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Abstract. Photo maps, i.e., 2D grids that provide a large scale bird’s
eye view of the environment, are of interest for many application sce-
narios but especially for safety and security missions. We present a very
efficient and robust algorithm for this task, which only uses registration
between consecutive images, i.e., it does not require any localization.
The algorithm is benchmarked in USARsim, where the video stream of
a down-looking camera of an aerial vehicle, namely a blimb, is used to
generate a large scale photo map.

1 Introduction

Unmanned Aerial Vehicles (UAV) are promising tools for a fast first situation as-
sessment in Safety, Security, and Rescue Robotics (SSRR). They are ideal eyes in
the sky that cooperate with Unmanned Ground Vehicles (UGV), which provide
the advantages of e.g. higher payloads and of options for mobile manipulation.
Figure [l shows a typical application scenario where a Jacobs land robot and an
UAV cooperating at European Land Robotics Trials (ELROB) 2007 in Monte
Ceneri, Switzerland. This scenario, in which the Jacobs team won the 1st place,
required that the UAV detects hazard spots like seats of fire, which the land
robot has to reach [I]. The online generation of a detailed aerial photo map by
the UAV is of obvious interest in according SSRR missions.

Precise localization of UAVs is very challenging for several reasons. First of
all, they typically only have a limited payload for sensors. Second, commonly
found solutions like GPS receivers in combination with compasses only provide
coarse pose information, which is not sufficient to fuse a sequence of images into
a usable photo map. An alternative approach is to completely omit the problem
of localization through additional sensors, and to only use the information in
two sequentially acquired images to determine the robots movement between
the two frames.

There is hence related work in the computer vision community. Optical flow
techniques 2IBHEIGI6IT] are also targeted at motion estimation, but they are best
suited for only estimating robot states for control, especially for aerial vehicles
[8]. The classic optical flow techniques namely suffer from too large errors when
the state is integrated for proper localization. An other line of research is related
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Fig. 1. A Jacobs land robot and an aerial robot cooperating in one of the scenarios at
the European Land Robot Trials 2007 (ELROB) in Monte Ceneri, Switzerland. The
aerial robot has to find and locate hazard spots like seats of fire, which the land robot
then has to reach.

to computer vision work on structure from motion [QTOITTIT2]. The methods
are characterized by various application constraints, especially on the camera
motions, as they were developed for specialized 3D model acquisitions. Here, an
unconstrained integration of sequential 2D images is investigated.

So, the task here is that regions of overlap between two consecutively ac-
quired images have to be found and suitably matched. This process of finding
a template in an image is also known as registration [T3T4UTHITETTITSITI]. But
the task at hand is more difficult than mere registration as the region of over-
lap is unknown and it usually has undergone non-trivial transformations due
to the robot’s movements. This is comparable to image stitching [20], which is
for example used to generate panoramic views from several overlapping pho-
tographs. We used this idea of employing stitching methods already before for
merging 2D occupancy grid maps generated by multiple robots [21]. The scale
invariant feature transform (SIFT) introduced by Lowe [20122] is at present
the most popular basis for image stitching. SIFT delivers point-wise correspon-
dences between distinctive, non-repetitive loc al features in the two images.
The number of detected features is significantly smaller than the number of
pixels in the image. Other methods for identifying features include local im-
age descriptors like intensity patterns [23J24] and the Kanade-Lucas-Tomasi
Feature Tracker (KLT) [25]. Based on the Fourier Mellin transform for im-
age representation and processing [26], we have developed an improved ver-
sion that outperforms SIFT and KLT with respect to processing time and
robustness as shown in experiments with real world images including aerial
data.

This algorithm is applied here to generating photo maps and benchmarked in
the Unified System for Automation and Robotics Simulation (USARsim) [27].
USARsim has the significant advantage that it provides a high fidelity phys-
ical simulation, i.e., realistic test data, while ground truth information of the
robot is given [2829/30J3T]. This facilitates experimental validations, especially
as supplements to field work where ground truth is not known.
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The rest of this paper is structured as follows. A Fourier Mellin based approach
to image registration is presented. It can be used to generate photo maps in a
fast and robust way. In section 3, the approach is tested through experiments
with a aerial vehicle in USARsim. Due to the availability of ground truth data,
a quantitative assessment of strengths and weaknesses is possible. Section 4
concludes the paper.

