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Abstract. This paper is concerned with a new parallel thinning ap- 
proach for three dimensional (3D) digital images that preserves the topol- 
ogy and maintains their shape. We introduce a new approach of select- 
ing shape points and outer-layer used for erosion during each iteration. 
The approach produces good skeleton for different types of corners. The 
concept of using two image versions in thinning is introduced and its ne- 
cessity in parallel thinning is justified. The robustness of the algorithm 
under pseudo random noise with respect to shape properties is studied 
and the results are found to be satisfactory. 

1 I n t r o d u c t i o n  

The processing of 3D digital images has become of increasing interest with the 
rapid growth of 3D image analysis and computer vision based applications in 
different fields such as astrophysics, geophysics, industrial inspection and med- 
ical imaging. Of all these 3D medical imaging is the most popular one such 
as Computed Tomography (CT), Magnetic Resonance Imaging {MRI), Ultra- 
sound Echography (UE), Positron Emission Tomography (PET}, Digital Sub- 
traction Angiography (DSA) etc. This paper is concerned with a new parallel 
thinning approach for three dimensional (3D) digital images. Many image pro- 
cessing methodologies such as smoothing, filtering, thinning and segmentation 
are of interest in various applications to 3D image processing. The objective of 
3D image thinning is to produce a medial surface representation that preserves 
the topology and maintains the shape of an object as much as possible. Thin- 
ning makes a compact representation of an object and hence is computationaUy 
attractive for future analysis. 

One of the important uses of thinning is to decompose an object into mean- 
ingful segments [1 I. Although 3D thinning has a lot of interest in 3D image 
processing [2], only a few publications [3,4,5,6,7,8,2] are found in 3D thinning. 
Unfortunately none of the previous researchers studied the behavior of their algo- 
rithms around different types of corners. Also they did not study the robustness 
of their algorithms under noise. In this paper we consider the aspects of thinning 
algorithm stressing its behavior and robustness under pseudo random noise. 
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Theoretical aspect of the proposed thinning approach that produces a me- 
dial surface representation of 3D object is described in Section 2. The parallel 
thinning algorithm is described and the experimental results axe presented in 
Sections 3 and 4 respectively. 

2 The Thinning Approach 

We consider thinning as an approach of producing a medial surface representa- 
tion of a 3D digital object that preserves the topology and maintains the shape 
of the object to the maximum extent. The proposed thinning approach is an 
iterative erosion process that consists of two steps namely primaxy-thinning and 
final-thinning. The results of these steps are called pr/mary-skeleton and final- 
skeleton respectively. 

Our thinning approach exploits the information from two versions of an image 
implicitly stored throughout the thinning procedure. One image version denotes 
the black/white configuration before the current iteration while the other de- 
notes the current stage of the processed image. Here, it is worthy to mention 
that simple points[9,10] are always detected on the current version of the image 
while the shape preserving constraints are mostly defined on the image version 
before each current iteration. This idea is quite different from other works [8,4] 
where only one version of image is used for thinning. At this point it should • 
be made clear that in this work, iteration and scan are two completely differ- 
ent concepts. A scan is a (point by point) traversal of the entire image when 
subjected to the thinning process. On the other hand, an iteration is completed 
after considering the entire outer-layer of an object through proper topology and 
shape constraints. An iteration may consist of one or more scans in which case 
the operation in each scan is generally different. The set of points considered for 
erosion during an iteration defines the outer-layer for that iteration. Before we 
describe the thinning procedure let us present some definitions and conditions in 
this context. In this paper we follow conventional definitions [10,1] of adjacency, 
path, connectivity etc. 

