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Morphology-Based Three-Dimensional Interpolation

Tong-Yee Lee* and Wen-Hsiu Wang

Abstract—n many medical applications, the number of higher order functions to reduce artifacts. To handle branching
available two-dimensional (2-D) images is always insufficient. sjtuations, a dynamically elastic surface interpolation scheme
Therefore, the three-dimensional (3-D) reconstruction. must \yaq hroposed in [8]. The key concept s to identify a force acting
be accomplished by appropriate interpolation methods to fill t d trv to distort it to be like the oth t
gaps between available image slices. In this paper, we proposeon one contour an. ry to distort it to be like _e 0 er an ou.r.
a morphology-based algorithm to interpolate the missing data. However, the resulting surface may be coarse if there is high dis-
The proposed algorithm consists of several steps. First, the object similarity among these contours [9]. To alleviate this problem, a
or hole contours are extracted using conventional image-pro- hybrid approach combining elastic interpolation, spline theory
cessing techniques. Second, the object or hole matching issue iSind a surface consistency theorem was proposed in [9] for con-

evaluated. Prior to interpolation, the centroids of the objects are . .
aligned. Next, we employ a dilation operator to transform digital structing a smooth 3-D object. The above two methods [8], [9]

images into distance maps and we correct the distance maps if have very high computational complexity.

required. Finally, we utilize an erosion operator to accomplish Rayaet al.[10] and Hermaret al.[11] exploited the concept
the interpolation. Furthermore, if multiple objects or holes are  of a distance transform to interpolate binary-valued 3-D images.
interpolated, we blend them together to complete the algorithm. 1o widely used method is termed shape-based interpolation.

We experimentally evaluate the proposed method against various - . - - .
synthesized cases reported in the literature. Experimental results Compared to [8], [9], this type of algorithm is considerably sim-

show that the proposed method is able to handle general object Plerin practical implementation and is very inexpensive in com-

interpolation effectively. putational complexity. However, this method fails to interpolate
Index Terms—Blending, dilation and erosion, distance-maps, in- tN€ slices when there is no overlapping area between the two
terpolation, morphology, object centralization. objects. To overcome this drawback, Getaal.[12] developed

a morphology-based interpolation method. In this method, only

the nonoverlapping regions are interpolated using a sequence of

dilation and erosion operations. Our proposed scheme is sim-
ODAY, clinicians exploit computer graphics tools tailar to this approach. However, their approach computed normal
enable them to visualize, manipulate, and quantitate tkectors to control disk-like morphology operators. In contrast,

three-dimensional internal structures of patients. Major souraasr proposed scheme is simpler in computational complexity,

of data in these medical applications are gathered from two-tidt performs as well as [12]. In some cases, such as invagina-

mensional (2-D) medical-imaging devices such as CT, MRbn and branching, the proposed method performs better than

and PET. A three-dimensional image, formed by stacking[&2].

contiguous series of 2-D images, can be used to visualize comThe remainder of this paper is organized as follows. We

plex structures in three-dimensional (3-D). However, generallytesent the proposed methodology in Section Il. The algorithms

the number of image slices generated from these instrumearsl implementation details are described in Section IIl. In

are not adequate enough to produce high-quality 3-D imag&ection 1V, experimental results and discussion are given.

Therefore, in such situations, interpolation is always requiredfanally, the conclusion and future work is stated in Section V.

estimate the missing slices before the subsequent visualization.

In this paper, we u_tilize dilati_on and erosion operat_ors in mor- Il. M ORPHOLOGY-BASED INTERPOLATION

phology to perform interpolation. In the past, a variety of ap-

proaches have been proposed to reconstruct 3-D objects. Herd this section, we will present the idea of the proposed inter-

we only review the most related prior work. Among this workpolation scheme. First, we will consider one-to-one object inter-

the simplest method is to linearly interpolate the gray values ¢lation and we extend this one-to-one example to handle more

the slices to fill in the gray values in the missing slices [1]_[6Pompllc_:ated cases. The more algorithmic details will be given

With this scheme, an artifact always arises when the locatiBhSection lI-A.

of a boundary between two uniform regions shifts considerably

between two adjacent slices. Kegtsal. [7] attempted to exploit A. One-to-One Object Interpolation

Shape-based interpolation converts binary images into
Manuscript received November 9, 1999; revised May 15, 2000. This woekstance maps by distance transformation functions such as
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Fig. 1. Shape-based interpolation and object centralization.

denoted asR; and R, on two binary images. Without an
appropriate alignment, the shape-based scheme creates ajad, \iorphology difference betweerk, and X
interpolation as illustrated in Fig. 1(c), where there is neentralization.
contour in this interpolated image. In shape-based scheme, the
distance stored on a pixel, s& is defined by The Erosiofi) performs exact interpolation and it is accom-

dist codd P) plished by an erosion operator. Fgr tNe, we apply Ero§i0(1)

to both regions | and Il with erosion factofs; and £}, re-

spectively, and then we combine them with region Il to obtain
the objectXy.

