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By modifying the histogram of an image, a dramatic improve-
ment in the perceptibility of details can often be achieved. How-
ever, the two commonly used methods of full-frame histogram
equalization and local-area histogram equalization often fail to
produce adequate enhancement when the image contains rela-
tively small but variable-sized regions in which there are objects or
features of interest with low visual contrast. A new method of
adaptive-neighborhood histogram equalization that is effective in
enhancing these types of images is proposed in this paper. In this
method, an adaptive neighborhood is developed for each pixel in
the image. The adaptive neighborhood is a compound region
made up of a foreground that contains 8-connected pixels close in
gray level to that of the seed pixel, and a background of neighbor-
ing pixels molded around the foreground. The histogram of this
adaptive neighborhood is equalized to provide the transformation
that is applied to the seed pixel. Major advantages of this method
are the avoidance of block edge artifacts that are encountered in
local-area histogram equalization, and improved perceptibility of
image detail. Examples of images transformed using the three
methods of histogram modification are presented along with a
discussion of the merits of the adaptive-neighborhood method.
© 1992 Academic Press, Inc.

1. INTRODUCTION

By modifying the histogram of an image, a dramatic
increase in the perceptibility of image detail can often be
obtained. This was first demonstrated by Hall [1] when he
attempted to equalize the gray-level density of pixels in
an image. The basic assumption used was that the infor-
mation conveyed by an image is related to the probability
of occurrence of each gray level in the image. By uni-
formly redistributing the probability of occurrence of
gray levels in the image, it often becomes easier to per-
ceive the information content of the image.

Frei [2], while accepting the concept of uniformly dis-
tributing information, suggested that since the human vi-
sual system has a logarithmic response to stimuli, the
image information should be redistributed to be hyper-

bolic over the gray scale. Both Hall’s and Frei’s methods
of histogram modification are referred to as global or full-
frame histogram methods because they are based on a
transformation using the histogram of the complete im-
age. Both methods are in common usage today because
they are relatively easy to implement, require no user
interaction, and often provide a substantial increase in
the perceptibility of image detail. These methods are,
however, less than optimal when images containing
small, relatively uniform regions, in which there are ob-
jects or other details of interest, are enhanced. Typically,
the gray levels corresponding to these objects are shifted
into the same gray level as that of their background after
full-frame histogram equalization (FFHE) and are there-
fore no longer visible. The basic problem is that these
details do not show a sufficiently high level of occurrence
in the full-frame histogram, and thus are considered to
have low information content from an information theo-
retic viewpoint. This difficulty was first addressed by
Ketchum [3] when he suggested using local-area histo-
gram equalization (LAHE). In LAHE, rather than redis-
tributing the gray levels of pixels on the basis of the histo-
gram of the whole image, the equalization is based on the
histogram of the portion of the image under a two-
dimensional sliding window that is centered over the
pixel being processed. Only the gray level of the pixel in
the center of the sliding window is modified by the equali-
zation procedures. Pizer (4], who independently sug-
gested this method for medical images, refers to the re-
gion surrounding the center pixel as its ‘‘contextual
region.”” In Pizer et al. [5] LAHE is described as ‘‘an
excellent contrast enhancement method’’ for both natu-
ral and medical images. They also suggest that the most
severe problem with LAHE is that the method is compu-
tationally slow, and propose an effective approach for
reducing the computation time of the LAHE method. In
this approach, the entire image is divided into a small
number of rectangular, nonoverlapping regions. Local-
area histograms are calculated over each region, and his-
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togram-equalizing transforms are applied to the center
pixels of the respective rectangular regions. For the pix-
els that are not center pixels, bilinear interpolations of
the four neighboring center-pixel transformations are
used to approximate the local-area histogram transforma-
tion. Leszczynski and Shalev [6, 7] recently published
papers indicating that some undesirable artifacts associ-
ated with bilinear interpolation may be avoided at no sig-
nificant increase in computational burden if interpola-
tions are carried out only in the horizontal direction, and
the regions over which histograms are calculated are slid
down the image row by row.

While LAHE and its modifications are clearly very
useful, we suggest in this paper that a significant im-
provement over these methods may be obtained by appli-
cation of histogram equalization to a more appropriate
local area than a rectangle. Rather than using an arbitrar-
ily defined rectangular region centered over the pixel be-
ing processed (as suggested by Ketchum [3] and Pizer
[4]), we suggest using an adaptive region grown around
the pixel. By carefully defining the growth tolerance, a
more appropriate ‘‘contextual’’ region than a rectangular
area may be determined. We find that by equalizing the
histogram of this adaptive neighborhood, the perceptibil-
ity of objects and details in an image can be greater than
that achieved by using LAHE. In addition, we observe
that the same adaptive neighborhood will be grown by all
pixels within an adaptive neighborhood that have the
same gray-level value as the first pixel used to grow the
region on hand. By removing the redundancy of calculat-
ing regions and histograms for these pixels, the adaptive-
neighborhood histogram equalization (ANHE) algorithm
can be sped up to rates similar to those of the sample and
interpolate version of LAHE (5-7].

