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Surface reconstruction of complex contour lines
based on chain code matching technique
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Abstract: A new method for solving the tiling problem of surface reconstruction is proposed. The proposed

method uses a snake algorithm to segment the original images, the contours are then transformed into strings by

Freeman’ s code. Symbolic string matching technique is applied to establish a correspondence between the two

consecutive contours. The surface is composed of the pieces reconstructed from the correspondence points.

Experimental results show that the proposed method exhibits a good behavior for the quality of surface

reconstruction and its time complexity is proportional to mn where m and n are the numbers of vertices of the

two consecutive slices, respectively.
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Three-dimensional surface reconstruction is widely
used in medical imaging to visualize and manipulate 3-
D structures, especially from a set of tomographic
cross-sections. Meyers'"! subdivided the problem of the
surface reconstruction into four subproblems: the corre-
spondence problem, the tiling problem, the branching
problem and the surface-fitting problem. A solution to
the tiling problem for a pair of planar polygonal con-
tours is a surface that is composed of a series of trian-
gles. Each triangle is formed by joining an apex situat-
ed on one of the contours to a vertex located on the
other one. In the past three decades, many algorithms
have been proposed to solve this tiling problem"” .
Among them, some make use of an optimization
process to propagate the local information to a more
global level'” . The tiling problem is always well han-
dled for contours having similar shape, but most of the
methods often fail in producing good results when con-
tours have dissimilar shapes, or different orientations.
The main reason, as indicated by Meyers'", is that the
cost function used to compute the tiling does not use e-
nough information to reach a good solution. In complex
situations ( strong dissimilarities between the shapes,
split or merge contour), the resolution of the problem
requires a more global analysis, with the use of prior
knowledge of the structure.

Our work aims at bringing some solution in defi-
ning more robust criteria for solving the tiling prob-
lem. Our approach relied on a string matching tech-
nique to measure the similarity of two contours and es-
tablish a correspondence between points of these con-
tours. A global optimization scheme based on a dynam-
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ic programming process allowed wearing local informa-
tion at a global level. The surface was then piecemeal

built from the set of matched points' .

1 Contour Matching Based on String
Matching Technique

1.1 String matching algorithm

A number of different algorithms for string matc-
hing have been proposed in Refs. [6 — 11]. They aim
at measuring the similarity between two strings
through a metric derived from the Damereau-Leven-
stein’ s method and based on edit operations. The dis-
tance is defined as the minimum cost operations se-
quence to convert a string A into a string B. The con-
sidered operations are classically the insertion, dele-
tion, and substitution of symbols. A cost function y is
assigned to each basic edit operation. The total cost of
the transformation is then given by the cumulated sum
of the elementary costs applied to each operation in
the sequence.

An edit distance between string A and string B
can then be derived:

5(A, B) =min{cost(0) | O is an edit operations
sequence to convert A into B} (1)

Its computation is performed using a dynamic
programming algorithm'® and goes through the edit
matrix computation Dy, |, .01, . |4, | Where [, and
l,, characterize the respective size of each string of
symbols A and B and D, ; the minimum number of op-

erations needed to match the symbols a,, ; to
b,

Di,o =1, Do,_,' =J

D[,j :min{Di-l,j +’Y(ai4>/\)’Di—l.j—l + (2)

y(ai—b),D;; , +y(A—b)
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where y(a,—b;), y(a,—A), y(A—Db;) respectively
represent the substitution, deletion and insertion costs.
The edit distance 6(A, B) is given by the term D, , .
Its computation is achieved with a time complexity
equal to O([, /). Edit distances can also be defined in
terms of “trace”, where a trace from A to B, T, ;,is a
set of ordered pairs of integers (i, ) corresponding to
the indices of symbols which have been associated.
1.2  Contour matching by means of symbolic
string matching technique

