
FULLY AUTOMATED MOSAICKING OF PUSHBROOM AERIAL IMAGERY

Claude Cariou, Kacem Chehdi

TSI2M Laboratory - ENSSAT/University of Rennes 1
6, rue de Kerampont, BP 80518

22305 Lannion, France

ABSTRACT
This communication addresses the problem of the automatic
mosaicking of raw images acquired by airborne pushbroom
imagers. Using appropriate ancillary data issued from GPS
and inertial measurements, we show how the mutual infor-
mation criterion can be used to improve the co-registration
and direct georeferencing of overlapping ight lines by esti-
mating unknown or inaccurate elevation data. The proposed
approach does not require any control point to work, and re-
quires only few iterations to improve the initial pose. The
mosaicking task itself is performed in a very simple manner.
We describe the proposed system, and assess the robustness of
our method with an example of application to the mosaicking
of multi-track real multispectral image data.

Index Terms— Information theory, Image registration,
Variational methods, Image processing, Geometry

1. INTRODUCTION

Mosaicking of Earth Observation (EO) images is the task of
combining several images into an image mosaic which covers
a large area and therefore can be used for mapping, land use
classi cation, and change detection [1] [2]. Although image
mosaicking is frequently performed for spaceborne imagery,
the case of airborne multi- / hyper-spectral pushbroom imag-
ing systems is very challenging due to (i) atmospheric turbu-
lence with effects on the external orientation of the camera;
(ii) variations of the terrain height; (iii) variations in the spec-
tral radiance for same targets under different viewing condi-
tions [3] [4] [5]. Traditionally, the mosaicking of raw im-
ages acquired by pushbroom imagers such as CASI, AISA,
or AVIRIS is performed only once the georeferencing step
is done for every image to be included in the mosaic. Geo-
referencing is the way of providing accurate coordinates in a
given geodetic or map coordinate system to pixels of remotely
sensed images. In the case of aerial pushbroom imagers there
are two ways of performing the georeferencing: the rst one
is based on the use of a set of ground control points and im-
age points from which adequate interpolation procedures are
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used to georectify the raw distorted image [6]. The second
one which is mostly used is called direct georeferencing [7].
It requires a set of ancillary data related to the exterior orien-
tation of the pushbroom imager and collected jointly with the
raw image. These data are then mixed up in a post-acquisition
processing to produce the georecti ed/georeferenced image.
The set of ancillary data is acquired by a GPS/INS (iner-
tial navigation system) and provides the position (typically in
Lat/Lon), the height above the reference ellipsoid (typically
WGS84) and the attitude parameters (in roll, pitch and yaw)
of the aircraft for each scan line of the raw image. However,
this dataset is generally not suf cient to provide accurate po-
sitioning in the geocorrected image, and it is necessary to use
a digital elevation model (DEM) in order to achieve suf cient
accuracy (typically sub-pixel to few pixels RMS error), espe-
cially for wide angle cameras.
One problem with direct georeferencing relies in the ac-

curacy of the ancillary data and the DEM. Indeed, some of the
positioning or aircraft attitude measurements may be altered
by systematic errors which should be accounted for. More-
over, the DEM data is not always available or may not be
enough accurate.
In this communication, we address the problem of the au-

tomatic mosaicking of images acquired by airborne pushb-
room imagers. The step of co-registration of contiguous ight
strips is emphasized, since it is the most dif cult. In order to
perform accurate registration of raw images without de ning
control points, we suggest the use of the mutual information
criterion into a variational approach setting, aiming at the es-
timation of an unknown DEM.
In Section 2, we will describe our approach in detail. In

Section 3, we will present some experimental results involv-
ing data acquired by an AISA Eagle pushbroom imager. A
conclusion will be given in Section 4.

2. PROPOSED MOSAICKING APPROACH

2.1. Deformation model

The automatic registration of a raw image acquired by a mul-
tispectral scanner onto a reference image requires a precise
modeling of the deformation processes which are involved.
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Let us de ne Ω = Ωi × Ωj as the set of coordinates of a raw
image. Ωi = {1, . . . , N} is the set of across-track coordi-
nates, and Ωj = {1, . . . , M} is the set of along-track coor-
dinates. From classical photogrammetry [8], it can be shown
that the ground coordinates (xij , yij) of a pixel with coordi-
nates (i, j) in the raw image are given by:[

xij

yij

]
=

[
cos θj − sin θj

sin θj cos θj

] [
X ′

ij

Y ′
ij

]
+

[
Xj

Yj

]
, (1)

with θj the instantaneous aircraft heading and (X ′
ij , Y

′
ij) the

relative unreferenced and unoriented ground pixel coordinates
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with z = [{zij}]i∈Ωi,j∈Ωj the topographic height of the im-
aged scene; [XYZ] = [{Xj}; {Yj}; {Zj}]Tj∈Ωj

are the lo-
cations of the sensor in an arbitrary coordinate system (for
instance, X is the position in Easting, Y is the position in
Northing, and Z is the height above the ground level); ci =
tan(FOV

