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ABSTRACT

Occluding contours from an image sequence with viewpoint
specificétions determine a bounding volume approximating the
object generating the contours. The initial creation and con-
tinual refinement of the approximation requires a volumetric
representation that facilitates modification yet is descriptive
of surface detail. The "volume segment” representation presen-

ted in this paper is one such representation.



1. Introduction

Volumetric models have been the basis of numerous three-
dimensional object modelling systems. 1In order to represent the
desired volumes, various types of primitives have been specified.
Initially, polyhedra were used as combinations of a small set of
simple volumes [1l] and later as general volumes [2]. Each face
of a polyhedron may be considered to be part of the bounding
plane of a half-space. The interior of the polyhedron can then
be described procedurally by the "addition"™ and "subtraction” of
these half-spaces. Requicha [3] defines "general regularized set
operators” and a syntax for specifying the procedural description
in a constructive solid geometry scheme. The operators will
always vyield "valid®™ representations if the primitives have fin-
ite wvolumes. Through additional operators general sweep
representations can also be specified. Generalized cylinders are
a class of sweep representations that have been studied exten-
sively [4-8]. Elsewhere spheres [9] have been used in structures
approximating symmetric surfaces, 1i.e., three-dimensional gen-
eralizations of symmetric axes [10].

Most of the systems referenced to this point are geometric
modelling systems [11] ©primarily deveioped for computer aided
design applications, such as BUILD [2] and PADL [12], or for
image interpretation, such as MSYS [13], VISIONS [14] and ACRONYM
[15]. These systems wusually have interactive procedures for
deriving the three-dimensional models and often have a major
interest in the suitability of the model for graphical display

[16-18]. The primary concern of this paper is the development of



volumetric descriptions suitable for deriving three-dimensional
object representations from two-dimensional images. Determining
such representations has been the goal of many computer vision
systems since Roberts® original paper [1]. Roberts demonstrated
that three-dimensional information about the actual objects in a
single 1image can be derived under two classes of constraints.
The first class included overall scene domain constraints, e.g.,
the objects were planar faced, while the second class involvegd
specific object constraints, €.9., the objects were combinations
of a limited number of polyhedra. These polyhedra were the prim-
itives instanced in various sizes and arrangements to form the
actual objects in the scene.

Roberts' paper is extremely important for having established
a paradigm that many researchers in scene analysis have followed.
Attempts have been made to lessen the restrictions imposed by
either or both classes of constraints. For example, the specific
object constraints were replaced by more extensive domain con-
straints in the thorough work on line drawings of polyhedral
scenes, see [19-22]. Different sorts of scene constraints have
also been applied. For instance, known properties of special
illumination conditions can indicate surface orientations, see
[23-277.

The constraints can be reduced further by wusing multiple
views of the scene, often with a time ordering resulting in an
image sequence [28,29]. For each view in the sequence feature
pocints can be detected and a correspondence [30] formed between

the features in successive views. The image positions of the



corresponding feature points provide additional constraints that
can be written in the form of a set of non-linear equations [31-
337. Solving the set of equations yields a wire-frame model of
the three-dimensional positions of the scene components underly-
ing the image features. The multiple views presented in image
sequences can result from either camera or object movement (or
both) and provide an additional source of constraints through the
control [34, 35] or restriction [36] of the exhibited motions.
In the system we have developed the motion creating the multiple
views will not be controlled but will be precisely known through
viewpoint specifications.

Our work has been in the pursuit of two major goals. The
first goal 1is the development of a system that is capable of
deriving three-dimensional object description images, yet does
not depend completely on feature point measurements. The second
goal is the development of a scheme for representing three-
dimensional objects that is descriptive of surface detail, while
remaining functional in the context of a structure from multiple
view system. The result of this work is a system which uses the
occluding contours from multiple images with viewpoint specifica-
tions to construct a Dbounding volume approximating the actual
three-dimensional structure of the rigid object generating the
contours. The representation constructed to facilitate the crea-
tion and continual refinement of the bounding volume is referred
to as a "volume segment®” répresentation and will be discussed in

Section 3.



2. Volumes from Contours

By an "occluding contour®™ we mean the boundary in the image
plane of the silhouette of an object generated by an orthogonal
projection. In an intensity image the silhouette can most often
be formed by a simple thresholding of the intensity values. A
connected component analysis [37] of the resulting binary wvalued
image yields the boundary of the object silhouette.

