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Fusion of WorldView-2 Stereo and Multitemporal
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Extraction in Urban Areas
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Abstract—We investigated the joint use of the high-resolution
WorldView-2 optical satellite images and the multitemporal
TerraSAR-X synthetic aperture radar (SAR) satellite images to
extract building height information in high-density urban areas.
The main idea of the proposed fusion approach is to take full
advantage of both data sets in building height retrieval. The
proposed approach includes two main stages. First, initial building
height estimates are extracted from WorldView-2 stereo images
and multitemporal SAR images. These initial results are then
combined using a novel object-based fusion approach, in which
the heights of points for the same building footprint are retrieved
and integrated. Experiments on the Mong Kok area of Hong
Kong showed that the proposed approach using both data sets
outperforms the use of either stereo images or SAR images alone.
According to the results of the proposed approach, the average
absolute height retrieval error is 6.53 m, which is much lower than
using stereo and SAR images (9.08 and 12.24 m, respectively). The
proposed fusion approach is suitable for building height retrieval
in urban areas where single satellite data have limitations.
Index Terms—Building height, object-based fusion, synthetic
aperture radar (SAR), WorldView-2.

I. I NTRODUCTION

B

UILDING height retrieval from satellite data has become
a hot topic in the remote sensing community. According to
the available satellite data, there are three categories of method
for building height retrieval, namely, stereo photogrammetry
technology with pairs of optical images (stereo images), synthetic aperture radar (SAR) technology, and light detection and
ranging data (LiDAR) technology.
Stereo images have been widely used for building height
retrieval since they became available [1]. This method usually
has four main stages, namely, data preprocessing, stereoscopic
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ground building height extraction. Studies using stereo images
for building height extraction have mainly focused on parts of
the aforementioned stages. Some studies have emphasized on
the development of advanced stereoscopic matching methods
to improve the building height retrieval accuracy [2], whereas
others have investigated the use of multiple stereo images to
identify common targets for height retrieval [3], [4]. In addition,
some studies have made use of ancillary data, such as approximate digital elevation modeling or prior building footprints [5].
In addition to stereo images, monocular satellite image can
be used to retrieve the height of buildings in areas where
the shadows of the buildings can be measured [6]. However,
the accuracy of this method is affected by the quality of the
measured shadows and the surrounding environments, which
limits its practical use.
In addition to stereo images, SAR images have been widely
used for building height retrieval in recent decades, and various SAR techniques have been explored. According to a
data source on the usage of SAR, there are several different
processing strategies, such as interferometry with inference
SAR images [7]–[10], radargrammetry with stereo SAR images
[11], monoscopic SAR images [12]–[14], and multiaspect SAR
images [15]. However, due to the intrinsic characteristics of
SAR images (e.g., layover effect) and the effect of the mutual
inference of the surrounding environment, studies using SAR
data to derive building height are still limited to simple scenes
of isolated buildings [5], [10], [12], [13], [16].
The advent of LiDAR has opened up a new phase of building
detection research. LiDAR provides huge point clouds that
significantly improve the accuracy of building detection [17]. It
is not only applicable to the retrieval of building height but can
also be used to reconstruct accurate 3-D building models [18].
Although the results obtained using LiDAR data are promising,
it is still expensive, and restrictions on flight plans in some
countries limit its application in large urban areas.
In summary, automatically extracting building heights from
satellite data still has its challenges. The main limitations
using different kinds of data can be summarized as follows.
First, stereo images tend to underestimate the height of tall
buildings, and taller buildings have larger prediction errors [19].
Second, SAR interferometry can only provide limited results
(noisy and incomplete data), particularly for high-density urban
areas where the mutual inference of surrounding buildings is
significant [10], [16]. Third, LiDAR data are still expensive,
and flight plan restrictions limit its application to large urban
areas [17]. These difficulties restrict the practical use of single
satellite data for building height retrieval in large urban areas,
particularly for high-density areas with complex scenarios.
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Fig. 1. Procedure of the proposed approach for building height retrieval.

