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Abstract—Interpolation is an important processing step in 3D reconstruction. A new method, based on
mathematical morphology, is presented here to implement the interpolation by means of a combined
operation of weighted dilation and erosion. Compared with previously proposed methods, the new approach
successfully resolves the interpolation problem when there is no overlapping area between the two objects.

In the mean time, it has a wide adaptability and is easy to implement.
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1. INTRODUCTION

Medical imaging, such as computerized tomography
(CT), has greatly increased the information available
to surgeons, and becomes one of the most important
diagnostic methods (1).

With the development of various tomographic medi-
cal imaging modalities, there is an urgent need for a
three-dimensional (3D) object to be reconstructed from
a series of two-dimensional (2D) slices. In the past 10
yr, reconstructing 3D objects on computer from their 2D
serial sections is one of the most active research fields
(2-7). Major applications of this technique can be found
in the study of the biological specimens (8), the study
of the structural and morphological characteristics of or-
gans in biomedical sciences (9, 10), radiation treatment
planning, surgical planning ( 11-15), etc.

In medical 3D imaging, the main objectives are
to visualize, manipulate, and quantitatively analyze 3D
human tissues and organs (16). Its chief task is to
build accurately a 3D array consisting of cubic voxels
from 2D serial cross-section images. However, the
spacing between the slices is typically much greater
than (even 5-10 times) the size of a pixel within the
slice (1, 17). Therefore. establishing some kind of
interpolation between the slices is of vital importance
for 3D reconstruction.

Object interpolation is an important class of inter-
polation method (16, 18-22), which first segments
the object of interest to produce a binary image, and
then to interpolate this binary image. Two typical ob-
ject interpolation methods are Dynamic elusiic interpo-
lation and Shape-based interpolation.

' To whom correspondence should be addressed.

reconstruction,

Medical imaging. Computerized tomographv,

Dynamic elastic interpolation (18, 19) comes
from elastic matching proposed by Burr (23, 24). The
essential idea of dynamic elastic interpolation is to
identify a force field acting on one contour and try to
distort it so that it looks like the other contour. This
method has a wide adaptability whereas the compli-
cated implementation and the computing effort in-
volved prevent it from extensive practical application.

Shape-based interpolation (16, 20) comes from
numerical analysis (25). Raya and Udupa adapted this
technique to 3D medical image processing (16). Her-
man, Zheng, and Bucholtz improved the performance
of shape-based interpolation by using a distance func-
tion that approximates the Euclidean distance more
closely (20). Shape-based interpolation first converts
the binary images into a new kind of gray-level images
wherein the gray value of a point represents its shortest
distance (positive value if the point lies inside the
object and negative value outside) to the boundary of
the object within the slice, and then interpolates the
gray image. The set of all points with nonnegative
values in the interpolated image constitutes the interpo-
lated object (16, 20). It is a practical interpolation
method for its easy implementation. However, this
method fails to interpolate the slices when there is no
overlapping area between the two objects. These cases
are common in medical images, such as the slices of
skin, thin bones, and other complicated or tiny tissues.

In order to overcome the drawback of the existing
interpolation methods, we develop a new kind of inter-
polation method—morphology-based interpolation.
Theoretical analyses and experimental results have
demonstrated that describing interpolation as a com-
bined operation of weighted dilation and erosion is
reasonable. The present method has a wide adaptability
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Fig. 1. Morphology-difference image.

and is easy to be implemented. Moreover, describing
interpolation problem based on mathematical morphol-
ogy has presented a new idea and methodology for the
study of interpolation.

In the next section, we will describe object inter-
polation based on morphology. The algorithms and
implementational details are presented in Section 3,
experimental results in Section 4, and conclusions in
Section 5.

2. OBJECT INTERPOLATION BASED ON
MORPHOLOGY

Object interpolation between two slices essen-
tially shows the transitional course from one formation
to another. Let X, and X, be object regions in two
sequential slices. The aim of interpolation is to gener-
ate some new slices between X, and X, in order to
make the change from X, to X, smooth.

