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Abstract

This paper presents a computer vision system for the
acquisition and processing of 3-D images of wax dental
imprints recorded on human subjects. The system is dedicated
to orthodontic diagnosis and epidemiological studies. The
acquisition system is described in detail and experimental
results are presented. The accuracy of the system is tested on a
reference imprint.

A segmentation algorithm is used for the detection of
the interstices between teeth on the 3-D images of the imprint.
A multi-operator approach is developed in order to be able to
deal with teeth of different shape and size. Experiments
performed on a large number of imprints show that the
algorithm for interstice detection and position estimation is
reliable and accurate.

1. Introduction

The detection and correction of development of
malocclusions and other dental abnormalities is one of the most
important and critical phases of orthodontic diagnosis. The
Department of Dentistry and the Computer Vision and Digital
Systems Laboratory of Laval University are jointly working on
the development of an expert system for orthodontic diagnosis
and epidemiological studies. The expert system accepts a set of
10 orthodontic parameters as an input and produces a diagnosis
based on inference rules considering the relations between the
parameters [2] [3]. The diagnosis consists of one out of three
choices: i) orthodontic treatment required, i) elective
orthodontic treatment, and iii) no treatment required. Actually,
the orthodontic parameters are measured with great difficulty
on costly plaster models. These models are obtained manually
by specialized personnel and require a rather complex and
lengthy acquisition procedure. A mold of the inside of the
mouth must first be obtained. The acquisition of the mold is a
very unpleasant experience for the patient. The plaster model is
then cast into the mold. The plaster model must be manually
improved to remove beards. The team at Laval University is
actually working on the design of a computer vision-based 3-D
data acquisition and analysis system for the measurement of
orthodontic parameters. Instead of using costly plaster models,
low-cost wax wafers are used to obtain an imprint of the teeth
on both maxillaries. :

This paper presents a computer vision system for the
acquisition of 3-D profiles of both sides of the imprint recorded
on the wax wafer. The acquisition system uses a specially
designed 3-D camera based on the differential absorption of
light by a dispersive medium. The 3-D profiles are used to

detect the interstices between teeth on the maxillaries. The
detection of these interstices is a very important step towards
automatic measurement of orthodontic parameters. Since
incisors, canines, pre-molars, and molars have very different
shapes, several operators are combined for the segmentation of
the 3-D images and the detection of the interstices.

The paper is divided as follows. Section 2 describes the
acquisition setup that was designed for the acquisition of the 3-
D profiles of wax dental imprints, and Section 3 presents
experimental results of the acquisition of profiles. Accuracy of
the 3-D data is also analyzed in this section. Section 4 describes
the operators that were designed for the detection of interstices
between teeth. Three operators are discussed: the case of upper
maxillary incisors, the case of molars on both maxillaries, and
the case of lower maxillary incisors. Finally, Section 5 presents
experimental results of the segmentation technique for the
detection of interstices between teeth and the robustness of the
technique is discussed.

2. Acquisition
The dental imprints are first recorded by having the

patient bite a low cost wax wafer similar to the one shown in
Figure 1. Using these imprints we obtain a three-dimensional

(a) Wafer (b) Wafer with a recorded imprint

Figure 1 Wax wafer.

(3-D) image of both sides of the wafer with a special data
acquisition system based on the differential absorption of light
by a dispersive medium. The acquisition system is composed
of two cameras, two optical bandpass filters of different central
wave-lengths, two light sources, and a glass container filled
with a colored liquid which acts as a dispersive medium. These
components of the system are located on both sides of the
container as shown in Figure 2.

