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A method to better account for modulation
transfer functions in ARSIS-based pan-
sharpening methods

Pierre Massi, Philippe BlancandLucien Walc

Abstract— Multispectral (MS) images provided by Earth
Observation satellites have generally a poor spafiaesolution
while panchromatic images (PAN) exhibit a spatial esolution two
or four times better. Data fusion is a mean to syhiesize MS
images at higher spatial resolution than original kg exploiting the
high spatial resolution of the PAN. This process isften called
pan-sharpening. The synthesis property states thatthe
synthesized multispectral images should be as cloas possible to
those that would have been acquired by the correspding
sensors if they had this high resolution. The methis based on
the concept ARSIS are able to deliver synthesizednages with
good spectral quality but whose geometrical qualitycan still be
improved. We propose a more precise definition ofiie synthesis
property in terms of geometry. Then, we present a ethod that
takes explicitly into account the difference in modlation transfer
function (MTF) between PAN and MS in the fusion preess. This
method is applied to an existing ARSIS-based fusiomethod:
ATWT-M3. Simulated images of the sensors Pleiadesid SPOT-
5 are used to illustrate the performances of the apoach.
Though this study is limited in methods and data, & observe a
better restitution of the geometry and an improvemat in all
indices classically used in quality budget in pankarpening. We
present also a means to assess the respect of thmtlsesis
property from a MTF point of view.

Index Terms— image enhancement, modulation transfer
function (MTF), multiscale techniques, remote sensg, image
fusion, pan-sharpening.

|I. INTRODUCTION

MAGE fusion is currently used in various domainkeli

medical imagery, computer vision, or remote sensirtge
fusion process was defined by Wald [1] & formal
framework in which are expressed means and toolghi®
alliance of data originating from different sourcdsaims at
obtaining information of a greater quality, althdughe exact
definition of ‘greater quality’ will depend on ttapplication”.
Fusion is very helpful in the analysis of the maaya coming
as images or series of numbers from several sengibins
different characteristics. This paper focuses @adbmain of
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remote sensing and specifically on the synthesid®fimages
at a spatial resolution higher than original by leitmg the
high spatial resolution of another image.

In remote sensing several satellites provide imaxfesvo
kinds altogether but with opposite characteristicserms of
spatial and spectral resolution. Multispectral (Mi&)ages
have a good spectral quality but a poor spatiablugisn
whereas panchromatic (PAN) images have on the agyn&
high spatial resolution but with a coarser/pooreectral
guality. These two types of images allow identifyiobserved
structures through different information by the apa
signature on the one hand and by geometrical irdiom on
the other hand. The spatial and spectral resolsitidra sensor
are technically linked; a high resolution for baththe same
time is hardly feasible [2]. The coarse spatiabhaion of MS
images is the result of a trade-off due to physical technical
reasons and constraints. The quantity of energghwahirives
onto the detector is proportional to the width wf $pectral
range and is smaller in the MS case than in the BA&! It is
therefore necessary to increase the energy thangep on the
MS detector to obtain satisfactory signal-to-noiaéo and
dynamics. Different solutions are possible. Onermftised is
to increase the size of the MS “pixel”; it indu@edegradation
of the spatial resolution compared to the PAN imalge
addition, if MS images were having the high resohut the
amount of data to transmit would be larger, e.gurftimes
more. On-board storage and data transmission t@riwend
are other constraints which lead to the trade-edtitting in a
decrease of the spatial resolution of MS imagespeoed to
PAN images.

Data fusion is a mean to synthesize MS images gitehi
spatial resolution than original by exploiting tF&N high
spatial resolution. This process is often called-glaarpening.
The interest of fusing both types of images hasnbee
demonstrated for long [3]-[10].

Here, the aim of fusion is to perform a high-qualit
transformation of the MS content when increasing spatial
resolution from the original MS images to that bé tPAN
image. The problem may be seen as the inferenctheof
information that is missing to the original MS inesgfor the
construction of the MS images synthesized at aebsftatial
resolution [11]-[13].

The fused images should obey several propertie$1{H}



Massip P., Blanc Ph., Wald L., A method to bettgromint for modulation transfer functions in ARSI&bd pan-sharpening methods. 2
IEEE Transactions in Geoscience and Remote Ser89nd-9, 2011, doi : 10.1109/TGRS.2011.2162244.

[14]. The EARSeL Working Group synthesized the fmes The difference in sampling rates, pixel size, indign time,
publications and proposes the consistency and egisth and spectral sensitivity, between MS and PAN sengietds a

properties [15]-[16]. The consistency property egses that
the fused images should offer a strong consistevitly the
original data set: if a fused product is down-sadplo its
original low resolution, the original MS image skiblwbe
retrieved. The synthesis property deals with thalityuof the
high-quality transformation: any synthesized imabeuld be
as identical as possible to the image that theesponding
sensor would observe with the highest spatial o, if
existent. These properties hold for each individuatdality —
or spectral band— MS as well as for the multi-mitgalet.