Throughout this paper, the orientation of a view will be
specified by a point and three mutually perpendicular directions
that form a right-handed, three-axis coordinate system with the
given point as origin. The y-axis of each coordinate system is
considered to be the direction of the 1line of sight with the
(x,z)-plane being the image plane, i.e., the silhouette is pro-
jected onto the image plane by lines parallel to the 1line of
sight. Thus, an occluding contour is generated by the lines that
are parallel to the y-axis and that intersect the object, but do
so only at points which are on the object surface. For objects
with smooth surfaces this means that the lines are in the tangent
planes of their intersection points.

Clearly, then, the object surface must touch each contour
cenerating line. The problem is to determine which points on the
line are also object surface points. This problem is solved by
using the constraints imposed by the contour generating lines
from a second (and subsequent) view. The situation of two views
is shown in Figure 1. The contours are displayed in their
respective image planes and some representative contour generat-

ing lines are indicated by equal length sections of lines that
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Figure 1. Silhouettes and contour generating lines
for two views.



are parallel to the appropriate y-axis. The set of contour gen-
erating 1lines for a given view defines a volume which bounds the
actual object, however, this volume is by itself infinite. A
second view will also define an infinite volume that contains the
object, and if the second view is distinct, i.e., the two 1lines
of sight are not parallel, then the intersection of the two
volumes will still encompass the object and will be of finite
extent. Intersecting the volumes to define the approximation is
in the spirit of the geometric modelling systems [2,3,12], yet is
a process that can be applied to image data.

It is clear from Figure 1 that each contour generating 1line
for one of the views serves to constrain the extent of the possi-
ble object surface points on some of the contour generating lines
for the other view. 1In order to establish the initial estimate
of the object, the system must determine how each contour gen-
erating line constrains the volume from the other view and create
a structure that satisfies the wvarious constraints simultane-
ously.

To see how these constraints are specified consider Figure
2. Again, two contours are shown in their respective image
planes with the lines of sight corresponding to the y-axes.
Since these directions are distinct, the image planes are not
parallel and thereby must share a common line. The common line
for the two image planes is shown on the right hand side of Fig-
ure 2. This line is in the direction of the cross~product of the
two y-axes, and so is perpendicular to both axes, as indicated in

the figure. Now, the upper right contour is in the (xl,zl)-plane




Figure 2.

Scan line derivation of parallelogram
constraints.
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parallelogram in a given plane, but that is indicative of the
cross section being disconnected with each connected subset
bounded by a separate parallelogram. The locus of all the paral-
lelograms in the planes of the various scan lines is the bounding
volume which establishes the 1initial estimate of the object
structure.

With the object structure described in this manner, the sys-.
tem is ready to form the volume segment representation which will
be used in the subsequent refining process. The next section
will define the volume segment representation and then discuss
how it is derived from this initial parallelogram structure.

The process described in this section should be contrasted
with computer aided tomography [40] and other cross-sectional
methods [9,41,42] on two main points. First, the source of data
is a sequence of simple binary images possibly from a television
camera as opposed to the elaborate data acquisition mechanisms
required for tomography and’range measurement [43]. Second, nei-
ther the initial volume specification described above nor the
refinement process explained in Section 4 depends on predefined

cross-sectional decomposition of the data.

3. Volume Segment Representation

The three-dimensional structure to be derived from the
sequence of occluding contours is a bounding volume approximating
the actual object. For this reason the representation incor-
porated in this system is based on volume specification through a

"yvolume segment” data structure. The volume segment
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representation is a generalization to three-dimensions of the
rasterized area description. For the rasterized area, the seg-
ments each denote a rectangular area. The generalization to
three dimensions is to have each segment represent a volume,
i.e., a rectilinear parallelipiped with edges parallel to the
coordinate axes. 1In addition to grouping colinear segments into
lists, the set of segment lists is partitioned so that the sub-
sets contain lists having coplanar segments. The primary dimen-
sion of the rectilinear parallelipiped specified by a segment is
the length of the segment. The second dimension is given by the
inter-line spacing within the plane of the segment, while the
third dimension is the inter-plane distance. The latter two
dimensions are specified to be uniform throughout the volume seg-
ment representation.