Detq~tion 1. A/(p) denotes the set of 27 points in the 3 × 3 × 3 neighborhood of 
p. An s-point of ~/(p) is 6-adjacent to p. An e-point of ~/(p) is 18-adjacent but not 
6-adjacent to p. A o-point of ~/(p) is 26-adjacent but not 18-adjacent to p. Two s- 
points a, b E M(p) axe called opposite if they are not 26-adjacent. Otherwise, they 
are called r~on-opposite ~-points. Let ~, b, c denote three non-opposite s-points of 
H(p). Five points are defined with respect to a, b, c, p as follows: (1) e(a, b,p) is 
the point q such that q E H*(p) and 6-adjacent to a,b, (2) u(a,b,c,p) is the point 
q such that q E A/*(p) and 6-adjacent to e(a,b,p), ¢(b,c,p),e(c,a,p), (3) f1(a,p) 
is the point q such that q ~ .~(p) and 6-adjacent to a, (4) f2(a,b,p) is the 
point q such that q ~ n(p) and 6-adjacent to/1(a,p),e(a,b,p) and (4) fs(a,b,p) 
is the point q such that q ~ n(p) and 6-adjacent to f2(a,b,p),/2(b,a,p). Let 
p -- (~,j,~) be a point. The set {(~- 1,j,k), (~,j-1, k) (Z,j,k- 1)} of three 
non-opposite s-point of p is denoted as 7"(p). Thus T(p) contains the s-points 
of A/(p) which axe at the west, south and bottom sides of p. 
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In the following definitions and conditions (a, d), (b, e) and (c, f )  denote three 
distinct unordered pairs of opposite s-points of A/(p) unless stated otherwise. 

D e f i n i t i o n 2 .  Let condition C1 be 'x E {b,e, c, f} ' ;  condition C2 be 'x, y E 
{b, e, c, f}  and x, y are non-opposite'; condition C3 be 'x E {b, e, c, f}  and x e 
T(p) ' ;  condition C4 be 'x, y E {b, e, c, f}; x, y are non-opposite and x E T(p)' 
and condition C5 be 'x,y e {b,e,c,f}; x,y are non-opposite and x,y e T(p)'. 
We define a middle plane and an extended middle plane of A((p) as follows: 

~ (a ,  d,p) = {x l C1} u {e(x,y,p) I C2}, 
~ ( a , d , p )  = )~(a,d,p) U {fl(x,p) l C3} u {f2(x,y,p) I Ca} u {f3(x,y,p) I C5}. 

D e f i n i t i o n  8. During an iteration a black point p is an s-open point if at least 
one s-point of A{(p) is white before the iteration. During an iteration a black 
point p is an e-open point if p is not an s-open point and an e-point e(a, b,p) 
is white while the points f~ (a, p), f l  (b, p) are black before the iteration. During 
an iteration a black point p is a v-open point if p is neither an s-open point 
nor an e-open point and a v-point v(a, b, c, p) is white while the points f l  (a, p), 
f~(b,p), f l (e ,p)  are black before the iteration. The set of s-open, e-open and 
v-open points defines the outer-layer in an iteration. It is understood from the 
above definitions that  the labeling of points as s-open, e-open and v-open points 
is made once before each iteration. 

C o n d i t i o n  4. During an iteration a point p satisfies Condition 4 if there exist 
two opposite s-points a, d E A/(p) such that  C~(a, d,p) contains a 6-closed path 
of white points encircling p and each of surface(a, p) and surface{d, p) contains 
at least one black point before the iteration. 

C o n d i t i o n  5. During an iteration a point p satisfies Condition 5 if there exists 
a pair of opposite s-points (a, d) such that d e T (p), a is white, d or f l  (d,p) 
is white and each of the sets {e(a,b,p), b, e(b,d,p)}, {e(a,c,p), c, e(c,d,p)}, 
{e(a,e,p), e, e(d,e,p)}, {e(a,f,p), f ,  eCd, f,p)}, {v(a,b,c,p), e(b,c,p), v(b, c, 
d, p)}, {v(a, b, f, p), e(b,f,p), v(b, d, f, p)}, {v(a, c, e, p), e(c,e,p), v(c,d,e,v)},  
{v(a, e, f ,p), e(e, f,p), v(d, e, f ,p)}  contains at least one black point before the 
iteration. 

C o n d i t i o n  6. During an iteration a point p satisfies Condition 6 if for each 
middle plane J~(a,d,p) of ~/(p) - -  either all e-points in ~t(a,d,p) are black 
before the iteration or the current black points of J~(a, d,p) generate single 26- 
component without any tunnel [10,1]. 

D e f i n i t i o n  7. During an iteration a function is defined on the black/white con- 
figuration before the iteration as follows: 

true if a and fl(d,p) are white while d is black, 
thick(a, d, p) = false otherwise. 