Fusion methods can be classified
projection-substitution, relative spectral conttibn and
methods belonging to the ARSIS concept [13] [LERAS is
the French acronym for‘Amélioration de la Résolution
Spatiale par Injection de Structures{improving spatial
resolution by structure injection). Several recenéthods
merge principles of several families into a singlethod; they
are called hybrid in [16].

difference in MTF. This difference must be taketoiaccount
when synthesizing MS images at the PAN high spatial
resolution. Few fusion methods already include difference
in MTF through the multiscale model (MSM) and omifen
the value of the MTF at the Nyquist frequency isWn, such
as the case of Quickbird [22]-[24]. In these meH)dtie low
pass filter of the MSM is a Gaussian. It is destyreparately
for each spectral band in such a way that at thquisy
frequency its gain is equal to the value of the MdfFthe
corresponding band of Quickbird. These works dertnates

in three familieshat taking into account the MTF improves the resmpé the

synthesis property and therefore the performandeshe
fusion methods.

We propose a method that takes the difference ifr Mifo
account in ARSIS-based methods. It differs fromvjmes
works because it is conceived as an add-on toiegigtision
methods with no need to design specific filters.

The methods based on the ARSIS concept are intherent

built to respect the consistency property [5] [113] [16]-
[19]. This concept is detailed in the next secti®ecently
published works tend to demonstrate that, amongthhee

Il. THE ARSISCONCEPT

The ARSIS concept is very general and does notifypec
any mathematics tool. It assumes that the missifggrnation

families, the methods based on the ARSIS concefierbe cap pe synthesized thanks to the available infdamahrough
synthesize images with respect to the expected tr8pecine various modality and scales [5] [12].

properties [5] [11] [13] [16]-[19]. For this reasotie present
work takes place in the ARSIS concept.

However, the need to refine the spatial/geometcellity
of ARSIS-synthesized images is often underlined [[5)]
[16]. This article aims at such a refinement. Relltgy [20],
the geometry is defined as the spatial organizatibrthe
radiometry in the image. The changes in this ogion can

be described by a hierarchy of changes with scale (

In the following, we use the notations of [5] [18]defines
the PAN image an@, the K" spectral band M\ is the total
number of MS bands. In the case of Quickbird imaghsre
N = 4,k equal to 1 designates the blue modality wkikqual
to 4 represents the near infrared one. Subs¢tipg the PAN
image spatial resolutioresQ thus the original PAN image is
called Ay. Subscript ;" is the resolution index of the original
MS imagesres], giving By;. *' designates fused products:

frequencies),i.e, a multiscale representation. The ARSIS;sed MS images at spatial resolution of PAddOare called

concept comprises such a multiscale model (MSM) &k
facilitates the representation of the geometry.
Characteristics of the imaging instrument are irtgogtrwith
respect to the restitution of the geometry of thedkcape.
Besides their spectral and spatial resolutions,ingportant
characteristic of optical instruments is the imputgesponse
which is named point spread function (PSF). The R&F a
dual function: the modulation transfer function (MT The
MTF is the modulus of the Fourier transform of #®F. The
MTF determines the upper limits in image qualitg., the
image resolution or sharpness, and describes tagemuality
in terms of contrast as a function of spatial femy [21].

(Bxo)*o. The issue of the synthesis of MS images to adrigh
spatial resolution can thus be mathematically esqwd [16]:

(Bkn)*o =T (Bx1, Ag) (1)

The aim of fusion is to perform a high-quality
transformation of the MS content, when increashng gpatial
resolution, fronreslto resQ The problem may be seen as the
inference of the information that is missing to thegesBy;
for the construction of the synthesized imagig)*.
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Fig. 1: Hierarchical information decomposition. MSMultiscale model. From [16]
terms of geometry: the restitution of the spatiglamization of

An important tool in the ARSIS-based methods is ththe radiometry in the observed landscape by théhsgized
MSM. It performs a hierarchical decomposition ofe thimage should be as identical as possible to thanmzgtion
information of the imageé andB,,, represented as pyramidsthat the corresponding sensor would observe wighhilghest
in Fig. 1. When climbing the pyramid (the analysisp), the spatial resolution, if existent.
successive approximations have coarser and coapsgial The work presented here aims at including the wdiffee in
resolution. The analysis of an image produces &iTF between PAN and MS images into an existing ARSI
approximation of the image at a coarser scale analld that based fusion method in order to demonstrate tha@hdanto
describe the difference between the approximatiod #he account this difference leads to a better respdctthe
finer image. Recent methods exploit high-pass riilte  synthesis property from the geometrical point @wiwithout
Laplacian pyramids, decimated or undecimated waveldegrading the quality of the other aspects of ymhesized
transforms [5] [10]-[12] [16]-[19]. The selected MISmust be images.