The structure then maintains an ordered pair of wvalues for
each volume segment: the values are the y-coordinates of the
segment endpoints and are ordered into lists of segments having
the same x-coordinate, i.e, colinear. The x-level lists are then
coalesced into z-level ordered 1lists by common z-coordinate,
i.e., coplanar. From the top down this structure is a set of
“planes" parallel to the z=0 plane, that are ordered by z-value.
Each "plane" contains a set of "lines" parallel to the y-axis,
that are ordered by x-value. Each "line"” comprises a set of dis-
joint segments that are ordered by endpoint y-value. Figure 3
shows a schematic of a volume segment structure using linked
lists to order the various components.

In a general situation the primary advantage of this
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Figure 3.

Data structure schema for the volume segment representation.
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structure is that the process of determining whether an arbitrary
point is within the surface boundary consists of a simple search
of three ordered lists: select a "plane™ by z-coordinate; select
a "line" by x-coordinate; and finally, check for inclusion of the
y-coordinate in a segment. The simplicity of this process is in
contrast to that required by a representation scheme such as con-
structive solid geometry [3] wherein the object is represented
using regularized set operations on primitive solids. For a par-
ticular object represented by given solids, point inclusion is
specified by determining if the point is in each primitive solid
(possibly a difficult problem itself) and then performing the
logical operations corresponding to the set operations from which
the object representation is constructed.

The volume segment structure can also provide a fairly suc-
cinct representation, particularly for objects that are elongated
in the direction of the y-axis. It becomes more verbose as the
elongation extends in the z-axis direction, however, it always
remains more compact than surface-ordered enumerative representa-
tions, e.g., connected sets of "voxel®™ faces [44]. 1In comparing
a volume segment structure to a connected voxel face structure
one should observe that each leaf in the tree of the volume seg-
ment structure represents two voxel faces and remains only two
levels from the root of the structure. 1In addition each voxel
face must maintain its three-dimensional position and connections
to four edge-adjacent faces. In balance, surface connectivity is
not specified directly in the volume segment structure and may

require a small amount of searching to compute. As will be shown
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by the example in Section 5, forming a surface description from
the volume segments is possible and is computed as a matter of
course by this system.

Before proceeding with the details of that system let us
indicate a comparison with another volume oriented representa-
tion, that of Oct-trees [45]. Consider a simple cube measuring
2™ units on each edge that is embedded with standard orientation
in a single octant of a space extending 2"*1 ynits in each direc-
tion. For the volume segment structure to represent the cube
requires 27 z-planes each having 2" x-lines with 2 y-endpoints
per line. This yields 22n volume segments represented by a tree
having a total of (1427 + 22n+1) nodes. Note the connected voxel
face structure would require 22n voxel faces for each side of the
cube, yielding 6(22") faces.

In contrast, the cube can be represented by an oct-tree of
just 9 nodes. Of course, this example is a best case for oct-
trees. Now, translate the cube one unit in the x direction so
that the cube intersects two octants of the embedding space: the
volume segment structure and connected voxel face structure do
not change. However, the oct-tree fepresentation expands to
require 146+ ((4"*2-10)/3) nodes. Unit translations of the cube
in the remaining two principle directions will yield further
expansion of the oct-tree. Rotation of the cube can cause expan-
sion in both the volume segment and connected voxel face struc-
tures, but these expansions would not be of the magnitude

described for the oct-tree structure.
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4. Construction and Refinement for the Volume Representation

This section describes both the process by which the volume
segment representation is initially constructed from the paral-
lelogram structure detailed in Section 2 and the process that
refines the representation using subsequent views. The first
step in the initial construction process is to define a new coor-
dinate system, relative to which the volume segment representa-
tion will be specified. Consider, now, Figure 4, in which the
contours from two views are éisplayed in their image planes.
Also shown are the lines common to both image planes and a few
appropriate scan line segments for the contours. For the bottom
scan line of each contour the limiting contour generating 1lines,
i.e., the dotted 1lines parallel to the respective y-axes, are
shown forming the parallelogram for that plane. Also shown are
the parallelograms for the planes specified by the remaining scan
line segments. Note that the top scan 1line of the triangular
contour 1is a single point, resulting in a degenerate parallelo-
gram. Again, each parallelogram is in a plane that is perpendic-
ular to the common line. This observation suggests that the com-
mon line could be used as the 2z-axis of the volume segment
representation's coordinate system. Making that choice, the y-
axis of the new system is defined to be in the direction of the
line of sight for the first view, while the x-axis is selected to
complete the right-handed coordinate system, €.9., the
(x*,y',2")~axes in Figure 4. Of course, either line of sight
could be used for the y-axis as it is known that both are perpen-

dicular to the common 1line. The choice of one of these two
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Figure 4. Parallelogram structure yielding the initial
volume segment representation.
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directions is made to simplify the next step: parallelogram ras-
terization.

