty,,q are all single intervals so that the inclusion tests are
equivalent to a test of their limits.

Maz t,) < Mazx ty,.4
Min tgg > Min tyq
Maz nyy < Maz np,oq
Min ng > Min npog

(4.3)

The minima and maxima on the right side of the above equations can be evaluated in terms of
the angle ¢m,q between the projected model edges, the distances between the midpoints of the
edges, t€_,, nC 4, ¢, and the lengths I, I, of the model and silhouette edges. Note that these
extrema are always attained when the point on each edge is at one of the extremities of the edge.

Min t, .4 = tﬁod - llnod/Q - ICOS ¢m0d|112nod/2
Maz tyoq = tﬁod + l},md/z + | cos <t’morill'?nod/2
Min npog = 18,4 = |sin $modllZ,0q/2

Maz npmod = 1S4 + | 5in Gmod|lZ, /2

(4.4)
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Similarly, the extrema on the left side of Eqn. 4.3 can be evaluated in terms of the angle
between the silhouette edges, ¢,i;, the distances between the midpoints of the edges, t,ci,, nf},,
and the lengths of the model and silhouette edges.

Min tyq =15y — 11;/2 — | cos @irllZ; /2
Maz ty = t5) + Ly /2 + | cos gsulll; /2
Min ng = ngy = |sin ¢yill%; /2

Maz n,; = ng-, + | sin ¢,,~,|13,-,/2

(4.5)

4.3 CONSTRAINTS IN THE PRESENCE OF NOISE

In this section, the effect of noise on the configuration test for the interpretation of a pair of
silhouette edges in terms of a pair of model edges is addressed. Before addressing that particular
issue, however, we will analyze the more general problem of testing an estimate against bounds,
when the estimate is corrupted by noise. We will then introduce a “noise model” for the edge
measurements and finally derive configuration tests for pairs of edges in the presence of noise.

4.3.1 Testing Constraints on Noisy Estimates

We analyze the problem of testing whether the value of a variable v, for which we have an
estimate ¥, is contained within the bounds vy in, Vmaer. When the estimate is perfect, i.e., unbiased
and with a zero variance, the test is simply .

[ o (4.6)
¥V < Umazr

The regions corresponding to the acceptance and rejection decisions are sketched in Fig. 4-5.

ACCEPT

T AR RN, RS SS

P VARIABLE

MIN MAX

Figure 4-5. Decision regions, noiseless estimate.

Consider now the case where the estimate 9 is corrupted by additive noise, and where the
magnitude of this noise is bounded by N,. In that case, given a value for the estimate v, the true
value of the variable v may be anywhere in the interval [6 — N,,,? + N,]. The test of the value of
v with respect to the bounds is then ambiguous when © is within N, of one of the bounds (see
Fig. 4-6).
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Figure 4-6. Decision regions, estimate with additive noise.

When the estimate © is in the “ambiguous regions” in the above figure, the true value of v
can be inside or outside the bounds, depending on the particular sample of the additive noise.
When testing a sufficient constraint, the ambiguous regions are merged with the reject region
because they cannot guarantee a valid value of v. However, when testing a necessary constraint,

the ambiguous regions are merged with the accepted region because they could correspond to a
valid value of v (see Fig. 4-7).

REJECT - ACCEPT ] REJECT
\QQQQ\}\\\I\\ N, [ : =\\\\§§_\‘

MIN MAX

P VARIABLE

(a)

ST OSSR A SRR, A

4 P VARIABLE

MIN MAX

(b)
Figure 4-7. Decision regions, noisy estimate, necessary and sufficient tests.

We are interested here only in necessary constraints; the algebraic equations for the test are

[7}+Nv>vmin

. 4.7
A A’v < vmaz ( )
which are equivalent to
MOz oise U > Vmin (4 8)
Minoise v < Umor ’

where Mazisev denotes the maximum of the true value of the variable v, given the noisy estimate

v.
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The next case to consider is the test of a set of N variables v; with the bounds v,,;, and vmez,
first in the absence of noise. The test is the same as Eqn. 4.6 for each of the v;, and these N tests
can be combined into Eqn. 4.9. See Fig. 4-8.

Min;v%; > vpmin
VO (4.9)

MIN v; MAX v,

; — > VARIABLE
MIN 2 vo v i MAX

Figure 4-8. Decision test, multiple data, noiseless estimates.

The final case addresses the combination of multiple data and noise. It considers the test of
the N variables v; with the bounds when the estimates o; are corrupted by additive noise of
maximum amplitude N,; the test is a necessary constraint. Given any estimate ;, it is only
known that the true value of the variable is in the interval [¢; — N,,%; + N,] (see Fig. 4-9).

MAXNoiseMINy, MINNoIseMAXy,
l’/1l/l///| i l/:’/y//J —> VARIABLE
MIN Y MAX

Figure 4-9. Decision test, multiple data, noisy estimates.

In this case, the necessary constraint tests are given by

Maznoise Min; 0; > Vmin
Minpoise Maz;i %; < Vmaz (4.10)

Noise Model for Silhouette Edges

The noise model used in our implementation represents both the uncertainty in the orientation
of the edges extracted from the image, and the uncertainty in their lateral position. The maximum
deviation of the edge from its estimated position is accounted for by the maximum angular
deviation £A¢ and the maximum lateral deviation £An. Errors on the length and longitudinal
position of the edge are not considered in our implementation; these are largely offset by the
tendency of the silhouette parser to produce silhouette edges shorter than the actual ones.

Figure 4-10 illustrates the range of positions that can be covered by the true edge, given an
edge estimate and bounds on errors on its orientation and lateral position.
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Figure 4-10. Range of positions of the true edge, given a noisy edge estimate.

Configuration Tests for Noisy Edges

The configuration test of a pair of edges, given noisy measurements, consists of testing the
ranges of values for the relative orientation ¢, and for the relative distances t and n. The test
combines Eqn. 4.3 to account for potential occlusions, and Eqn. 4.10 to account for possible
discrepancies between the true values of ¢, y, and n, and their estimates from the image data.
The tests are given by

Mingoise Maz,itsi) < MaZpmod tmod
Mazoi5e Ming sy > Mingod tmod
Mingoise Mazgi ngit < MaZyod Rmod
A!axnoise Alinsil Nsil > Alinmod Nmod
Mingoise ¢sil < Pmod

Maznoise Psit > Pmod

(4.11)

In the above formulas, Min,,ist,; denotes the minimum real value of the variable ¢ at hand,
which is compatible with a noisy estimate of the variable extracted from the image. Maz,;t,;
denotes the largest value of t,;; for all the pairs of points on the two estimated silhouette edges.
The extrema are attained when each point is at one of the extremities of its edge, and when both
the orientation and position noises take their largest values, positive or negative.

4.4 CONSTRAINTS IN THE PRESENCE OF SCALE UNCERTAINTIES

In almost any practical circumstance, the scale of the image is not known exactly. In particular,
when the scale of the image is estimated from measurements of the range of the objects in
the scene, inaccuracies in the range measurements inevitably translate into inaccuracies in the
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estimate of the image scale. Even when the scenes are two-dimensional, there is always some
uncertainty in the calibration of the image scale.

Given the uncertainty in the estimate of the scale of the input image, the scale of the configu-
ration of a pair of edges extracted from the image is known only up to the fraction s. Therefore,
when the distances between two edges are estimated as i, 7, the actual distances could have
values between (1 — s)f and (1 + s){, and (1 — s)7 and (1 + s)#. The effect of scale uncertainties
is very closely related to the effect of noise on silhouette measurements; it can be accounted for
with the same formalism developed for noise. The constraints including scale variations are
[ Mingcate Mingnoise Mazyitsit < MaZmod tmod
Maz,cate MaTnoise Ming et > Mingmod tmod
Mingeqre Ming,ise Ma.r,.-, Neit < MaZpmod Ninod
Alazscale Mazoise Ming ngi > Ming o Nmod
Alinnoiac ¢321 < ¢’mod

L Maznoise $sil > Gpmod

(4.12)

Although tolerances to scale and to noise errors are implemented with the same formalism, the
effects on the constraints are quite different. Noise errors are limited in their absolute magnitude,
whereas scale uncertainties produce errors proportional to the distances considered. In the above
equations, taking the minimum Min,., . is equivalent to multiplying by (1 — s); the maximum is
equivalent to multiplying by (1 + s). Note that the angle constraint is not affected by scale.

4.5 VIEWPOINT-INDEPENDENT CONSTRAINTS

We address now the crucial step of the configuration constraints for pairs of edges, namely the
design of constraints that are independent of viewpoint. To make the constraints in Eqn. 4.12
valid over all viewpoints, it is necessary to consider the extrema of the bounds on the right
hand sides, for all possible viewpoints. In other words, it is necessary to predict bounds on the
configuration of edges in the image, where those bounds are valid over all possible viewpoints.
| AIinscalc]uinnoise}uaxsiltsil < ]ua-rviewMarmodtmod
Maz, e Maznoise Mingitsit > Minyiew Minmedtmod
Mingcoie Mingoise Mazsingit < MazyiewMazmodNmod
Maz,caieMaznoise Mingng > MinyewMingoaimod
Min,oisesil < Gmod
Maz,oi5e 95t > Prmod

(4.13)

As we will show by two simple examples, two edges considered as sticks in three dimensions can
appear in very different configurations in the image, depending on the viewpoint; as a consequence,
constraints such as Eqn. 4.13 are very weak in that case. However, the recognition system is
concerned with solid objects and with observations on the silhouette of the object in the image.
This can be exploited to determine the limited set of viewpoints from which a given pair of

39




model edges will both appear on the silhouette. This set is often a small fraction of the set of
all viewpoints, and the configuration of the pair of edges in the image is much more constrained
with this restricted set of viewpoints.

We will first show two simple examples where the natural limitation of the set of viewpoints
substantially increases the discriminating power of a configuration constraint. Then, we will
analyze the issue of determining which viewpoints map a pair of edges onto the silhouette. Finally,
we briefly discuss two methods for evaluating bounds on viewpoint-independent configuration
constraints.

4.5.1 Simple Examples of the Use of Visibility

When two edges are considered as sticks in 3-D, the configuration of their projection in the
image can vary widely from one viewpoint to the next. For example, two edges with any relative
orientation in 3-D can be projected into two edges with any other relative orientation in 2-D,
except that parallel 3-D edges remain parallel in the image. In terms of distances, the projections
of any two edges will intersect for some viewpoints, and on the other hand, the maximum distance
between two points on the edges can be made as large as that distance in 3-D for some viewpoints.

However, when considering 2 edges on a solid object and their projections from the viewpoints
for which they appear on the silhouette, the configurations of these edges is generally far more
restricted. We will illustrate this point with two examples: the first example illustrates this point
for angles; the second, for distances.

Figure 4-11. Relative angle of two edges of a wireframe object.

Consider the object depicted in Fig. 4-11, and more specifically, the two bold edges drawn
on the object. As illustrated in this figure, when the object is considered as a wireframe, the
angle between the projections of these edges can range from almost zero to almost 180 degrees.
However, when the object is considered as a solid and when the two edges are required to appear
on the silhouette of the object, the angle between these edges can only range from 90 degrees to
120 degrees; the images of the object for viewpoints close to these extrema are shown in Fig. 4-12.
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Figure 4-12. Relative angle of two edges of an opaque object.

Figure 4-13. Distance between two opposite edges of

As another example, consider the unit-side cube illustrated in

el — — ]

e | —— "]

<>—

a wireframe cube.

Fig. 4-13 and more specifically,
the distance between two opposite edges of the cube, such as those emphasized in bold on the
figure. With the cube considered as a wireframe, the distance between the projections of the two
edges can have any value between 0 and /2. However, when the cube is considered as opaque,
the distance between two edges can only vary between 1 and /2,

\-

Figure 4-14. Distance between two opposite edges

In the above examples, it is clear that much tighter bounds c
figurations of a pair of edges when the visibility criterion is used
theoretical basis for the visibility criterion is presented.
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4.5.2 Visibility of a Pair of Edges on the Silhouette

In this section, we will analyze the set of viewpoints for which a pair of edges appears on the
silhouette, and more specifically, we will address this question for the pair of edges considered
previously on the solid of Fig. 4-12. We will first determine the set of viewpoints for which one
edge appears on the silhouette, then the viewpoints for which both edges appear simultaneously
on the silhouette. In the discussion of viewpoints, we will represent viewpoints by points on a
unit sphere, where a point on the sphere corresponds to the viewing direction parallel to the
vector from the origin to the point, as in Fig. 4-15.

Figure 4-15. Representation of viewpoints as points on a unit sphere.

Consider first the edge F; in Fig. 4-16(a). This edge may appear on the silhouette only if
the adjacent face Fj is visible and the other adjacent face F; is hidden, or vice-versa. The set
of viewpoints for which a face, say Fj is visible, is the hemisphere H; whose pole corresponds
to the normal to the face, see Fig. 4-16(b). Similarly, the face F; is visible for viewpoints on
the hemisphere H, corresponding to its own normal orientation, as shown in Fig. 4-16(c). The
viewpoints for which one and only one of these faces is visible is the symmetric difference (X-
OR) between H; and Hj, which is an area in the shape of two crescents on the unit sphere,
see Fig. 4-16(d). The same analysis can be applied to show that the edge E, appears on the
silhouette only for the viewpoints illustrated in Fig. 4-17. Both edges F; and FE; will appear
simultaneously on the silhouette for the viewpoints at the intersection of the regions defined for
E; and E, separately; as illustrated in Fig. 4-18.

Note that visibility regions are always symmetrical with respect to the center of the sphere; the
visibility region for E; and E; is composed of the quadrangle visible in Fig. 4-18 and of a similar
quadrangle in the back of the sphere. This symmetry is consistent with the observation that
silhouettes obtained for opposite viewing directions are identical except for a mirror symmetry.
In the sequel, we will often consider only one of those symmetric sets of viewpoints. The set of
viewpoints for which both edges appear simultaneously on the silhouette is a spherical polygon in
general. In the absence of particular alignments of the faces adjacent to the two edges, the region
is a spherical quadrangle, which may be convex as in Fig. 4-18 or self-intersecting as in Fig. 4-19.
When two of the four faces adjacent to the two edges are parallel, the spherical polygon is a
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Figure 4-16. Visibility of an edge on the silhouette: (a)edge, (b)visibility of face 1,
(c)visibility of face 2, (d)edge visibility.

triangle, as in the example of Fig. 4-20. Finally, when E; and E; are parallel, the visibility region
reduces to two crescents such as in Fig. 4-16(b); this is the case for the pair of edges considered
on the cube of Fig. 4-13.

In the above discussion, the viewpoints for which a model edge appears on the silhouette
were determined solely on the basis of occlusion by the faces adjacent to the edge. For some
non-convex objects, the above method will determine a visibility region for a given convex edge,
but the edge itself will never appear on the silhouette, due to occlusions by remote parts of the
object. This would clearly be the case for internal details in an object in the shape of a box
such as the one illustrated in Fig. 4-21. It is extremely difficult to address the occlusion by non-
adjacent faces analytically; however, visibility regions determined by the above method can only
be overestimated so that the thresholds evaluated for the models with these regions may only err
in being too weak.

43




—

Figure 4-17. Visibility of the second model edge on the silhouette.

| /
Figure 4-18. Visibility of the pair of model edges on the silhouette.

4.5.3 Viewpoint-Independent Constraints

We address now the evaluation of the bounds on the right side of Eqn. 4.13. We have considered
two different techniques for evaluating the extrema over the set of viewpoints for which a pair
of model edges appears on the silhouette. The first technique is based on the visibility analysis
described in the previous section; the problem is one of finding extrema of functions specifying the
configurations of model edges projected in the image, given inequality constraints restricting the
viewpoint to a spherical polygon on the sphere. This technique will be referred to as the analytical
technique. The second technique, which will be referred to as the “brute-force” technique, consists
of evaluating a large number of silhouettes of the object and of computing the extrema of the
configuration over all these silhouettes.
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Figure 4-20. Visibility of a pair of edges on the silhouette: special alignment.

Analytical Method

The first issue in the analytical method is to determine and represent the set of viewpoints for
which the pair of edges appears on the silhouette. The crescents corresponding to each edge can
be represented by spherical polygons with two edges; their intersection can be determined as a
general intersection of two spherical polygons. It is advisable to devise the framework in terms
of general spherical polygons so that the system can also compute intersections with other sets
of viewpoints, for example with regions describing a-priori information on viewpoint.

Once the visibility region has been determined as a spherical polygon, the computation of
the extrema on the right side of Eqn. 4.13 corresponds to the estimation of an extremum with
inequality constraints. The values of t,,,4 and n,,,q specifying the configuration of edges in the
image can be determined by vector algebra from the 3-D configuration of the model edges and
in terms of the viewpoint. For a convex visibility region, the inequality ¢onstraints correspond
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Figure 4-21. Invisible edge declared visible by the local analysis.

to setting the viewpoint towards the inside of each edge of the spherical polygon. The extremum
versus viewpoint can be determined by the Kuhn-Tucker formalism.

Brute-Force Method

In the brute-force method, silhouettes of the model are determined for a large set of viewpoints,
corresponding to points evenly spread across the sphere. The edges of each silhouette are marked
to retain the identity of the corresponding model edge. The values of Min,, 4t,n.4 and of other
similar distances are evaluated for each pair of edges on each silhouette. Extrema of these
distances are then evaluated over all the silhouettes, for each pair of model edges.

With this method, the viewpoint issue is addressed implicitly when computing each silhouette.
Indeed, a given pair of edges will appear only on the silhouettes with viewpoints in the appropriate
visibility region. For other viewpoints, the distances will be noted as nonexistent. It is interesting
to note that with this method, visibility is addressed not only with respect to the faces adjacent
to the edge, but with respect to the entire object. Since the set of viewing directions is only
sampled, the extrema obtained with this method are underestimated in general.

Comparison of the Two Methods

The two methods presented above both have advantages and disadvantages. We have opted
for the second method because of a number of advantages including the ease and extensibility of
its implementation, and the stronger constraints that it provides.

The implementation of the analytical method requires the determination of the configuration of
a pair of image features as a function of the configuration of their counterparts in the 3-D model
and as a function of the viewpoint. In addition, extrema of these configurations, both free and
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with constraints, must be analyzed. The analytical work is quite tedious; the implementation is
also quite involved and is different for each characterization of the configuration. On the other
hand, the brute-force method requires methods for estimating configurations from a silhouette
only; these algorithms must be implemented for the run-time system anyway. The computation
of all the silhouettes is done once, and the evaluation of the extrema is independent of the
variable being considered. Note that when evaluating the extrema, only one silhouette and its
configuration must be stored at any given time; these can be discarded after the current estimates
of the extrema are updated. For objects of interest having tens of edges, we have observed that
the execution times for the two methods are on the same order of magnitude, although these
times increase as the square of the number of edges for the analytic method, whereas the increase
for the the brute-force method is dominated by the time to evaluate silhouettes, which has a
slower increase as a function of the number of edges. To summarize the above discussion, the
implementation of the constraint threshold prediction is favorable to the brute-force method.

If different image features are added to the recognition system, or if other measurements of
feature configurations are chosen, in both cases, it is necessary to implement the estimate of
new constraints for 2-D input data. However, with the analytic method, it is also necessary
to implement the estimate of the new constraints for 3-D model data; this is in general much
more demanding than the 2-D case. As a consequence, extensions of the strategy are easier to
implement with the brute-force method.

The final category in which we compare the two methods is that of accuracy. The analytic
method does compute exact maxima of the thresholds, for the problem that it solves; however,
as we saw earlier, the visibility region determined by the analytic method can be too large. As a
result, the constraints will be exact in some cases, but may be looser than necessary in other cases.
The brute-force method samples the set of viewing direction so that it is unlikely to produce the
exact thresholds for the constraints. The errors due to the sampling are difficult to evaluate,
and since they underestimate the threshold bounds, they could result in correct matches being
rejected. Although this is a serious problem, the errors can be reduced by performing a fine
sampling of the set of viewing directions (2400 points in our implementation); the effects of these
errors are also reduced by the noise margins tolerated for all edge measurements.

