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Abstract

This paper describes an algorithm for surface reconstruction from a set of scattered three-dimensional points extracted
from an image sequence. In this process, additional informdtiooh as location of the viewpoints and the points
visible from a particular viewpoints available and can be exploited for accurately recovering the shape of the objects
portrayed in the images. Initially, the set of points is subjected to a Delaunay triangulation that fills the convex hull of
the set of points with disjoint tetrahedra. The key idea of the shape recovery algorithm is to eliminate triangles that
obstruct the visibility of points from certain viewpoints, whose locations are known from the image acquisition pro-
cess. The major contribution of this paper is that we have been able to design an algorithm for surface reconstruction
that handles a wide variety of shapes, as opposed to currently existing techniques.
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1. INTRODUCTION sets of points are relatively dense. In these cases, some
general-purpose techniques for building the topology of the
Inrecentyears, avenues for using detailed three-dimensionabject surfaces are available. Such techniques are described
(3D) facility models have been widened with the emergencepriefly in Section 2. These techniques do not work well in
of Virtual Reality(VR) technology. To make efficient use of all cases, especially for objects with small cavities, and they
this technology, it is necessary to design a procedure for efean certainly fail when the sets of points are not dense. Such
ficiently representing and manipulating a detailed facility. Inis the case for sets of points recovered as a result of apply-
most instances, 3D object models are not readily availableing stereo vision algorithms to extract 3D information from
They need to be created by using commercial CAD softcamera images. But in this case, additional information is
ware. This is a tedious and time-consuming task. An alternaavailable and it can be exploited for accurately recovering
tive approach to creating 3D representations of existing objecte shape of the extracted objects.
is to extract object models from camera images automati- A useful geometric structure for topology construction
cally. Using multiple camera images, the 3D coordinates ofrom sets of scattered pointsielaunay triangulationwhich
points of interest belonging to an object, extracted from twoAills the space occupied by the 3D points with disjoint tet-
dimensional2D) images, can be measured. Atechnique forrahedra such that each point of the given set is a vertex of at
extracting 3D information from 2D images has been describegeast one tetrahedron in the triangulation. Constructing the
in Zetu et al (1998, 2000, in which points of interest are de- Delaunay triangulation of the set of points is not sufficient,
tected and their coordinates w. r. t. an object-centered cooas the cavities of the object will be filled with redundant
dinate system are measured. From the set of scattered 3idangles. To preserve the “true” shape, the redundant trian-
points, object topology has to be constructed. gles have to be eliminated. The main idea is to use the view-
There are general cases wherariori information about  points from which the images were taken to define imaginary
points connectivity is available. The assumption is that thdines [called virtual lines(VL)], from each viewpoint, to
the points of the object visible from that particular view-

point. In this way, redundant triangles are intersected by the
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does not have a destructive effect on the accuracy of shap
recovery. This can be ensured by using an adequate metho—
for 3D reconstruction(such as the one described in Zetu
et al., 1998, and othexsThe topic of recovering 3D struc-
ture from camera images is beyond the scope of this paper
The remainder of this paper is organized as follows. In
Section 2, related work is discussed. Section 3 presents
some preliminary background in Delaunay triangulation.
The shape recovery algorithm is described in Section 4.
Results are presented in Section 5 and conclusions are draw;
in Section 6. .