reversible. The fusion method used in this demonstration isteéhod
Fig. 2 illustrates the three models that are fobmARSIS- ATWT-M3, where ATWT denotes the MSM and medas

based methods [12]: trous” (with holes) wavelet transform, which is an
« the MSM and its reverse MSi undecimated transform, and M3 is the inter-modatitydel

« the inter-modality model (IMM). It relates the MSdescribed by [12]-[13] [19]. The HRIMM is identicé the
and PAN images at a given scale, and allows to makdM as in most published works. This method hasnbee
approximation of one image from another anice- shown to provide good results in most cases.ritiser simple
versa, and allows the assessment of the impact resultiog fthe

« the high resolution inter-modality model (HRIMM). MTF adaptation. While the results will not be teme than
The HRIMM computes (infer) the missingthose obtained here, our method for accounting tfe
information by exploiting the IMM and the availabledifference in MTF may easily apply to other ARSI&sbd
information from the imageA,, Combined with methods.

MSM?, it performs the synthesis of the high spatial The MTFs for the four MS channels of the Pleiadssssr,

resolution MS imagegB,1)*o. and that for the PAN, are drawn in Fig. 3 as a fioncof the
An ARSIS-based method is composed of one modeacti e Spatial frequency normalized by the sampling freqyeof the
type. PAN image. Consequently the relative Nyquist freguyefor

PAN is 0.5 and 0.125 for MS. The spatial resolutanthe
MSM MM PAN image (70 cm) is four times better than thattef MS
’ < > MSM (280 cm). The MTFs mainly account for detector
performances and blurring since the MTF for each MS
Z almost equal to zero for relative frequencies clus8.25. It
________ MSM' — means that one cannot distinguish details less 288rcm in
Fig. 2: Models in ARSIS. See text for more explératMSM: multiscale . . . g .
model; IMM: inter-modality model; HRIMM: high resation inter-modality ~ Siz€ in the MS images. On the contrary, the MTPAN is

Synthesis = HRIMM

-
Ly £3

model. (C. Thomas, personal communication) large —equal to 0.4-— for this frequency and sudaildeare
highly visible. The difference in MTF between lowdahigh
lll.  METHODOLOGY spatial resolution images is evidenced in thisrigthe MTF

As said before, the ARSIS-based methods are intigrenof MS has a sharper decrease with frequency thah ah
built to respect the consistency property. Consetiyethe PAN.
present work focuses on the synthesis propertys ptoperty
has been expressed in general terms [11] [13] [&]- We
propose here a precise definition of the synthpsiperty in



Massip P., Blanc Ph., Wald L., A method to bettgromint for modulation transfer functions in ARSI&bd pan-sharpening methods. 4
IEEE Transactions in Geoscience and Remote Ser89nd-9, 2011, doi : 10.1109/TGRS.2011.2162244.

1

= PAN
B0
--=-Bl |7
—B2
--'B3

W\
08O\

\
0.6 o\
2 .
o) SRS
" &

=
S o4 s
\

02

of

. Z"
bommm e p e o]
7

i
0.25 0.375 05
Normalized frequency

Fig. 3: Modulation transfer function for PleiadeSMnd PAN images
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According to the synthesis property, the synthekireages
should exhibit the typical MTF of real images atisth
resolution. However, without modification of the I T™uring
the fusion process, the resulting MTF exhibits scdntinuity
as shown in broad dash in Fig. 4. In this figure drawn the
schematic representation of the MTF &rthe low resolution,

modality k and for the scalees], an affine function between
the PAN and MS planes of wavelet coefficients itedrined

by a least-square fitting. This is the IMM modeheTHRIMM

is identical to the IMM and the missing wavelet fficgents at
high resolution foB images are computed from those of the
image A. Finally, the inverse wavelet transform is applted
obtain the synthesized MS imad@gy)*.

We derive a new method from this standard methaliea
ATWT-M3-MTFadapted. It is identical to ATWT-M3, e&pt
that we perform a transformation of the MS imagefie and
after the preliminary resampling of the MS imageeTMTF
adaptation starts with a deconvolution of the o@gi MS
imagesBy:. The MTF of a sensor is the sum of two MTFs: the
optical one and the detector one. In a first apjpmakion the
optical MTF is the same for each spectral band astnof the
current sensors. Therefore, the optical MTF is ta&en into
account as it does not change between MS and PAN an

b) the high resolution, and) the synthesized image withoutbetween MS bands. The deconvolution kernel cormedpo

modification of the MTF. The curves for the MTFlatv and
high resolution are similar to those for MS and PiANFig. 3.

