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ABSTRACT

A two step hybrid image fusion scheme is proposed for
panchromatic and multi-spectral satellite sensors. First, we
estimate an intermediate high/low resolution multi-spectral
image using component substitution, which is followed by
additive wavelet based high frequency injection into low res-
olution multi-spectral bands. Spectral dissimilarities between
panchromatic and multi-spectral bands are taken into account
while devising partial replacement strategy for component
substitution. Quantitative analysis performed on Ikonos data
set demonstrates that the proposed scheme outperforms state
of the art multi-resolution image fusion schemes.

Index Terms— Image Fusion, Panchromatic Sharpening

1. INTRODUCTION

The panchromatic sharpening of satellite images is performed
by fusing monochrome High resolution Panchromatic (HRP)
image with Low Resolution Multi-spectral (LRM) images.
The effective fusion schemes employed to produce High
Resolution Multi-spectral (HRM) images include Compo-
nent Substitution (CS) based methods and multi-resolution
based schemes. The CS-based schemes like Intensity-Hue-
Saturation (IHS) and its variants [2] - [6], brovey transform
and principal component analysis are computationally least
expensive and produce superior visual HRM images but re-
sult in spectral degradation [7]. Compared with standard
CS-based methods, the wavelet-based multi-resolution fusion
schemes produce superior radiometric quality [8, 6]. More-
over, these methods are better suited as a trade-off between
the radiometric and geometric information [9].

Amongst several wavelet-based fusion schemes [8], [10]
- [12], the algorithms based on decimated wavelet transform
like “Mallat algorithm” require sub-sampling, resulting in lin-
ear discontinuity of features such as edges and the emergence
of artifacts in structures which are neither horizontal nor ver-
tical in direction. The undecimated schemes like a trous al-
gorithm are shift invariant and thus better suited for image
fusion [10].

The a trous based fusion is executed either by replac-
ing frequency components of LRM image by corresponding
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high frequencies of HRP image (known as Substitute-Wavelet
(SW) method) or by injecting high frequency components of
HRP image into LRM image (known as the Additive-Wavelet
(AW) method) [11]. However, the addition of same high fre-
quency in every LRM band causes AW method to generate
redundant high frequency [8]. On the contrary, SW method
totally eliminates wavelet planes of LRM image. The sub-
stitution process in SW-based methods can cause artifacts in
fused image which may result in both geometric and spectral
distortions [1].

To avoid such artifacts, a hybrid image fusion scheme is
proposed which uses CS-based fusion to reduce redundant
frequencies resulting from AW-based fusion. The CS-based
intermediate fusion also utilizes spectral similarities between
low resolution HRP and LRM images. Alongwith HRP im-
age, the spatially degraded version of the intermediate fused
image is used to determine the amount of spatial informa-
tion that is incorporated in final fused image. The proposed
scheme provides superior visual quality preserving both spa-
tial and spectral content.

2. AW-BASED IMAGE FUSION

Let HRP image Iy, be represented as sum of low Ijzp  and
high frequency components Iyzp  i.e,

IHRP(m, n) = IHRP,L(m» n) + IHRP, H(ma n) (L

where m € {1,2,3,...,M}andn € {1,2,3,..., N} repre-
sent number of rows and columns respectively. Similarly, let
LRM image I}z, be represented as the sum of low I gy
and high frequency components I} g\ y i.€.,

ILliM (m’ n, B) = ILliM, L(m’ m, B) + ILliM, H(mv n, ﬁ) 2

where m € {1,2,3,..... M } represents number of rows,
7 € {1,2,3,....N} represents number of columns and
B € {R, G, B, NIR} are red, green, blue and infrared band
indices of I} z,, image. Each band of I 3,, image is scaled
to match the dimensions of Iz, image to obtain Iyry. The
histogram of the I, is matched with intensity component
of I} rM to obtain Iygp image.
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The AW-based methods insert the same amount of high
frequency information of HRP image into every LRM band
which causes radiometric distortion. On the other hand, AW-
Luminance-Proportional (AWLP) method [19] injects high
frequency into each LRM band proportional to its intensity
levels (thus preserving the relative radiometric information
between LRM bands to an extent), i.e.,

