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Signature analysis and 3-D reconstruction of rectangular

building in very high resolution SAR images
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Abstract : The new advanced very high resolution (VHR) synthetic aperture radar (SAR) sensors are capable of achieving
sub-metric spatial resolution, which offers the opportunity for a fine level of analysis of man-made structures in such data.
In this paper, we first proposed a decomposed model to analyze the signature of rectangular buildings in VHR SAR images.
In the model, the scattering effects were subdivided according to different contributors. Accordingly, detailed geometrical
structures and spatial distributions of image features of building objects with respect to varied SAR illumination conditions
were exploited. Then, based on the generalized effects, a new detection and reconstruction algorithm was proposed for 3-D
reconstruction from single VHR SAR images. Specifically, a matching procedure was applied to extract image features, and
prior knowledge was employed in the reconstruction steps to jointly perform dimensions retrieval and building type identifica-
tion. Finally, the proposed approach was applied to VHR SAR imagery and the reconstruction results were discussed.
Key words : rectangular building reconstruction; VHR SAR image; non-orthogonal aspect angle
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Introduction

The 3-D building reconstruction is one of the key
issues for information retrieval from SAR images. Typi-
cal characteristics of buildings, like layover, shadow

and double-bounce effects are analyzed and utilized
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mostly for detection or geometric dimension retrieval.
However, 3-D reconstruction by direct feature meas-
urement from single aspect SAR images usually gives
limited results due to the poor performance of primitive
object detection and identification. Techniques incor-

porating complimentary data from, e. g. interferometric
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techniques, multi-aspects images or optical imagery for
feature extraction have achieved accuracy improve-

ment! '

, but their applications are limited by the a-
vailability of proper data. Other approaches, based on
geometric or electromagnetic models, have been devel-

(451 These approaches

oped for building reconstruction
are capable of extracting height parameter from single
SAR image with high accuracy through either a deter-
ministic approach which inverts electromagnetic models
to solve the height parameter!*! | or a hypothesis-match
procedure which iteratively matches the simulation or
projection of building hypothesis with real data to opti-

mize height parameter'’’

. However, more prior param-
eters are required. So, 3-D reconstruction from single
aspect SAR image is still a challenge that more supple-
mentary information of building in SAR image are nee-
ded. Fortunately, on the VHR SAR data provided by
modern airborne sensors, additional features of build-
ings like edges, roof patches become discernable even
in layover area'®’ | which offers the possibility for a fine
level of signature analysis.

In this paper, we focus on analyzing the signature
of rectangular buildings with either flat or gable roof in
VHR SAR images to effectively support 3-D reconstruc-
tion from single VHR SAR data. The novel contribu-
tions are as follows; First, a decomposed model which
subdividing the building scatterings into different terms
according to their geometrical contributors is proposed
for magnitude image analysis. The model not only gives
a set of comprehensive expressions which link the
building dimensions to image features without ambigui-
ty, but also facilitates the structural analysis of each
feature and the configuration of building area under
varied SAR illumination conditions. Second, a new de-
tection and reconstruction algorithm utilizing the re-
vealed effects is proposed to perform the 3-D recon-
struction from single VHR SAR image. In the algo-
rithm, a match-based method is applied to extract im-
age features by importing the feature shape prior,
meanwhile the reconstruction process is jointly per-
formed for dimension retrieval and building type identi-
fication based on the distribution information of the
building area. We demonstrate the applicability of the
approach through the 3-D building reconstruction from

single VHR SAR data and the results valid the pro-
posed method.

1 A decomposed model for the analysis of
building signature in VHR SAR images

In our paper, the decomposed model further sub-
divides the main scattering effects according to their ge-
ometric contributors, in our case, the roof and wall.
1.1 Decomposing building features in the range
direction

Fig.1 (al) and Fig.2 (al) show examples of the
slant range profiles of two rectangular buildings with
different roof types viewed by a SAR sensor at inci-
dence angle 6. w,,w’ and w” are the irradiated width
of the whole roof, the size of the sensor near roof patch
and sensor far roof patch at this range profile respec-
tively. ,denote the wall height and roof height. In the
decomposed model, as shown in Figs. 1 (bl), (cl)
and Figs.2 (bl), (cl), the returned signal is decom-
posed into roof scattering and wall scattering and the
occlusion areas are subdivided into roof shadow and
wall shadow. The expressions linking the image param-
eters to building dimensions in the range direction are
generalized as follows;

