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Abstract

This paper addresses the problem of how to constrain the viewpoints of a 3D model that
can produce a given set of projected occluding contour features. Our approach is new in that it
relies on a precomputed occluding contour representation for polyhedral models that makes T-
junctions, contour terminals, and the change in contour topology explicit. These features are
organized into a structure encoding inter-feature relationships and dynamic feature changes over
viewpoint. Viewpoint constraints generated from this shape representation are used as an index
for the problem of recognizing 3D objects from a single monocular image or a set of images
gathered over time. The indexing strategies use occluding contour features such as T-junctions
to narrow viewpoint by hypothesizing model-image correspondences based on measured contour
features and their relationships. An hypothesized correspondence includes a highly constrained
viewpoint estimate since occluding contour features are defined by the small region of
viewpoints where they can occur. The implementation results demonstrate that a strategy for
indexing and matching using simple T-junctions can efficiently solve for a viewpoint that is

close to the exact viewpoint and consistently accounts for the occluding contour features.
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1. Introduction

This paper addresses the problem of how to constrain the viewpoints of a 3D model that
can produce a given set of occluding contour features. Our approach is new in that it relies on
precomputed features of the occluding contour for polyhedral models, features that are organized
into a structure making inter-feature relationships and dynamic feature changes explicit.
Viewpoint constraints generated from this shape representation are used as an index for the prob-
lem of recognizing 3D objects from a single monocular image or a set of images gathered over
time. It is assumed that: (1) precise geometric information about the models is known; (2)
features such as edges and occluding contours can be detected from the image set; (3) informa-

tion such as surface normals or texture is not available.

The problem of constraining viewpoint for a particular model is a subproblem of model-
based 3D object recognition. In general, model-based approaches select a model M and the
corresponding model transformation T that best matches the image data. For each model, the
best transformation T selected from all possible model transformations is computed. Recogni-
tion is the selection of the "best" model-transformation pair, that is the pair (M, T) with the
highest degree of match. Thus a fundamental problem is viewpoint determination, the computa-

tion of the model transformation that best matches the image for a given model.

Three well-known approaches to the viewpoint determination problem are iterative
viewpoint revision, interpretation tree methods, and transformation space for the accumulation
of local evidence. Iterative methods revise an initial estimation of viewpoint to bring a model
into correspondence with the image [Lowe87,Ponc89]. Interpretation tree methods use a con-
strained search through a tree of model-image correspondences to solve for feature correspon-

dence and viewpoint [Grim90]. The transformation space approach, which is based on model-



image feature correspondences, accumulates local evidence for a model transformation com-

puted from a measured feature such as the vertex pair [Thom87].

One important weakness in each of these approaches is the difficulty in finding a starting
viewpoint, one that is known to be relatively close to the best viewpoint solution for a particular
model. Iterative methods must start close enough to a solution in order to guarantee conver-
gence to a global solution. Interpretation trees tend to be large, and the lack of global viewpoint
constraints yields a search space that is exponential. Transformation spaces are also large, and
without constrained viewpoint regions the entire space of transformations must be quantized and
represented in order to find global peaks. In each approach, a constrained starting region greatly

reduces the work to follow.

Current researchers have used two different methods to hypothesize a viewpoint starting
region for a model: perceptual organization and the aspect graph. The principles of perceptual
organization attempt to globally constrain the possible starting points for a model by precomput-
ing views that produce persistent, nonaccidental feature sets [Lowe87a]. The aspect graph gives
a natural division of all viewpoints into a set of starting points, one starting point for each
viewpoint region corresponding to a node of the graph. A global solution is the best solution

across all nodes [Bowy89].

Our method uses the occluding contour to constrain the viewing transformation. It is
known that the shape of the occluding contour provides strong information for 3D object recog-
nition [Koen84, Rich88]. Information about depth ordering and viewpoint can be inferred from
T-junctions and their relative orientations, and the shape of the occluding contour is directly
related to the 3D surface generating it. For example, Fig. 1(a) shows that the T-junctions and

occluding contour segments alone of a projected 3D object provide enough information to recog-



nize it.

