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1 Introduction

1.1 The Goal of Multispectral Image Fusion

Abstract. A pixel-based color-mapping algorithm is presented that pro-

duces a fused false color rendering of two gray-level images represent-
ing different sensor modalities. The resulting images have a higher infor-

mation content than each of the original images and retain sensor-

specific image information. The unique component of each image
modality is enhanced in the resulting fused color image representation.

First, the common component of the two original input images is deter-
mined. Second, the common component is subtracted from the original

i mages to obtain the unique component of each image. Third, the unique
component of each image modality is subtracted from the image of the
other modality. This step serves to enhance the representation of

sensor-specific details in the final fused result. Finally, a fused color im-

age is produced by displaying the images resulting from the last step

through, respectively, the red and green channels of a color display. The
method is applied to fuse thermal and visual images. The results show

that the color mapping enhances the visibility of certain details and pre-

serves the specificity of the sensor information. The fused images also

have afairly natural appearance. The fusion scheme involves only op-

erations on corresponding pixels. The resolution of afused image is
therefore directly related to the resolution of the input images. Before
fusing, the contrast of the images can be enhanced and their noise can
be reduced by standard image-processing techniques. The color map-
ping algorithm is computationally simple. This implies that the investi-
gated approaches can eventually be applied in real time and that the
hardware needed is not too complicated or too voluminous (an important

consideration when it has to fit in an airplane, for instance). © 1996
Society of Photo-Optical Instrumentation Engineers.
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bases of the terrain. (Images rendered from a database can
compensate for the low spatial resolution of the sensor im-

ages.)

Visual information display is an important component of
most visually guided systems. In many modern applica-
tions, synthetic displays have replaced direct viewing. One
advantage of this modern technology is the ability to pro-
vide more information than that available to the unaided
eye.

In recent years, new image sensors have been introduced
that provide a greater range of information to users, and
that may permit human operators to perform visually
guided tasks even in adverse weather and lighting condi-
tions. The different sensors provide different information
about the scene and are effective in different environmental
conditions. For example, thermal sensors enable operations
in the dark, whereas millimeter wavelength radiation is
more effectivein fog. A system that may help apilot to fly
in conditions with reduced visibility may therefore be
achieved by combining the outputs of thermal and passive
millimeter wave cameras, preferably supported by data-
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Image fusion can be defined as the process of combining
two or more source images into a single composite image
with extended information content. Image fusion is particu-
larly useful for reducing the workload of human operators.
Without fusion, an operator must move his eyes between
displays or switch between sensors to observe one sensor
modality at atime. It may be difficult for him to recognize
relationships among patterns, since the image of the same
object can appear quite different in different modalities.
Even determining the correspondence of patternsin differ-
ent images may be nearly impossible for a human. The
integration of information across multiple human operators
is nearly impossible. Fusion may provide the means for an
observer to perceive al the available visual information at a
single glance, in correct registration.

The above mentioned considerations have resulted in an
increased interest in fusion methods, asisreflected in a
steadily growing number of publications on this topic. ¢
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1.2 Previous Approaches to Multispectral Image
Fusion

Fusion of sensor information can take place at different
levels of signal abstraction; e.g., at the signal, pixel feature
and symbol level.** This study specifically addresses the
problem of pixel-level fusion. Pixel-level fusion servesto
increase the useful information content of an image so that
performance in perceptual tasks such as segmentation and
feature detection can be improved.

No information should be lost in the image fusion pro-
cess. Not only the structure, but also the origin of the de-
tails from the different image modalities should therefore
be clearly represented in the fused image. Preferably the
resulting image should also have a natural appearance so
that it can be readily interpreted.

Most previous image fusion schemes produce gray-level
images as output.*° Although the composite images that
are produced by these schemes present a more detailed rep-
resentation of the depicted scene than either of the input
images alone, there is no way to tell from which modality
the details in the final result originate. Knowledge of the
origin of certain details may provide essential information
about the object of interest (e.g., whether the engine of a
vehicle is still running). Detection, recognition and search,
and also navigation tasks may benefit considerably from a
representation of the fused image that clearly displaysthe
type of information that the local image details represent.