To compare the morphological difference, let us
overlap the two slices to get a morphology-difference
image (MDI) between X, and X,, see Fig. 1, where
III is the overlapping region of the two objects, I and
II are the regions that belong only to X, and X, respec-
tively. Obviously, region I and II indicate the morpho-
logical difference between the two objects X, and X,.
In the course of interpolation, by moving the boundary
between II and III into region II gradually, region III
is enlarged. By a similar process, region I is contracted
and disappear at last.

Our approach, as described in the Appendix, is to
describe this kind of deformation by weighted dilation
and weighted erosion. Under these new concepts, the
size of the structuring element (in this paper, we con-
sider structuring element as a circular disk), called
weight coefficient, depends on its location. By choos-
ing an appropriate weight coefficient function, X,
changes to X, step by step. The intermediate images
are the interpolated layers which we need.

In order to build algorithm easily, move the center
of structuring element B to x', as shown in Fig. 2. B,
is the part of B on the side of exterior normal direction
of X, B; is the part on the side of interior normal
direction. For calculating each of the interpolating im-
age, we now use X, ., instead of X;, to indicate target
object region, and the n — 1 interpolate slices, namely
X, X5, - - X, between the source object X, and the
target object X, ., can be computed as follows.

i—1
X, =X_,+ U _Po (X)

B,(x
reci'h — i+ 2 )

i—1
PE () piyy, 1<i=n (1)
seci-tn =i+ 2
po'(x) = ld5'(x)], xeCi! (2)
pe'(x) = [d¥'(x)|, xeCi’ (3)

where n is the spacing between the two original slices,
Ci™' is the object contour of the (i — 1)th slice,
pp '(x) and pg'(x) are the size of structuring ele-
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Fig. 2. Schematic diagram of the algorithm.

ments at location x in (i — 1)th slice for dilation and
erosion respectively, and d; ' (x) and d5 ' (x) are mor-
phological difference vectors (MDV’s) (see Appendix
for detail).

To avoid ambiguity, there should be a unique de-
formation tendency, dilation or erosion, at each point
of the contour C,. In other words, d, and d; cannot
both have non-zero values at the same position. This
can be attained by appropriately choosing source object
X, and target object X, ., from the two sequential slices
as follows:

1. If there is only one connected region in each slice,
we choose the slice as X, if its region has more
contours. As in Fig. 5, the hollow object is a doubly
connected region which has two contours and is
specified as X,, and the solid object which is a
simply connected region is chosen as X,,.,.

2. If one slice has more than one connected regions
and the other has only one, the former is specified
as X, and the latter is taken as X,.,. As in Fig. 6,
the slice with three connected regions is considered
to be X, and the slice with one connected region is
considered to be X,, ..

3. If both slices have more than one connected regions,
we separate these regions into some relative groups
first by classical classification method so that at
least one slice in each group has only one connected
region. Then we can choose X, and X, ., according
to the above operation for each group respectively.

3. ALGORITHM

Assume that X, and X, . ,, specified by the method
described in the last section, are source and target ob-

ject region respectively, we now need to interpolate n
— 1 slices, namely X;, X;,* * - X, between them.

In order to generate one intermediate slice, there
are three major steps.

1. Overlay the source object X, and target object X, .
into one image to generate morphological differ-
ence image and calculate the exterior normal direc-
tion at all contour points of source object X, .

Because these two object images are binary
images, we can overlap them into one image. In
such an image, one byte indicates a pair of pixels
where the most significant half byte is used by the
source object and the least significant half byte is
used by the target object. According to Fig. I, the
pixels in MDI for background, the source-only re-
gion I, the target-only region II, and the overlapping
region III can be marked by hex as 00, F0, OF, and
FF, respectively.

The contour of the source object can be easily
traced by using eight-neighbour direction chain. We
use left-hand rule so that the source object area is
always on the left side along the tracing progress.
Then for each chain cell, the exterior normal direc-
tion can be simply located by rotating the cell direc-
tion 90 degrees clockwise. Thus the exterior normal
direction at each contour point can be calculated by
taking weighted average over several neighbouring
chain cell’s exterior normal directions.

2. Calculate dilation vector and erosion vector at each
contour point of source object, where the erosion
vector is calculated only at those contour points at
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which the dilation vector is zero. This step will be
discussed in detail below.

