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Abstract

This paper presents a fast and efficient surface reconstruc-
tion method from contour data sets. The reconstructed sur-
face is defined as an implicit surface. We create a strati-
fication of the polygonal contours in each cross-section to
speed—up the point membership classification involved in
the field function computation and avoid the creation of a
geometric skeleton. Tests carried out with medical scanner
data—sets show that the reconstruction may be performed at
interactive rates.
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1. Introduction

In this paper, we focus on surface reconstruction from con-
tour data sets that are produced by many medical applica
tions such as tomography and scanners.

Reconstruction techniques may be classified according to
thetype of theinput data. Surface reconstruction from scat-
tered or unorganized pointsprovesto bevery difficult issue.
Although several methods have been proposed, all of them
suffer from high computational complexity because of the
lack of knowledge of samples.

In this paper, we address the reconstruction of a three—
dimensiona object from cross—sectional contours. Each
Cross section is a non intersecting polygonal shape consist-
ingin oneor severd closed polygonal contours. We present
a new technigque based on a stratification of polygons and
anisotropic distance functions that fully exploit the partial
structure of the data. We create a potential field function for
each cross—section and combine them to create an implicit
surface that contains the contours.

The paper isorganized as follows. In section 2, we present
a short overview of existing reconstruction techniques. In
section 3, we describe our reconstruction algorithm and fo-

cus on both the stratification of contoursin parallel cross—
sections and the definition of an accelerated field function.
In section 4, we present polygonized objects and show that
reconstruction may be performed at interactive rates.

2. Related work

Algorithms may be split into two categories : purely ge-
ometric algorithms that directly create an externa triangu-
lated surface, and implicit surface based agorithms.
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Figure 1. Tiling and branching problemsthat occur in
geometric algorithms

Those a gorithms face the following main two problemsre-
lated to surface reconstruction :

¢ the correspondence problem that consists in deter-
mining adjacency rel ationships between contoursfrom
consecutive cross—sections,

¢ thetilingand branching problemsthat occur when con-
structing a triangular mesh between vertices of differ-
ent contours (figure 1).

Several techniques have been proposed to deal withthe cor-
respondence and the branching problems, A good overview
and an extended bibliography may be found in [10].

Parametric reconstruction techniques [8] approximate the
surface by smoothly deforming afixed topology polyhedral



model. Constraint based deformations enable the polyhe-
dral model to grow and fit to the final shape. [12] has de-
scribed ahybridimplicit—parametric method for fitting ade-
formed sphereto a set of pointsusing deformations of a su-
perquadric.

On comparison to geometric algorithms, implicit surface
based reconstruction techniques do not suffer from topol og-
ical considerations. Existing methods attempt to create a
smooth implicit function f : IR® — IR such that the sample
datapointsisclose or inthe zero—set of f. [9] has presented
an incremental techniquetofit an implicit surface builtfrom
point skel etonsat agiven approximationlevel ; however, the
reconstruction processisvery slow.

Another approach, introducedin [5] and completed [6] con-
sistsinusing graph traversal techniquesto calculateasigned
distance function from the data points, approxi mate tangent
planes at the data points and build an implicit surface from
thisfunction.

[1] has devel oped a medial axis generation techniqueto lo-
cate point skeleton based implicit surfaces for scattered data
points. [11] has proposed to use a set of R-Functions based
on splines, however this technique is computationaly very
expensive. In [7], a potential field function is built from
a signed distance for each contour. The overall implicit
functionisdefined by interpolating the field function of two
consecutive dices. Accelerations are performed by using a
voxel decomposition of space.

An implicit surface reconstruction algorithm for branching
shapes has been addressed in[4], however thistechniquere-
lies on the creation of a complex skeleton (which involves
Bézier triangles as extraskel etal elementsto performbulge—
free blends between branches) and its associated field func-
tionis computationaly expensive to evaluate.

3. Description of the algorithm

Our method crestes aproceduraly defined implicit function
whose zero—set includesthe set of parallel contoursT'y, k €
{1,...,n}. Thewholesurfaceitself isdefined asan implicit
surface ¥ = { M (z,y,z) € R3, f(z,y,z) = 0}.

In this section, we will assume that the cross—sections are
paralld to the plane (0,7, 7) located at the corresponding
height z, k € {1,...,n}.

We recall that we aim at computing a field function value
f(z,y,2) a every point of space M (z,y,z). For each
cross—section ', we create afield function f, whoseregion
of influenceisbounded by lower and upper planesz = zx_1
and z = zx41 (figure 2). Thus, given apoint M (z,y, z)
in space, we sort it against the parallel cross—sections : let
z = zp and z = zx41 the planes bounding M (z,y, z). f
will be defined as acombination of £ and fi+1. Aswewill
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Figure 2. Polygonal contoursT';, and '+, in consec-
utive cross-sections, and projected vertices P, and
Py 41 corresponding to M

seelater, thefield function associated to acontour I', will be
defined by classifying the projection Py, of M against ['x.