The relationship between sets of occluding contour features generated by arbitrary non-
convex 3D shape strongly constrains the possible viewpoints that can generate those features.
For example, the projected 3D object in Fig. 2 is rich with visual cues such as T-junctions, end-
ing contours, concave and convex arcs, and inflections. These features independently and in
relationship to each other constrain the possible views that can generate the given projection.
This notion is captured in part by the aspect graph. The aspect graph is a graph where nodes
represent regions of viewpoint space, and arcs represent adjacencies in viewpoint space. The
division of viewpoint space into nodes is done so as to preserve constant aspect within each
node. Two views are in the same aspect when the features projected from those views are quali-
tatively the same. Constant aspect is a region of viewpoints where the projected features from

every viewpoint in the region are qualitatively the same.

(a) (b)

Figure 1. (a) The projection of selected junctions and corners of a 3D model. (b) The com-
plete model. This figure is adapted from [Bied85].




Although the visual information captured in the aspect graph is complete and perceptually
salient, the organization of this information prevents its effective use. There are several reasons
for this. First, the lack of structure in the aspect graph makes it difficult to match a set of
features to an aspect node given only partial information. Second, the definition of aspect used
to partition the model can potentially depend on features that are never observable in an image.

Third, the changes in specific features and feature sets across adjacent aspects is not explicit.

This paper describes a new approach to the starting viewpoint problem using shape features
of the occluding contour. In particular, the inflections and junctions that arise from self-
occlusion and non-convexity are used as features to determine a constrained viewpoint region
for a model. These contour features are precomputed and, unlike the aspect graph, are organized
into a structure that makes inter-feature relationships and dynamic feature changes explicit. We
relate precomputed model geometry of the occluding contour that is dependent on viewpoint to

features in image data. This relationship globally constrains viewpoint and provides a direct

o

Figure 2. The projection of a 3D non-convex object is rich in visual cues that strongly constrain
viewpoint. This figure was taken from [Koen87].




model-to-data correspondence for features of the occluding contour. Included in this framework
is a representation of the dynamic evolution of the occluding contour as a function of viewpoint.
This dynamic information gives the potential for using image changes over time for viewpoint

determination.

We use polyhedral object models, and the behavior of the occluding contours of these
models is precomputed and organized for searching and matching. Although the occluding con-
tour of a polyhedral model does not change continuously with viewpoint, it changes discretely
and provides an analog of the smooth occluding contour in the polyhedral domain. Definitions
of the visible rim and the occluding contour are given in Section 2, along with a description of
the rim appearance representation, a complete encoding of the structure of the occluding con-
tour of a polyhedral model [Seal90]. Section 3 specifies how features of the occluding contour
appear in the image plane, and identifies feature properties that serve to constrain viewpoint.
The indexing and search issues involving the occluding contour representation are presented in
Section 4. Section 5 presents implementation results from a prototype system that constructs
occluding contour information for polyhedra and then matches this information with projected
contour features. Results include information about the number and the persistence of precom-
puted model contour features, as well as a matching algorithm that consistently accounts for the
occluding contour features in images. These results and future directions are summarized in

Section 6.

2. Representing Rim Features

The occluding contour produced by a 3D opaque shape is generated by the projection pro-
cess and is directly dependent upon viewpoint. This dependence is the primary property that

gives the contour such strong viewpoint-constraining power. A correspondence between a con-



tour feature and a section of a 3D shape that projects to that contour includes a viewpoint con-
straint. The dependence upon viewpoint is also the cause of major representational difficulties
since, in general, changes in the contour occur even for infinitesimal changes in viewpoint.
First we clarify the terminology for the rim and the contour, and then present the important
aspects of a novel method for computing and representing the features of the polyhedral occlud-

ing contour.

2.1. The Rim and the Occluding Contour

The terminology for describing the points on a shape related to the projected contours in an
image vary widely. Marr used the terms contour generator, contour, and silhouette [Marr77].
Others have used terms such as limbs [Egge89, Nalw88, Mali87] and the rim [Basr88, Koen87].
To avoid confusion, we define precisely the meaning of the sets of 3D points we call the rim, the
visible rim and the occluded rim, and the sets of 2D points in the image plane called the contour,
the occluding contour and the occluded contour. Let p € S be a point on a smooth, oriented,

compact surface in R®. The rim is a set of points on § defined as follows:

Rim: p is on the rim if the viewpoint vector V is tangent to S at p.
Visible rim: p is on the visible rim if p is on the rim, and p is visible from V.
Occluded rim: p is on the occluded rim if p is on the rim, and p is not visible from V.