To summarize the comparison of the two methods for compiling the object, the analytic method
has the advantage that it adheres perfectly to the strategy of necessary constraints. Although
the brute-force method can be failed on that criterion, the consequences of this failure can be
minimized, and are vastly offset by advantages on all other points. The system presently compiles
the constraint thresholds for the models by the brute-force method.
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5. 3-D OBJECT MODELS, 2-D SILHOUETTES

In this section, the internal representation of 3-D objects and 2-D silhouettes is discussed. The
material covered in this section is largely related to implementation issues, but it is important to
study this component to develop a sound understanding of the recognition system.

5.1 3-D OBJECT MODELS

As we mentioned earlier in this report, all objects are described by rigid 3-D polyhedra in
our system; these can either reflect the exact shape of the 3-D objects or an approximation of
their shape in the case of curved objects. A complete description of a polyhedron consists of sets
of all its components, i.e., vertices, faces and edges, together with all the connectivity relations
among the components. However, as we will see in this section, the only requirement set on
the polyhedral model is the ability to generate synthetic silhouettes. This requirement can be
satisfied by a simplified description of the polyhedron geometry. Furthermore, the user interface
can be simplified by providing simpler description languages and compiling these descriptions
into the geometric representation in terms of vertex, edge and face components.

In this section, we will first discuss the representation of polyhedron geometries, then the
synthesis of silhouettes given the geometric representation, and finally the compilation of edge
constraints.

5.2 DESCRIPTIONS OF POLYHEDRA

Polyhedra are solids bound by planar faces; the system considers convex polyhedra, concave
polyhedra, polyhedra with handles and non-connected polyhedra. However, we exclude self-
intersecting polyhedra since they do not model solid objects, and “hollow” polyhedra since those
cavities have no impact on silhouettes. Polyhedra are usually defined in terms of their vertices,
edges and faces. The numbers of these components, noted V, E, F, are constrained by a relation
due to Euler,

V4+F-E=25S- H) | (5.1)

where § represents the number of disconnected pieces of the solid and H the number of handles.
In the above formula, it is assumed that faces have no holes. Otherwise, the total number of holes
in faces must be subtracted from the left side. Many polyhedron description systems perform
tests on the input data to verify the connectivity of components, which in the end ensure the
validity of Eqn. 5.1. In our system, a mixed approach is taken, in that the validity of the input
data is verified for connectivity and hence implicitly for the validity of Eqn. 5.1, but the stored
representation is simplified by removing some parts such as “flat” edges. These flat edges have
the same face on both sides, and are often inserted by solid modelers to connect the boundary of
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a hole in a face with the outer boundary of the face. In brief, the system verifies the input data
but builds a stored representation which may be inconsistent.

The basic input description of a polyhedron in our system is a list of vertex geometries and a
list of the vertices on each face; with this information, it is possible to determine the edges of the
solid and all the connectivities. More specifically, each vertex is represented in the input as a list
of its three coordinates (zyz); the set of vertices is input as a list of those coordinate lists, where
the index of each vertex in the list uniquely specifies each vertex. Each face is represented by a
list of the indices of the vertices around the contour of the face. The contour of the face is listed
counterclockwise when looking at the face from the exterior of the object.

(define-object
’cube
:vertices *((0 0 0) (00 1) (010) (011)
(100)(101) (110 (111))
:faces ((0132) (0451) (4675)
(2376) (1573) (026 4))

Figure 5-1. Definition of a cube.

An example definition of a cube is shown in Fig. 5-1 where the coordinates indicate that the
cube is in the first octant and has unit side. The first face in Fig. 5-1 has vertices 0, 1, 3, 2
along its perimeter, which is the side facing the negative z-axis (see Fig. 5-2). Clearly, it is not
possible to explicitly define a face with holes with the above representation; however, holes in a
face can be eliminated by connecting them with the outside contour of the face, see the example in
Fig. 5-3. Given an object definition such as Fig. 5-1, the system builds a LISP object containing
three arrays: one each for the vertices, the faces and the edges of the system. Each vertex is a
3-D point structure recording its 3-D coordinates; each face is a structure recording the equation
of the face plane and the list of points around the face; each edge is a structure recording both
endpoints and both adjacent faces. The structures have slots for recording extra attributes such
as bounding boxes for faces and edges, and the visibility of a face.

5.2.1 Constructive Geometry

Although it is possible to enter any polyhedral shape by a definition such as the one shown in
Fig. 5-1, it is clear that this method is quite tedious and error-prone for the definition of complex
polyhedra. To generate most of the models in this report, we have used YASM, a constructive
solid geometry (CSG) package developed at MIT by Alain Lanusse. In YASM, solids are defined
in terms of simple primitives and their relations. As an example, the table model shown in Fig. 5-5
was defined by the expression in Fig. 5-4.
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Figure 5-2. Cube as defined above.

Figure 5-3. Example of a solid with a hole in a face.

The primitives provided by YASM include boxes and approximations of curved surfaces such
as cylinders, cones, spheres and tori. These primitives can be moved by arbitrary translations
and rotations, and they can be combined by intersection, union or difference. The internal
representation of objects in YASM describes their vertices, faces and edges. The YASM system
was very useful in designing object models; however, it has its disadvantages. For example, the
system cannot handle combinations of objects if there are any particular alignments.
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(define-yasm-solid
;; dimensions are in feet
’table
(model-union
;; table top
(model-translate (make-box 2.5 4.0 0.10) 0.0 0.0 -0.05)
;; table legs

(model-translate (make-box 0.2 0.2 2.35) 1.0 1.75 -1.25)
(model-translate (make-box 0.2 0.2 2.35) -1.0 1.75 -1.25)
(model-translate (make-box 0.2 0.2 2.35) 1.0 -1.75 -1.25)
(model-translate (make-box 0.2 0.2 2.35) -1.0 -1.75 -1.25)
;; table beams, long side

(model-translate (make-box 0.1 3.5 0.35) 1.0 0.0 -0.25)
(model-translate (make-box 0.1 3.5 0.35) -1.0 0.0 -0.25)

;; table beams, short side

(model-translate (make-box 2.0 0.1 0.35) 0.0 1.75 -0.25)
(model-translate (make-box 2.0 0.1 0.35) 0.0 -1.75 -0.25)
)

Figure 5-4. Table definition in yasm.
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Figure 5-5. Table model generated by yasm with the above definition.

5.2.2 Generating Silhouettes of Objects

A major requirement of the solid models is that they must be able to provide silhouettes of the
object for any given viewpoint. It is well known [25] that the silhouette of a convex polyhedral
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object is the projection of the silhouette generator of the polyhedron for the given viewpoint. The
silhouette generator itself is the set of edges adjacent to both a face visible from the viewpoint
and a face hidden from the viewpoint. In the case of a non-convex polyhedron, the silhouette is
obtained in the same way, except that parts of the projection of the silhouette generator may be
occluded. The algorithm used to generate the silhouette first generates candidate silhouette edges,
namely the projection of the silhouette generator edges, and then clips these to take occlusions
into account.

To generate the candidate silhouette edges, the faces of the polyhedron are first investigated,
and their planes are compared with the viewpoint. The faces are marked as visible or hidden. In
the next step, each edge of the polyhedron is considered; the silhouette generator edges are those
which are adjacent to one visible face and one hidden face. Finally, the candidate silhouette edges
are obtained by projecting the silhouette generator edges onto the image plane. The silhouette
itself is obtained by clipping the candidates to account for occlusions; the clipping is done by
the projection of all the visible faces of the polyhedron. In the projected silhouette, each edge
retains the index of the corresponding model edge; therefore, it is possible to relate each edge of
the synthetic silhouette to the corresponding model edge.

We will see in the next subsection that it is crucial to optimize the speed of the silhouette
generation; we have implemented a number of strategies to increase the speed of both parts of
the silhouette synthesis process, namely the projection of candidate edges and the clipping.

One strategy we have adopted improves the efficiency of silhouette generator projection by
keeping two copies of each model, a master-copy and a work copy. Both instances have exactly
the same structures and links; the projection is operated by simply altering the coordinates of the
vertices and planes in the structures of the work copy. This procedure has the advantage that no
new structures need be instantiated and that the links between edges, faces and vertices need not
be copied. The only operation required before the projection of the point and plane coordinates
is to refresh the state of the work copy by copying the coordinates from the master copy.

The clipping operation consists of retaining all the parts of the candidate silhouette edges which
are outside the projected faces of the solid. To improve the efficiency of the clipping operation,
we have devised a number of strategies. Very substantial gains are obtained by comparing the
bounding boxes of edges and faces before starting the general clipping operation; if the boxes
are distinct, no clipping takes place. Another strategy that we have adopted is to subdivide the
projection plane into a grid of regions, for example a grid of 10 x 10 regions. For each region,
we build a list of the faces whose bounding boxes intersect the region. The clipping operation
consists of three phases for each edge. In the first phase, the edge is compared with the grid
to determine which grid boxes overlap with the edge bounding box. The faces marked in these
boxes are the only faces that can potentially clip the edge. The second phase rejects some of the
potential clipping faces by comparing the bounding boxes. Finally, the last phase consists of the
exact clipping of the edge by the remaining faces. We have observed substantial gains with the
bounding box test in all cases. However, the space subdivision technique becomes advantageous
only for relatively large object sizes; for most of our examples, those gains were inconclusive.
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5.2.3 Compiling Object Models

A major requirement of the object model in our system is to provide constraints on the con-
figurations of pairs of edges as they may appear in silhouettes of the object. As indicated in the
previous section, we have adopted the brute-force method to generate these constraints. Large
numbers of silhouettes are generated for evenly spread viewpoints, constraints are evaluated for
each silhouette individually, then combined into tables for viewpoint-independent constraints.
Note that it is never necessary to store the silhouettes or the corresponding constraint tables. For
each viewpoint, the silhouette constraints are computed on the fly, and they are used immediately
to update the tables of model constraints. A few additional details regarding the constraint tables
are now discussed.

D : i ij ij i ij
For a given model, the constraint tables must store the valuesof ¢t 7. , 3 ., n . n¥ . é-. .

i . for each pair (ij) of model edges. The values of these variables correspond either to the
extrema of the distances or angles of the model edges as they may appear on the silhouette, or
to nil to indicate that the pair never appears simultaneously on the silhouette. These values
are stored in M x M arrays, where M is the number of model edges. Initially, the model arrays
are filled with nil’s. For each viewpoint, the synthetic silhouette of the model has S edges,
and 6 S x S tables (a min and maz table for each of t, n, and ¢) are generated to store the
silhouette constraints for that viewpoint. These silhouette tables are used to update the model
tables by comparing each element of the silhouette table with the corresponding element in the
model table. In order to determine the correspondences between silhouette table elements and
model table elements, we use a list of indices characterizing which model edge corresponds to each
edge of the silhouette. In the actual implementation of the system, a further refinement has been
developed for the tables of tangent distance and angle constraints. In addition to a minimum
and maximum value, those tables also store a minimum positive value and a maximum negative
value. These additional values provide for increased constraint power when the set of viewpoints

is restricted.

A number of advantages of the brute-force compilation of edge-pair constraints were discussed
in Section 4. An additional advantage is that a-priori limitations on the viewpoint are very easy
to implement. Indeed, to determine the constraints for a limited set of viewpoints, the brute
force method is used with viewpoints sampling the restricted set of viewpoints considered. When
restricted sets of viewpoints are considered, it is possible for the range of values of angle and
tangent distances to be disconnected sets. In particular, when a set of viewpoints includes both
“front” views and “back” views, the ranges of t and ¢ are symmetric with respect to 0. We
have introduced constraints with 4 tests, namely for both negative and positive minimum and
maximum, to exploit the disconnected sets of legitimate values.

5.3 SILHOUETTE REPRESENTATION

The silhouettes of objects in images represent the outline of the corresponding objects in the
projection plane. The “raw”silhouette is a chain of points along the contour, or a set of chains for a
silhouette with multiple parts. The chain is parsed to produce a set of straight edges representing
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prominent parts of the silhouette. Finally, the configuration of these straight edges is abstracted
in six constraint tables representing the ranges of distances and angles between points on each pair
of edges. Among the three representations of the silhouette, namely the chain, the edges, and the
constraint tables, the last two are actively exploited during the recognition algorithm. Therefore,
the silhouette is represented at run-time by a structure combining these two descriptions. The
chain is used only after the search of interpretations, to provide a measure of confidence in each
interpretation. Among the silhouette processing tasks, the extraction of the silhouette chain from
the image is performed with well-known techniques which will be reviewed only very quickly. The
parsing of the silhouette chain into a set of straight edges is important, and must be performed
carefully to provide good edge features for the recognition algorithm. Silhouette parsing methods
are discussed in detail in Appendix A. Finally, the setup of constraint tables describing the
configuration of pairs of edges closely follows the strategy developed in Section 4.

5.3.1 Silhouette Chain Extraction

Edge chains are extracted from the silhouette image by first convolving the image with a
discrete version of the Laplacian of a Gaussian; the edges are the zero-crossings of the resulting
image. These zero-crossings are detected and linked by standard image processing algorithms
[27]. The result of this process is a list of chains representing the zero-crossing contours of the
convolved image. Simple heuristics can be used to discard spurious contours. Edge detection
by Laplacian of Gaussian has the advantage that the contours are linked by default, whereas
other edge detection schemes, such as the Canny edge operator, produce isolated edge points.
However, the Laplacian of Gaussian edge detection produces biases which can be significant
at corners. The system correctly handles these errors, but system performance could only be
improved by providing better primitives.

5.3.2 Silhouette Parsing

Each silhouette chain is parsed into a description in terms of straight edges. Note that the
description need not be complete, but must describe the salient features of the silhouette. An
important characteristic of the silhouette parser is that it must carefully distinguish the straight
edges from the curved silhouette sections to correctly represent each during the matching proce-
dure. Specifically, the curves are modeled by a set of isolated points and the normal orientation
of the silhouette at these points. We have chosen to describe edges by their center point, normal
orientation and length; we give the name of “edge element” or edgel, to the edge characterized
by this representation. Both finite edges and isolated points with a normal orientation can be
represented by edge elements.

The silhouette parser first detects candidate points for straight edges by analyzing estimates
of the smoothness and curvature of the silhouette. The candidates are grouped and grown into
straight edges. Among the remaining points, candidate points on smooth curves are detected
by analyzing the smoothness and curvature, although with different thresholds this time. These .
points are grouped into smooth curve strings which are modeled by carefully chosen sets of isolated
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points. The silhouette parser records with each edgel, an estimate of the errors on the normal
orientation and lateral position of the edge. The system uses a graphical representation consisting
of the edge itself and an outgoing normal. The length of the normal indicates the confidence in
the normal orientation of the edge (see Fig. 5-6).

I X]
AT

Figure 5-6. Example of the graphical representation of silhouette edgels.

In the current implementation, the estimated error on the normal orientation of edges is smaller
for longer edges, as can be seen in Fig. 5-6. Further details on silhouette parsing are provided in
Appendix A.

5.3.3 Silhouette Constraints

During the tree-pruning search of interpretations of silhouette edges in terms of model edges, the
range of distances and angles of the observed edges are compared to the allowable ranges predicted
from the model. In the current implementation of the system, all the constraint ranges are
computed for all pairs of silhouette edges before starting the tree search. The corresponding values
are stored in six arrays retaining, respectively, the minima and maxima of the normal distance,
tangent distance and relative orientation of points on the two edges. The silhouette structure
stores both the list of edge elements and these six arrays describing the edge configuration. During
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the tree search, the silhouette is accessed only through the six arrays, whereas the verification
phase of the recognition algorithm uses the list of edgels to compare the observed silhouette and
a silhouette synthesized from the model.
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6. TREE SEARCH OF EDGE INTERPRETATIONS

In this section, the organization and pruning of a hypothesis space of edge interpretations is
discussed. The hypothesis space is conceptually organized into a tree of all potential interpre-
tations of silhouette edges in terms of model edges. This tree is efficiently pruned by applying
simple constraints on the configurations of pairs of interpretations. We will first describe the
structure of the interpretation tree, then discuss traversing the tree by a backtracking strategy,
and finally expose a number of heuristic methods that can be used to improve the efficiency of
the search.

6.1 ORGANIZATION OF THE HYPOTHESIS SPACE

The silhouette edge interpretation problem consists of labeling each edge in a set of S silhouette
edges, with a label corresponding to one of M model edges. Without a-priori constraints on the
interpretation, each silhouette edge has M possible interpretations, corresponding to the M
possible model edges. Since an edge of the 3-D object can appear as split in the silhouette, due to
either occlusions or early vision processing artifacts, two or more silhouette edges can be matched
to the same model edge (see Fig. 6-1).

SILHOUETTE EDGES (S) MODEL EDGES (M)

Figure 6-1. Interpretations of silhouette edges in terms of model edges.

Since each of § silhouette edges has M independent interpretations, the total number of silhou-
ette edges interpretations is M S, which is a very large number in any interesting case. Typical
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figures range between 10'° and 10'%. It is unrealistic to test all these hypotheses by brute force.
However, as we will see, this huge set of interpretations can be organized into a tree structure
and searched efficiently for legitimate interpretations. The tree search effectively considers the
whole set of MS hypotheses, but with a vastly reduced effort.

In our system, the interpretations of silhouette edges in terms of model edges are conceptually
organized into a balanced tree of depth S and branching factor M. A node at level K of the tree
represents a partial interpretation of the first K silhouette edges; the leaves of the tree correspond
to the MS complete interpretations of the silhouette. A partially expanded tree is illustrated in
Fig. 6-2 for the simplified case where 3 silhouette edges are interpreted in terms of 3 model edges.

(530 (1.3.2) 031 G0 (3.1.2) <D

Figure 6-2. Partially expanded interpretation tree for s = 3, m=3.

The first level of the interpretation tree corresponds to all possible interpretations for the first
silhouette edge. At the second level of the tree, all interpretations for the second silhouette edge
are added to the interpretation of the first silhouette edge corresponding to the parent node. For
example, the second level node at the extreme left corresponds to the interpretation of both EY
and Ej as ET". Nodes at the second level are characterized by a list of two labels, (I;/3) where the
label !, corresponds to the index of the model edge matched to the first silhouette edge, and I,
is the model index for the second silhouette edge. The tree is further expanded in a similar way,
where a node at level K, (I3/;...1k-1lx) represents the interpretation of the first K silhouette
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edges, which consists of the interpretation of the first X — 1 edges corresponding to the parent
node, (l1l2...1x_1) together with the interpretation Ii for the Kt silhouette edge.

6.2 PRUNING THE INTERPRETATION TREE

Once the space of possible interpretations of silhouette edges has been defined in terms of model
edges, we require a method by which we can discount large portions of the search space in order
to retain only a reasonable number of nodes to actually check for constraint satisfaction. We first
describe the process of applying the constraints during the depth-first back-tracking search of the
interpretation tree. Next develop suitable constraints that can be applied at each node visited
during the search. Finally we examine the modifications to the basic algorithm needed to handle
multiple objects in the scene.

6.2.1 Constraint-Based Tree Search

Note that in Fig. 6-2, the second node at the first level corresponds to a match of Ej, the first
silhouette edge with EJ*, the second model edge. Since E} is longer than EJ*, this match can
be rejected, as noted on the figure. Note also that the node (1,1) is crossed off on Fig. 6-2 to
indicate that this node is also rejected. Indeed, Ej and Ej are both interpreted as ET*, but if
they both matched the projection of the same model edge, then they should be colinear, which
they are not.

Using simple constraints similar to those mentioned above, it is possible to reject a vast majority
of incorrect interpretations. Note that because all the nodes “below” a tree node N contain the
partial interpretation of N, a proof that N is an illegitimate interpretation demonstrates that all
the nodes below N are illegitimate too. Hence, when a node is rejected, the branch below the
node can be conceptually pruned from the tree. This is illustrated in Fig. 6-2 where the rejected
nodes have not been expanded.

