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ABSTRACT

Remote sensing using Synthetic Aperture Radar (SAR) is an indis-
pensable technology for effective disaster management, owing to
its large observation area, cloud penetrating ability and its indepen-
dence from sunlight, which allow for quick observation of large dis-
aster affected areas disregarding weather or time of the day. In par-
ticular, 3D measurement from SAR images could contribute a better
understanding of the affected area and speed up decision making.
Most methods require prior knowledge of the scene such as ground
control points to achieve a reasonable level of 3D measurement ac-
curacy, resulting in losing the advantage of quick observation. In
this paper, we propose an accurate 3D measurement method from
SAR images based on the principle of stereo vision without any prior
knowledge of the scene. We demonstrate the effectiveness of our
method compared with the conventional method through a set of ex-
periments using an airborne SAR image dataset.

Index Terms— SAR, radargrammetry, stereo vision, Earth el-
lipsoid

1. INTRODUCTION

Remote sensing is a technology using sensors mounted on satellites
or aircraft to acquire information about a specific ground surface
without physical contact [1]. It has been widely used not only in
observing the vegetation, temperature, and terrain of the Earth, but
also in observing areas affected by natural disasters such as earth-
quakes, tsunamis, and volcanic eruptions [2]. One of the funda-
mental and most important techniques in remote sensing is 3D mea-
surement. For example, during a natural disaster, 3D measurement
of the affected area is necessary for understanding the situation of
the affected area, assessing the damage, reducing the effects of the
disaster, and planning rescue operations. Other applications of 3D
measurement using remote sensing include canopy structure analy-
sis [3, 4], urban DEM generation [5], and 3D measurement of moun-
tains such as Mt. Fuji [6]. One of the most widely used radars in
remote sensing is the Synthetic Aperture Radar (SAR). SAR is an
imaging radar using antennas mounted on a moving platform such as
a satellite or an airplane to scan the surface of the Earth by emitting
radio waves and receiving their reflected waves. Apart from com-
mon radar properties such as independence from weather or time
of the day, SAR uses pulse compression and aperture synthesis to
achieve extremely high spatial resolution. In this paper, we focus on
3D measurement of the target area by utilizing the features of SAR
as described above.

There are two approaches to 3D measurement from two SAR
images: Cross-track Interferometric SAR (InSAR) [7] and radar-
grammetry [8]. InSAR measures the height of the target area from
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the phase difference between two SAR images by solving phase dis-
continuity using phase unwrapping. Although the measurement ac-
curacy of InSAR is high, InSAR needs two SAR images of the same
area with only slightly different angles, limiting the flight path for
SAR image acquisition, and ground control points are indispensable
in phase unwrapping in order to obtain absolute elevation values.
Radargrammetry measures the height of the target area by using the
correspondence between two SAR images of the same area taken
on different flight paths. Compared to InSAR, radargrammetry can
measure absolute height, but with lower accuracy [8]. In our previ-
ous work, we proposed a 3D measurement method from two SAR
images based on the principle of stereo vision [9]. We have achieved
a high measurement accuracy comparable to InSAR by defining in-
ternal and external parameters and the SAR projection model for
stereo vision, and introducing parameter optimization based on the
minimization of the reprojection error. This method has three prob-
lems: (i) parameter optimization is highly dependent on the terrain
characteristics, (ii) it assumes that the Earth is flat, and (iii) it re-
quires additional information such as the average height of the scene.

Addressing these problems and improving the accuracy of 3D
measurement, we propose a 3D measurement method from SAR im-
ages without any prior knowledge of the scene. We define a new
SAR projection model that takes the Earth ellipsoid into account,
and propose a parameter optimization method that is not affected by
the terrain characteristics. We demonstrate the effectiveness of the
proposed method through experiments using airborne SAR images
taken near Mt. Aso, Kumamoto, Japan.

2. 3D MEASUREMENT USING SAR IMAGES

This section presents our 3D measurement method from SAR im-
ages that takes into account the model of the Earth ellipsoid. First,
we define the internal parameters required for the SAR projection
model and the external parameters that represent the relative position
of the antenna between the two images. Next, we define new exter-
nal parameters that take into account the Earth ellipsoid and derive
the theoretical formulas required to calculate the 3D coordinates.