The occluding contour is a set of points in the image plane generated from S under projection.
The contour points are related to the rim as follows:

Contour: The contour is the projection of the rim.
Occluding contour: The occluding contour is the projection of the visible rim.
Occluded contour: The occluded contour is the projection of the occluded rim.

Observe that this definition of the rim is local, and that the contour generated by the projection
of the rim contains points that are potentially, but not necessarily, visible. Note also that the

entire surface S can be divided into patches of points that are either potentially visible or not visi-



ble. The rim is the transition, or the boundary, between patches [Koen90]. The projection of the

rim is the contour that would be generated by transparent shapes.

The projection of opaque shapes causes global occlusion, removing some of the rim points
from view. For any viewpoint the set of rim points is only potentially visible, and so the rim can
be divided into two sets: the visible rim and the occluded rim. Clearly this induces two sets of
points in the image under projection. We define the occluding contour to be the projection of the
visible rim. The occluded contour is the projection of the occluded rim. Fig. 3 illustrates the

distinction between these sets of points.

Given these definitions we can construct the analog of the rim for arbitrary polyhedra. We
restrict a polyhedron to form a set of closed, oriented 3D volumes. Each edge is the intersection

of exactly two faces, and each face is oriented, its orientation given by the ordering of the edges

Figure 3. The rim, shown as dotted lines, is the set of points where the viewpoint V is tangent to
the surface. The rim points labeled a and b are visible, while the rim points labeled ¢ are occlud-
ed. The rim sets generate a corresponding contour under projection. The rim is the boundary on
the surface between points that are potentially visible and occluded.
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Figure 4. (a) The points where the viewpoint V is tangent to the surface are rim points. The
rim is the boundary between potentially visible surface points and invisible surface points. (b)
The polyhedral analog: rim edges on the boundary between potentially visible and invisible
faces.

bounding it. An edge is on the rim when exactly one of the two faces adjacent to it is turned
toward the viewing direction. This is analogous to the definition of the smooth rim in that the
rim edges are the transition edges between parts of the model that are potentially visible, and
parts that are not visible. In Fig. 4(b), the rim edges are exactly those edges bounding the transi-

tion between sets of faces that are potentially visible and faces that are not visible.

2.2. The Rim Appearance Representation

The rim appearance representation is the encoding of all the visual events affecting the
appearance of the rim [Seal90]. A visual event includes T-junctions and triple-edge junctions,
and the degenerate events such as the alignment of an edge and a vertex. The important contri-
bution of this representation is the fact that the exact appearance of the contour is computed in
closed form, with its features stored explicitly. By contour feature we mean the junctions, splits
and merges of the contour, as well as other interesting contour shape properties such as high cur-

vature points. The rim appearance information is encoded as an exact set of volumes in aspect



space, a multi-dimensional space formed from the image plane x viewpoint space. Each edge
corresponds to a volume in aspect space, the boundaries of which are algebraic surfaces and
curves with a geometric interpretation that results from the apparent intersection in the image

plane of pairs and triples of unconnected edges. See [Plan88] for the details of aspect space.

There are three important characteristics of the precomputed rim appearance that make it
useful for solving the starting viewpoint problem:

e Visual event extent (persistence) in viewpoint space can be computed exactly

e The interaction between contours (as opposed to only individual edge interaction) can be

represented by making interaction adjacencies across viewpoint explicit
e Changes in feature relationships are encoded as a function of viewpoint

The viewpoint extent of a visual event is the bounded region of viewpoint space over which
the event is visible. For example, a T-junction between two edges persists over a patch of view-
ing directions on the view sphere. The boundaries of this patch arise from three separate sets of
constraints: the planes defining the viewpoints where the edges are on the rim; the planes defined
by the endpoints of the edges; and the triple-edge interactions that cause global occlusion. The
persistence of a feature, measured by the size of the space of viewpoints over which it occurs, is

a direct indicator of its likelihood of being observed.