1.3 Multispectral Image Enhancement

Enhancement procedures are often performed on the indi-
vidual bands of multispectral images to accentuate certain
features to assist in subsequent human interpretation or ma-
chine analysis. ™ These procedures include individual im-
age band enhancement techniques such as contrast stretch-
ing, noise cleaning and edge crispening.

Other enhancement methods involve the joint processing
of multispectral bands. Images are usually spatially corre-
lated because of regularities in the depicted scene. The dif-
ferent bands of multispectral images are generally corre-
lated because the bands represent (different aspects of) the
same underlying physical scene. The joint processing of
multispectral bands serves to enhance details that are
unique to a certain band by reducing the relative contribu-
tion of the common component of the different bands. 23
For instance, the pairwise substraction of multispectral
bands accentuates reflectivity variations between them and
removes unknown common bias components. Another ef-
fective means of multispectral image enhancement is the
elimination of variationsin illumination by the formation of
ratios of the image bands. ***

The spatial and intraband correlation of image signals
can simultaneously be reduced through a combined decor-
relation and redundancy reduction operator. ** This operator
is modeled after the spatiochromatic antagonistic organiza-
tion of the receptive fieldsin the visual system. It performs
spatial decorrelation through linear predictive coding and
intraband (color) decorrelation through transform coding.

Waxman et al. * recently presented a color mapping
scheme that employs a spatiochromatic antagonistic kernel.
The kernel is convolved with registered thermal and inten-
sified visual images. The resulting spatially and spectrally
contrast-enhanced (redundancy reduced) images are then

displayed through the red and green channels of a color
display. Color renderings of night scenes thus produced
have a natural appearance. However, only convolution ker-
nels of asingle spatial scale are used. As aresult, the reso-
lution of the fused images is limited by the spatial scale
parameter of the kernel.

Ultimately the performance of afusion process must be
measured as the degree to which it enhances a viewer's
ability to perform certain tasks such as recognition or de-
tection.

The fusion of images may have different perceptual
effects. *® A fused image may be perceptually (a) advanta-
geous, i.e., it may provide a perceptually more complete or
useful representation; (b) disadvantageous, i.e., detailsin
one image may hide or mask details in the other image so
that the combined image is less detailed or useful than ei-
ther of the original images; and (c) impossible, because it
does not represent a visible physical situation or process.
The particular outcome of the fusion process probably de-
pends on the degree of local spatial correlation between the
individual images.

It has been shown that degraded (blocked and low-pass
frequency filtered) images are discriminated better when
they are fused in pairs than when they are presented
separately. ** Color-coded information can be acquired even
more quickly and with greater accuracy than achromatic
information. ? Also, fewer fixations are required to locate
color-coded targets. # Walraven and Lucassen’” used afalse
color* mapping to fuse the output of two image intensifier
tubes with different spectral sensitivities. In an evaluation
study of human observer performance with this representa-
tion, they found that, due to the false color information,
speed and accuracy for target detection are boosted by 30
and 60% respectively. %

1.4 A New Enhanced Color Mapping

The method presented here produces a fused false color
rendering of two gray-level images representing different
sensor modalities. First, the common component of the two
original input images is determined. Second, the common
component is subtracted from the original imagesto obtain
the unigue component of each image. Third, the unique
component of each image modality is subtracted from the
image of the other modality. This step is similar to the
aforementioned color-opponency found in biological color
vision. It serves to enhance the representation of sensor-
specific detailsin the final fused result. Finally, afused
color image is produced by displaying the images resulting
from step 3 through, respectively, the red and green chan-
nels of a color display. The method is used to fuse thermal
and visual images. The results show that the color mapping

False color is a point-by-point mapping of a set of multispectral image
planes of a sceneto a color space defined by display tristimulus values
that are functions of the original image pixel values (e.g., Refs. 24 and
25). False color can be used (a) to match the color sensitivity of the
human eye, (b) to segment certain details from their background so that
they can be perceived more easily, and (c) to produce a natural color
representation of a set of multispectral images of a scene. Note that the
multispectral images may be obtained from sensors with a wavelength
response outside the visible wavelength range, for example, infrared or
ultraviolet.
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Fig. 1 (a) Original intensified visual (TV) and (b) thermal
(IR) aerial

enhances the visibility of certain details and preserves the
specificity of the sensor information. The fused images also
have a fairly natural appearance.