The test and expansion of the tree may be implemented by any algorithm that will investigate
the whole tree. We have chosen a depth-first backtracking algorithm, which has the advantage of
requiring almost no storage. The backtracking algorithm only retains information on the current
node; the next node to be visited can easily be determined knowing the current node. In brief,
the next node is the current node’s first child if the node was accepted, or its next sibling if the
node was rejected. When the last sibling is rejected, then the algorithm backtracks to the next
sibling of the parent node. This tree search strategy is now discussed more specifically, in the
case where the current node is ({3 ...1x) at level K.

If the current node is accepted, the algorithm next investigates the current node’s first “child”,
(Iylz...1g,1) at level K + 1. The new node corresponds to the partial interpretation of the
current node, augmented by the interpretation of silhouette edge Ej as the first model edge
ET*. If the current node is rejected, the algorithm continues to the next “sibling” of the current
node, (lly...lx + 1) at level K. In other words, when the current label for the Kt image edge
is invalidated, the next label is tested for that edge. A number of special cases must also be
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addressed. If the node was rejected and the label of the last image edge was [y = M, then all the
possible choices for the last image edge have been exhausted; therefore, there is no interpretation
of the Ii'*h silhouette edge which is consistent with the interpretation corresponding to the parent
of the current node. This proves that the parent node is not a valid interpretation. The algorithm
retracts the parent node and backtracks to the next sibling of the parent, (I1l2...1x_1 + 1) at
level A" — 1. In other words, the label of the penultimate silhouette edge is retracted and the next
label is tried for that edge. When a node containing only labels I; = M has been rejected, then
there is no choice for the next node; in other words the tree search has been exhausted.

Finally, in the case where a leaf node (K = ) is accepted, the tree search has attained a
valid complete interpretation. This interpretation can be stored and/or processed after which the
remainder of the tree can be examined by continuing from this node, as if it had tested negatively.
In the current system, the verification test is applied to each leaf node before continuing the search.
The interleaving of search and verification has the advantage that the verification decision can
be exploited in heuristics applied during the rest of the search.

It is clear from the above discussion that the interpretation tree need never be practically
instantiated; the only information that the algorithm must retain at any time is the set of labels
defining the current node, i.e., the set of labels (/;I2...lx). As a consequence, the tree search
algorithm itself requires very little storage.

6.2.2 Tree Node Constraint Tests

In the previous section, we indicated two simple tests to reject a candidate interpretation,
namely a length test and a colinearity test. Length is the only test that can be applied to
individual edge interpretations. A pair of edge interpretations can be tested, in general, for its
configuration in the image. In other words, the test checks whether the configuration of the pair
of edges in the image is consistent with the configuration of image edges that can be predicted
given the 3-D configuration of the matched model edges. Configuration tests for pairs of edges
are discussed in detail in Section 4.

It is possible to test configurations of triples and larger sets of edges, but these tests have a
number of disadvantages related to the number of tests to perform and the memory required to
store threshold values precomputed from the models. Indeed, for tests on T-tuples, the number
of tests grows as CZ and the memory requirements grow as MT. These numbers for tests on
triples are excessive for typical values of M and T'. Therefore, our system only tests constraints
on interpretations of individual edges and on interpretations of pairs of edges.

In principle, a node at the K'** level of the tree corresponds to the interpretation of K silhouette
edges, among which K (K — 1)/2 different pairs of edges can be tested. However, a node of the
tree is tested only after its parent has been verified, so that only the K — 1 new pairs of edges
introduced by the match of the last silhouette edge must be tested. The number of operations
required to test a tree node is proportional to the depth in the tree.

In view of the tree search technique discussed in the previous section, a tree node can be
rejected in two different ways. First, a node can be rejected because either a single interpretation
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or a pair of interpretations included in the node interpretation violates the constraints based on
the matched model edges. This will be referred to as a direct rejection of the node. Second, since
the constraints tested on intermediate nodes are only necessary constraints, it is possible for an
incorrect partial interpretation to pass the tests. However, the incorrect node will usually be
rejected later on by backtracking, for example after realizing that all of its siblings are rejected.
This will be referred to as an indirect rejection of the node.

6.2.3 Silhouettes of Multiple Objects

The tree structure and search developed above correspond to a complete interpretation of the
silhouette, where each edge of the silhouette must be matched to an edge of the model. When
faced with the interpretation of a silhouette corresponding to multiple objects, however, the
system may not force a complete interpretation of all silhouette edges in terms of one model; the
edges of the silhouette that don’t correspond to the model being tested must remain unlabeled.
The possibility of leaving an edge unlabeled is also useful when errors in the image analysis create
silhouette edges that cannot be matched to the model.

One technique for allowing unlabeled edges is to add to the M model edges an M + 1** choice
corresponding to “unlabeled” or “null”. The first visible consequence of this approach is to
increase tree size from M to (M +1)%, which may look unimportant. However, a major difference
is that “null” labels are always valid so that the (M 4 1) — M5 nodes added to the tree have
no inherent constraints; this has disastrous consequences on the tree search. As an example, any
valid intermediate node can always be expanded into a valid complete interpretation by adding
null labels to the edges that are not yet interpreted. Another consequence is that, although nodes
can still be rejected by direct constraints, indirect rejection of nodes becomes almost impossible.
When introducing the choice of “null” edges to interpret silhouettes containing more than one
object, it is crucial to use heuristics to limit the explosion of the search resulting from the
additional unconstrained nodes.

6.3 TREE SEARCH HEURISTICS

In our experiments, we have observed that the tree search is quite effective at investigating
the entire search space of edge interpretations with moderate effort. Typically, a search space of
10%° interpretations would be exhausted after testing about 10 intermediate nodes in the tree.
These numbers are quite favorable, but they do correspond to a complete interpretation of the
silhouette, where each silhouette edge must be matched to an edge of the model. However, when
allowing the “null” label as an interpretation of silhouette edges, the search method described
above becomes useless for all practical purposes. It is crucial to develop heuristics to tame the
expansion of the tree in the presence of unlabeled edges.

We will describe some heuristics which improve the search in the presence of unlabeled edges and
other heuristics which reduce the number of tests both in the presence and absence of unlabeled
edges. Among the latter are orderings of edges and backtracking after successful verifications.
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Among the latter, we will present constraints on the number of null edges, and a reorganization
of the tree.

6.3.1 Ordering of Silhouette and Model Edges

Up to this point, the ordering of both silhouette edges and model edges were considered to
be random. It has been observed experimentally that a large fraction of the search is spent on
testing intermediate nodes at the lower levels of the tree. These lower levels correspond to the
edges positioned in the beginning of the list of silhouette edges. In order to make the search more
efficient, we first consider the silhouette edges which are most “distinctive” of its shape. Although
“distinctiveness” of edges is difficult to assess, we have observed that the longer silhouette edges
usually have better estimates of their position and orientation, and that in addition, constraints
on longer edges are more restrictive than those on shorter edges. Therefore, the system orders
silhouette edges with respect to their length.

The ordering of edges in the model determines which matches are tried first on the silhouette
edges; a desirable ordering of the model edges would first try the model edges that are more likely
to match the edges in the silhouette. We have chosen to order the model edges also with respect
to their length. Indeed, when testing long silhouette edges, the only model edges likely to match
these edges are the longer edges of the model. Since a large fraction of the search effort is spent
in the upper levels of the tree, this ordering, which optimizes the search order at those levels,
results in very favorable improvements in the search. Typically, an improvement factor of 3 has
been observed between random ordering of edges and ordering with respect to length.

In addition to the above advantage, the ordering of model edges with respect to length allows
the use of a shortcut in the tree search based on the test of silhouette edge length. During the
test of a family of siblings in the tree, corresponding to the M model edge matches for a given
silhouette edge, the failure of the length constraint for any sibling rejects all the others. Indeed,
if the silhouette edge is found longer than the current model edge being matched, then the node
is rejected. Due to the ordering of model edges, all the remaining nodes of the branch correspond
to model edges shorter than the current one, so that these nodes will be failed on the length
test. Hence, with model edges ordered with respect to length, the failure of the length node can
always be followed by direct backtracking. Note that the shortcut developed in this section is
only an efficiency improvement of the tree-search algorithm; it does not affect the results of the
tree search.

6.3.2 Iterative Verification and Backtracking

In our experiments on the tree search, we have observed that the tree expansion usually has a
particular form, which is illustrated by the simplified graph of Fig. 6-3. Basically, the pattern of
the tree reflects a relatively large amount of incorrect nodes expanded near the root of the tree,
then one or more branches extending to the leaves of the tree, and corresponding to the correct
interpretations. There are also some short spurts of incorrect expansions along the branches
corresponding to correct interpretations. Oftentimes, a certain number of leaf nodes will be
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Figure 6-3. Typical expansion pattern of interpretation tree.

accepted at the bottom of the same major interpretation branch. These nodes usually correspond
to minor variations on the same correct interpretation. When the constraints on the last part
of the silhouette edges are relatively weak, the tree search may accept tens or hundreds of leaf
nodes corresponding to the same basic solution. Since all these leaf nodes correspond to almost
the same interpretation, they correspond also to very similar views of the object. Large gains in
efficiency can be obtained by developing strategies that avoid the verification of each individual
interpretation at the leaves of the same major branch.

We have developed an iterative verification scheme which, given a leaf node, will determine
the best interpretation along the same major branch of the tree. This algorithm iterates between
estimating the viewpoint and refining the interpretation based on the correspondence between
the silhouette edges and a synthetic silhouette of the model; this iteration is further detailed in
Section 7. After the iterative verification determines the best leaf node along a major branch of
the tree, the search may continue past the major branch; this is implemented in our system by
allowing the system to backtrack to a level close to the root, after an interpretation is verified. If
the iterative verification fails to determine a correct match, then the tree search continues from
the initial leaf node.

Note that both the iterative verification and the long backtrack are heuristics which drastically
improve the search in some cases, but which remove the guarantee that the algorithm will always
find the best match. For example, if the long backtrack is done all the way to the root, the system
may miss some symmetrical views of the object. To avoid these misses as much as possible, the
system currently backtracks only to the second level of the tree after a successful verification.
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Note that the iterative verification alters the tree search path only after a match is successfully
verified, so that the search is still guaranteed to find one correct interpretation when it exists.

6.3.3 Limits on Unlabeled Edges

We mentioned previously that the tree search becomes unmanageable when each silhouette
edge is allowed to remain unlabeled. This is particularly true because any partial interpretation
accepted in the tree can be augmented with null labels for the remaining edges to produce an
accepted leaf node. To limit the explosion of the tree due to null edges, the system sets a limit
on the number of silhouette edges that can remain unlabeled in a leaf node. Sometimes, it is
possible to determine a reasonable figure for this limit from outside information; otherwise, the
tree can be searched first with the limit set to 0, then 1, increasing the limit until a verified match
is found. These two strategies are discussed in more detail below.

In our discussion of null edges, we determined that the null label prevented intermediate nodes
of the tree from being indirectly rejected by backtracking. However, if a limit is set on the number
of null labels accepted for the silhouette, then backtracking is possible, although it is slower than
in the absence of the null label. We have observed that when the limit on null edges is set to
the exact number of spurious edges in the silhouette, the search is quite efficient. However, it
is difficult if not impossible to determine this limit from the input data. When the limit is set
too low, the correct match cannot be found. When the limit is set too high, the performance of
the search degrades in terms of the number of nodes being explored and in terms of the number
of spurious leaf nodes being selected; these degradations are usually minor when the limit is too
large by only one or two edges. However, the system degrades drastically when the number of
null edges is largely overestimated.

To handle the issue of an unknown number of extra edges, the system presents the possibility
to search the tree first with the limit on extra edges set successively to 1, 2, ... up to a maximum
value, and stops after a complete tree search produces at least one verified match. By default, the
system uses this strategy with a maximum of 2 unlabeled edges; this setup correctly handles most
identifications of a silhouette corresponding to a single object in the presence of image processing
artifacts and special alignments.

Note that the heuristics discussed in this section do improve the search efficiency at the expense
of the guarantee to find the correct match when it is present. This compromise is unavoidable in
the recognition of silhouettes of multiple objects. '

6.4 CONCLUSION

In this section, we have discussed the basic tree search technique as well as a number of
refinements for improving its efficiency or generality. In the current implementation, the tree
search is interleaved with the verification of the leaf nodes. The verification itself is discussed in
the next section.
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7. VERIFICATION OF SILHOUETTE INTERPRETATIONS

In the silhouette recognition system, the astronomically huge hypothesis space is efficiently
pruned by the tree search technique developed in the previous section. The elimination of incor-
rect hypothesis is performed by testing simple necessary constraints on the match of each pair of
silhouette edges to the corresponding pair of model edges. The necessary constraints guarantee
that all the correct interpretations of the silhouette edges are retained, but also leave the pos-
sibility that some incorrect interpretations may be retained. In order to remove any incorrect
interpretations retained by the tree search, the system performs the verification tests described
in this section.

The basic strategy for verifying a candidate interpretation of silhouette edges consists of three
steps. First, an imaging transformation is estimated based on the pairings between silhouette
edges in the image plane and model edges in 3-D. Second, a silhouette of the model is synthesized
for that viewing direction and superimposed on the observed silhouette. Third, these two silhou-
ettes are compared and their differences tested against thresholds to determine if the match is
acceptable.

We will first briefly discuss the estimation of the viewpoint given an interpretation of silhouette
edges; a more thorough coverage of this complex issue is provided in Appendix B. Second, the
synthesis of a model silhouette is discussed, with reference to Section 5. We then discuss the
characterization of the differences between the observed silhouette and the silhouette synthesized
from the model. Finally, we show how the verification can be refined by an iteration of viewpoint
estimation and interpretation update.

7.1 ESTIMATION OF THE IMAGING TRANSFORMATION

The problem of estimating the imaging transformation given correspondences between edges in
the 2-D image plane and the corresponding edges in the 3-D model is addressed in this section.
Although the problem of estimating an imaging projection from pairs of 2-D and 3-D features
has been extensively studied in the case of point features, the problem faced here is substantially
more complex since the endpoints of a silhouette edge are not guaranteed to match the endpoints
of the corresponding model edge.

Each edge match implies constraints of two different types. First, there is a match between the
infinite lines supporting the edges, in other words, the projection of the infinite line supporting
the model edge must be superimposed on the infinite line supporting the silhouette edge. The
match of infinite lines corresponds to two equality constraints, one for the orientation of the line
in the image plane, and one for its lateral position (see Fig. 7-1).

The second type of constraints is related to the longitudinal position of the edges on their
infinite support lines. More specifically, the constraint specifies that the silhouette edge must
be included in the projection of the model edge. This constraint is best expressed as a pair
of inequalities on the longitudinal position of the endpoints of the silhouette edge. Inequality
constraints are much more difficult to exploit than equality constraints. Indeed, each individual
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Figure 7-1. Match of a model edge with a silhouette edge.

inequality is either inactive or converted into an equality constraint. In the presence of many
inequality constraints, it is very difficult to determine which ones are active and the optimization
becomes quite complex. In our system, we have chosen to exploit the equality constraints related
to the match of infinite lines only. The inequality constraints linking the positions of the endpoints
are not very useful when the endpoints don’t match, which is usually the case in our system
because of the conservative approach taken for the extraction of straight edges. The imaging
transformation is then determined as the one which maps a given set of infinite lines in 3-D to a
set of infinite lines in 2-D.

The silhouette recognition system handles pure orthographic projections, or orthographic pro-
jections with an unknown scale factor. These transformations have 5 and 6 degrees of freedom
respectively. The pairing of one infinite line in the image plane with one in the model provides two
constraints on the transformation, namely one for its orientation and one for its lateral position.
In principle then, a transformation can be determined, perhaps with a 2- or 4-fold ambiguity,
given three independent pairings of image edges and model edges. In practice, the correspon-
dences selected by the tree search generally provide many more constraints than the number of
free parameters in the transformation. This redundant information can be exploited to improve
the estimate in the presence of noise, for example by finding a least squares solution. Solving
for the imaging transformation given pairings of infinite lines is quite complex and is addressed
in detail in Appendix B. The authors have not found a closed-form optimal solution for this
problem. When the data correspondences provide enough constraints, a suboptimal solution can
be determined by first solving for an affine transform with 8 parameters, then finding the ortho-
graphic projection that is “closest” to the affine transform. Other solution methods covered in
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Appendix B include an exact geometrical method that exploits the correspondences providing
five or six constraints only, and an iterative method that converges to the optimal solution when
started from a transformation closely approximating the optimum.

7.2 ESTIMATION OF A SYNTHETIC SILHOUETTE

Given an estimate of the imaging transformation relating the 3-D model and the observed
silhouettes, a silhouette of the model is synthesized with this transformation so that it can be
compared with the observed silhouette. The synthesis of silhouettes of 3-D models was discussed
in Section 5. It is worth pointing out that the result of this estimation is a set of straight edges
where each one is labeled according to the corresponding edge in the 3-D model (see Fig. 7-2).

Figure 7-2. 3-D model and a synthetic silhouette with the edge correspondences.

7.3 ESTIMATION OF DIFFERENCES BETWEEN OBSERVED AND SYNTHETIC

SILHOUETTES

Given a silhouette extracted from the image and a silhouette synthesized from the model, the
system must decide whether to accept or reject the match. This decision is made by first estimat-
ing the differences between both silhouettes, then by comparing these differences to thresholds.
Note that the image silhouette is represented both in terms of the “raw” silhouette, i.e., the
chain of points extracted from the image, and in terms of the image edges extracted from the
raw silhouette. Figure 7-3 illustrates this difference. In the figure, the model is represented by its
complete image for the sake of clarity; the comparison, however, is based on the silhouette only.

The major purpose of the verification is to test whether the interpretations selected by the tree
search are consistent with globally sufficient constraints as opposed to the pairwise necessary con-
straints that were tested during the search. Therefore, we have chosen to perform the verification

69




(a) (b)

Figure 7-3. Comparison of the synthetic silhouette with the raw silhouette (left),
and with the silhouette edges (right).

by comparing the synthetic silhouette with the image silhouette represented by its decomposition
into straight edges. On the other hand, the raw silhouette is used after an interpretation is veri-
fied, to produce a confidence in the match between the model and the image. These two aspects
of the differences between image silhouette and model silhouette are discussed in more detail in
the next two sections.

7.3.1 Differences Between Silhouette Edges

The estimation of the difference between the silhouette edges extracted from the image and the
silhouette edges synthesized from the model can be decomposed into two steps. First, a difference
measure is established between a pair of edges; then, these individual differences are combined
to produce global measures for the whole silhouette. In our system, the difference between a
silhouette edge and a model edge is characterized by the difference in their orientations, and
by the root mean square of the distances between the endpoints of the silhouette edge and the
model edge segment. Note that the distance estimate is small when the silhouette edge matches
the model edge either as a whole or only in part; the error is large however when the model
edge matches only part of the silhouette edge. This property is illustrated in Fig. 7-4(a) and is
consistent with our approach to edge matches in the presence of occlusions.

A difficulty arises when the projection of the silhouette model edge is split into two or more
parts due to self-occlusions. In that case, the distance is computed separately for each portion
of the projected model edge, and the smallest of these is retained; this strategy is illustrated in
Fig. 7-4(b). The system does not accept the match of a long silhouette edge with a split model
edge because when the model edge is partially self-occluded in the synthetic sithouette, then this
occlusion should appear also in the observed silhouette. A particular case of occlusions is the one
where the model edge is completely occluded. The error is considered infinite in that case so that
the match will always be rejected.
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(a)

I

(b)

Figure 7-4. Point distances used in the estimation of edge differences; (a)continuous
model edge, (b)split model edge.