Related to individual event extent is the adjacency between event patches. Adjacency
information permits the extent of a contour feature to be computed even though the edges form-
ing that feature change. For example, edges that are connected spatially and that form separate
but adjacent T-junction patches are associated together as the continuation of the same contour-
contour interaction. This continuation guides a search to refine an initial guess at a contour-
contour interaction match, since a subsequent set of edges on the contour-contour interaction can

be immediately selected for matching using this adjacency information.
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Figure 5. (a) The edges forming the circled T-junction change as viewpoint changes. (b) The
viewpoint extent of the T-junction for e, and e5 is adjacent to the extent of the T-junction for e3
and es. (c) The contour-contour interaction is a linked set of adjacent intervals in viewpoint
space. Dynamic change in feature values can be computed at the boundary.

Dynamic feature relationships are available by computing the change in features across
adjacency boundaries in viewpoint space. This precomputed change gives a prediction of the
change in the relationship of the contour features that guides the refinement of a contour-contour
match through viewpoint. In addition, this dynamic change information creates a framework
that will be used to incorporate dynamic image information gathered as viewpoint changes over

time.

Fig. 5 shows three views of a polyhedral scene. We assume that projection is orthographic,

and in Fig. 5 we allow only one degree of freedom in viewpoint direction. The T-junction
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formed by edges e, and es in the left view in (a) disappears in the middle view where e, leaves
the rim. The left interval along the viewpoint axis in (c) shows this extent. The T-junction
between es and e begins at this boundary, and the boundary coincides exactly to the viewpoint
where ¢, leaves the rim and face f appears. From the adjacency of these two intervals over
viewpoint the two distinct T-junctions can be associated together as the same contour-contour
interaction, despite the change in the edges that generate the interaction. Finally, the change in
the properties of the T-junction such as the angle formed in the image by the projected junction

is easily obtained across boundaries where edges either join or leave the rim.

3. Contour Feature Geometry and Organization

The features of the occluding contour that are precomputed for a particular model are
defined by viewing direction, self-occlusion from projection, and the curvature of the surface at
the rim. Thus the association of a feature in an image to a model contour feature implicitly
includes a set of constraints on viewpoint. These constraints are derived from the geometry that

produces the contour feature under projection.

We focus here on the following important issues: the geometry of contour features, the
organization of these features, and the viewpoint constraints resulting from model-image
correspondences. The problem of model-image correspondence is treated as a contour-level
correspondence rather than an exact edge-edge correspondence. This is based on the organiza-

tion of contour features across viewpoint, described here and in Section 4.

Smooth opaque shapes without surface discontinuities generate only T-junctions, smooth
contours, and contour terminals in the image plane [Mali87]. We assume that the polyhedral
model is an approximation of a smooth shape so that there are no true surface discontinuity

edges. In general surface discontinuities can be treated without difficulty, but we restrict the
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Figure 6. (a) Two edges project to a T-junction for a limited range of viewing directions. (b)
The orthographic model represents a viewing direction as a unit vector (0, ) on the unit sphere.

discussion here to the rim. In this case the only persistent junctions in the smooth occluding
contour are T-junctions and contour terminals. Triple-contour (or higher order) intersections can
occur, but only from a 1D or 0D set of viewpoints. Any perturbation of viewpoint within an
open disc on the view sphere will cause the triple-contour feature to disappear. Accordingly, the
features we describe in detail here are the T-junction, caused by the intersection in the image

plane of two non-adjacent edges, and the contour terminal, caused by concave edges.

3.1. T-junctions

The geometry of the T-junctions formed by non-convex polyhedra is made simpler by the
fact that the edges forming the T-junctions are linear. The geometry of the interaction of two
edges forming a T-junction is illustrated in Fig. 6. The image coordinates of a projected T-
junction for two edges is represented directly as a function of the viewing direction V and the
endpoints of the segments [Plan88]. As shown in the figure, a viewpoint is modeled as a point

(0, ¢) on the unit sphere. The projective transformation is rotation by (0, ¢) and then
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orthographic projection in the direction of the z-axis.