Turm, awrp(m, n, B) =

7 J
Iirm(m, n, B)+ 5 Lrw(m, . f) > Wi, j(m, n)(3)
3 > Tirm(m, n, B)j=1
B

where Whygp, ; represents 5" wavelet plane of Iygp. It is as-
sumed that low frequencies in the fused image are provided by
I1 rm While high frquencies are estimated by J wavelet planes.
Although AWLP method preserves relative radiometric sig-
natures amongst fused bands but still, this method can cause
injection of redundant frequency information. Recently, Im-
proved Additive Wavelet Proportional (IAWP) method [8] is
proposed to overcome this limitation which considers a low
pass version of HRP image during injection process. Let
I rp represent a Low Resolution Panchromatic (LRP) image,
which is a spatially degraded version of HRP band obtained
by filtering high frequencies [8, 13]. IAWP method is given
by,

Thrwm, IAWP(mvnu 5) = ILRM(man7ﬁ)

Iirm(m,m, 8) -
+ - LRM IRAZ] ZWHRP—LRP,j(m’ n) (4)
E ;ILRM(WL, n, 6)]‘:1

where Wygrp.Lrp represents a particular wavelet plane of the
difference image (Iyrp — Irrp). Hence only that amount of
high frequencies are inserted which are not presented in I gp.

3. PROPOSED SCHEME

As stated earlier, CS-based fusion schemes often produce
spectral degradation while AW-based methods can cause
spatial distortion due to redundant high frequencies. The mo-
tivation of this work comes from the fact that we can merge
these schemes so that one can cover the limitations of an-
other. In the following, we present an effective hybrid fusion
scheme which injects necessary geometric information while
preserving the radiometric information.

3.1. Proposed CS-Based Intermediate Fusion

CS-based fusion schemes usually involve adjustment of cor-
responding parameters in order to make the fused image
as similar as possible to the LRM image [3, 4]. The Fast
IHS method with Spectral Adjustment (FIHS-SA) [2] cal-
culates such parameters through experimental coefficients

for IKONOS imagery. In General IHS - Genetic Algorithm
(GIHS-GA) [4], every coefficient is optimized my means of a
genetic algorithm. The Fast IHS method with a Tradeoff Pa-
rameter (FIHS-TP) [3] uses a tradeoff through experimental
procedures while Gram-Schmidt (GS) [5] spectral sharpen-
ing algorithms depend upon mathematical sensor model and
data analysis. Most of these algorithms do not produce the
desired results as the spatial characteristics of a particular
scene are not taken into account. Therefore, CS-based fu-
sion schemes must incorporate global and local similarities
between panchromatic and multi-spectral images [6].

An intermediate high resolution multi-spectral image,
ITyrwMi is estimated using LRP and LRM images through par-
tial replacement [1]. Iprp is obtained by filtering Iygrp using
Modulation Transfer Function (MTF) shaped gaussian low
pass filter [8, 13]. The MTF gain of panchromatic band as
measured using the Nyquist frequency along a track system is
0.165 for Ikonos imagery [8]. Correlation coefficient is used
as a similarity metric. These similarities must be considered
because the spectral relationship between LRP and LRM im-
ages vary with each band. We propose IHS-based fusion as
follows.

TIurmi(m, n, ) = Q[Rﬁ Jygpp (M, n)}

+ 2[(1 — Rp) - ILRM(manvﬂ)} - ;%ILRM(’”%”, B) (5

where Rg denotes the correlation coefficient between LRP
and B-band of I1rm. Rpg characterizes the spectral simi-
larity between panchromatic and a specific multi-spectral
band, which determines the contribution of HRP and a spe-
cific LRM band in Jyrmi image. For higher values of Rg,
the contribution of I, is higher and vice versa. In eq. 5,
the intensity image is obtained by averaging I gy across all
multi-spectral bands.

3.2. Proposed AW-Based Fusion

The intermediate fused image, Iyrwmi, 1S used to reduce injec-
tion of redundant frequencies in AW-based fusion as follows,

Iirm(m, n, B) = Irm(m, n, B)

Lirm(m,n, ) &
n - LRM i) ZWHRP—LRMLj(m’n’B) (6)
B %ILRM(T'% n, 6)j:l

where I} pvp represents an intermediate low resolution multi-
spectral image obtained by filtering high frequencies of Iyrmy
using MTF shaped gaussian low pass filter for each band [13,
18]. For Ikonos imagery, the Red, Green, Blue and NIR
bands are filtered using MTF gains of 0.29, 0.28, 0.27, 0.28
respectively [17]. The proposed scheme adds high frequen-
cies by decomposing wavelet planes of the difference image
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Table 1: Comparison of spatial and spectral quality indices for Ikonos Imagery