To achieve a more promising result, scholars have investigated the integration of different data sources for building
height retrieval, such us SAR and optical image fusion [16],
[20] and LiDAR and optical image fusion [17]. However, most
of the fusion approaches take advantage of optical images
for building footprint extraction rather than building height
retrieval. For example, in [16], Sportouche et al. proposed a
method for detecting and reconstructing 3-D buildings in urban
scenes using both high-resolution optical and SAR images.
Nevertheless, in their studies, optical images were limited to
generate 2-D building footprints instead of heights of buildings.
Therefore, we investigated the joint use of stereo optical images
and SAR images for building height retrieval in urban areas,
where single data have limitations.
The remainder of this paper is organized as follows. In
Section II, a novel object-based fusion approach for building
height retrieval is introduced. The results and the performance
analysis are given in Section III. Conclusions with a discussion
of the proposed approach are presented in Section IV.
II. M ETHODOLOGY
This section presents the fusion-based approach for retrieving the heights of buildings in urban areas using both stereo and
SAR images, under the assumption that the building footprints
are known. As shown in Fig. 1, the approach is implemented
using stereo images, multitemporal SAR images, and prior
building footprints as the inputs, and it includes two main
stages. First, initial building height estimates are extracted
from stereo images and multitemporal SAR images. The initial
results are then combined according to an object-based fusion
approach, in which points with heights belonging to the same
building footprint are retrieved and combined to generate a
fused result. Details of the approach are given as follows.
A. Initial Building Height Estimates
In this stage, two initial building height estimates were extracted from stereo and SAR images. For stereo images, an empirical model was used to extract the building height estimate
using the built-in rational polynomial coefficient (RPC). In this

Fig. 2. Illustration of the object-based fusion approach, in which two building
height estimates from both stereo and SAR images are combined to generate
a fused result. (a) Initial height estimates obtained from stereo images (unit:
meters). (b) Initial height estimates obtained from SAR images (unit: meters).
(c) Prior building footprints. (d) Extracted height estimates (stereo). (e) Extracted
height estimates (SAR). (f) Fused result.

approach, a group of rational functions was used to model the
relationship between the coordinates of image points and the
coordinates of corresponding object points on the ground. After
the same image points of stereo images were extracted as the
input of the aforementioned rational functions, the heights of
corresponding object points could be retrieved.
The TomoSAR technique was used to derive the vertical
heights of scatters from multitemporal SAR images. The tomography technique extended the conventional interferometry SAR
technique in processing the data in two range–azimuth dimensions to three range–azimuth–height dimensions. By making
use of multitemporal SAR images with redundant observations,
targets at different elevations in the same range–azimuth unit
can be distinguished. Hence, the TomoSAR technique performs
well in distinguishing different height targets in one SAR
signal and is particularly suitable for retrieving the heights of
buildings in urban areas. Details of the TomoSAR technique
for building height extraction are given in [8], in which scatter
points with heights are extracted from SAR images.
As an example, two initial building height estimates obtained
from stereo images and multitemporal SAR images are given in
Fig. 2(a) and (b) (with height unit as meters). Compared with
the height estimates by stereo images, height estimates obtained
by SAR images are more likely to have missing data due to SAR
image noise and distortions.
B. Object-Based Fusion Approach
In this stage, both of the initial building height estimates were
combined to generate a fused result for the same building footprint. The literature review and our experimental studies proved
that the height result with stereo images has no significant geometrical error; thus, the height points within building footprints
can be directly assigned to the right buildings. However, the
results from SAR images tended to have a larger positioning error. As shown in Fig. 2(b), one SAR point has a height of 79 m.
Considering that a set of close points with similar heights (or
near arithmetic progression) likely belong to the same building,
this point is likely to belong to building A as it is more similar
with the point with a height of 86 m of building A than the point
with a height of 66 m of building B. However, it is incorrectly
located on building B in this study. Therefore, spatial distortion

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
XU et al.: FUSION OF WORLDVIEW-2 STEREO AND MULTITEMPORAL TERRASAR-X IMAGES