3. Determine the size of structuring element and im-
plement dilation or erosion.

The radius of the circular disk of structuring
element is implied in equation (1), which for dila-
tion is pp '(x)/(n — i + 2) and for erosion is
ps ' (x)/(n — i+ 2). Once the disk radius has been
calculated, we can choose a disk mask image whose
radius is equal to the radius calculated. The pixels
of the disk are logic ‘1’ in dilation mask and are
logic ‘0’ in erosion mask. Based on the principles
of Fig. 2, the dilation of X, can be done by making
OR operation between X, and the part of dilation
mask which is on the exterior normal side. This oper-
ation will be repeated for all source contour points.
When this dilation operation is completed, source
object X, dilates to X |. Then the erosion of X | will
be done for each contour point with non-zero erosion
vector by making AND operation between X | and
the part of erosion mask which is on the interior
normal side. When the erosion operation completed,
a new interpolated slice X, will be generated.

From then on, the other interpolated slices Xj,
X4, X, can be generated following the same proce-
dure, by step 1, 2 and 3. For example, when generating
X;, the object X, is taken as source object, and when
generating X,, the object X; is taken as source object,
etc. However the target object is always X, ;. The
MDV’s should be recomputed for each new slice.

Now step 2 will be detailed as follows. First, we
define two terms.

First Continuous Area at searching the next
contour: The bar-shaped region from entry point to
exit point when the searching point first enters a
certain object region in the searching direction, de-
noted by FCA. Correspondingly, the FCA of object
i is denoted by FCA,.

FCA vector: The current searching vector when
the searching point is in FCA, denoted by R,.

For illustration, some kinds of typical deformation
processes are used as examples. There are three pieces
of MDI in Fig. 3. Fig. 3a shows that a small ringlike
object changes to a big one, in which searching lines
1 and 2 indicate the two kinds of deformation tendency
for the two contours of the source object, respectively.
Fig. 3b shows that two small solid areas units into a
big one, and Fig. 3c shows that a big solid object
changes to a small one by shrinking.

The algorithm to determine dilation vector will
be discussed first. There are some constraints: the end
point of dilation vector should be either on the outer
contour of target region II when the searching line
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encounters region II (Fig. 3a-1), or on the inner con-
tour of overlapping region III when the searching line
encounters region III (Fig. 3b). This process is detailed
in algorithm SD.

Algorithm SD

begin
set current searching position S to contour
point x;
set current searching vector R as unit exterior
normal vector at x;
reset the magnitude of FCA vector to zero;
while(R < R2,.) do {
adjust the position of S;
if (S € FCAy) then R, = R;
else if (S € II) then {
dp(x) = R;
goto SD 1;
}
R =R+ 1;
}
dp(x) = Ry;

SD_1: set the direction of d;,(x) as the exterior normal
direction at x;
end

where maximum searching radius R2, is used as
searching limit.

The method to determine erosion vector is similar
to the above. There are some constraints: when the
target region II (Fig. 3a-2) or overlapping region III
(Fig. 3c-2) is in the searching direction, the end point
of erosion vector should be on the inner contours of
region II or III, otherwise, the end point should be on
the outside of the contour of region I (Fig. 3c-1).
Details are:

Algorithm SE
begin
set current searching position S to contour
point x;
set current searching vector R as unit interior
normal vector at x;
reset the magnitude of FCA vector to zero;
while(R < RE,) do {
adjust the position of S;
if(S € FCA,) then R, = R;
else if (S € I or § € III) then {
de(x) © R;
goto SE 1;
}
Re=R+1;
}
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Fig. 3. Diagrams for determining dilation and erosion vector. {See text for descriptions a—c).

de(x) = R, + 1,
SE 1I: set the direction of dg(x) as the interior normal
direction at x;
end

4. EXPERIMENTAL RESULTS

To test the capability of the proposed method,
several sets of synthetic and real medical data are used
in the experiments. In the meantime, a comparison
between the proposed method and shape-based inter-
polation method has been made.