2. METHODS

In principle, FFHE defines a transformation for dis-
tributing the gray levels of pixels in an image uniformly
over the available range of gray levels. However, be-
cause gray levels are quantized in a digital image, the
requirement of equal numbers of pixels at each gray level
can be fulfilled only approximately [1, 8]. The FFHE
transformation is obtained by first finding the histogram
of the whole image. By integrating the histogram, a cu-
mulative distribution function is obtained. The cumula-
tive distribution is normalized to the range of gray levels
desired in the final image to yield the FFHE transforma-
tion [8].

The application of LAHE to an image involves using a
new and unique gray-level transformation at each pixel in
the image. The gray-scale transformation is obtained by
equalizing the histogram of the portion of the image en-
closed by a rectangular window surrounding the pixel
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being processed. The steps involved in LAHE are first to
find the histogram of the rectangular region surrounding
the pixel being processed. From this local histogram, a
local cumulative distribution is then determined. The lo-
cal cumulative distribution is normalized to the full dy-
namic range of the output image. The normalized cumu-
lative distribution is the transformation that determines
the gray-level value of the center pixel. The rectangular
window is then slid over to the next pixel and the above
procedure is repeated.

ANHE is similar to LAHE except that the region over
which the histogram is calculated and subsequently
equalized is determined contextually from the image.
That is, the region’s shape and size are dependent upon
the characteristics of the pixels that surround the pixel
being processed (called the seed pixel in ANHE). The
region (called the adaptive neighborhood) is composed of
two different layers. The first layer is defined as the set of
8-connected pixels that are within a certain gray-level
deviation of the seed pixel. This layer can be algebrai-
cally defined as the 8-connected points, p(k, [), which
have the property

lptk, ) = pGi, j) | =1, (1
where p(i, j) is the gray level of the seed pixel and ¢ is the
maximum allowed deviation in gray level from that of
seed pixel.

A second layer of pixels, of width s pixels, is grown
molded to the outline of the 8-connected first layer of the
adaptive neighborhood. Thus the adaptive neighborhood
is a compound region made up of two kinds of pixels:
those that are 8-connected and have gray levels close to
that of the seed pixel (called foreground) and those with
gray levels that are different from that of the seed pixel
(called background).

The foreground typically identifies pixels that are simi-
lar to the seed pixel in terms of both gray level and prox-
imity (connectivity). These pixels are usually contextu-
ally related and are likely to belong to the same object or
region. For example, the region developed around a seed
pixel might identify the portion of an image that is gener-
ally darker because of a large shadow in the image, or, for
example, the region might identify a relatively uniform
object on which there are patterns or features of interest.
The idea is to equalize the histograms of regions whose
shape and size are based on the information content of
the image rather than of arbitrarily formed rectangular
regions.

The region-growing technique used to define the fore-
ground in this work is a simple, graphical, seed-fill algo-
rithm known as pixel aggregation [8—10]. A flow chart for
the algorithm is provided in Fig. 1. The algorithm starts
with a pixel identified to be the pixel to be processed or
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FIG. 1. A flow chart of the algorithm used to determine the adaptive neighborhood. The method used involves forming a series of queues of
pixels and testing for inclusion in the foreground and in the various layers of the background.
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the seed pixel. This seed pixel is placed in a queue that
holds the pixels to be processed. The algorithm is exe-
cuted until the queue is made empty. The mechanism for
removing a pixel from the queue is to test if it is within *¢
of the seed pixel value. If the pixel is within =7 of the
seed pixel it is removed from the queue, but its 8-
connected neighbors, which have not been processed,
are added to the queue. If the pixel being tested is not
within *¢ of the seed pixel, it is marked as a background
pixel and added to a background queue. This process is
repeated until all the pixels in the first queue have been
processed. When the queue is empty, a foreground will
have been identified as the set of pixels which are 8-
connected and within £¢ of the seed pixel’s gray level,
and the single layer of pixels marking the start of the
background will also have been identified.

The final step is then to extend the background to a
width of s pixels. This is done by starting with any back-
ground pixel and testing its 8-connected neighbors. If
these pixels are either part of the foreground or of the
first layer of the background, they are disregarded. Oth-
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erwise, they are marked as the second layer of the back-
ground. This process continues with the third, fourth,
and subsequent layers until a layer of s pixel width is
identified as the background. Figure 2 presents a series of
images that shows an adaptive neighborhood being
formed.