Fig. 6(a) shows only edges, although under the definition of the polyhedral rim, edges
forming a T-junction are constrained by the visibility of the faces that meet to form them. Thus

a particular edge can only form T-junctions for viewpoints where that edge is on the rim.

A T-junction is observed under projection when the viewpoint is within a patch of
viewpoints on the unit sphere. The boundaries of the patch are defined by either sections of
great circles or polynomial curves generated by triple-edge events [Plan91]. Fig. 7(a) illustrates
the patch of viewpoints on the unit sphere where a T-junction occurs in the image plane. The
equations defining the boundaries of the patch are functions of the endpoints of the edges, the
normal to the faces meeting at each edge, and the global occlusion that modifies the visibility of

the T-junction in the form of the triple-edge event [Seal90].

An entire set of T-junctions can be produced by a non-convex shape at a single viewpoint.
The relationships of T-junctions to each other is of interest because of the added viewpoint con-

straint that they provide. These relationships can be computed using the geometry of the T-

Figure 7. (a) A T-junction will occur between the two edges from any viewpoint within the
patch on the view sphere. (b) Two T-junctions co-occur in the image plane when the viewpoint
is in the intersection of the patches for each T-junction on the view sphere.
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junction patch boundaries. Two or more T-junctions that can arise from the same viewpoint
region define a highly constrained region of viewpoints, i.e., the region defined by the intersec-
tion of the patches for each individual T-junction. Two T-junctions occur from the same
viewpoint, or co-occur, when their respective patches overlap on the view sphere. The region
common to both patches is the set of viewpoints where: (1) the edges are on the rim; and (2) the
two pairs of edges will each project to a T-junction in the image plane. Fig. 7(b) shows two
patchs of viewpoints on the view sphere formed by two pairs of edges, and the intersection of

those two patches where the T-junctions co-occur.

The model-image correspondence for a T-junction is essentially an hypothesis that assumes
that two model edges create the image T-junction. The model edges can be aligned to the image
junction for any of the viewing directions within the viewpoint patch created by the geometry of
the model edges. After choosing a viewpoint, an appropriate rotation about the optical axis and
a translation in the image plane brings the model edges into correspondence with the image junc-
tion. Because a T-junction is oriented, with the stem of the T-junction being on the unoccluded
side, the rotation about the optical axis for alignment is well-defined. Fig. 8 shows two model
edges that are to be aligned with an image T-junction. The edges are rotated by the viewpoint
(6, ¢) and then projected to the image plane. The rotation o about the optical axis orients the

edges appropriately. The translation t in the image plane completes the alignment.

There are two important points to be made here. First, a model-image correspondence
implicitly constrains viewpoint since a T-junction defines a small patch of viewpoints. The
exact viewpoint within a T-junction patch that best matches the stem and occluding edge of the
image junction is difficult to compute, however. In fact, there may be multiple viewpoints

within a patch that can produce an angle that exactly matches the image angle. Despite this, the
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Figure 8. The T-junction formed by a pair of model edges is aligned with an image T-junction
by arotation o about the optical axis and an image plane translation 1 to align the junction point.

variation in the angle of the T-junction formed by two edges depends on the size of the
viewpoint patch where it occurs [Burn90]. The set of angles formed by a T-junction persisting
over a small region of viewpoint space can be approximated by the value of the angle at a single

viewpoint within the region.

3.2. Contour Terminals

The geometry of contour terminals is a key part of the change in the topology of the con-
tour across viewpoint. Contours end in polyhedra at a concave edge, an edge where the measure
of the exterior angle between the faces meeting at the edge is less than ©. Concave edges can be
excluded from the rim since a concave edge can never occlude anything behind it. When con-
cave edges are removed from the rim set, the rim can form a set of unconnected edges. For
example, Fig. 9 shows a simple polyhedron from a viewpoint where the set of rim edges are not
connected in R3. The discontinuity occurs at the dashed concave edges, shown in Fig. 9(c) The

broken contour that results under projection, shown in Fig. 9(b), consists of two sections. Each
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Figure 9. (a) A polyhedral model. (b) The occluding contour is broken by a combination of T-
junctions and contour terminals. (¢) The dotted edges are concave, and cause the contour termi-
nal.

section corresponds to part of the disjoint rim on the model. A concave edge causes the contour

to end at either a T-junction from self-occlusion or at a contour terminal.