Figure 4 shows the interpolation performance of
a set of ringlike objects with no overlapping area. The
experiments demonstrate that the proposed method can
give very satisfactory result, but shape-based interpola-
tion method cannot generate integral intermediate con-

tours. The upper left and lower right are two original
images, of which the former is the source object image
and the latter is the target object image. Image size is
128 X 128. To form a satisfactory 3D display, 62
interpolated slices are generated between the two origi-
nal slices and the total 64 slices are overlaid to give
3D viewing by means of ray-casting algorithm (26)
in Fig. 4c.

Figure 5 demonstrates the interpolation between
a hollow object and a solid object. There is another
advantage of our method over other existing methods
here. Shape-based interpolation and dynamic elastic
interpolation methods both fail to deal with this kind
of deformation. The image arrangement is the same
as Fig. 4.

Figure 6 illustrates the interpolation between two
objects, the source object contains more connected re-
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Fig. 4. Interpolation for a set of ringlike objects. (a) The results from shape-based interpolation. The two original
images are shown at the upper left and lower right. (b) The results from morphology-based interpolation. (¢) 3D
display of the object interpolated by morphology-based interpolation using Phong shading model.

gions than the target object. Here, again, the image
arrangement is the same as Fig. 4.

To compare the speed for the above three cases
of interpolation between the present method and shape-
based interpolation, the processing time is recorded
respectively in Table 1, where shape-based interpola-

tion method is implemented according to reference
(16) and the experiment is made on 33 MHz 486
microcomputer. It can be found out that the time cost
of the present method is similar to that of the shape-
based interpolation.

Figure 7 shows the interpolation for the head skin
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Fig. 5. Interpolation between a hallow object and a solid object. It is arranged as in Fig. 4. (See text for descriptions

which is obtained from X-CT by interactive binary
segmentation. The original data is 41 slices, where the
slice size is 256 X 256 and pixel size within the slice
i1s I mm and the slice spacing is 5 mm, five times the
pixel size. In order to form voxel data set, four slices
are interpolated between two adjacent original slices
and a 256 X 256 X 201 voxel data is reconstructed

a—C).

after interpolation. The interpolation is made by using
shape-based interpolation and our morphology-based
interpolation respectively. The 3D display of these in-
terpolation results are given in Fig. 7. Obviously, the
present method gives very satisfactory result, while
shape-based interpolation method cannot generate inte-
grated interpolated slices. For clearer observation, a
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Fig. 6. Interpolation between an image with three continuous regions and an image with one continuous region.
It is arranged as in Fig. 4. (See text for descriptions a—c ).

cut-off operation is applied to the 3D display of the these characteristics, and gradually change one slice
present method. to the other according to the matching information.
The result of interpolation is largely determined by

5. CONCLUSION AND DISCUSSION matching effectiveness. , _
Dynamic elastic interpolation, shape-based inter-
The essential of interpolation is to extract some polation, and the present morphology-based interpola-

common characteristics from adjacent slices, match tion all use the object contour message for matching.
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Table 1. Speed comparison between the present method
and the shape-based interpolation

Morphology- Shape-
based based
Interpolation Method interpolation Interpolation
Time used for Fig. 4 (s) 9.4 42
Time used for Fig. 5 (s) 54 103
Time used for Fig. 6 (s) 2.6 4.7

Shape-based interpolation method considers only the
synthetical result of all the contours, therefore lots of
useful information are ignored, so it has the largest
error matching probability. Now we assume that the
objects are muitiply connected regions as shown in
Fig. 8. The pixel value in gray-level distance image
employed by shape-based interpolation is the shortest
distance from all contours. At a certain position, if the
two corresponding distance values are determined by
two matching contours, the interpolated result is rea-
sonable (see position 1); otherwise an error will occur
(see position 2 ). The most serious error happens when
there is no overlapping region. In this case, even a
complete interpolated image cannot be generated (see
position 3). The other interpolation methods, dynamic
elastic interpolation and morphology-based interpola-
tion, consider each contour separately and the above
drawbacks are avoided, so these two methods have
wider adaptability. Furthermore, morphology-based in-
terpolation, by making use of the whole target object

rather than its contour only for characteristics match-
ing, has the least matching error.

