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Combining high-resolution optical and SAR data for rectangle
building detection and height estimation in urban areas
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Abstract: A new complete scheme for urban rectangle building detection and height estimation was proposed using
one high-resolution optical image and one synthetic aperture radar (SAR) image. The scheme exploited adequately
the complementarities of both data and consisted of a sequential processing chain; building boundary extraction
from both data, registration from optical image to SAR image based on an integrated criterion and building height
estimation based on a “hypothesis generation-simulation-matching” procedure. Especially, the proposed method
performed well also for partially occluded buildings. The method was tested and validated over two different

scenes.
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Introduction

With the advantages of all-weather and all-time,
synthetic aperture radar (SAR) plays an important role
in remote sensing field. Nowadays, abundant high-reso-
lution ( HR) image data from airborne or spaceborne
SAR systems provide great support for scene analysis and
understanding in urban areas, especially for urban build-
ing detection and height estimation.

Urban building detection and height estimation have
a wide range of applications such as urban change detec-
tion, disaster assessment, urban planning. Many meth-
ods for building detection and height estimation have
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been developed based on single-aspect SAR image''?’,

InSAR images"', polarimetric SAR images'*’ and tomo-
graphic SAR (TomoSAR) )

However, some specific phenomena like layerover,
occlusion, shadow and the speckle generated based on
the physical principle of SAR sensors will seriously ham-
per the performance of these methods. Meanwhile, other
imaging systems such as Quickbird, LiDAR also bring
massive available data. This provides a new chance to
resolve the problem by exploiting adequately the comple-
mentarities of multi-source data. Only few researches
have focused on combining optical image with SAR image
for building detection and height estimation'®®’.

When only one optical and one SAR image are a-
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vailable, building detection and height estimation are
still challenging tasks. Sportouche et al. ' presented a
semiautomatic processing chain to perform the simple 3D
reconstruction of building in urban areas from HR optical
and SAR image. Building footprint was extracted from
monoscopic optical image and then the homologous build-
ing features were projected and registered for building
validation and height estimation based on a SAR criteria.
However, this method only performed well for the isola-
ted building not for partially occluded buildings in the
scene. In fact, in urban areas, partial occlusions be-
tween neighboring buildings are existing widely due to
the interference with each other. The appearance of par-
tially occluded buildings in SAR image is obviously dif-
ferent with the isolated ones, which complicates the
problem of building detection and height estimation.

To solve the problem of partially occluded building
detection and height estimation in urban areas, in this
paper, we proposed a novel complete scheme by combi-
ning one optical image and one SAR image. Unlike the
most existing methods, the proposed method not only
performs well for the isolated building but also has high
accuracy for partially occluded buildings. We assume
that our building models are parallelepiped ( rectangular
footprints and flat roof). The complete flowchart of our
method is shown in Fig. 1. The proposed scheme consists
of three main steps: 1) the detection of potential rectan-
gle building footprints from optical image and the extrac-
tion of building regions from SAR image; 2) the registra-
tion of extracted building footprints from optical image to
SAR image; 3) the height estimation of refined build-
ings. The whole scheme achieves satisfying results for
two different scenes.

1 Building detection

1.1 Building detection from optical image
To get high precision of building detection from opti-

cal image, a two-phase process was proposed. First, a
coarse boundary map is generated by two region extrac-
tion algorithms; automatic threshold and the morphologi-
cal algorithm. Automatic threshold method is used to ex-
tract the shadows which are clearly visible on the optical
image. Then, the extracted shadows are masked to make
the detection easier. The differential morphological pro-
file (DMP) introduced in Ref. [10] is used to extract
rectangle regions. The extracted rectangle regions with
the size below a specific threshold are removed to reduce
the false alarms. Then, an optimization criterion'" is
provided to get the refined map.