2 Photo Mapping with Improved Fourier Mellin
Registration

First, some basic terms and concepts are introduced on which our algorithm for
photo mapping is based. The classical Matched Filter (MF) of two 2D signals
r#* (—x,—y) and s(x,y) is defined by:

o(z,y) = //_O;s(a,b)r ¥ (a - 2,b — y)dadb (1)

This function has a maximum at (x0,y0) that determines the parameters of a
translation. One limitation of the MF is that the output of the filter primarily
depends on the energy of the image rather that on its spatial structures. Fur-
thermore, depending on the image structures the resulting correlation peak can
be relatively broad. This problem can be solved by using a Phase-Only Matched
Filter (POMF). This correlation approach makes use of the fact that two shifted
signals having the same spectrum magnitude are carrying the shift information
within its phase (equlZ). Furthermore the POMF calculation is much faster than
the MF because if a signal frame of size 2V is used, the advantages of the Fast
Fourier Transform (FFT) can be exploited.

The principle of phase matching is now extended to additionally determine
affine parameters like rotation, scaling and afterward translation.

f(t—a)o — o F(w)e (2)
When both signals are periodically shifted the resulting inverse Fourier transfor-
mation of the phase difference of both spectra is actually an ideal Dirac pulse.
This Dirac pulse indicates the underlying shift of both signals which have to
registered.
d(t —a)o— ele™” (3)
The resulting shifted Dirac pulse deteriorates with changing signal content of
both signals. As long as the inverse transformation yields a clear detectable
maximum this method can used for matching two signals. This relation of the
two signals phases is used for calculating the Fourier Mellin Invariant Descriptor
(FMI). The next step for calculating the desired rotation parameter exploits the
fact that the 2D spectrum [l rotates exactly the same way as the signal in the
time domain itself (equf):

s(z,y) = r[(z cos(a) + ysin(a)), (—zsin(a) + y cos(x))] (4)
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| S(u,v) |=| R[(ucos(a) + vsin(a)), (—usin(a) + v cos(a))] | (5)

where « is the corresponding rotation angle.

For turning this rotation into a signal shift the magnitude of the signals spec-
trum is simply re-sampled into polar coordinates. For turning a signal scaling
into a signal shift several steps are necessary. The following Fourier theorem

7)o~ ear(aw) (6)

shows the relations between a signal scaling and its spectrum. This relation can
be utilized in combination with another transform called Mellin transform which
is generally used for calculations of moments:

VM(f) = /0 ()21 (7)

Having two functions v1(z) and v2(z) = vl(az) differing only by a dilation the
resulting Mellin transform with substitution az = 7 is:

VM (f) = /OOO vl(az)z™ ~tdz

0

= a” VM (f) (8)

The factor a="27f = ¢=27f1n(a) j5 complex which means that with the following
substitutions

z=re ' In(z) = —t,dz = —e ldt,

z—0—1t—00,2z—00—t— —00 9)

the Mellin transform can be calculated by the Fourier transform with logarith-
mically deformed time axis:

VM(f) = /700 v(e e 2T =D (_e=t)dt

o0

— /OO v(e e 2t (10)

— 00

Now the scaling of a function/signal using a logarithmically deformed axis can
be transfered into a shift of its spectrum. Finally, the spectrum’s magnitude
is logarithmically re-sampled on its radial axis and concurrently the spectrum
is arranged in polar coordinates exploiting the rotational properties of a 2D
Fourier transform as described before. Scaling and rotation of an image frame
are then transformed into a 2D signal shift where the 2D signal is actually the
corresponding spectrum magnitude of the image frame.
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Here, a sketch of the overall algorithm. The POMEF is calculated as follows:

1. calculate the spectra of two corresponding image frames
2. calculate the phase difference of both spectra
3. apply an inverse Fourier transform of this phase difference

The following steps are taken for a full determination of the rotation, scaling
and translation parameters:

1. calculate the spectra of two corresponding image frames

2. calculate the magnitude of the complex spectral data

3. resample the spectra to polar coordinates

4. resample the radial axes of the spectra logarithmically

5. calculate a POMF on the resampled magnitude spectra

6. determine the corresponding rotation/scaling parameters from the Dirac
pulse

7. re-size and re-rotate the corresponding image frame to its reference counter-
part