3.1. Overview

The class of problems we are interested in can be stated as
follows : given a polygona contour ' in a cross—section
k, define afield function f, whose corresponding implicit
surface Y, satisfiesI'y, C Y. Then, givenn parale polyg-
onal contoursT'g, k € {1,...,n}, create the reconstructed
surface X by blending theimplicit surfaces X,.

Asproposedin[7], f may bedefined as fi, = g o di, where
dy is a signed distance function to the polygonal skeleton
I'y and g, afield function. Still, evaluating dj, is compu-
tationally expensive as dy, is defined as the minimum dis-
tance between a point M and every segment of I'x. Al-
though a Voronoi diagram would classify M against cells
and speed up the di stance computation, pre—processing each
cross—section is both memory exhausting and computation-
aly expensive.

Thus, we propose to use a different partitioning technique
and rely on a stratification of the polygonal contours I'y, to
characterize fi,. Our method may be split into three steps :

o first, wecreate astratification of the polygonal contours
into trapezoids; thisdecompositionislater used to cre-
ate an implicit function f; corresponding to the poly-
gons T’y in each cross—section.

e once the dtratification of the cross-sections is per-
formed, we definefield function f;, such that itsassoci-
ated implicit front surface X2, rests on the contour T',
i.e satisfiesT, C Y.

o eventually, theoverall implicit function f isdefied asa
combination of the functions f; from two consecutive
Cross—sections.



3.2. Trapezoids classification

In this section, we assume that Iy, isa polygonal contour in
the cross-section & embedded by a bounding rectangle By,
'y, may have holes, however multiple polygonsin a cross—
section are handled separately.

Thedtratification of 'y, isperformed asfollows. Thedomain

By issplitinto vertical stripssuch that each vertical segment
of T, the stratification' passes through a vertex V; of I'.

Figure 3. Vertica stratification of a polygon I,
dashed segments are paralel segments of trapezoids
outsideT’,

Thus, the stratification creates a set of trapezoidswith paral -
lel vertical segments (figure 3). Each trapezoid ismarked as
inor out. Aswewill seelater, trapezoids will provideafast
classification of pointsthat will speed up the overall perfor-
mance dramatically.

3.3. Front surfaces

Let 7 atrapezoid of the stratification of the contour Iy, we
create afront surface Y2, asfollows. Let 11 aplane orthogo-
nal tothecross section and parallel to thestratificationdirec-
tion(figure4). IT intersects 7 intwo points, referred to as 74
and I, and C is set as the midpoint of the segment [/, I2].

Wecreate acurvel'r; intheplanell that passes through ver-
ticesII N 7. Therefore, Y, isdefined as a swept surface by
moving II, and I'y C Xg. If 'y is convex, the swept sur-
face Y isin general unambiguousdly defined, however the
following two cases may generate creases in the swept sur-
face:

e if a segment of ['; is parald to the direction of the
stratification (i.e. parallel to thesweeping planell), X
does not contain that segment (figure 5),

1 Strips may be either vertical or horizontal ; as shown in section 3.4,
wewill rely ontwo orthogonal stratifications to define thefront surface Xy,
associated to the polygon Iy

Figure 4. Front surface creation with avertical strati-
fication of apolygon 'k

e If 'y is non—convex, the swept curve may not be
uniquely defined in planes I1; that cross non—convex
vertices V; (asshowninfigure, I'y # I'f).

Figure 5. Discontinuities in the definition of ¥ at
edges paralld to the sweeping plane I1

Whenever such cases are met, the swept surface may be
closed by adding the piece of surface contained in the plane
11 (eg. betweenT';; and T'f;). Aswewill seelater, thisprob-
lem may be skipped by using two orthogonal stratifications.

3.4. Potential field

In general, the potential field function f may be defined as
a combination of a distance functiond : IR® — IR, and a
field functiong : IRy — IR ; therefore we will refer to the
following notation: f = g o h.

We have chosen to use accelerated anisotropic distance
functions presented in [2]. Given a center point C, a di-
rection « and an analytic profile curve I', a point of space
M (z,y, z) may be defined by a pseudo—polar tuple (a, r)
where « isthe pseudo—polar angled with thedirection and
r isthedistance ||C'M|| (figure 7).



Figure 6. Discontinuities in the definition of I'r; at
non—convex vertices of I';, with a vertica stratifica
tion

I" isused to compute the front surface distance p(«) and the
distance hy, isdefined as:

) =

We shall use this technique to compute our potentia field
Tk = gk o hy.

In this section, we assume that the stratification of the con-
tour I';, hasbeen performed, thereforethefront surface Yy, is
known. The potentid field fi, isdefined asfollows. Givena
point M (z,y, z) in space, I is set as the vertica plane that
contains M, and we denote P the projection of M on the
Cross—section.
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Figure 7. Anisotropic distance function defined by a
center point C, adirection ¥ and an anaytic profile
curvel’

If Pisclassified inan outsidetrapezoid, then the field func-
tion fx (z, y, z) should be negative, otherwise P isclassified
inan inside trapezoid and fi (=, y, z) should be positive.
Unfortunately, thefront surface X5, may havevertical sheets
when built from non—convex vertices of I'y, (figure 6). This
leads to discontinuitiesin the definition of the potentia field
f&, whichwill eventually result in a non—continuous defini-
tion of f.