1.2 Building regions extraction from SAR image

The conditional random field ( CRF) framework"’
was used to extract the building regions from SAR image.
Unlike extracting characteristic features for building in
both optical and InSAR data in Ref. [3], we extracted
features only in SAR data.

y denotes all labels (either -1 or 1), x denotes all
data, i denotes an image site out of the set of all image
sites, j denotes the 4-connectivity neighborhood N, of site
i, and Z(x) is the partition function. The building de-
tection can be modeled as;

1
Pyt 2) = zogesl T () + ;f;izg(x,y”m]
(1)

The association potential A; (x,y;) determines how
likely a site is labeled with given all data x. Data x in
our case is the SAR data. A linear model is used to dis-
tinguish building and non-building sites.

Ai(x,y) = exp(yw'h(x)) , (2)
where vector h;(x) contains all described node features.
w" is the weights of the features in h,(x) that are tuned
during the training process.

The interaction potential I, (x,y,,y;) measures how
two sites ¢ and j should interact regarding the data x.

Fig.1 Flowchart of the proposed method
I P RPN Db W



162 b5 2 K F 35 %

here

Li(x,y,y,) = exp(yyp'uy(x)) . (3)
2 Registration

To get the accurate locations of the potential build-
ings in SAR image, we provided a registration procedure
from optical image to SAR image. The choice of similari-
ty metric is an important factor for effective registration

process.
An integrated method (integration of area-based and
feature-based methods) was used in registration''"’. The

similarity metric consists of two components, the mutual
information (MI) of image intensity and the spatial infor-
mation (SI). The metric SMI can be defined as
SMI(T,) =SI, ,MI, , .(4)
The component SI of SMI is used to estimate near
global optimal transformation and correct the bias of MI.
The regions information is extracted from optical image
and SAR image in the above step. Here, the centers of
gravity of extracted building regions are used as the point
sets. CP, denotes the point set of optical image and CP,
denotes the point set of SAR image. The modified Haus-
dorff distance is used to measure the spatial relations of
the point sets. Sl is defined as ;.

SIA,B = 2 h( min HcpA —ch”) , (5)

cpaeCPy cpp e CPy
where
h(x) = ! exp(—Lzz) . (6)
V2wo 20

The component of MI is used to obtain the local op-
timal transformation with sub-pixel accuracy. MI is de-
fined as the relevance of two random variables A and B.
The formula of MI in this paper is defined as the follow-
ing:

_H(A) + H(B)
NMI(A,B) _—H(A,B) , (7)
where H(A) and H(B) is marginal entropy, H(A,B) is

joint entropy.
H(A,B) == Y p(i,plogp(i,j) . (8)
i

Only when both values of the two components of SMI
are large will the SMI reach the maximum.

3 Height estimation

A “hypothesis generation-simulation-matching” pro-
cedure was proposed to estimate the height of both isola-
ted buildings and partially occluded buildings in SAR im-
age. Firstly, a series of height hypotheses are generated
based on optical image. Then, the simulated images are
generated by a SAR simulator using all known parame-
ters. Finally, all the simulated images are matched with
the observed SAR image. The height hypothesis for
which the simulation best matches with the observed SAR
image is the desired height.

3.1 Building geometric and backscattering charac-
teristics

As shown in Fig. 2, the building geometric charac-
teristic affects its appearance in the slant image plane
due to the SAR sensor’ s active side-looking imaging.

Figure 2(a) shows an example of the isolated flat roof
building. The single bounce reflections from ground,
front wall and roof generate the layerover area, denoted
by a. The brighter line b denotes the dihedral corner.
The area c is formed by the single bounce reflections from
roof. The shadow area where no reflection happens is de-
noted by d. Figure 2(b) interprets the situation of par-
tially occluded buildings. In Fig.2(b) , three cases are
drawn for two neighboring buildings B, and B, with dif-
ferent heights. As shown in Fig. 2(b), only when the
distance between two neighboring buildings is larger than
a specific value will the occlusion not arise. This specific
value, defined as the minimum distance A, can be

calculated by .
Amin = h] tan(ﬂ) + h() COt(B) ’ (9)
where h, and h, are the heights of the buildings at the

near and far range of the SAR sensor respectively, 8 is
the depression angle.