of SAR results poses the challenge of allocating the heights
of points to the right buildings. Moreover, some height points
belonging to other targets (such as viaducts) may wrongly
locate in one building area due to the geometrical error, which
also causes prediction error. To get a robust result, an objectbased fusion approach was developed, consisting of three steps.
First, connected components are extracted from the initial
SAR height results using the connected components analysis
method [21]. Only the components that have more than a
certain number of points (e.g., 4) are considered as candidate
objects for buildings. As shown in Fig. 2(e), there were two
components extracted as candidate objects.
Second, possible candidate objects are matched with prior
building footprints. If object i is matched with building k, they
should meet the following two criteria: 1) building k is the
closest building to object i; and 2) the spatial distance between
object i and building k is within a certain distance. If one object
has more than one building within the same close distance, it
should be divided into several small objects, and the matched
buildings are found again. As shown in Fig. 2(e), the matched
objects (with solid line) and buildings (with dashed line) are
marked with the same color: yellow for building A and red for
building B.
Third, the initial height results from both stereo and SAR
images are fused based on prior building footprints and the
matched objects. For the same building footprint, we can
achieve two sets of height models: one comes from the stereo
result within the building footprint, as shown in Fig. 2(d), and
the other one comes from the SAR result within the matched
object, as shown in Fig. 2(e). To avoid height bias arising
from positioning error, we simply use the highest point as
the building height. The fusion operation is based on the two
highest values of both results. For example, the heights of
buildings A and B are 78 and 60 m based on the stereo images
and 92 and 66 m based on the SAR images. If their difference is
small, the average value is the fused result. If there is a large difference between the two results, the larger value is used as the
predicted height. Therefore, if we specify a threshold of 10 m,
the fused result is 92 m for building A and 63 m for building B
in this study. The final fused result is given in Fig. 2(f).
Some buildings still have missing data as the matched objects
from the SAR result are incomplete and do not cover all of the
buildings. For these buildings, height points within the building
footprints are extracted directly from both the stereo and SAR
images, and the fusion process is the same as in Step 3. In
particular, if no SAR height points are achieved, then the height
result from the stereo images is assigned directly.
The object-based fusion approach has two benefits in building height retrieval. First, some SAR height points not located
in the actual buildings, due to geometrical distortions, can still
be retrieved and applied to the building height prediction, which
helps to provide more accurate results. Second, SAR height
points belonging to the right buildings but wrongly located
on neighboring buildings can be removed using the proposed
approach, which may cause a large prediction error for the
neighboring buildings. As shown in Fig. 2(e), there is a point
with a height of 79 m in the footprint of building B, but it should
belong to building A. With the proposed approach, the incorrect
assignment of this point to building B can be avoided, and this
point has been rightly labeled as building A in this study.
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Fig. 3. Building height retrieval using different approaches. (a) Initial height
result using stereo images (unit: meters). (b) Initial height result using SAR
images (unit: meters). (c) Prior building footprints, in which matched buildings
are marked with black color, whereas matched SAR objects are marked with
red color. (d) Result using the stereo images. (e) Result using the SAR images.
(f) Result using the fusion approach.

III. R ESULTS AND P ERFORMANCE A NALYSIS
A. Study Area and Data Collection
The study area was located at 22◦ N, 113◦ E in the Mong Kok
district of Hong Kong, a high-density urban area with an
average building height around 45 m and where the heights
of some buildings reach several hundred meters. Using this
study area, we collected the actual building data (including 2-D
building footprints and building height information) from 2010,
the 14 TerraSAR-X images from 2011, and a pair of stereo images on 2014. The actual building height data from 2010 were
used as validation data. The actual building height information
reflects the surface height in this study. Therefore, DSMs from
both the stereo and SAR images are used as the heights of
buildings, rather than subtracting the ground surface elevation
from the estimated DSMs as in other studies [5].
B. Experimental Results
We used both SAR images and stereo images separately to
obtain the initial height models. Fig. 3(a) shows the generated
DSM using the stereo images, whereas Fig. 3(b) shows some
points with heights using the SAR images. With the proposed
object-based fusion approach, the scatter points of the SAR
result are first organized as objects. Next, all of the matched
SAR objects are retrieved according to prior building footprints.
As shown in Fig. 3(c), the matched SAR objects and buildings
are highlighted with red and black colors. Finally, the initial
height results from both stereo and SAR images are fused
based on prior building footprints and the matched objects. The
fused result was shown in Fig. 3(f). In comparison, the results
generated with the stereo images and the SAR images are also
provided [see Fig. 3(d) and (e)].
C. Performance Analysis
The average absolute difference (AAD) was used to assess
the quality of the result by comparing the predicted result with
the actual result. The lower the AAD value, the better the quality of the predicted result. As the last row of Table I shows, the
overall accuracy using the stereo images, the SAR images,
and both data sets is 9.08, 12.24, and 6.53 m, respectively,
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TABLE I
AAD IN P REDICTED R ESULTS F ROM D IFFERENT S ATELLITE
DATA C OMPARED W ITH THE ACTUAL B UILDING H EIGHTS