2. RELATED WORK

Most techniques for surface reconstruction from a set of scatig. 1. Example of a part of an objectiesk for which Boissonnat's tech-
tered points start with the Delaunay triangulation of the setnique fails.
The final product of the Delaunay triangulation is the con-
vex hull of the set of points. The convex hull cannot capture
any information about the cavities of an object. Thereforejs greater than the value associated with ABCD. Both tet-
we need to “carve” the convex hull until we are left with a rahedra have two faces on the convex hull formed by the set
set of triangles that best approximates the real shape of thef points defining the object. So, according to Boissonnat’s
object. rule, the tetrahedron ABEF will be eliminated first and con-
Boissonnat(1984) suggested a Delaunay triangulation- sequently the shape of the object will be destroyed.
based technique for shape recovery. In this technique, the More recently, a new geometric structure proposed to de-
convex hull of an object is sculptured by iteratively elimi- fine the shape of certain 3D objects is tdpha-shape&on-
nating the tetrahedra that lie in the exterior of the objectcept, described in Edelsbrunner and Mudik®94) and
(redundant tetrahedraaccording to a specific rule. Each Mucke (1993. Conceptually,a-shapes are a family of
tetrahedron belonging to the Delaunay triangulation of theshapes, parameterized by a reatanging from O tao. The
object points has associated with it a valMi¢hat is given  a-shape of a point set is a polytope that is neither necessar-
by the maximum distance between the faces of the tetraly convex nor necessarily connected. When= oo, the
hedron and the corresponding sectors of its circumscribing-shape is identical to the convex hull of the point set. When
sphere. Boissonnat's rule is to select for elimination, at eaclr = 0, thea-shape is the point set itself, with no connection
iteration, only tetrahedra with exactly one face or exactlybetween any two points. Whaen decreases, certain trian-
two faces on the convex hull. At each iteration, the tetra-gles or edges disappear from the triangulation. Intuitively, a
hedron with the largest is eliminated from the triangula- geometrical entitytriangle or edggdisappears from a tri-
tion. This iterative process stops when no more tetrahedrangulation wherx becomes small enough so that a sphere
can be eliminated. When the sets of points are relativelyith radiusa can occupy the space of the geometrical en-
dense and cavities are relatively large, the exterior tetratity, without enclosing any of its vertices.
hedra always have a larger maximum distance from their As with Boissonnat’s technique, the problem wih
faces to the corresponding sectors of the circumscribinghapes is that they work well only for dense sets of points.
sphere than the interior ones and, therefore, BoissonnatBigures 2 and 3 illustrate two cases whendhghapes tech-
technique works well and does not fail. Not all sets of pointsnique cannot provide an accurate representation of the “real”
enjoy the above-mentioned properties. There can be speciabject. The two objects shown in these figures are defined
cases where, according to Boissonnat’s rule, an interior tetay nondense sets of points and there are cavities that are
rahedron could have a higher priority than an exterior onesmaller” than the density of points. In Figure 2, the exam-
For example, in Figure 1, which shows a desk with a fewple of a desk is provided. No suitabievalue was found to
tetrahedra resulting from the Delaunay triangulation superaccurately represent the desk. The same situation occurs with
imposed on it, the tetrahedron ABEWith base ABE drawn  the cubicles shown in Figure 3. A few+shapes are shown,
with dark lineg is an interior one, and the tetrahedron ABCD but no value ofx can recover the true shape of the object.
(with base ACD drawn with white linggs exterior to the Itis obvious, from previous examples, that a different ap-
object. The angles at F and B are right angles, so both teproach is needed to accurately recover the shape of objects
rahedra are enclosed by a hemisphere. Since-BBD and  in a wider variety of cases, possibly with additional infor-
AF > AD, the radius of the sphere circumscribing ABEF is mation. Such a technique is described later in this article.
greater than the radius of the sphere circumscribing ABCD, The problem of reconstructing surfaces from range im-
so the valugV) associated with ABEFas defined aboye ages has received a great deal of attention. Again, in these
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Fig. 2. a-shapes of a desk in various cases. Note that the true shape of the desk cannot be recovered for any;\«a)u@rajinal
image;(b) Delaunay triangulation of the set of points) Convex hull;(d) @ = 50; (e) @ = 40.

techniques, the basic assumption is that the sets of points obtained globally, after tracking the object points at the
are dense. There are two types of reconstruction from rangenage level; therefore registration is not an issue.

images: reconstructing parametric surfaCbsrk & Levoy,
199_4, Sour_:y & Laurendeaq, 1906r reco_nstructln_g anim-- 5 oo AUNAY TRIANGULATION
plicit function, usually a signed or weighted signed dis- PRELIMINARIES

tance functiofChen & Medioni, 1992; Higuchi et al., 1995;

Curless & Levoy, 1996; Hope et al., 199ZThese tech- A triangulationT of a 3D point seSis a collection of dis-
niques deal with additional issues, such as the registratiojoint tetrahedra filling the space covered®yuch that each
between different range images. In our case, the set of poinfmint of Sis a vertex of at least one tetrahedronTinThe
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(c) (d)

