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ABSTRACT

This paper presents a model�based vision system for
dentistry that will assist in diagnosis� treatment plan�
ning and surgical simulation� Dentistry requires an ac�
curate ��D representation of the teeth and jaws for di�
agnostic and treatment purposes� The proposed inte�
grated computer vision system constructs a ��D model
of the patient�s dental occlusion using an intra�oral
video camera� The space carving algorithm is used
to reconstruct the shape of the human jaw� This al�
gorithm provides more �exibility and eliminates sev�
eral constrained that imposed by other approaches like
stereo� The system performance is investigated� and
the results show acceptable reconstruction accuracy�

�� INTRODUCTION

Dentistry requires accurate ��D representation of the
teeth and jaw for diagnostic and treatment purposes�
For example� orthodontic treatment involves the appli�
cation� over time� of force systems to teeth to correct
malocclusion� In order to evaluate tooth movement
progress� the orthodontist monitors this movement by
means of visual inspection� intra�oral measurements�
fabrication of casts� photographs� and radiographs� this
process is both costly and time consuming� Moreover�
repeated acquisition of radiographs may result in unto�
ward e	ects� Obtaining a cast of the jaw is a complex
operation for the dentist� an unpleasant experience for
the patient� and also may not provide all the necessary
details of the jaw�

Oral and maxillofacial radiology can provide the
dentist with abundant ��D information of the jaw� Cur�
rent and evolving methods include computed tomog�
raphy 
CT�� tomosynthesis ��
� tuned�aperture CT ��
�
and localized� or �cone�beam�� computed tomography ��
�
While oral and maxillofacial radiology is now widely
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accepted as a routine technique for dental examina�
tions� the equipment is rather expensive and the reso�
lution is frequently too low for ��D modeling of dental
structures� Furthermore� the radiation dose required
to enhance both contrast and spatial resolution can be
unacceptably high�

In this paper a developed system is presented for
dentistry to replace traditional approaches in diagnosis�
treatment planning� surgical simulation� and prosthetic
replacements 
��� �� �
�� The objectives of this system
are�

�� to design a data acquisition system that can ob�
tain sequences of calibrated video images� with
respect to a common reference in ��D space� of
the upper�lower jaw using a small intra�oral cam�
era�

�� to develop methods for accurate ��D reconstruc�
tion from the acquired sequence of intra�oral im�
ages�

The �rst goal is achieved by designing a setup consists
of a small calibrated intra�oral CCD camera� with a
built�in white light� The camera is mounted on a �ve
link �D digitizer arm� The arm gives the necessary
transformation matrices and hence the the projection
matrices required to preserve the camera calibration
while moving� To achieve the second goal� several dif�
ferent approaches have been examined� The stereo ap�
proach has been by far the most widely used� However�
One of the problems of the stereo is the correspondence
problem� In addition� the stereo approach relies heavily
on assumptions such as the existence of speci�c features
in the images to produce satisfactory results� There�
fore� the stereo approach is ine�cient regarding objects
like teeth which have no obvious geometric features� In
addition� the constraints on the viewpoints make the
stereo inapplicable for the jaw reconstruction� In our
previous approach ��
� we used the shape from shading

SFS� algorithm� However� the SFS does not provide
metric information� The reconstruction results from
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the SFS was fused with several metric measurements
to enhance its performance� Here� we examined the
performance of a newly published algorithm� the space
carving ��
� The space carving does not impose any
constraints on either the geometry of the object� the
camera position� or even the texture� Therefore it is
more suitable for our application�

This paper is organized as follows� Section II de�
scribes the overall system setup� Sections III presents
our approach to teeth reconstruction using the Space
Carving algorithm� The experimental results are shown
in Section IV followed by the conclusion in Section V�

�� SYSTEM SETUP

The experimental setup shown in Figure � consists of
the following�

�� A �D digitizer�

�� A CCD color camera�

�� A DC regulated white light source� Through a
�ber optic bundle that surrounds the CCD cam�
era� this light source illuminates the oral cavity
with a stable white light� The light intensity
could be adjusted manually to control the shad�
ing e	ect�

�� A machine that hosts the software required for
the data processing� reconstruction and visual�
ization of the �D jaw model�

Fig� �� The experimental setup of the proposed system consists

of a CCD camera mounted on a �ve link 
D digitizer� A DC

regulated light source is connected to a �ber optic bundle sur


rounding the camera� The setup is connected to an SGI Indigo�

machine�

The CCD camera is mounted on the stylus of the ��
D digitizer and is then calibrated as shown in Figure ��

Camera calibration is done once ���
 before using the
camera� and if the camera is stationary� we do not have
to re�calibrate again� Yet in the proposed system� the
camera will be moving� This implies the recalculation
of the perspective projection matrix� However� as the
camera will be mounted on a coordinates measuring
system� the location of the optical center Moc can be
tracked as the camera moves� and the camera perspec�
tive projection can be recalculated�

The �ve degrees of freedom provided by the arm
enable the acquisition of a sequence of intra�oral images
covering the upper�lower jaw� Also� with each image�
the camera location in the ��D space is measured� The
perspective projection matrix is re�adjusted and the
location and direction of the �rst pixel in the image are
included� In addition� the arm provides the position of
the initial volume enclosing the tooth or the jaw� This
volume is carved by the space carving algorithm until
the shape is reconstructed