Prior to employing our proposed interpolation scheme, sev-

41 after object

0, /* pixel on contour
= ¢ +distance(P, 0X), [*pixelin object @)
—distance(P, dX), [* pixel outside object

where eral preprocessing steps must be performed such as contour ex-
X represents the object; traction and hole identification. These topics are well researched
0X represents the contour of the objéct and are beyond the scope of this paper. In the following dis-
dist_cod€ P) shortest distance frof? to 8.X. cussion, we assume that the above preprocessing steps are fin-

Observing Fig. 1(a) and (b), we know the interpolated distantghed and provide each corresponding object pair sucKas
codes all will be negative on the interpolated image in Fig. 1(@nd X, ;.

Therefore, there is no object on it according to (1). On the other

hand, if we perform an appropriate alignment so as to matBh Pseudoobject Generation

the centroids of two objectprior to distance transformation  Hollows or holes may occur in the image slices. We treat
[as shown in Fig. 1(d)], we can obtain a better interpolation &®les and objects separately. In other words, we will perform
shownin Fig. 1(e). Therefore, we will perform this kind of alignhole-to-hole interpolation the same way described in Sec-
ment which is termedbject centralizationn this paper. tion 1I-A for object-to-object interpolation, but in a separate
Morphology-based interpolation can be schematized step. We will treat holes as negative objects and nonhole objects
shown in Fig. 2. First, we align two corresponding objekts as positive objects. For any hollow pair, there must exist a
and X, ,; using object centralization After this alignment, corresponding positive object pair. Sometimes we will have one
there are three kinds of possible portions: region I, Il, arfepllow inside one object, but there is no corresponding hollow
I, respectively. Regions | and Il represent the morphologicélside the other object. In such a situation, we need to produce a
difference between the two objecks and X, 1. Then, we pseudohole; in order to create a hole pair. Similarly, if we have a
apply adilation operator to both regions | and II, respective|ypositive object on a slice and there is no corresponding positive
The purpose of this step is to obtain the dilation-based distarRJ€ct on the other slice, we will create a pseudopositive object.
from the pixel P (.., on region | or Il) to the boundary of TO generate a pseudopositive object is very straightfor-
region IIl. After this, we can apply aerosion operator to ward. Assume we have a positive object and its center is at

interpolate the results. More details about these two operatbfsmizoid- 1hen, on the other slice, we create a corresponding
are provided in Section Ill. pseudopositive object &f.....:..iqa With a size of one pixel. For

During interpolation, each pixel in both regions | and I will? pseudonegative object, there is some extra work described

: . s follows. In Fig. 3, there are two corresponding objects and
gradually move toward region Ill. The number of erosions is” . . )
determined by aarosion factordenoted a&. Assume we want LoizggizlgogsDargr%agqué Ehe ItEV; %r? fgjgftli ?J?ﬂ?grugi(\j/ijdegy
to interpolaten slices between two objects, then tamsion . = L bl L A 02 BQOQI C.O. D.O.) based
factor for the kth slice is determined by into four subregiongA;0;, B;O;, CiO;, D;O;) based on @
Assume on the first object, we have a hole and its centroid

n K iS Ceentroia- IN Fig. 3(a), we suppos€icniroia IS located in
k41 1<k<n @) D;0; (denoted as regia). Then, we will create a pseudohole
Er—q1__" - at D,O, (denoted as regiefh in Fig. 3(b), too. The size of
k n+1 this pseudohole is one pixel and its centrdit], ,...q can be
whereE} is anerosion factorfor region | andEp” is the factor COmMputed in _
for region Il. The interpolated objecX;, for the kth slice is Viost= Voot _length of regiop
defined by o °“*™ length of region
— — length of regiop
= [ k [ e Voc2 4= Voar oy i ——— 4
X, =Erosion(Xy, E}) + Er05|on(Xn+1, E} ) 2.y 1Y “length of region (4)

=Erosion(I, E}) + Erosion(II, E,’j) +1I0II. (3) O ivong = O2+ Vi . (5)
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Fig. 5. Object matching.
(a) (b) 9 ) 9
TABLE |

THE MATCHING SCORE FOREACH OBJECTPAIR IS SHOWN. THE POSITIVE AND
NEGATIVE OBJECTSCANNOT BE MATCHED, SOWE SHOW “*” IN THIS TABLE

Qbjectd) 1 +101 |-102] -103

Object (a)
+101 459 * *
-102 * -39 1 31
-105 * 17 | 153
-106 * -80 | -10

centrald

i pseudo *7 \\ B D ﬂ ﬂ
. hole C ernroatd
(a) (b)
Fig. 4. Example of incorrect pseudohole generation.