2.1. SAR Projection Model

The SAR projection model is defined by the relation between the
position of the target in 3D space and that in 2D space in the SAR
image. We employ the digital image coordinate system for the 2D
coordinate system as shown in Fig. 1 (a), where the u axis corre-
sponds to the azimuth direction, the direction in which the airplane
moves, while the v axis corresponds to the range direction, direction
in which the antenna scans the surface. We also employ the radar
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Fig. 1. Digital image coordinate system (a) and radar coordinate
system (b).
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coordinate system for the 3D coordinate system as shown in Fig. 1
(b). The radar coordinate system is defined based on a point P on
the Earth ellipsoid just below the antenna. We define the X -axis di-
rection as the range direction, the Y '-axis direction as the azimuth
direction, and the Z-axis direction as normal to the Earth ellipsoid at
point P. Note that the position of P can be easily calculated from the
latitude and longitude of the airplane and the Earth ellipsoid model.
The relation between the radar coordinate system (X, Y, Z) and the
digital image coordinate system (u,v) is given by

u .Y, 9]

Qo (\/(X0+X)2+(Z0—Z)2—DSL> , ?2)

v =
where Xy is the horizontal distance from the antenna to the target
corresponding to the SAR image origin, Dgsy, is the linear distance
to the SAR image origin, and Zj is the height from P to the antenna.
oy and a, are the inverse of the SAR image resolution along the
azimuth and range directions, respectively. X is calculated from Zy
and Dy, using the Pythagorean theorem. We define av,, oy, Zo, and
Dsy, as the internal parameters of the SAR projection model, which
are obtained from the metadata during SAR image acquisition.

2.2. External Parameters Based on Earth Ellipsoid

In our previous work [9], the Earth was assumed to be flat and both
radar coordinates in Fig. 2 were approximated to have parallel Z-
axes, resulting in large measurement errors depending on the obser-
vation conditions. In our method proposed in this paper, we define
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the external parameters of SAR taking into account that the Earth
is an ellipsoid to improve the accuracy of 3D measurement. Let P
and P’ be the points on the Earth ellipsoid directly below each SAR
antenna, respectively, and (X,Y, Z) and (X', Y’, Z') be the radar
coordinate system with origin P and P’ for each SAR antenna, re-
spectively, as shown in Fig. 2. The relation between both radar
coordinate systems can be written by

X' X
Y |=R| Y | +¢, 3)
z' z

where R and t are a 3 x 3 rotation matrix and a translation vector,
respectively, which are given by

Rii Ri2 Ris tx
R=| Ra1 Re2 Ros |, t=| ty |. 4)
R31 Rs3z Rass tn

We define (R, t) as the external parameters of SAR.

2.3. Theoretical Formula for 3D Measurement

If the correspondence between two SAR images can be obtained,
the 3D coordinates of the target can be calculated using the SAR
projection model and the relation between radar coordinate systems.
Let (u,v) and (v, v") represent the 2D coordinates of SAR image 1
and 2, respectively. (u, v) and (u’,v") are given by

u = auY, ©)
o = a(VXo+ X2+ (% 22 -Ds1), (6
v = a, (XRa1+YRa+ ZRos +ty), (N
v = a,{((Xo+ XRi1 +YRi>+ ZRis + tx)*

+(Zh — XRa1 — Y Raz — ZRaz — t2)%)?
_DiL}. @®)

By selecting three out of the four equations and solving them as si-
multaneous equations, we can analytically obtain 3D coordinates.
For example, if Eq. (5)-(7) are selected, (X,Y, Z) is derived as

2
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where a, b, ¢, and d used in c are given by
a = Ris+Ra, (12)
= —2(Rssd + R3,20), (13)
2
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2.4. 3D Measurement Algorithm

The 3D measurement algorithm proposed in this paper consists of (i)
parameter setting, (ii) ground projection, (iii) image correspondence,
(iv) external parameter optimization, and (v) 3D measurement. The
details of each step are described below.

(i) Parameter Setting: The first step is to set the SAR internal and
external parameters. The internal parameters are obtained from the
metadata of the SAR image acquisition. The external parameters are
calculated from the two antenna positions, the flight direction, and
the Earth ellipsoid model.

(ii) Ground Projection: Ground projection is an important process
for image correspondence to suppress the deformation between SAR
images. The SAR image can be projected onto the X — Y plane us-
ing Eq. (1) and (2), however this process requires the height Z of
each pixel. Most methods employ the average height of the scene
taken from the metadata to perform the ground projection. The
proposed method performs ground projection without requiring any
prior knowledge of the scene. We perform rough image correspon-
dence matching between SAR images projected onto the X — Y
plane using Z, which is in the range of 0—-4000m with 500m incre-
ments. Note that we use the same image correspondence matching
method as in the next step. We select the Z with the highest match-
ing score as the average height for ground projection and perform
corresponding matching for all pixels.

