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SUMMARY  Fully automatic reconstruction of 3D models
from images is well-known to be a difficult problem. For many
applications, a limited amount of human assistance is allowed and
can greatly reduce the complexity of the 3D reconstruction prob-
lem. In this paper, we present an easy-to-use method for aligning
a parameterized 3D CAD model to images taken from different
views. The shape parameters of the 3D CAD model can be re-
covered accurately. Our work is composed of two parts. In the
first part, we developed an interactive tool which allows the user
to associate the features in the CAD model to the features in the
2D images. This interactive tool is designed to achieve efficiency
and accuracy. In the second part, 3D information extracted from
different stereo views are integrated together by using an opti-
mization technique to obtain accurate shape parameters. Some
experimental results have been shown to demonstrate the accu-
racy and usefulness of the recovered CAD model.

key words: computer vision, rough CAD model, 3D reconstruc-
tion

1. Introduction

Extraction of 3D information from 2D images has been
an important research topic in computer vision. It is
well-known that reconstructing dense and accurate 3D
depth information is not an easy task. Fortunately, uni-
formly dense and accurate 3D values are not required
for every application. For example, a rough 3D model is
sufficient for many applications, such as the following:

1. Content-based image retrieval: Usually, in a digital
library, we only have the digital images of objects,
such as images of antiques and buildings. If rough
3D models for these objects are available, images con-
taining these objects can then be retrieved by query
of size, shape, or other 3D attributes of the objects.

2. Virtual reality (VR): 3D information helps a lot in
building image-based VR systems. For example, in
an object movie system [7], multiple images have to
be taken around a 3D object from different views,
and these images have to be shown smoothly in rapid
succession. The use of 3D information of the object
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(such as a rough CAD model) not only can allow
the interpolated images to be smoother and more
realistic, but can also reduce the amount of storage
required for the image data.

3. Augmented reality (AR): A fundamental problem in

AR is to integrate virtual objects into real images
with geometric and motion consistency [2],[6]. The
integration will be much easier if rough CAD models
of the important objects contained in scene images
are available for tracking, localization and rendering.

4. Image coding: Two new features of MPEG-4 are the

segmentation of images and the composition of 3D
graphic models. These features can reduce bit rates
and facilitate image syntheses. The segmentation
and composition processes can be more efficient if
rough 3D models have been reconstructed from im-
ages in advance.

5. Reconstruction of 3D details: If some good initial es-

timates of 3D shape can be provided by a rough CAD
model, the problem of more detailed 3D reconstruc-
tion with stereo vision techniques will become much
easier. Because the search range for finding corre-
spondence can be reduced, both the computational
speed and stereo correctness can be greatly improved.

Fully automatic reconstruction of 3D models from
images is well-known to be a difficult problem. For
many applications, a limited amount of human assis-
tance is allowed and can greatly reduce the complexity
of the 3D reconstruction problem [8], [9]. In this paper,
we describe a semi-automatic tool for reconstructing of
rough CAD models from multiple stereo views. This
approach can build rough CAD models from images
of different views with limited human-assistance. Our
approach consists of two stages: the initial-estimation
stage and the refinement stage. The initial-estimation
stage can be further divided into two steps: the human-
computer interaction step and the stereo reconstruction
step, as shown in Fig.1. Our human-computer inter-
action step allows users to interactively associate each
edge segment of a rough CAD model (whose shape is
fixed but exact parameters are unknown in advance)
with that seen in the image. Once the correspondence is
established with the human-computer interaction step,
the stereo-reconstruction step first generates 3D data
of each stereo view, and then register and integrate the
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Fig.1 Block diagram of the semi-automatic tool for building
rough CAD models from a set of stereo image pairs.

3D data into a single model. After these two steps, an
initial estimate of the parameters of the CAD model is
obtained. Finally, in the refinement stage, the model
parameters are refined through a nonlinear optimiza-
tion process. The only semi-automatic part in this ap-
proach is the human-computer interaction step at the
beginning. All other steps are automatically executed.
This paper is organized as follows. In Sect.2, we
introduce the stage for the generation of initial rough
CAD models. In Sect. 3, we describe the refinement of
models. Some experimental results are shown in Sect. 4.
Finally, Sect. 5 gives some conclusions and discussion.

2. Initial Estimation
2.1  Human-Computer Interaction

The main purpose of our work is to align a rough 3D
CAD model to images taken from different views, as
shown in Fig.2. Each image pair is taken by using a
calibrated stereo camera set. In this step, we only have
to know the topology and shape constraints of the 3D
CAD model; the scale of each edge of the CAD model
is not needed because these will be recovered at later
steps.