In (4) and (5),V,¢1 is a vector from @ to Ceeptroia- If, iNstead,
we tried to compute”’ directly by O, + V.1, it could

centroid

incorrectly create a pseudohole outside the object (as showr

Fig. 4).
Finally, we should mention that in the pseudoobject genet
tion, there would be problems if the holes or objects in a slic

pair do not match. There could be a case where each slice

one hole. The proposed algorithm would join them, but the:
two holes could really be just axial concavities, one ending
slice 0 and one starting at slieet 1. However, for such special

cases, there is nothing one can do about this aliasing proble
For these cases, the proposed matching algorithm could fail h (a)
to detect the mismatch.

Fig. 6. An example of interpolation using our matching policy.

Fig. 7. (a) Bad interpolated results without following (8). (b) Better
C. Multiple Object Matching interpolation results, if we follow thblending orderin (8).

Multiple objects may exist on two input slices. In this situ-
ation, we need to solve matching problem. In this paper,
do not concentrate on this issue, but we provide a simple r
for it described as follows. First, for each potential object pa
(a, b), we will evaluate a score of matching given by (6). Therf?
if this score is higher than a threshold, we say this object pawq?
matched.

(6), we take two factors into account: 1) object p@ir b)

1% overlapped or not (i.e., returns 1 or 0), and 2) the distance
etween two object centers is within a range or not. Beth
ndw2 are user-specified weights to compute (6). For a given

ject pair, we select the larger one and findul@thandlength

its bounding box. Then, we let digfesnolq be the sum of

) ) width and length In Fig. 5, we show two slices (a) and (b).

score=overlaf{a, b) * w1 + (diStureshola — dist(a, b)) * wa.  ysing this simple rule, we obtain the following matched object

(6) pairs. For clear illustration, we assign a positive identifier to a
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Fig. 8. The flowchart of the proposed scheme.

positive object and a negative one to a hole. In this experiment, %
w; = 100, wy, = 1 and the score threshold is 0. Table | shows Xt
detailed matching scores under this configuration.
From Table I, the contour<105) in (a) forms corresponding
contour pairs with both£102) and ¢ 103) in (b). Therefore, the
list in Fig. 5(a) has{105) twice. Negative scores such as pairs
in (—102,-102), (-106,—102) and - 106,—103) mean these
pairs can not be matched using (6). In Fig. 5(b), a pseudohole
is marked by %.” Since in (a) there is no matching for the hole
(—106), we must create a pseudohole termetld4) in (b).
Next, in Fig. 6, we show interpolated results for the above ex-
ample using our simple policy. We see three holes (vertically)

gradually become two holes (horizontally). For more informa- o Bucliden Distance
tion about interpolation, see Section II-D. —r Dilition Based Distance
D. Object Blending Fig. 9. Dilation Based Distance versus Euclidean Distance.

In Section II-A, we propose to interpolate objects after object
centralization. Assume that we have two objeEtsand X, 1

f
and their centroids areand Q,1, respectively. After inter- ! d+1
polation, we compensate for the effects of object centralization P E }
by_translating 'ghe interpolated objeﬁg back to the cqrrect po- \W:bd — d+1
sition, computing the new centroid &f}’, O}, according to | 1

OF = Qg * B + Opyy + B} @) j | d+l

] ‘

As mentioned earlier, we separately interpolate positive object
pairs and negative object pairs. Afterwards, we combine thefg 10. Dpilation cross-structure element.
using

Xp=UX, if X; € positive object A. Distance-Based Distance Transformation
X =UX, if X; € negative object  (8) | [13], [14], a variety of distance transformations for dig-
Xp=X{ - Xj. ital images are discussed. In general, most approaches concen-

. . trate on using different convolution masks such as city block or
In (8), objectsX}, and X are blended results for the posi- h g Y

. . ) . ) ) ! amfer template to approximakiclidean shortest distance
tive and negative objects, respectively. This equation defines ti]‘ﬁciently. Considering an example in Fig. 9 based on Fig. 2
blending order we blend all positive and negative objects sep- '

arately and then subtradfy from X 3. Fig. 7(a) and (b) show 2ﬁilljor2§ dtrk]:;;? are I;W%igbézg? :n?xéﬁﬁé(?:di?o tlg,);ully
results without and with being guided by (8). nl rap 9ing 102 nt1

will correspond taPg on X, usingEuclidean shortest distance
transformation. This result seems awkward, since a better result
would have the intermediate pixel moving frafto Pp. To