The technique that is used to measure the 3D profile
(e-g. 3-D image) of the wax wafer is very simple. The wafer is
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Figure 2 Data acquisition system.

mounted on a support which is immersed in the container filled
with colored liquid. The light system on one side of the
container is turned on and a first gray-level image of the wafer
is acquired at a wave-length A, which is absorbed
exponentially as it penetrates the liquid (for the experiments
7Ll = 600nm). For this first image, the illuminance dEl, (i, ))

at each image point depends on

1) the depth z (i, j) of the point at the surface of the
wafer in the liquid and

2) the local orientation cos¢ (i, j) of the surface at
this point relative to the optical axis of the
camera:

dEy (i,j) = K,cos (¢ (i,))) 20230 )) a

A second gray-level image of the wafer is taken at
wave-length A, (A, = 750nm). The spectral characteristics of

the liquid are such that wave-length A, is not absorbed. The
illuminance dE A, (i,j) ateach point in the second image only

depends on the local orientation of the surface cos¢ (i, j) , see

[8]:
dE, (i,)) = Kjcos (9 (i,))) @

Figure 3 shows (a) the image at A, and (b) the image at A,
Taking the ratio between Egs. (1) and (2) and solving for
z (i,j) we get:

o1 TR et K, .
Z(I,j) = ﬁl"[m:l+ﬁ1n|:f2:| 3)

The range image of the second side of the wafer is
obtained similarly. The 3-D images on both sides are in perfect
registration. Constants K, K, and o in Eq. (3) are estimated
with a proper calibration procedure using a calibration pattern
of known dimensions. This pattern is a 13 step staircase. The
depth between each step is lmm. Figure 4 shows the

dEy (i, J)

———— is obtained
aE,_(i,))

calibration staircase. The ratio

a) A, b) &

Figure 4 Staircase for calibration.

experimentally for each step Sj of known depth zg. The
J

parameters in Eq. (3) are then computed with a least-squares
method. Figure 5 shows a calibration curve. Cross symbols
correspond to experimental values and the solid line is the
regression curve.

2 A

mm

Y

pixel
Figure 5 Calibration curve.

3. Validation of 3-D Image Values.

Three-dimensional image data was validated on a
machine-made plexiglass model (see Figure 6) similar to an
actual wafer. The distance between adjacent teeth, and size and
shape of each tooth on the model are known with accuracy.
Table 1 compares the values measured with the 3-D acquisition
setup on the image of the model to those measured manually on
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the model. Lateral measurements on the wafer (not shown in

Figure 6 Model for validation.

Table 1) are very accurate (within 5% accuracy). As shown in
Table 1 the accuracy on depth measurements is also
satisfactory with a relative error < 10%. The error could be
decreased by using a better lighting system and by cooling the

cameras. The best concentration of the solution for the
Concentration Concentration
el B S TR R BB B
T 8 3 g 8 & & b RSP S S
v o o o o o o wv o o o (=] (=] (=]
1 571 120 571 S.11 S11 S.11 1 661 358 496 331 468 3.58
2 397 563 232 497 0.00 3.31 2 071 1.78 7.14 357 642 357
3 787 945 114 236 9.44 039 3 769 692 192 692 3.07 7.69
4 201 207 13.1 9.76 192 12.5 4 178 192 7.74 14.1 640 158
5 17.0 19.8 9.09 632 9.09 9.88 5 159 139 756 160 420 7.56
6 747 12.1 4.67 7.48 12.1 093 6 000 217 652 7.61 870 0.00
7 087 522 2.61 435 957 13.0 7 467 841 374 748 748 4.67
8 093 561 748 9.35 841 187 8 139 000 12.0 093 157 102
9 270 3.60 108 631 12.6 3.60 9 336 084 6.72 0.00 420 084
10 21.8 222 156 17.8 8.89 S5.78 10 244 244 756 11.8 126 084
11 256 24.1 664 664 6.64 3.80 11 183 200 667 117 667 127
12 043 870 2.17 435 2.17 435 12 861 5.61 4.87 150 487 262
13 347 252 410 7.57 7.89 104 13 095 190 3.17 095 635 3.17
14 207 0.89 5.03 355 651 5.03 14 357 179 393 357 571 143

Each column lists the relative error for the larger depth measurement on
the calibrated imprint of Figure 6 and for a given concentration.

Table 1 Accuracy of measurements. (error %)

experiment was 0.02%. The colouring used was a blue organic
dye [5].

4. Detection of the Interstices Between Teeth
4.1. Pre-processing of the 3-D Image of the Wafers

The three-dimensional images (one for each side of the
wafer) are thresholded to separate the wafer from the
background. Figure 7 shows a thresholded image. Interstices
between adjacent teeth are detected on this type of image.