1

D —— MTF HR
. ‘o MTF LR
= = = MTF synthesized

i
025 0375 05
Normalized frequency

Fig. 4: Schematic representation of the MTF fortkgrized MS, MS (LR)
and PAN images (HR)

I
0 0.125

One can see the discontinuity in the MTF of thellsgsized
image for the relative frequency equal to 0.125loBethis
value, the MTF is similar to that of the MS at logsolution.
Above this value, the MTF is similar to that of d&gtnh
resolution image. Such a discontinuity should nasteif the
synthesis property were to be respected. Its existexplains
partly several artifacts observed in synthesizeagies. It also
illustrates the expected benefit of taking into ot the
difference in MTF during the fusion process. Inilustrative
way-of-speaking we can say that the solution cossis
“raising” the MTF of the MS frequencies in the ran{p,
0.125] so that it is close to that of a high reSolu image.
Doing so provides a MTF closer to a “real” MTF asithilar

the MTF of the detector. [26] proposes a method tfor
assessment of the MTF of the detector and its nragieAfter
the deconvolution, the image has only the opticalFvand is
resampled to the resolution of PAN. Then we congdhe
resampled image with the MTF of the PAN detector.
Eventually, the method ATWT-M3 is applied. Fig. ppides

a diagram that illustrates the process applieth¢oMS image

to obtain the MTF adapted MS image and the corredipg
MTF.

1 2 3
L
A B
MS image
C D
MS image MTFadapted
T ]
0.8 ¢
. ~
So6l :
<
z 0.4
3
P \
= 0.2
ol
0 0.5 1 1.5 2

Normalized frequency / sampling frequency MS
Fig. 5: Diagram representation of the process of-Modification with the
corresponding MTF curves, for each step
1: deconvolution of A with the low resolution deterctMTF
2: upsampling of image B with a ratio 4 (splinedtion)
3: convolution of C, with the high resolution detedTF

This approach to the MTF adaptation is the maiwaion

contrast in the image for a same frequency withowroposed in this article and is a means for acéogrior

considering its origin. PAN or MS. Actually, it isn
adaptation of the original low-resolution MTF of M®ages
to a high-resolution MTF for the synthesized imagHEss is
why we will use the term “MTF adaptation”.

The method ATWT-M3 is as follows [12]. As the MSKla
non decimated wavelet transform, it implies a jpnetary
zoom/resampling of the original MS imagd%; to the

differences in MTF, as demonstrated in the follayiThe
approach is simple because it does not necessitae
knowledge of the global MTF for each band and tAé&PIt
only needs the MTF of the MS and PAN detectors.

When applied to real images, system level MTF imi@tion
is required, including possible image enhancemeost-p
processing.

resolution resO by a spline technique [25]. The MSM is This information can be given by the image provider

applied to these resampled images as well as tadlmage
firstly at the resolutionresO and then atresl For each

estimated on the images thanks to dedicated digasitnainly
based on natural or artificial patterns [27].
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Fig. 6: Excerpt of the data sets. a) Toulouse &Rk simulation), b) Madrid (SPOT-5 simulation)Fgdericton (SPOT-5 simulation)

IV. DATASETS

Urban areas offer a large variety of spectral digea
structures and size in remote sensing imagery. Swehs
evidence the performances of the fusion method$ [14]
[22]. The data sets chosen are images of the dfigsulouse
(France), Madrid (Spain), and Fredericton (Canada).

Actually, we have also opted for simulation of iraagof
present or to-come sensors: SPOT-5 and Pleiadegirig so,
we can control all parameters of images and webeamore
conclusive in our discussion. We particularly cohtthe
properties of the MTFs and we take care that tfferdnce in
MTF between PAN and MS images is the same tharah
cases. Another advantage of simulated images {shbaMS
images are available at both high and low spatisblutions.
This allows comparison and assessment of perforezané
the modified method compared to the original ongthe aim
of our paper is to demonstrate the interest ofnkihe
difference in MTF into account, our conclusions|gtill be
general and applicable to real cases, includingratbnsors.
The original data sets used to simulate PleiaddsSHOT-5
images are from respectively the airborne sensbcaPeand
the spaceborne sensor Quickbird (Table 1).

Table 1: Spectral bands (in nm) for Pelican, Plesauickbird and SPOT-5

The Pelican images have been acquired with a risolaf
35cm in all bands by the French space agency CNES.
bandwidth of the PAN modality of Pelican is [5108]72m

r

PAN Blue Green Red/ NIR
yellow
Pelicar 57C-72C | 43(-55C | 49(-61C | 60C-72C | 75C-95C
Pleiades 500-85Q0 430-550 490-6[l0 600-720 7504950
Quickbird | 450-900| 450-52 520-600 630-690 760-900
SPO1-5 48(-71C -- 50(-59C | 61C-68C | 78(-89C |

used to downsample images from 35 cm to 70 cm Orc28
are the typical MTFs of the Pleiades satellite. Thiginal
image is firstly low-pass filtered by the MTF. Thee filtered
image is resampled.

