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Abstract. The morphological binary hit-miss operator has been
used extensively to locate features within a binary image. We pro-
pose a grayscale hit-miss operator that detects signal shapes and is
applicable to scalar-valued functions on one, two, or more dimen-
sions. The hit and miss structuring elements define the lower and
upper bounds of the signal: If a signal lies between the hit and miss
templates, then the hit-miss operator will produce a one output; oth-
erwise, it will respond with zero. We incorporate a fuzzy logic ele-
ment to the hit-miss operator to indicate how strongly the signal
matches the hit-miss templates. © 2004 SPIE and IS&T.
[DOI: 10.1117/1.1631318]

1 Introduction

Morphological techniques for image processing are a pow-
erful tool for feature extraction, edge detection, noise re-
duction, and compression.1,2 The term ‘‘morphological’’ in-
dicates that some aspect of shape in the image is being
operated on. Although based on geometrical concepts, mor-
phological operators can be defined in purely algebraic and
set theoretic terms. Binary morphology was originally de-
veloped, primarily by Matheron3 and Serra4, as an experi-
mental technique for texture analysis. The hit-miss transfor-
mation has played a central role in mathematical
morphology since that early work.5 Applications include
iron ore analysis, fingerprint recognition, parts inspection,
and traffic sign recognition.5–7 These initial binary opera-
tors, such as dilation and erosion, have now been applied to
scale images.1,3,5

Uncertainty in binary images can result from noise, ob-
ject orientation, or object scaling~e.g., due to distance from
the camera!. To compensate for this uncertainty, fuzzy logic
techniques have been incorporated into binary morphologi-

cal operators, including the hit-miss transformation.8–12

We propose a grayscale hit-miss transformation. To deal
with the uncertainty in grayscale images, the grayscale hit-
miss transformation has a fuzzy logic component that indi-
cates the degree of fit between the signal and hit-miss tem-
plates.

2 Binary Hit-Miss Transformation

The binary hit-miss transformation locates features or ob-
jects within a binary image. It does so by simultaneously
identifying a pattern of ‘‘on’’ pixels and a pattern of ‘‘off’’
pixels. The pattern of ‘‘on’’ pixels is represented by the hit
structuring element or hit template, and the pattern of ‘‘off’’
pixels is represented by the miss structuring element or
miss template. The hit-miss transformation is based on the
binary erosion operator. Binary erosion can be described as
the set of pointsz at which Bz ~the structuring elementB
translated to locationz! completely fits within the binary
image:

X*B5ø$z:XùBz5Bz%, ~1!

whereX is the binary image,B is the structuring element,
andBz is the translate ofB by z. ~The translate of setB by
point z is $b1zubPB%.) The binary hit-miss transforma-
tion is defined as

X~~C,D !5~X*C!ù~Xc*D !

5$zPR2uCz,X and Dz,XC%. ~2!

WhenCz is entirely contained withinX, the hit pattern has
been found at locationz. When Dz is entirely contained
within XC, the miss pattern has been found at locationz.
When both the hit and miss patterns are found at locationz,
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then the desired feature is detected and the hit-miss opera-
tor has a true response at locationz. When either the hit or
miss pattern match fails at a location, the hit-miss operator
produces a false or negative response. For example, the
following sets will search for horizontal rising edges~with
respect to the downward direction! at least five pixels long
in the imageX, and the output image will have a one wher-
ever such an edge was found:

C5

0 0 0 0 0

"

1 1 1 1 1

D5

1 1 1 1 1

"

0 0 0 0 0

~The dotted element is the center of the mask.! The setsC
and D must not intersect, because a pixel may not be on
and off simultaneously.

3 Grayscale Hit-Miss Transformation

The extension from binary to grayscale morphology adds a
dimension: A pixel value is no longer simply on or off, but
takes a scalar value~either on a continuous or discrete
range!. The proposed grayscale hit-miss transformation is
based on grayscale erosion, which is defined by1

@ f *g#~x!5 min
zPD

z2xPG

$ f ~z!2g~z2x!%, ~3!

wheref is the signal,g is the structuring function,D is the
domain off, andG is the structuring function domain@i.e.,
points at whichg(x).2`]. The domainsD and G and
coordinatesx andz can be of arbitrary dimension; for im-
ages, they are 2-D. Notice that the erosion value is nonne-
gative if the structuring function lies entirely below the
signal: f (z)>g(z2x). The following equation produces a
true response when the structuring function is below the
signal:

u@ f *g#~x!5H 1 if f ~z!>g~z2x!