Each parallelogram is taken as an area 1in the appropriate
(x',y')-plane and rasterized along scan lines parallel to the
y'-axis. For the plane of a parallelogram, the rasterization
results in a set of line segments parallel to the y'-axis for
each x'-value. Thus there is a set of Planes each having various
lines that are broken into segments. With this information all
that is needed is to add the linking structure and the volume
Segment representation will be complete. Figure 5 displays the
representation formed for the parallelogram structure of Figure
4, In Figure 5 the segments are drawn relative to the
representation's coordinate axis system. The dotted line from
the z-axis indicates the plane containing the segments derived
from what was the bottom parallelogram in Figure 4. The other
segments are in planes nearer the origin. Figure 6 displays a
summary of the algorithm to create the initial volume segment
representation that was just explained, while Figure 7 exhibits a
summary of the volume segment representation refinement process
that is described in the remainder of this section.

The refinement process is applied as each new frame (after
the first two) of the dynamic image is obtained. As was stated
earlier, this process makes extensive use of the clipping pro-
cedure that is based on rasterized area descriptions. To see how
this is done consider Figure 8. The volume segment representa-
tion of Figure 5 is again shown, however, the contour, image
plane and line of sight for a new frame are included in the
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Figure 5. Volume segment representation in its own
coordinate axis system.
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10.

Algorithm summary:

obtain image and viewpoint specification for first
frame.

form silhouette and extract boundary coordinate list
for first frame.

obtain image and viewpoint specification for second
frame.

form silhouette and extract boundary coordinate list
for second frame.

determine line common to the image planes from the
first and second frames.

rasterize the boundaries along scan line direction
perpendicular to the common line.

merge mutual constraints from corresponding scan
line segments to form the parallelogram description
of the object.

define the coordinate axis system for the volume
segment representation having the z-axis in direction
of the common line and the y-axis in the direction of
the line of sight for the first frame.

rasterize the parallelograms in each z-plane of the
new axis system to define the segments of the volume
representation.

add the linkage structure to complete the volume seg-
ment representation.

Figure 6. Initial representation creation.
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6.
7.

Algorithm summary:

obtain image and viewpoint specification for new
frame.

form silhouette and extract boundary coordinate list
for new frame,

project the y-axis of the volume segment representa-
tion's coordinate system along the line of sight and
onto the image plane of the new frame.

rasterize the new boundary along scan lines that are
parallel to the projection of the y-axis in the image
plane.

for each segment in the volume segment representa-
tion do the following:

5a. project the segment along the line of sight
and onto the image plane of the new frame.

5b. «c¢lip the projected segment to the rasterized
boundary.

5c. update the actual segment with respect to the
clipped projection.

create surface description if desired.

continue at step 1 if there are more frames, else
stop.

Figure 7. Continuing representation refinement.
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figure. The overall process is to clip the volume segments by
the new contour. For this to be done, the contour must be
rasterized properly. The required direction for the scan lines
is the direction in the image plane of the projection, along the
new line of sight, of the y-axis for the volume segment represen-
tation. The dotted lines in Figure 8 from the y-axis into the
(x',2")-plane indicate this projection. Note that the resulting
direction will not normally be parallel to the original y-axis.
The contour in Figure 8 1is shown to be rasterized along scan
lines parallel to this projected direction.

Given the properly rasterized area description of the new
contour the refinement procedure is as follows. Each segment of
the volume representation is projected onto the new image plane,
again according to the direction of the new line of sight. The
projected segment, then, is in the image plane and can be clipped
as described previously for the two-dimensional case. The origi-
nal volume segment can then be updated by modifying its length in
a proportion equivalent to that by which the projected segment
was clipped. 1In geometric terms, the clipped segment could be
inversely projected onto the line of the original volume segment,
with the resulting segment replacing the original segment, A
special case occurs when the line of sight happens to be parallel
to the y-axis of the coordinate system of the volume segment
representation. However, in this case each volume segment pro-
jects onto a single point in the image plane and a simple point
inclusion test on the area description (rasterized to an arbi-

trary direction) determines whether the entire volume segment is
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to be retained in or deleted from the representation.

