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Abstract
A method for fusing multi-exposure images of a static scene taken by a stationary camera
into an image with maximum information content is introduced. The method partitions the
image domain into uniform blocks and for each block selects the image that contains the
most information within that block. The selected images are then blended together using
monotonically decreasing blending functions that are centered at the blocks and have a sum
of 1 everywhere in the image domain. The optimal block size and width of the blending
functions are determined using a gradient-ascent algorithm to maximize information content
in the fused image.
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1 Introduction

When irradiance across a scene varies greatly, there will always be over- or under-exposed
areas in an image of the scene no matter what exposure time is used. Recorded scene
irradiance usually varies from region to region depending on the local surface reflectance,
surface orientation, and shadows. An over- or under-exposed area carries less information
than the same area when well-exposed. To capture details about an entire scene, it is
necessary to capture images at multiple exposures. This paper describes a method for fusing
a set of multi-exposure images of a scene into an image where all scene areas appear well-
exposed. This fusion process is not only helpful for scene understanding by humans but by
computer vision systems also.

The proposed method is related to methods that map high-dynamic range images to low-
dynamic range images for display on low-dynamic range monitors. In a high-dynamic range
reduction method, image intensities are mapped to new intensities to decrease global contrast
while maintaining local contrast. A large body of work on high dynamic range reduction
is available with excellent surveys provided by DiCarlo and Wandell [4] and Devlin et al.
[3]. If the range of intensities in a high-dynamic range image is subdivided into smaller
ranges and each range is mapped to [0,255], a set of images will be obtained that appear
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like multi-exposure images. Therefore, by fusing multi-exposure images, dynamic range in
an image can be reduced also.

In a related study, Mann [15] obtained a sequence of overlapping images of a scene
by fixing the camera center with respect to the scene and slightly rotating the camera.
The gain of the camera automatically varies with scene content as the camera is rotated,
creating images with different brightness levels. The images are then registered by projective
transformations [14], and the intensity at a pixel in the output is computed from a weighted
sum of intensities of the same pixel in the input images. Smaller weights are assigned to
very high and low intensities while higher weights are assigned to mid intensities. Robertson
et al. [16] used a similar method but instead of relying on the automatic gain of a camera
to create images with different brightnesses, images were captured with different exposure
levels by changing the shutter speed of the camera.

In a method developed by Szeliski [18], first, an average image was created from a set
of multi-exposure images where intensity at a pixel in the average image was the average
of intensities of the same pixel in the multi-exposure images. Next, the histogram of the
average image was computed and through a histogram equalization process, intensities in
the average image were mapped to new intensities in such a way that the average intensity
of the image did not change. Histogram equalization is used to increase image contrast and
compensate for the contrast lost during intensity averaging.

The method described here is based on the observation that if irradiance across a scene
varies greatly, when images at different exposures are obtained, an image area may appear
the best exposed in one image when compared to all other images. An under- or over-exposed
image area carries less information than when the area receives the right amount of exposure.
Contrary to the previous methods that use the average or weighted average of intensities of
a pixel in input images to represent the intensity at the pixel in the output, in the proposed
method, for each small image block the “best-exposed” image among all the input images is
selected to represent the block in the output. Minimal averaging is performed to smoothly
combine the image blocks into an image. An image is considered best-exposed within an
area if it carries more information about the area than any other image. Information content
will be measured using entropy. Image entropy, a measure of uncertainty, was first used by
Shannon [17] to measure the information contained in a message. Since then entropy has
been used to measure the information contained in a digital image [5, 9].

2 Approach

The problem to be solved is as follows: Given N images of a static scene obtained at different
exposures using a stationary camera, it is required to combine the images into a single image
that has the maximum information content without producing details that are non-existent
in the given images.

The approach proposed here selects the most informative image for each local area and
blends the selected images to create a new image. When irradiance across a scene varies
greatly, images with various exposure levels are needed to capture all scene details. The
main problem to be solved here is to identify the image that contains the most information
within a particular local area. An image that is over- or under-exposed within an area does
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not carry as much information as an image that is well-exposed in that area.
In a gray scale image, entropy is measured by

Eg =
255∑

i=0

−pi log(pi), (1)

where pi is the probability that an arbitrary pixel in the image has intensity i. To estimate
{pi : i = 0, . . . , 255}, first the histogram of the image is computed. Assuming the number of
pixels having intensity i is ni and the image contains n pixels, pi = ni/n.