8. calculate a POMF between the reference and re-rotated/scaled replica image

9. determine the corresponding x,y translation parameters from the Dirac pulse

The steps are used in the Fourier Mellin based photo mapping in a straight-
forward way. A first reference image Iy is acquired or provided to define the
reference frame F' and the initial robot pose pg. Then, a sequence of images I,
is acquired. Image I is processed with the above calculations to determine the
transformations T({W between Iy and I; and hence the motion of the robot. The
robot pose is updated to p; and I; is transformed by according operations TZ to
an image I in reference frame F. The transformed image I is then added to the
photo map. From then on, the image I/, i.e., the representation of the previous
image in the photo map, is used to determine the motion-transformations 7M
in the subsequent image I, 1, which is used to update the pose p,11 and the
new part I}, for the photo map.

3 Experiments and Results

Figures [2] and [3] show results of using the algorithm with real world UAV data
for photo mapping. No localization information for the UAV is given, not even
GPS data, only the raw video data is used. This real world data is well suited
for a comparison with alternative approaches like SIFT, but only on the basis
of a comparison of the performance between two consecutive images, i.e., sin-
gle registration steps. In doing so, it can be shown that SIFT performs poorly
on scenes with few distinct features and that it is in addition computationally
expensive.

The real world data is much less suited for assessing the quality of the photo
mapping approach in a quantitative way as ground truth information is not avail-
able. The significant advantage of the following experiments within USARsim is
that this restriction does not hold there. The presented results were processed by
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Fig. 2. An image map generated with iFMI in real-time from about 300 images acquired
with an UAV. The scene involves several challenges, especially large featureless areas.

a MATLAB implementation. A first C/C++ implementation were tested with 4
different frame sizes: (192x192) = 150msec, (256x256) = 230 msec, (320x320) =
260 msec and (480x480) = 430 msec on a standard PC with a 1.7 GHz CPU. The
processing times already include data acquisition and overview display using the
INTEL OpenCV library.

As one can see in figure [[, the approach works also well in USARsim to gen-
erate interesting overviews of a scenario - like a disaster scene - from the video
stream of an aerial vehicle. The visual quality of the photo map is fully sufficient
for mission planning and other qualitative tasks. The next question is how the
approach performs in quantitative terms. Figures @ [l and [f show a direct com-
parison of the estimated versus the ground truth positions. The x-axis shows time
in terms of steps for 180 consecutively acquired images. The y-axis shows abso-
lute coordinates in meter, respectively pixels for global x- and y-coordinates. The
scaling shown in figure 6] shows the estimated, respectively ground truth scaling
effects of the elevation of the aerial vehicle above ground; the higher the vehicle
flies above ground the smaller the images its camera delivers. As mentioned, the
generated photo map has a sufficient quality for performing high level tasks with
it. But the quantitative analysis with USARsim allows to study the effects of the
cumulative errors in the localization. Concretely, it can be shown that there is a
severe drift in the real versus the estimated position, i.e., that the approach has
its limits in the current form for localization. This is of interest for further work
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Fig. 3. About 600 areal images from an UAV are combined by iFMI in real-time into
an image map
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Fig. 4. Comparison of the estimated and the real translations along the x-axis
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Fig. 5. Comparison of the estimated and the real translations along the y-axis
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Fig. 6. Comparison of the estimated and the real scaling, i.e., the effects of the elevation
of the blimp above ground
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Fig. 7. Photo map M generated from a sequence of 180 images in USARsim from
blimp without known poses
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along this line of research, especially for incorporating this new visual odometry
approach into a Simultaneous Localization and Mapping (SLAM) framework.

4 Conclusion

A Fourier Mellin Transform based approach to photo mapping was presented. It
is benchmarked with experiments with videos from a blimp in USARsim. This
has the advantage over field experiments that the data is physically realistic
while ground truth is known for a detailed analysis. The experiments show that
the approach is robust and fast. But the ground truth comparisons in USARsim
also reveal limits of the approach, especially with respect to robot localization.
While the photo maps are usable and provide an interesting overview of for
example an incident scenario, the ground truth analysis shows that there is a
clear drift in the localization estimation.
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