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Abstract 
The integration of optical images and elevation data is of great importance for 
3D-assisted mapping applications. Very high resolution (VHR) satellite im-
ages provide ideal geo-data for mapping building information. Since buildings 
are inherently elevated objects, these images need to be co-registered with 
their elevation data for reliable building detection results. However, accurate 
co-registration is extremely difficult for off-nadir VHR images acquired over 
dense urban areas. Therefore, this research proposes a Disparity-Based Eleva-
tion Co-Registration (DECR) method for generating a Line-of-Sight Digital 
Surface Model (LoS-DSM) to efficiently achieve image-elevation data co-reg- 
istration with pixel-level accuracy. Relative to the traditional photogramme-
tric approach, the RMSE value of the derived elevations is found to be less 
than 2 pixels. The applicability of the DECR method is demonstrated through 
elevation-based building detection (EBD) in a challenging dense urban area. 
The quality of the detection result is found to be more than 90%. Additionally, 
the detected objects were geo-referenced successfully to their correct ground 
locations to allow direct integration with other maps. In comparison to the 
original LoS-DSM development algorithm, the DECR algorithm is more effi-
cient by reducing the calculation steps, preserving the co-registration accura-
cy, and minimizing the need for elevation normalization in dense urban areas. 
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1. Introduction 

Since buildings are the prominent object class in urban areas, building informa-
tion is crucial for city planning and management applications. The commonly 
used data for extracting this type of information are the very high resolution 
(VHR) satellite images. Since buildings are inherently elevated objects, the inte-
gration of optical images and elevation data is of great importance for building 
detection applications. Accordingly, image-elevation co-registration to support 
elevation-based building detection in VHR satellite images has become an active 
area of research in the remote sensing community. 

VHR optical satellite images have been acquired since 1999 by several earth 
observation systems. These images are characterized by broad coverage, sub- 
meter ground resolution, relatively low cost, and rich information content that is 
necessary for mapping complex urban environments. Additionally, due to the 
agility of the currently available satellite sensors, VHR images are usually ac-
quired off-nadir with across-track and/or along-track angles to provide fast and 
various acquisition modes including mainly the stereo mode. 

Stereo images are among the highly demanded types of images. This is be-
cause they allow generating stereo-based information (elevations and disparity 
information) which facilitates identifying elevated features. For urban mapping 
applications, elevation information plays a fundamental role in elevation-based 
building detection in VHR images. This is because the information about build-
ing heights improves the detection results by allowing accurate detection and re-
liable distinguishing of the building-roofs from even spectrally and/or spatially 
similar objects in urban environments such as parking lots. 

Digital elevation models (DEMs) are commonly used to store elevation in-
formation in different forms. These forms include digital terrain models (DTMs) 
describing the terrain elevations, digital surface models (DSMs) describing the 
visible surface elevations (both terrain and off-terrain elevations), and the nor-
malized digital surface model (nDSM) describing the aboveground elevations. 
However, these DEM forms represent only the geometric information and lack 
the rich information content of the optical VHR images (specifically radiome-
tric, texture, spectral, and contextual information). Therefore, when DEM data 
are generated, they need to be integrated with their relevant optical data to 
achieve a more complete dataset for 3D-assisted information extraction applica-
tions. 

The photogrammetric-based generation of elevation data from stereo VHR 
images is achievable at a cheaper rate than other remote sensing sources includ-
ing LiDAR (Light Detection and Ranging) technology. The generated ste-
reo-based elevation data represent the height information of the tops of surfaces 
such as buildings and trees; hence, they result in DSMs. Currently, VHR satellite 
sensors can produce multi-view inline stereo (MIS) images for the same region 
using the off-nadir acquisition capability. These MIS-VHR satellite images pro-
vide comprehensive coverage, minimize the occlusions in the complex environ-
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ments, and allow dense and accurate DSMs to be generated. 
The integration of the optical and elevation datasets leads to higher quality 

surface information since these two data types have complementary properties. 
Therefore, co-registering these two datasets is a valid integration approach to 
make one data source that compensates for the weaknesses of both. However, 
several problems are introduced when such multi-data sources are integrated, 
for instance, the problematic misregistration of DSMs when they are co-regis- 
tered to off-nadir VHR images. This problem is due to the severe perspective 
and relief displacement effects caused by the off-nadir acquisition of the VHR 
satellite images when captured over dense urban areas [1] [2]. 

Bearing in mind this problem of optical-elevation data co-registration, our 
study reviewed the relevant literature. The line-of-sight DSM (LoS-DSM) solu-
tion introduced by Suliman and Zhang [3] provides accurate optical-elevation 
co-registration even for the off-nadir VHR satellite images more efficiently than 
the other available techniques. In this research, the aim is to improve the effi-
ciency of this solution further by minimizing the computation steps, keeping the 
pixel-level co-registration accuracy, and reducing the need for elevation data 
normalization in dense urban areas. 