The above techniques provide two estimates of the difference between a model edge and a
silhouette edge, namely one for the orientation and one for the distance. These estimates are
combined for all the silhouette edges to produce a maximum orientation error, a maximum
distance error, and a global RMS error summarizing the errors over all the edges. In these
global measures, the individual errors are weighted with respect to the estimated errors for each
silhouette edge. With a perfect estimate of the imaging transformation, the normalized maximum
errors is compared to a threshold of 1.0; in other words, a match is rejected if the position or
orientation difference between any image edge and the corresponding synthetic edge is larger
than the estimated maximum for this error. However, errors in the positions and orientations of
the image edges produce errors in the transformation estimated from these edges; these errors
may increase the discrepancies between image edges and synthetic edges. In order to account for
this additional source of errors, the system uses a default threshold of 1.2 to test the maximum
normalized edge thresholds.
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In principle, the verification consists of testing a particular leaf of the interpretation tree so
that each silhouette edge is tested with respect to the matched model edge only. However, at a
higher level of abstraction, the goal of the recognition system is to search for object identities,
positions and orientations that interpret the silhouette, irrespective of the identities of matching
edges. In that perspective, it seems appropriate to test the observed silhouette with the synthetic
silhouette without comparing the edge labels. The difference between both silhouettes is then
estimated by comparing each image edge with all the synthetic edges and retaining the figure for
the best match. The first technique strictly verifies the particular interpretation of the leaf node
in the tree, whereas the second technique corresponds more to verifying the viewing direction
estimated from that match. Our system will use either method on demand; this question is
further discussed in Section 7.4.

7.3.2 Differences Between Raw and Synthetic Silhouettes

In order to characterize the difference between the image and a synthetic silhouette of the model,
it is useful to compare the synthetic silhouette directly with the image silhouette described in
terms of individual points. Indeed, the parsed silhouette is useful for determining the object
identity, position and orientation of candidate interpretations, but since the edges may not cover
all parts of the silhouette, it is useful to return to the silhouette described at the pixel level to
estimate a level of confidence in each interpretation.

In the case of a silhouette of a single object, the difference is evaluated as the average of the
distances between each point of the silhouette chain extracted from the image and the synthetic
silhouette. However, when the system interprets silhouettes that may contain more than one
object, the distance must be averaged only over the silhouette points which do match the model.
For that purpose, the distance estimated for each point of the silhouette chain is first compared to
a threshold. Distances below the threshold are averaged as before, and for points with distances
above the threshold, the silhouette point is not considered to match the model. The non-matching
points are counted to determine in the end, which fraction of the image silhouette matches
the model. The match between the silhouette chain and the model is hence characterized by
two numbers: (1)an estimate of the average distance between the synthetic silhouette and the
matching portions of the silhouette chain, and (2)an estimate of the fraction of the silhouette
chain which matches the synthetic silhouette. In our system, the ratio of these two numbers is
used as a confidence level for the match.

7.4 ITERATIVE VERIFICATION

We have observed in our experiments with the system that most leaf nodes retained by the
tree-pruning search are either correct interpretations or small perturbations on those. In the
presence of many small silhouette edges, the number of slightly incorrect interpretations may
become large, and the system may have to spend large computation costs on the interpretation
of all these. In this section, we develop a method for iteratively improving the interpretation of
silhouette edges, when starting from an interpretation close to a correct match. This technique
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avoids the exhaustive verification of many similar interpretations by finding the best interpretation
with only a handful of iterations.

When the imaging transformation is estimated from an interpretation that closely resembles a
correct match, the transformation is usually very close to the correct one so that the synthetic
silhouette closely matches the observed silhouette. For example, in Fig. 7-5, the interpretations
of the silhouette edges are all correct except for the bottom edge of the short beam of the table
in the silhouette, which is interpreted as the bottom edge of the table-top in the model (Edge 11)
instead of the actual edge on the beam (Edge 31).

Nt

Figure 7-5. Silhouette interpretation that closely matches the model.

Because the error is slight and affects only one edge, the estimated transformation closely
matches the correct one and the synthetic view of the model closely matches the silhouette edges
extracted from the image. Let us consider the estimate of the difference between this edge and
the model. If the difference is estimated by comparing the silhouette edge with the projection of
the matched model edge in the silhouette, the match will fail because that model edge is occluded
and does not appear on the silhouette. However, if the comparison is done with the closest edge
in the synthetic silhouette, the match may be accepted, using appropriate thresholds. Beyond the
question of acceptance or rejection, the closest edge of the synthetic silhouette also determines
the identity of the best matching model edge. This identity may be exploited to improve on the
current interpretation of the silhouette edges. In the example above, the system would determine
that the synthetic silhouette edge closest to the image edge is Edge 31 and changes the label of
the silhouette edge from 11 to 31. The verification can then be tried on this new interpretation,
and the process repeated iteratively until a stable interpretation is reached. The resulting match,
illustrated in Fig. 7-6, provides a much closer fit between the model and silhouette.

Clearly, the updated match discovered by the iterative verification is a leaf of the interpretation
tree and since this leaf corresponds to a consistent interpretation, it must be retained in the tree
search. Therefore, if the tree is exhaustively traversed, this node will be reached at another
point in the search. However, we mentioned in Section 6 that the tree search may sometimes
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Figure 7-6. Updated silhouette interpretation.

retain many leaf nodes where the interpretation differs by one or a few edges only. With the
classical verification technique, many of these interpretations may be verified, although with
varying degrees of confidence. The best interpretation is found but with a potentially large
computational cost. On the other hand, the iterative verification finds the best interpretation
with a limited effort. After this interpretation is found, the search can backtrack high up in the
tree.

Additional issues appear in the iterative verification when the system accepts null interpre-
tations for the silhouette edges. Indeed, the update may then either change the label on an
edge, turn a labeled edge to unlabeled, in other words, discarding it from the match, or turn an
unlabeled edge into a labeled one, thereby incorporating it into the match. These possibilities en-
hance the power of the iterative verification, but also increase the probability of problems such as
oscillations between two interpretations or divergence towards an interpretation that excludes all
the edges. These problems have been largely eliminated in our system by setting several different
thresholds for the various decisions. First, the edge errors are always tested against a relatively
high threshold, to quit the iteration if the match is blatantly false. Second, for switching an
edge between labeled and unlabeled, the error of an unlabeled edge is tested against a low error
threshold to decide on whether to label it, and a higher threshold is used for adopting the null
label on an edge that was previously labeled. The hysteresis in these transition levels between
labels and nulls prevents oscillations. Finally, a lower threshold value is used to test the final
interpretation. In addition to the error thresholds, a threshold is set on the number of edges that
may remain unlabeled. Good results have been observed with this threshold slightly higher than
the limit used during the tree search.

Figure 7-7 illustrates the mechanism where the interpretation of an edge may change from
labeled to unlabeled or vice-versa. In the example, the model of a table in (a) is matched against
the silhouette edges in (b). Note that these edges correspond to both the table and another object;
this example is further discussed in the next section. We are interested here in the iterative update
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of the edge labels. The edge labels first selected by the tree search are displayed in (c). Although
many edges in this interpretation are correctly labeled, some labels correspond to different model
edges in the same proximity. Because of these minor discrepancies, the synthetic image of the
model does not fit the silhouette edges exactly. In particular, the silhouette edge labeled 11 is
quite far from the closest synthetic silhouette edge. In the next iteration, shown in (d), this
particular edge is taken out of the match and the edge label 3 is updated to the correct value 7.
As a result of these label updates, the synthetic image of the model for the new interpretation
fits very closely with the silhouette edges. The edge formerly rejected is incorporated back into
the match as Edge 31, as shown in (e), thereby providing additional support for the match. This
example justifies the use of two thresholds in the test of the synthetic silhouette and the observed
silhouette. Indeed, the initial match is not satisfactory by itself, but its relatively low discrepancy
suggests that a better match may be found by the iteration.

7.5 SUMMARY

In this section, we have discussed the verification of the interpretations retained by the tree
search by estimating an imaging transformation, synthesizing a silhouette of the model for this
transformation, and finally comparing the silhouettes extracted from the image and synthesized
from the model. The comparison provides an acceptance/rejection decision for the interpreta-
tion. In addition, the comparison can be exploited to iteratively improve the interpretation,
potentially avoiding the costs of multiple verifications on tree leaves corresponding to closely
related interpretations.
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(a)

Figure 7-7. Iterative update of edge interpretations.
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Figure 7-7 continued.







8. EXPERIMENTAL RESULTS

In this section, a number of examples illustrating the performance of the SILC system are
presented. Tests on individual examples discussed in Section 8.1 demonstrate the system per-
formance in a number of situations of interest. Several series of experiments have also been
performed to better characterize the system performance, in particular its variation with various
settings of the system parameters. These experimént series are discussed in Section 8.2. In both
the simple experiments and the experiment series, both the accuracy of the decisions and the
computational costs are discussed. In Section 8.3, a few issues encountered with the system are
discussed.

To this time, the system has been tested on synthetic images only, in part because of a lack of
appropriate imagery, and because of the difficulty of obtaining accurate models for the objects
present in available images. However, the results presented here are indicative of the basic
performance of the algorithm, including its response to noisy data.

8.1 SIMPLE EXAMPLES

Here we present a number of examples to demonstrate the system performance in a number of
contexts. The first example illustrates the system response in the recognition of a simple poly-
hedral object in a moderately high resolution silhouette image. Two performance measures are
then described and illustrated on the results of the first example. The first measures recognition
accuracy, and the second measures computational cost of recognition. Subsequent examples show
recognition in the presence of noise, curved surfaces, occlusions, and multiple objects.

8.1.1 Simple Polyhedral Object

Figure 8-1 illustrates the match of the silhouette of a simple polyhedral object with the model
for that object. The solid silhouette in (a) was synthesized from the model, then subsampled
by a factor of 4 so that the resulting silhouette was about 40 pixels across. The image was
then convolved by the Laplacian of a Gaussian filter and the zero-crossings detected to produce
the chain in (b). The silhouette was parsed by the Ramer polygonal approximation method.
After the shorter edges of the approximation were removed, the result in (c) was obtained. The
configuration of edges in (c) is then compared with the 3-D edges of the model by the tree-
search method. The labels in (d) were retained by the search; a synthetic view of the model
for the viewpoint estimated from the interpretation is superimposed on the labels in (d). The
comparison between the observed silhouette edges and the synthetic silhouette revealed that the
match is acceptable, as shown in (e). Finally, the original silhouette chain is compared to the
synthetic silhouette as illustrated in (f). The match was given a high confidence figure of 5.34.
The noise parameters were set according to the levels due to discretization noise in the picture;
the scale uncertainty was set to 10%.
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The same silhouette was also compared to a different object to show the correct rejection of
false matches. The search for a match with the model displayed in Fig. 8-2 rejected the hypothesis

while allowing 3 unmatched silhouette edges.

8.1.2 Performance Measures

Performance measures for recognition accuracy and cost are presented in this section. Their
application to the first example is described in detail. These measures will be used in the sub-
sequent examples to provide a relative measure of increasing complexity as well as an absolute

measure of the system performance.

JF

(a) (b)

7“7LFL

(c)
Figure 8-1. Recognition of a simple polyhedral object.
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(d) (e)

(f)

Figure 8-1 continued.

Recognition Accuracy

In the example in Fig. 8-1, only the correct interpretation of the data was retained by the
system. The test with other models resulted in those matches being rejected. This example
shows a perfect record. In general, more than one interpretation of the silhouette in terms of
the object models may be retained. These ambiguities are natural to the problem when those
interpretations are justified by the tolerances given to the system. The SILC system produces
simple confidence factors to address this problem. To test the similarity between edge chains and
a synthetic silhouette of the model, the distance between each point of the chain and the synthetic
silhouette is evaluated. When this distance is lower than a threshold error for the silhouette, the
point is considered matched; the error is incorporated in a mean square error for the matched
points. When the distance is higher than the threshold, the point is counted as unmatched. Two
measures are estimated by this procedure: the fraction f of silhouette points which are matched
and the averaged error e between matched points and the synthetic silhouette. In SILC, the
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Figure 8-2. Test of silhouette edges with a different model.

confidence factor of a match is considered as the ratio f/e. A dimensionless quantity is obtained
by normalizing the error e by the estimated error for the type of imagery. A factor of 1 would
be obtained for a model matching 100% of the silhouette with all the silhouette points at the
maximum error distances. Values larger than 1 usually correspond to interesting matches.

Computational Cost

The computational effort required for the match in Fig. 8-1 is divided in the computation of the
silhouette tables, the tree search, and the verification. The tree search explored only 270 nodes
in this example (~50 ms); only one synthetic silhouette was compared with the image silhouette
(~20 ms). The recognition of the object is hence extremely fast. The search for a match with
the model displayed in Fig. 8-2 rejected the hypothesis after searching 266 nodes when no null
edges were allowed. Searching for matches with increasing numbers of null edges from 0 to 3
required 27,604 node tests (1.38 s) to reject the hypothesis. The search increase with null edges
is discussed later. This simple example shows that the search is extremely efficient for simple
problems.

8.1.3 Image Noise

The example in Fig. 8-3 illustrates the performance of the system with a moderately noisy
image. The silhouette image in (a) was obtained by flipping at random, 30% of the points in a
binary image of the object. After subsampling by 4, convolving with a Laplacian of Gaussian and
detecting the zero-crossings, the edge chains in (b) were retained. These correspond to all the edge
chains with a median contrast of at least 60% of the chain with the highest median contrast. Note
that the silhouette of the object of interest is separated in two pieces and that spurious chains are
retained by the system. After parsing the silhouette with the Ramer polygonal approximation
and after removing the shorter edges, the silhouette edges in (c) are obtained. The match is
attempted with the correct model in (d). The tree for this example has about 10°° nodes. The
tree was pruned while allowing 10 unmatched edges and 10% scale difference between silhouette
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and model. Less than 50,000 nodes were tested in this tree to retain 2 potential matches, shown in
(e). These two interpretations were both accepted by the verification subsystem since the quasi-

(b)

(.

7‘8

NS
(c)
Figure 8-3. Recognition in the presence of image noise.
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Figure 8-3 continued.

symmetry of the object and the large edge errors make this second interpretation consistent.
However, the confidence figures, 1.44 and 0.30, are greatly in favor of the correct interpretation.

8.1.4 Object With Curved Surfaces

The example in Fig. 8-4 illustrates the recognition of an object with curved surfaces approxi-
mated by a polyhedron. The binary image in (a) was processed with the Laplacian of Gaussian
edge detector to obtain the silhouette in (b). This silhouette contains both long straight edges
and curved parts. The parsing of the silhouette is performed by first extracting the long straight
edges, then modeling the remaining smooth portions of the silhouette by individual points. This
method of silhouette parsing is discussed in detail in Appendix A. The result of this parsing is
displayed in (c). Note that the two curve segments are modeled by strings of zero-length edges.
These zero-length edges can be matched with a polyhedral model of the object (d) without the
problems associated with matching a polygonal model to an observed curve modeled by a poly-
gon. The tree was searched with numbers of null edges increased from 0. The scale tolerance
was 10% for this example. The interpretation in (e) was selected by the search and the verified
when superimposed with a synthetic image of the object, as shown on the figure. The system
also selected and verified the symmetric interpretation of the silhouette, see (f). The search was
completed without introducing null edges; fewer than 23,000 nodes were tested in a tree contain-
ing approximately 10%¢ nodes. A total of 4 leaf nodes were selected; 5 verification tests retained
the two interpretations in (f). Due to the symmetry of the problem, these interpretations have
exactly the same confidence of 4.57.

8.1.5 Occlusions

The example of Fig. 8-5 illustrates the recognition of an object, a table, given only a partial
silhouette. The silhouette edges in (b) extracted from the binary image in (a) cover only part of
the silhouette. The tree of interpretations of these edges in terms of those of the model in (c)
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was run with a scale tolerance of 10%. The tree has about 10'® nodes; the search tested 5600
nodes and found no match with no null edges, since Edge 1 in (b) clearly doesn’t match the
model. With one null edge, the search tested 20,400 nodes and selected 12 edge interpretations.
The four interpretations in (d) were verified; these correspond to symmetric views of the object.
All these views were assigned the same confidence. The synthetic model silhouette accounts
for 75% of the observed silhouette chain in all 4 cases. When compared to the interpretation
of a complete silhouette, the interpretation tree is smaller when fewer edges are present; as a

(a)

(b)

105340-60

(c)

Figure 8-4. Recognition of an object with curved surfaces.
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f)

Figure 8-4 continued.

consequence, the tree search will need to test fewer edges. However, the constraints are weaker
with a partial silhouette since fewer edges need to be interpreted. As a result, the search is more
likely to retain incorrect interpretations which the verification must later reject. Because of the
high computational cost of verification compared to tree node tests, the cost of recognition will
usually be higher for a partial silhouette.

8.1.6 Multiple Object Silhouette

Figure 8-6 illustrates the recognition of an object from the silhouette in (a) which corresponds
to two objects [see the scene in (b)]. The system attempted to find an instance of the table model
in (c) among the silhouette edges in (d), extracted from the binary image in (b). The interpre-
tation tree was searched with increasing numbers of null edges. No matches were found with 0,
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(c) (d)

Figure 8-5. Recognition of an object with curved surfaces.

1, 2, and 3 null edges; the search required respectively 5,400, 29,300, 81,700 and 174,000 node
tests to reject those possibilities. The search with 4 null edges found 4 acceptable interpretations
of the data which were all verified; one of these is shown in ('e), after iterative verification. An
additional 102,000 nodes were tested to search the tree with 4 null edges. These four interpreta-
tions correspond to the symmetry of the model; their comparison with the raw silhouette chain
is illustrated in (f).

It is interesting to note that the unsuccessful search with 3 null edges required more node
tests than the successful search with 4 null edges, although the full tree was searched in both
cases. This is mainly due to the heuristic allowing a backtrack high in the tree after a successful
verification. In total, the search for interpretations of the silhouette edges in (d) required about
392,000 node tests. Note that if the number of null edges were exactly known, only 102,000
would be necessary. In practice, it is rare that the number of null edges can be estimated exactly.
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Instead of trying the numbers of null edges from 0 on, a different strategy is to pick an upper
bound on the number of null edges and to perform the match with that number of nulls. In
the example shown, the search with 8 null edges required 296,407 node tests, fewer tests than
when the number of nulls is started from 0. However, this approach may retain more incorrect
matches due to the higher tolerance of the search. Indeed, the search with 8 nulls retained 18
interpretations, and the verification confirmed 8 of them. The 4 interpretations derived by the
other method were among the 8 verified with 8 nulls; they were given higher confidence measures

that the other 4 verified matches.

(a) (b)

(c)

Figure 8-6. Recognition from a multiple object silhouette.

88

105340-63




105340-64

(d) (e)

il
b, Pyt

Figure 8-6 continued.

8.1.7 Summary

In this section, a number of experiments were presented to demonstrate the performance of
SILC in the face of noise, scale uncertainties, partial data, and extraneous data. As long as
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these degradations do not exceed their estimated bounds, the system will retain the correct
interpretation of the data. Note that when one particular degradation is slightly larger than its
estimated bound, this effect may be accounted for in terms of another degradation. For example,
if the difference in scale between the model and the image is 12% while it was estimated below
10%, the extra 2% may be accounted for as noise.

When the bounds become looser, additional interpretations of the data may become possible
so that the system will spend more effort in searching and verifying these. It is interesting to
determine the increase in search and verification effort on one hand, and on the number of false
interpretations on the other hand, when bounds on the input data degradations are loosened. An
assessment of these trends is developed in the next section.

8.2 SERIES OF EXPERIMENTS

In this section, results on moderate numbers of experiments are reported. These experiments

were used to characterize trends in the system performance as the tolerance to input degradations .

is increased. These experiments demonstrate that the performance degrades when the tolerance
is increased, but that this degradation is graceful. The degradations considered here include
discretization noise, scaling, and spurious edges.

Figure 8-7. Model for recognition series.

The tests presented in this section relate to the match of the model in Fig. 8-7 with synthetic
silhouettes of this object taken from 24 different viewpoints, (see Fig. 8-8). The cost of this match
is estimated by number of tree node tests and the number of verification tests between a synthetic
silhouette and the “image silhouette.” These estimates can then be converted to execution times.
The execution time of a node test depends on its depth in the tree and the time for a verification
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depends on the size of the silhouette and of the model. With moderate size examples, good
estimates of recognition times were obtained by counting 200 microseconds for a node test and
20 ms for a verification. The results are reduced to extrema and medians over the 24 viewpoints,
and compared for various settings of the parameters.
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The first test concerns the performance of the system when the tolerance with respect to scale
is increased. Figure 8-9 illustrates the increase in the numbers of node tests and in the number of
verification tests with the scale tolerance. The graphs show that the increase is gradual and that
the computational costs are reasonable for tolerances up to 50%. For the higher scale tolerances,
the system verified more than one interpretation for some views.