C o n d i t i o n  8. A point p satisfies Condition 8 if thick(a, d, p), where d E T(p), 
is true and the current black points of each of J~(b, e,p) and ~(c ,  f,  p) generate 
single 26-component without any tunnel. 
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C o n d i t i o n  9. A point p satisfies Condition 9: if thick(a, d, p) and thick(b, e, p), 
where d,e e T(p), are true and the current black points of A{(c, f,p) generate 
single 26-component without any tunnel. 

C o n d i t i o n  10. A point p satisfies Condition 10 if thick(a, d, p), thick(b, e, p) 
and thick(c, f, p), where d, e, f E T (p), are true. 

D e f i n i t i o n  11. During an iteration a black point is an erodable point if it is a 
simple point and satisfies any of the Conditions 8, 9 or 10. 

2.1 P r i m a r y - T h i n n i n g  

As mentioned earlier primary-thinning is an iterative procedure and iterations 
are continued as long as any point is deleted in the last iteration. Each iteration 
is completed in three successive scans. During the first scan an unmarked s-open 
point is marked if it is a shape point. When it is not a shape point, it is deleted 
if it is a simple point, otherwise it is left unmarked. During the second scan an 
unmarked e-open point is deleted if it is a simple point and satisfies Condition 6. 
During the third scan an unmarked v-open point is deleted if it is a simple point. 

2 . 2  F i n a l - T h i n n i n g  

From the definition of shape point it may be understood that  a two-point thick 
slanted surface may occur in primary-skeleton. Final-thinning is necessary to 
get a proper skeleton for such cases. This is a single iteration procedure and the 
iteration consists of single scan. During this scan a black point p (irrespective of 
whether p is marked or unmarked) is deleted if it is an erodable point. 

3 T h e  P a r a l l e l  T h i n n i n g  A p p r o a c h  

In this section we describe a parallel thinning algorithm based on the approach 
discussed in Section 2. For paratlelization we use the concept of sub-fields [3,4]. 
An image is partit ioned into eight disjoint subsets such that  no two members p, q 
in the same subset are 26-adjacent. The members of each subset may be used 
for parallel erosion. Eight subsets Oo, O1, ---O7 are defined as follows: 

O, = {(2 x i +  f, 2 x j + g ,  2 x k + h ) [  i , . i , k  = 0 , + 1 , : i : 2 , . . . ;  
/ ,g ,h  e {0,1} and 22 x / +21  x g + 2  ° x h = l} 

(:) 

such that two points p, q E Oa are never 26-adjacent. Each scan of the thinning 
algorithm may be completed in eight cycles and at/th cycle the image subset Ot 
is subjected to parallel erosion. The parallel algorithm requires rn3/8 processors 
for an image of size m x m x m and it needs 8 cycles to complete each scan. 
The image size means the size of the smallest rectangular parallelepiped that 
encloses the set of black points. 
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4 R e s u l t s  a n d  D i s c u s s i o n  

To test the effectiveness of the proposed algorithm it is applied on several 3D 
objects. We present three of these results in Figures 1-3. In all these figures 
backgrounds are made dark to render a better visual effect. Both noiseless and 
noisy versions (generated in a pseudo random manner) are shown. The surface 
representation of both noiseless and noisy versions of Figures 1-3 are visually 
satisfactory. 

Fig. 1. Results of thinning. Top row (from left to right): original object and skeleton. 
Bottom row (from left to right): original object with noise and skeleton. 

A new parallel thinning algorithm of 3D digital images with topology and 
shape preserving properties has been developed in this chapter. To preserve 
topology we have applied the concept of simple points [9,10]. On the other hand 
the concept of sub-fields [3] has been used for parallel implementation. The con- 
cepts of open points and shape points have been introduced and applied to 3D 
thinning. The concept of open points produces proper skeleton around different 
types of corners has been justified. Also, the shape points are found to be robust 
under noise. We have used two versions of the image - -  one before the current 
iteration while the other being the currently processed image. This concept has 
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Fig.  2. Results of thinning. Top row (from left to right): original object and skeleton. 
Bottom row (from left to right): original object with noise and skeleton. 

Fig.  3. Results of thinning. From left to right: original object, skeleton, original object 
with noise and skeleton. 
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made a major improvement in the quality of thinned image. The results of appli- 
cation of the parallel thinning algorithm on several synthetically generated 3D 
objects and their noisy versions have been presented. 
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