Fig.2 Slant range profile of building for isolated building
(a) and occluded buildings(b)
K2 SRR () IS RS, (b) EHEREIAY)

3.2 Problem statement of height estimation
A building B can be denoted as B = ({,w,h,¢,C),
where w and [ are the width and length of the building,
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respectively, h is the height of building, ¢ is the aspect
angle, C is the center of building footprint. 8 and H are
the depression angle and the height of the SAR sensor,
respectively, and are known. We denote 8 = (/,w,¢,C)
and ¢ = (H,B) in the vector form for simplicity.

From a model-based point, the problem of building
height estimation can be regarded as searching for the
best matched parameters with the observed SAR image.
Based on this consideration, height estimation for the iso-
lated building can be formulated as:

h = arg m,axM{X/(B(h,O) | ¢),X}

,  (10)
where X denotes the true SAR image, X' is the simulated
SAR image at building height A, M is the matching func-
tion. Meanwhile, the heights and geometry parameters of
the occluded buildings should be considered simultane-
ously, the formula in Eq. 10 is rewritten as:

h = arg ml;aXMiX'(B(h,O) l o), Xt ,(11)

where B = (h,,h,,---,h,)" is the height vector of the
building and its occluded buildings, 8 = (6, ,6,,-++,6,)"
is the geometry parameter vector and n is the number of
them. For n =1, it is the representation of the isolated
building, and for n > 1, it is the representation of the
partially occluded buildings.
3.3 Solution of height estimation i

The building height estimation problem has been
formulated as the maximization function in Eq. 11. This
section defines the generation of height hypothesis, the
simulated scheme, matching function and the optimiza-
tion algorithm to find the function’ s best solution.
3.3.1 Height hypothesis generation

In Eq. 11 only the height parameter h is variable
and other parameters are known as prior. In order to re-
duce the number of simulation and improve the efficien-
cy, the initial height & of each building is estimated by
the shadow from the optical image based on the geomet-
rical imaging formula. Then, the interval of hypothetical
height of each building is determined as [ A — 3m;h +
3m] sampled in a fixed step . Thus, each building has
N =6/7 possible heights.

Fig.3 Mapping from the scene coordinates to the slant
range plane
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3.3.2 The simulated scheme
As shown in Fig. 3, let (x,,y,,2,) be the coordi-

nates of the point P in the scene, and (m,n) is the co-
ordinates of its corresponding mapping point P’ in the
slant range plane, the mapping from P to P’ follows the
basic range Doppler equation. Thus, the coordinates of
P’ can be deduced by the equations:

) G, ) G )
- Am

_ Y=Y
- An

, (12)
where r, is the near slant range of the scene, (x,,y,,z,)
is the location of radar, Am and An are the azimuth and
range resolutions, respectively, y, denotes the initial azi-
muth coordinate.

Firstly, the isolated building and partially occluded
buildings are distinguished based on Eq. 9 and the corre-
sponding scene models are built respectively. Then,
based on Eq. 12, the scene models are simulated in a
line-by-line way. The backscattering of each point is cal-
culated based on a radiation model with respect to local
incident angle, which is the angle between radar wave
and scene surface element. The backscattering is accu-
mulated in the corresponding range unit. By repeating
the process for all of the scanning lines, we can get the
whole simulated image. In the simulated process, we al-
so integrated the shadow regions and the effect of speckle
noise to the final simulated image.

3.3.3 Definition of matching function

The matching function M was used to measure the
similarity between the observed SAR image and the simu-
lated image. The choice of matching function influences
greatly the results of height estimation. Comparing the
real SAR data to the simulated image, the geometries of
the images are similar, but the local statistics and the ra-
diometry are different. Considering the drawback of fea-
ture-based methods dependent on the effectiveness of the
feature extraction process, we chose mutual information
as the matching function M, defined in Sect. 2.