After the adaptive neighborhood has been defined, its
histogram is calculated, including both the foreground
and the background pixels, and integrated in a manner
similar to that used in FFHE or LAHE. The seed pixel is
then modified using the normalized cumulative distribu-
tion of the adaptive neighborhood. The values assigned
to t and s are very important in determining the type of
features that will be enhanced by the ANHE method.
Processing an image requires that each pixel in the image
be considered as a seed pixel for region growing and
subsequent histogram equalization. Thus the above pro-
cess is applied to every pixel in turn.

It is of interest to observe that identical adaptive neigh-
borhoods are formed for all pixels in an adaptive neigh-
borhood with the same gray-level value as that of the

FIG. 2. A demonstration of region growing. The white pixels indicate pixels in the foreground queue, the light gray pixels indicate pixels in the
foreground, the dark gray pixels indicate pixels in the background, and the black pixels indicate pixels in the foreground that have the same gray
level as that of the seed pixel. (a) The seed pixel (black) and its 8-connected neighbors in the foreground queue (white), and (b) further development
of the foreground. (c) The completed foreground and the first layer of the background and (d) the completed adaptive neighborhood with a 3-pixel-
wide background layer. The image, with 176 x 176 pixels and 256 gray levels, was obtained from a publicly-accessible electronic bulletin board at

vax.eedsp.gatech.edu in the directory /database/images.
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seed pixel. Thus the transformation applied to the seed
pixel is also applicable to all the pixels in the adaptive
neighborhood that have the same gray-level value as that
of the seed pixel. These pixels are called redundant seed
pixels in this discussion as no further calculations are
required to determine their output values. Since the seed
pixel gray-level value may occur many times in the adap-
tive neighborhood, a very substantial reduction in com-
putation is obtained by updating the gray-level value of
all of these pixels using the same ANHE transformation.

3. RESULTS

Figure 3 demonstrates the characteristics and the limi-
tations of FFHE. Two different scenes (Fig. 3a, girl in
snow cave (GSC), and Fig. 3c, girl on beach (GOB)) are
presented. Each image contains some relatively uniform
regions inside of which there are features of interest.
FFHE enhances the GSC image, making it possible to
see some of the details of the girl (Fig. 3b). However, it
continues to be difficult to see many details such as the
girl’s face and the wrinkles and folds in her coat. In the
GOB image, rather than increasing the perceptibility of
the features of interest, FFHE clearly degrades them fur-
ther (Fig. 3d).
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In Fig. 4, the LAHE techniques is applied to the GSC
image. Four versions of this image are presented with
sizes of the sliding window (local area) of 11 x 11, 21 X
21, 41 x 41, and 101 x 101 pixels. The size of the window
determines the size of the detail that is most enhanced.
The best overall image appears to be the version en-
hanced using the 101 X 101 window (Fig. 4d). In Fig. 5,
the LAHE technique is applied to the GOB image. Four
versions of the images are again presented. The LAHE
method significantly enhances many of the details of in-
terest in this image.

Results of ANHE enhancement of the GSC image are
presented in Fig. 6. Figure 6a corresponds to r = 0 and
s = 16; thus, the adaptive neighborhood is formed with a
foreground that contains only those pixels that have the
same gray-level value as that of the seed pixel and a
background that is 16 pixels wide and surrounds the fore-
ground. The figure shows that very small details, like the
characteristics of the girl’s face, are enhanced signifi-
cantly; however, other features, such as small variations
in the background, are also amplified, resulting in a noisy
image. Figure 6d, on the other hand, is produced with an
adaptive neighborhood of ¢t = 64 and s = 8. This image is
quite similar to the FFHE image, except that many more
details are perceived. The images in Figs. 6b and 6c are

¢} Girl on Beach (GOB)

d) FFHE - GOB

FIG. 3. The input images and FFHE images. (a) The girl in snow cave image (GSC; 288 x 240 pixels, 256 gray levels) and (c) the girl on beach
image (GOB; 176 x 176 pixels, 256 gray levels). (b) The FFHE-enhanced GSC image. The image is significantly clearer; however, further
improvement may be possible. (d) The FFHE-enhanced GOB image. The image is not improved: increased contrast results in a loss of detail in the
darker parts of the image.
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a) LAHE 11x11

c) LAHE 41x41

FIG. 4.