The second series of experiments tests the system performance in the presence of noise. The
results in Fig. 8-10 illustrate performance variations in function of quantization noise, when
the same original images are subsampled by various factors, thereby affecting the target size
measured in pixels. In these examples, degradations of the system performance are relatively
severe for the lower discretization; however these correspond to quite extreme cases where the
silhouette is only 20 pixels across in the image. The results in Fig. 8-11 show the dependence of
computation times on estimates of the amount of noise in the image. When the edge locations
are estimated with subpixel accuracy, which is usually the case, the increase of computational
costs is smooth. For large amounts of noise however, the added tolerance largely increases the
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Figure 8-9. Effects of scale uncertainty.
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Figure 8-10. Eflects of quantization.
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number of interpretations consistent with the data. As a consequence, the tree search must test
a large number of nodes and the verification must test large numbers of interpretations retained
in the search. Note that in the experiments analyzed in these last graphs, the tree search was
implemented separately from the verification so that the backtracking heuristic could not be
exploited.

The third series of experiments evaluate the system performance when the tolerance on the
number of unlabeled edges is increased. The graphs in Fig. 8-12 show again that the number
of tree nodes tested and the number of verifications are substantially increased when the system
must tolerate more unmatched edges. In the example, none of the silhouette edges had to be
removed from the match. The numbers of null edges on the graph therefore indicate the numbers
of extra null edges tolerated by the system. In our experiments, we have observed that when
the system is given the correct number of null edges, the search is usually efficient. Problems
arise mainly when the system tolerates many more null edges than necessary. Indeed, given a
legitimate interpretation of the silhouette edges, other legitimate interpretations can be obtained
by replacing any of the matched edges by the null edge. With excessive tolerances on the number
of null edges and in the absence of backtracking heuristics, the presence of these multiple solutions
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Figure 8-11. Eflects of noise estimates.
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Figure 8-11 continued.

may hamper the system considerably.

8.3 UNRESOLVED ISSUES

In this section, some of the major unresolved issues of the SILC system are discussed. Among
these issues are excessive search times in cases of near-matches and spurious results in the presence
of unstable object appearances. Another unresolved issue arises when the silhouette of interest
is confused by large and unknown amounts of unrelated image details. This issue was addressed
in Section 6.

8.3.1 Excessive Search With Near-Matches

In the current implementation, search times are kept to reasonable levels by the combination of
heuristics presented in Section 6. Sometimes, however, the success of these heuristics is reduced by
special configurations of the data and of the models, especially those where a data configuration
almost fits the model for some viewpoint and for the given recognition parameters. This will
occur, for example, when attempting to match a silhouette composed of multiple objects without
allowing a sufficient number of unmatched edges. As we discuss below, the system may respond
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Figure 8-12. Eflects of unmatched edges.
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to a close mismatch by spending considerable effort in verifying that no combination of image
edges will match the model.

In the presence of moderate to large numbers of smaller edges in the image, the expanded
interpretation tree usually comprises branches with relatively large numbers of leaf nodes, as in
Section 6.3.3. In order to avoid the excessive cost of performing a full verification on each leaf node
of the same tree branch, an iterative optimization of the matching label was proposed in Section
6.3.3. This heuristic is extremely powerful when at least one of the leaf nodes corresponds to a
correct interpretation, as it typically finds the best interpretation in 2 or 3 iterations. However,
if none of the leaf nodes of a branch corresponds to a valid interpretation, the system will start
a new iterative verification loop from each of these leaf nodes, in order to verify the absence of a
correct match.

This situation will typically appear when the allowed number of unmatched edges is too low.
Indeed, the correct solution (which correctly matches one image edge too few) combined with
another edge match will typically fit the data sufficiently closely to be accepted in the tree search
but not to be accepted after full verification. This situation can also arise when attempting
a match with a model which closely resembles the original, or with a wrong orientation of a
quasi-symmetric object.

8.3.2 Unstable Object Appearances

The issue discussed in this section is intrinsic to the matching of 2-D images with polyhedral
3-D models and concerns the difficulty of the problem for a non-generic viewpoint, that is a
viewpoint where the topological nature of the silhouette may vary for small changes in viewpoint.
A typical case is illustrated in Fig. 8-13.

(a) (b)

(c)

Figure 8-13. Viewpoint for which the silhouette is topologically unstable.

In this example (a), if the viewpoint is lowered by a small amount, the edge on top of the
silhouette corresponds to the long edge on top of the model (b). However, if the viewpoint is raised
by a small amount, the top of the silhouette is broken into three pieces corresponding to an edge
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on the model top and one on its base (c). When presented with a raw silhouette corresponding
to the viewpoint in (c), a vision preprocessing module may not detect the distinction between
the three edges and merge them into one long edge. In that case, the tree search will select
an interpretation of the image edges corresponding to (b). However, the viewpoint estimated
from these matches may still be closer to (c) due to the other edges in the image. The synthetic
silhouette has the top split into three edges and hence the match with the image edges is rejected.

This issue is not handled correctly by the SILC system, but it is really an issue intrinsic to the
problem itself. It is likely that other systems performing a geometrical verification of the image
edges with a synthetic silhouette, such as Lowe’s SCERPO, would experience similar problems.
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9. SUMMARY AND DIRECTIONS FOR FUTURE WORK

In this section, key results presented in the report are summarized. Directions for pursuing
this work are then discussed.

9.1 SUMMARY

The SILC system presented in this report achieves new levels of performance in the recognition
of silhouettes of 3-D objects with unknown orientation. We will first review system highlights,
then discuss a number of key techniques exploited to attain this level of performance. These
include the compilation of geometric appearance models, the interpretation tree search applied
to the matching of 2-D images with 3-D models, and the development of precise models for
propagating errors on edge measurements.

9.1.1 System Highlights

The SILC system decides whether an input silhouette matches a 3-D model in its database
and, if successful, determines candidate positions and orientations of the 3-D object. It performs
correctly in the absence of knowledge concerning relative positions and orientations of the object
and the camera, in the presence of known levels of image noise and scale uncertainties, and in
the presence of occluded object parts and extraneous objects.

The basic system always determines the correct interpretation of the given silhouette, i.e.,
its correct identity and location. In addition, it will also determine the interpretations of the
silhouette for symmetric views of the same object, and even interpretations in terms of different
object models, when the similarities of the models combine with the bounds on noise, scale
and extraneous components to produce additional possibilities. When the models are highly
symmetric and/or when the bounds on errors, scale and extraneous parts are weak, the number
of valid interpretations may become large and the system response times degrades.

In the case of relatively simple objects and with low or moderate amounts of noise, the number
of valid interpretations is usually limited to one or just a handful; these are generally discovered
and verified in less than a second. A test of a silhouette with an incorrect model is usually rejected
in less than a second. When the complexity of the models increases and/or when the estimated
degradations of the input silhouettes become more severe, the number of valid interpretations
usually increases and the system response degrades accordingly. In Section 6, we have described
methods to limit the increase of system response times to acceptable levels for moderately complex
objects, with moderate amounts of degradations; the acceptance or rejection of an interpretation
is then performed in a few seconds at most. However, the improvement in response time is
obtained by avoiding the exhaustive search of the interpretation tree. As a consequence, there is
no longer a guarantee that the system will find the correct identification and location of the 3-D
object, especially in the presence of multiple valid solutions. However, in our experiments, the
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SILC system has always found the correct interpretation of the input silhouette in terms of the
given models, when the degradations in the input don’t exceed their estimated maximum levels.

9.1.2 Compilation of a Geometric Appearance Model

The object models are input to SILC as CAD-type descriptions of their geometry. However,
this 3-D geometry is not directly related to the geometry of 2-D silhouette so it cannot be used
as such during the interpretation tree search. The object geometry is first compiled into a set of
constraint tables retaining the geometric appearance of each pair of edges in silhouette images
of the corresponding object. The compilation consists of synthesizing silhouettes for a large set
of viewing directions and of reducing the geometry of these silhouettes to a set of viewpoint-
independent constraint tables. This approach can be compared to that of Weiss et al. [29] where
each object is compiled into a set of models for its appearance in the image. However, major
differences between the two approaches can be found. The Appearance Models of Weiss are
symbolic whereas ours are geometric. In Weiss’s approach, several models are defined, namely
one for each “Characteristic View,” whereas a single model represents the object for all viewpoints
in our approach. Finally, the compilation of our models is completely automatic.

9.1.3 Interpretation Tree Search for 3D Vision from 2D Images

The interpretation tree search based on pairwise geometric constraints was demonstrated by
Grimson and Lozano-Perez, first in the context of matching 2-D models with 2-D images (3 degrees
of freedom), then for matching 3-D models with 3-D data (6 degrees of freedom but 3-D data).
The application to matching 3-D models with 2-D data presented in this report goes one step
further since the transformation between model and observation has five degrees of freedom and
since the constraints provided by the 2-D data are not as powerful as those provided by 3-D data.
The implementation of the constraints is performed by comparing relative positions of pairs
of edges in the image with thresholds derived from the models. The image measurements are
independent of the three degrees of freedom corresponding to image plane transformations. The
remaining two degrees of freedom, corresponding to the viewpoint, are addressed by compiling
model thresholds valid over the whole range of applicable viewing directions, in general over 4 «
steradians, as discussed in Section 4.

Since the model thresholds must be valid over all viewpoints, the corresponding constraints
are inevitably weaker than those applying to a single viewpoint. As a consequence, the pruning
power of the constraints is weaker than for the 2-D/2-D identification, and appropriate measures
must be taken to avoid an uncontrolled expansion of the interpretation tree (Section 6).

9.1.4 Precise Evaluation of Edge Errors

In order to reduce the effects of weaker constraints due to their validity over the complete range
of viewing directions, we implemented a careful analysis of the propagation of errors from the
estimation of edge element positions to the test of constraints on the relative positions of pairs of
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edge elements. This analysis and the implementation of its results in the SILC system guarantee
that the maximum constraint power is conserved in all circumstances. In contrast, measurement
errors were considered in the system by Grimson and Lozano-Perez by estimating the bounds in
the noiseless case and by simply allowing a fixed tolerance, uniform on all distances on one side
and on all angles on the other side. With this scheme, a large tolerance must be used to ensure
that correct matches will be accepted for the most extreme deviations of image measurements,
but this large tolerance then decreases the constraint power for those measurements which are
less affected by noise and biases.

9.2 DIRECTIONS FOR FUTURE WORK

The work presented in this report can and will be extended in a number of directions. In a
first subsection, we consider direct applications of SILC as it is presented in this report; a second
subsection addresses extensions of the capabilities and of the performance of the current system.

9.2.1 Direct Applications

The current version of SILC can be applied to any problem involving the recognition of 3-D
objects given only silhouette images taken from unknown viewpoints. Two applications will be
considered in particular, namely to the recognition of space objects from Range-Doppler radar
images, and to the recognition of targets in laser radar images.

Range Doppler Image Understanding

The identification of man-made space objects from Range-Doppler images is a particularly
appropriate application for this system. First, the objects are imaged at a large distance, thereby
guaranteeing orthographic projection. Second, there is often no a-priori information about the
orientation of these objects. Finally, satellites and other space objects usually exhibit large and
well-defined geometrical structures such as solar panels. The geometry of these structures in
silhouettes is readily recognized by SILC. The difficulty in this application will probably come
from the relatively poor quality of the imagery. Substantial smoothing of the silhouette contours
may be necessary to prevent excessive splitting of the longer edges that best characterize the
object shape.

Laser Radar Image Understanding

The identification of targets in laser radar images will reveal the degree to which SILC can
tolerate approximate models, severely subsampled images, and the presence of clutter. In this
application, too, the targets are usually located at a large distance from the sensor, justifying the
orthographic projection approximation. In a large fraction of the imagery, a-priori restrictions
on the position and orientation of the target are available and could be exploited by the system;
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this is especially true for ground-based imagery where only small deviations of object orientations
from the vertical can be expected. These a-priori constraints can be exploited in SILC by con-
sidering only the corresponding set of viewing directions during the compilation of pairwise edge
constraints. Note that in the current implementation, the a-priori constraints must be known
during the compilation of the models. Although models could be recompiled at run-time, given
restrictions on the viewing direction, the compilation time (several minutes in the current system)
makes this choice undesirable.

9.2.2 Further Developments

During the development of SILC, we have concentrated on basic features to demonstrate recog-
nition of rigid objects based on the interpretation tree search with simple pairwise edge con-
straints. However, the system concept can be extended in a number of ways discussed below.
These include using additional features extracted from the image and their model correspondents,
investigating the application to recognizing of articulated objects, and using heuristics to speed
the tree search.

Extension of Features

In the current implementation of SILC, only silhouette edges extracted from the image can be
exploited in the identification and the estimation of the orientation. Except for increasing the
system complexity, there is little difficulty in extending the range of features which can be used
with the same system concept. We first consider extensions to current implementation of edge
features, and then we briefly consider extending the system to incorporate other types of features.

Allowing 180 Degrees Ambiguity in Normal Orientation SILC currently requires that
the direction of the silhouette edges be provided. Although the inside/outside direction is easily
identified for backlit objects and in range imagery, determining the outward normal may not be
easy for all grey scale images. This restriction can be avoided by trying in turn both outward
normal directions for each image edge. This is implemented for example by expanding each tree
node into 2M + 1 subnodes, corresponding to the M model edges taken each for both normal
orientations of the image edge and the null edge, instead of M + 1 subnodes in the current system.

Exploiting Interior Edges The current system exploits edges only on the silhouette in the
image plane. It is possible, however, to include image edges interior to the silhouette with a
few modifications of the system. First, the current constraint tables are determined by compiling
synthetic silhouettes of the object models. Different constraint tables must be built to incorporate
all visible edges in the object image.

This simple approach has a disadvantage. Indeed, the visibility of each edge is greatly increased
by considering it both on the silhouette and as an interior edge. As a result, the range of
configurations of each pair of edges is vastly increased and therefore, the constraint power is
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reduced. In order to offset this disadvantage while still retaining the larger support of all image
edges, it is possible to define two different appearances for each model edge, namely one on
the silhouette and one as an interior edge. When possible, each image edge is classified either
as a silhouette edge or as an interior edge, and matched only to the corresponding model edge
appearance. Image edges for which the classification is uncertain can be matched to either a
silhouette appearance or an interior edge appearance.

Considering interior edges is likely to raise a number of implementation details. First, although
a silhouette edge can be oriented with the outward normal, there is a 180 degrees ambiguity in
the orientation of interior edges. A different issue is that for a non-convex object, the same model
edge can appear partially on the silhouette and partially on the interior for the same viewpoint.
If the two parts are correctly separated and identified, the match will succeed, but an issue may
arise if the image edge is extracted in one piece.

Other Features The general framework implemented in the SILC system can be extended
to cover any type of feature that can be readily extracted from the image, when the image
appearance can be synthesized from a model of the 3-D object. For example, it would be possible
to design a system based only on silhouette corners, or a system based on the combination of
edges and corners. Constraint tables for the models and for the images would be computed in the
same way as in the current SILC system, but the matching would consider only correspondences
between similar features.

The general strategy exploited in SILC, namely the interpretation of image features with a tree
pruned by testing geometric constraints, can be applied to a large variety of signal understanding
problems. One might consider applying similar strategies to target identification in radar images
based on the geometry of reflector returns.

Articulated Objects

It is likely that the scope of the SILC system can be extended beyond the set of rigid objects
modeled by polyhedra, for example by considering articulated objects such as a pair of scissors. A
possible implementation of a SILC type system for articulated objects considers model constraint
tables compiled not only for all object orientations but also for all angles of the articulations,
more generally for all values of the internal parameters. The search stage is then performed as
usual. In the verification stage, both object orientation and values of the internal degrees of
freedom must be estimated from the correspondences predicted in the search phase. This last
issue has been addressed successfully by Goldberg and Lowe [9].

Search Heuristics

One of the disadvantages of the SILC system is the potentially exponential complexity of the
tree search phase. Although the algorithm is usually completed in matters of seconds for seg-
mented objects, the search may be extremely slow for poorly segmented scenes. In the SCERPO
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system, Lowe avoids the exponential complexity of matching in the absence of segmentation by
exploiting heuristics to quickly relate a small number of image edges with the appropriate model
edges. However, the faster processing times are compromised with respect to the generality of
the system; the fast pairing is possible only for model edges in special configurations, such as
parallel or colinear edges. In addition, the SCERPO system attempts to find one solution to a
recognition problem, while the SILC system tries to discover all valid interpretations.

A strategy combining the fast processing times of SCERPO and the exhaustive search of SILC
in a single system could be obtained by applying the SILC strategy after sorting individual model
edges and image edges according to the same heuristics used in SCERPO. This merge of the two
strategies would raise non-trivial issues since the heuristics for ordering model edges would depend
on the matches already hypothesized. As a result, the next silhouette edge to be tried and the
ordering of the model edges would depend on the current position in the tree. However, if these
issues can be solved, the resulting system could be tuned according to the user needs to balance
the advantages of the SCERPO strategy and of the SILC strategy.
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APPENDIX A
SILHOUETTE PARSING

In the SILC system, a silhouette is matched to a 3-D model by comparing descriptions of their
shapes in terms of straight edges. This appendix reports on a number of methods developed for
analyzing a silhouette and for extracting a description of its shape in terms of a set of straight
edges.

The shape of a silhouette can be represented by a collection of straight edges in a number of
different ways, and the particular representation must be chosen according to the role that this
representation is to fulfill. In this work, the straight silhouette edges are exploited primarily in
the search of the interpretation tree of the silhouette shape in terms of model shapes. We have
considered representing silhouettes by polygonal approximations of the contour such as those
reported in [7,17,20,27], and by descriptions based on the labeling of contour points in terms
of straight edges, curves, and corners. By employing both theoretical and statistical analysis of
the tree-search algorithm performance on a moderately large data set, we have determined the
qualities and disadvantages of the different parsing schemes and selected two particular choices
for the SILC system.

A.1 APPROXIMATING A CONTOUR BY STRAIGHT EDGES

In this section, we review a number of methods for analyzing the shape of a silhouette and
for describing it with a set of straight edges. In the first method, referred to as polygonal
approximation, the silhouette is modeled by a sequence of contiguous edges; with this method a
closed silhouette is modeled by a closed polygon. The exact shape of this polygon is determined
by optimizing its fit with the original contour, subject to a number of constraints. Although
several criteria have been developed for determining the fit, we will investigate only one based on
maximum deviation, which was first reported by Ramer [20] in this context.

In the second method, the silhouette shape is analyzed by a set of local shape estimators to
determine whether each silhouette point is on a straight edge, a curve, or a corner. The contour
model is then built from the results of this analysis. In the absence of noise, local operators
can easily determine which parts of a silhouette correspond to straight lines, corners, and curves.
When the data is corrupted by noise and other artifacts, however, the performance of local
estimates becomes poor. Better estimators for noisy data either work locally on a smoothed
version of the silhouette or perform their estimates on some neighborhood of the silhouette.
The increase robustness of these operators with respect to noise is obtained by compromising
the accuracy of the contour characteristics. We will first discuss local estimation of slopes and
curvatures, then estimation based on neighborhoods and smoothing of the silhouette.
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A.1.1 Ramer Polygonal Decomposition

The Ramer polygonal approximation represents a given curve by a polyline in such a way
that the distance between any point of the curve and the approximating polyline is less than a
predetermined tolerance. In this method, the vertices of the polyline, which are called breakpoints,
are chosen on the given curve. The appeal of the method lies in its relatively fast implementation,
its recursive structure, and its intuitively appealing results. However, the method does not claim
any optimality in terms of the maximum error or the number of edges required. We will first
discuss the case of open curves, then turn to the case of closed curves.