Fig. 3. Another example whea-shapes do not worka) Original object;(b) Delaunay triangulation of the set of poin{s) Convex
hull; (d) a = 95.

triangulationT is called a Delaunay triangulation, denoted LetS={s,,s,,...,s,} be a set of points in the 3D Euclidean
by D, if the circumsphere of each tetrahedabtdcontains  space. The space is partitioned by assigning every point in
no point of S other than its endpointa, b, ¢, andd. This  space to its nearest point of the &tAll those points as-
property is calledn-sphere criterionand is illustrated in  signed tos; form theVoronoi region(\Voronoi polyhedron
Figure 4. V(s). V(s) consists of all the points at least as closs, @s
In Figure 4, the points, b, ¢, andd form a tetrahedron to any other point oS
that is a part of an already constructed triangulation. The
pointeis not included in the interior of the circumsphere of V(s)={x:|s —x|=|s—x|, Vj#i} (1)
the tetrahedrombcd so the newly formed local triangula-
tion will be Delaunay according to the definition. The point Some point sets do not have a unique nearest neighbor from
e, is inside the sphere, so the Delaunayhood is not preS The setof all points that have more than one nearest neigh-
served. The points, b, ¢, d, ande, have to be retriangu- borform the Voronoi diagram for the s&tThe Delaunay tri-
lated to obtain a local Delaunayhood. The p@jis located angulation is the dual of the Voronoi diagram, that is, it is
exactly on the sphere. In this case the set of five points i®btained by joining the points of the Swhose Voronoi poly-
degenerate and the triangulation is not unique. hedra are adjacefihave a face in commaonFor a better il-
Delaunay triangulation is directly related to another geo-ustration, in Figure 5, an example of Voronoi diagram and
metric structure: th&oronoi diagramof the set of points. Delaunay triangulation of a small set of 2D points are shown.
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The design and implementation of robust Delaunay
triangulation algorithms have been an area of extensive re-
search(for reviews, see O’'Rourke, 1994; Preparata & Sha-
mos, 198%. We use the algorithm described in Edelsbrunner
and Shah1992 and Mucke(1993.

4. VIEWPOINT-BASED APPROACH FOR
SHAPE RECOVERY

There are situations when more than the set of points is avail-
able. Such is the situation when the points have been ex-
tracted from camera images. A characteristic of this process
is that the camera location is known at the time of image
capture. As we describe in this section, we can exploit this
additional information in order to improve the process of
shape recovery.

A 2D image of an object portrays that object as seen
Fig. 4. In-sphere criterion for preserving the Delaunay triangulation at theffOM & certain viewpoint. It is not necessary to see all the

local level of five points. points that completely define that particular object. In fact,
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Fig. 5. (a) Voronoi diagram of a set of 2D pointsh) Delaunay triangulation of the points {@); (c) Delaunay triangulation and
Voronoi diagram of the same points.
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in a particular image, only a subset of the entire set of
points is visible from the viewpoint from where the image
was taken. When applying a Delaunay triangulation on the

set of points, the convex hull is obtained. The convex hull
fills the cavities of the object with unwanted triangles. Our oy
approach is intuitively simple: define VL joining a view- b o

point with the points visible from that viewpoint. Then those

lines will intersect some exterior triangles. The triangles

that are intersected by VL at least once are eliminated fron

the triangulation. This simple yet powerful concept is il-

lustrated in Figure 6. In this figure, the VL intersects the

trianglesace cde ceg and dhe (for simplicity, only the

intersections between the VL and triangéeeandceghave

been marked with circlés Consequently, triangles inter- Fig. 7. Grouping the set of pointSinto subsets, associated with view-
sected by the VL are considered redundé@ntterioy and POtV

are therefore eliminated from the triangulation.