All segmentation operations on a wax wafer image use
the middle axis of the imprint as a reference. The image of the
wafer is scanned from the upper right to the upper left along the
scanlines shown in light color in Figure 8. Points located at the
midpoints between the extremities of the imprint along each
scanline are detected. A cubic spline is fitted to these point.
This spline curve is considered as the axis of the wax wafer.
Figure 8 shows the axis as a dark solid line.

The wax wafer is often put out of shape after the bite.
This deformation must be taken into account before the
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Figure 8 Wax wafer axis.

interstices between teeth are found. For this purpose, we build
a synthetic wafer that follows the general shape of the wafer
without the teeth imprints. The method used to build this
synthetic wafer is to interpolate values linearly between the
lingual and the buccal sides of the image of the imprint on a
ruler with a direction perpendicular to its axis as shown in
Figure 9. Then a morphological opening followed by a closing

Lingual side X
Buccal side
Ruler
Axis
y v Extremity
(a) Top view
Z ‘}
Linear interpolation
Tooth imprint
X
Buccal side Lingual side

(b) Cross section
Figure 9 Synthetic wafer construction.
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operation [1],[4] is applied to the synthetic wafer in order to
eliminate missing interpolated points. Figure 10 shows the
synthetic wax for the imprint of Figure 7.

Figure 10 Synthetic wax

An image enhancement operator is applied to the range
image before the detection of the interstices between teeth,
particularly molars. For each pixel of the image, the maximum
value over the diamond-shaped mask of Figure 11 is detected

Figure 11 Diamond filter

and is assigned to the central pixel of the mask. As shown in
Figure 12, this operator amplifies the interstices between teeth

a) Image before.

b) Image after.

Figure 12 Filtered image with the diamond filter.

and smithies false interstices in the disto-buccal and distal
fossae area [7] of molars. However, the operator has a spurious
effect in the incisors area and, as demonstrated in the next

section, its output will be used only in the molar area.
4.2. Separation Between Teeth

The axis drawn in Figure 8 is used to find the interstices
between teeth. For each point along this axis, starting at the
upper left end (s,), we slide a ruler, oriented at different angles
in the x,y plane relative to the axis. The function & (s;) defined
in Eq. (4) is computed for each value of s;, the parametric

distance along the axis.

o(s;) = Max[R(s5,6,)]
I j43,2,1,01,23,4 @

(-)j is the angle between the ruler and a perpendicular line to the
axis at position s;.
LT T
0, = (-)s‘+ It3
j=-4,-3,-2,-1,0,1,2,3,4 )

6, is the angle of a tangent to the axis at the parametric

position s;. Figure 13 depicts the different angular definitions.

Axis

Tangent to the axis

Figure 13 Angular definitions.

In Eq. (4), R (s; 9j) is a normalized sum of values measured

on the image of the imprint along the ruler for every angle. Itis
defined as:

(s, 9}.)
R (s ej) = _W (6)
o (s; 0.) is a weighted sum on the ruler:
b
(s, 0) = %d (558, W)W (s, 6, 1) @)

and /(s Gj) is the sum of the weights w (s;, Gj, W) on the
ruler:

l(si’ e]) = %W(Si, ej’ l»l) (8)

w (s}, Gj, W) is a weighting factor applied to d (s;, ej, W) . pis
the parametric distance on the ruler and has the center point of
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the ruler for origin. d (s, Gj, W) is defined differently for upper
maxillary incisors, molars on both maxillaries, and lower
maxillary incisors. (s, 9j, 1) is also defined differently for

incisors and molars.
4.2.1. Processing for Upper Macxillary Incisors.

