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In this research, we provide a new hybrid approach to
extract 3-dimensional models of the visible surfaces of
a polyhedral object in a range image. These models
are in the form of 3-dimensional faces, edges, vertices
and their geometry and topology (similar to B-Rep
models in solid modelling).

Our approach, called “combine and compare” com-
bines the use of edge-based and region-based low-level
segmentation to obtain more robust and reliable ana-
lytical descriptions of faces, edges and vertices of the
polyhedral object than the current purely edge-based
approaches. Using region-based information also facil-
itates a simpler subsequent geometric analysis (for in-
stance, classification of the vertices) than existing pure
edge-junction based approaches. We view this work as
astep toward the larger goal of obtaining complete B-
Rep models of objects in a scene from multiple range
Images.

Introduction

For many robotic tasks such as automatic path
planning and grasp planning, a robot needs a 3-
dimensional geometric model of its environment in
terms of faces, edges and vertices and their geometry
and topology For instance, a basic paradigm in path
planning, called the configuration space approach, ex-
plicitly computes the constraints on the joint angles
of the robot arm [13], [6]. For such computations, it
needs the following information (i) which edges form
a face, and the outward normal to the face, (ii) co-
ordinates of the vertices. Similarly, to find a grasp
position on a polyhedral object, one needs to reason
about the relationship among the faces of the object.
Such representations are very close to what are called
boundary representations (B-Rep) in Solid Modeling
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literature. A boundary representation is a method of
representing the 3-D geometry and topology of the
vertices, edges and faces an object [10]. We will also
use the term geometric (or polyhedral) models for such
representations.

In this research, our aim is to extract boundary rep-
resentations of visible surfaces of a polyhedral object
from its range image. The boundary representation, in
our case, is simply the vertices in a counter-clockwise
order (with the inside of the face on the left hand side
as the edges are traversed) on each face. This simple
representation is adequate for tasks such as motion
planning and grasping. Note that our methods do re-
cover the face adjacency relationships, however, it is
not made explicit in this representation. Furthermore,
boundary representation schemes such as winged edge
[10] be derived from our simpler representation.
Figure 1 shows the input to the system, a range image,
and Figure 2 gives the output, a boundary represen-
tation — each face of the object is listed along with
the vertices (their z,y,z co-ordinates that form the
face). The vertices are listed in counter-clockwise or-
der with the inside of the face on the left hand side as
the vertices are traversed.

There are several reasons for restricting our domain
to a polyhedral world. First and foremost is that al-
though a great deal of vision research has been devoted
to representing shape in general and [12], e.g., gener-
alized cones, Superquadrics, etc., there exists no sin-
gle shape respresentation that is suitable in all situa-
tions. In fact, there has been such a gap between CAD
models and vision representations of shape that CAD-
based approaches to build representations that are
particularly suitable for object recognition are them-
selves an active area of research [3]. Our main motiva-
tion comes from the robotic domain. Most industrial
objects are polyhedral; others that are not, can be ap-
proximated as polyhedra as far as planning collision-
free paths is concerned. Second, most planning algo-
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rithms assume that the objects in the robot’s envi-
ronment are polyhedral [13]. Furthermore, represen-
tation of polyhedral objects is fairly well understood
in the solid modeling literature[10]. Hence, our choice
of polyhedral world. Of course, later these models will
be extended to include curved surfaces.

Background and Relation to Other
Work

There are two broad sub-areas in our research work:
(i) low-level range image processing techniques that
extract geometric primitves such as jump edges, roof
edges, and planar regions, and (ii) intermediate-level
geometric analysis that uses the results of low-level
segemntation to extract more symbolic boundary rep-
resentations. Most vision literature is motivated by
object recognition as its goal, and the same is true of
recent literature in range images [11], [2], [4], [8], etc.
However, a few researchers have emphasized the need
for obtaining complete scene descriptions for a vari-
ety of other tasks, e.g. [15], [9] for polyhedral objects,
and [14] for curved objects. See [7] for a brief review
of these approaches.

