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Abstract

In this paper, we apply the CSM (Correspondences by Sensitivity to
Movement) algorithm to the problem of quantifying differences between
surfaces. The basic principle of the CSM algorithm is to test the reliability
of a match by moving the point of interest to see if it always matches to
the same place. This method is used to compare pre- and post-operative
range scans of the faces of patients, who have undergone surgery to their
jaws. We show that, although locating closest points between surfaces is
less sensitive to noise in the data, the CSM method is useful for indicating
shape changes, especially in regions where the two surfaces are close.

1 Introduction

Accurate and robust methods for calculating correspondences between similar surfaces are
necessary for a number of applications, such as evaluation of the effects of aesthetic
surgery to the face and growth measurement. Point correspondence methods are also
employed in surface registration algorithms and for developing point distribution models
[1]. In this paper, we are particularly interested in methods for evaluating the effects of
aesthetic surgery to the face.

Methods developed specifically for evaluating patients’ faces before and after surgery
include those proposed by McCance et al [2,3] and Coombs [4]. McCance measures the
distances between two surfaces by firing radials from the centroid and calculating the
intersection of each radial with both surfaces. This method has the disadvantage that the
results can be misleading if the actual displacement is in a different direction to the radial
direction. Coombes has developed a method that classifies each point on both surfaces into
types of surface patch. Unfortunately, no method has been developed for automatically
calculating correspondences between patches.

Several other surface correspondence algorithms have been proposed in the literature.
Many of these simply take as corresponding point, the point giving the highest values of a
match function [5-7]. These methods are unsatisfactory for evaluating changes in a surface
because the point giving the best match will often not give a “sensible” corresponding
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point. For example, a point in a featureless region of the surface should match well to many
points in a large region on the other surface. In this situation, if the surfaces are registered,
the most “sensible” corresponding point would be the nearest point in this region to the
point being matched. Best match methods, however, will often choose a different point,
which will often be in a different location in the region. This has the effect that
neighbouring points will often not have close corresponding points.

Other methods include matching crest lines, defined as lines of maximum principal
curvature [8] and spin images [9]. “Spin images” are obtained by projecting the image onto
coordinate systems, which are unique for each point and determined by the surface normal
at that point. Since each point has a unique spin image associated with it, and which is
invariant to a rigid transformation of the object, this technique does not require that the
images are registered before correspondences are calculated. The drawback with both of
these methods is that they will only locate correspondences for distinctive points;
correspondences for all other points have to be interpolated.

In this paper, we describe a surface correspondence algorithm, which uses the CSM
(Correspondences by Sensitivity to Movement) algorithm along with a surface match
function. This algorithm was initially employed within the ICP (Iterative Closest Point)
registration algorithm [10] and shown to give better results than other correspondence
algorithms [11]. It has the advantages that there is no segmentation, a reliability of the
correspondence is calculated, and the corresponding points of points that are close, will in
general, also be close. The performance of the CSM algorithm is evaluated with respect to
quantifying the changes to patients’ faces after corrective surgery to the mandible and
maxilla, and compared with the performance of a method that locates the closest point on
the surface to the point being matched.

2 Matching and Registration

The surface correspondence algorithm described in this paper is made up of two parts: a
match function for comparing points on different surfaces; and the CSM (Correspondences
by Sensitivity to Movement) algorithm which uses the match values given by the match
function to calculate a corresponding point along with a measure of reliability. In the

following, surfaces A and B are assumed to be triangular meshes and nodes on surface A

will be matched to nodes on surface B. Note that the nodes on surface A can correspond to

any point on surface B, although they are only matched to nodes on surface B.

There are three stages to the CSM algorithm:

1. Match a node (the matchnode) of surface A to all the nodes within a certain radius in
surface B. (The radius defines the search region.)

2. Move the matchnode around a little, and for each position of the matchnode, calculate
a “tentative corresponding point” on surface B. This produces a scatter of corresponding
points that should be clustered on surface B, and that may be clustered along a line or
around a point, or widely scattered on the surface.