The fusion scheme involves operations only on corre-
sponding pixels. The resolution of a fused image is there-
fore directly related to the resolution of the input images.
Before fusing, the contrast of the images can be enhanced
and their noise can be reduced by standard image-
processing techniques.

The color mapping algorithm is computationally simple.
This implies that the investigated approaches can eventu-
ally be applied in real time and that the hardware needed is
not too complicated or too voluminous (an important con-
sideration when it has to fit in an airplane).

2  Methods and Results

The methods presented in this section will be illustrated on
two sets of registered visual and thermal images. Figure
1(a) is an intensified video image (TV), representing an
aerial view of a terrain with vegetation, buildings and
roads. The image intensifier has a spectral sensitivity range
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(b)

Fig. 2 (a) Original video (TV) and (b) thermal (IR) images of a

of 0.4 to 0.9 um. Figure 1(b) is the corresponding thermal
image (IR), with the same dimensions as Fig. 1(a). The
thermal camera has a spectral sensitivity range of 8 to 12
um. The images were recorded at night from a helicopter.

Figure 2 shows the original (a) video and (b) thermal
image of a tank. The video image was taken with a standard
CCD camera. The thermal image was made with a Philips
Usfa UA8012 FLIR camera, also with a spectral sensitivity
range of 8 to 12 um.

All images used in this study consist of 256X256 pixels
with 8 bits of gray-scale resolution. They are first warped
so that corresponding points of the scene are mapped onto
pixels with the same coordinates. In Fig. 1(b) the effect of
this warping can be seen in the upper and lower parts of the
image because the angular size of the vertical extent of the
field of view of the FLIR camera is less than the corre-
sponding extent of the video camera. The registered images
are then normalized in contrast. This can, for instance, be
done through adaptive histogram equalization (e.g., Ref.
25). However, any other method that locally enhances and
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Fig. 3 Theimages of Fig. 1 after contrast enhancement.

normalizes image contrast can also be used. The histogram-
equalized versions of Figs. 1 and 2 are shown in Figs. 3 and
4,

The next step is the computation of the common com-
ponent of the images. Thisis simply implemented as alocal
minimum operator. The common component of two images
A(i,j) and B(i,j) istherefore given by

ANB(i,j)=Min{A(i,j).B(i,j)}. (1)

where A and B represent sampled 2-D luminance functions
or digital images, and i,j represent the indices of an ele-
ment of the sampling grid (the pixel coordinates:;
{i,jtel1,256], {A,B}€[0,255]). The common component
of the images from Figs. 3 and 4 is shown in Figs. 5(a) and
5(b).

The unique or characteristic component of each image
remains after subtraction of the common component. The
characteristic components A* and B* of two registered im-
ages A(i,j) and B(i,j) are defined as

A*=A—ANB, and (2)

(b)

Fig. 4 Theimages of Fig. 2 after contrast enhancement.

B*=B—ANB. (3)

The characteristic components of the images from Figs. 3
and 4 are shown in Figs. 6 and 7. These images represent
the details that are unique to the corresponding image mo-
dalities.

The characteristic components A* and B* can be em-
phasized in the fused image C by subtracting them from A
and B before fusion:

C=(A—B*)N(B—A%), (4)

where 1 represents the fusion operator, which represents
any operation that effectively combines information from
two input images into a single output image. The subtrac-
tion operation has been arbitrarily chosen. Any operation
that reduces the dynamic range of one image at locations
where the characteristic component of the other image has
an appreciable value can in principle be used.
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(b)

Fig. 5 The common component (TVNIR) of the images of (a) Fig. 3
and (b) Fig. 4.