Fig. 8 shows the flowchart of the proposed method, and in trashieve this, we propose to use a dilation-based distance instead
section, we will provide more algorithmic details about dilatiomf a Euclidean shortest distancEor this example, we first will
erosion, and distance code correction. In this figure, there i®mploy a dilation operator to calculate the morphology differ-
dotted line connecting the “end” with the beginning. It mearsnce area, and then apply an erosion operator to this region. We
that each object pair will iterate the same tasks. attempt to ensure that eaghs contracting gradually towars,

I1l. ALGORITHM DETAILS
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Algorithm Dilation Based Distance Transformation
begin
/* a. initialization */
index € 0
initialize all elements of Array A, and A ,, to be -1
set elements A,(x,y) to be 0, if the pixel (x,y) € X,
set elements A, (x,y) to be 0, if the pixel (x,y)€X,,
for each pixel (x,y) of 0X,
do insert a new node M(x,y,0,n+1,0)
into the active dilation contour list I,
for each pixel (x,y) of 0X,,,
do insert a new node M(x,y,n+1,0,0)

into the active dilation contour list I,

/* b. entering dilation process */
while L, is not empty
do retrieve the first node of the list L, and denote as N(x,y,a,b,d)
/* c. the same dilation layer */
if N.d = index
/* d. check if 4-neighbors could be updated
as the next dilation layer */
then for each four-neighbor P(x’,y’) of (N.x,N.y)
/* e. check if inside another object */
do if PEX,
then if A (P) = 0 and A, (P} < index+l
then no update on A,(P) and L,
else insert point P into the tail of the list
L, with (x’,y’, a, b, index+l )
update A,(P) € index + 1
/* f. next dilation layer */
else index €index + 1
insert node N back to the first position of the list I,

end

Fig. 11. Dilation-based transformation algorithm.

and its intermediate results are all within the morphology-differ- 3) distance map identifier;
ence area. 4) distance map identifidr;

Our dilation operator is a 3« 3 cross-structure element as 5) distance codé stored at pixel &, Y).
shown in Fig. 10. Assume this structure element is working on|n the above algorithm, we use two arrags and A, to
a pixel P and its distance code i& After dilation, the distance store distance codes for region Il (i.&, 41 — (Xo N Xny1))
of each neighboring pixel will be updated by+ 1 if the dis-  and region I (i.e.Xo—(XoNX,. 1)), respectively. Initially [part
tance code stored on the neighboring pixel is more thanl. (a) in algorithm], each pixel of the distance mags ©r A,, 1)
Otherwise, there is no update. The latter case implies therggsset to be-1 (i.e., outsideX, or X,,;;) or O (i.e., insideX,
a shorter path from another point to this neighboring pixel. lgr X,+1). Then, we insert all pixels of bothX, anddX,, 1
Fig. 11, we show the algorithm to perform distance transformgyto a list called the active dilation list ;. The distance code
tion for two digital image slices. In this algorithm, we requireyf these contour pixels is all zero. Fig. 12 shows an example
a first-in—first-out queue (FIFO) linked list and on this list eackor this initialization. In this example, we assume a smaller ob-
node is a structure including five fields, namely, ject X, is fully enclosed by a larger objedf,, ;. We start from

1) z: pixel's X coordinate; each node at active linked ligt, to perform the dilation [part

2) y: pixel's Y coordinate; (b)]. In other words, we start the dilation from layer zero, since
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the distance code of all nodeslap is zero (i.e., contour pixels
at bothd X, andd.X,, ;). In the course of dilation, there will il
be many dilation layers created in a monotonically increasit = {7 "
order (distance code value) and each layer has an equal diste :
code [part (c)]. Furthermore, once a layer is totally complete =i :
then we start another layer [part (f)]. While performing dilatior 5= v
anode will insert a new node belonging to the next layer into th
tail of L. Therefore, this newly added node will not start dila :
tion until those nodes (with smaller distance codes) in front of
finish dilation. The whole dilation will be repeated until there i
no pixel with—1 within the morphology difference region [part_. L .
(e)]r.) Fig. 13 shows dilation resSIts fo?)ll:ig. 12.1n Fig.g13(b[)? pe. 2 12 Intalization for two distance maps and ...
cause the morphology differenc&{ — (XoN X,,11)) is a null

set, there is no change ah, ;; after completing dilation. To the
contrary, on distance mafy, all pixels have positive distance |-
code within areaX,, 11 — (Xo N X,41)

»
STeisTE| o) ool i)
bl

o
<
E
o
-

STETETS

<

AT T Ty

array A array A

B. Distance Code Correction

After dilation, we obtain many contour-like layers with posi: -
tive codes for the morphology-difference area. Furthermore, \
will classify those pixels located on the outermost layer int
two categories: namelyerminalandtransientpixels. The dis- array A, array A
tance code of eadnansientpixel will be corrected in the pro- @) (b)
posed scheme. We illustrate the idea of this correction by usilgI 13
Fig. 14. Assume we have two rectangular objects: the larger one

sPaj-vp e apofaa e

(a) and (b) are dilation results on distance mépsindA,, ;1.