indicating that the proposed approach using both data sets can
achieve more accurate results than using only one single data
set. Visual inspection of the fused images in Fig. 3 also confirms
the better performance of the proposed approach using both
data sets. As shown in Fig. 3(d), the results using the stereo
images tend to underestimate the tall buildings, whereas the
results using the SAR images have the problem of missing data
[see Fig. 3(e)]. All of the aforementioned restrictions have been
improved in the fused result using both the SAR and stereo
images, and most of the underestimated tall buildings and the
missing buildings of the SAR result are well constructed using
the proposed fusion approach.
To better evaluate the performance of the different satellite data in building height retrieval, all results are grouped
into three categories according to the actual building heights:
heights below 50 m, within 50 to 100 m, and above 100 m. The
statistical results are given in Table I, from which three findings
can be summarized. 1) Stereo images provide promising result
when the heights are below 50 m, as the AAD index is 6.27 m,
indicating that these images are suitable for height retrieval
in low-density urban areas where most of the buildings are
below tens of meters. 2) SAR images achieve extremely good
results for tall buildings with heights above 100 m, as the AAD
index is 1.88 m compared with the actual data. This result
reflects that SAR images are good at predicting the heights of
tall buildings and are suitable for building height retrieval in
areas where different types of buildings are sparsely distributed.
3) Using both data sets can achieve better prediction results
in all height ranges, particularly for the range between 50 and
100 m, where both SAR and stereo images have certain limitations. The AAD index for the fused result using both data sets
is 10.76 m in the range of 50–100 m, whereas the AAD indexes
for the results with the SAR and stereo images are 14.25 and
15.98 m, respectively. Therefore, the fused results using both
the SAR and stereo images are most suitable for building height
retrieval tasks in a complex urban scenario where a single data
source has limitations.
Scatterplots were produced for all of the results, with
the x-coordinates being the actual building height and the
y-coordinates the predicted value. Fig. 4(a)–(c) reflects the scatterplots of three different results generated from the SAR images, the stereo images, and both images together, respectively.
We can see that the result from the fused approach is closer to
the 1–1 line than the results from using the stereo images or
the SAR images alone. From the scatterplots, it is apparent
that the tall buildings are underestimated by the stereo images,
and the SAR result has a large prediction error in buildings with
heights below 100 m. Nevertheless, all of the results fall close to
the 1–1 line, indicating that each data set achieved an acceptable

Fig. 4. Scatterplots of the predicted results compared with the actual building
height, where the colors indicate the density of the points. (a) Result using
the stereo images. (b) Result using the SAR images. (c) Fused result with the
proposed approach using both the stereo and SAR images.

result. The linear fitting gains are 0.743, 0.845, and 0.898 for
Fig. 4(a)–(c), respectively.
IV. C ONCLUSION AND D ISCUSSION
In this paper, both stereo and SAR images were jointly used
to retrieve the heights of buildings in a high-density urban area.
The results show that the fused approach outperforms the use
of either stereo images or SAR images alone. The AAD using
the proposed approach is 6.53 m, much lower than those using
stereo images or SAR images alone, where the average absolute
errors are 9.08 and 12.24 m, respectively. The benefit of the
proposed fused approach is that the advantages of both stereo
and SAR images are well combined, as SAR images are good
at predicting the height of tall buildings, whereas stereo images
can provide the complementary height information of buildings
for which SAR is missing.
The proposed approach is a novel object-based fused approach, in which the fusion process is conducted based on the
extracted objects of the SAR results and matched buildings.
This approach can help to find more accurate height points for
building height retrieval, and at the same time, the predicted
results wrongly located on neighboring buildings can be removed, which improves the final fused result. Compared with
the results using single data sets, the fused results using SAR
and stereo images are more suitable for building height retrieval
tasks in complex urban scenarios. By classifying the results into
three categories, we also found that stereo and SAR images are
still suitable for retrieving the heights of buildings for some
urban scenarios. In particular, stereo images are suitable for
height retrieval in low-density urban areas where most of the
buildings are below tens of meters, whereas SAR images are
suitable for areas where different types of buildings are sparsely
distributed.
Although the proposed fusion approach has been validated
as effective for building height retrieval, one limitation of the
approach is that prior building footprints are required to find
matched objects for height retrieval. Therefore, further research
should integrate both building footprints and building height
extraction when using the proposed fusion approach.
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