3. Calculate a corresponding point and a measure of reliability by analysing the
distribution of the tentative corresponding points. If the tentative corresponding points
are scattered along a line, the corresponding point is the closest point on the line to the
matchnode; otherwise the centroid of the scatter of points is used. The reliability is
derived from the sum of squared distances of the second principal axis for the scatter of
points.
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2.1 The Match Function

The match function for matching a node on surface A to a node on surface B is based on
three quantities: the curvedness [12], shape [12], and “relative angle”. The curvedness and
shape are standard measures based on the principal curvatures; the relative angle is the
angle between the normal and the vector from the main axis of symmetry of the object to
the node. This is a new measure that imposes a “texture” on the surface normals and thus
helps to localise nodes in otherwise featureless regions. At first, the surface normals were
compared to those of a sphere, but as the face resembles a sphere quite well, this provides
little additional information about the surface. It was found that using a cylinder as a
template works much better, giving better localisation to the nodes. Note that the relative
angle measure, unlike surface normals, is independent of the pose of the object.

We define a separate measure for each of these quantities, and then multiply these
measures together. Each component is matched using the following formulae:

Curved . [ +1000x R 1+1000x R,
urvedaness: r = min ,
H+1000x R, 1+1000x R,

where R; and R, represent the curvedness of the points being matched. The factor 1000 is

used to stop the values being swamped by 1.0, which has been included to prevent division
by zero. Note that although the curvedness varies with scale, this match function is
independent of scale.

9
Shape: c=exp{——|S8; - S, |2}
2

where S, and S, represent the shape of the points being matched. The value 9/2
effectively gives a half width at half maximum for this gaussian as 1/3.

162
Relative angle: g = exp{—F\ A, - A2|2 }
where A, and A, are the relative angles of the points being matched. This gaussian has a

half width at half maximum of pi/18, which is 10 degrees.

These formulae have been designed (via the use of gaussian functions for the latter two
quantities) to give values in the range [0,1] to ensure that they have equal weight in the
final matchvalue given by: m = rcg

2.2 Calculating Tentative Corresponding Points

If the matchnode from surface A is matched to all the nodes within a search region in
surface B, a matchmap is obtained. A “tentative corresponding point” for the matchnode
can be calculated by summing over the matchmap. This is achieved by the formula:

_2Kix,
9, ="
> K,
where x,is the vector from the matchnode to node 7 in the search region, and K, is the

“attraction”, inversely proportional to distance, of node i given by

m; meandist;
K, = 5 X , b=22
I+ x, [ n
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where m; is the match value for point 7, b is a constant, meandist; is the mean distance
from point / to all the nodes connected to it, and #, is the number of nodes connected to

point i. The second part of this formula is included to prevent areas with densely packed
nodes having more influence than areas where the nodes are less densely packed. The
constant b was set equal to 3.0 for this application.

2.3 Generating a Corresponding Point and a Measure of
Reliability

The formulae given above enable us to calculate a single “tentative corresponding point”
for each matchnode on surface A. If we move the matchnode a little and sum over the
matchmap with the matchnode in this new position, we will in general, get a different
tentative corresponding point. By repeating this procedure for fixed displacements of the
matchnode, a scatter of tentative corresponding points will be generated. The distribution
of this scatter of points is analysed to provide a corresponding point and a measure of
reliability of the correspondence.

This distribution of points is analysed by calculating the principal axes and
corresponding eigenvalues of the tentative corresponding points. As long as surface B can
be locally approximated by a plane (which can be achieved for smooth surfaces by
increasing the scale, or by decreasing the perturbation distance of the matchnode), the third
eigenvalue will approximate the sum of squared distances of the tentative corresponding
points to the surface. The first principal axis provides a line along which the points are
scattered; and the second eigenvalue provides a measure of how closely the points are
scattered along this line. If the ratio of the second and first eigenvalues is greater than a
threshold (currently set at 0.5), the corresponding point is set to the closest point on the
line to the matchnode; otherwise it is given by the centroid of the scatter of tentative
corresponding points.