For any given curve, different values of the tolerance will determine a series of Ramer decom-
positions with an increasing accuracy as the tolerance is reduced. For a very large value of the
tolerance, an open curve AB is approximated by the segment AB joining its two endpoints, as
illustrated in Fig. A-1.

Figure A-1. Ramer decompositions of an open curve.

When the tolerance is decreased, the same decomposition applies until the tolerance becomes
smaller than d;, the largest deviation of the curve from the segment corresponding to the point
P, on the curve. When the tolerance is decreased below d;, the curve is approximated by the
polyline AP; B; this decomposition is valid until the tolerance decreases below ds, the largest
deviation between the second approximation and the curve, corresponding to P,. The curve
is modeled by AP, P, B for tolerances just below d;. The polygonal decomposition for a given
tolerance is constructed by proceeding with the recursive decomposition of each segment of the
approximation by the point of the curve most distant from the segment, until the distance of the
candidate breakpoint is smaller than the given tolerance.

The Ramer Spectrum

It is interesting to consider the set of all Ramer decompositions of a given curve for values of
the tolerance from 0 to oo. First, for a discrete contour, the set is finite and its size is one less
than the number of points on the curve, in the absence of alignments. Each point of the curve
becomes a breakpoint for some value of the tolerance and remains a breakpoint for all tolerances
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smaller than this value. As a consequence, the set of all decompositions can be represented by a
graph such as illustrated in Fig. A-2.

A Py P, B

d*

Figure A-2. Ramer spectrum of the curve in Fig. A-1.

This figure is a plot of the tolerances for which each point of the curve becomes a breakpoint.
Each vertical bar corresponds to a particular point on the curve; the tolerance corresponding to the
top of the bar is the maximum tolerance for which the point is a breakpoint in the decomposition
of the curve. A horizontal slice through the spectrum is closely related to the decomposition of the
curve for a tolerance given by the height of the slice. Indeed, the intersections of the horizontal line
with vertical bars of the spectrum correspond to the breakpoints for that particular tolerance. For
the tolerance d* shown on Fig. A-2, there are seven breakpoints, with the resulting decomposition
as shown in Fig. A-3.

We will refer to the plot in Fig. A-2 as the Ramer spectrum of the curve and to the value
of the critical tolerance for each point as the Ramer spectrum value at that point. The Ramer
spectrum is useful for describing the shape of an object at various degrees of accuracy, and for
guiding the choice of an appropriate tolerance for the decomposition. The Ramer spectrum will
also be useful in the discussion of Ramer decompositions for closed curves. It is easy to see that
tall bars in the spectrum correspond to “important points” of the curve which usually correspond
to the major corners of the curve. The heights of the impulses are correlated with the importance
of the associated corners in the characterization of the silhouette shape. Note that the Ramer
spectrum of a circle displays the effects of a regular recursive subdivision, as shown in Fig. A-4.
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Figure A-3. Decomposition of the curve in Fig. A-1 for the tolerance d*.

Figure A-4. Ramer spectrum for a half circle.

Ramer Decomposition for Closed Curves

A closed curve can be decomposed with the technique developed for open curves when it is
considered as an open curve with coinciding endpoints. However, this procedure requires the
choice of a particular point of the curve to start the decomposition. A possible choice of starting
point is an endpoint of the largest diameter of the curve. This choice is appealing since the first
non-trivial decomposition corresponds to the largest diameter of the curve and since this choice
is independent of position and orientation. We have observed that the decomposition starting
from the largest diameter was satisfactory for polygonal convex objects, but that it did not
always include smaller details of concave objects or properly described curves. We have therefore
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developed an alternative decomposition which we refer to as the “isotropic Ramer decomposition.”

The Ramer decomposition of a closed curve depends on two parameters, namely the starting
point of the decomposition and its tolerance. Conceptually, the set of all Ramer decompositions
is then equivalent to a set of Ramer spectra: one for each choice of the starting point. Except
for the starting point itself and for small variations, all these spectra are quite similar for a
convex polygonal silhouette. However, curves are decomposed differently when the starting point
is modified, and the value of the spectrum for at a particular point on the curve may vary
significantly in some cases.

We have defined the “isotropic Ramer spectrum” of a closed curve as a summary of the simple
Ramer spectra of the curve corresponding to all possible starting points. The value of the isotropic
spectrum at a given silhouette point defined as is the maximum value of the simple spectrum for
this point constructed for all starting points on the contour. We then define the isotropic Ramer
decomposition of a silhouette for a given tolerance by its breakpoints . The breakpoints correspond
graphically to the intersections of the isotropic spectrum with a horizontal line corresponding to
the tolerance.

Comparison between Uniform and Simple Ramer Decompositions We have developed
an interactive system for exploring decompositions of silhouettes based on the isotropic Ramer
spectrum. Using this system, we have conducted extensive experiments on various shapes of
silhouettes. Typical examples of the isotropic Ramer spectrum are shown in Fig. A-5 for a
polygonal silhouette and for a semi-circle.

The structure of the isotropic Ramer spectrum of a polygonal silhouette is very similar to that
of any of its simple spectra. The isotropic Ramer spectrum of a polygonal silhouette with rounded
corners contains broad peaks at the corners, while the simple Ramer spectrum contains a single
peak. Curves lead to bands of high spectral values in the uniform spectrum, as opposed to the
recursive subdivisions of the simple spectrum. When comparing the uniform decomposition of
a silhouette with a simple Ramer decomposition for the same tolerance, the former usually has
more breakpoints and provides a closer approximation of curves. In the frequently encountered
case of a polygon with rounded corners, the simple decomposition usually selects a breakpoint in
the vicinity of each important corner, as shown in Fig. A-6.

The deviation between the approximation and the observed silhouette will usually be on the
same order of magnitude as the tolerance. For the same tolerance, the uniform decomposition will
decompose the corner into several small segments and will provide a much better approximation of
the adjacent edges, as illustrated in Fig. A-7. Although the accuracy of the uniform decomposition
is usually better than for the simple decomposition, the error bounds are difficult to determine
in both cases.

The computation of an isotropic Ramer decomposition is more expensive than a simple spec-
trum by a factor approximately equal to the number of points on the curve. It is hence important
to consider whether the increase in complexity is justified by improvements in the results, or if
comparable results can be obtained by a different technique. As mentioned earlier, an isotropic
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(a) (b)

Figure A-5. Ramer spectrum comparison for (a) polygonal and (b) semi-circular

silhouettes.
|

(c) (d)

Figure A-5 continued. Simple (c) and isotropic (d) spectra for the polygon in (a).
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(e) (f)
Figure A-5 continued. Simple (e) and isotropic (f) spectra for the polygon in (b).

‘L L

(a) (b)

105340-83

Figure A-6. Simple decomposition of a polygonal silhouette with rounded corners
(a), also shown superimposed on the original (b).

Ramer decomposition is independent of the starting point and therefore independent of the orien-
tation of the curve. In a majority of cases, however, simple Ramer decompositions for a tolerance
smaller than the size of the object by an order of magnitude are relatively independent of the
starting point, except for the starting point itself. Another advantage of the isotropic Ramer
decomposition is its improved handling of corners and curves. Although the results show sub-
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(a) (b)

Figure A-7. Isotropic ramer decomposition of the silhouette in Fig. A-6.

stantially improved accuracy over the simple Ramer decompositions with the same tolerance, the
advantage over a simple decomposition leading to the same number of breakpoints is inconclusive.
Owing to the above observations, we have retained the simple Ramer decomposition in SILC.

In the SILC system, the description of silhouette edge chains provided by the edge extraction
functions include a starting point at the highest point of the silhouette in the image. As this
point is likely to become a breakpoint for relatively large values of the tolerance, this point is used
as a starting point for the simple Ramer decomposition; this decomposition generally produces a
good description of the silhouette.

A.1.2 Decomposition Based on Estimates of Slopes and Curvatures

In this section, we discuss a decomposition of silhouettes into straight edges based on local
estimates of the silhouette shape. This decomposition relies heavily on methods for estimating
the slope and curvature at a point of a silhouette. The first several methods presented provide
local estimates of the slope and curvature assuming that the silhouette is free of noise. Then we
will present two well-known estimation methods for noisy silhouettes. The first method derives
its estimates at a given point from an extended neighborhood of that point, whereas the second
uses local estimates on a smoothed version of the silhouette. These methods produce identical
results in some cases.

Pointwise Estimates of Slope and Curvature

The slope of a continuous curve can be defined as the angle of the tangent with the horizontal
axis; for a curve defined by the vector parametric equation # = Z(t), the slope ¢(1) is

#(t) = arg(dz/dt + jdy/dt) (A.1)
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where arg() denotes the polar angle of the complex number argument. For a discrete curve
T = &, the slope is given by

¢i = arg(zip1 — i, +3(Yig1 — ¥i)) (A.2)

Note that the slope index has an offset of 1/2 with respect to the curve, i.e., ¢; denotes the
slope between points indexed ¢ and 7 + 1.

The curvature k of a continuous curve can be defined as the inverse of the radius of curvature
of the osculating circle; it is also equal to the derivative of the slope with respect to the arclength.

dé/dt
Jdz [di? + dy]di?

k() = ds (A.3)

For a discrete curve, the true curvature is either zero or infinite, but a measure equivalent to a
curvature can be defined by adapting the definition for smooth curves. A first possible definition
is the inverse radius of curvature of a circle through the point and its two neighbors.

4k7? = [2; = zicy + Myic1 — ¥ + [4 — gio1 = Mzior — 22))° (A.4)

with

A= (Zig1 = Ziz1)(Zi = Tig1) + (Yie1 — Yi-1)(Yi — Yi+1)
(¥i-1 = ¥i)(Zi = Zig1) = (Tic1 = i) (¥i = Yig1)

Another definition of the curvature can be designed as the difference in the slope of contiguous
segments divided by the length of the segments. As noted earlier, the slope is equivalent to the
argument of the complex number (z;4; — z;) + j(yi+1 — ¥:); therefore, the change of slope is
equivalent to the argument of the conjugate product of the complex numbers corresponding to
two successive segments.

(zi — zim1)(2it1 — 23) + (% — ¥i-1)(¥i+1 — ¥) ]
+7((z: — 2ic1) (Wi — ¥i) = (i1 — 2i)(¥i — ¥i-1))

- 1/2 [\/(z. —zi1 ) + (¥ — ¥i-1)® + V(Zig1 — 20)* + (vi1 — y,)2

arg

(A.5)

The above formula is preferred over A.4 when simultaneously estimating both slopes and cur-
vatures. The results of these two methods differ by less than 10~3 when the points span less than
a 15° slope differential on the curve.
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Local Estimates of Slope and Curvature on a Noisy Silhouette

The slope and curvature estimators presented in the previous subsection produce accurate
results for noiseless data; however, their estimates are based on two or three data points only and
are therefore extremely sensitive to noise. A general strategy for reducing the variance of a noisy
estimate is to consider averages over several data points. This strategy can be applied to our
problem in three different ways. The first consists of smoothing the noisy estimates by a low-pass
filter. The second consists of applying our estimators to a smoothed version of the silhouette.
The third consists of developing estimators based on larger sets of points. The first approach is a
trivial application of signal processing to the output of the estimators developed in the previous
section. Estimators based on larger numbers of points are discussed in the present section, whereas
smoothing of the silhouette and the slope and curvature estimates on the smoothed silhouette
will be discussed in the following section.

Estimation of Slope In order to estimate the slope at a point iy of a noisy silhouette, we
consider a set of 2N + 1 points centered at iy, and use for the estimate, the slope of the line best
fitting the 2N + 1 points. The best fitting line is the line ar + by + ¢ = 0 which minimizes the
errors in fitting the datapoints, i.e.,

e; =az; +by; + ¢ (A.6)

When the objective is to minimize a weighted sum of squares of the errors, £ = 2::{:’_,\, w;e?,

the parameters of the best fitting line are given by

a = siné

b = cosé

c = -—azy - by, (A7)
0 = 1/2arg(Szz — Syy +J(-25zy))

E = a%5.z+2abS.y +b%S,y (A.8)

where (z4,Yy,) is the center of mass and Sz, S;y, Syy are the centered moments of the weighted
data points. The angle # can be used as an estimate of the slope at the point .

Estimation of Curvature Inorder to estimate the curvature at a point ip of a noisy silhouette,
we consider the set of 2N + 1 points centered at iy, and use the curvature of the circle which
best fits the data points. The best fitting circle is the circle (z — z9)? + (¥ — ¥0)? = R? which
minimizes the deviations in fitting the data points, i.e.,

el = (zi — 20)* + (v — )’ - R? (A.9)
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When we minimize the sum of squares of the deviations, E = E::QI—N €?, the parameters of

the best fitting circle are obtained by solving

zo) (zi — 39)2 + Y0 (i — zg)(vi — ¥g) 1/2 Z(z? + y?)(z; - z4)
2o X (%i = 25)(¥i — ¥g) + Yo (¥ — ¥,)? /25 (= + 99)(vi — v5)  (A.10)
1/(2N +1) [Z(2i — 20)* + T(vi — w)?] = r?

Note that the above solution [1] does not directly minimize a sum of squares of distances
between points and the circle, but this deviation is necessary to develop a closed-form solution.

Examples Figure A-8 shows examples of slopes and curvatures obtained with the algorithms
described above, using three different values N, the half window size. It appears from these
diagrams that, as N increases, the variability of the estimates decreases, but that the estimates
are increasingly biased by smoothing. Indeed, when estimating local parameters of a signal
corrupted by random noise, there is always a trade-off between accuracy and locality of the
estimates on one side, and the signal to noise ratio on the other side. The compromise can often
be improved by using tapered weights on the set of points used to estimate the parameters at
each point.

In the next section, we discuss an alternative method for estimating the slope and curvature,
namely one that first smooths the silhouette by averaging over a set of data points, then performs
the estimates on the smoothed curve. This method provides a good flexibility in the design of
the weighting assigned to different data points. In the case of slope estimation, the results are
comparable to the ones obtained with the method presented earlier.

Estimates of Slope and Curvature on a Smoothed Silhouette

In this section, we discuss smoothing a noisy silhouette by well-known linear time-invariant
filters. We also investigate the estimation of the slope and curvature of the original silhouette by
pointwise estimates on the smoothed silhouette.

Given a sequence of points Z; on a silhouette, a sequence :z:-:'-‘ corresponding to a smoothed
silhouette is obtained by convolving the vector-valued sequence with a low-pass scalar impulse
response h; :

z-:? = Z:hjz,':j (A.11)
J

It is desirable in general to use a symmetric (zero-phase) h; so that a long straight line is
not modified in the smoothing; the sum then extends from —N to +N. In the case of an open
contour, the output is not defined for the first and last N points. In the case of a closed contour,
a circular convolution must be applied; this is obtained by considering the index (i — 7) modulo
L, the length of the silhouette chain.
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Figure A-8. Estimates of curvatures after smoothing with Gaussians of various
widths: (a) original silhouette; (b) curvatures: sigma = 2, 3, 7.

2 = EN hiziin (A.12)

The geometric interpretation of the above smoothing method is that each point is replaced by
a weighted average of the 2V 4+ 1 points around itself, where the weights are given by the values
of the sequence h;. This interpretation shows that the weights in A; should sum to 1. Although
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the smoothing substantially reduces the amount of noise in the initial silhouette, it rounds the
corners of polygonal silhouettes and reduces the radii of curvature on circular parts.

Decomposition of a Silhouette Based on Slopes and Curvatures

In this section, we discuss how estimates of local curvatures and slopes can be exploited to
generate a decomposition of a silhouette in terms of straight edges. The process consists of first
modeling long straight edges then smooth curves, each of which requires two steps. The first step
of the strategy consists of deciding which points on the silhouette are likely to be on long straight
edges. The detection of these candidates is based on estimates of curvatures and slopes at each
point. The second step consists of grouping the candidate points into segments, and including
additional points in the process. The third step consists of considering the points not included
in the straight edges and detecting those points which are likely to be on smoothly curved parts
of the silhouette. In the fourth step, the smooth candidates are grouped into smooth curve
segments, potentially including more points, and these curve segments are each represented by a
set of regularly spaced zero-length segments. The fifth and final stage consists of combining the
straight segments and the infinitesimal segments representing the curves.

Selection of Points on Straight Edges In the absence of noise, a point is determined to
be on a straight edge when the radius of curvature of the silhouette is zero at the point. In the
presence of noise, a point is detemined to lie on a straight edge when the radius of curvature
at the point is below some threshold. However, this finite threshold allows some other points to
pass the test. To remove these spurious points, we use, in addition to the curvature, a criterion
based on the smoothness of the silhouette at the point. An estimate of the ruggedness is given
by the variation of the slope estimated after filtering with two different low-pass kernels. The
ruggedness is low for points on straight lines and circles, and takes larger values near corners.

Grouping of Candidate Straight Edge Points The processing of candidate edge points
must group points belonging to the same edge and must also retain the distinction between points
on separate edges. The algorithm adopted in SILC accepts a string of consecutive points as a
straight edge if it meets the following three criteria: (1) it contains a2 minimum fraction of selected
points, (2) there are no excessive gaps in the sequence of selected points, and (3) the error of the
linear fit to the points is lower than a threshold. The points are initially separated into likely
groups by performing a simple Ramer decomposition of the silhouette with a moderate threshold.
Only points in the same segment of the decomposition are considered for grouping.

Selection of Points on Smooth Curves A point is determined to be on a smooth curve if
the absolute value of the radius of curvature estimated at the point is between two thresholds.
The smoothness criterion described in the straight edge section is also applied here to eliminate
spurious points retained by the above criterion. An additional smoothness criterion is used based

117




on the displacement of silhouette points by smoothing the curve with two kernels of different low-
pass characteristics. The smoothness criterion accepts silhouette points only if the displacement
is moderate.

Grouping of Candidate Smooth Curve Points The grouping of candidate curve points
assembles points on the same silhouette curve while keeping points on distinct curves separate.
Our algorithm accepts a group of consecutive points as a smooth curve region if it contains a
minimum fraction of selected points, if there are no excessive gaps in the sequence of selected
points, and if the curvature variation along the segment is less than a threshold. The last criterion
avoids grouping curve points across inflections, for example.

Representing a Curve by Selected Points The SILC system performs recognition by
matching straight edges in the image with straight edges in the object models. In order to
accommodate both long straight edges and individual points on curves as input, a unique repre-
sentation of edges was chosen. An edge is characterized by its center position, slope, and length,
so that the representation is valid even when the length is zero. An individual curve segment is
then represented by a series of such zero-length segments, evenly spread around the segment to
best capture the shape of the curve.

Example An example of the results obtained with the algorithm described above is illustrated
in Fig. A-9. The silhouette in (a) contains both straight edges and curved parts. The points
circled in (b) are determined to correspond to a local flat shape, whereas the points circled in (c)
correspond to curved segments. The resulting decomposition is displayed in (d).

A.2 SILHOUETTE PARSING STRATEGIES

As we mentioned earlier, the parsed silhouette must be a trade-off between an accurate de-
scription of each part of the silhouette that puts strong constraints on the object shape, and a
conservative description that prevents recognition failure.

The choice of an appropriate parser depends on the type of object that the system is trying
to detect in the image, and on the quality of the input data. We have observed that the Ramer
decomposition is quite robust in the presence of noise but that it will not provide adequate
representations of silhouette curves. With high resolution data, the method based on local char-
acterizations of the silhouette shape provides adequate descriptions of both straight edges and
curved parts of the silhouette. However, when this method is applied to very noisy silhouettes
with both straight and curved parts, the decomposition has only a small number of edges and
these model only a very small fraction of the original silhouette. As a consequence, recognition
from these primitives is often ill-defined and results in excessive computational efforts. Although
the Ramer approximation does not accurately model curved parts, we have observed that Ramer
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Figure A-9. Silhouette parsing based on curvatures: (a) original silhouette, (b)

straight edge candidate points, (c) smooth curve candidate points, (d) parsed sil-
houette.

decompositions of noisy curved silhouettes usually result in better recognition than their coun-
terparts based on local shape characteristics. However, the tolerance with respect to unmatched
edges must be raised to model incorrect decompositions of the silhouette.