4 Experiments

To evaluate the performance of the proposed 3D re-
construction method, the results of the building detection
and height estimation process for the test data are presen-
ted in this section.

4.1 The results for the isolated building
4.1.1 Description of the test data

A couple of Quickbird image (resolution of 0.68 m)
and TerraSAR-X image (resolution of 1.1 m in range and
1.1 m in azimuth; incidence angle of 32°) on an urban
area (Marseille, France) were used to verify the proposed
method for isolated building. The method proposed by
Hélene et al. ') is a representative urban building 3D re-
construction method based on the fusion of optical and
SAR images in recent years. Due to employing a non-sym-
metric scheme, we denoted this method as NSS for sim-
plicity. We used the same data set for comparison. As
shown in Fig. 4, the scene is composed of rectangular resi-
dential buildings located in an urban area.

4.1.2 Building detection and registration results

Results of building footprint extraction from optical
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Fig.4 Scene 1. (a) optical image, and (b) SAR image
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image are shown in Fig. 5. For scene 1 with nine actual
buildings, eight potential footprints ( seven good detec-
tions and one false alarm) were extracted using NSS,
while nine ones (nine good detections and no false a-
larm) were proposed using our method.

) (b)

Fig. 5 Results of the building footprint extraction derived
with NSS (a) and our method (b)
K5 SR R HR B R (a) NSS, (b) AR SCTr i

The results of the building footprint projection and
registration are shown in Fig. 6. To obtain more accurate
results, our method was combined with the results of
CRF. It is worthy although a good detection (B6) is re-
moved in this scene. While for NSS, the building foot-
prints are registered simply with the SAR image no matter
whether the potential buildings are good detection or false
alarm.

Fig.6 Results of the building footprint projection and regis-
tration, superimposed to the SAR image. (a)NSS, and (b)
our method

16 HEAA) AR HE BORIE i 45 31, R F SAR BRI
(a)NSS, (b) AR3CT7 1%

4.1.3 Height estimation results

In addition to NSS, we also compared other two
height estimation algorithms which were proposed in Ref.
[2] to evaluate the performance of our method. One al-
gorithm is based on the Sun shadow from optical image
(denoted as SSO), which is the computational method
for initial height. The other algorithm is based on the o-
verlap of double-bounce line in SAR image and roof edge
in optical image (denoted as OLE). The results of the
height estimation are presented in Table 1 for the test da-
ta set. As shown in Table 1, it is clearly shown that our
estimated heights of buildings are very approximate to the
ground truth. The root mean square error ( RMSE) of
height estimation proves that our method obtains higher
accuracy than other algorithms.

Table 1 The results of height estimation on scene 1

x1 BHR1IBEMGHER

ground
scene2 B estimated height error
truth
building by, hnss  hsso hote hew  Exss Esso Eop  Eow
Bl 11.2 11 13 12,1 1.3 -0.2 +1.8 +0.9 +0.1
B2 11 miss detected 12.6 11.6  10.7 - +1.6 +0.6 -0.3

B3 19.9 20 21.2 18.7 19.5 +0.1 +1.3 -1.2 -0.4
B4 20.3 21 9.1 19.8 20.6 +0.7 -0.4 -0.5 +0.3
B5  20.6 miss detected 21  20.2 20.2 - +0.4 -0.4 -0.4
B6  19.4 miss detected 19.2 18.8 19.3 - -0.2 -0.6 -0.1
B7  20.6 22.5 20.9 21.3 20.1 +1.9 +0.3 +0.7 -0.5
B8 14.4 14 13.5 14.1 14.6 -0.4 -0.9 -0.3 +0.2
B9 15 15 14.6 145 154 0 -0.4 -0.5 +0.4

RMSE: 0.85 0.99 0.68 0.33

4.2 The results for the partially occluded buildings
4.2.1 Description of the test data

A pair of optical image (from Google Earth) and
COSMO-SkyMed SAR image (resolution of Im in range
and Im in azimuth; incidence angle of 38°) on an uni-
versity campus ( Tor Vergata, lialy) were used to verify
the proposed method for partially occluded buildings.