4.1. The algorithm
e Mark all triangles intersected by vir-
The set of pointsSis obtained by tracking the pointex- tual lines for deletion
tracted from imaggdrom image to image, until all the avail-  }
able images are visited. For each image, we know the cameraRemove all tetrahedra that contain at
location(determined, e.qg., by using the technique describedeast one marked triangle
in Zetu et al., 1998and we also know the object points that —Eliminate all triangles that lie in the
are visible in that particular image. interior of the object
The shape recovery procedure starts by grouping the point-Correct face normals
setSinto subsetsS, i = 1,2,... n. Each subset contains ) ) . ) )
points that were extracted from a particular image, corre- The key point of the algorithm is to find triangles ob-
sponding to viewpoind,. The subsets can overlap. The Structing the visibility of points from certain viewpoints. If
grouping of the point set into subsets is illustrated in Figure 7there is such a triangle, that triangle is classified as redun-
The flowchart of shape recovery algorithm is shown indant and is consequently marked for deletion. To determine

Figure 8 and the pseudo-code looks as follows: whether a VL intersects a triangle, we need to determine
whether the point of intersection between the line and the
—For( all viewpoints V; and subsets S) plane formed by the vertices of the triangle is located in the
{ interior of the triangle.
» Define virtual lines between V, and ev-

ery point in S 4.2. Point-in-polygon testing

The problem of determining whether a point lies inside or
outside a polygon is an important one in computational ge-
ometry application§O’Rourke, 1994; Preparata & Sha-
-actual chject edges mos, 1985. A very popular algorithm for solving this

Jurla viewpoint .
e Cdant / ) pietamt 4 problem is known as Jordan curve theor@itassner, 1989
irtua ime

L This algorithm works by shooting a ray in an arbitrary di-
e / h rection and counts the number of polygon edges crossed. If

the number of crossings is odd, the point is inside the poly-
£ gon; otherwise, it is outside. An example is given in Fig-
' ' : ure 9. In Figure 9, the ray R1 crosses the polygon twice, so
: : its point of origin is outside the polygon. Ray R2 crosses
# e only once, so it originates from a point that is inside the
’ O polygon. This technique gets complicated when a ray inter-
b e sects a vertex of the polygdiR3 in Fig. 9, or the point of
origin is located on an edge of the polygtR4 in Fig. 9.
When the polygons are triangles, a simpler technique ex-
Fig. 6. Virtual line intersecting redundant triangles. ists. First project the triangle in question onto the planes

0.
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Create subsets S; of the point set §

Retrieve camera locations (coordinates of
viewpoints ;)

Delaunay Triangulation

Shape recovery procedure

For each V; and §, define virtual lines between
V; and every point in §;

365

Mark Remove Remove
requndant redundant hidden
triangles tetrahedra triangles

> Calculate Surface Normals H

applications, by correcting surface

Prepare surface for VR

normals

Fig. 8. Shape recovery procedure.

formed by the axes of the cartesian coordinate system. Thus, The rationale for selecting the projection with the largest

three projections are obtained: onto thg), (zy), and(zx)
planes, respectivelisee Fig. 10 Out of the three projec-

tions, the one with the largest area is selected.

R4 €

Fig. 9. Jordan curve theorem.
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area is to avoid degenerate cases, such as when two vertices
of a triangle have the same coordinate along a coordinate
axis (if two vertices have the samecoordinate, for exam-
ple, the projection ontéxy) plane will have zero area and
we cannot ascertain whether or not a point is inside or out-
side the triangle—see Fig. 11, where vertiegb, andc of
triangleabchave the samg coordinate, so projection onto
(zx) plane is reduced to the linga’).

Once the largest possible 2D projection of a triangle is se-
lected, there can be two different relationships between the
intersection point and trianglg=ig. 12. As is seen in Fig-
ure 12, ifwe connectthe three vertices of the triangle with the
intersection point, we obtain three angles, and if one of these
anglesislargerthan or equal to 28@e can conclude thatthe
point is outside the triangle. If all three angles are less than
180, we conclude that the intersection occurs inside of the
triangle, and this triangle shall be marked as redundant.

In Figure 12, the point | is inside the triangddg and the
point I" is outside the triangl@’b’c’ (angleQj is greater
than 180).