is called.X 11 and the smaller one is calleX,. In this figure, A B c
the morphology-difference is the nonshaded region. After ac- ;
complishing dilation, the distance codes for this nonshaded area JEEE SR RN b1 23455 .
are all positive. In Fig. 14(a), we only show the distance codes ? f 6
for those pixels located on the outermost layer. In this example, 6 L6
let us consider three pixels on the outermost layer, lahé|d8], S .
andC. Their distance codes are 0, 3, and 6, respectively. From 654321000003 23456
Ato C, we have distance codes 0, 1, 2, 3, 4, 5, and 6. Suppose, (a)

we directly interpolate an intermediate objecidt = 0.5. A

Each outermost pixel will erode.5 « dist steps toward the
shaded region wheréist is the distance code stored at each
outermost pixel. In this manner, for those pixels frénto C,
they will erode 0, 1, 1, 2, 2, 3, and 3 steps in a linear manner.
These erosions lead to an awkward result as shown in Fig. 14(b).

A better interpolation would generate a rectangular object. To §3432100000123456
achieve this goal, we propose to modify these distance codes as (b)

shown in Fig. 14(cprior to erosions. In this paper, those pixels 60000000000 000006
that are not to be corrected are calledninalpixels. Otherwise, ; | 6
they are calledransientpixels. From our point of view, these 6 6
transientpixels are in the course of interpolation (erosion path) 61 6
of theterminalpixels. Therefore, we cannot erode starting from 6000000 0(0)0 0000006
them. Y

The algorithm of distance-code correction is illustrated in
Fig. 15. For a pixel on the outermost layer, we will search &9 14 Pistance-code correction.
a special pattern in its eight neighboring pixels (left and right,
bottom and top, and two diagonals) to correct its code as shodlifference area. In Section 111-C, we will show how to use array
in Fig. 16. Note that for the diagonal cases, the special pattdfnto interpolate objects with the guidance 4§ and A,1.
consists of three consecutive codes in ascending order (sucfpigilarly, we also use an FIFO-linked list structure called
2, 4, and 6). in this algorithm. This structure is exactly the samd.asused

In the above algorithm, we use an extra 2-D arBato store in the previous section. First, the initialization consists of three
distance codes. Recall thdf and A,,; store distance codesconsecutive steps:
for the morphology difference area. This exBarray isusedto 1) initialize 2-D B array with =" (i.e., means a very large
store the number of erosions for the contour of the morphology  number);



2) store—1 on each pixel ofB for the morphology-differ-
ence area defined h¥,,+1 — (Xo N X,,41) and X, —
(XO N Xn+1);
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begin
/* a. initialize */
initialize all elements of Array B to be “0”
/* corresponds to region I illustrated in Figure 2.
set B(x,y) €-1, for each pixel (x,y) € X, - ( X, O X, )
/* corresponds to region II illustrated in Figure 2.
set B(x,y) €-1, for each pixel (x,y) € X, — ( X, M X, )
set B(x,y) <« A,(x,y), for each pixel (x,y) of axm
set B(x,y) € A ., (x,y), for each pixel (x,y) of aXO
/* b. insert working list */
for each pixel (x,y) of 0X,
do we insert a new node M(x,y,n+1,0, A, (x,y))
into the correction contour list L,
for each pixel (x,y) of O0X,.,
do we insert a new node M(x,y,0,n+l, A (x,y))
into the correction contour list L.
/* ¢. sort the list */
sort all nodes in L. in an increasing order

with respect to node’s element d

/* d. correction process */
while L. is not empty

do retrieve the first node of the list L. and denote as N(x,y,a,b,d)

flag_up € false
flag down € false
min & v
/* e. could it be correction ? */
for each eight-neighbor P(x’,y’) of (N.x,/N.y)
do if P € X,
then if P is 4-neighbor of (N.x,N.y)
then if A (P) = N.d + 1
then flag down € true
if A, (P) = N.4d - 1
then flag up € true
if B{P) < min
then set P’ coordinate the same as P
min € B(P)
else if A, (P) = N.d + 2
then flag_down € true
if A (P) = N.4 - 2
then flag up & true
if B(P) < min
then set P’ coordinate the same as P
min € B(P)
if flag up = true and flag down = true
then update B(N.x,N.y) € B(P’)

end

Fig. 15. Algorithm distance-code correction of distance mapsnd A, generated by algorithm in Fig. 11.

B(z, y).