Moreover, morphology-based interpolation has
more advantages over dynamic elastic interpolation
too. First, approximating the contour by polygons is
not needed, which is essential in dynamic elastic inter-
polation method, therefore an object with arbitrarily
complicated shape can be accurately processed without
leading to new artifacts. Second, dynamic elastic inter-
polation uses only the contour information for match-
ing, if the object is very thin, the error matching is
likely to occur. So it fails to give complete interpolated
result for Fig. 7. But the morphology-based interpola-
tion succeeds in avoiding this kind of matching error
by using the total target object for matching. Third,
the deformation is implemented by morphology opera-
tion and complicated computation is eliminated so that
the speed of the present method is as fast as that of
shape-based interpolation.

However, like the other two methods, the present
mathematical model also has difficulty in describing accu-
rately the deformation when the contours contain sharp
invaginations or sharp protuberances. As shown in Fig. 9.
contour C; has a heavy invagination, as a result curve
segment ADB cannot be described and left as dead space.
Although this kind of deformation cannot be deseribed
accurately by the present model, it can still be implemented
by the algorithm proposed in section 3 at the cost that the
deformation step of curve ADB is large at the beginning
interpolated layers compare to that at the end layers. The

@

Fig. 7. 3-D display of the interpolated skin of human head. (a) The result from shape-based interpolation. th}
The result from morphology-based interpolation.
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Fig. 8. Schematic diagram of the drawbacks of shape-based interpolation.

interpolated results are usually acceptable although the
deforming progress is not as uniform as we expected.
Fortunately, these cases occur only in a small percentage

1
\

DL/?

Fig. 9. The limitation of the present model.

in biological tissue and for most of the cases the invagi-
nations or protuberances are not very sharp so that the
deformation can be described accurately by the model and
be implemented by the algorithm satisfactorily, as shown
in Fig. 4. How to describe accurately the deformation
when the contour contains heavy invaginations and protu-
berances by morphological approach is an open problem
and needs further investigation.

In this paper, we have presented a methodology
and an algorithm to implement interpolation by
means of a combined operation of weighted dilation
and erosion. It has several advantages over the ex-
isting methods. The present approach successfully
solves the interpolation problem when there is no
overlapping area between the two objects. The inter-
polation between a hollow object and a solid object
can be satisfactorily achieved, so is the interpolation
between two objects with unequal number of con-
nected regions. Furthermore, the present algorithm
involves less calculation and is easy to be imple-
mented. All the above show that the present method
is a practical interpolation approach.

SUMMARY

Interpolation is an important processing step in
3D medical image reconstruction. Object interpola-
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tion is an important class of interpolation method,
two typical methods of which are Dynamic elastic
interpolation and Shape-based interpolation. The
former has a wide adaptability, but the complicated
implementation and the computing effort involved
prevent it from extensive practical application. The
latter is practical for its easy implementation, but
this method has limited adaptability.

In order to overcome the drawback of the existing
methods, based on mathematical morphology, we de-
velop a new kind of interpolation method to implement
the interpolation by means of a combined operation of
weighted dilation and erosion. Compared with pre-
viously proposed methods, the new approach has a
wide adaptability and is easy to implement.

There are three major steps in the present method
to generate one interpolated slice. First, overlay the
source and target objects into one image to generate
morphological difference image and calculate the exte-
rior normal direction at all contour points of the source
object. Second, at each contour point of the source
object, calculate dilation vector and erosion vector.
Thus the size of the corresponding structuring element
for dilation and erosion can be determined. Finally, by
a combined operation of dilation and erosion at the
whole source contour, a new interpolated slice can be
generated.

To test the capability of the present method, sev-
eral sets of synthetic and real medical data are used
in the experiments. In the meantime, comparison of
performance and speed between our method and shape-
based interpolation method has been made.

The experiments show that our method has several
advantages over the existing methods. The proposed
approach successfully resolves the interpolation prob-
lem when there is no overlapping area between the
two objects. The interpolation between a hollow object
and a solid object can be satisfactorily achieved, so is
the interpolation between two objects with unequal
numbers of connected regions. In the meantime, the
present method involves less calculation and is easy
to be implemented. All the above show that the present
method is a practical interpolation approach.
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APPENDIX: MATHEMATICAL MODEL

In order to describe the deformation shown in Fig.
1, we extend the concept of dilation and erosion (27)
to weighted dilation and weight erosion.