String matching has been previously used in
Refs. [10, 11] by considering the pairing of contours
and centerlines in vascular imaging ( coronarography)
in order to build high level entities, i. e., vascular
branches. It also facilitates the 3-D reconstruction of
the vascular tree from two views. The contour lines
were preliminarily extracted by applying an active
contours ( snake) algorithm'” on each slice of the da-
ta set. Let (C ,'n, Cfm) be two arbitrary contours so that
C, ={pi 1i=0,1,...,1,} and C; ={p; |j=0,1, ...
[,}.Let A and B be the two strings respectively asso-
ciated with each curve C,ln and C?m. The symbolic rep-
resentation was given as a sequence of numbers repre-
senting the tangent computed at each point on each
curve:a, = {t }, b, = {tf}. We then derived a cost
function from the angles computed between the tan-
gent at each point p; € C, (p; e C; ) and the line d,
joining the two points p; and p_?( see Fig. 1). The cost
function associated with the substitution operation, is
defined as

v(a,—b)) =w \ cosa; —cosf; + (1.0 -~ w)-

( | cosa, | + \COSIBJ. N | (3)
where
ti 'di/ ,3 t‘é'di/' (4)
cosSy; =775, > COSBi =77,
4] d, A

The insertion and deletion costs are equal and set to 1.

2
Pj
Fig.1 Perpendicularity and symmetry factor

The substitution cost introduces a parallelism
property through a symmetry and perpendicularity
measure, performed on pairs of associated points. The
costs are variable and continuous on the interval [0,
2]. The perpendicularity factor is given by |cosa; | +
\cos,Bj |. This factor provides information on the local

perpendicularity of the traces with regard to the con-
tours. The symmetry given by
\cosa,. - CosB; |. 1t represents the local symmetry of
the contours with regard to a median axis (it equals O
if the tangent vectors are symmetric) . w is a weighting
coefficient, which allows balancing these two factors.
We had to match close curves with each other.

We do not a priori know the starting points to initiate
the matching procedure on each curve. We overcame
this problem by considering the cyclically shifted
B Tt involves duplicating one of the curves, B
for instance, to obtain B = {b,, b,, ..., blm, b, b,, ...,

factor is

string

b, }. We are then sure that if the string B is partially

similar to the string A, B? will contain A as a substring
independent of the starting position. Some change
needs to be brought to the basic algorithm to handle
this situation. In particular, when searching for the
least cost trace by applying the backtracking process
in the edit matrix, we have to look for the element
D, ..j=1,1
be the starting point of the backtracking procedure
(see Ref. [8] for more details). Fig. 2 illustrates this
scheme.

..»21,, — 1, which equals 0 and will

m> "m+1 *

bl’ b2! “"blm bly b2’ ybbn
B/A 00, 0,--,0 0, 00, 00
a
a 2
a |, 0

Fig. 2
cyclically shifted strings

Tllustration of string distance computation using

1.3 Triangulation process

Once the correspondence was established be-
tween the two contours, the trace ( graphically corre-
sponding to the line joining the paired points) provid-
ed a first ground for the surface triangulation. The
matching allows a one-to-one correspondence but
some points on the curves may not have been paired
(see Fig. 3(a)). So we completed the triangulation
process in the following way: (1) When two successive
points on one of the contours were matched with two
successive points on the other contour, each point was
considered as the vertex of a quadrangle. The latter
one was then divided into two triangles by spanning a
line on the shorter diagonal. ) When meeting un-
matched points, we completed the matching by apply-
ing Christiansen and Sederberg’s method'"! to generate
a triangulation mesh. For four points forming a quad-
rangle, the method proposed in Ref. [4] consists of
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choosing the shorter of the two possible spans at each
stage during construction of the tiling. Fig. 3(b) illus-
trates the triangulation refinement result.