As a result, we have a PAN image at 70 cm and Ké8r
images at 280 cm (Table 2). In addition, we havar OIS
images at 70 cm that will be used as referencees@yg) for
assessing the performances of the method. Fig. hibiex
excerpts of these simulated images.

Pelican| Simulated Quickbird | Simulated| Simulated
Pleiades SPOT-5 SPOT-5
(supermode)
PAN 35cm 70 cm 70 cm 5m 25m
MS 35cm 280 cm 280 cm 10m 5m
MS - 70 cm - 5m 25m
referenc

Table 2: Spatial resolution of the acquired andugted images

The signal-to-noise ratio (SNR) of the Pelican &ahd
Pleiades images is very large; these images offarya high
radiometric quality. Nevertheless, we have simudlat®isy
Pleiades images to assess the improvements brduygtiie
MTF adaptation in such conditions. Various levefsnoise
were made to test the robustness of the method natby
images. The noise added to images corresponds toothinal
SNR multiplied by respectively 1, 0.75, and 0.5e™ase with
a SNR half the nominal SNR is quite extreme butded to
demonstrate the robustness of the MTF adaptatiotih wi
respect to noise.

The Quickbird images have been acquired over Maainid
29 January 2002 and over Fredericton on 21 Audd@?2 2We
simulated SPOT-5 images from these Quickbird images
simulated images have the typical spatial resatutand
difference in MTF of SPOT-5 images. Initially, weought of
deconvolving the Quickbird images prior to the édlon of

and does not exactly match the bandwidth of theiahct the typical MTF of SPOT-5. However, an analysis toé

Pleiades instrument which is [500-800] nm (TablePlgiades
images of the city of Toulouse (France) have beenlated
at 70 cm and 280 cm for all bands by CNES fromRkkcan
images [2] —no information is available on the date
acquisition, it ranges between 1999 and 2002.— fllters

Quickbird images indicates that they have beenddely a
deblurring processing. In this paper the most irgur
property in the simulation is the difference in MBEtween
PAN and MS and not the exact value of the MTF. &fae,
we have considered that the images have already Ma&é-
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restored and did not try "to remove" the MTF of €xlird.

The MTFs of SPOT-5 are applied to the Quickbirdgesand
the resulting images are resampled to 5 m and lghchfo 2.5
m and 5 m for the SUPERMODE [28]. We took greaedar
preserve the difference in MTF between modalitiest tis

typical to SPOT-5 images.

The spectral bands for Quickbird and SPOT-5 aretmet
same (Table 1). As the spectral specificationshatehe issue
of this paper, we did not try to match the spediahds and

sensitivities of Quickbird on those of SPOT-5. Gamsently,

images that simulate SPOT-5 images keep the spectra

characteristics of Quickbird images.
There is a large difference in resolution betweéziabes

and SPOT-5: 70 cm versus 5m (2.5 m for SUPERMODE).

We expect that the benefit of the MTF adaptatiameases as
the spatial resolution increases. Nevertheless made the
SPOT5 simulation to show that the MTF adaptatioferef
benefit at high resolution and not only at veryhhigsolution.

Note that the ratio of resolution is 4 in the casé®leiades

Modalities Indices Ideal — ATWT- ATWT-M3-
value M3 MTFadapted
biasRel (%) 0 0.00 0.01
diffVarRel (%) 0 14 3
Blue oRel (%) 0 9 7
cc 1 0.9833 0.9875
ccHF 1 0.920: 0.922:
biasRel (%) 0 0.00 0.01
diffVarRel (%) 0 16 4
Green oRel (%) 0 9 6
cc 1 0.9875 0.9921
ccHF 1 0.9605 0.9628
biasRel (%) 0 0.00 0.01
diffVarRel (%) 0 16 6
Red oRel (%) 0 9 6
cc 1 0.9905 0.9953
ccHF 1 0.9690 0.9734
biasRel (%) 0 0.02 0.02
diffVarRel (%) 0 34 27
NIR oRel (%) 0 14 11
cc 1 0.9669 0.9793
ccHF 1 0.8783 0.8886
Multimodal ERGAS 0 2.6 2.0
indices mean SAM 0 3.1 2.9

and SPOT-5 SUPERMODE, and 2 in the case of SPOF
Table 2 summarizes the spatial resolution of thréoua bands

" Table 3: Quality budget for fusion of simulatediRtkes images of Toulouse

for each case.

V. RESULTS

The synthesized imageéBy)*, obtained by the two
methods: ATWT-M3 and ATWT-M3-MTFadapted are

compared to the reference imad&gs. As recommended by
several authors [10]-[11] [13]-[15], we perform tigtcal
comparisons and a visual analysis of
discrepancies and visual artifacts.