(al) (b1) (c1)

d model

slant range profiles of two fl fed buildi

in

1 P 4
top view of the roof lower building higher building

X slant range

(a2) (b2) (2)

Fig.1 (al), (a2) are the cutaway view (up) and the top
view (down) , respectively, of flat-roofed building under inci-
dence angle and aspect angle . (bl), (cl) are the illustration
of the backscattering of two flat-roofed buildings in the range
direction under the off-nadir angleusing decomposed model (in
the blue block). (b2), (c2) are the detailed structures of the
two flat-roofed buildings with different heights under aspect an-
gle

B PIRESI s A

1) roof signal and shadow

w, =w, sinf , (1)
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Fig.2 (al), (a2) are the cutaway view (up) and the top
view (down) , respectively, of gable-roofed building with in-
cidence angle and aspect angle . (bl), (cl) are the illustra-
tion of the backscattering of right-angled buildings in the range
direction under the off-nadir angleusing decomposed model
(in the blue block). (b2), (c2) are the detailed structures
of two gable-roofed buildings with different heights under as-
pect angle

B2 RIEFHHEREE

o' =w’ sind —h, cosf , (2)
, (3)
, (4)

F B . .
where w,, w, and w, represent range dimensions of the

o’ =(w, —w")sing +h cosf

R .
@, =w, sinf

whole roof reflection, sensor-near roof patch reflection
and sensor-far roof patch reflection, respectively. @
shows the range size of the shadow area caused by
roof.

The interval distance between roof signal and roof
shadow is related to the wall height and the irradiated

width w, by
h .
d = max (cose_w’ sm0,0) , (5)

and wall signal and shadow by

h =h cosf , (6)
v _h sin’@
r = 0050 ’ (7)

where i and @' indicates the range sizes of wall signal
and wall shadow, respectively. Specially, the double-
bounce reflections caused by the corner of the wall and
ground appear as bright lines located at the far end of
wall signal, which can be used for building detection or
height retrieval ).

1.2 Decomposed analysis of building appearance
under non-orthogonal viewing direction

The aspect angle ¢ has strong impact on the ap-

(b1) () T

) ) (@)

Fig.3 (a) defines ¢,a,¢’ in VHR SAR image of a
building, where the red dot line denotes the rectangular
in scene space, the yellow line denotes outline of the
projection angle. (bl)-(b2) show the google earth im-
ages of a flat-roofed building and a gable-roofed build-
ing. (cl)-(c2) are the appearance of a flat-roofed
building and a gable-roofed building in airborne SAR
image with resolutions 0.5 m and 0. 25 m, respective-
ly. (d1)-(d2) show the marked projective angle in
airborne SAR images

B3 ¢,a,¢'1E SAR BE KR E; FIRARTUS B K
AEE

pearance of buildings in SAR data, which always
makes the interpretation and processing a tough task.
However, in VHR SAR data, with more discernable
structures (edges, roof patches), the influence of as-
pect angles could be modeled and exploited in feature
recognition.

Firstly, the projection of a right-angle pointing to
the sensor in SAR image can be characterized by the

following relations

2 sinf
tano = , (8
ana (sin’f - k*)sin2¢ (8)
k - tang =sing - tang’ , (9)

where « is the projective angle of a flat right-angle in
SAR image under incidence angle § and aspect angle
¢, ¢’ is the measured rotating angle from image
(shown in Fig.3(a)), is the ratio of the slant range

resolution §,, and azimuth resolution §,(k =8,/8,). a
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is a judging index of the existence of a flat rectangle
and can also be used in the extraction of the weak side
of a flat rectangle.

In Figs. 1 (b2) and (c2), the appearances of
two flat buildings with different heights are modeled
under the same aspect angle ¢. The quadrate roof in
the image coordinates (y-r plane) appears as a paral-
lelogram (0,0,0,0,) with internal angle equal to c.
From the roof parallelogram, length ! and width w can
be calculated by the following relations ;

w, sing
sing ’

(10)

w =w, sing =

I= (L)ZHZ (11)
sing ¢ ’
where @, corresponds to the measured width of
0,0,0,0, in range direction, 1,, 1, are the length of
line 0,0, in the range and azimuth direction, respec-
tively.