0 otherwise
, ~4!

whereu@x# is the unit step function. Likewise, the follow-
ing indicates if the structuring functionh(x) lies below the
complement of the signal:

u@ f c*h#~x!5H 1 if h~z2x!< f c~z!

0 otherwise
. ~5!

The complement can be the negative2 f when the signal
range is the real number line, or the valueM2 f when the
signal range is limited to@0,M #. By duality, if the structur-
ing function h(x) is below the signal complementf c(x),
then the signalf (x) is below the structuring function
complementhc(x). That is,hc(z2x)2 f (z)>0 is equiva-
lent to f c(z)2h(z2x)>0.

When both erosions (f *g) and (f c*h) are positive,
then the signal is betweeng(x) and hc(x). We define the
grayscale hit-miss transformation as an operator that iden-
tifies regions of a signal that fit between two templates:

f~~g,h!5r •u@~ f *g!#•u@~ f c*h!#

5r •$zu f ~x!>g~z2x! and

f ~x!<hc~z2x!;x%, ~6!

wheref is the signal or image,g is the hit template,h is the
miss template, andr is a function that indicates the strength
of the match between the signal and templates.g andh can
also be called the ‘‘below’’ and ‘‘above’’ templates, since
they are the bounding functions for the signalf. r is a fuzzy
membership function that takes a value in the range@0,1#.
The conditiong(x)<hc(x) must hold; ifg(x0).hc(x0) for
somex0 , the hit-miss operator would always be zero be-
cause the signal could never be simultaneously aboveg(x0)
and belowhc(x0). This is analogous to the binary hit-miss
operator, where it is required that the intersection of the hit
and miss templates be null.

The following example illustrates basic operation of the
grayscale hit-miss transformation in 1-D. Letr be unity so
that the hit-miss transformation output is binary: any signal
fitting between the templates yields a true response. The
signal f (x) is a pulse of width 5, the signal’s background
level is 50, and the pulse level is 100. The below template
g(x) is also a 5-wide pulse with a background level of 45
and a pulse level of 95. The complement templatehc(x) is
a 5-wide pulse with background level 55 and pulse level
105. When the templates are centered on the signal pulse,
the signal fits between the templates, as shown in Fig. 1.
Sincef (x)2g(x)>0 andhc(x)2 f (x)>0, the hit-miss op-
erator has unity response at this location.

Figure 2 shows situations using the same templates
where the hit-miss operator has zero response. In Fig. 2~a!,
the templates are not centered on the signal pulse. In Fig.
2~b!, the signal pulse is too narrow, therefore the hit tem-
plate does not fit below the signal. Likewise, in Fig. 2~c!,
the signal pulse is too wide and the signal does not fit
below the miss template. In Fig. 2~d!, the pulse level is too
high, so that it does not fit below the miss template. And in
Fig. 2~e!, noise causes the signal to cross the hit and miss
template boundaries.

Fig. 1 A signal and a pair of hit-miss templates.
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To accommodate variations in the signal due to noise or
other random processes, the classification margin in the
grayscale hit-miss transformation can be increased by in-
creasing the separation between the hit and miss templates.
The templates in Fig. 3 are used to detect a signal pulse.
The separations in the templates allow for the background
signal level to vary between 45 and 55, and the pulse level
to vary between 95 and 105. Additionally, because of the
horizontal separation of the edges of the templates, they
will detect pulses with widths varying between 3 and 7
units.

Separating the hit and miss templates allows for varia-
tions in the signal while still requiring it to match some
basic shape. It may be desired to detect not only if the
signal fits between the hit and miss templates, but also how
well the signal fits the desired shape. To achieve this, a
‘‘response strength’’ term has been added to the grayscale
hit-miss operator. The response strength is a fuzzy member-
ship value~in the range@0,1#! that indicates to what degree
the detected signal matches the ideal desired signal. There
is not a single fuzzy membership function for the response
strength—its definition may vary depending on the appli-

cation. The following example illustrates a fuzzy response
strength function.

Given the hit and miss templatesg(x) andh(x), let the
ideal signal be exactly midway between the templates. The

Fig. 2 Examples of conditions that produce zero response from the hit-miss transformation.