717

3) store the distance code of a pixel ¢) that belongs to
both 0 Xoand 8.X,,+1 on Ao(x, y) and A,,41(x, y) in
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Fig. 16. When three successive distance codes increase monotonically, the
distance code of the middle pixel is assigned the lower of the two adjacent
distance codes.
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Before performing distance code correction, we have finished
dilation-based distance transformation. All pixels belonging to
0Xp andd X, are with nonzero distance codes. Then, we in-
sert all pixels belonging t8.X( andd.X,, 1 into L and we sort
nodes in an ascending order bp based on distance codé¢al-
gorithm part (a)—(c)]. The purpose of this sorting is to facilitate array B

the distance-code correction. To fitrdnsientpixels, we search ,

corrected patterns starting from node with the smakesn F'9-17. Corrected distance map. Note that **” means

L¢. For each checked node, we will check its eight-neighboringll potentially contract toward each four-neighboring pixel, say
pixels in two phases: the first phase is to check four-neighborim(z’, 5/). Similar to dilation, there are two rules to guarantee
nodes on left and right, and bottom and top, and the secasstrect erosion described as follows.

phase is to check neighbors on two diagonals. We use two flags,l) Normal case: ifi, (P)+1 is equal tod, (N -z, N-y),and
flag_up andflag_down to indicate if we find a corrected pat- N -d—1is greater thad3(P), then there is a dilated path
tern in the first and the second phases. For a fjede), if its from P(z', /') to (N -z, N-y) generated in Section Il1-A.
bothflag_up andflag_downare true, we conclude this node is a Therefore(N -z, N - y) is allowed to contract toward
transientpixel. Then, we will correct its distance code on array P during erosion. Additionally, to finish erosiod still
B(z, y). Therefore, in Fig. 14(c), except pixels and C, the needs to erodé’ - d — 1 steps.

other pixels argransientpixels from A to C. We correct these 2) Special case: ift,(P) is equal tod,(N -z, N - y), we

shows the result for Fig. 13 after this correction. In this figure, 5, (; = 1...4), are all satisfiedd,(Q;) < A,(P) or

the corrected pixel is marked usindpald square not. If yes, we sayN -z, N-y) can shrink taP. However,
to finish erosion,P still requiresN - d steps instead of
N.d-1

In [12], Guoet al. used a circular disk-like structure element |f the above two conditions are satisfied, the pig@l- =, NV -
to perform erosion. This approach requires complicated comris allowed to shrink taP. Then, we need to determine if we
putation to find the normal vector of boundary pixels indicatingiill insert P in Ly described as follows. IfN - d — 1) >
erosion direction. To apply this approach to Fig. 14, they wilb(P), we will insert it in L and also updaté(P) by (N -
potentially create bad results like Fig. 14(b). In contrast, we uge— 1). Otherwise, we do not need to inséttin L g, since the
a simple cross-structure element instead to perform erosion. Igisnhsecutive erosions from® are totally included in the other
very simple in computational complexity and easy in practic@dnger and consecutive erosions. Therefore, we do not need to
implementation. In our implementation, there are three 2-D afsert P in Ly, since we do not need to repeat erosions that
rays: Ao, An+1, andB to assist in accomplishing interpolationwill be included by the other node. Fig. 19(a) and (b) shows
From our point of view, the first two arrays serve as guidinfterpolated results with and without correcting code. Note that
maps that show how to erode (contract) in the course of int@f-both figures, the contour of interpolated object is composed
polation. The latter arrays stores the number of erosion stepsf zero code pixels. Fig. 19(c) and (d) shows 3-D reconstructed
for each contour pixel of the morphology-difference area. Iiesults if we interpolate 100 slices between two input slices.
our implementation3 array is not a floating point array but The experimental results show we can get better interpolation
it is rounded integer array. Fig. 18 shows the algorithm for ergfter distance code correction. In Fig. 19(c) and (d), we circle
sion-based interpolation. two places to remark their difference in interpolation. In this

In the above algorithm, the part (a) will initialize an activeexample, these should be linear edges in these places, but in
erosion listLz. The data structure ot is exactly the same Fig. 19(c) these edges appear as nonlinear edges.
asLp andL¢. Then, in part (b), we calculate exact number of

erosion stepDeosion USING (9) for each nod®(x, y) in Lg IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

and update 2-D arra$[P] by Derosion

Desosion(P) = {B[P] ¥ Ek: ff PeXo ) (9) many synthesized images that were used or similar to those

B[P+ Ey , ifPeXop used in previous studies. Both Figs. 20 and 21 were also tested