2 ) 2(i−i0)
N where i0 is the index of the pixel located at

the principal point in the image plane and FOV is the eld of
view of the pushbroom sensor; the coef cients rkl are given
by the 3-D rotation matrix for each scan line j:⎡
⎣ r11,j r12,j r13,j
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r31,j r32,j r33,j

⎤
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⎤
⎦ .
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0 1 0
− sinφj 0 cos φj

⎤
⎦ .

⎡
⎣ cos κj sin κj 0

− sin κj cos κj 0
0 0 1

⎤
⎦ , (3)

where ωj , φj and κj are the instantaneous absolute values
of respectively the roll, pitch and yaw angles of the aircraft
which de ne the external orientation of the camera.
Summarizing, the georeferencing of every pixel in a raw

(deformed) image is possible as soon as the whole deforma-
tion process D(X,Y,Z, ω, φ, κ, z) is known. In the follow-
ing, we will consider that all the ancillary data is available
and accurate, but the DEM (or equivalently z) is not available
or inaccurate on the area where two or more ight tracks are
to be mosaicked. Note that the z data is in fact an interpola-
tion of the georeferenced DEM w.r.t. the current deformation
process.

2.2. Mutual information comparison functional

Aerial surveys over large areas and involving several ight
tracks are often performed in a short time slot (typically up to
two hours) in order to overcome bidirectional re ectance dis-
tribution function (BRDF) effects with varying viewing and
sun incidence angles [2]. Indeed, BRDF effects are known to
alter the radiance of target materials, making dif cult tasks

such as land use classi cation. Therefore, overlapping re-
gions imaged at different times and from different position
may not look similar in radiance, which makes image com-
parison functionals such as the means squared error or the
correlation ratio useless. In such a case, the use of the mu-
tual information between images should be preferred [9] [10]
[11].
Let D1 and D2 the deformation processes which give rise

to raw images I1 and I2, respectively, and corresponding to
adjacent ight tracks. We have considered the maximization
of the following criterion w.r.t. the unknown DEM:

JMI(DEM) = MI(I1, I2 ◦ D−1
2 ◦ D1) , (4)

where the mutual information between two images I1 and I2

is given by:

MI(I1, I2) =
∫

R2
fI1,I2(u, v) log

fI1,I2(u, v)
fI1(u)fI2(v)

dudv (5)

fI1,I2 represents the joint pdf of images I1 and I2, and fI1

and fI2 are the marginal pdfs.
Note that I2 ◦ D−1

2 ◦ D1 is supposed to align more or less
with I1: I2 is rst geocorrected by the inverse deformation
process D−1

2 and then interpolated by the direct deformation
process D1.

2.3. Optimization by variational approach

Optimizing Eq. (4) w.r.t. the unknown DEM is a dif cult task
due to the high nonlinearity of the image formation processes.
This is why we have performed the optimization of the DEM
by a variational method, approximating elevation variations
by ltered weighted gradients of the current image Ic(z1) =
I2 ◦D−1

2 ◦D1(z1). More precisely, the gradient ow we have
set up writes:

⎧⎪⎨
⎪⎩

(z1)t =
[
− 1

|Ω|
[
ψ ∗ ∂Lz1

∂v

]
(I1, Ic(z1)) ∇iIc(z1)

]
∗ g

z1|t=0 = z10

(6)

where

∂Lz1

∂v
=

1
fI1,Ic(z1)(u, v)

∂fI1,Ic(z1)(u, v)
∂v

− 1
fIc(z1)(v)

∂fIc(z1)(v)
∂v

, (7)

ψ is the kernel used to smooth the joint pdf fI1,Ic(z1), and g
represents the impulse response of a 2-D low-pass lter used
to regularize the solution. The initial z10 can be chosen as
either a constant or an interpolation of an approximate DEM
when available. Note that the gradient used is relative to the
coordinate index i, because the difference between I1 and Ic

which is induced by inaccurate elevation data is prominent in
the across-track direction.
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2.4. Co-registration system for DEM estimation