Fig. 3 Hit-miss templates with vertical and horizontal margin.
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hit-miss operator responds to the ideal signal with a
strength of 1. As the signal deviates from the midway point,
the strength decreases. There are numerous ways in which
the signal can deviate from the ideal: the signal may be
offset vertically, may deviate in horizontal dimensions, or
may fluctuate due to noise. In this example, the response
strength is determined by the maximum deviation from the
ideal signal, normalized to a value in the range@0,1#:

r ~ t !5minH 122•U f ~x!2m~x!

hc~x!2g~x!
UJ

~7!

m~x!5
hc~x!1g~x!

2
,

Fig. 4 Fuzzy response of grayscale hit-miss transformation.

Fig. 5 Boxes test image.

Fig. 6 Results of applying the hit-miss transformation to the image in Fig. 5 for various hit-miss
templates.
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where f (x) is the signal,g(x) is the hit ~below! template,
hc(x) is the complement of the miss~above! template, and
m(x) is the ideal signal midway betweeng(x) andhc(x).
Figure 4 shows a noisy signal along with hit and miss tem-
plates set to detect a constant signal at 50 with a noise
tolerance of610%. The ideal signal, with a constant value
of 50, is midway between the hit and miss templates. The
signal sample shown does not cross the hit or miss bound-
aries, so the hit-miss operator will have a positive response
~i.e., both erosions are nonnegative!. The maximum devia-
tion is 80% of the distance between the ideal signal and the
hit template. Therefore, the response strength at this loca-
tion is 0.2.

If the signal exceeds the boundaries set by the hit and
miss templates, then the response strength in Eq.~7! may
exceed 1, which is not a valid fuzzy membership value.
However, the unit step response of the hit erosion or the
miss erosion~or both! will be zero, yielding zero response
for the hit-miss operator. Therefore, the grayscale hit-miss
operator always has a value in the range@0,1#. Even though
these examples were presented using a 1-D function, the
concepts of the grayscale hit-miss operator are easily ex-
tended for a 2-D image by changing scalar variables ofx
andz in Eq. ~6! to 2-D vectors ofx andz.

4 Results

To demonstrate, the grayscale hit-miss transformation is ap-
plied to two test images. The first test image is a series of

boxes of various intensities and sizes on a uniform back-
ground ~Fig. 5!. A hit-miss template pair is used that
searches for a 333 square with an intensity in the range
@112,144# and background intensity range@0,46#. The
‘‘ideal’’ signal therefore has intensity 128 and background
intensity 23. Figure 6~a! shows the result: box 2 responds
100% because it matches the ideal signal exactly. No other
feature in the image fits between the hit-miss templates, so
there are no other positive responses. Another hit-miss tem-
plate is then used. This one is similar to the first, but with
more separation between the templates, both vertically and
horizontally. This increased separation allows a wider range
of signals to fit between the templates. Figure 6~b! shows
that features 2, 3, 4, 5, and 11 all have positive responses.
Because none of these features match the ideal signal, all
responses are less than 1. A third pair of hit-miss templates
searches for a more complex signal: a gray box that lies on
a horizontal boundary between black and white. Figure 6~c!
shows that feature 21 was detected.

A second test image consists of a group of alphabetic
characters. The hit-miss operator was then used to locate
the character P. The hit-miss operator was first applied to a
noise-free image with characters of differing intensities
@Fig. 7~a!#. The hit-miss templates had enough spacing be-
tween them to locate all three P’s but with differing
strengths@Fig. 7~b!#. The darkest letter P and the brightest
letter P yielded the lower strengths. The test image was
then corrupted with Gaussian noise@Fig. 7~c!#. The hit-miss

Fig. 7 Character recognition of (a) a noiseless image and (c) a noisy image using the grayscale
hit-miss transformation.
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operator located two of the P’s but was unable to locate the
darkest P’s because the noise there exceeded the boundaries
set by the hit-miss templates@Fig. 7~d!#.

5 Conclusions

The proposed grayscale hit-miss operator is effective in de-
tecting features in scalar-valued images. The separation be-
tween the hit and miss templates determines the amount the
actual feature is allowed to deviate from an ideal feature.
The grayscale hit-miss operator can produce a binary out-
put, indicating locations where the feature was detected.
More generally, the hit-miss operator can produce a fuzzy
output that indicates the degree of fit between the actual
and ideal features.
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