The measure of reliability of the match is based on the second eigenvalue since this is
large when the points are widely scattered over surface B and small both when they are
scattered along a line and when they are clustered near a point. To give the reliability
value, the second eigenvalue is converted to the range [0, 1] using the following formula:

_ exp@2v2 |
W p
5 2,2 5
where d is the maximum displacement undergone by the matchnode, v is the second

eigenvalue, and ¢ is the number of tentative corresponding points. For this application, the
displacement d was set to 2.5mm.

3 Experiments

A Cyberware laser scanner 3030HRC (Cyberware Inc. Monterey, California) was used to
scan two patients before and after surgery to their jaws. The maxilla of patient 1 was
moved 11 mm forwards and 3.5 mm upwards; and the mandible was moved 7 mm
backwards. Patient 2 had their mandible moved back by 5-6 mm and their maxilla moved 5
mm forwards and tilted so that the anterior and posterior regions were moved upwards by 2
mm and 4 mm respectively. Several scans of each patient were taken at each session. In
addition, in order to provide data for checking that large differences are not found when the
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face has not been surgically altered, 10 volunteers, who were not undergoing surgery, were

scanned twice on the same day.

The face was manually segmented from each scan, converted to a triangular mesh, and
decimated so that the number of nodes was reduced to 15% of the original number. Scans
were automatically registered using the CSM correspondence algorithm, combined with the
ICP rigid registration algorithm [11]. The scans of the volunteers were registered using the
whole face, whereas the pre- and post-operative scans were registered by registering the
forehead and half of the eye orbits from the post operative scan to the whole face from the
pre-operative scan.

Two methods were used to compare the differences between pairs of scans: the CSM
correspondence algorithm described above and the closest point method. The closest point
method simply calculates the vector from a matchnode on surface A to the closest point on
surface B to the matchnode. The displacement vectors generated by these methods were
labelled according to their direction compared to the normals of surface A into inward and
outward pointing vectors. The displacements were displayed on surface A using warm
(yellow-orange-red) colours for outward displacements and cold (green-blue-purple)
colours for inward displacements. Note that although these methods produce displacement
vectors, they do not give an indication of soft tissue movements as a result of surgery, but
instead, quantify the differences between two surfaces.

Three sets of experiments were carried out:

1. The scans of the 10 volunteers were evaluated using the CSM and closest point
methods in order to check that these methods do not give large differences when the
face has not been surgically altered.

2. A pre-operative scan from each patient was matched to a post-operative scan using
both methods. The resulting displacement vectors were compared to the known bone
displacements by recording and averaging the actual displacements for 4 points in the
regions of each of the 16 points shown in figure 1.

3. In order to evaluate the accuracy of the registration and reproducibility of the
calculated displacements, four post operative scans of patient 1 were registered to a
single pre-operative scan, also from this patient. Displacement vectors were calculated
from the pre-operative to each post-operative scan and then each of these sets of
displacement vectors was compared pairwise with the others.

mean std
CSM 1.91 1.38
Closest point | 0.66 0.57

Table 1: The mean and standard
deviation (in mm) of the differences
between the surfaces for the scans of
normal faces.

Figure 1: The 16 positions at which the
vector displacements were measured.
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CSM Closest Point

Figure 2: The results of registering two scans of the same person taken on the same day.

CSM Closest Point

Figure 3: The results of using the two methods to compare the pre and post-operative facial
surfaces for patient 1.

4 Results

Table 1 shows that the closest point method gives the smallest surface displacement values.
These values are comparable to those found in other work based on landmarks [13,14].
The displacement maps for one of the volunteers are shown in figure 2. The distribution of
non-zero displacements shows that the scans are well registered and that the errors are
probably due to measurement errors by the scanning equipment.
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Figure 4: The results of using the two methods to compare the pre and post-operative facial
surfaces for patient 2.