(a)

Fig.3 Triangulation result

2 Experimental Results

We compared our procedure with two classical
methods, based on “surface area minimum” and ‘“heu-
ristic” methods, on simulated contours. The minimum
area method consists in choosing a triangulation whose
surface area is minimum'”'. The heuristic method pro-
posed by Ganapathy and Dennhy can be outlined as
follows: The perimeter length of the contours being
tiled was normalized, and the positions of the contour
vertices along the perimeter were expressed relative to
the normalized length. The span was chosen so that
the results provide the least difference in the normal-
ized arc length between the current points on the two
contours" .

No ground truth is available to measure the quali-
ty of a triangulation and the quality of the reconstruc-
ted surface. A good triangulation should be smooth,
contain long skinny triangles and avoid “waves”.
Some criteria were defined in Ref. [ 13] to evaluate
the quality of the triangulation. We applied them to
compare the three methods:

Area: Sum of the areas of all the triangles. It
measures the total surface area of a particular triangu-
lation. A minimum-surface triangulation is generally
considered the “best” guess of a 3-D object surface.

Average dihedral angle: Average of the dihedral
angles among all triangles. It can be used to estimate
the degree of “smoothness” of the surface.

Average ratio of edges: Average ratio of the lon-
gest edge to the shortest edge of the triangles. It indi-
cates the existence of undesired long skinny triangles
(Note that for a perfect equilateral triangulation this
measure is 1).

Maximum ratio of edges: Maximum ratio of the
longest edge to the shortest edge of the triangles. Un-
like the previous measures, this one indicates the exist-
ence of a single long skinny triangle.

Number of inversions: A triangle forms an inver-
sion when two of its edges are internal to the triangu-

lation and the dihedral angle of one of them is more
than 7 whereas that of the other edge is less than . It
measures the degree to which the surface is rippled.
These criteria, computed for each of the meth-
ods, are reported in Tab. 1. When comparing these fig-
ures, we see that they locate close to each other. The
“string matching” method reveals good performances
if we refer to the criteria values, which appear optimal
in most cases. Its time complexity (27,1, is less than
the minimum area method’s one (O(/,/,, log,!,,)), but
greater than the heuristic method’s one that requires
only I, + [, operations. Fig. 4 shows the set of con-
tours.
Tab.1 Comparison of three methods for five pairs of contours

Average Average Maximum Inversion

Method Area . .
angle ratio ratio numbers
SUing 6357 18291 404 613 18
matching
Heuristic 1864.12 186.19 4.70 7.14 23
Minimum area 1779.42 184.24 4.44 6. 54 17

Fig. 4
technique on simulated data

Triangulation process based on string matching

We then applied the string matching process on a
CT data set to extract the surface mesh of a tumor lo-
calized in the lung. The images were acquired on a Si-
emens system. The acquisition parameters are as fol-
lows: slice thickness is 1. 5 mm; pixel size is 0. 33 mm
x 0. 33 mm; matrix size is 512 x 512; resolution is 12
bit, number of slice is 8. Six successive slices are de-
picted in Fig. 5. The segmentation results ( by deform-
able model'”) appear superposed on the original da-
ta. Fig. 6 shows the 3-D linear-interpolated triangula-
tion mesh resulting from the application of the string
matching technique.

Fig.5 Six adjacent CT slices of lung showing a tumor
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Fig.6 Reconstructed triangular mesh of the lung tumor
3 Conclusion

A new method based on a string matching tech-
nique was proposed to solve the tiling problem in the
surface reconstruction. It established an optimal corre-
spondence between points of contours, based on local
constraints of perpendicularity and symmetry of con-
tours. The optimization process wore the local infor-
mation at a global level, producing a more accurate
and detailed surface tiling. We evaluated the quality of
the “string matching” technique with regard to other
methods such as “heuristic” and “minimum area”
methods, from a set of criteria we applied on the trian-
gulation results. They underlined the good perform-
ance of the “string matching” method. This approach
was then applied on a CT data set to reconstruct the
surfaces of a tumor localized in the lung. The results
provided a good description of the shape. We dealt
with a one-to-one contour matching. Our further work
will be devoted to the extension to multiple contours
matching to take into account the contour split or
merge between two slices.
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