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Abstract

An image fusion of different modal images, such as visible
and long wavelength infrared (LWIR) images, is an important im-
age processing technique because different modal images have
compensate information for each other. Many existing image fu-
sion algorithms assume that different modal images are perfectly
aligned. However, that assumption is not satisfied in many prac-
tical situations.

In this paper, we propose an image alignment and fusion al-
gorithm with gradient-domain processing. First, we extract the
gradient information from both modality images. Then, assum-
ing disparities between the two gradient maps, candidate gradi-
ent maps for the target fused image are generated by selecting
the gradient having larger power from different modality images
pixel-by-pixel. A key observation is as follows. If the assumed
disparity is wrong, the fused image includes ghost edges. If the
assumed disparity is correct, the single edge is preserved with-
out the ghost edge in the fused image. Therefore, we evaluate the
gradient power in the region-of-interest of the fused image with
different disparities. Then, we can align images based on the dis-
parity associated with the minimum gradient power. Finally, we
apply gradient-based image fusion with the aligned image pairs.

We experimentally validate that the proposed approach can
effectively align and fuse the visible and long wavelength infrared
images.

Introduction

Multi-modal image sensing is becoming common in prac-
tice. Particularly, a combination of visible and long wavelength
infrared (LWIR) images has great potential [17]. The visible cam-
erais a very good tool for bright and clear scenes, while it requires
lighting for a night scene, and it’s difficult to see through the deep
fog. In contrast, the LWIR camera is robust to a low-light con-
dition and a foggy scene. In order to obtain the benefits of both
visible and LWIR images, image fusion is highly demanded.

Figure 1 shows an example of image fusion of visible and
LWIR images. The visible camera cannot capture the environ-
ment for the foggy scene as shown in Fig. 1-(a), while the LWIR
camera can observe the environment through the fog as shown in
Fig.1-(b). Figure 1-(c) is the fusion result which is good for clear
bright scenes, foggy scenes, night scenes, and other scenes.

Many image fusion algorithms have been proposed in the
literature [6].Those existing algorithms assume that input two im-
ages are perfectly aligned. Although a coaxial camera system has
been proposed [18], the alignment is not perfect in many practi-
cal situations because the viewpoints of the visible and the LWIR
cameras are usually different. Therefore, even after applying the
intrinsic and extrinsic camera calibration, there are disparities be-
tween the visible and the LWIR image depending on the depth of
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(a) Visible image

(b) LWIR image

(c) Fused image

Figure 1: Example of visible and infrared image pair and its fusion result.

objects. The misalignment often generates severe artifacts such
as a ghost, a halo, and a discontinuity in the fused image [23].
The alignment between different modal images is a challenging
task because the local properties of the different modal images
are different.

In this paper, we assume the camera calibration for the visi-
ble and thermal cameras has already been performed [22]. Then,
the intrinsic and extrinsic parameters are known. In that situation,
the image alignment equals to estimate depth of target objects.
Even if there is one degree of freedom for the image registration,
the image alignment is still a challenging problem because im-
age properties between the visible and the LWIR images are very
different. In order to solve that difficulty, we propose a gradient-
domain-based approach. The image fused by our algorithm ro-
bustly provides rich information for clear bright scenes, low-light
night scenes, and foggy scenes.

We use the gradient-domain based approach. There are many
applications of gradient-domain approach in computer graphics
and computer vision. Perez et al. [2] presented the gradient-
domain interpolation framework called Poisson image editing.
Image fusion techniques based on the gradient-domain were also
proposed [3][4][5]. In gradient-domain image processing, first,
the gradients are extracted from the input image. Then, the ex-
tracted gradients are manipulated to obtain expected effects. Fi-
nally, the image is reconstructed based on the manipulated gradi-
ents.

We propose a visible and infrared image alignment and fu-
sion method based with gradient-domain processing. The results
fused by the proposed method contain important information from
both images. Experiments showed that the proposed alignment
effectively works. We also demonstrated that the proposed align-
ment and fusion algorithm superiors to existing algorithms.

Alignment and Fusion Based on Gradient-
Domain Processing

The objective of this paper is image alignment and image
fusion algorithms for multi-modal images. We propose gradient-
domain-based image alignment and fusion algorithms. Figure 2
shows the pipeline of the proposed method. The input of the pro-
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Figure 2: Processing pipeline of fusion method.
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(b) Gradient fusion with non-aligned image pair.

Figure 3: Schematic image of gradient fusion.

posed algorithm is visible and LWIR image pair without align-
ment. The output is the fused image without ghost artifacts.