Referring to Figure 14, the wafer is divided in two parts
along the ruler: the buccal side and the lingual side. z and z=
are range values measured on the buccal side of the axis, and
2 and z, are values measured on the lingual side of the axis.
z, and z, are measured on the synthetic wax, and z and z, are
measured on the actual dental imprint image. z and z), as z,
and Z,, have opposite location and have the same distance 1]
to the intersection of the axis with the ruler. Note that the range

-
Ll

X

A\ Lingual side

Intersection

Buccal side

Axis

Sinthetic wax

Figure 14 Mirror values.

values are measured on the 3-D image of the upper maxillary
prior filtering with the diamond-shaped filter described in
section 4.1.
Using values shown in Figure 14, d (sp» ej, W) in Eq.
(7) is defined as:
d(sp 6, 1) = Max[z (k) -z, (W), 2, (W) 7, (W] (O

and  (s;, 0, 1) issetto [d (s, 6, 1) 1%. The curved labelled
PISD in Figure 17 is the result of the computation of the

operator in Eq. (4)-(9) along the curved axis of the imprint. The
operator is very reliable in the upper maxillary incisors area
since large peaks appear on the curve between adjacent teeth.
However, it is less performing in the molar area since peaks
may appear that are not interstices between teeth but rather
belong to the distal fossae or disto-buccal cusp of the molars.
For this reason, a more robust operator has been defined for the
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detection of interstices between molars on both maxillaries.
4.2.2. Processing for Molars on both Maxillaries.

Instead of using only ranges values along the ruler, as
in Eq. (9), we rather compute functions of the range values
under the mask shown in Figure 15 The image filtered with the

M3

/‘/

M1

MO

ruler

M2

(5x:5y)

Figure 15 Mask used for the detection of interstices between molars.

diamond-shaped filter is used for this purpose.
For each position of the mask along the ruler, we
compute the following parameters:
MO = Max |z (x+sx,y+sy)]

X=-1,0,1
y=-1,0,1 (10)
SERmt
zZ(x+s_,y+s
M1 = z E L"g;y) an
x=3y=-1
=3 =l z(x+s5,y+s,)
M2= Y V3 - % (12)
x=-5y=-1
1 z(x+s5,y+s,)
Mi= Yy ¥y e (13)
x=-1y=3
1= z(x+5,y+s,)
Mi=Yy Y s e - (14
x==ly=-5
Then, these parameters are combined as follows:
z=MO+M1+M2-M3-M4. (15)

This value is replaced in Eq. (9) for the computation of
d(s; Oj, M) . For molars, o (s, Gj, W) is setto d(s;, Gj, W .

This operator yields large values for z on interstices
between molar since M0, M1 and M2 are on the interstice and
M3, M4 are on both sides of the interstice. On the other hand,
the operator yields small values on areas occupied by a molar
since M1 to M4 fall in the same range of small z values. On
horizontal regions of the imprint (regions parallel to the x,y
plane), z equals MO since M1~ M2 = M3 ~ M4. The curved
labeled PMS, in Figure 17 is the result of the processing step
described above for the upper maxillary. Interstices between
molars are clearly visible and correspond to large peaks on the
curve. Peaks caused by the distal fossae and the disto-buccal
cusps of molars are very small compared to those that were
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visible on the P;¢ curve used for upper maxillary incisors.
IS, ppe ary

However, peaks that correspond to interstices between incisors
are not as sharp on the Py, _curve as they were on the P .

4.2.3. Processing for Lower Maxillary Incisors.

Lower maxillary incisors are very small and adjacent
incisors are very close. Thus, the interstice between these
incisors are very small and difficult to detect. More information
is needed. The image at 7»2 provides this information.
Referring to Figure 3 (b), we may observe that the bottom of
lower maxillary incisors appears brighter then the sides of the
imprint. On the other hand, incisors appear very dark in the
image at A, . For each pixel we perform the substraction

2(L,)) =2, (14,)) =7, (i,)) (16)
and use this resulting value in Eq. (9). Substracting the image
at A, from the image at A, yields an output image with
significantly deeper values in the incisors area. A side effect is
the amplification of the interstices between adjacent incisors

4.2.4. Combination of the Operators.

The operators described above behave differently
depending on the area of the imprint they are applied to. The
output profiles of the operators are combined to yield a
resulting profile that is used to find the interstices between
teeth. For the upper maxillary the resulting profile Pg is

computed as a weighted sum of the individual profiles

Pg = Pls,,"'FsPls,"' (1 ‘Fs)PMs, a7
where F is defined as:
. 2T
- COS ——
Fy= — L (18)