5. An Example Dynamic Scene

To illustrate the volume segment representation and the pro-
cess which constructs 1it, an example is presented in this sec-
tion. The various stages of the example are shown in Figures 9
through 17. The four frames, with raster lines inserted, of the
input dynamic scene are presented in Figures 9 through 12, In
these frames the object rotates about a vertical axis so that it
traverses 90 degrees between the first and last views. The com-
bination of the first two views, i.e., Figures 9 and 10 results
in the surface shown in Figure 13. Each pair of "raster™ lines
(one from each view) generates a parallelogram which lies in a
plane parallel to the global (x,y)-plane. The parallelograms
have been connected along corresponding corners with the top and
bottom faces marked by crossing lines. The wvolume segment
representation resulting from this surface is exhibited in Figure
14. As stated earlier, each segment is parallel to the global
y-axis. In Figure 14 perspective cues have been added to provide
the proper sense of depth. The third and fourth frames are then
processed to constrain the volume segment representation to be as
it is displayed in Figures 15 and 16, respectively. Finally, the
volume segment representation of Figure 16 is transformed into a
surface description, as illustrated in Figure 17. It should be
noted that the surface representation of Figure 17 is derived
directly from the volume segment representation and is much more

general than the surface description shown in Figure 13.
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Figure 9: Contour from first view with
"raster" lines inserted.
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Figure 10. Contour from second view.
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Figure 8. Refining the volume segment representation
by subsequent views.
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Figure 11. Contour from third view.
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Figure 12.

Contour from the fourth and
last view.
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Figure 13. "Parallelogram cross—-section” surface des-
cription derived from the views displayed
in Figures 9 and 10.
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Figure 14.

The volume segment representation
of the surface in Figure 13.




Figure 15. The volume segment representation derived by
constraining the representation shown in
Figure 14 by the contour displayed in Figure 11.
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Figure 16. The final volume segment representation for
the dynamic scene.
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The general surface description derived from
the volume segment representation illustrated

in Figure 16.

Figure 17.
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6. Conclusion

The two major goals pursued in this work are, first, to
lessen the dependence on feature point measurements in a struc-
ture from multiple views system, and second, to develop a
descriptive three-dimensional object representation that was
suitable for a dynamic process of volume refinement. The results
are two fold: (i) a system has been developed which constructs a
volumetric structure for an object from a sequence of occluding
contours, and (ii) an algorithm has been formulated for the
representation, and refinement of this structure.

The occluding contours with viewpoint specifications from a
dynamic image are analyzed to initially form and continually
update a description of the three-dimensional object generating
the contours. The description 1is a bounding volume for the
object and is successively refined to yield finer approximations
to the actual object. Of course, from the silhouettes that form
the occluding contours it is not possible to resolve certain
kinds of concavities. 1In particular, object surface points for
which every tangent line (in the tangent plane, any line that
contains the given surface point) also intersects the object at
some non-surface point cannot be resolved using silhouettes.
However, the class of objects that can be described exactly is
large, and in fact, the object surface may have saddle points and
holes.

Clearly, to analyze the structure of objects a system must
provide a representation scheme. For three-dimensional objects

many different schemes have been proposed and used. The details
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of the representations usually are determined either by the data
acquisition techniques or by the ultimate application of the sys-
tem, with an important problem being the development of methods
for transforming between structures of the first type and struc-
tures of the second type, see€ Aggarwal et al [46]. The volume
segment representation described in this paper has been developed
to facilitate the acquisition of three-dimensional information
from dynamic images. The main attributes of the volume segment
representation are that it is easy to update (as required by the
continual refinement), maintains fine surface detail, simplifies
the point inclusion test, and can be readily transformed into a
surface representation.

For these reasons the work presented in this paper provides
an excellent basis for further research. 1In particular, the work
is appropriate to industrial automation applications. For exam-
ple, selecting one of several parts on a conveyor using the views
taken from several cameras fixed along the line of travel, or in
conjunction with a manipulator arm that could successively repo-
sition a part until an adequate approximation was derived. In
such applications there are usually fixed sets of possible
objects from which an unknown object must be recognized, implying
the need for a representation scheme suitable for creating a
library of possible objects, describing the unknown sample and
matching it to the library entries. Future research should be
directed toward exploiting the methods developed here in those

applications.
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