The human visual system is capable of discriminating far more colors than luminances
[10]; therefore, it makes sense to compute image information using all color components
rather than only the luminance component. Since we are interested in maximizing perceived
information, the RGB colors are transformed to CIELab colors [2] and image information
is computed using Lab color values. This transformation nonlinearly maps colors in such a
way that most colors distinguishable by the human visual system are obtained [12, 13]. To
determine the entropy of a color image, a 3-D histogram that represents the frequency of
colors appearing in the image is needed. Since such a histogram may have more elements
than the number of pixels in the image itself, instead of using all colors in an image, the
colors are clustered to the 256 most dominant clusters with centers {Ci : i = 0, . . . , 255}. An
efficient algorithm for doing this has been given by Xiang [19]. Then, the color at each pixel
is approximated by the color of the cluster center closest to it. Entropy of a color image is
then approximated by

Ec =
255∑

i=0

−pc
i log(pc

i) (2)

where pc
i is the number of pixels within cluster i (with cluster center Ci) divided by the total

number of pixels in the image.
To determine the image that is best exposed within a local neighborhood, first the images

are divided into blocks of size d × d. d will be one of the parameters of the method to be
determined by maximizing information content in the fused image. Image entropy Ec is
determined for each block, and the image that provides the highest entropy within the block
is selected to represent that block in the output. Optimal block size could vary from region
to region but since the image blending process requires square blocks, if a well-exposed area
in an image has an irregular shape, it can be assumed that the irregular area is divided into
small square blocks. Since entropy is to be computed for each block, to obtain a meaningful
measure, block size should not be smaller than 16 pixels.

If an image is created from the composition of image blocks obtained in this manner, an
image will be obtained that may have sharp discontinuities across image blocks. Although
each block will be informative, the image created from them will be awkward to view. An
example is shown in Fig. 1. Figs. 1a–e show a set of images of an office room taken at five
different exposure levels. These images are of size 480×640 pixels. Dividing the images into
blocks of size 160×160 pixels, we obtain an array of 3×4 image blocks. If the entropy within
each block is calculated for the five input images, the block from the image that contains the
highest entropy is cut out, and the blocks are put back together, the image shown in Fig. 1f
will be obtained.
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To remove discontinuities across image blocks, instead of cutting and pasting the blocks
to obtain an image, the images representing the blocks are smoothly blended together. A
monotonically decreasing blending function is centered at each block in the selected image
and image colors are multiplied with the corresponding blending function values. A blending
function assigns the maximum weight to the pixel at the center of a block and assigns weights
to other pixels inversely proportional to their distances to the center of the block.

Assuming N images are given and each image has been subdivided into an array of nr×nc

blocks, and assuming j and k denote the row and column indices of a block, and also letting
Ijk denote the image that has the highest entropy among N images for block jk, we compute
output image O(x, y) by

O(x, y) =
nr∑

j=1

nc∑

k=1

Wjk(x, y)Ijk(x, y), (3)

where Wjk(x, y) is the value of the blending function centered at the jkth block at location
(x, y), and Ijk(x, y) is a vector representing the actual Lab color coordinates of the image
representing block jk at location (x, y) (before color clustering). Clustering is performed to
facilitate computation of the entropies of the image blocks. Once the “best-exposed” image
for each block is selected, the actual color values in the input images are used in (3). Note
that the value at (x, y) in the output is determined from the weighted sum of input image
values at (x, y), where the weight at the selected block is usually 80% or more and the sum of
the weights associated with the remaining images is 20% or less. The color at a pixel within
a block in the output, therefore, is very close to the color of the pixel in the best-exposed
image within that block.

The number of images being blended is equal to the number of blocks and not the number
of input images. When the blocks are small, many blocks may be selected from the same
image. Also note that, rather than using image values within only the selected blocks, entire
images are blended together, although the contribution of far away blocks on a pixel may be
negligible. This process smoothly blends the images, avoiding the creation of discontinuity
across blocks.