A. Statistical results

the possible Red

Quiality budgets are obtained by the very samettaol that
used for the IEEE data fusion contest 2006 [10]hvitie
following monomodal indices: relative bias (biasRetlative
difference in variance in percent (diffVarRel), atVe

standard deviatioroRel), and correlation coefficient (cc), and

L . Ideal  ATWT- ATWT-M3-
Modalities Indices value M3 MTEadapted
biasRel (%) 0 0.00 0.00
diffVarRel (%) 0 22 10
Green oRel (%) 0 3 2
cc 1 0.9799 0.9863
ccHF 1 0.9078 0.9148
biasRel (%) 0 0.00 0.00
diffVarRel (%) 0 23 10
oRel (%) 0 4 3
cc 1 0.9826 0.9889
ccHF 1 0.9339 0.9403
biasRel (%) 0 0.00 0.00
diffVarRel (%) 0 20 9
NIR oRel (%) 0 5 4
cc 1 0.9858 0.9919
ccHF 1 0.9386 0.9471
Multimodal ERGAS 0 11 0.€
indices mean SAM 0 0.8 0.7

the multimodal indices: ERGAS and mean SAM. We #ud
correlation coefficient of high frequency (ccHF) ialn is the
correlation coefficient between the first wavel&nes of the

Table 4: Quality budget for fusion of simulated SP®supermode images of

reference and synthesized images [29]; it meastines

performance in synthesizing the highest frequen&y, the
smallest details. We also computed the multimoddices
QNR [30] and Q4 [31]; the values obtained for eawtthod
were close and these indices were not discrimigatorthis

study.

Tables 3 to 6 report the quality budget for eackector
images of 512 x 512 pixels. Ideal values are pteskior each
index.

Madrid
Modalities Indices deal - ATWT- ATWT-M3-
value M3 MTFadapted
biasRel (%) 0 -0.01 0.01
diffVarRel (%) 0 12 7
Green oRel (%) 0 5 5
cc 1 0.978( 0.982¢
CcCHF 1 0.7413 0.7582
biasRel (%) 0 -0.01 0.00
diffVarRel (%) 0 10 6
Red oRel (%) 0 7 6
cc 1 0.9830 0.9872
ccHF 1 0.796¢ 0.811(
biasRel (%) 0 -0.02 0.03
diffVarRel (%) 0 5 3
NIR oRel (%) 0 9 7
cc 1 0.9923 0.9947
ccHF 1 0.8929 0.9035
Multimodal ERGAS 0 2.0 1.7
indices mean SAM 0 1.9 1.6

Table 5: Quality budget for fusion of simulated SP®supermode images of

Fredericton
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The bias for both methods and all cases is versecto the
ideal value; this is characteristic of the methbdsed on the

ARSIS concept [10] [12]-[13] [16]. The bias is lefswan 1
digital count by far.

For all indices, all bands and all cases, the wblgtained
for ATWT-M3-MTFadapted are closer to the ideal \eduhan

for ATWT-M3. The improvement is the most signifi¢efor
the relative difference in variance (diffVarRel)hi§ index
measures the lack or excess of injection of infdimnaat high
frequencies. If it is positive, too many detail® anjected.

Here the MTF adaptation reduces this excess.

The values of the correlation coefficient (cc) alecady
close to the ideal value. Thus, only little improwents are
observed.

As for the correlation of high frequencies (ccHHitle
improvement is also observed between the two msthOde
may note that these coefficients are high in theecaf
Pleiades but low for the two SPOT-5 cases. Reasoas

unknown; this may be partly due to a greater diffic in

Modalities Indices deal - ATWT- ATWT-M3-
value M3 MTFadapted
biasRel (%) 0 0.00 0.01
diffVarRel (%) 0 14 3
Blue oRel (%) 0 9 8
cc 1 0.9824 0.9863
ccHF 1 0.883: 0.886¢
biasRel (%) 0 0.01 0.01
diffVarRel (%) 0 15 4
Green oRel (%) 0 9 7
cc 1 0.9867 0.9910
ccHF 1 0.9203 0.9242
biasRel (%) 0 0.01 0.05
diffVarRel (%) 0 16 6
Red oRel (%) 0 10 7
cc 1 0.9898 0.9944
ccHF 1 0.9277 0.9335
biasRel (%) 0 -0.03 0.00
diffVarRel (%) 0 34 26
NIR oRel (%) 0 14 11
cc 1 0.9661 0.9779
ccHF 1 0.8430 0.8531
Multimodal ERGAS 0 2.6 2.0
indices mean SAM 0 3.2 3.1

synthesizing 5-m details from 10 m compared to m0details
from 280 cm given this type of landscape.