First, we convert the visible image into HSV color space.
We will only use the value image (V) for fusion. Then, we as-
sume candidate transformation parameters 6;. The LWIR image
is warped with those transformation parameters. The gradient of
visible image and gradient of warped LWIR images will be fused.
This gradient fusion is performed by choosing the larger gradient
power of the gradient pixel-by-pixel manner. For each fused gra-
dient map, we evaluate an average gradient power in the region
of interest (ROI). Then, we select the fused gradient map with
the minimum average gradient power of ROI. We reconstruct the
value image from the selected gradient map to obtain the final
fused image. Finally, we reconstruct the RGB image by using H
and S from the input visible image and V from the reconstructed
value image .

Gradient Fusion
Figure 3 shows the schematic image of the proposed gradient
fusion method. Gradient power &q(x) of an image &(x) is given

by

Eo(x) = &7 (x) + &7 (x), (1)
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Figure 4: Processing pipeline of image alignment based on gradient
power of fused gradient map, where the red box represents the
selected gradient map.

where &,(x) represents the horizontal derivative of &(x), and
&, (x) represents the vertical derivative of & (x).

Let u"(x) and u'(x) be the intensity of the visible and
LWIR images at position x. The fused gradient map qs (x) with
the transformation parameter 6 is given as

o JuPX) g (x) > ug (T(x; 6 2
94 (X) {u;‘;(T(x;e)) g (x) < ug (T(x;0)) v

where uig’”(x) represents gradient power of the visible image,
ug’ (x) represents gradient power of the LWIR image, 7T'(x; ) rep-
resents the warping function with the parameter 0, and d repre-
sents the direction of the horizontal or vertical gradient. This gra-
dient fusion is performed by choosing the larger gradient power
of the gradient pixel-by-pixel manner. This enables to preserve
important edges.

Image Alignment

The image alignment in this paper is to find the suitable
transformation parameter 0 for the region-of-interests (ROI). The
transformation parameter 6* is given as

0 —argmin [ ([qf(x)* +(a? (9] x. 3

where Q represents the region of interest (ROI).
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The main idea behind the proposed algorithm is as follows.
We will obtain ghost artifacts, or duplicated edges, in the fused
gradient map if the assumed depth is wrong as shown in Fig. 3-
(b). On the other hand, if the assumed depth is correct, there are
no ghost artifacts as shown in Fig. 3-(a). Our observation is that
the ghost artifacts increase the gradient power of the ROI. Based
on that observation, we choose the gradient map by evaluating
the average gradient power of the fused gradient map in the ROL
Figure 4 shows the schematic of the image alignment based on
the gradient power of the fused images.

Image Reconstruction

There are many image fusion techniques based on gradient-
domain. In this paper, we use image reconstruction based on [1].
Image reconstruction is performed by optimizing the energy func-
tional E[u(x)] given as

E[u(x)] = Flu(x)] + Ru(x)], (©)

where F[u(x)] is the the gradient fidelity term, and R[u(x)] is the
the intensity-range constraint term.
The gradient fidelity term is defined as

Flu()] = [ X ua(x) - g (9 dx. )

d=h,v

This term minimizes the gradient residual between the target and
the reconstructed gradients in the same manner as the existing
gradient-domain approach.

The gradient intensity-range constraint is defined as

Rlu(0)] = [ v(u(x))dx. ©®
e 1 < Rmin

Y(n) =90 Rupin <N < Rax @)
o 1> Rmax

where Rpyax and Ry, is the upper and lower bound defined by
a fixed target range. This term prevents the output image being
overexposed or underexposed.

Experiments

We have taken several scenes with the visible and LWIR
cameras. The intrinsic and extrinsic calibrations were performed
beforehand [22]. We will show qualitative and quantitative com-
parisons.

Qualitative comparison

Figure 5 shows a comparison of fused images with and with-
out alignment. Figure 5 (a) and (b) are observed visible and LWIR
images. From those images, we can find the disparity between
those images. Then, we apply the proposed gradient-based im-
age alignment. Figure 5 (c) is the LWIR image aligned by the
proposed method. We can find the position of the fence in the
zoomed region of the aligned LWIR image is moved to that po-
sition of the LWIR image. Figure 5 (d) and (e) are fusion results
without alignment and with the proposed alignment. We can see
the ghost artifact in Fig. 5 (d), while there are no ghost artifacts in
Fig. 5 (e) of the image fused by the proposed method.
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(a) Visible image (b) LWIR (non-aligned) (¢) LWIR (aligned)

(d) Fused (non-aligned)

(e) Fused (aligned)

Figure 5: Input images and fusion results by proposed method. Red
boxes represent zoomed regions.
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(a) Visible image (b) LWIR image

(c) Fused image

Figure 6: Example of visible and infrared image pair and its fusion result
at a hazy scene.

