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An Implementation of Image Sharpening Based on Morphological
Operations for Ubiquitous Echo

Masayoshi Tsubai, Naoshi Mitoda, Osamu Fukuda, and Naohiro Ueno

Abstract— Ubiquitous Echo is a portable ultrasound imaging
equipment. We discuss an image sharpening method based
on geometrical information by mathematical morphology with
double structuring element (DSE) for on-line processing on
Ubiquitous Echo. The sharpening method improves the contrast
of tissue boundaries without speckle emphasis. The computa-
tional complexity of the morphological operations is reduced
by chain rule of the operations and decomposition of the DSE
not to delay refreshing the ultrasound moving image.

I. INTRODUCTION

We implement an edge sharpening based on morpholog-
ical operations with double structuring element (DSE) for
ultrasound moving image of Ubiquitous Echo. To reduce
computational complexity of the morphological operations,
usually, chain rule of the operations and decomposition
of the structuring element are applied. In the case of the
morphological operations using DSE, however, it seems that
the chain rule cannot be applied. The reason is that the DSE
cannot be decomposed since the gray values of the DSE are
not constant within its domain. In this paper, we introduce the
chain rule into the morphological operation using DSE. The
computational complexity of the morphological operations is
reduced by chain rule of the operations and decomposition
of the DSE not to delay refreshing the ultrasound moving
image of the Ubiquitous Echo.

Ubiquitous Echo is a portable ultrasound imaging equip-
ment which is small, lightweight, and inexpensive. The unit
was developed through joint research between the National
Institute of Advanced Industrial Science and Technology
(AIST) and the Hiroshima Institute of Technology. The unit
can be used in health care or beauty facilities, or even in the
home, to visualize components of the body such as muscles,
bones, and subcutaneous fat. Users connect Ubiquitous Echo
to their personal computers and use the included software
to collect detailed information about specific parts of the
body. The ultrasonic diagnostic equipment traditionally used
in medical examinations is prohibitively expensive and too
large to be used by health care and beauty facilities or in the
home.
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Generally, edge sharpening or contrast enhancement can
be realized by emphasizing high frequency contents of the
image [3]-[5]. However, noise also includes much high fre-
quency contents. It is difficult to suppress the noise emphasis
while the edge is sharpened. Furthermore, overshoot and
undershoot occur at top and bottom of the edge slope, respec-
tively. It may be effective to recognize the enhanced edge by
human eyes. However, it is not desirable for diagnosis and
analysis, because overshoot and undershoot may be confused
with some original edges. For example, a roof-like edge and
an overshooting step-like edge are confused.

As the other approaches for edge sharpening, the shock
filter [6] and a morphological method by switching results
of dilation and erosion [7] are proposed. These methods can
restore a blurred step edge without noise to an ideal step edge
without overshoot nor undershoot. However, these methods
are sensitive to noise and distortion of the input image. In
the ultrasound image, due to the sensitivity, speckles are
emphasized significantly.

Anisotropic diffusion was proposed for noise reduction
and edge enhancement [8], [9]. It was applied to ultrasound
images for speckle reduction [10], [11]. The anisotropic dif-
fusion can enhance edges and reduce noises simultaneously,
however, it cannot sharpen edges without smoothing.

We proposed a morphological edge sharpening by DSE
and applied it to edge sharpening of ultrasound images [2].
The morphological edge sharpening resolved the problems.
The proposed method improved the contrast of brightness
around the tissue boundary without speckle emphasis, over-
shoot nor undershoot.

The DSE is a pair of two different structuring elements.
Important factors of the DSE are its domain and gray values.
The gray values of the DSE are controlled spatially to
sharpen edges of the image components. The opening opera-
tion of an input image by DSE eliminates image components
whose support does not cover the DSE, and sharpens edges
of the image components which can contain the DSE.

As the other study of morphological operations, adaptive
morphological operations were proposed for noise reduction
[12]-[16]. The concept of the adaptive morphological op-
erations is to remove noises while preserving features by
changing the domain of the structuring element with respect
to spatial positions. The domain is changed to adapt its shape
and size for local structures. The adaptive morphological
operations do not yield the edge sharpening which the DSE
yields.
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The sharpening method based on morphological opera-
tions with DSE showed better performance in sharpening
edges of the ultrasound images while speckles are kept from
being emphasized compared with several sharpening meth-
ods based on unsharp masking [1], [2]. The morphological
edge sharpening was evaluated quantitatively using detail
variance(DV) and background variance(BV) [1]. The DV is
variance of the gray values within the region which covers
the boundary, and the BV is variance of the gray values
within the region which does not contain the boundary [4].
The morphological edge sharpening enlarged the DV of the
images while the BV was kept sufficiently small, but the
unsharp masking enlarged both the DV and the BV.