The echoes from the walls appear as two parallelo-
grams 0,0,D,D, and 0,0,D,D;. One pair of parallel
edges of each wall parallelogram has the same slope as
the roof edge (0,0, or 0,0,, respectively) , while the
other pair of edges are along the range direction. This
structural information can be used to deduce the signal
type, or used as prior knowledge to restrict the distri-
bution of wall scattering during feature extraction. The
height of the wall could be retrieved by the size of the
edge which is along slant range direction using formula
(6). The double-bounce lines DD, and D,D, are
strong indicators of the far-range edges of wall parallel-
ograms.

The shadow area contains nearly all geometric in-
formation of a building. To understand the shadow
shape, it is subdivided into roof shadow and wall shad-
ow. The wall shadow is adjacent to the wall echo, and
the roof shadow is next to the wall shadow. The divid-
ing lines are shown with black dots. The wall shadow
has the same structure as wall signal but different in
size in range direction, while the roof shadow is the
same as the roof signal. Based on decomposed analy-
sis, the shadow shape is easily modeled under any as-
pect angle. Also, more useful information is available
for the utilization, like, if the shadow is convex, which

means the building is comparatively high, the height of

the wall could be retrieved from the length of S1 S2 by
Eqgs. (4) and (7); if the shadow is concave, which
means the building is low, the wall height should be
calculated from the S1 S2 by Eqgs. (4) and (5).

In Figs. 2 (b2) and (c¢2), the appearances of
two gable-roofed buildings with different heights under
aspect angle ¢ are illustrated. In comparison with flat
buildings, the roof area of gable building is subdivided
into two parallelograms with different intensity and
shape, as shown in Figs.3 (cl) ~ (c2), where the
real magnitude images of a flat-roofed and a gable-
roofed building are displayed ( see more detail in Fig.
4). Still, the four roof corner points (01 02 03 04,
form a parallelogram with internal angle equal to , the
projection of a flat right angle under the same illumina-
tion condition calculated by Eq. (8). In the case that
the intensity information is not sufficient to recognize
the roof type, the measured internal angle of the roof
parallelogram is compared with to identify the roof
type. In Figs.3 (dl) and (d2), internal angles of
roof parallelograms of different roof types and their rela-
tion with « is displayed.

The roof height h, can be retrieved by Egs. (2)
and (3), or from /i ., the range distances between R1
and M1, as follow:

h, = h, . (12)

&  cosf

(®

Fig.4 (a) Model of gable roof with height #,. (b)
The appearance of gable roof in SAR image, f, is the
distance from R, to M, in slant range direction

B4 RINEEFEAKIE SAR B FREE R ERE

2  Building detection and reconstruction
from single VHR SAR image

To reconstruct a rectangular building, eight pa-
rameters are required, containing the center position

(%9,7,), the aspect angle ¢, the width, length and
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height (w,l,h), the roof height h, and the width of
the sensor near roof patch w”. Based on the aforemen-
tioned analysis of building signature in VHR SAR da-
ta, we model the appearance of rectangular building as
a regular combination of feature parallelograms corre-
sponding to the scattering effects from roof and wall,
respectively.
2.1 Match-based feature extraction from VHR
SAR image

Benefited from the prior knowledge about the
shape of image features, the extraction can be per-
formed as a match process. A parallelogram hypothesis
is generated by its initial parameters and is compared to
the actual scene. Then, the unknown parameters are
continuously adjusted until an optimal match is a-
chieved. The final parallelogram is corresponding to
the hypothesis which matches best with actual data.
The optimal parameter X of parallelogram is given by :

X:argm;le(P(X)) , (13)
where X is the parameter of the hypothesized parallelo-
gram P, F denotes the matching function defined as
follows :

Y, f(m,n)
F(P) — y (m,n) eP

N
4

+7,( ; la, -a,|” —op) , (14)
where N(P) is the number of the boundary of P, f is
the ROA edge map [7] of the actual image, , and o
denote the mean and deviation of the region inside P,
u;, is the mean of one of the four outside stripes round
region P in the magnitude image. The first term of Eq.
(14) measures the similarity between the predicated
parallelogram contour and the detected edge. The sec-
ond term measures inner homogeneity of region inside
P and the heterogeneity of regions inside and outside
P. vy, and v, are coefficients for the two terms.