As shown in Fig. 7, the scene is composed of seven
rectangular buildings and one non-regular building. Al-
though distinguished obviously in the optical image,
these buildings generate some mixtures in the SAR im-
age. This makes many building detection and height esti-
mation algorithms invalid because they only take the iso-
lated building into consideration.

Fig.7 Scene 2 on the optical image and SAR image
K7 st2(a) )z, (b) SAR KR

4.2.2 Building detection and registration results

Figure 8 shows the results of building detection from
optical image and SAR image. For the optical image, ten
potential footprints (six good detections and four false a-
larms) were extracted with NSS, while nine ones (seven
good detections and two false alarms) were proposed with
our method. Detection for the complicated building C7 is
beyond the scope of this paper and it will be our further
research. For the SAR image, as shown in Fig. 8 (c),
the buildings (C1-C2, C3-C4 and C5-C6) are grouped
as a new L-structure which can not be distinguished with-
out additional information.

Figure 9 demonstrates that one false alarm is re-
moved in the registration process with our method while
all the false alarms are still reserved with NSS. There-
fore, our registration results are more accurate than NSS.
4.2.3 Height estimation results

The results of partially occluded buildings with four
algorithms (NSS, SSO, OLE and our method) are listed
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Fig.8 The results of building footprint extration from optical
image and SAR image. (a) NSS. (b) out method, And (c)
the results of SAR image

K8 A IR AS R (a) NSS, (b) A5 7%, (¢) SAR

in Table 2. The RMSE with NSS (3.60) is much higher
than others. This indicates that NSS has a very poor abil-
ity to deal with partially occluded buildings. The per-
formances of SSO and OLE are also barely satisfactory al-
though they have a higher accuracy than NSS. While,
our method brings exciting results ( RMSE of 0. 69) for
partially occluded buildings.

Fig.9 The results of registration. (a) NSS. (b) our method
K9 PCHESE R (a)NSS, (b) AT

Table 2 The results of height estimation on scene 2

x2 BELEERUTER

estimated height error

hsso  hoe  how  Exss Esso Eop  Eou
C1 7.2 5.1 6.3 6.1 6.5 -2.1 -0.9 -1.1 -0.7
2 12 9.3 10.9 10.3 11.4 -2.7 -1.1 -1.7 -0.6
C3 7.2 10 54 86 83 +2.8 -1.8 +1.4 +1.1
C4 16 124 143 142 165 -3.6 -1.7 -1.8 +0.5
¢ 10,5 7.8 13.2 13.6 1.4 -2.7 +2.7 +3.1 +0.9
Cé6 20 16.5 22.3 19.7 19.6 -3.5 +2.3 -0.3 -0.4

building A, nss

Miss
c7 9 152 6.9 7.4 +6.2 -2.1 -1.6 -
detected
8 81 M oS5 93 78 - 414 412 -03
detected

RMSE: 3.60 1.84

5 Conclusion

A systematic scheme for urban building detection
and height estimation from HR SAR and optical image
was presented and illustrated on real scenes. Compared
with other similar methods, our approach achieved more
satisfying results for the isolated building. Especially,
the approach also achieved good performance for the par-
tially occluded buildings. The main limitation of the
method is the exhaustive matching for all possible height
hypotheses. In further works, we will focus in building
with more complicated shapes (such as gable-roof, poly-
hedral and multi-structure ), and a sophisticated tech-
nique is desired for such building detection and height
estimation.
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