The viewpoints where a contour terminal disappears (or a T-junction disappears) form visi-
bility boundaries on the view sphere. These boundaries divide the qualitative appearance of the
contour so that the topology of the projected contour is different for each region. This induced
viewpoint space division is similar to the idea of constant aspect from the aspect graph. Fig. 10
shows the qualitative difference in the projected contour for a polyhedral model. The curved
approximation illustrates the qualitative difference in the contour resulting from visible contour

terminals and T-junctions.

The set of viewpoints where the contour breaks at terminals and T-junctions is important
because those viewpoints bound regions where the contour topology changes. Over regions of
constant contour topology, information such as high curvature points can be computed, and the
relationship of those points to the projected T-junctions and contour terminals can be computed.

This qualitative description of the contour can provide a coarse description of the contour in
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Figure 10. These two views show the qualitative difference between the contours as a result of
contour terminals and T-junctions. Viewing regions are computed exactly where the contour
changes qualitatively as a result of visible T-junctions and contour terminals.

terms of qualitative connectivity and curvature information. At the same time, exact contour

appearance is still maintained in the polyhedral edges and their interaction.

4. Indexing and Viewpoint Refinement Using Contour Features

A viewpoint that is close to the starting point is very valuable for other techniques that can
use the starting point to solve exactly for viewpoint [Lowe87]. The organization of the contour
information for a polyhedral model is the basis for our method to find a starting viewpoint.
Given a set of contour features that have been extracted from an image, we want to determine
the viewing transformation of a model that will be close to the best alignment of the object with
the data. One benefit in encoding contour information is the ability to index to starting points
based on shape features alone, without solving for specific point-point or edge-edge correspon-
dences. Further, the persistence of events and the explicit relationships between features help

refine an initial guess and constrain viewpoint.
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4.1. Detecting Occlusion Features

The reliable detection of contour features is a difficult problem and is an area of active
research [Vail89, Thom85]. It is important to study the way in which shape constrains viewpoint
in the ideal case so that the methods discovered can be adopted and adapted in practice. It is
also important to maintain a framework that can incorporate methods to provide robustness.
Accordingly, we have studied this representation using idealized data, while maintaining a
framework to incorporate constraints from motion information that will give better contour

detection and localization.

Specifically, the encoding of the dynamic change in features as a function of viewpoint
directly represents shape changes observed in low-level motion-based methods. These methods
can more robustly compute contour information and provide shape change information over
time. The added robustness of contour feature detection from motion and the dynamic con-

straints from motion sequences will be incorporated into this framework.

4.2. Indexing

Explicit contour features provide several powerful ways to index to a starting viewpoint.
Precomputed contour features can be organized for indexing based on any measurable charac-
teristic that distinguishes between them. For example, T-junctions create a specific orientation
and angle. Multiple features together give relative orientation constraints and also provide scale
information. The contour topology itself can give a coarse estimate of the potential matching
sets of viewpoints. The implementation results we present in Section 5 make use of 'i"—junction
orientation and angle for indexing. In addition, we describe a method using feature pairs to

index and solve for scale.
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As stated previously, the angle formed by a T-junction between two edges is relatively
stable over a small range of views. Since contour-contour interactions are represented as piece-
wise edge-edge interactions, the angle for a contour-contour interaction can also be represented
piecewise, where each edge pair has a fixed, precomputed angle. Then, a starting point for a
match between a contour-contour event and an image T-junction is the part of the event that
matches the angle of the T-junction within some range of values. To complement this quick
indexing method, a fast verification of an hypothesized match can be accomplished by storing a
small number of contour segments with the model contour-contour event. A model-image
correspondence with matching angles and a small number of verified contour sections is fast to
compute. The probability of a large number of coincidental matches is low. Our initial results,

described in Section 5, show good performance for idealized data sets.

The well-defined geometry of co-occurring T-junctions provides a strong constraint on
viewpoint. For images where more than one T-junction resulting from self-occlusion can be
reliably detected, the relative orientation of a pair of T-junctions can be used as an index. A pair
of features gives more accuracy for indexing. In addition, scale can be recovered from the meas-
ured distance between the two T-junctions. The geometric relationships between multiple
features are stable for small changes in viewpoint. Thus, the precomputed values of these rela-

tionships can be efficiently organized as an index to a starting position in the model.