Improvement is also observed for multimodal indicEsis
was unexpected because the MTF adaptation impli
especially contrast and sharpness. There is noegsoc
designed to improving spectral quality. An explicatcould
be that the improvement of the monomodal qualityeath
band implies also an improvement of the spectrallityu

Table 6: Quality budget for fusion of simulated syiPleiades images of
Toulouse

which is observed in multimodal indices. Anothepléation

could be that the MTF adaptation enhances the a&sinin

high frequencies that are not necessarily presetiié same

proportion in each band. The MTF adaptation provide

es nominal SNR 0.5 x nominal SNR
SNR SNR synthesized SNR SNR synthesized
images images images images
pefore. "ATWT [ ATWT-M3 | cor® FATWT | ATWT-M3-
-M3 | MTFadapted -M3 | MTFadapted
PAN| 147 - - 73.5 - -
BO 120 93 60 46
Bl 112 90 56 44
B2 130 10z 84 65 51 41
B3 13€ 10z 68 51

better representation of the contrast for each barte first
stage of the fusion process: the MSM (Fig. 2). Etisws the
IMM and therefore the HRIMM to be more precise het
quantity of information to inject in the synthesizenage.

B. The case of "noisy" images

Table 6 gives the quality budget for the fusionnoiisy

Table 7: Influence of MTF adaptation on the SNRhef synthesized image of
Toulouse

C. Normalized deviation to the MTF of the reference
image

All these indices demonstrate improvements brobgtthe
MTF adaptation. Nevertheless, they do not inform tba

Pleiades images by ATWT-M3 and ATWT-M3-MTFadaptedaspect of the MTF of the synthesized images. Carestty,

where the original SNR was divided by two. The cangon
between the two methods leads to the same conchisian
for the noiseless images: the MTF adaptation imgsothe
performances of the ATWT-M3 method, even in theecak
SNR divided by two compared to the nominal one.

The deconvolution amplifies the noise. Our MTF @dtapn
makes a deconvolution and a convolution with anoM&F
kernel. The entire process likely amplifies less tioise than a
single deconvolution. Table 7 presents the leveENR for
images synthesized with ATWT-M3 and ATWT-M3-
MTFadapted for various simulations of noise. Theults
confirmed the fact that the MTF adaptation ampdifimise: in
each case the SNR is higher for ATWT-M3. Visualhet
improvement of sharpness obtained by ATWT-M3
MTFadapted is more important than the diminutiontiod
SNR in comparison with ATWT-M3, in full agreementthv
the improvement in quality budget. But it is st
disadvantage if synthesized images are used fapplication
that is sensible to noise.

we perform a comparison of MTF between the refezesnud
the synthesized images in order to assess if thptation of
the MTF meets the expectations. Using the MTF enghality
assessment has been considered in [32]. A measase W
proposed based on norms Chi2 and L2 of the diffeen
between MTFs. [32] reported that one drawback wes t
inability to discriminate between over- and undstireation
of MTFs. Our proposed measure overcomes this drekvba
Here, the comparison is based on power and crosepo
spectral densities (resp. PSD and cross-PSD) ajémin the
Fourier domain [33]. For each bakdwe compute the cross-
psd of the synthesized imagBy.)*o and the corresponding
reference imagB, We then divide this cross-psd by the PSD
of Byo:

(MTFge)k = cross-PSD(R, (Bc)*o) / PSD(Ro) (2)

The quantity(MTFg)« is a normalized deviation to the
MTF of the reference imada. It denotes the behavior of the
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MTF of the synthesized imadBy,)*o compared to that d,,
as a function of the relative frequency. The idessult is a
constant equal to 1 for all frequencies. Valuesleméhan 1
indicate a lack of injected information for a peuiar
frequency and values greater than 1 an excesdasfriation.
Figures 7 and 8 display the results for the greandbof
respectively Pleiades and SPOT-5.

1.2 T T T T T T

ATWT-M3-MTFadapted

=== ATWT-M3

s,

o8k . g _‘_‘_“,;_,.‘.;';__‘_‘__;‘_f;,‘_;,-

dev
,
<

. -
’
0.6 ~ » 4

MTF

0.4 T

021 b

0 I I I I I I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Normalized frequency / sampling frequency PAN

Fig. 7: Modulation transfer function of the imagdSWT-M3 and ATWT-
M3-MTFadapted relative to the MTF of Pleiades

ATWT-M3-MTFadapted

== =ATWT-M3

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Normalized frequency / sampling frequency ~ PAN

Fig. 8: Modulation transfer function of the imag€BW-M3 and ATWT-M3-
MTFadapted relative to the MTF of SPOT-5

This was expected as discussed eatlier.

One may note in this figure thMTF4., exhibits a trough
between 0.1 and 0.15. The origin of the trough iack of
coherence between the frequencies of both imégier , and
Byo Tests show that it is mostly due to the combaratf the
preliminary resampling of the MS images becaussh@nges
the highest frequencies of the original MS imagesiad the
normalized frequency 0.125, and of the propertfethe filter
of the MSM. We have also observed that correcting f
aliasing in MS images has a beneficial effect os though
and partly remove it. Figures 7 and 8 clearly shbat the
drawback is reduced by the MTF adaptation. Nevertise
there is room for improvements that can be broughta
smarter resampling, aliasing correction, and a ebett
combination of the three models: MSM, IMM and HRIMM
especially taking into account the discrepanciesreémote
sensing physics between the PAN and MS images [16].