To avoid ambiguities generated by rounding errors, we
add a tolerancée). If an angle is greater thafi8C + ¢),
the intersection point is exterior to the triangiieone angle
is exactly 180, the intersection point is located on an edge
of a triangle and this could generate an ambiguity due to
rounding errork In our experimentss = 0.01.
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Z¥ Plane

-------------------- ;------------- Camera
i (x, ¥. 2)
z
Fig. 10. Projections of a triangle onto coordinate planes.
4.3. Removing redundant tetrahedra capture images from various viewpoints. One case is stud-

ied in Figure 13, where the triangle formed by points 1, 4,
The goal of shape recovery algorithm is to remove exterioand 5 is not intersected by any VL defined by two cameras
triangles, which obstruct the visibility of object points from oriented towards the object. When the size of the triangle is
a particular viewpoint. The algorithm demonstrated abovesmall relative to the object, or the number of viewpoints
is able to detect triangles that fall between camera and olavailable is not sufficient, it is possible to have exterior tri-
ject points. Itis not guaranteed that all the exterior trianglesangles left undetected in the first stage of our algorithm.
will be intersected by a VL at least once. This depends ormwo camera images are sufficient to recover the depth of
the number of images available. To ensure that all the exthe extracted points, but this number may not be sufficient,
terior triangles will be intersected, the operator in charge of
image acquisition should consider all possible situations and

Fig. 11. Triangleabcis projected onto the plan&x) into a line. Fig. 12. Intersection point inside or outside a triangle.
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itively, we can imagine that a triangle that belongs to the
/ surface of the object can be a facet of only one tetrahedron

of the triangulation. On the other hand, the hidden triangles
are common faces of two tetrahedra. Therefore, the trian-

1 ___2 gles that, after removal of the exterior triangles, are com-
5 . 6 4 mon faces of two tetrahedra are considered interior and
therefore eliminated from the triangulation.
After removal of exterior and interior triangles, we are
3 : left with a collection of triangles that represent the object’s
A\ / i surface.
7 s
/ 4.5. Correcting face normals
}{ After all the redundant trianglegxterior and interiorhave
been removed, the surface of the object has to be properly
prepared for visualization in VR applications. This entails

Camera 2

Camera 1 the computation of the normals to the triangular facets

Fig. 13. Some exterior triangles might not get detected in the first stage of]cor prq%er Vlsuallzatlon,\'/l Typlca_lly, in VR appllcatl(_)ns, In-
the algorithm. ventor™ or Performef™ compilers are used to view 3D
models. For the VR simulation, Performer format for the
CAVE™ (Cruz-Neira et al., 1993is used. All these visu-
alization techniques require calculation of the normal to
the surface. In our technique, surfaces are created from
especially if we are dealing with small triangles, to recoverscattered point sets, and initially directions of the normals
the shape of the object. Even though it cannot guarantee thge not known.
removal of all the exterior triangles, an alternative ap-  after retrieving the surface of the object, the normals to
proach exists to improve the shape recovery process: workhe triangular facets are set to point towards the positive
ing with tetrahedra instead of triangles. For example, inhalf-space of each triangle, as stored by the Delaunay tri-
Figure 13, even though the triangleformed by the points  angulation algorithm. The problem with this approach is that
1,4, and 5, is not intersected by any VL, those lines interpejaunay triangulation stores the vertices of each triangle
sect other triangles, adjacentttin the Delaunay triangu- {5 serve the visibility purposes as internally required by the
lation, that are faces of the same tetrahedta%isch triangles algorithm. This order might not be suitable for visualiza-
can be the ones formed by points 4, 5, and 6 and 2, 4, and{gyn purposes. It is well known from computer graphiesy.,
(these triangles are not drawn in Figure 13, for reasons ofge Foley, 1996that a surface patch is visible from a par-

simplicity). _ _ ticular viewpoint if the normal to the patch points towards
If one tetrahedron contains at least one triangle that has

been previously marked as redundant, it is removed from
the triangulation.

4.4. Removing hidden triangles

The first two steps of the shape recovery procedure are suf
ficient for providing the final shape of the object, but they
are not able to remove unnecessary triangles located in th
interior of the object. These triangles could cause a compu
tational overhead especially for VR applications, where ren-
dering speed is of utmost importance. We do not really neecg
the interior triangles for most of the applications. All that is
needed is a suitable representation of the surface of an ot
ject. Therefore, the interiothidden triangles should be
removed.