In this paper, we introduce a fast computation of the
morphological edge sharpening for Ubiquitous Echo. The
computational complexity of the morphological operations
with DSE is reduced by chain rule of the operations and
decomposition of the DSE. Our experimental result shows
that the proposed sharpening method little reduces the frame
rate of the Ubiquitous Echo.

II. GRAY-SCALE MORPHOLOGY USING DOUBLE
STRUCTURING ELEMENT

A. Definitions of morphological operations

Let f, f : F — E, F C EN7! be an input gray-
scale image. EV~! means Euclidean (N-1)-space. Let ¢,
g : G — E be a spatially variant structuring element with
respect to the position x, where G C EN-1 is domain
of gz. Let g = {gz|x € F}. Let the domain of g, G,
be spatially invariant to simplify the calculation and reduce
computational complexity.

The space-varying erosion of f by g, dilation of f by g,
and opening of f by g are defined as [14]

(feg)(x) =gl€ig{f(w+Z) - 9z(2)}, (1)
(.f S g)(m) = I;leaé({f(m - z) + gm—z(z)}7 2)
fog=(fog) de. 3)

Let gz, gz : G — E be another spatially variant struc-
turing element with respect to the position ®. Let g, > gz
and g = {gz|x € F'}. A pair of two structuring elements ¢
and ¢, denoted by (g, &), is named as double structuring
element (DSE) [2].

The opening of f by DSEs (g, g), denoted by f o (g,g),
is defined as [2]

fo(gg)=(fog)@s Q)

The closing of f by (g,g), which is dual operation for
the opening, denoted by f e (g, &), is defined as

fe(gg)=—[(-f)e(g"8") Q)
where superscript s means reflection. The reflection of g, :
G — E is defined by g5, : G° — E, g5(2) = g=(—2),
Gy ={b|b=—a,acG}.

B. Edge sharpening operation

The result f. of edge sharpening operation of an image f
is obtained from opening and closing as [2]

Je=f+fo(g,g)—fog+ fe(g® &°)—feg® (6)

Correction terms added to f in the right-hand side of (6)
are edge-sharpening components, which are extracted from
opening processes and closing processes. The corrections
in (6) sharpen edges of the image components which can
contain the DSEs. Image components whose support does
not cover the DSEs are preserved.

For ultrasound image processing, in order not to sharpen
speckles, domain of the DSE should be large enough to cover
support of the speckle cell. Furthermore, it should be kept
sufficiently small for accurate sharpening in fine structures.

C. Gray value of the DSE

In order to make the opening by DSEs yield edge sharp-
ening, gray values of the DSE are determined as follows.
A function ¢ : I — FE is prepared to control the gray
values of the DSE. Assume that ¢ satisfies following two
conditions: (a) ¢ has maximum value at the boundary, and
(b) ¢ is constant in homogeneous regions without boundary.
The gray values of the DSE are controlled under the function
c as [2]

0 if z € G,

gm(z> = { . (7
—oo  otherwise.
min c(z—u+z)—c(z) if z € G,

Gz (2) = UEC 3
—00 otherwise.

The function ¢, which reflects a local information of the
input image f, is obtained as

co(x) = a{gggi fl@+u) - min fx+ U)}7 ©
where « is positive coefficient which adjusts sharpness of the
output image. The sharpness of the image increases with an
increase in «v. The control ¢() is obtained as a difference of
local maximum and local minimum around a spatial position
@ of the input image f(x). The difference reflects edges of
the input image.

III. REDUCTION OF COMPUTATIONAL COMPLEXITY

Computational complexity of the morphological opera-
tions is proportional to the number of pixels within the
structuring element. To reduce computational complexity of
the morphological operations, chain rule of the operations
and decomposition of the structuring element are used well.