LAHE 21x21

d) LAHE 101x101

Local-area histogram equalization (LAHE) of the GSC image using window sizes of 11 x 11 (a), 21 x 21 (b), 41 x 41 (¢), and 101 % 101

pixels (d). The size of the window determines the type of detail in the image that is enhanced. The girl’s face is most clearly seen in the image using
the 41 x 41 window (c), but the best overall image appears to be the version enhanced using the 101 x 101 window (d).

produced using intermediate values for the foreground
and background (r = 16, s = 8 and ¢t = 16, s = 3).

In Fig. 7, the ANHE method is applied to the GOB
image. The values of the ¢ and s parameters are the same
as those used in Fig. 6. The image in Fig. 7a is a rather
noisy image much like the LAHE 11 X 11 image (Fig. 5a).
There may be some debate as to which image best dis-
plays the details of the scene. The images in Figs. 7b and
7¢ appear to be less noisy than that in Fig. 7a and show
the outline of the girl’s arm and the pattern on her swim
suit, but the details of her face are somewhat less clear.
The image in Fig. 7d looks very much like the FFHE
image in Fig. 3d.

Table 1 indicates the time required for the computation
of the images in Figs. 4, 5, 6, and 7. The LAHE algorithm
requires an exponentially increasing computation time
as the window size is increased. The ANHE algorithm,
on the other hand, has a steady decrease in computa-
tional time as the size of the first layer of the adaptive
neighborhood is increased. The longest computational
time is taken by the parameter combination of ¢ = 0,
s = 16.

The last two columns in Table 1 indicate the percent-
age of redundant seed pixels in the GSC and GOB im-
ages. It is not necessary to find an adaptive neighborhood
for the redundant seed pixels as these pixels are in the
first layer (the foreground) of the adaptive neighborhood
of some other seed pixel and have the same gray-level
value as that of the seed pixel. There will be a high degree
of variability in the percentage of redundant seed pixels
in images as this factor is highly dependent upon the
contextual information in a given image. One can, how-
ever, observe the general trend that as the first layer
tolerance (the parameter ¢) is increased, the percentage
of redundant seed pixels increases, and the time required
to compute the output image decreases. For example,
with the parameters ¢t = 64 and s = §, about 98% of the
pixels in both the GSC and GOB images are redundant
seed pixels, and the computation time for these images is
less than § the time required when the parameters are ¢ =
0 and s = 16. With high percentages of redundant seed
pixels, computation times for ANHE are in the range of
those presented by Leszczynski and Shalev [7] for their
approximation to the LAHE algorithm.
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¢) LAHE 41x41

d) LAHE 101x101

FIG. 5. LAHE of the GOB image using window sizes of 11 x 11 (a),
21 x 21 (b), 41 x 41 (c¢), and 101 x 101 pixels (d). The 11 x 11 window
(a) produces the most clear enhancement of the girl’s face, while the
21 x 21 (b) and 41 x 41 (c) versions most clearly show the outline and
pattern of the swim suit and differentiate the right arm from the girl’s
shadow.

4. DISCUSSION

The basic idea behind both LAHE and ANHE is to
equalize the histogram of the appropriate contextual re-
gion of an image to enhance detail. If the contextual re-
gion contains multiple objects of low visual contrast, then
the contrast of these objects can be increased with re-
spect to one another and with respect to the background
through histogram equalization. The LAHE method in-
volves arbitrarily selecting the size of the sliding window
over which histogram equalization is performed. The
LAHE method works well when in fact the sliding win-
dow incorporates a number of objects with poor visual
contrast. However, if the window is too small and does
not contain multiple objects, or if the window is too large
and the objects of interest do not represent a significant
portion of the local-area histogram, then LAHE fails. In
ANHE, on the other hand, the size and the shape of the
region over which the histogram is equalized are deter-
mined from the actual details and content of the image,
thereby circumventing this problem to some extent. The
approach adopted is to assume that the image is made up
of a number of relatively uniform regions and that there
are objects within these regions that are to be enhanced.
The adaptive neighborhood is grown so that it can incor-

265

porate the sizes and the shapes of these regions. Thus
ANHE is based primarily on visually perceivable detail in
the image, assuming of course that appropriate values of ¢
and s have been used.

The parameter s in ANHE is used to incorporate pixels
into the adaptive neighborhood that are different from the
pixels in the first layer (foreground) of the adaptive neigh-
borhood. The parameter s provides a mechanism for me-
diating the gray-level change introduced by ANHE. For
example, in Fig. 6d (GSC, t = 64, s = §), the adaptive
neighborhood determined for most of the seed pixels that
are inside the snow cave is the entire snow cave. By
setting s = 8, some bright pixels from outside the cave
are included in the adaptive neighborhood, restricting the
output values of the equalization procedure to levels be-
low the maximum brightness (gray level, 255).