Since the blocks form a uniform grid, tensor-product basis functions, such as B-spline
basis functions [6], may be used. When B-spline basis functions are centered at the blocks,
the functions will smoothly blend the interior parts of the images. B-spline surfaces do not
extrapolate beyond the border knots, which are positioned at the border block centers. They
can blend image pixels up to the centers of the border blocks, but they cannot blend image
pixels between the centers of the border block and the image borders. In order to blend
image intensities across the entire image domain, it is necessary to use functions that are
defined in terms of the basis or blending functions that do not have a limited support and
rather have an infinite support, extending over the entire image domain. Examples of such
functions are thin-plate or surface splines [7, 11] and rational Gaussian (RaG) [8] surfaces. In
this work RaG surfaces will be used to blend the image intensities. RaG blending functions
are defined by

Wjk(x, y) =
Gjk(x, y)∑nr

m=1

∑nc
n=1 Gmn(x, y)

, (4)

where nr and nc denote the number of image blocks vertically and horizontally, and Gjk(x, y)
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represents the value of a Gaussian of height 1 centered at the jkth block at (x, y):

Gjk(x, y) = exp

{
−(x− xjk)

2 + (y − yjk)
2

2σ2

}
. (5)

(xjk, yjk) are the coordinates of the center of the jkth block, and σ is the standard deviation
or the width of the Gaussians. In the following, we will refer to σ as the width of the blending
functions.

Fig. 1g shows the image obtained by centering blending functions of width 80 pixels at
blocks of size 160× 160 pixels in the selected images and multiplying color values at image
pixels with weights given by the blending functions and adding the weighted colors together.
This is the kind of output we will obtain. σ is one other unknown parameter that has to
be determined to maximize information content in the output. Since more than one image
block in the output may point to the same input image, an input image may be used more
than once in relation (3). The blending functions blend the proper amounts of the input
images to create the output image.

There are two parameters to be determined in the proposed method: d, image block size,
and σ, the width of the blending functions. As these parameters are varied, different images
are obtained. We have to determine the d and σ that maximize image entropy as computed
by (1) or (2) depending on whether gray-scale or color images are provided. The optimal
parameters are found using the gradient-ascent algorithm described below.

Algorithm BLEND:

1. Set parameters d, σ, and ∆ to some guesses.

2. Determine the entropy of block jk in each image using formula (2) for j = 1, . . . , nr

and k = 1, . . . , nc and let the image having the highest entropy within block jk be Ijk.

3. Find the entropy of the image obtained by blending the images of the blocks selected
in Step 2.

4. Increment or decrement d and σ by ∆ in the gradient-ascent direction and repeat Steps
2 and 3 until the highest entropy is reached. Let the d and σ producing the highest
entropy be dmax and σmax, respectively.

5. Select the images identified in Step 2 when setting d = dmax, and create a new image
by blending the selected images with blending functions of width σmax.

The initial values for parameters d and σ are set to the averages of optimal parameters
found in a number of test runs of the algorithm. Applying this algorithm to images 1a–e,
the image shown in Fig. 1h is obtained. As initial values, d = σ = 64 pixels were used,
and ∆ was 32 pixels. dmax and σmax obtained by the algorithm were 224 and 128 pixels,
respectively. Smaller increments produce higher optimal entropies at a higher computational
cost. For very large images, initially the increment ∆ should be set to a large value to find
estimates for the optimal parameters and then repeat the algorithm using a smaller ∆ to
refine the parameters. For small images, ∆ may be taken small from the start.
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3 Results and discussion

Experimental results of the proposed algorithm are shown in Figs. 2–7. The original images
in Figs. 2–6 are courtesy of Shree Nayar, and the images in Fig. 7 are courtesy of Max Lyons.
Entropies of the original images and the resultant images are shown in the figure captions.
Initial values of d and σ for images in Figs. 2–6 were both 32 pixels and ∆ was 8 pixels. The
initial d and σ for Fig. 7 were 128 and ∆ was also 128. After finding the approximate optimal
d and σ, the algorithm was run again by setting the initial d and σ to the obtained estimates
and letting ∆ to 16 pixels. This produced the result shown in Fig. 7d. In these experiments,
when d reached 16 pixels, it was taken as the optimal block size without reducing it further.

Some of the input images in Figs. 2–6 have large well-exposed areas. Therefore, entropies
of some of the input images are quite high, but the entropies of the output images are even
higher. To compare the proposed automatic method with manual photographic methods,
an example is given in Fig. 7. Results obtained manually by a professional photographer
(Max Lyons) and by the automatic method are virtually indistinguishable and have very
close entropies.

Optimal parameters d and σ vary from image to image. Images representing scenes
with highly varying reflectances, highly varying surface orientations, and highly varying
environmental factors such as shadows and specularities, produce smaller optimal d’s and
σ’s than scenes with smoothly varying reflectances and smoothly varying surface orientations.
d and σ are generally close, but examples to the contrary can be found. d depends on the
sizes of well-exposed regions and σ depends on the rate the well-exposed areas transition to
under- and over-exposed areas.