One parallelogram has six independent parameters
at most. To retrieve all eight geometrical parameters of
one building, more feature parallelograms with eight
independent parameters are needed. All feature paral-
lelograms are extracted via the match procedure. Fea-
tures of different types have different characteristics as

well as the degrees of influence from edge or region. So

the values of y, and v, are selected empirically accord-
ing to the feature type to emphasize the influence of
edge or region.

2.2 Knowledge-based detection and reconstruc-
tion process

In VHR SAR images, the roof and edge signal
with bright intensity are well detectable and are less in-
terfered by nearby objects. Thus, in our approach, the
bright roof parallelogram is detected and extracted
first. The rest features are exiracted in order according
to configuration of the building area.

The algorithm is divided into two main steps as
follows ;

1) Detection step; First, the preprocessing is per-
formed for anisotropic diffusion [8] to the original SAR
image (Fig. 5a) to smooth regions while enhance the
contrast at sharp intensity gradients. Then, bright re-
gions with regular shape and long edge lines are seg-
mented from the preprocessed image ( Fig. 5Sb) by
threshold-based segmentation. Areas around the bright
regions (Fig.5c¢) are supposed to be potential building
areas.

2) Reconstruction step: The ratio edge detector
[7] and ridge filter [2] are applied to each potential
building area to get the edge map (Fig.5d). The lon-
gest and most continuum line which is supposed to be
one of the long edges of the roof parallelogram is extrac-
ted by Hough transform (Fig.5e). From the edge line,
two parameters, the actual aspect angle ¢ and the sup-
posed projective angle « of a flat right angle under ¢ are
calculated by formulas (8) and (9). Also, with one
edge line fixed, a series of parallelogram hypothesis are
generated by changing the center position of the paral-
lelogram. The final roof parallelogram is obtained by
maximizing the match function (14). Once the roof par-
allelogram is fixed (Fig. 5f), the roof type is deter-
mined by comparing its measured internal angle with. If
the roof is flat, the roof height hg is equal to 0. If the
roof is gable, another roof parallelogram will be extrac-
ted next. Based on the spatial relation with the first roof
parallelogram, the second one has only one unknown
parameter to be estimated following the matching proce-
dure (Fig.5g). Building height is linked with the range
size of shadow or wall signal in formulas (4) ~ (7). It
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can be retrieved by either of the features. In order to
obtain a more robust result, height retrieval is done by
extracting all possible features. For shadow feature,
based on the roof parallelograms, the basic shape and
distribution of the shadow area is fixed. Thus, the dark
parallelogram between two middle roof corner points
(Fig.5h) is extracted instead of the whole shadow area
using the matching procedure. For wall parallelogram
extraction, double-bounce lines, if existed, are utilized
in locating the far-range edge of the wall parallelogram.
The final height is dependent on the weighted mean val-

ue of all available results.

Ly

(e) (®

Fig.5 Steps for extraction of image characters of a building.
(a) An original VHR SAR image of a gable-roofed building.
(b) The result of preprocess. (c) The bright region. (d)
ROA edge map of the bright region. (e) The line detection.
(f) The first parallelogram. (g) The second parallelogram.
(h) The shadow detection

K5 o SR ORI B AR

We have to mention that not rectangular buildings
of any size could be retrieved by this method. The sizes
of the buildings which could be detected and recon-
structed are determined by the image resolution. The

higher the resolution is, the finer the building structure

could be extracted.
3 Experiments

To demonstrate the performance of the proposed
approach, we applied it to airborne VHR SAR image
acquired during a flight campaign in the area of BaYi
town, Sichuan province, China, in 2011. The test im-
age (Fig.6a) has been obtained with radar working in
X band, an incidence angle of 45° ~50° and geometric
resolutions of 0. 25m X 0. 25m ( azimuthslant range).
In Fig. 6(b), the photograph of the same site is used
as references.