Figure 8. Cresation of two analytic front curvesin or-
thogona planes 'y, and I'yy; corresponding to or-
thogonal stratifications

To avoid those discontinuities, we rely on atwo orthogonal
gratifications of T'y, instead of only one (figure 8). f isde-
fined asa combination of theresulting two potential fields f;
and f; definedin each direction (O, 7) and (O, J) of agiven
cross—section. The combination of f; and f; should be posi-
tive (respectively negative) when both f; and f; are positive
(respectively negative) and should dropto 0 if any of thetwo
field functionsconvergesto 0. Thiscriterionensuresthat the
whole contour I'y, is embedded by thefront surface ¥;.. Al-
though f may be any appropriate combination of f; and f;,
we propose to use the R—Functionintersection [13] :

fe=Ffinfi=Ffi+ -+

In prectice, f = min(f;, f;) workswell and is preferable
out of efficiency. Strangeasit may seem, the blending com-
bination f;, = f;+ f; doesproduce excellent resultsand the
resulting reconstructed surface appears to be smoother.

Werecall that asapoint M (z, y, z) inspace isinfluenced by
two consecutive cross-sectionsI', and 'y 1, f isdefined as
a combination of fi and fr41. The following R-Function
union definition works well :

F=FeV fopr = fo+ fopr B2+ fegi”

Needless to say that f = max(fx, fx+1) iSmore efficient
and provides good results as well. Visually speaking, our
experiments have shown that f = fir + fr4+1 produces the
best reconstructed surfaces.



Figure 9. Contour data—sets provided by tomography (from left to right, alung, afemur and a heart)

3.5. Complexity

In this section, we evauate the complexity of the compu-
tation of f;. Let n the number of vertices of the polygon
I'y. With a divide and conquer approach, the stratification
of 'y enables us to find the trapezoid containing the pro-
jected point in O(In(n)) time. In fact, only floating point
comparisonsare to be performed at each step, whichismore
efficient than any point membership classification over a
Voronoi decomposition of the cross—section whose query
timeisO(nIn(n)) [3].

It is worth noticing that polygonization algorithms based
on a voxel decomposition of space may take advantage
of the coherence between adjacent queries with a view to
speeding—up point membership classification.

Eventually, we rely on accelerated anisotropic field func-
tionsto evaluate f;. [2] has presented a set of analytic pro-
file curves I" that speed—up the computation of the pseudo—
distance. A mere dozen floating points operations are in-
volved in the computation of anisotropic field functions.

4. Results

The reconstruction algorithm has been implemented in C++
on a Pentium- 1 processor work—station with a 266MHz
Clock and 64 megabytes of main memory. Reported cpu
timeisin seconds.

Our agorithm has been first tested with an artificial data—
set described as 3 dlices with holes (figure 10). We have
also tested the reconstruction process on different data sets
produced by medica tomography. The heart (figure 9,11)
is characterized by 15 parallel cross—sections (1729 ver-
tices) which isarather simple case, whereas the femur (fig-
ure9,11) has been constructed from 26 cross—sections (4435
vertices). The lung is built from 24 cross—sections (2574
vertices).

To evaluate the efficiency of thefield function computation,
we have voxelized space to create n3 sample vertices (i.e.

Figure 10. Polygonized reconstructed surface from a
contour data—set with holes

(n — 1)® cells). The meshing was created with a look—up
table, combined with a ambiguous configuration detection
scheme to guarantee a topologically valid polygonization.
Timings show that even such a brute force polygonization
performsvery fast (table 1).

Samples Femur Heart

Time | Triangles | Time | Triangles
503 0.44 2556 0.50 5910
753 145 5783 1.68 7038
1003 3.38 10470 3.99 12734

Table 1. Timingsfor n3 evaluation of f for the femur
and the heart data—sets, the number of generated trian-
glesisdaso reported

In practice, a marching cube algorithm would perform bet-
ter by analyzing fewer cdlls, i.e. only O(n?), would be vis-
ited. Since we guarantee that the function f is null over the
contours 'y, theimplicit surface X also contains I, and the
marching cubeinitializationis straight forward.



Figure 11. Polygonized reconstructed surfaces from contour data—sets (from left to right, alung, afemur and a heart)

It is worth noticing that as expected, the stratification of
cross-sections 'y, isamost instant (0.08, 0.05 and 0.06 sec-
onds for the femur and the heart and lung data—sets respec-
tively).

5. Conclusion

We have proposed a fast reconstruction technique for con-
tour data—sets. The algorithm takes advantage of the partia
structure of the data to create a two—dimensional stratifica-
tion of contoursin each cross—section to speed—up the po-
tential field computation. It isworth mentioning that our a-
gorithm should deal with multiply nested contours success-
fully.

Althoughthismethod isfully automatic, control over there-
sultingimplicit surface may be achieved in several ways, &i-
ther by changing the analytic profile curves, or chosing dif-
ferent combinations of field functions involved in vertical
and horizontal stratifications.
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