(iii) Image Correspondence: We employ an image correspondence
method using Phase-Only Correlation (POC) [10] since its effective-
ness in SAR image processing has been previously demonstrated [9,
11, 12, 13, 14]. POC is an image matching technique that uses phase
information obtained by Discrete Fourier Transform of the given im-
ages [15]. The correspondence matching method using POC em-
ploys (i) a coarse-to-fine strategy using image pyramids for robust
correspondence search and (ii) a sub-pixel translational displace-
ment estimation method using POC for local block matching [10].
(iv) External Parameter Optimization: The external parameters
defined by Eq. (4) contain a small amount of error since they are
obtained from the flight information measured by GPS. We optimize
the external parameters by minimizing the reprojection error in the
same way as in stereo vision. Only corresponding points with high
matching scores are selected to reduce the effect of outliers. We di-
vide the SAR image into m regions and extract n points with the
highest matching score from each region since the corresponding
points may be locally concentrated, where m = 25 and n = 30 in
this paper. RANSAC [16] is used to simultaneously minimize the
reprojection error and further remove outliers. Finally, the param-
eters that give the lowest reprojection error and have more than a
minimum number of inliers are selected.

(v) 3D Measurement: The 3D coordinate (X,Y, Z) for each pixel
in the reference image is calculated using the internal and external
parameters obtained in steps (i) and (iv), the correspondence ob-
tained in step (ii), and Egs. (9)—(11)).

3. EXPERIMENTS AND DISCUSSION

This section describes the performance evaluation of the proposed
method through experiments using airborne SAR images. In the
experiments, we use SAR amplitude images taken by the airborne
X-band SAR system developed by National Institute of Information
and Communications Technology (NICT), Japan [17]. There are 3
image pairs (Aso A, B, and C) taken near Mt. Aso, Kumamoto,
Japan. Fig. 3 shows the image pairs of Aso A, B, and C. We perform
3D measurement of the ground surface from two SAR amplitude
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Fig. 3. Slant-range image pairs used in the experiments: (a) Aso A,
(b) Aso B, and (c) Aso C.

images using the conventional method [9] and the proposed method.
The measurement accuracy of each method is evaluated by compar-
ing each result with a Sm-mesh digital elevation model (DEM) pro-
vided by the Geospatial Information Authority of Japan (GST)'. In
the conventional method, the elevation values can be easily obtained
from the measurement results since this method is based on a plane
with Om elevation. In the proposed method, the elevation values are
obtained by converting the measurement results first into latitude,
longitude, and ellipsoid height using the reference ellipsoid GRS80,
and then converting them to elevation values using the geoid model
of the Earth. The measurement accuracy of each method is evalu-
ated by the mean and standard deviation of errors compared to the
DEM. In the conventional method, the average height of the scene
obtained from the metadata is used as the height of the ground pro-
jection plane before image correspondance. In the proposed method,
the height of the ground projection plane is obtained by the proce-
dure described in Sect. 2.4 (ii).

Fig. 4 shows the height maps and error maps for Aso A. Note
that the gray color indicates the area where no corresponding points
were obtained. No significant difference can be seen between both
methods from the height maps. On the other hand, we can observe
that the proposed method has less error in the whole scene from the
error maps. Table 1 summarizes the mean and standard deviation
of errors compared to the DEM for Aso A, B, and C. The proposed
method without parameter optimization shows better performance
than the conventional method by considering the Earth ellipsoid. The
measurement accuracy of the conventional method is not improved
by the parameter optimization, while that of the proposed method is
improved by the parameter optimization.

4. CONCLUSION

We proposed a novel 3D measurement method from two SAR im-
ages using the principle of stereo vision. We used the Earth ellipsoid
model in the SAR projection model, and considered a parameter op-
timization method without any prior knowledge of the scene. We
demonstrated the effectiveness of the proposed method through ex-
periments using airborne SAR images. In the future, we plan to
further improve the correspondence matching step by considering
the ground projection plane on a per pixel basis and we also plan

https://www.gsi.go.jp/kiban/
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Fig. 4. Experimental results for Aso A.

Table 1. Mean and standard deviation of errors [m] compared to DEM.

Method Parameter optimization Aso A Aso B Aso C

Maruki [9] —-3.6+3.2 —5.1£3.3 —5.74+4.0

v 6.1+4.1 —1031£200 —36.6=£9.7

Proposed —-1.9+£3.0 —4.1£29 —53£3.7

v —04+31 -—-1.74+3.0 -—-2.5+3.7
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