The structuring element g, in (7) is easy to be decompos-
able since its gray values g,(z) are constant. However, the
g in (8) does not seem to be decomposable since its gray
values g (z) are not fixed within its domain G.
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As the following procedure, the g, can be eliminated from
(4). First, in (8), we replace © by « — z as

Jo—z(2) = IanElg c(x—u) — c(x — 2z). (10)
From (4),
[f o (g, 8&))(x)
= max {(/ © )@~ 2) + du<(2)}
— e { (7 0 g)(e—2) + mipc(o—u) - cta—2)
= max {(/ £ g)(@—2) — c(w—2)} + min clz—w)
= max {(/ © 8)(@~2) - c(2—2)} ~ max{~c(z—2)}.
(11)
By using (2) and (7), we get
fo(gg)=(fog-—c)dg— (- de.

Similarly, the closing is expressed as

(12)

fe(gg)=—{(-fleg' —c}eg’ + (—c)og’
(13)

Since g, and g, are spatially invariant as shown in (7),
(13) is rewritten using duality between erosion and dilation
expressed by (—f)og® = —fdgand (—f)dg*=—-fog
as

fe(g.g)=(fog+tc)og+(—c)dg’ (14)

Edge sharpening operation in (6) can be expressed using
(12) and (14) as
fe=f+(fog-—cog—(fog) s
+(fog*+cog —(fog)og’ (15
IV. APPLICATION TO UBIQUITOUS ECHO
A. Implementation for Ubiquitous Echo

The Ubiquitous Echo outputs 2-dimensional gray scale
images. As a decomposable DSE, we use a 2-dimensional
rectangular domain of the structuring element, denoted by
b, whose horizontal width is M and vertical width is V.

From (15), edge sharpening operation becomes

fe=f+(febs—c)®bs— (fOSbs) D bs

+(f®bs+c)Obs — (f Dbs) O bs. (16)
The function c, from (9), is expressed as
c=a(f®bs— fObs). (I7)

The rectangular domain is decomposable into orthogonal
two linear structuring elements. One is M pixels of a
horizontal structuring element by, and another is N pixels of
a vertical structuring element b,,. The rectangular structuring
element is expressed through morphological dilation as b =
by, D b,.

(@) (b)

Fig. 1. Edge sharpening result of an ultrasound femoral image. (a) Original
image. (b) Sharpened image.

The erosion of f by b, and the dilation of f by b, can be
computed using chain rule as
febs = (f@bh)@bv7
fabs=(f@by) @by

(18)
19)

The computational complexity is reduced from M x N to
M+ N.

B. Experimental results

The Ubiquitous Echo outputs 2-dimensional gray scale
moving image of 122x320 pixels and 256 gray levels. The
image is transferred online to a computer, and the image is
drawn on a display of the computer. The frame rate depends
on performance of the computer. In the experiment, we
connected the Ubiquitous Echo to a laptop computer whose
CPU was Intel Pentium M 1.2GHz. Frame rate of the moving
image without edge sharpening was 6.4 frames/s.

The software for edge sharpening operation was executed
on the laptop computer. Figure 1(a) shows a human femoral
image acquired by Ubiquitous Echo. The edge sharpening
result is shown in Fig.1(b). Boundaries of muscle, fat and
bone are sharpened while speckles are not emphasized and
details are preserved. Frame rate of the moving image with
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(a) (b)

Fig. 2. Enlarged images of the edge sharpening result. (a) Original image.
(b) Sharpened image.

edge sharpening was 5.8 frames/s. Original frame rate was
almost kept.

Figure 2 shows enlarged images around a boundary be-
tween muscles. The sharpened image are deblurred around
the boundary and in the detail. Speckles in the sharpened
image are almost identical with the original.

The parameters used for enhancement process were chosen
asM =9, N =5,and o« = 1.0. M and N were determined
as 3 times of speckle cell size so that supports of the speckle
cells are covered by the domain of the DSE. If o = 0, then
processed image is identical with the original image. If «
is sufficiently large, then the image is fully sharpened but it
may be artificial. Our experimental result [1] shows that the
sharpness was almost saturated at o = 10. Therefore, the «
was chosen experimentally between 0 and 10 in terms both
of sharpness and of naturalness of the processed image.

V. CONCLUSIONS

We implemented an image sharpening method based on
morphological operations with double structuring element
for on-line processing on Ubiquitous Echo. Original frame
rate of the moving image was almost kept under the on-line
processing. The sharpening method improved the contrast
of tissue boundaries without speckle emphasis. The com-
putational complexity of the morphological operations was
reduced by chain rule of the operations and decomposition
of the double structuring element.
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