CSM
Post 1 Post 2 Post 3 Post 4
mean std mean std mean std mean std
Post 1 0.00 | 0.00 3.58 3.55 2.48 3.14 2.77 3.54
Post 2 0.00 0.00 3.86 3.05 2.71 2.37
Post 3 0.00 0.00 3.07 3.33
Post 4 0.00 0.00

Closest distance

Postl 0.00 0.00
Post2 1.84 1.94 0.00 0.00
Post3 1.24 1.60 2.22 2.26 0.00 0.00
Post4 1.44 1.88 | 1.36 1.63 1.70 2.12 0.00 0.00

Table 2. The mean and standard deviation (in mm) for the displacements, calculated for
four post-operative images that had been registered to a single pre-operative image. The
displacements were calculated using the closest point method.

Figure 3 shows the results of using both methods to compare the pre- and post-operative
scans of patient 1. The images in figure 3 show that the two scans are well
registered because the foreheads show little displacement. Both methods show that the
mandible was moved back by about 7 mm (point 1), which agrees closely with the given
bone movement. Both methods also show that the maxilla was moved forwards, but the
soft tissue displacements are less than the given bone displacement. The CSM method
gives greater displacement in the cheek regions, suggesting that although the two surfaces
are very close in this region, there has been some shape change.

The results of patient 2 are shown in figure 4. Both methods show that the chin was
moved back, the bridge of the nose has moved down and that the mandible has dropped.
Despite the large and complicated movement of the maxilla, the closest point method
shows little difference between the pre- and post-operative scans in the cheek region,
although there is some (asymmetric) indication that the area under the eyes has moved
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CSM Closest Point

Figure 5. The results of experiment 3 for scans post 2 and post 3 (see table 4). The top row
shows the results of calculating the displacements between post 2 and post 3. The bottom
row shows the results of comparing the displacements calculated from the pre-operative
image to each post-operative image.






down, while the cheek regions level with the alae have moved out by 2-3 mm. The CSM
method, in contrast, shows major changes in the cheek regions. When the surfaces of the
scans are examined, the shape of the cheeks looks quite different. They seem to have
dropped and to have moved forwards relative to the nose. This movement is shown clearly
only by the CSM method, which when the displacement vectors are displayed, shows a
shape change in a downwards circular movement.

Table 2 shows the results of comparing displacements between a single pre-operative
scan and four post-operative scans that have been registered to this pre-operative scan.
Figure 5 shows the results for the worst pairwise comparisons. The top row of this figure,
which shows the differences between two post-operative scans, shows that the registration
is good, but that the nose appears to have shifted in the opposite direction to the rest of the
face.

The second row of figure 5 shows the differences in the displacement vectors calculated
between the pre-operative scan and two post-operative scans. Since these images have a
mottled appearance rather than a systematic pattern, we conclude that any registration
errors are not affecting the displacement calculation, and that the errors must be due to
noise in the images. The argument for this conclusion is further strengthened by the fact
that the differences in the displacement vectors are reduced when gaussian smoothing is
applied to the triangular surface meshes before the displacements are calculated.

All the results for experiment 3 show that the CSM method gives larger discrepancies
between the displacement vectors than the closest point method.

5 Conclusion

The results of the above experiments show that both the CSM and closest point
algorithms are useful for quantifying the differences between surfaces, but that ideally, the
information from each should be combined. Since the CSM method measures distances
between corresponding points, where a corresponding point is a point on the surface with
similar shape, this method can give an indication of shape change. This is seen particularly
in the cheek regions of patient 2. Here, the closest point method shows little difference
between the two surfaces, but the CSM method gives large displacements, suggesting that
the shape of the cheeks has changed. This is corroborated by a visual examination of the
pre- and post-operative scans.

Note that, although the CSM method provides a weight for each correspondence, these
weights were not taken into account in these calculations. If these weights were to be taken
into consideration, probably combined with some kind of smoothing/interpolation
algorithm, it is likely that effects due to artefacts in the scans will have less effect, allowing
better results to be achieved.
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