There are eight gable-roofed buildings (labeled in
Fig. 6) with different aspect angles detected by our ap-
proach in this area. The detection results are shown in
Fig.6(c) , the bright roof areas which are supposed to
be the indicators of buildings are detected and labeled
on the preprocessed images. The feature extraction re-
sults are shown in Fig. 6 (d). All the roof parallelo-
grams are marked by yellow lines, and the extracted
shadow areas which contain the height information are
marked with white lines. Specially, for buildings 5, 6,
7, there are no shadows available, and the double-
bounce lines are discernable as there is no occlusion in
front. Thus the building height is retrieve through the
distance of double-bounce lines and roof edges. Also,
for buildings 1, 2, the shadow area is partly occluded
by the reflection of building behind. The size of shad-
ow parallelogram needs to be extracted shrink to fit the
situation. The ground truth and the reconstruction re-
sults are listed in Table I. In comparison with the
ground truth data, the reconstructed results of build-

ings 1 ~4 show an underestimation of the building

could be discernable, and the smaller the buildings length due to the interference from nearby objects,

Table 1 Building reconstruction results and ground truth data

*k1 ERMERERRITEHRHEIERE

f
index length width  wall height hre‘i’ght I(m) w(m) h(m) hy(m) & Alhy+h)

1 19 m 14 m 5.2m 2.8m 18.10 14.59 5.06 3.11 70.0° 0.17 m
2 26 m 14 m 5.2m 2.8m 24.16 14.29 5.30 2.42 70.3° -0.28 m
3 28.5m 14 m 3.6m 3.4m 24.28 13.75 3.54 3.30 69.5° -0.16 m
4 30 m 11.5m 3.5m 3.4m 29.08 12.85 3.37 3.60 71.0° -0.07 m
5 30 m 11.5m 3.5m 3.4m 26.98 14.21 4.28 3.57 70.9° 0.85m
6 19 m 14 m 5.2m 2.8m 18.23 13.53 5.45 2.43 71.2° -0.12m
7 16.5 m 8 m 3.3m 2.2m 16.54 7.69 3.11 2.35 -14.9° -0.04 m
8 42 m 7.9m 3.2m 2.0m 40.95 7.21 3.37 2.36 -18.5° 0.53 m
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while the retrieval of other parameters shows good re-
sults. The reconstructions of buildings 5 and 6 have the
maximum estimated errors of height, since they are sur-
rounded by tall trees which prevent the detection of fea-
tures containing height information. Building 7 which is
less affected by its surroundings in range direction has
the lowest difference between estimated dimensions and
the ground truth. Building 8 composed by two adjacent
buildings is detected as a single one, but the recon-
struction results are quite satisfying. To further evaluate
the usability of our method, we simulated buildings 3
and 7 based on the reconstructed 3-D models using the
The real buildings, 3-D

models and the simulated results are shown in Fig. 7.

SAR image simulator in [9].

The real and simulated images show a good match in the

geometrical distributions of main scattering effects.

© @

Fig.6 (a) Airborne VHR SAR image of area in BaYi town
(2011). (b) Photo of the tested area (2012). (c¢) The build-
ing detection results on the preprocessed image. (d) The fea-
ture extraction results, the roof parallelogram are marked by
yellow lines, the double-bounce lines are marked by red lines,
and the white lines represent the extracted shadow areas which
contains the height information

B6 (a) \—MEPLERE PR SAR EFEAERERER

]
|
.

@)B-3 () () (a2)B-7 (b2) (c2)

Fig.7 (al) ~(a2) Photos of buildings 3 and 7, (bl)
~ (b2) Reconstructed 3D models. (c¢l1) ~ (c2) Simula-
ted SAR images

BT RS 3 MBS T MR A AR B R

4 Conclusion

In this paper, we proposed a decomposed model

to analyze the rectangular building signature in of VHR
SAR data. The generalized expressions which link the
building dimensions to image features are free of ambi-
guity problem and detailed structural information of im-
age features of buildings is extracted. Based on the
recognized effects, a new detection and reconstruction
approach was proposed which contain the match-based
feature extraction and the knowledge-based reconstruc-
tion process. The reconstruction results well demon-
strate the validity of the proposed method. In future
work , multi-bounce scattering effects and the influence
of adjacent objects will be analyzed. The detection and
reconstruction algorithm will be further improved to be

applied in more complex scenes.
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