Rehm and Dallas [11] have shown that the LAHE
method produces an edge artifact at points at which the
sliding window crosses a sharp natural boundary in an
image. They argue that this artifact is due to the rapid
change in the pixel transformation as the window crosses
the boundary. To correct this problem, they recommend
controlling the abrupt change in the equalizing transfor-
mation by subtracting a very smooth version of the image
prior to application of the LAHE method. In ANHE, this
problem of a change in the equalizing transform when the
seed pixel is in one region but the window contains signifi-
cant values from outside that region is nonexistent. When
seed pixels are inside one region, they will all have the
same transformation. As just indicated, however, some
contribution from outside the region is useful for main-
taining relative gray levels between the regions, and this

TABLE 1
Computation Times for the LAHE and ANHE Methods
GSC GOB GSC GOB
time time % redun % redun
Method Size (s) (s) pixels pixels
LAHE 11 x 11 370 229 — —
21 x 21 536 329 — —
41 x 41 1091 671 — —
101 x 101 4121 2385 — —
ANHE t=0,5s=16 1657 1497 48 24
t=16,5s =8 592 925 80 59
t=16,5=15 441 730 80 59
t=64,5s=8 257 173 99 98

Note. Time required for the computation of the images in Figs. 4, 5,
6, and 7. The LAHE algorithm requires an exponentially increasing
computation time as the window size is increased, while the ANHE
algorithm has a steady decrease in computational time as the size of the
first layer of the adaptive neighborhood is increased. The last two
columns contain the percentage of redundant seed pixels in the GSC
and GOB images. The programs were run on a Sun 3/60, 20-MHz
computer, operating under SunOS UNIX 4.1.1.
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s

b) ANHE t=16 s=8

d) ANHE t=64 s=8

FIG. 6. Adaptive-neighborhood histogram equalization (ANHE) of the GSC image using various combinations of 7 and s: (4, ) = (0, 16) (a);
(2, 5) = (16, 8) (b); (1, 5) = (16, 5) (c), (¢, 5) = (64, 8) (d). The ANHE method with (, 5) = (64, 8) (d) clearly shows more details in the GSC image than

the other methods presented.

c) ANHE t=16 s=5

d) ANHE t=64 s=8

FIG. 7. ANHE of the GOB image using various combinations of ¢
ans s (same as those given in the legend to Fig. 6). The ANHE method
with (z, 5) = (16, 8) shows the details of the girl’s face and arm without
significantly transforming the background beach area.

is achieved with the s parameter. The inability to main-
tain relative gray levels is a limitation of the LAHE
method from which ANHE does not suffer if the ¢ and s
parameters are properly chosen.

A second problem with LAHE, to which ANHE is also
susceptible, is the undesired enhancement of noise. This
typically is a problem when the sliding window contains a
region that is relatively uniform, and noise values are just
above or just below the uniform gray levels. Due to the
large enhancement of the relatively uniform region pro-
vided by histogram equalization, the noise pixels are also
enhanced significantly. Pizer er al. [5] suggested that
noise enhancement can be restricted by limiting the slope
of the enhancement transformation. In other words, by
limiting the degree to which the uniform region is redis-
tributed over the gray scale of the output image, the de-
gree to which noise is enhanced may also be limited. This
approach, used by Rehm and Dallas [11] in their investi-
gation of boundary artifacts in LAHE, may be directly
applied to ANHE aiso.

The approach adopted in this work of transforming the
gray level of a seed pixel on the basis of the characteris-
tics of its adaptive neighborhood is along the lines of our
previous work with adaptive neighborhood contrast en-
hancement. Gordon and Rangayyan [12] first suggested
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this approach for the enhancement of contrast in images
and others [9, 10, 13-15] have continued this work. Their
viewpoint, however, was somewhat different from that
used in this paper: they attempted to identify distinct
objects using adaptive neighborhoods, while we attempt
only to identify uniform regions in which objects can be
made more perceivable by histogram equalization. This
difference in viewpoint leads to variations in the way in
which the adaptive neighborhood is calculated.

5. CONCLUSION

In this report, a new method of adaptive-neighborhood
histogram equalization is presented. The method in-
volves identifying contextually related regions in an im-
age and applying histogram equalization to these regions.
The ANHE method is compared with two well-known
methods, full-frame histogram equalization and local-
area histogram equalization. It is shown that for certain
types of images, the FFHE and LAHE methods produce
results poorer than those of the ANHE method. Using
natural redundancies, processing times for the ANHE
method can be brought into the range of the sample and
interpolate approximations of the LAHE method.
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