Most of these approaches to extracting boundary rep-
resentation adopt the edge-based approaches as the
low-level segmentation, i.e., they use edge-detection
to extract edge segments that form the basic primi-
tives to be used for the geomterical analysis. This is
mainly because these edge-based approaches directly
provide the edges and vertices for deriving a boundary
representation of polyhedral objects. Infact, even the
surface information is then derived from these edge-
based primitives. However, inaccuracies in valid edge
segment declarations are very common and sometimes
almost inevitable. To achieve a boundary represen-
tation, especially in order to get the information on
which edge belongs to which surface and which edge
separates which two regions, accuracy Is very impor-
tant. A small error here may lead to significantly dif-
ferent results later on and may cause wrong inference.
Although the information derived from region-based
approach is not in an explicit edge-vertex form, our
thesis is that region-based information helps us get
robust and accurate description of what is in the im-
age, for example, surface (planar, in our case) equa-
tions. Our approach uses information from both edge-
based and region-based methods. Edge descriptions
are derived directly from edge processing (as usual),
however, surface information (analytical descriptions
of planes that form the faces of the object) is obtained
directly from raw image data using region-based ap-
proaches. Such descriptions not only help extract
more precise edge descriptions (roof edges), but they
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also help the subsequent geometric analysis to extract
valid vertices. In the next few sections, we first give
a brief overview of our approach and then give details
for each part.

Overview

Refer to Figure 3. The input data is a range image,
an array of depth values, z(i, ), with its correspond-
ing binary flag image which indicates where the range
image is valid. First, we extract a jump edge map
and a roof edge map from the range image. Note that
the term map implies that the representation is still at
pixel level, i.e., each pixel is characterized as a valid or
invalid edge pixel. Next, Hough transform technique
is used to extract symbolic jump edge segments. In-
dependently, surface segmentation techniques (based
on surface normals) are then used to extract planar
regions in the image. Least-squares-fit techniques are
then used to determine analytical representation of
each planar region. Each of these plane equations are
then intersected (“combined”) to determine feasible
roof edge segments. These roof edge segments are then
validated against (“compared”) with the roof edge to
determine valid roof edge segments. at this stage, we
have all the edge sements (roof and jump) in the im-
age. A very similar “combine and compare” method
is used to extract valid verices. A crucial point here
is that vertex extraction is done on each plane sepa-
rately. Having extracted the vertices, they are then
grouped in a closed loop and ordered in a counter-
clockwise fashion (with simple geometric tests) to de-
termine the final description of each face.

There are several novel features in our approach. First
and foremost, this combine and compare approach to
extract the roof edge segments is quite unique to the
best of our knowledge. The main distinguishing fea-
ture of this approach is that it uses region-based seg-
mentation to extract roof edge primitives. We believe
that this hybrid approach is more reliable, since, if
edge processing results in many spurious edges, this
method provides a mechanism to select the valid edge
segments. Our approach also applies the above “com-
bine and compare” idea to the process of getting ver-
tex information. That is, vertex positions are derived

by combining edge functions in all possible ways and

then comparing the results with already known infor-

mation on edges, such as its start and end point posi-

tions, to get rid of false vertex position declarations.

In addition, this geometric analysis is carried out one

face at a time, i.e., thereby greatly simplyfying the

analysis. Further, the vertices are classified according

to their pixel location and its relationship with the

other pixels on the same surface. This is quite differ-
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ent from most existing classifications, such as junction
dictionary, which is based on how lines (of different
faces) intersect . According to the classification used
in this thesis, as few as four types of vertices exist.
False vertex declarations are removed by checking to
see if its vertex type is allowed or not.

Description and Implementation of Our
Hybrid Approach

Low Level Segmentation: Jump Edge Map,
Roof Edge Maps, Planar Regions

Our segmentation schemes are simple, however, more
sophisticated schemes can be used [1]. Our emphasis
is on how the low-level segmentation results, e.g., roof
edge map are used later (to extract symbolic roof edge
segments) and not on how they are derived.

The jump edge map is derived (using the Sobel edge
operator) wherever the edge magnitude exceeds the
desired threshold. The gradient of each jump edge
pixel is stored for later processing ( such as Hough
transform).

The roof edge map is derived from surface normal
discontinuities [16]. A surface normal map could be
calculated using either the gradients in z and y di-
rections, or, by fitting planes in n x n window. The
roof edge magnitude, denoted by M,,,y, is computed
as the maximum angular difference between adjacent
unit surface normals. A roof edge is derived wherever
the roof edge magnitude (maximum angular difference
between adjacent surface normals) exceeds a desired
threshold.