The model representation in our work is similar to
that developed in [8]. A rough CAD model consists of
several simple geometric primitives, such as rectangular
box, wedge, etc. We call these primitives shape primi-
tives. These simple shape primitives are represented in
parametric form, with the smallest number of param-
eters. There are several reasons to represent the 3D
model in this way. First, most artifacts or man-made
objects are composed of a limited number of regular
shapes. Hence, a small number of simple primitives
can be combined to achieve a good approximation of
the objects. Second, the simpler our model is, the fewer
parameters we have to recover. If there are too many
parameters to be handled in the system, the optimiza-
tion process of the refinement stage may take a long
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Fig.2 An example of the multiple stereo views used in the
experiments.

Fig.3 The parameterized representation of the rough CAD
model of a house, which is composed of a rectangular box and a
wedge.

time, or even fails sometimes. As shown in Fig.3, a
house can be roughly modeled by a rectangular box to-
gether with a wedge. The shape of a rectangular box
can be specified by using three parameters (a, b, and
¢), and the shape of a wedge can be specified by using
four parameters (d, e, f, and g).
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Fig.4 The graphic user interface for building up the associa-
tion between the edges in the image and the edges in the CAD
model. The left window in the interface is the image window,
and the right window is the CAD model window. As illustrated,
an edge in the model window is associated with an edge in the
image window, and both edges are highlighted.

Since the precision of the generated object model
relies on the precision of the features, we have imple-
mented an easy-to-use interactive tool by which a user
can associate edges in the image with those of a CAD
model efficiently and accurately. An appearance of the
graphical user interface is shown in Fig.4 in the cur-
rent implementation, only edge features are considered
in the interactive tool. A user can pick an edge and as-
sociate it with an edge in the CAD model conveniently.
The interface is composed of two windows: CAD model
window and image window. The operations of the two
windows are described below:

e The CAD Model Window: After a user builds a
CAD model consisting of several shape primitives,
the CAD model will be displayed in the CAD model
window. Some default values of the shape parame-
ters are assumed only for viewing the model in this
step, because the shape parameters (or equivalently,
the lengths of all edges) of the CAD model are still
unknown. A user can rotate and translate the CAD
model to an appropriate viewing position such that
the view approximates the image.

e The Image Window: In the image window, an im-
age of the 3D object is displayed. The Canny edge-
detection method [4] is used to extract edges in the
image, and the detected edges are usually precise,
continuous, and thin, as shown in Fig.4. In addi-
tion, a threshold of the gradient values is automati-
cally found, and only strong enough edges (compared
to the threshold) will be overlaid. If a user is not sat-
isfied with the threshold, he can interactively adjust
the threshold until that he is satisfied with the re-
sulted edges overlaying on the images. Next, he can
build up the edge correspondence by first selecting
an edge in the CAD model window, and then pick-
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The corner point in the image window.

Fig.5 Three image edges that are supposed to intersect at the
same point, as their corresponding edges do in the CAD model,
may not intersect exactly at the same point.

ing up the correspondent edge in the image window,
as shown in Fig.4. To make the picking more con-
venient, the interface does not require the user to lo-
cate the endpoints of an edge exactly; instead, he can
roughly mark a region, and adding or deleting some
edge points within this region. Then, least square
line fitting will be performed based on the edge pix-
els collected in this region.

After building up the edge correspondence, the inter-
section points of the edges have to be computed in
our work because the users are not required to pin-
point the endpoints. Since multiple edges may not
intersect in a single point, the intersection point is
chosen to be the center of all the intersection points
of each pair of edges, as shown in Fig. 5. These inter-
section points are then served as the corner features
of the CAD model and are used for 3D reconstruc-
tion.

2.2 Stereo Reconstruction

The most difficult problem in 3D reconstruction using
stereo vision techniques is the correspondence problem.
Two typical correspondence problems related to 3D re-
construction are the stereo correspondence and the 3D
registration. If the stereo correspondence can be solved,
the 3D data of each stereo view can be easily obtained
via triangulation because the stereo camera set used
in our work has been calibrated in advance. However,
the so obtained 3D data is only partial observation,
and is represented with respect to a view-dependent
coordinate system. Hence, the rotation and translation
between adjacent stereo views have to be computed so
that these partial 3D data can be integrated into a sin-
gle data set described with respect to a common coor-
dinate system. To achieve this, we also have to solve
the 3D registration problem [3], [5].