Techniques Zhou’s Protocol ~ Khan’s Protocol Alparone’s Protocol
D Dg D, Dg D, Dg QNR
FIHS-SA 30.805 0.004 0.153 0428 0.106 0.124  0.783
GS 26.710 0.010  0.092 0320 0.082  0.101 0.825
AWLP 21493 0.036  0.056  0.381 0.087  0.092  0.829
IAWP 19.158 0.107  0.041 0252  0.058 0.087  0.860
Proposed Scheme 16.422  0.286 0.037 0.206 0.040 0.062 0.901
Interpolated Image 12.165 0.629  0.018 0479 0.003 0253 0.744

Tyrp - Lrvi- Unlike IAWP method which uses a single band
of HRP image and its degraded version, the proposed scheme
uses HRP image alongwith all bands of intermediate low res-
olution multi-spectral image to determine content of high fre-
quency information. For each band, the wavelet planes of
HRP band are added while those of corresponding band in
I rvr are discarded.

4. EXPERIMENTS AND RESULTS

The Ikonos imagery with panchromatic band having resolu-
tion of 1m, and red, green, blue, NIR bands having resolution
of 4m was used for evaluation purposes. Simulation includes
LRM images having dimensions of 512 x 512 pixels per
band and HRP band having dimension of 2048 x 2048 pixels.
LRM Images are shown as a RGB combination re-sampled
at 1m using bi-cubic interpolation. Although not shown, the
NIR band was processed and numerically evaluated in the
same way. Amongst CS-based methods, we compare our re-
sults with FIHS-SA and GS, as GS produces the best results
while FIHS-SA is the fastest [17]. Amongst wavelet based
schemes, AWLP which was the joint winner in 2006 GRS-S
Data-Fusion Contest [15] and its improved version IAWP is
chosen for comparison.

4.1. Visual Analysis

The visual performance of existing and proposed image fu-
sion schemes, evaluated over an RGB composition of 300 x
300 pixels of Ikonos images is presented in Fig. 1. It is
visible that CS-based schemes suffer from spectral distortion
although GS-fused image is less sharp than FIHS-SA fused
image. AW-based schemes preserves spectral content better,
however IAWP seems less sharp than AWLP. The intermedi-
ate fused image also suffers from spectral distortion. Com-
pared to these schemes, the proposed fused image preserves
both geometric and radiometric details.

4.2. Quantitative Analysis

Literature describes several statistical evaluation measures
like Q4, Spectral Angle Mapper (SAM), and relative dimen-

sionless global error in synthesis (ERGAS). SAM mostly
measures radiometric distortion, whereas ERGAS and Q4
fail to quantify relative sensitivity between radiometric and
geometric distortion separately. All of these require a ref-
erence multi-spectral image at the same spatial resolution
as that of the fused image which is not available for Ikonos
imagery. The alternative quantitative assessment by spatial
degradation of original data set is also not suitable for high
resolution satellite imagery [14, 16].

Fusion quality can also be assessed without a reference
high quality multi-spectral image. These include measures
proposed in [17, 21, 16]. We have used the same metrics
to assess fusion quality. However, Zhou’s method [21] pro-
vides inconsistent results. Although Zhou’s protocol com-
putes spectral and spatial qualities indices separately, but the
computation of spatial quality assessment is incorrect, as il-
lustrated in [20]. When compared with Q4, ERGAS, and
SAM, Zhou’s spatial quality index can follow behavior con-
tradictory to that of indices computed with a reference [16].
Table 1 enlists the spatial and spectral distortion indices for
Ikonos imagery denoted by Dg and D, respectively. Al-
parone et al. [16] combine Dg and D) to yield a single fu-
sion quality index, Quality with no reference (QNR). The low
values of Dg and D) indicate low spatial and spectral dis-
tortion respectively, which results in high value of QNR and
vice versa. Due to lack of reference, interpolated LRM image
is chosen as spectral reference (reference for colors).

5. CONCLUSION

The critical issue of preserving both radiometric and geomet-
ric information during fusion process is addressed. An inter-
mediate fused image is estimated to reduce redundant high
frequency information in traditional additive wavelet fusion
schemes. We propose a torus based fusion scheme which pre-
serves LRM bands and injects high frequencies using spatial
characteristics of multi-spectral and panchromatic bands. The
proposed method evaluated over Ikonos imagery provided su-
perior fusion quality than recently proposed methods.
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Fig. 1: A sub section of (a) 4m LRM image interpolated at 1m, (b) HRP image at 1m, (c) FIHS-SA fused image (d) GS
fused image (¢) AWLP fused image (f) IAWP fused image, (g) Intermediate Fused Image, (h) Proposed fused image. (Imagery
courtesy of Space Imaging, LLC).
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