The removal of hidden triangles is conceptually simple.
At this point, we have eliminated the triangles located in
the exterior of the object, so we are left with a collection of

&> 90°

triangles that best preserves the shape of the object. Intu- Fig. 14. Correcting face normal.
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Table 1. CPU cycle distribution for the modules of the shape recovery algorithm

Time[s]
Number of Delaunay Check for Removal of Removal of Correcting
viewpoints triangulation redundant triangles  redundant tetrahedra  hidden triangles ~ face normals
7 0.641 0.5 0.0719 0.05 0.1

10 0.641 0.635 0.072 0.057 0.11
15 0.641 0.79 0.083 0.055 0.12
23 0.641 11 0.08 0.062 0.12
Percentage CPU time 39 45 4.8 3.4 7.8

the viewpoint. As a result of the shape recovery algorithmused for shape recovery and consider all triangular facets of
this might not be the case with all facets and all availablethe object surfacélready knownvisible from each view-
viewpoints(the viewpoints are the camera locations whenpoint (the triangular facets that are visible from a particular
capturing images of the scene viewpoint are defined by points visible from that view-
To correct the visualization problem, the following algo- point). For each viewpoint, we check whether the normal to
rithm is designed. Consider the same viewpoints as the onesach visible triangular facet points towards the viewpoint.

(c)

Fig. 15. Cube with one cavity recovered with our procedygs.Delaunay triangulation of the convex hulb) Delaunay triangula-
tion of the convex shapéc) Recovered shapdour viewpoints.
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This is done as followsthe illustration is provided in  define direction vector N, from ver-
Fig. 14). Consider the triangular facet defined by the points tex aof t to V

a, b, andc and a viewpoint/ (Fig. 14). Suppose that the  if the angle 0 between N, and N, is
normal to the trianglé = abc (denoted\,) points towards greater than 90°

the positive half-space af To check whetheN, points to- —revert the direction of N,

wardsV, we simply check whether the andi@) defined by }

the positive direction o, and the direction vectdiN,) of

the line that joinsV with an arbitrary vertex of (say,a) is

less than 90 The vectom, points fromato V. If < 90°, ~ 4.6. Performance and complexity analysis

thentis visible fromV in any VR modeling software. Other- . ) )

wise, the direction oN, should be reversed. The pseudo- OUr shape recovery algorithm has five major components

code of the above-mentioned algorithm looks as follows: that can have an impact on the overall CPU time required
by the algorithm. These components are:

For( all viewpoints V;)
For( all surface triangular facets t; 1. Delaunay triangulation;
isible from V, . .
{ VIS ) 2. Checking for redundant triangles;
 define triangle normal N, 3. Removing redundant tetrahedra;

(b)

(c) (d)

Fig. 16. Synthetic object recovered with our procedueg.Convex hull;(b) Intermediate shape from 3 viewpoinfs) Intermediate
shape from 6 viewpointgd) Final shapg12 viewpoints.
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4. Removing hidden triangles; From Table 1, we can see that most of the CPU time is
5. Correcting normals. taken by Delaunay triangulation and the detection of redun-
dant triangles. When the number of viewpoints increases,

Delaunay triangulation performance is dependent on th€PU time and percentage of CPU cycle used by redundant
number of points in the set and independent from the numtriangle check increases also.
ber of viewpoints. The other operatiofts-5 aboveédepend The computational complexity of our algorithm depends
on both the number of vertices and the number of view-on the numben of points in the set and the numbgerof
points. We will analyze the CPU cycle distribution only as viewpoints used for shape recovery. The complexity of the
a function of the number of viewpoin(i is anticipated that, Incremental Flip algorithm for Delaunay triangulation is
as the number of points in the set increases, CPU time in©(n?) (Edelsbrunner & Shah, 1992; Mucke, 199Bhe ex-
creases as wellThe analyses below have been performedpected number of triangles created by Delaunay triangula-
on a 200 MHz SGI O2 workstation, running IRIX 6.5, with tion is at most @ + 1 (de Berg, 199Y. The worst case
256 Mb of main memory. The number of points in the set isscenario for our algorithm is when all triangles are visible
29. The times required by each operation, when the numbdrom every viewpointalthough this never happens in prac-
of viewpoints varies, and CPU cycle distribution are giventice). The point-in-triangle testing is being performedil)
in Table 1. time. Therefore, the process of marking redundant triangles