The corner point of the CAD model.
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Fig.6 The registration of adjacent stereo views. The rotation and translation between
stereo view I and stereo view IV can be computed by using the rotation and translation
between the other three adjacent pairs of stereo views.

First, let us consider the stereo correspondence
problem. To the authors’ knowledge, no existing
method can solve this problem without making mis-
takes in general cases. Hence, we utilize human-
computer interaction to solve this problem semi-
automatically. As described in Sect. 2.1, one can build
up the correspondence between the edges with images
and the edges in the CAD model using our interactive
tool. Once the image-model correspondence problem is
solved for both the left image and the right image, the
stereo correspondence problem is also solved. It is be-
cause we can treat the edge segments of the CAD model
as indices of the image edges of each view correspond-
ing to them. Those image edges corresponding to the
same indices should also correspond to each other. For
example, in a stereo view, if edge E; in the left image
and edge F, in the right image correspond to the same
model edge E,,, then we know that edge E; should cor-
respond to edge E.,.. Hence, stereo correspondence will
be established for F; and FE,. Similarly, consider two
adjacent stereo views. Let F; be a 3D edge seen at
view 1 (which is reconstructed from the left and right
images taken at view 1), and Es be a 3D edge seen at
view 2. If Fy and Es correspond to the same model
edge E,, when solving the stereo correspondence prob-
lem, then F; and FEs5 should also correspond to each
other. Hence, 3D registration problem can be solved
by establishing up the correspondence between E; and
Es.

To save the computation time, 3D reconstruction
is performed only for the intersection points of edges
(i.e., corners of the CAD model) rather than for all
the edge points in the edge segments. In each stereo
view, 3D coordinates of the corners of the CAD model
can be easily computed by triangulation because stereo
correspondence has already been obtained. To find the
rotation and translation between adjacent stereo views,

the Arun method [1] is used. This method gives a closed
form least-squares solutions to the over-constrained 3D-
t0-3D pose estimation problem. Adjacent views are se-
lected for registration because they have much more
overlap. The orientation between non-adjacent views
can be computed by composing the rotation and trans-
lation matrices between adjacent stereo views, as shown
in Fig. 6. Consequently, we have the relative poses be-
tween any two stereo views, and the 3D data points
obtained with different stereo views can thus be trans-
formed to the same coordinate system.

3. Refinement of Rough CAD Model

A refinement process is required for most image-based
interaction systems because human can only make
rough associations of the feature positions[9]. In our
work, least square line fitting has been used to improve
the accuracy of the extracted features, as described in
Sect.2.1. However, the CAD model obtained via the
procedures mentioned thus far may not be accurate
enough due to the following reasons. First, there will
be always some inaccuracy caused by the imprecision
of edge detection and by the error in computing the
edge intersection points. Second, if the corresponding
3D data points (here, the intersection points) do not
align perfectly, we will take a weighted average of the
corresponding 3D points as the estimated position of
the corners of the CAD model. Hence, the resulted 3D
CAD model may be distorted and fails to satisfy the
shape constraints of the CAD model. Third, because
the rotation and translation are computed for adjacent
stereo views, errors may accumulate from one view to
another.

An objective function is required to measure the
error between our 3D CAD model and the real ob-
ject. In our work, the error is measured by the sum of
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errors between the projected edges of the model onto
the image and the edges extracted from the image, i.e.
F=>,> €Y, where v is the index of image, and ¢ is
the index of edges on image v. The computation of e}
is illustrated in Fig. 7. In the first case, e} is the area of
the quadrangle abdc, and in the second case, e is the
sum of the areas of triangle a’c’e’ and triangle b'd’e’. It
is obvious that if the reconstructed CAD model is very
accurate, the value of F should be almost zero. In ad-
dition, to avoid the singularity problem caused by the
use of Euler angles, we use the quarternion to represent
the rotation matrix.

The parameters to be updated in the refinement
process can be classified into two types, as shown in

an edge of 3D CAD model

S
VIR
\

. .t N
(the nonintersection case)

left lens center ) N
right lens center

Fig. 7
tersection). In the two images, ab and a/b are edge segments
extracted from the images, and cd and ¢’d’ are edge segments
projected from the edges of 3D CAD model. That the area be-
tween ab and cd is small (the nonintersection case) or the area
between a’b’ and ¢’d’ is small (the intersection case) implies that
the 3D CAD model is more consistent with the observed images.