XEBA{x:p(x)B.NX* ¢) (A1)
XBBA {x:p(x)B, CX} (A2)

where B, = {x — b : b € B}, p(x)éxé {x — p(x)b:
b € B}, B is the unit structuring element, [ and H
indicate weighted dilation and weighted erosion re-
spectively. Weight coefficient p(x), which depends on
its location, indicates the size of the local structuring
element.

If the structuring element B is considered as a
circular disk with unit radius, then the weight coeffi-
cient p(x) can be treated as the radius of the local
structuring element. Thus the deformation from X; to
X, can be accomplished by choosing an appropriate
weight coefficient function. The greater is the local
difference between two slices, the larger is the local
structuring element.

In order to evaluate quantitatively the difference
between X, and X, in morphology-difference image,
see Fig. 1 for example, we introduce a new variable
d called morphology-difference vector (MDV). The
direction of d is defined by the normal direction of
contour C, at x’. The magnitude of d is defined as the
local difference between X, and X, along the normal
direction. Two types of MDYV, morphological dilation
vector d;, and morphological erosion vector d., are
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needed to describe the dilation and erosion deforma-
tion. Of course, they are functions of the contour
point x’.

By choosing X, and X, according to the procedure
described in Section 2, an advantage that there is a
unique deformation tendency, dilation or erosion, at
each point of contour C; can be obtained. In other
words, d;, and d; cannot both have non-zero values at
the same position. That is, dilation and erosion can be
treated respectively as two independent processes.

For simplicity, the direct deformation course from
source object X, to target object X, without intermedi-
ate contour will be first presented.

Let C, and C, be contours of X, and X, respec-
tively and let I, II, III be as described in section 2, see
Fig. 1. It is clear that X, = T U III, X, = II U IIL
Using the concept of weighted dilation and erosion,
we see that X, can be expanded to X, U II by weighted
dilation and X, can also be shrunk to III by weighted
€rosion.

Dilation:

X] U II= Xl BD
={x:pBNX +¢} (A3)

where

Const p, x € X,
pp(x) = (A4)
ldp(x")|, xe€ X

and x’ € C, is chosen so that the normal line of contour
C, at x' passes through x.
Erosion:

Il =X BB = (x:p:(x)B,C X} (AS5)

where

Const p, x € X§
pe(x) = , (A.6)
jde(x")], x€X,

and, similar to definition (A4), x' € C, is chosen so that
the normal line of contour C, at x’ passes through x.

The deformation course from X, to X, can be com-
pletely described by combining the above two opera-
tions. Because d,, and d; cannot both have non-zero
values at the same contour point, we have:

X=NMuMll=TuX)80B=Xx HB,EHB: (A7)

However, it is not convenient to build an algo-
rithm directly from equations (A.3) and (A.5) since
we need to locate variable x’ from x. So we now try
to get an approximation for X, @ B, and X, & B;.

As shown in Fig. 2, we move the center of struc-
turing element B to x'. B, is the part of B on the side
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of the exterior normal direction of X, B; is the part
on the side of the interior normal direction. Then X,
By, and X, I Bg can be expressed approximately as:

X BB,=X + U pp(x)B.(x) (A8)

Ve Oy

X BB~ X, — U pe(x)B;(x) (A9)
= CI

In order to get good approximations, going-out
error (see Fig. 2) should be as small as possible. For
this reason, we calculate the i-th interpolating image
from the deformation of the (i — 1)th, rather than
directly from the original image.

Now we use X, ., instead of X,, to indicate target
object region. The n — 1 interpolate slices, X,,
X5, - - X, between the source object X, and the target
object X,,,, can be computed as follows.

X, =X , BBy HBy!

—x o+ U 22 gy,
ve -+
-
U —p—’;—(x—)-B,-(XL Vi (AL
el TH — 1+ 2
pp'(x) = A (0], x €y (Alh
pil(x)y = il e ¢ (ATD)

where n is the distance between the two original slices,
Ci' is the object contour of the (i — 1)th slice, and
d5'(x) and d% '(x) are MDV’s between the objects
in the (i — 1)th slice and the (n + 1)th slice.

Experiments have shown that the approximation
is very satisfactory.