To conclude, we recommend the use of Ramer decompositions for polygonal silhouettes and for
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very noisy silhouettes. Decompositions in terms of straight edges and curves, on the other hand are
mostly appropriate for low noise silhouettes containing both straight and smoothly curved parts.
Note that when the Ramer decomposition is used, the shorter segments of the decompositions
must be discarded and the system parameters must be set up to tolerate a certain fraction of
unmatched edges.
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APPENDIX B
ESTIMATION OF THE IMAGING TRANSFORMATION

The verification of a silhouette interpretation, discussed in Section 7, consists of estimating
an imaging transformation from the set of hypothesized edge pairings, constructing a synthetic
silhouette of the model for this transformation, and comparing this synthetic silhouette with the
observed silhouette. This appendix discusses the estimation of the viewing transformation given
correspondences between image edges and model edges.

The estimation of an imaging transformation given matching features in the 2-D image and
in the 3-D model space has been studied extensively, and solutions have been proposed for most
types of projections in the case where the matching features are points. In SILC however, the
pairings relate a silhouette edge element to a model edge. In the absence of occlusions and other
artifacts, endpoints of the silhouette edge correspond to the endpoints of the related model edge
and the algorithms developed for points can be exploited. However, in the presence of occlusions,
and in the case of artifacts introduced by the front end processing, the correspondence between
endpoints can rarely be guaranteed. Therefore, methods based specifically on correspondences of
segments must be developed.

We first examine the constraints introduced by the correspondence between an image edge and
a model edge, and estimate a minimum number of matches based on a count of the degrees of
freedom. In that first section, we will also discuss representations of the orthographic transfor-
mation, with an emphasis on the explicit parameters of the transformation. We then characterize
the recovery of the transformation as an error minimization problem and show that the equations
are highly non-linear. Subsequently, we propose three strategies for solving the problem. The
first is a closed-form least-squares suboptimal solution. It is applicable only when the problem
is overconstrained, but it successfully exploits the redundant information to reduce noise effects
when many edge matches are available. The second strategy is a closed form exact solution ex-
ploiting only a minimal number of edge matches. The third method is an iteration that converges
towards the optimal solution of the problem. To conclude this appendix, we discuss how the
three strategies are combined in SILC to determine appropriate solutions in most circumstances.

B.1 PROBLEM ANALYSIS

In this section, we consider the constraints introduced by the match of a silhouette edge and a
model edge, estimate the number of degrees of freedom in an orthographic transformation, and
then combine these to determine the minimum number of edge matches necessary to specify the
transformation. Subsequently, we discuss representations for orthographic projections and finally
set up the equations for the estimation of the projection.
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B.1.1 Counting the Degrees of Freedom

When a 3-D model edge is matched with its exact projection on the image plane, this match
sets four independent constraints on the viewing transformation, namely two for each endpoint.
Unfortunately, the early processing of image data usually degrades image edges, by shortening
edges at both ends and sometimes by breaking edges into two or more parts. In addition, a given
model edge may appear only partially in the image in case of occlusions. As a consequence, only
the following constraints can be exploited from the match of a 2-D edge and a 3-D edge. In the
absence of noise, the orientation of the 2-D edge must fit the orientation of the projection of the
3-D edge and the lateral positions must also match exactly. However, the relative longitudinal
position of the two edges is restricted only in the sense that the image edge must be included
inside the projection of the model edge. Figure B-1 displays some possible combinations of an
image edge and the projection of the corresponding model edge.

WGE

MODEL IMAGE MODEL IMAGE MODEL

Figure B-1. Relative positions of an image edge and a projected model edge.

Among the constraints listed above, the orientation and the lateral position are equality con-
straints whereas the longitudinal position corresponds to two inequality constraints. In optimiza-
tion problems, inequality constraints add useful information only when they are “active,” that
is when the solution constructed with the equality constraints violates only some of the inequal-
ities. When estimating the imaging transformation, the inequalities are rarely active. We have
therefore chosen to ignore them at this stage and to include the check of longitudinal positions
in the verification procedure. The transformation is then estimated by requiring the match of
orientation and lateral position between each image edge and the corresponding model edge; this
is equivalent to considering edges as infinite lines. Each edge interpretation hence provides two
independent equality constraints to the problem.

We now discuss the number of degrees of freedom (d.o.f.) in the imaging transformation.
An orthographic projection is completely determined by the viewing direction (2 d.o.f.) and an
orthographic transformation of the image plane (3 d.o.f.); it has therefore 5 degrees of freedom.
The same answer is obtained by considering an orthographic projection as the composition of
a general 3-D rotation (3 d.o.f.), a projection along a specified axis (0 d.o.f.), and a translation
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in the image plane (2 d.o.f.). When the scale factor between the model and the image plane is
unknown, this adds an extra degree of freedom to the transformation.

From the above analysis of constraints and degrees of freedom, it follows that three pairs of
silhouette edges and model edges provide, in general, six constraints, which could be sufficient to
characterize the orthographic projection, leaving one extra constraint when the scale is known.
In some particular cases of interest, some of the constraints provided by silhouette edge mea-
surements are redundant. For example, when two parallel 3-D model edges are related to the
corresponding silhouette edges, the orientations of the silhouette edges are also parallel and only
three constraints are provided by these two edges. Two colinear model edges provide only two
constraints, and three parallel edges, three constraints. When the scale is known, sufficient con-
straints are provided by three edges if none of the model edges are colinear and if no more than
2 are parallel. When the scale factor is unknown, none of the model edges may be parallel or
colinear.

B.1.2 Representations of Orthographic Projections

In this section, representations of orthographic projections are presented. The most natural
representation of an orthographic projection for points characterized by Cartesian coordinates is
a 2 x 4 matrix relating the 2-D coordinates (z,y,) in the image plane to the 3-D coordinates
(zyz) in model space by the following expression.

Ir |\ _ [ Q11 G12 @13 Q14
Yr az1 Q2 a3 Qa4

In general, the above equation represents an affine projection which may include anisotropic
scalings and shears. It represents an orthographic projection only when the following quadratic
constraints are satisfied.

(B.1)

- N 8

2 2 2
aj t+appt+aj3 = S8
2 2 2 _ .2 2 2
ay +ay +a33 = a7, +aj;+ag; (B.2)
anaz + ajzazz + ayzazz = 0

The scale factor s in the first equation may be set to its value when it is known; otherwise,
only the last two equations provide constraints on the a;;.

Note that in the above representation, the coefficients a,4, a4 represent the translation in the
image plane and the other six coefficient represent a rotation in 3-D space. In fact, the coefficients
ayj, 1 = 1,2,3 are the components of the unit vector in 3-D model space along the image x-axis;
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similarly, the coefficients az; correspond to the y-axis in the image plane. The constraints above
are easily interpreted in terms of these vectors. Indeed, the first constraint specifies the length
of the unit vector along the x-axis in the image. The second constraint specifies that both unit
vectors in the image plane must have the same length. The third constraint requires that the two
vectors be orthogonal.

A different representation of an orthographic projection is obtained by explicitly specifying a
viewing direction and a transformation in the image plane. The projection is then characterized
by a unit vector (v;v,v,) for the viewing direction, a scale factor s, the angle ¢ and two translation
components, t,t, for the image plane transformation. The projection can be expressed in terms

of these parameters as
Ty \ _ cosy  siny 8 -y Vg 0 tr
( Yr ) . ( —siny cosy ) 1- 02 ( -0, —vyv, 1-—0? ) +( ty )(B.3)

The components v,, vy, v, of the viewing direction vector must satisfy a quadratic constraint
ensuring the unit norm of the vector.

The orthographic projection can also be represented by a 3-D rotation followed by the projection
and an image translation. When the rotation is represented by a 3 x 3 matrix, a form equivalent
to equation (B.1) is obtained. The rotation can also be represented by three independent Euler
angles, by the four components of a unit quaternion, or by the exponential of an antisymmetric
matrix.

B.1.3 Derivation of the Problem Equations

When the number of constraints exceeds the minimum number required, this redundancy can
be exploited to reduce the effects of noise by formulating the estimation of the projection as
an optimization problem, where the cost function is a weighted sum of squared errors between
measured features and predicted features given the transformation, and where the optimization
is carried over all possible transformations. The exact form of the equations depends on the
representation chosen for orthographic projections. When the projection is represented by the
Euler angles and by two image plane translations, the cost function is highly nonlinear but the 5 or
6 parameters of the transformation are independent. All other representations lead to constrained
optimization problems. We have chosen to represent the projection by a 2 x 4 matrix; with this
choice, the cost function is quadratic in the 8 parameters, and these parameters are constrained
by 2 or 3 quadratic relations, depending on whether the scale is known or not. As we will see,
the effect of measurement errors is easily expressed with these equations. We will first develop
the 2 equality constraints corresponding to the match of one image edge with one model edge,
then assemble these to construct the optimization function for a set of matched edges.
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Constraint Equations for One Edge

The constraints relating the correspondence of a point (z!y!) in the image plane and a point
(z1 1.z} ) in the model space, are given by

()

a2
a3
z}ooyd 221 0 0 0 O a4 z)
(o 0 ooz;y;z;1) an | =\ 4 (B:4)
azz
az

\ a2 /

The above equation is identical to (B.1), except that the coefficients a;; have been structured
as an 8-vector to emphasize that they are now considered as the unknowns.

As we mentioned earlier in this section, our system does not hypothesize correspondences
between points, but between segments of the silhouette and those of the model. As reliable
correspondences between endpoints of the segments cannot be made, the correspondences actually
relate infinite lines in the model space to infinite lines in the silhouette plane. In both 2-D and
3-D space, an infinite line will be characterized by one point on the line, and a unit vector along
the line. A 3-D line L3 is hence characterized by the 3-D coordinates (zmo, ¥mo,2mo) of one of
its points, and by the 3 components (Rmz,my, Nm.) Of its unit vector. The line L3 is then the
set of points

L3 = {(Iyz)lz =Zmo+ ’\lnmr,y = Ymo + ’\lnmyaz =Zmo + ’\lnmn’\l € 82} (B-S)

Similarly, a 2-D Line Lz determined by a point (z0,¥s0) and by the unit vector (n,z,mn,y) is
the set of points

Ly = {(zy)lz = Z50 + A2Msz, ¥ = Ys0 + A2Mgy, A2 € R} (B.G)

When the line L; in the silhouette is associated with the line Lz of the model, the following
equations result.

( Zmo + Alnmr 0 \ T ( a \
Ymo + A1y 0 a2
Zmo + A1 n; 0 a3
1 0 a4 Ts0 + A2Nys
0 Zmo + Alnmar: az - ( Yso + '\2nay ) (B7)
0 Ymo + Alnmy az?2
0 Zmo + Alnmz a3
\ 0 1) \au/
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For each value of the parameter );, there is one value of the parameter A; for which the above
equations are satisfied, and vice-versa. These equations can also be written as

Zos + A2nzs = (@11Zom + @12Yom + €13%20m + @14) + A1(@1172m + G127z;m + Q137 2m)
Yos + A2nys = (@21Tom + A22Y0m + @23%0m + 24) + A1(@217zm + G220z + G2372m)

(B.8)

Elimination of the parameters A;, A; provides the following two independent constraints.

[ TzmTys
NymNys
NzmMNys

0

—NrmMNzs

—NymNzs

—TNzmMNzs

0

ZomNys
YomNys
20m Ny,
Tys
—ZTomNzs
—YomNzs
—20mMNzs

—Nzs

)

/

T

( an
a2
a3
ayq
az
az2
az3

\ a24

/

X

0 ) (B.9)

TosNys — YosNzs

In the above system, the first equation is equivalent to requiring the coefficients of A; and
A2 in (B.8) to be proportional, which is geometrically equivalent to requiring the projection
of Lz to be parallel to L;. The second equation is obtained from (B.8) for A; = 0, which
is geometrically equivalent to requiring the projection of (ZomYom 2om) to be on L;. The first
equation hence expresses the constraint on orientation of the silhouette edge, whereas the second
equation expresses the constraint on lateral position of the silhouette edge. A more natural
expression of the second constraint would be obtained by requiring (zo,y0s) to be on the projection
of L. Unfortunately, that constraint, obtained for A; = 0in (B.8), results in a quadratic equation
for the a;; given below. Due to its quadratic nature, this equation is more difficult to exploit; we
have chosen to consider the second equation in (B.8) instead.

(a11%om + @12Y0m + @1320m + Q14 — Tos )(A21Mzm + Q22Nzm + A23Nzm) =

(a21Zom + @22Y0m + A2320m + A24 — Y05 )(C117zm + Q1272m + Q13T2m ) (B.10)

Constraint Equations for N Edges

The equations corresponding to N matched edges are given by
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1.1 1 .1
TosMys — YosTzs
0
2 =2 z ul
= TosTys — YosNzs (Bll)

i J
NN N
k TosNys — yg’snxa

The above equations, together with the constraints in (B.2), specify the estimation problem.
For practical values of N, the above system is in general overconstrained, and in the presence
of noise in the measurements, is inconsistent. A classical solution consists in finding the set of
unknowns for which the sum of squares of deviations from equality in the above equations is
minimized. Rewriting the matrix equation (B.11) as

Ma=b (B.12)

where a is the vector containing the unknowns. The least squares solution is obtained by mini-
mizing the error (cost functional) E.

min £ = min (||Ma - b||*) (B.13)

Solution methods for the minimization problem defined by the above equation and by the
constraints in (B.2) are developed in the next section.

B.2 SOLUTIONS OF THE ESTIMATION PROBLEM

There is no general closed form solution for the optimization problem described above, and
optimum solutions can only be found iteratively. With iterative methods, issues of convergence
to a fixed point and convergence to a local optimum arise. As the problem is highly nonlinear
and has many variables, an algebraic approach to address these questions is difficult. We have
therefore chosen to develop closed-form methods for finding a suboptimal transformation. This
transformation can be used as the end result, or as a starting point for an iterative algorithm.
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Two basic types of suboptimal solution methods will be developed. The first method starts by
determining the redundant set of 8 parameters a;; for the orthographic transformation, without
enforcing the consistency constraints among these. The transformation itself is then determined
by a valid set of parameters which closely approximates the inconsistent set. In the second type of
method, only a small number of measurements (3 or 4 edges) is considered. The transformation is
constructed geometrically from this limited set of measurements. Two examples of this strategy
will be given.

The above methods for obtaining a suboptimal solution raise a number of issues. With the
least squares method, an affine projection is first estimated. As this type of projection has eight
degrees of freedom, its estimation from sparse data may be ill-conditioned or undefined, although
the true transformation is not. On the other hand, the geometric methods use only a fraction
of the available data and cannot reduce the errors by averaging over large sets of measurements.
It turns out that, in general, the linear least squares method is most appropriate with highly
redundant data, whereas the geometric methods are appropriate when only a few measurements
on the object are available.

The two suboptimal methods described above are developed in the next two subsections. The
results obtained with both methods can be improved upon by applying the iterative method
developed in the third subsection.

B.2.1 Suboptimal Least-Squares Solution
A suboptimal solution of the optimization problem can be obtained by first solving for the 8
coefficients a;; in (B.1) without considering the constraints in (B.2). It is apparent from (B.1)
that the transformation equations are linear in these coefficients. Therefore, the least-squares
cost function is quadratic in the unknowns and the solution to the suboptimal problem is linear.
In general, the 8 coefficients obtained with the above method will not satisfy the constraints

in (B.2). Geometric arguments are developed to infer a valid description of an orthographic
projection from the 8 inconsistent coefficients.

Solving for 8 Independent Coefficients

The unconstrained least squares solution is obtained by minimizing the error

min E = min (||Ma - b|?) (B.14)
The solution a* of the above problem is also the solution of

MTMa* = MTbe (B.15)

which is given by
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-1
a"= (MTM)" MTb (B.16)
The minimum error attained for the above solution is given by
E =bTb - bT™ (MTM) ™ MTb = bTh - cTa" (B.17)

It has been observed experimentally in most common cases that the above method produces
adequate estimates of the imaging projection. The method can be further refined by weighting the
various equations in (B.11) according to estimates of corresponding measurement uncertainties.

Weighted Least Squares Estimation

The procedure described above minimizes the sum of squared deviations from equations such
as (B.9) for each matching edge pair. Although reasonable transformations have been estimated
with this method, it has two severe drawbacks. First, the relative importance of the orientation
constraints and the position constraints cannot be controlled; this balance is actually affected
by the scale of the measurements. Second, the relative importance of constraints arising from
different edge pairs cannot be adjusted to reflect different levels of confidence in the estimated
positions and orientations.

The above issues can be alleviated to some extent by weighting the deviation from each equation
in (B.11). Our strategy is to exploit estimates of the measurement errors in silhouette edge
position (Zos, Y0s), and orientation (nz,, Yys), to weight each equation in (B.11), with an attempt
to scale the worst-case deviation from each equation to 1.

Consider the first equation in (B.9). This equation is equivalent to
|nmr|sin @mes =0 (B.18)

where nqg, is the model edge unit vector projected onto the image plane, and ¢, x, is the angle
between this vector and the measured silhouette vector. If the measurement error on the silhouette
edge orientation is A¢, the worst case analysis dictates a scale factor of 1/ sin A¢ for this equation.

As discussed in Section B.1.3, the second equation in (B.9) expresses that the point (o, Y0,)
on the silhouette edge must be on the projection of the model edge. The deviation from this
equation is the perpendicular distance between the observed silhouette points and the projected
model edge. Deviations from this equation can be due both to the error in transversal silhouette
edge position and to the silhouette edge orientation, when the silhouette point and the projected
model point are not aligned. Specifically, the deviation is given by

6120, + Im”g Sin 6¢03 (B-lg)

where 6ng, is the error on transversal edge location, l;x, is the longitudinal distance between
the projected model point and the silhouette point, and 8¢g, is the error on silhouette edge
orientation. An upper bound on this error is given by
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Angs + I /2 sin Ao, (B.20)

where the A’s represent error bounds, and I, is the length of the model edge. The 1/2 factor in
the above equations results from the assumption that the point (Zom, Yom, 2om) is the mid-point
of the model edge.

With the above weighting scheme, the solution is influenced more by the edges with the largest
estimated accuracy, and, more importantly, is independent of measuring units. A substantial
improvement in the accuracy of estimated imaging transformations has been noticed experimen-
tally, when comparing weighted least squares estimated with their unweighted counterparts. An
upper bound on the total error E for the weighted scheme is 2N.

Limitations of the Method

Each combination of a model edge and a silhouette edge leads to two equations such as in (B.9).
In order to solve for the 8 unknowns a;;, four such combinations are sufficient, in the absence of
particular alignments. However, as models are often idealized, and as man-made objects often
contain large numbers of parallel edges, special cases can be more common than the general case.
The effect of particular alignments is best understood by realizing that the transformation in (B.1)
is an affine projection, in the absence of the constraints in (B.2). For an affine transformation, the
numbers of constraints introduced by each measurement may be different from the ones derived
in Section B.1.1. Indeed, since an affine transformation allows for shears, three parallel but non-
planar model edges and their projections provide 4 constraints, as opposed to only 3 in the case of
an orthographic transformation. A thorough analysis of the numbers of measurements required to
solve for a unique affine transformation is beyond the scope of this report. A number of numerical
experiments have been conducted and the conclusions derived from these are reported below.

It has been observed that four model edges with pairwise distinct orientations and no three
orientations coplanar, combined with the corresponding image edges, are sufficient to determine
the @;;. In a number of cases of interest, a large number of model edges are oriented along three
orthonormal directions. When only 3 orientations are possible for the 3-D edges, it is always
necessary to use more than four edges to solve for the transformation. It has been experimen-
tally observed that one 3-D edge parallel to, say the x-axis, and two pairs of 3-D edges parallel
respectively to the y- and z-axes are generally sufficient to determine the transformation. Indeed,
each pair of parallel edges specifies 3 constraints, and the edge along the x-axis specifies 2 con-
straints, for a total of 8 constraints. It is possible that for some lateral positions of these 5 edges
in 3-D, the affine transformation would not be given uniquely by the correspondences between
the 3-D edges and their projections, but this possibility has not been analyzed. Given an object
with edges along three principal directions, the image may only contain edges along two of these
directions in some cases, for example when the viewing direction is almost parallel to the third
direction. It has been observed that three model edges in each of two orthogonal directions in
3-D are sufficient in general to solve for the affine transformation. In this case, the positions of
the model edges in each triple may not be coplanar.
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As with any numerical problem dealing with potentially noisy data, the systems of equations
will rarely be degenerate. But when the underlying problem is degenerate, the equations will be
ill-conditioned and produce irrelevant results. Furthermore, when the geometry of the data is
close to one that produces a degenerate problem, numerical accuracies will be extremely poor.