The result of this operation is illustrated by Figs. 8 and
9. Figures 8(a) and 9(a) show the signal TV—IR*, corre-
sponding to the difference between, respectively, (a) Figs.
3(a) and 6(b) and (b) Figs. 4(a) and 7(b). Similarly, Figs.
8(b) and 9(b) represent the signal IR—TV*, which corre-
sponds to the difference between, respectively, (a) Figs.
3(b) and 6(a), and (b) Figs. 4(b) and 7(a). This operation
reduces the local contrast in the image of a certain modality
when there is a detail with an appreciable contrast at the
same location in the corresponding image of the other mo-
dality.

The resulting images can then be combined into a com-
posite false color image by representing the processed ther-
mal image through the red channel and the processed video
image through the green channel of a red-green-blue (RGB)
display:

R IR—TV*
G|=| TV=-IR* |, (5)
B 0
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Fig. 6 The characteristic component of (a) the video imagg of Fig.
3(a) (TV*=TV—-TVNIR) and (b) the thermal image of Fig. 3(b)
(IR*=IR—TVNIR).

Figure 10 shows the result of this operation. Figure 10(a) is
obtained by assigning Fig. 8(b) to the red channel and Fig.
8(a) to the green channel of an RGB display. Similarly, Fig.
10(b) is obtained by assigning Fig. 9(b) to the red channel
and Fig. 9(a) to the green channel. Some details are more
easily seen and can be better recognized in the fused im-
ages than in the individual input images.

The between-modality subtraction of characteristic de-
tails servesto raise the color contrast of image detailsin the
color rendering of the fused result. Because the color of
details in the fused images is saturated, they can be more
easily discriminated. For example, in Fig. 10(a) all win-
dows of the leftmost house in the lower part of the scene
are clearly visible. The walls are rendered in red, the upper
windows in green and the lower windows in yellow. The
walls are colored red because they are represented with a
high positive contrast in the thermal image because they are
warmer than their local background, whereas they are rep-
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(b)

Fig. 7 The characteristic component of (a) the video image of Fig.
4(a) (TV*) and (b) the thermal image of Fig. 4(b) (TV*).

resented with a negative contrast in the video image be-
cause they reflect less light than their surroundings. The
lower windows are not at all visible in the thermal image
because they had the same temperature as the walls.

The image intensity at the location of the lower windows
is almost the same for both sensor modalities. As aresult
they are rendered in yellow in the fused image. The upper
windows have a high positive contrast in the video image
and alarge negative contrast (low intensity) in the corre-
sponding thermal image. The contribution of the video im-
age therefore dominates at this location and the windows
are rendered in green in the fused color image. The narrow
road running from the center of the image to the left edge
of the image has a high positive contrast in the thermal
image, but is not visible in the video image. However, the
mean intensity of the video image isrelatively high at the
location of thisroad. Theroad is therefore rendered in or-
ange in the fused image. The roof of the house on the lower
right has a high positive contrast in the thermal image and

Fig. 8 The difference of (a) the video image of Fig. 3(a) and Fig.
6(b) [the characteristic component of the thermal image of Fig. 3(b):
TV—IR*], and (b) the thermal image of Fig. 3(b) and Fig. 6(a) [the
characteristic component of the video image of Fig. 3(a): IR—TV*].

alarge negative contrast in the video image. It is colored
red in the fused image. Summarizing, houses, vegetation
and roads can be seen and recognized easier in the fused

image than in either of the individual images. Moreover,
the origin of the details in the fused image can easily be
deduced from their color. In the case of video and thermal

images, this means that the information about the tempera-

ture and reflectance of detailsis still available.