4.3. Match Refinement

Once an initial correspondence is made between a model contour feature and an image
feature, adjacency information across viewpoint guides match refinement so that the initial
indexed match can follow the contour feature through viewpoint space. Specifically, the initial

index step hypothesizes a candidate correspondence between an edge-edge interaction in the

19



Figure 11. The two different edge-edge events that appear at V; and V, are associated together
as part of a single contour-contour event. This is computed using edge connectivity and visual
event adjacency information.

model and an image feature. This hypothesis is really an hypothesis of a contour-contour
interaction, and the edge-edge interactions at nearby viewpoints are highly likely match candi-
dates. The nearby edge-edge interactions are precomputed in the rim appearance representation.
Thus the hypothesized correspondence between a contour-contour event and a T-junction is
refined by following the precomputed event in the model over viewpoint. If the final refined
match is below some threshold, it is abandoned for another contour-contour event generated

from the initial indexing step.

Fig. 11 gives an example of a contour-contour event that is followed in the model from one
viewpoint to the next. An index step that hypothesizes the edge-edge interaction at V; is able to

move to the edge-edge interaction at V, to attempt to find a better match.

The result of this process is the computation of a viewpoint that is close to the best possible
viewpoint for a particular model. A complete model-image correspondence is not found, and the

best viewpoint is not found. Rather, the result is a viewpoint that accounts for the observed
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occluding contour in a consistent way. Consistent is determined by the constraints in the way

the 3D model can project to the image plane.

5. Implementation Results

A prototype system is being developed to study the issues involved with a model-based,
explicit representation of occluding contour features. We have implemented algorithms that
compute the exact appearance of the occluding contour of polyhedra under orthographic projec-
tion. The results we report here are twofold. First, the task of computing and storing the contour
information for medium-sized polyhedral models is shown to be very manageable. Second, the
computation of starting viewpoints that are close to the true viewpoint for polyhedra given a set

of synthetic projected shape information is successfully demonstrated.

Model | Faces | Edges | Vertices Visible Average Event
EE-events Persistence

S-shape 16 36 24 142 15%

Torus 256 512 256 1210 2.5%

Figure 12. Size information for the two models above is shown in the table. Event persistence
is the percentage of the entire area of the view sphere over which the event occurs.
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Fig. 12 shows two example polyhedral models. The table in Fig. 12 indicates model size,
the number of edge-edge interactions computed for each model, and the average persistence of
each edge-edge interaction as a percentage of the total area of the view sphere. The number of
edge interactions produced by a model is a function of several variables including the size of the
model, the amount of non-convexity, and the sharpness of the angles between adjacent faces of

the model.

There are two important observations from the table in Fig. 12. First, the EE-event infor-
mation is small enough to be efficiently computed and stored for a model with a moderate
number of edges. The number of EE-events is O(n?) where n is the number of edges. Rim con-
straints and non-degenerate polyhedral models give an average complexity that is much smaller
than this worst-case size. Second, the average persistence of EE-events decreases with an
increased number of polyhedral faces. These observations illustrate the size/accuracy tradeoff
that exists between large models that provide a very close approximation to a smooth surface

and small models that provide a coarser approximation.

Figs. 13 and 14 show the computational results of determining a starting viewpoint given a
synthetic image generated from a randomly-selected viewing direction. The image contours
were generated using orthographic projection with fixed (known) scale. Each image was
represented as a set of individual edges, with known T-junctions. An approximate solution for a
model-image match is a viewing direction (8, ¢), a rotation o about the optical axis, and a trans-

lation 1 in the image plane.

The circled T-junction in Figs. 13 and 14 was used as the feature to index into the precom-
puted representation of the occluding contour. The measured angle of the T-junction was used

as the primary index into the set of T-junctions, with an initial match being any angle within 10
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Figure 13. Starting viewpoint determination for a polyhedral model consisting of two separate
shapes. The circled T-junction was used as the feature for indexing into the exact representation
of the occluding contour for the model.

degrees of the measured value. The relative position of the occluding contour to the oriented T-
junction was used to further constrain potential correspondences. A measure of the degree of
correspondence was determined by matching other predicted T-junctions and rim features as

they appear from the viewpoint that produced the matching T-junction.