We applied the proposed algorithm for several practical
scenes. Figure 6 shows an example of a hazy scene, which has
a sand storm at a construction site in a mountain. The visible im-
age of Fig. 6 (a) shows a whiteout in which we can see nothing.
Even the human eye cannot see anything. However, we can rec-
ognize pit gravel through the haze from the LWIR image of Fig. 6
(b). Fig. 6 (c) shows the image fused by the proposed algorithm.
From that fused image, we can also observe pit gravel through the
haze. Figure 7 shows an example of a night scene.

The proposed alignment and fusion algorithm outputs the
image for the bright and clear scene as in Fig. 1 (e). For the
dense haze scene, the result of the proposed algorithm is Fig. 6
(c). For the night scene, the result of the proposed algorithm is
Fig. 9 (c). Those results demonstrate that the proposed alignment
and fusion algorithm robustly provide good information for clear,
haze and night scenes.

Figure 8 shows the visual result comparison with other meth-
ods. The input images are not aligned. The visible camera and
LWIR camera were placed in a row. Camera calibration was done
and results are used in our method. We compared with 3 other
methods, CNN [19], GTF [20] and MST_SR [21]. We can see
that our method effectively align images.

Quantitative comparison

In the proposed algorithm, we fuse the gradient map with as-
suming disparity candidates. If the assumed disparity candidate
is wrong, the resultant fused gradient map includes ghost edges.
Then, those ghost edges increase the average gradient power of
the ROI. Figure 9 shows examples of visible and LWIR images
warped with wrong and correct disparities and their associated
gradient maps. We can find ghost edges from Fig. 9 (h) of the
gradient map fused with wrong disparity, while ghost edges are
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(a) Visible image (b) LWIR image (c) Fused image

Figure 7: Example of visible and infrared image pair and its fusion result
at a night scene.

(d) GTF

(e) MST_SR (f) Ours

Figure 8: Visual results comparison between different methods.

suppressed in Fig. 9 (g) of the gradient map fused with correct
disparity. We also quantitatively evaluate the average gradient
power of Fig. 9 (h) and (g). Those values are 0.0407 and 0.0365,
respectively. Based on this simple observation, we can estimate
the disparity by finding the minimum gradient power of the fused
gradient map.

Table 1 shows the comparison of fusion results by non-
aligned image pairs and aligned image pairs using proposed
method. We used images from [7], which contains 21 pairs of
alinged visible and LWIR images [8][9][10]. In order to make
non-aligned images, we assumed that the optic axes of two cam-
eras are aligned as parallel, and shifted all LWIR images [-10, 0].

We employed 6 evaluation methods, cross entropy (CE) [11],
mutual information (MI) [12], PSNR [13], Q*B/F [14], Qcv [15],
and SSIM [16]. We used [7] to calculate these methods. Non-
shifted LWIR images are used for source images. Cross entropy
(CE) shows the similarity between source images and fused im-
age. Mutual information (MI) are used to measure the amount
of information that is transferred from source images to the fused
image. PSNR indicates the ratio of peak value power and noise
power in the fused image. QAB/ F shows the amount of edge in-
formation that is transferred form source images to fused image.
Qcv is a quality factor obtained based on human vision system.

Table 1: Comparison of fusion results on non-aligned images and aligned
images with proposed method. The better results are highlited in
bold.

Method CE | MI [ PSNR | QABF Qcv SSIM
Non-Aligned 1.28 | 1.92 57.30 0.54 1052.92 1.17
Aligned 1.25 | 2.05 | 57.48 | 0.59 | 852.90 | 1.30
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Figure 9: Examples of visible and LWIR images warped with wrong and

correct disparities, and their associated gradient maps, where
the brighter (white) represents the larger gradient power.

SSIM models image loss and distortion. Table 1 shows that the re-
sults with alignment are better than those without alignment. Es-
pecially, QAB/F got better after alignment. This result means that
edge information are transferred from the source images to the
fused result, which suggests that alignment is effectively done.

Conclusion

In this paper, we proposed image alignment and image fu-
sion algorithm based on gradient-domain processing. The output
fused images are easy to recognize and have fewer ghost artifacts.
The proposed algorithm is robust to many scenes such as bright
scenes, low-light night scenes, and hazy scenes.
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