Definition of e} for two cases (non-intersection and in-

(the intersection case)

IEICE TRANS. INF. & SYST., VOL.E82-D, NO.12 DECEMBER 1999

Fig.8. One is the viewpoint parameters, i.e., the ro-
tation and translation between adjacent stereo views,
which require six parameters (three for translation and
three for rotation) for each stereo view. The other is
the shape parameters, i.e., the parameters used for de-
scribing the CAD model (for example, a, b, and ¢ shown
in Fig.8). The number of parameters to be handled in
our approach is 6n, + ns, where n, is the number of
stereo views, and ng is the number of the shape pa-
rameters. For example, the case shown in Fig.8 re-
quires 27(=6x4+3) parameters. To make the refine-
ment process more efficient, the number of the stereo
views have to be confined, otherwise, if more stereo
views are taken, more parameters are required to be
computed in the nonlinear optimization process. How-
ever, if the number of stereo views are too small, the
overlapping regions of adjacent views may be too small
to contain enough common feature parts for performing
3D registration which provides an initial estimate of the
rotation and translation between adjacent stereo views.
The more complex the model is, the more stereo views
the system requires. According to our experience, usu-
ally four stereo views are sufficient for the reconstruc-
tion of a single object. Given an initial estimate of the
viewpoint parameters and the shape parameters, the
Newton-Ralphson method in a well-developed numeri-
cal tool, the MINPACK package, is used to solve this
nonlinear optimization problem.

4. Experimental Results

To evaluate the quality of the 3D model obtained by ap-
plying our algorithms, two experiments are conducted:
the first involves the reconstruction of a simple rect-
angular box; while the second involves the reconstruc-
tion of a geometrically more complicated toy house. In
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Fig.8 The type of parameters to be updated in nonlinear optimization: viewpoint pa-
rameters (rotation and translation) and shape parameters (e.g., a, b, ¢).
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Fig.9 (a) The projected lines of the box model obtained from
the initial estimation stage. (b) The projected lines of the box
model obtained from the refinement stage.

(a) (b)

Fig.10 (a), (b) Two different views of the wire-frame of the
CAD model obtained from the initial estimation stage. (c) The
aligned CAD model obtained from the initial estimation stage.

the first experiment, a rectangular box was used for re-
construction. After the association of the edges in the
CAD model and the edges seen in each view, partial
3D data can be automatically extracted from different
stereo views and integrated into a single model. To see
the quality of 3D reconstruction, the CAD model ob-
tained from the initial estimation stage was projected
onto an observed image, as shown in Fig.9(a). The
reconstructed CAD model was aligned with the object
seen in the image, but having some distortion at this
stage. Then, using the nonlinear optimization process
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Fig.11 (a), (b) Two different views of the wire-frame of the
CAD model obtained from the refinement stage. (c¢) The aligned
CAD model obtained from the refinement stage.

described in 3, a better 3D CAD model can be obtained
(the refinement stage), as shown in Fig.9 (b). We can
see that the shape of the model is undistorted and looks
much better than that shown in Fig.9 (a).

In the second experiment, a toy house was used
for reconstruction. The CAD model obtained from the
initial estimation stage is shown in Figs. 10 (a)—(c). Be-
cause the shape is more complicated, more parameters
should be considered in this experiment. It can be seen
from Figs. 11 (a)—(c) that the 3D CAD model is refined
after applying the global refinement process.

5. Conclusions and Discussion

In this paper, we have developed an easy-to-use tool
which can build a rough 3D CAD model from images
while involving only limited human-labor. Because it
is difficult to solve the 3D reconstruction problem both
faultlessly and in an automatic manner, we have devel-
oped a semi-automatic tool which is very useful in prac-
tical applications, such as those introduced in Sect. 1.
Our approach consists of an initial estimation stage and
a refinement stage. By using the inherent human capa-
bility of perceiving the rough 3D structure from 2D im-
ages, a human-computer interface was designed to solve
the correspondence problem related to 3D reconstruc-
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tion. Standard stereo reconstruction and pose estima-
tion methods can then be used to get a good initial esti-
mation of the model. Finally, a nonlinear optimization
method is used to globally refine the model. Although
there is no new idea in each module used to compose
the reconstruction tool described in this paper, we pre-
sented a nice example of a working system. It is worth
noting that the nonlinear refinement process perform
well in our experiments because a good initial guess is
made available with our semi-automatic system. The
proposed approach only processes line features in this
paper (i.e., the CAD models considered in this paper
are limited to polyhedra), but the concept presented in
this paper can be easily generalized to include the use
of curved primitives such as arcs, polynomial curves,
splines, and so on.
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