An exact solution for viewpoint is not found. An approximate solution is found that can be
used as the starting point for other methods that solve exactly for viewpoint [Lowe87]. Further-
more, a contour correspondence is found, not an exact edge-to-edge correspondence. The two
model edges aligned with the T-junction in Fig. 14 are not the same model edges that originally
projected to that T-junction. Because of the symmetry of the torus there are many close solu-
tions that can be found. A viewpoint is found that is within a fixed distance of the best

viewpoint and accurately accounts for the available contour information. For our set of test

models, all solutions were within g— radians of the known solution.
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Ten correspondences were made by the algorithm for the torus before the solution shown in
Fig. 14 was found. The first matches were rejected after measuring the degree of match of the
predicted occluding contour edges to the image. A rejected match was revised by following the
contour-contour constraints while still satisfying the measured angle constraint. Only 3 matches

were required for the view shown of the polyhedron in Fig. 13.

An interesting problem occurs with "coarse" polyhedral models such as the one shown in
Fig. 13. A coarse model is one that has large angles between adjacent faces so that it does not
closely approximate a smooth surface. Sharp angles cause individual T-junctions to persist over
larger ranges of viewpoint space and hence a projected angle value varies over a wide range.
This variation causes the initial indexing step based on angle only to perform badly. Additional
contour information incorporated into the index step can solve this problem and will help the

indexing method tolerate noise.

Figure 14. Successful starting viewpoint determination for a model of a torus using oriented T-
junction and relative contour features. The projected model is superimposed on the image in the
figure on the right. The orientation of the T-junction and the relative position of the occluding
contour was used as an index for matching.
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There are several interesting observations that can be made about the indexing and match-
ing process. First, convex shapes provide no occlusion-based information, although the interac-
tion between several convex polyhedra gives occlusion cues that constrain viewpoint. Second,
symmetry causes a larger number of matches to occur since there is a locus of viewpoints that
create identical contours. Notice, however, that any such match is a valid starting point. Finally,
the initial analysis of this approach has not incorporated other shape-based information that is
almost always present in real 3D modeling situations. This omission was intentional in order to
study the representation of the occluding contour alone. Clearly, the addition of other shape
information, as well as texture, color, and surface markings, will provide a larger set of con-

straints for viewpoint determination.

6. Conclusions and Future Work

Features of the occluding contour contain strong constraints for viewpoint determination.
These constraints can be used to find a starting viewpoint for a model that is close to the true
viewpoint that matches a set of projected contour features without solving for exact point-point
or edge-edge correspondence. Our novel approach relies on the precomputed relationship of
contour features produced by polyhedra under orthographic projection. These precomputed
features include contour T-junctions, contour terminals at concave edges and the relative
arrangement of sections of the contour. The basis for the computation of this information is the
construction, at all viewpoints, of the rim for polyhedra, defined as the analog of the rim for
smooth shape. Precomputed contour information is organized over viewpoint based on edge

connectivity in the model and feature adjacencies across viewpoint.

Our indexing strategies use occluding contour features to narrow viewpoint by hypothesiz-

ing model-image correspondences based on measured contour features and their relationships.
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An hypothesized correspondence includes a constrained viewpoint estimate since occluding con-

tour features are defined by small regions of viewpoints where they can occur.

The implementation results demonstrate that a strategy for indexing and matching using
simple T-junctions can efficiently solve for a viewpoint that is close to the true viewpoint, and

consistently accounts for the occluding contour features.

There are two problems that we will address in future work. First, development of an
indexing structure that includes precomputed contour information such as extremal points and
inter-feature relationships will improve the reliability and efficiency of the indexing procedure.
Second, the problem of detecting occluding contour features and the sensitivity of this approach
to noise and incomplete data will be studied by using dynamic information over time. The con-
tour representation framework can incorporate constraints from the changes in contour with
respect to viewpoint. We are currently studying robust contour detection methods in image

sequences and the model-based application of the derived contour dynamics.
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