In Fig. 10(b) the back of the tank is clearly visible. This
part is represented with alarge positive contrast in the ther-
mal image. In the video image, the same part is depicted
with a small negative contrast and has almost the same
luminance as the shadows in the background. As aresult,
the overall shape of the tank is not easily seen in the video
image. In the fused image this shape is not only clearly
delineated, but also colored red, which clearly indicates that
this part has a high positive thermal contrast (arelatively
warm part). The same holds for the front part of the barrel,
which is barely visible in the video image, but returns
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(b)

Fig. 9 The difference of (a) the video image of Fig. 4(a) and Fig.
7(b) [the characteristic component of the thermal image of Fig. 4(b):
TV—IR*], and (b) the thermal image of Fig. 4(b) and Fig. 7(a) [the
characteristic component of the video image of Fig. 4(a): IR—TV*].

clearly visible and colored in red in the fused image be-
cause thisrelatively warm part is represented with ahigh
positive contrast in the corresponding thermal image.

The characteristic components of the individual images
can be further underscored by assigning their difference to
the blue channel of the RGB display:

R IR—TV*
G|=| TV-IR* |, (6)
B TV*—IR*

Figures 11(a) and 11(b) show the color rendition of the
fused image when the difference between the imagesin
Figs. 6 and 7 is assigned to the blue channel, and the red
and green channels contain the same information as in Fig.
10. These examples show that the enhancement of the
modality-specific details produces an image with more
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(b)

Fig. 10 Fusion of (a) Figs. 8(a) and 8(b), and (b) Figs. 9(a) and 9(b)
by representing the processed thermal images through the red
channel and the processed video images through the green channel
of an RGB display: (R,G,B)=(IR-TV*, TV-IR*, 0).

color variation, which makes it intuitively easier to inter-

pret. For instance, in the aerial reconaissance image [Fig.

11(a)] the sky appears blue, the vegetation green and the
walls red. This makes the scene look natural. Note that the
input images were gray-scale images, recorded at night,

while the fused image looks like a full-color image taken
during daytime. The tank [Fig. 11(b)] also has some color
contrast with its local background, and density vafiationsin
the grass in the foreground become visible: empty spots are
depicted bluish because they have alower intensity (reflec-

tivity) in the video image.

Asacomparison, Fig. 12 shows the gray-scale represen-
tation of the luminance component of Fig. 11. Thisimageis
comparable to the result of previously developed gray-scale
image fusion algorithms. The luminance of each pixel is
computed as a weighted mean of the corresponding images
inthe R, G and B components of Fig. 11:
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Fig. 11 Figure 10, when the differences between the thermal and
video images have been emphasized by representing the difference
between respectively (a) Figs. 6(a) and 6(b), and (b) Figs. 7(a) and
7(b) through the blue channel of an RGB display:
(R.G.B)=(IR—TV*, TV-IR*, TV*—IR*).

L=0.30R+0.59G+0.11B, (7

where L denotes the luminance of the resulting gray-level
image, and the coefficients represent the relative contribu-
tion of each color channel of a standard NTSC monitor to
the perceived luminance. ® This corresponds to a weighted
average of the thermal image, the processed (enhanced)
video image and the difference of the unique components
of both af orementioned images.

A comparison of Figs. 11 and 12 shows that objects like
houses, roads and vehicles can be more easily distinguished
from their local background (segmented) in the color im-
ages than in the gray-scale images. This is because the
color mapping gives these objects a color contrast with re-
spect to their local background.

Fig. 12 Gray-level representation of Fig. 11.

3 Discussion

A new pixel-based color mapping to fuse thermal and vi-
sual images has been developed. The resulting color ren-
dering enhances the visibility of certain details and pre-
serves the specificity of the sensor information. The fused
images also have afairly natural appearance. Consequently,
visual target detection and recognition performance may be
expected to benefit in terms of both speed and precision.
The algorithm operates only on corresponding pixel val-
ues. Asaresult, it does not degrade the resolution of the
final result. Standard image processing techniques can be
used to enhance image contrast or extract image features
prior to the fusion process. The fusion scheme involves
only simple operations. The method can therefore probably
be applied in real time and with relatively simple hardware.
The practical value of the method will be tested through
aseries of observer experimentsin realistic military see-
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narios. Detection and recognition performance with fused
imagery will be compared with the performance that can be
obtained with the original (unfused) imagery.
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