In the above equatior’; is anerosion factorfor the region in [8]. This approach [8] employed a very computationally in-
Xo — (Xo N X,41) and EY is used for the regioX,,.; — tensive method to distort one contour to be like another one.
(Xo N X,,41). In part (c), assume that we are now working dtlsing the simpler proposed scheme, we see the shapes of inter-
pixel (N -z, N -y),andB(N -z, N - y) indicates how many mediate contour change smoothly between two different shape
steps are still left to erode (contract). The pik& -z, N -y) contours. The next two examples were tested in [12]. Fig. 22

P2 BN I (0 B Pl S N

IS 4R IES RN RO RO VO R A (O R O e )

PRI 200 S RNV RO DV (AU (VO S IR0 RO V)

PY I SIS 5 I 5 I I N Y
O I0* RS IR VOO § R R
BEI RS

C. Erosion-Based Interpolation

To evaluate the performance of the proposed scheme, we used
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begin
/* a. initialize */
for each pixel (x,y) of 0%,
do insert a new node M(x,y,n+1,0,0)
into the erosion contour list IL;
for each pixel (x,y) of O0X.,
do insert a new node M(x,y,0,n+1,0)
into the erosion contour list IL;
/* b. calculate the exact distance to be eroded
and insert it into working list */

for each node M in the list L;

do Deeion € Bix,y)*E/ if b =0 or

B(x,y)*£] if b = n+l

update the value d of M by D

erosion

update B(x,¥) by D.icsion

/* ¢. erosion process */
while L; is not empty
do retrieve the first node of the list I; and denote as N(x,y,a,b,d)
/* d. if required to be eroded */
if ( N.d > 0 and N.d > B(N.x,N.y)
then for each four-neighbor P(x’,y’) of (N.x,N.y)
/* e. normal erosion case */
do if A (N.x,N.y) = A, (P)+1
then if N.d-1 > B(P)
then
update B(P) by N.d-1
insert point P into the tail of the list
L; with (x’,y’, a, b, N.d-1 )
/* £. special erosion case */
if A, (N.x,N.y) = A (P)
then if all the four-neighbor Q of P, A (P) > A, (Q)
then
update B(P) by N.d
insert point P into the tail of the list
Ly with (x',y’, a, b, N.d)
/* g. get result */
Finally, the newly interpolated contour consists
of all pixels (x,y) with B(x,y) = 0.
End

Fig. 18. Erosion-based interpolation algorithm.

is a set of ring-like objects with no overlapping area. Gato side of Fig. 23 shows 3-D rendered results as we interpolate
al. [12] reported that this tested data cannot be handled w00 slices between the two input slices. In this case, we created
by the shape-based scheme. However, our results show the prpseudonegative hole, and we separately interpolated positive
posed scheme yields very satisfactory results. The left sideasfd negative object pairs and then blended them.

Fig. 23 demonstrates the interpolation between a hollow ob-The nextexample is shown in Fig. 24. Inthis figure, the source
ject and a solid object. In [12], Guet alshowed that unlike object contains more connected regions than the target object
our method, shape-based [11] and dynamic elastic methods big#h, branching case). Similar examples have been widely tested
fail to deal with this kind of deformation. Shape-based methd#], [9], [12], [15]. The proposed scheme yields very satisfactory
simply interpolates distance code for the whole image. The rigigisults. Furthermore, our results seem better than those of most
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Fig. 23. Interpolation between a hollow object and a solid object [12].
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Fig. 24. Branching case [8], [9], [12], [15].
Fig. 19. Interpolated result with and without correcting distance code. (
Array B without distance correction. (b) Arra with distance correction. (c)

Without correction. (d) With correction. - n n n .

D n . . S

Fig. 20. Interpolation between two synthetic contours that was tested in [8]
u Fig. 26. The invagination case (abrupt change in shape) [15].

Fig. 21. Interpolation for concave case [8].

areshowninFigs. 25and 26. InFig. 25, the source image contains
a small ring, while the target image contains a large one with
large offset. Fig. 26 is called heavy invagination case (i.e., abrupt
change in shape) in [15]. In [15], both cases were not handled
well by another morphology-based scheme [12]. However, from
the experimental results, it is clear that the proposed scheme can
handle both caseswell. Additionally, [12] exploited the beginning
and ending points of morphology-difference vectors as cue to
interpolate object. This approach seems to be more complex than
the proposed scheme. Therefore, the proposed dilation and ero-
sion can obtain better efficiency in computation. In summary, we
have evaluated the proposed scheme using a variety of examples

m m mm that were used in the previous work. From the above examples
with synthesized objects, the proposed method handles different

Fig. 22. Interpolation for a set of ring-like objects [12]. situations effectively.