D. Visual analysis

Statistical results show thaj there is an improvement
brought by the MTF adaptation, aiiyl the improvement is
more important for Pleiades than for SPOT-5. Thés i
confirmed by visual observations.

Fig. 9 exhibits an excerpt of the red band of timeutated
Pleiades for Toulouse: (a) without MTF adaptati@y), with
MTF adaptation, and (c) the reference image. Theesl@ok-
up table is used for the three images. This exdeapt been
selected as it fully illustrates the benefit of tiMTF
adaptation. Image (c) is the objective to reachaQvhole (b)
is closer to (c) than (a). For example, the conling of the
white building is sharper in (b) than in (a). Théstrue for
many other buildings, streets and cars. Severallady-

In both graphsMTF., is closer to the ideal value 1 for spaced windows are visible on the roof of this dioi in the

ATWT-M3-MTFadapted than for ATWT-M3 for
frequencies. The improvement in geometry broughtthwy
MTF adaptation is demonstrated in this case.

We can observe according to MiLthat the improvement is

less important for SPOT-5 images than for Pleiadesgyes.

(a) (b)
Fig. 9: Excerpt of Pleiades images over Toulousenée. Red band synthesized with a) ATWT-M3, b) ATAM3-MTFadapted, c) reference image. Copyright
CNES 2000.

all reference image (c). Many of them can be distirgadsin (b)

due to the MTF adaptation whereas they are quitisibie in
(a).

This holds also for color composites and here ageinfind
an improvement when adapting the MTF.
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difference is noticeable for low degree and beconsggigible
VI. DISCUSSION when the degree is greater than 4.

A new measure: the MTF normalized deviatMfiFg, has W€ Show that pansharpening methods benefit fronusiee
been proposed to evaluate the performances of mnfusOf MTF. Reference [36] also shows that quality asseent
method with respect to the synthesis property esgee in benefits frpm the consideration of_ the MTF. The
terms of geometry. It highlights strengths and weakes in Pansharpening context (method and quality assespseems
the MTF of the synthesized image. This measure deas {0 be inseparable from the use and considerationeokTF.

used here in the case of simulation of images. Though this study is quite limited in methods aratag the

It could be used in the general case where no eefer present results are encouraging and may consttaey way

image is present at high resolution to assess yhthesis

to improve the restitution of geometrical featutssalready

property. In that case, the protocol of [11] andl][troposes to  fficient fusion methods.

perform the fusion process at a scale coarser ttharspatial
resolution of the original MS images. Thus, thegiol
imagesBy; become references against which the synthesized
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images(By,)*; are compared. One conclusion of our work is The authors would like to thank the anonymous regis

that the degradation of resolution should take Kt¥F into
account in an accurate way as done in the piorgpevork
[24].

We have demonstrated that taking into account the
difference in MTF between MS and PAN images leaus t
synthesized images of better quality. This work barapplied
to other concepts and not only to ARSIS [16]. luldobe
interesting to observe the difference of behavidr this
technique depending on the concept it is appliedTbe MTF
normalized deviation is one means of observation. 2]

We have shown how the difference in MTF between Iko
and high resolution can be taken into accountartstandard”
fusion method based on the ARSIS concept. We ha
observed for three cases a better restitution efgdometry
and an improvement in all indices classically useduality
budget in pan-sharpening. These results demonsgiratee
benefit of taking into account the MTF in the fusiprocess
andii) the value of our method for MTF adaptation.

Improvement is also observed in the case of noigges,
though the SNR is decreased by the MTF adaptation.

Several methods improve contrast by injecting nu@ils
when the correlation is high between the MS and RA&bes.
[34] computes the correlation between the MS and\ PAE]
images at the resolution of the original MS imag&hke
methods ATWT-RWM [5] and ATWT-M3-Sharpened [35][7]
compute the correlation between the wavelet plamtead of
the context. This increase in contrast yields aorovement of (8]
the MTF. However, the MTF is not improved in an
homogeneous manner with frequency and the resefisrils
on the correlation, on the way to compute the ¢atign, and
on the manner to use it to increase the injectfastetails. Our
calculations, not reported here, show that thecaton of the
MTF adaptation with these methods is less proféathlan (10]
when it is applied to a global method like ATWT-M3
presented here. By this improvement in contrastdhmeethods
improve the MTF of the fused image but the improgatns
not effective if structures are not correlated. @uanner to
improve the MTF is global and yields a better hopragjty of
the fused image with respect to geometry.

We also evaluate the impact of the degree of tHmesp |12
function used to resample images. We observedhbatigher
the degree, the better the MTF of the fused imalee
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