For surface segmentation, we group pixels according
to their surface normal vectors. Pixels are classified
in the same plane if the angular difference between
their surface normal vectors is less than a threshold.
Furthermore, each region is shrunk by peeling off the
boundary pixels (i.e., pixels that do not have all eight
neighbours). This shrinking process is iterated a few
times (normally, three of four).

Extracting Symbolic Primitives
Jump Edge Segments

Jump edge pixels are grouped into edge segments us-
ing Hough Transform with two modifications. First,
we extract the startpoint and the endpoint, in addi-
tion to the p and 6 parameters. This, start point and
end point description is more explicit and easier to use
when trying to find which surface each edge lies on.
The other modification is to use a two-step-threshold
method. With this technique, we can eliminate much
of the noise while maintaining the ability to detect the
short edge segments. Each resulting jump edge seg-
ment is defined by its 2D and 3D start and end points,
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and its 3D line parameters.

Planar Equations

We use a least-squares-fit approach to get the ana-
lytical equations for the planes corresponding to the
faces of the object. In particular, the best fit plane
z = az + by + ¢ on each region is evaluated to get the
a, b and ¢ co-efficients.

Roof Edge Segments

The next step is to get a symbolic description of all
the roof edge segments in the roof edge map. A novel
approach is proposed and used here in order to get a
better result than the typical Hough transform type
methods. The approach is as follows:

1. Combine all the plane equations (say, n) into
groups of two in all possible ways (C} possible
combinations). Each combination represents a
potential roof edge segment and the (unique) line
equation that corresponds to the intersection of
the two planes is derived.

2. The potential roof edges are validated by veri-
fying if a significant number of roof edge pixels
in the roof edge map (derived earlier) are within
a given threshold distance from it. If no corre-
sponding pixels in the roof edge map are found,
that line will be declared as a false roof edge seg-
ment and will be removed. Also, during this pro-
cess, the start and end points of the edge are
recorded by finding the largest contiguous set of
edge points along the line that contains the roof
edge segment. Again, each resulting jump edge
segment is defined by its 2D and 3D start and
end points and its 3D line parameters.

The reason that this method is preferable to the
Hough Transform is that very small inaccuracy of
roof edge symbolic description derived from the Hough
Transform will result in very big error when trying to
know which plane they are on. However, in our case,
the symbolic edge description is derived from the in-
tersection of two planar equations, which are quite
robust, since they have been derived using a relative
large set of pixels in the region using least-squares-fit.
Now we have got symbolic descriptions of all the roof
edges and which two planes form each of these roof
edges; all the jump edges, and which plane a jump
edge lies on.

Geometric Analysis

Edge Segment Labeling

The edge segments are now examined to determine
which surface do they belong to. For roof edge seg-
ments, this is already accomplished. The start poin,
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the end point, and several intermediate points of each
jump edge are analyzed to see if they lie on one of
the planes. We associate a jump edge with one visible
surface. Therefore, only the plane that gives the min-
imum error is chosen as the plane that the jump edge
belongs to.

Extracting Vertices

Next step in our method is to extract vertices explic-
itly. A distinguishing feature of our approach is that
vertex extraction is done one face at a time. We first
determine all the edge segments on each plane, and
then the following algorithm extracts vertices on each
of the plane. Note, however, that the vertex process-
ing is done in 2D, in the image plane, i.e., the 2D
projections of the jump and roof edge segments are
used intead of the 3D segments.

1. Combine the edge segments (say, m) in all pos-
sible combinations to get all potential vertices

(C3).

9. Each potential vertex is then classified into one of
the following five different categories:

o valid vertices I that lie within a given threshold
of the already known start and end points of an
edge. o false vertices I that lie completely outside
a region. e false vertices II that lie completely in-
side the region. e false vertices III that lie on the
edges. o valid vertices II. Any potential vertex
that does not fall under the previous four cate-
goies.

Figure 4 illustrates four of these cases (For lack of
space, we can’t illustrate all the cases. Please see [7]
for details).

Since the vertices are extracted plane by plane, there
are some minor difference among them. Say for exam-
ple, if a vertex position is actually (10, 10,10), on one
surface it may be claimed as (10,9,9.5), on the other
it may be claimed as (9.9,9,9.4), we have to assign
a single value to the same vertex. We call this vertex
unification, and all vertices that fall within a threshold
distance of each other are coalesced to a single vertex.
Now we have a set of edge segments (on each plane),
each described by two vertices (end points) that form
it. Note that the same vertex may appear in many
different planes and may form an endpoint of different
edge segments on different planes.