With respect to computational complexity, the proposed algo-
approaches. In this case, the proposed algorithm will first indethmisin proportiontothe number of objectpairs. Foreachobject
pendently interpolate three positive object pairs. Then, we unfiair, we only needtointerpolate theirmorphology-difference area
these three interpolated results together. The final two exampiather than the whole image. In final, we blend all interpolated
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TABLE I objects with holes. Additionally, to create smooth results, the
WE SHOW THE EXECUTION TIMING FOR EACH EXPERIMENT AND WE R qmm- " R :
INTERPOLATE 100 S.ICES BETWEEN TWO INPUT SLICES IN EACH EXPERIMENT prqposed SChe'.“e corrects distance to mterpolauqn.
In implementation, we use three 2-D arrays to store distance
Figure No. _ |Fig. 20 |Fig. 21 |Fig. 22 [Fig. 23 [Fig. 24 [Fig25 [Fig.26 ~maps @ andA, 1) and the erosion maX). The former two

Timings (sec.) |36 69 137 107 |88 24 63 arrays serve as interpolating maps to guide how to interpolate
‘ objects. These two maps are unchanged for a given object
KXot P pair. The arrayB is a temporary array to indicate how many
B - Y steps are left to interpolate. Compared to other schemes, the
'7.7&_ \‘_,/ A proposed scheme is simpler in computational complexity, but

e .
f L /—h\ _from the experimental results of_test_example;, our met_hod
e h ; is proven to handle general object interpolation, including
AN j branching, hollow case, and invagination. All these examples
M can be automatically interpolated and properly handled in
our scheme. In near future, we plan to apply the proposed
scheme to handle multidimensional objects. In particular, we

are interested in exploiting this scheme to visualize dynamic
Fig. 27. An example cannot be handled well by the proposed method.  movement of organs in four dimensions. Additionally, we will

. ) study how to solve the problem as shown in Fig. 27.
objects. On the other hand, the shape-based method interpolates
distance onwholeimages. Inthisrespect, ifthere are fewer object
pairs or large overlapping regions, the proposed scheme’s com-
putational complexity is lower than shape-based methods. But, inThe authors wish to thank the anonymous reviewers for their
the reverse case, the shape-based method seems faster, but Hélptul comments and criticisms in improving the earlier ver-
many drawbacks as pointed out in previous work. Similarly, thgons of this paper.
complexity of [12] is also linear in regard to the number of object
pairs. This approach requires expensive cost in determining the
correcterosionvector. Inthis respect, our proposed scheme seems _ _ _
more practical than this approach. Furthermore, the experimentdft! C: Herman and C. Coin, “The use of 3D computer display in the study

of disk disease,J. Comput. Assist. Tomogvol. 4, no. 4, pp. 564-567,
results show the proposed scheme can handle more general cases ayg. 1980.
than [12]. As for the other higher complexity algorithms such [2] C. C. Liang, C. T. Chen, and W.C. Lin, “Intensity interpolation for re-
iali ; ; e constructing 3-D medical images from serial cross-sectionsPrac.
a_s [8]’ .[9]’ they are speC|aI|zed for branchlng or shape with dis . IEEE Eng. Med. Bio. Soc. 10th Int. Cariflew Orleans, LA, Nov. 1988,
similarity case. The proposed scheme also can handle well their  cH2566-8, pp. 1389-1390.
examples butat much lower computational cost. We conclude th€3] ——, “Intensity interpolation for branching in reconstructing three-di-
; ; ; ; mensional objects from serial cross-sectionsPiac. SPIE Conf. Med.
proposed .SChe.me |sveryS|mpIe atboth CompUta.tlonal complgxny Imaging V: Image Processingol. 1445, San Jose, CA, Feb.—Mar. 1991.
a!"d practical 'mp|ementat|0n, but very eﬁe_CUV? ?-t handling (4] G. J. Grevera and J. K. Udupa, “Shape-based interpolation of multi-
different cases. Finally, Table Il shows execution timing foreach  dimensional grey-level imageslEEE Trans. Med. Imagvol. 15, pp.
; ; _ 881-892, 1996.
F’,'Xpenmem' Our experiments were Performed on Fhe Intel Pen [5] G.J. Grevera, J. K. Udupa, and Y. Miki, “A task-specific evaluation of
tiumll, 233 MHz personal computerwith256 MB mainmemory. three-dimensional image interpolation techniquéEEE Trans. Med.
Although the proposed method can solve many drawbacks re-  Imag, vol. 18, pp. 137-143, Feb. 1999.

; ; ; ; ; ; 6] K. Chuang, C. Chen, L. Yuan, and C. Yeh, “Shape-based grey-level
ported in previous studies, in some situation our method cannot image interpolation. Phys. Med. Biol.vol. 44, pp. 15651577, 1999.

handle it well. In Fig. 27, the region 1IlXo N X, 1) is equal to [7]1 R. G. Keys, “Cubic convolution interpolation for digital image
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