L is the total length of the axis of the imprint. Figure 16 shows
the weighting functions Fg and (1-—Fg). These weighting

Figure 16 Weighting functions for upper maxillary.

functions increase the contribution of Pls, in the incisors area

and reduces its effect in the molar area (see Figure 17). The
reverse process is observed for PMS,- For the lower maxillary,

the weighted sum is
P, = F,P”F+F1P”A_’+ (I‘FI)PMl, (19)
with
2ms;
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Figure 17 Detection of interstices. Upper maxillary.
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Figure 18 shows the weighting function for the lower

Figure 18 Weighting function for lower maxillary.

maxillary. Figure 19 shows profiles for the lower maxillary. It

AN

MM
¥ Vo8
Nig

%
M

Iy
U

Pyi,

Py,

(Bl d
T

- [Z

Pre-molar
e-molar

Molar
Molar
Molar

Figure 19 Detection of interstices. Lower maxillary.

is important to mention that the operators described above
perform equally well for canines and pre-molars. No special
operator was designed for these teeth.

4.3. Peak Detection.

From the final profiles (P for upper maxillary and P,
for lower maxillary), the detection of interstices between teeth
is reduced to a peak detection operation. The interstices
correspond to high peaks on the profiles. To eliminate small
peaks we use a variable-width peak detection window. The
width is set using the parametric position of the ruler along the
wax of the imprint. The width for the upper maxillary (Ws,.)

and lower maxillary (W, ) are defined as follow:

L
2n(s;—2—=)
L L 45 L
= Max —(1+cos—-—L—]+%,8

45 @

Ws.
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/5
27t(si—2E) L
W,i = Max a5 1+cos—L“ +%,7 22)

L is the length of the axis. The 1/45 factor is the average half-
width of a molar compared to the length of the axis along the
wax. A threshold value L/90 is added because the width of the
window is not allowed to take the value “zero”.

r;' Filter

Peak detected

N
o

<&

Ws,. or W,..
Figure 20 Variable-width peak detection window,

The results of interstices detection are shown on Figure
21 for the upper maxillary of a typical dental imprint.

Figure 21 Interstices detected.

Small cross symbols lie on the axis and dark lines are
drawn on interstices found by the algorithm.

5. Experimental Results

The image acquisition and segmentation technique
described in Sections 2-4 was tested on a large number of
imprints. For the experiments presented in this paper, the wax
dental imprints of 13 normal subjects were recorded. The
image of 15 upper maxillaries and 14 lower maxillaries were
acquired with the special purpose 3-D camera (one lower
maxillary imprint was rejected because of the poor quality of
the imprint on the wax wafer). The 29 profiles were processed
with the algorithm for interstice detection and position
estimation on the 3-D image of the imprints. The algorithm
correctly detected all interstices on all 29 3-D profiles. All
interstices were correctly located on the axis of each imprint.
The segmentation algorithm worked very well on lower
maxillary incisors even with poor imprint quality. Furthermore,
the algorithm did not generate any false interstice in the disto-
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buccal cusp or buccal fossae of molars.
6. Conclusion

This paper has presented a computer vision system for
the acquisition and the segmentation of 3-D profiles of wax
dental imprints. The system is part of an expert system for
automatic orthodontic diagnosis. The acquisition system is
based on the absorption of light by a dispersive medium. The
3-D profiles of wax imprints measured with this special
purpose camera showed an accuracy better than 10% for depth
measurements, and better than 5% for lateral distance
measurements on the imprint.

The segmentation algorithm searches for the interstices
between teeth on both maxillaries. The algorithm is based on
three different operators, each operator being tuned for a
specific type of tooth. The algorithm was tested on many 3-D
profiles and all interstices were correctly detected. No false
interstices were produced by the operators.

The next step on the development of the system will
focus on the processing of profiles with missing teeth and on
profiles with mixed dentition. A heuristic algorithm is currently
under development for the identification of missing or false
interstices that may appear on poorly recorded wax imprints.
Tests on a larger number of imprints (>100) will also be
performed. Finally, a set of 10 orthodontic parameters will be
measured on the 3-D profiles and fed to the expert system for
automatic diagnosis.
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