Extracting Oriented Faces

The next step is to obtain the oriented faces, i.e., a
closed loop description of the vertices on each plane,
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traversed in a counter-clockwise direction. This pro-
vides the full description of an oriented face, and is
achieved as follows:

1. Start randomly with a vertex on a plane. Pick
either one of the edges that formed this vertex to
be the next edge. Traverse this edge to the other
vertex that forms this edge. Continue this way
until the starting vertex is reached. The edges
have thus been ordered into a loop.

9. Next, we make sure that the loop is in counter-
clockwise order. This is easily achieved by check-
ing if the determinant of the edge vectors at any
convex vertex is positive. If not, we simply re-
verse the direction of traversal of the loop.

Thus, we have extracted the visible surfaces in the
object in the form of oriented faces. However, since
all the vertex processing is done in 2D in the image
plane, the z-component (depth) of the vertices needs
to be extracted. Here, we simply refer back to the
surface equations to get the z-component.

Figure 5 shows our results for an “L” shaped non-
convex polyhedron (obtained from the PRIP Lab in
Michigan State University). The darker the gray level
is, the closer it is to the viewer. The same figure also
shows the discretized versions of the symbolic jump
edge segments and the roof edge segments. Region
segmentation and region shrinking experiments are
shown in Figure 6 respectively. The final result of
the processing, a simple boundary description, listing
oriented faces, is shown in Figure 2.

Extensions and Discussion

We have successfully extracted the boundary repre-
sentation of the visible surfaces of a convex polyhedral
object from its range image. The main emphasis and
novelty of our research has been on the geometric anal-
ysis aspect and the use of surface-based infromation
(that has been directly derived from the range data)
in this geometric analysis. Admittedly the test exam-
ples are quite simple, since, our main aim is to illus-
trate our methodology to recover complete boundary
descriptions of completely visible surfaces in a single
view. Our next steps are (i) to generalize our approach
for more general polyhedral objects, e.g., objects with
multiple holes and partially visible surfaces in a sin-
gle view, and (ii) integrate multiple views of the same
object from different viewpoints.
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Figure 1: The input to the proposed system: a range
image

% 202\. 19) (17,226,122)

(25,70, 82) (46,40, 241)

)
(45,228, 5%)
65,29, 1

12,40,62) (126,55, 124)

3 surfaces

on surface O, there are altogether 4 vertices.
in counter-clockwise order they are:
25 10 82; 46 40 241; 17 226 122; 5 202 19

on surface 1, there are altogether 4 vertices.
in counter-clockwise order they are:

48 228 84; 26 229 111; 46 40 241; 126 55 134;
on
in
65
49

surface 2, there are altogether 6 vertices.
counter-clockwise order they are:

29 117; 112 40 62; 126 55 124; 46 40 241; 25
10 35;

Figure 2: The output of the proposed system: a
boundary representation. The numbers represent the
z,y, z co-ordinates of the corresponding vertex.

10 82;
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Edge-Based Method
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Exu'act Planar Surfaces I

Roof Edge Map

Symbolic

Jgp Bags ocpmcat Compare Combine
Symbolic
Roof Edge Segments
Figure 5: For the image shown in Figure 1, the sym-
; bolic Jump and Roof edge segments are shown here.
Extract Vertices

Thin lines represent jump edges and the thick lines
represent roof edges.

Counter-clockwise
relation among
vertices.

B-Rep of Visible

Surfaces
Figure 3: Overview of the prop osed algorithm

Region O
Vertex A of L1 and Vertex B of L2 are within

Line L1 and Line 12 intersect at A. But A is outside the region  an acceptable distance.

of interest. Therefore, vertex A is labeled as invalid. Therefore, they are both labeled as valid vertex.

A 1355550 B

Line L1 and L2 intersect at A. But A is totally inside the tﬁ‘k‘f_fﬁuﬁﬂ?ﬁﬁgiﬁ?ﬁﬁm' ; ;
region of interest. e'F’i'gure 6: The planes extracted by region segmentation

are shown here. Our approach then combines these
planes with the edge information shown in Figure 5 to
obtain the output shown in Figure 2.

Figure 4: Illustration for different vertex types (a)
valid vertex I, (b), (c) and (d) are false vertex types.
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