Fig� �� Illustration of the camera self calibration� The coordi


nates measuring system is used to �nd the transformation matrix

Toc between the optical center Moc of the camera at the calibra


tion time and the new location while acquiring the images� This

transformation matrix is used to obtain the new camera perspec


tive projection matrix�

�� SPACE CARVING

Image formation is typically achieved by projecting a
�D shape onto a two�dimensional plane� In �D object
reconstruction� we attempt to achieve the reverse pro�
cess of image formation by regenerating a �D shape
from various �D projections� However� there is no one�
to�one relation between �D shapes and their projec�
tions� Several �D shapes can have the same �D projec�
tions� As an illustration� a sphere and a cylinder can
all have the same �D projections from certain view�
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points� This ambiguity can be resolved by using more
�D projections to estimate a �D shape� Space carv�
ing attempts to produce the maximal �D shape that is
consistent with all the images�

Space carving starts with an initial volume� V� that
includes the scene to be reconstructed� This �D space
is then discretized into a set of voxels� The idea is to
successively carve 
remove� some voxels until the �nal
�D shape� V�� agrees with all the input images�

Each voxel in the initial volume is projected back
to the di	erent images using their respective projec�
tion matrices� To decide whether a voxel should be
carved or not� the idea of color�consistency is used�
The Lambertian model for the surface of the object
is assumed� Under this model� light re�ected from a
single point on the surface of the object has the same
intensity in all directions� Therefore� for a voxel to be�
long to the surface of the object� it must have the same
color intensity for all its projections to the di	erent
images provided� Voxels that are inconsistent with a
single color� are viewed as free space in which di	erent
light rays intersect� By removing all color�inconsistent
voxels� we are able to approximate a maximal photo�
consistent shape that is de�ned by all the input images�
The basic idea of space carving is illustrated in Figure
�� Three input images are used to generate the �D
model of the shape shown in the images� Voxels that
project on the input images to pixels of similar color
are kept and assigned that color� Voxels that project
on the input images to pixels of di	erent colors are
removed� Although the general idea in space carving
is straightforward� modeling an algorithm to provide
the desired results is not an easy task as the problem
of occlusion must be treated� Given N input images
and their respective projection matrices� the algorithm
must be able to guarantee convergence to the maximal
photo�consistent shape� Eventhough� the space carving
approach requires segmentation of the object and the
background� this not seems a problem with objects like
teeth� Actually� teeth are brighter than the interior of
the mouth� Therefore� they can be segmented easily
from the interior of the mouth and the gum�

�� EXPERIMENTAL RESULTS

We applied the space carving algorithm to a sequence
of images of the human jaw� About ��� images are
used for each tooth� This number of images is showed
to be enough� We also used a ��� standard deviation
threshold of the grayscale values to determine whether
or not the voxels should be declared photo�inconsistent
and consequently carved� This relatively high thresh�
old was chosen in order to compensate for illumination

Fig� �� Basic idea of space carving� Voxels are pro�
jected to the input images using their respective pro�
jection matrices� C�� C� and C� represent the optical
centers of the three cameras� 
a� Consistent voxels are
assigned the color of their projections� 
b� Inconsistent
voxels are removed from the volume�

e	ects and errors in calibration� The initial volume was
discretized into ��x��x�� voxels for a total of �������
voxels� The object is reconstructed after ��� passes of
the space carving algorithm� which took about �� sec�
onds on SGI Indigo� machine� One the average� the
�nal volume contained ����� voxels� Figure � shows
the input images and the reconstruction results� Fig�
ure �
f� shows a group of teeth that are registered to
form a jaw segment� This segment took about �� sec�
ond of processing time for reconstruction and registra�
tion� Quantitative assessment of the reconstruction is
obtained by comparing some tooth measurements 
e�g��
height and width� from the reconstructed model to
those of the real tooth� The comparison showed accu�
racy within ���� mm� which shows that the system can
achieve sub�millimeter accuracy� similar to our previ�
ous approach� without the need of any range measure�
ments� The interested reader is referred to ���
 for more
details�

�� CONCLUSIONS AND FUTURE EXTENSIONS

The ��D reconstruction of the human jaw has tremen�
dous applications� To reconstruct the human jaw� we
used the space carving algorithm� Our choice of space
carving algorithm is guided by several concerns� Recon�
struction using space carving does not rely on assump�
tions of the presence of speci�c image features� or on
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Fig� �� �a�
�d� images of two teeth acquired by the CCD camera�
�e� The reconstructed teeth� �f� A group of teeth

the position of the camera � or the the object geometry
and texture� This technique allows us to reconstruct
accurately �D models that agree with the input images
without need to solve the di�cult correspondence prob�
lem� We currently do more experiments on selecting a
proper initial volume for the tooth� since we know a
prior information about the shape of the tooth� This is
expected to enhance the results of the space carving al�
gorithm� Additional experiments are being conducted
to compare this approach with the SFS approach�
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