Figure 1 depicts the system which was nally implemented
for the co-registration of two adjacent ight tracks. The sys-
tem was divided into processing blocks. The NAV block com-
putes ground map coordinates (x,y) from the ancillary and
DEM data using Eqs. (1)-(3) for both images. The GeoRef
block performs the georeferencing of raw images, i.e. drapes
these into the chosen coordinate system. The Interpol
block interpolates a georeferenced image with a given set of
map coordinates and is in fact the reverse of the GeoRef
function. Finally, the Mutual Info block computes the
variations in the z1 data in Eq. (6) from which a variation of
the dDEM is added to the initial DEM0 to provide the current
estimate ̂DEM.
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Fig. 1. DEM estimation from overlapping image data with
associate ancillary measurements.

2.5. Radiance correction procedure

The mosaicking of overlapping remote sensing images is usu-
ally performed by selecting at each pixel location the radiance
value(s) from one of the two registered images. This simple
scheme, which we have used in our experiments, moreover
avoids the mixing of data which can severely alter the ex-
pected mosaic. However, due to BRDF effects, the alignment
of intensity values at registered pixel sites in a given spectral
band is highly unlikely, but generally follows a linear func-
tion with a good correlation ratio. Hence, we have developed
a procedure which computes the mean proportionality coef-
cient between individual pixel radiances belonging to adja-
cent images. This multiplicative coef cient was then applied
to normalize intensity values of one image w.r.t. the other
one.

3. EXPERIMENTAL RESULTS

In order to assess the proposed scheme, we have rst per-
formed the mosaicking of two ight tracks acquired May 11,
2007 in the region of Le Mans, France, using the hyperspec-
tral system AISA Eagle in full swath mode. The objective of
this survey was multiple, including the detection of diseases
in barley crops and the harvest forecast of peas and wheat.
Raw images I1 and I2 are both 955 × 2200 pixels. Figure
2 shows an overlay of two adjacent image strips I1 and Ic in
their initial pose, i.e. without DEM re nement. In this case
the initial DEM was set up constant with 120 meters height
above the mean sea level. The co-registration system de-
scribed above was run for 15 iterations. The nal estimate of
z1 in Figure 2-(c) shows height values in the range [123−140]
meters. Note that the upper part of the nal z1 remains at the
initial altitude, i.e. 120 meters. To assess the co-registration,
we have computed the RMS location error using 20 control
points between I1 and the initial Ic(z10) rst, and then the -
nal Ic(z1). The RMS error has shown to decrease from 11.50
pixels to 3.13 pixels after processing, which proves the ef -
ciency of our approach.
Finally we have performed a full mosaicking of a set of

six ight tracks acquired over a coastal zone located in Lan-
ros, Brittany, France, with true elevation data in the range
[0 − 30] meters. The DEM data was constructed by adding
contributions of DEM corrections from one track to another
in a forward-backward scheme. Our system was started using
a zero DEM. Figure 3 shows the nal DEM estimate as well as
the corresponding SRTM DEM available from the Seamless
Data Distribution System for comparison [12]. Despite its
smoothness, our DEM estimate was able to detect a mound in
the upper right part of the mosaic, which is not present in the
SRTM data. Original (without DEM) and nal mosaics are
also given and show the improvement in co-registration and
radiance alignment brought by our approach. The planimetric
RMS error computed from 100 control points on overlapping
images is around 3 pixels and the altimetric RMS error be-
tween our DEM estimate and the SRTM DEM is below 10
meters.

4. CONCLUSION

In this communication, we have described a system which al-
lows the automatic mosaicking of pushbroom optical remote
sensing images. This system accounts for the large deforma-
tion processes which occur in aerial imaging and automati-
cally corrects the direct georeferencing step for unknown el-
evation variations by a mutual information approach, which
avoids the use of any control points between adjacent ight
tracks. The optimization of the criterion is performed by a
variational method. The radiance correction step itself is per-
formed in a simple fashion based on a linear regression of
radiance measurements between adjacent images. Extensions
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Fig. 2. Automatic registration of adjacent ight tracks: Top:
initial pose ; middle: nal pose ; bottom: nal estimate of z1

obtained from the gradient ow in Eq. (6).

of this work are foreseen concerning the estimation of un-
known or inaccurate ight parameters such as boresight an-
gles and drifts.
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