The computational complexity of Algorithm BLEND depends on 1) image size, 2) initial
block size d and the standard deviation of the Gaussian σ, and 3) increment ∆ in the block
size and the standard deviation. For the images shown in Figs. 2–6, computation time varied
between 6 and 10 seconds. The large images shown in Fig. 7 (1024 × 1536 pixels) required
about 1 minute processing time. About one-third of the computation time in each case is
spent on determining the 256 dominant colors in an image by clustering. The remaining two-
thirds of the time is spent on iteratively computing the entropies of the individual blocks,
selecting the images, and blending them. These times are measured on a Windows PC with
a 1.8 GHz Pentinum IV processor and 512 MB RAM.

4 Concluding Remarks

Image analysis techniques rely on critical image information, which may not be available in
image areas that are over- or under-exposed. In situations where images at multiple exposure
levels of a scene can be taken, the proposed image fusion may be used to combine the images
into an image that is well-exposed everywhere and provides the critical information needed
in a particular vision task.

The proposed fusion method preserves scene highlights if color information within a
highlight area is quite high. A characteristic of the method is that it does not have a side
effect and will not change the local color and contrast in the input. The contrast in an image
area in the output cannot be higher than the contrast in the best-exposed image. If further
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contrast enhancement is needed, traditional methods such as inverse filtering [1] should be
used.

In this work, entropy was used as the measure for optimization when fusing the images.
Other measures may be more appropriate when fusing temporal, multi-sensor, and multi-
focus images. Depending on the properties of the given images and the desired property of
the fused image a proper measure should be used to select the images for blending.
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(e) (f) (g) (h)

Figure 1: (a)–(e) Images representing different exposures of an office room. (f) The image
obtained by composing the twelve blocks cut out of the five images. (g) The image produced
by centering the blending functions at the selected blocks in the images, multiplying the
blending functions with image colors, and adding the weighted colors together. (h) The
most informative image constructed from images (a)–(e). Optimal values found for d and σ
are 224 and 128 pixels, respectively. These images are of size 768× 1024 pixels.
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(d) (e) (f)

Figure 2: (a)–(e) Images representing different exposures of an indoor scene. Entropies of the
images are 2.82, 3.36, 4.21, 4.78, and 4.40, respectively. (f) The image obtained by blending
the five images. Entropy of this image is 5.29. These images are of size 231 × 343 pixels,
and optimal parameters found are d = 32 pixels and σ = 32 pixels.
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(e) (f) (g)

Figure 3: (a)–(f) Images of a garage scene obtained at multiple exposures. (g) The image
obtained by blending the six images. Entropies of images (a) through (g) are 3.02, 3.29, 5.04,
4.70, 4.03, 3.90, and 5.25, respectively. The optimal d = 16 pixels and the optimal σ = 16
pixels. These images are of size 222× 348.

9



            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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(e) (f) (g)

Figure 4: (a)–(f) Images of an igloo scene obtained at multiple exposures. (g) The image
obtained by blending the six images. Entropies of these images are 2.92, 3.02, 3.97, 4.39,
4.86, 5.18, and 5.38, respectively. The optimal values of d and σ are both 16 pixels. The
images are of size 341× 236 pixels.
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(e) (f) (g)

Figure 5: (a)–(f) Images of a door to a dark room obtained at multiple exposures. (g) Image
obtained by blending the six images. Entropies of the images are 5.09, 4.81, 3.86, 3.17, 3.04,
2.81, and 5.21, respectively. Optimal d = 16 pixels and optimal σ = 16 pixels. These images
are of size 338× 231 pixels.
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(d) (e)

Figure 6: (a)–(d) Images representing different exposures of a window scene. Entropies of
the images are 3.24, 3.56, 4.31, and 4.20, respectively. (e) The image obtained by blending
the four images. Entropy of this image is 5.14. Optimal values of d and σ are both 32 pixels.
These images are of size 341× 226 pixels.
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(c) (d)

Figure 7: (a), (b) Two images of the Scottish Highlands representing different exposure levels.
Entropies of these images are 4.86 and 4.34. (c) The image created by manual photographic
techniques. (d) The image obtained automatically by the proposed method. Entropies of
(c) and (d) are 5.22 and 5.20, respectively. Optimal values of d and σ are both 64 pixels.
These images are of size 1024× 1536 pixels.
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