Estimating an Orthographic Projection from 8 Coefficients

In the preceding text, a method was outlined for estimating the 8 coefficients of the imaging
projection, given correspondences between silhouette edges and 3-D model edges. In the presence
of noise, these 8 coefficients will not, in general, satisfy the constraints in (B.2). The issue is then
to determine, from this set of 8 inconsistent coefficients, a set of 8 consistent coefficients which
introduce the least amount of additional error between the projections of model features and
silhouette features. Although this problem can be formulated analytically, a geometric solution
is given here instead.

Among the 8 coefficients a;; in (B.1), a14 and ay4 represent the image translation t.,¢, and
are not affected by the consistency constraints. The other six coefficients can be cast into two 3-
vectors, d = (a;1012a13)7 and d3 = (a3 a22a23)7. As discussed in Section B.1.2, the problem can
be phrased as recovering two orthonormal vectors a: and a-::, which must be as close as possible to
the vectors d and d; derived with the least-squares technique. Our choice, based on geometrical
common sense, consists of choosing a} and @} as two orthonormal vectors in the plane of dj and
a3, with the bisectors of the two sets of vectors coinciding. After normalizing d; and g3, the
solution is given by

- !1—|a'i xa‘zn —
al =4 + a)-a2 a (B 21)
a-; - a—-2 + 1—|aj X a3 a—-i *

2 = L—L—_,—u

aj-az

The above expressions are undefined for dj - a2 = 0, but in that case, the orthogonalization
is unnecessary anyway! The vectors a} and a3 must be normalized after having been evaluated
with the above relations.

The viewing direction can be obtained directly from the inconsistent a;;, as the vector product
of di and a3.

ay X

7= (B.22)

la1 X az|
B.2.2 Geometric Solution Given Fewer than 8 Constraints

In the preceding sections, we showed that an orthographic transformation is determined by
5 independent constraints (6 when the scaling factor is unknown a-priori). We also discussed
a strategy for estimating the transformation given correspondences between infinite lines in the
scene and in the image. However, the method is applicable only when these correspondences
imply at least 8 independent constraints on the transformation.
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We have observed in our experiments that the data usually provides fewer than 8 constraints on
the transformation only when all the matched edges are aligned with two principal orientations
in the scene. We will therefore restrict our attention to such cases and, more specifically, to two
particular situations. In the first case, two pairs of parallel edges in the scene (4 edges in all) are
matched with their projections in the image. In the second case, two parallel lines and a third
line with a different orientation in the scene (3 lines in all) are matched with their projections
in the image. In both cases, we develop a method for estimating a viewing transformation with
a fixed scale from the data. We do not attempt to exploit the redundant information to reduce
the effects of biases and noise. Most situations which cannot be solved by the suboptimal least
squares method can be reduced to one of the above cases. After discussing each of the two cases,
we provide guidelines for selecting the 3 or 4 edges for the present method from a potentially
larger pool of edges.

Our strategy for estimating the viewing direction is based on conceptually positioning the
image plane as a projection plane in the scene, perpendicular to the viewing direction, in such a
way that the projection of lines in the scene coincide with the matched lines in the image. The
solution is then equivalent to finding the orientation of this plane in the scene. To determine
the orientation of the projection plane with respect to the scene, we consider selected vectors
in the image plane and estimate their orientation as vectors in the projection plane relative to
the 3-D scene. It is sufficient to estimate the orientation of two such vectors in the projection
plane to determine the viewing direction by their vector product. To fully determine the viewing
transformation, it is then still necessary to determine the rotation and translation of the image
plane axes with respect to the projection plane, but this is a much simpler problem.

In the discussion that follows, we first consider the constraints introduced by the correspondence
of a pair of parallel image edges with a pair of parallel model edges and the representation of
these constraints with vector algebra. We then discuss in detail the estimation of the viewpoint
for the two cases mentioned above, including the selection of the best image edges to apply the
estimation. Finally, we address the question of estimating the image plane transformation.

Vector Constraints from Correspondences of Edges

We will adopt the following notation for the various edges and vectors in the discussions to
follow.
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Ly, Ly First pair of lines in the scene
L, L Image lines matched to Ly, L,;

8 Unit vector along Ly, L,

1 Unit vector along L;;, L;; in the image

21 Unit vector along P,;, P,; in the projection plane

Sd1 Unit vector along the distance from L,; to L,

in Unit vector along the distance from L;; to L;; in the image

Pa1 Unit vector along the distance from L;; to L;; in the projection plane
dy distance between L,; and Ly, in the scene.

din distance between L;; and L;; in the image.

L,3, Ly Second pair of lines in the scene
Lis, Ly Image lines matched to L,3, L4

In addition to the above vectors for the first pair of edges, the vectors $3, i;, P2, 832, i;g, Pd2
and the distances d,;, d;; denote the corresponding features for the second pair of parallel edges.
Note that vectors such as ¢; and D1 represent the same entity, except that the former is expressed
in the the xy-axes of the image plane, whereas the latter is expressed in the xyz-axes of the scene,
by conceptually positioning the vector in the projection plane within the scene.

A similar notation will be used for correspondences of 3 edges, except that sg,, ds2, d;2 are not
defined in this case, and that 14, and pg; are then simply normals to the third edge in the image
and in the projection plane respectively.

The correspondences between L,y, Ly, Ls3, Lsg in the scene and L;y, Li2, L;3, L4 in the image
imply the following constraints on the vectors defined above.

s1-pan =0 (B.23)
$2-pi2=10 (B.24)
ds1 (sd1 - pa1) = diy (B.25)
ds2 (8d2 - Paz) = diz (B.26)
pa1 - a2 = a1 iaz, P11 =0, P2 P2 =0, . (B.27)

Among the above equations, (B.23) and (B.24) express the constraints that matched lines must
have the correct orientation in the image, (B.25) and (B.26) express the consistency between
distances of parallel edges in the scene and distances between their projections in the image,
and (B.27) expresses that the edge vectors in the projection plane must have the same relative
orientations as their counterparts in the image. In the case of correspondences between 3 lines
in the scene and their projections in the image, only (B.23), (B.24), (B.25), and (B.27) apply. In
the absence of external information, it is not possible to assign consistent signs to corresponding
vectors such as $] and ;. This is not an issue for equations (B.23), (B.24) and (B.27). Since L,
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is matched to L;; and L,s to L;; and not vice-versa, sz; and iz can be assigned consistent signs,
even though the latter is generally not the projection of the former. As a consequence, all the
equations above are independent of arbitrary sign choices.

Solution Given Two Pairs of Parallel Edges

It is possible to solve equations (B.23) and (B.25) for pg; , since these are two independent
constraints on a unit vector.

. da . @ .
pd1 = d_lls‘“ +4/1- Eii‘ (sa1 X 1) (B-28)
s s

The above solution is easily verified by inspection. Similarly, (B.24) and (B.26) can be solved
for pg, as follows

. _dp d, . .
iz = d—zsdz +4/1- 5 (532 x 83) (B.29)
8 82

The viewing direction can then be obtained as
¥ o £pd1 X P2 (B.30)

Since each of (B.28), (B.29), (B.30) admits two solutions, the above method produces 8 poten-
tial solutions for ¥. However, we have not yet used the constraints on the consistency between
vectors in the image and their counterparts in the projection plane, as expressed in (B.27). First,
the sign in (B.30) can be determined by the sense of iz; and iz (clockwise or counter-clockwise).
Specifically,

sign (V- (ps1 X pd2)) = sign (1-; . (i;l X igg)) (B.31)

Second, the angle between the lines in the projection plane must match their angle in the
image. Specifically,

Pa1 - Pd2 = iq1 + a2 (B.32)

In the absence of noise, the above equation generally reduces the number of solutions for ¥ to
two, which correspond to Necker cube reversals. In the presence of noise, the above equation will
not be verified exactly, but only the solutions for # which produce small deviations from (B.32)
should be retained.
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Strategy for Choosing Two Pairs of Edges When the four edges exploited in the above
method must be selected from a larger set of edges, it is important to choose the two pairs which
provide the most accurate prediction of the viewing direction. This choice has two potential
facets, namely the selection of a pair of edges among a set of parallel edges, and the selection of
two such pairs among a set of pairs; we address the choices in this order.

Given a set of parallel edges, the method described above estimates a normal pg; to these
edges in the projection plane. The accuracy of the estimate of this vector with (B.28) should
dictate the choice of the best pair. We assume that $7, sg;, which are vectors in the scene, are
known exactly from the object models. The distance d,; is also assumed error free, but d;; may
be affected by image measurements; only those two distances vary with the choice of the pair of
edges considered. The error on pg; can be estimated as

Ady

|Apa| = ——
dgl - ‘[fl

(B.33)

The error estimated by the above formula is minimized for edges which are accurately located
in the image (small Ad;;), which are distant in the model (large d;;), and close in the image
(small d;1). The above criterion must be applied to choose the best two edges among each set
of parallel model edges matched to image edges. When more than two sets of parallel edges are
available to estimate the viewing direction, the choice of two of these must be dictated by the
accuracy on the estimate of ¥ with (B.30). Note that the unit vector ¥ is obtained by normalizing
the right side of (B.30). Therefore, the error on ¥ can be expressed as

1 ——
|av] = l |A(pa1 X pd2) 17l (B.34)

|Pdr X pd2

In the above equation, the second factor of the right side is the error of the cross product in
(B.30), projected orthogonally to 7; it is a quite complex function of all the vectors involved, and
depends ultimately on the accuracy of both pg; and pg;. The first factor reveals that errors will
be magnified by a potentially large factor when the vectors pg; and pg, are nearly aligned. We
have decided to base the selection of two pairs of vectors on the minimization of

(Iapa| + [Apa2])/ (Par X Pa2) (B.35)

This choice will favor pairs which provide an accurate estimate of p; and a couple of pairs
which represent sufficiently different orientations in the image plane. In the above discussion,
we did not consider the estimation of ty, ig;, di; themselves. When a pair of parallel edges is
selected from a larger set of parallel edges, i; should be estimated as a weighted average of the
o_r‘ientations of all the edges in the set; then, ig1 is chosen normal to i-f, and d;; is measured along

id1-
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Solution Given Two Parallel Edges and a Third Edge

We consider now the case where the parallel lines L,;, L, and the line L3 in the scene are
matched to L;;, Li2, Li3 in the image. In this case again, the vector pg; in the projection plane can
be estimated with equation (B.28). However, a different method must be devised to determine
a second vector in the projection plane. Since (B.24) is an explicit constraint on pz,, we choose
to estimate the orientation of this particular vector in the projection plane. Since pg; is a unit
vector, the two constraints (B.24) and p7; - p3; = iq; - 142 in (B.27) are sufficient to narrow the
choices for pg; down to two solutions. Indeed, the problem is to find a vector given its length and
the scalar product with two vectors; the solution can be found, for example in [13], page 457-458.
The particular solution in our case is given by

Pd2 = 1—% (Pdr = (82 - Pd1)$2) £ A($2 X pa1) (B.36)
- (82 pa1)

where the parameter A is determined by adjusting the length of pz; to 1. The above solution
is easily verified by inspection. After estimating pg; with equation (B.36), the viewing direction
is again estimated with equation (B.30). Among the 8 solutions that are obtained, half can
be eliminated by the constraint on the relative orientation of pg; and pgz in (B.31). Some of
the solutions of (B.36) correspond to a complex value for the parameter A and can be further
eliminated. Depending on the orientations of edges, the above method provides 2 or 4 valid
solution to the estimation problem.

Choosing 3 Edges for Estimating the Viewing Direction When estimating the viewing
direction with three edges, two of which are parallel, it is important to properly choose the edges
to which the above method is applied, when this choice is possible. We analyze here the error
on the viewing vector resulting from inaccuracies of the image data, and develop a strategy for
choosing the appropriate triple of edges based on this analysis.

When more than two image edges are matched to parallel edges in the scene, the selection of
the best pair of edges should proceed along the lines of paragraph B.2.2. The errors related to the
third edge are now addressed. Errors in the estimate of pg; with (B.36) arise from inaccuracies
in iz - ig2 and in pZ;. The correct expression for the errors is quite complex, but in general, the
estimate is well conditioned when |3 X pg;| and 12 X ig; are large. Given a set of parallel edges,
we choose the third edge by minimizing the product

(82 pa1) (i;1 . i:;z) (B.37)

Estimation of the Image Plane Rotation and Translation

In the above paragraphs, we developed a method for estimating the viewing direction of a
fixed scale orthographic transformation from correspondences of 3 or 4 edges in the scene to their
counterparts in the image. In order to fully determine the viewing transformation, however, it
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is also necessary to estimate the rotation and translation inside the image plane. We develop
here a method for performing these estimates. The method is based on choosing an arbitrary
rotation and translation for the projection plane axes and synthesizing the projection of L,;, L,2,
.. in that plane. The comparison of these projections with the corresponding lines L;;, La, ...
in the image provides the discrepancies in position and orientation; the parameters of the correct
transformation are then adjusted to compensate for these discrepancies.

The discrepancy between the orientations of the synthesized projections and those of the lines in
the image can be obtained easily as a weighted average of the angle differences between the image
lines and the projected lines. However, it is a little more intricate to characterize the relative
translational position of the two sets of edges, since the endpoints of corresponding edges are not
assumed to match. In order to characterize the position of a set of infinite lines in the planes, we
have developed the concept of a center of mass of a set of lines. This point is characteristic of a
set of lines in 2-D or in 3-D, and is unaffected by translations and/or rotations. The translation in
the image plane is estimated by computing the center of mass of the image lines and the center of
mass of the projected model lines in the image plane. The image plane translation is then simply
the vector distance between these two points. In order to take into account varying degrees of
accuracy on the position and orientation of the edges in the image, corresponding weights are set
on each edge for the estimation of the centers of mass.

Estimation of the Center of Mass of a Set of Weighted Infinite Lines We define the
center of mass G1(zg,ys) of a set of lines L; as the point which minimizes the sum of squared
distances to each L;. The center of mass of a weighted set of lines is obtained by multiplying each
distance by the weight W; associated with the corresponding line. Let each line L; be determined
by a unit vector u; along the line and the coordinate vector Z; of a point on the line. The center
of mass we are trying to determine is characterized by its coordinate vector zG; it is determined
by minimizing the weighted sum

E =Y WidX(Li,G) = 3 Wi [l - a5l - (& - 23) - @i’ (B.38)
The above weighted distance measure is minimized when zg solves
> [wd - waha] = [ wid - waT)) <% (B.39)

Note that under this definition, the “center of mass” of a single line or a set of parallel lines is
not a point but a line. However, in the general case, this definition yields the intuitive location
of the center of mass.

It is easy to verify that the preceding equations for zg are invariant with respect to translations
and rotations. However, the “center of mass” defined by the above method is not conserved in
projections, or otherwise said, the center of mass of a set of lines in the image plane is not the
projection of the center of mass of the corresponding lines in the scene. A simple counterexample
is found by considering two skewed infinite lines in 3-D and their projection on a 2-D plane. The
center of mass in 3-D is the midpoint of the perpendicular to the two lines, whereas the 2-D
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center of mass is simply the intersection point of the two lines. Generally, the midpoint of the
perpendicular to two lines does not project onto the intersection of the projection of the two lines
in 2-D.

This lack of consistency between centers of mass in 2-D and in 3-D was cited only for the sake
of completeness; it is not an issue for our application since our comparison is only based on the
center of mass of lines in the image and that of the projection of the scene lines in the projection
plane.

B.2.3 Iterative Estimation of the Viewing Direction

In the preceding sections of this section, several closed-form methods were discussed for esti-
mating the imaging transformation given a set of corresponding infinite lines. However, all these
methods are suboptimal in nature; optimal solutions can be obtained only with iterative meth-
ods. We discuss here the iterative update of a viewing transformation, given correspondences of
straight lines. This iteration can be used to refine a transformation estimate obtained by one
of the methods discussed above. Although this iteration could be used to solve the estimation
problem by itself, we have experienced divergence of the iteration when the starting point is re-
mote from the solution point. Consequently, it is advisable to use one of the closed-form solutions
methods to produce a first estimate of the transformation, then to use the iteration to refine the
transformation.

In this context, we will adopt the following notation for the transformation
75 = I3Ags + a1 , with ATA= %1 (B.40)

In the above equation, A is a 3 x 3 orthogonal matrix with scale s, I33 is the projection matrix
which retains the first two rows of A, and a1 = (a4 a24)T is the 2-vector representing the
translation in the image plane. During the iterative update of A, an estimate A(N+1) js evaluated
from the estimate A®Y) by applying small rotations and a small change of scale as in

AN = (1 4 As)Ro(Ad:)Ry(Ady)R:(Db:) AN (B.41)

Where the rotation matrices R;, R,, R, are given by

1 0 0 1 0 -Agy
R;-(AQS;-) = 0 1 _A¢x L] RI(A¢y) = 0 1 0 ’
0 A¢: 1 ) Ag, 0 1
1 -A¢. 0)
R:(A¢:))=| A¢, 1 0 (B.42)
0 0 1)
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The combination of these three rotations is, for small rotation angles,

1 -0, —Ady
R.RyR.=| Ad. 1 —Ag,
Ap, A 1

The update of the translation vector is written as
a(TN+1) = ag-N) + Aar (B.44)

In Section B.1.3, we determined two constraints for each match of a scene line with an image
line (B.9). Both constraints are linear in the unknown coefficients of the transformation and can
be written formally as

a1a1] + 2012 + 03a13 + (4a21 + Q5822 + Qel23 + Q7G14 + Qglz4 = Qg (B.45)

The updates of A and of ar from one step of the iteration to the next are determin(e]s b
+1
T

applying the measurement constraints such as above to the next estimates A(N+1) and a
These result in equations which can be solved for the update parameters As, A¢., Ady, Ad.,
Aa7. The constraint on these increments corresponding to the constraint on the a;;’s given above
can be expressed as

- (4831 + @503; + 06a33) AP,

- (a1a31 + 02032 + a3a33) Ay

+ (—a1a21 — @202 — @323 + a4a11 + asayz + @sa13) A,

+ (a1a11 + 2012 + @3013 + a4a21 + asaz2 + asazz) As

+ azlayy

+ agAayy

= ag — (a1a11 + a2a12 + aza13 + aqa + asazz + aeazs + ardis + agazy)

The suboptimal closed-form solution of the viewing transformation developed in Section B.2.1
consisted of solving a set of equations such as (B.45) for the eight unknowns a;;; the iterative
method consists of updating an initial estimate of the transformation by solving a set of equations
such as (B.46) for the five or six unknown As, A¢,, Ady, Ad,, Aays, Aays, With As fixed to

0 in the case of a fixed scale transformation. In both cases, the sets of equations are solved by
weighted linear least squares.
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B.3 SOLVING FOR THE TRANSFORMATION IN SILC

In SILC, the estimation of the transformation combines the three methods proposed above
to solve the estimation problem in most common cases. First, a solution is attempted by the
underconstrained least-squares method. To this end, the matrix MTM in (B.15) is evaluated,
and an estimate of the condition number of this matrix is used as an indicator of the applicability
of this method. In the negative case, sets of model and image edges are selected to apply
the vector method developed in Section B.2.2. Whether the solution is obtained initially with
the least squares method of with the vector method, an improved final solution is obtained by
applying the iterative update described in Section B.2.3, nominally for three iterations. We
have experimentally observed that the above strategy produces good results in most practical
situations.
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