(a) (b)

(c)

Fig. 17. Object from Figure 3 recovered with our methodolo@). Delaunay triangulation(b) Intermediate shape from 4 view-
points;(c) Final shapd7 viewpoints.
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has a worst case complexity 6f((9n + 1)p) = O(np + p). have been recovered by applying our shape recovery meth-
The other operations of the algorithm are performed in conedology. The object shown in Figure 16 has also been used
stant time. Consequently, the total computational complexby Boissonnat1984). The same methodology is applied on
ity of our shape recovery algorithm @(n®> + np+ p). We  two real objects, shown in Figures 17 and 18. The object in
can see that the complexity of the algorithm is dominated~igure 17 is the same as the one shown in Figure 3. It can be
by the complexity of the Delaunay triangulation for small seen that, unlike Boissonnat’s techniqueasshapes, our
p. Since typicallyp < n, our algorithm can be performed in method can accurately recover the shape of this object, pro-
a reasonable amount of time. vided a sufficient number of imagéand, implicitly, view-
pointg is available.
The examples provided in this section show that our meth-
5. EXAMPLES odology can handle a wider variety of shagiesparticular
shapes recovered from nondense sets of ppthen cur-
In this section, a few examples of shapes recovered with theent techniques, by using specific information derived from
algorithm described in this paper are provided. Figures 15he methodology from which the sets of points were ob-
and 16 show two artificially generated objects whose shapeined(i.e., extracted from 2D imaggs

(a) (b)

(d)

Fig. 18. Another object recovered with our methodologg Original object;(b) Intermediate shape from 1 viewpoir(t) Inter-
mediate shape from 7 viewpoint&) Final shapg17 viewpoints.
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6. CONCLUSIONS Preparata, F.P., & Shamos, M(1985. Computational Geometry—An In-
) ) _ troduction Springer-Verlag, New York.
In this article, an algorithm for shape recovery from a scat-Soucy, M., & Laurendeau, D(1995. A general surface approach to the
tered set of 3D points, extracted from camera images, has integration ofgset of range view&EE Transactions on Pattern Analy-
. . . . ; sis and Machine Intelligence 17(4344-358.
b_een deSC”b_ed- The algorithm exploits the mforma_tlon Pro-urk, G. & Levoy, M. (1994. Zippered polygon meshes from range im-
vided by the image capture procésamely, the location of agesProc. SIGGRAPH '94 Computer Graphics Confere®@M SIG-
; : ; i Ar.  GRAPH, 311-318.
viewpointy to carve the convex hu.” of the po!nt setin or Zetu, D., Banerjee, P., & Schneider(P998. Data input model for virtual
der to recover the shape of the object the points belong to. reality-aided facility layout desigrlE Transactions 30(7)597620.
The locations of the viewpoints are used to define VL fromZetu, D., Banerjee, P., & Thompson, [2000. Extended-range hybrid
; ; ; ; e tracker and applications to motion and camera tracking in manufactur-

the wgwpomts to the.pomts of the given set, Vlslpl_e, from ing systemslEEE Transactions on Robotics and Automation 16(3)
any viewpoint. The triangles that obstruct the visibility of  5g7_593.
points from any viewpoint are eliminated from the triangu-
lation of the point set.

The viewpoint-based technique for shape recovery has
the advantage of being able to handle well nondense sets éfli Akgunduz is a Research Assistant and Ph.D. candidate
points and objects with small cavities. The only limitation in Industrial Engineering and Operations Research at the
of the technique is that it is dependent on the number ofJniversity of lllinois at Chicago. He holds a B.S. in Indus-
images(viewpointg provided by the image capture pro- trial Engineering from Gazi University, Turkeit992 and
cess. Afuture research direction would be to artificially gen-an M.B.A from lllinois Institute of Technology1996.
erate additional viewpoints and automatically determine
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