Stereo images allow generating two types of co-related surface information: 
surface disparity maps (SDMs) and surface elevation models (DSMs). While the 
SDMs represent the relative measurements in the image spaces of one stereo 
pair, DSMs represent the absolute derived elevations in the object space. Dispar-
ity maps are computationally cost-effective and perfectly co-registered to the 
reference image as per disparity definition. Hence, the use of such maps should 
satisfy both reducing the computational steps and keeping the pixel-level 
co-registration accuracy. Additionally, if the epipolar rectification (normaliza-
tion) plane was horizontal in the object space, a direct co-relation between the 
ground elevations and their corresponding disparities in the object space can be 
developed. When this normalization is at the average terrain elevation of the 
imaged area, the terrain relief displacement in the projected images should be 
minimal and hence the corresponding derived elevation data will be co-regis- 
tered to the image data with pixel-level accuracy and of minimal terrain relief 
effects. Therefore, the achieved elevation data should represent a co-registered 
LoS-DSM ready to be used for elevation-based building detection in dense urban 
areas with reasonable terrain relief variation. 

The proposed procedure, based on our recently developed study in [4], leads 
to the Disparity-based Elevation Co-Registration (DECR) method for efficiently 
generating LoS-DSM that is co-registered accurately to a selected reference im-
age. Preliminary works of the current paper were presented briefly in [5] and [6]. 
The ultimate goal of the current research is to demonstrate the applicability of 
the DECR-based improved solution through an elevation-based building detec-
tion in off-nadir VHR satellite images acquired over challenging urban areas. 
The goal includes also geo-referencing the mapped rooftops in an off-nadir im-
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age for direct integration of other existing maps in geographic information sys-
tems (GIS). 

The remainder of this paper is organized as follows: Section 2 reviews the pre-
vious works related to image-elevation data integration and identifies the re-
search problem; Section 3 describes the proposed DECR method; Section 4 de-
scribes the DECR method validation procedure; Section 5 demonstrates the ap-
plicability of the improved LoS-DSM solution using the DECR method in an 
elevation-based building detection; and Section 6 describes the data used and 
discusses the achieved experimental results. Finally, the conclusions are drawn 
in Section 7. 

2. Previous Works 

As can be seen in the relevant literature, image-to-image registration methods 
are used widely to address the problem of accurate optical-elevation data co- 
registration. These methods, by considering the elevation data as 2.5D maps, aim 
to determine the point-by-point correspondence between two images of a scene 
by implementing four fundamental steps: feature extraction, feature matching, 
transformation model estimation, and resampling [7]. Since image and elevation 
data have different characteristics and appearances, the main challenge of these 
methods is detecting common objects in the images being co-registered [8]. Ac-
cordingly, co-registration methods, as reviewed extensively by [9], are catego-
rized generally as either feature-based or intensity-based methods. While fea-
ture-based methods establish the registration between the two datasets via 
matching common features, intensity-based methods utilize intensity values 
within the datasets to find similarity. The resampling process in most registra-
tion methods is applied to the elevation data, instead of the image data, in order 
to avoid producing any radiometric distortions that may affect the subsequent 
processes. 

On the one hand, the common features used in feature-based methods include 
point, line, or planar/area features [10]. Point features extracted by a corner 
point detector were used by [11] to register an optical image to its corresponding 
LiDAR data. Line features were used by [12] to co-register both image and eleva-
tion data. For extracting building roofs using LiDAR data and multispectral im-
agery, [13] extracted the roof planes from both optical and LiDAR data and then 
co-related their centroids. On the other hand, intensity-based registration 
methods evaluate statistical dependency between the image and elevation data-
sets in order to derive similarity measures. These methods avoid the complex 
processing of feature extraction and matching, and hence provide better results. 
Mutual information, as the most successful example, has been proven to be ef-
fective for the optical and elevation data registration as demonstrated in [14]. 

All of the image-to-image registration methods involve expensive computa-
tions during the four fundamental steps listed earlier. Moreover, in dense urban 
areas, most of these registration methods encounter major difficulties when 
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off-nadir VHR satellite images are employed due to the severe building leaning 
caused by the off-nadir perspective acquisition of these images. In contrast to 
elevation models that have orthographic projection, the building leaning in the 
perspective images creates building facades that represent objects not included 
in the orthographic elevation models. Hence, unless the geometry information of 
the image acquisition is incorporated in the co-registration process, this projec-
tion difference in the two datasets poses a standing problem. 

True orthorectification can provide accurate optical-elevation co-registration 
by generating orthoimages corrected for relief displacements and perspective ef-
fects. Many studies have benefited from the direct co-registration between the 
orthoimages and their corresponding elevation data for information extraction 
(e.g., [15] and [16]). The orthorectification procedures, unlike most image-to- 
image registration methods, bypass the steps of finding common features and 
estimating transformation model parameters, required in conventional registra-
tion methods, by utilizing the image acquisition information. A comprehensive 
study on the urban true orthorectification process is provided by [17]. In this 
process, elevation data are used and the sensor model information of the em-
ployed perspective images are incorporated to eliminate the effects of the off- 
nadir perspective image acquisition and hence perfectly align image to elevation 
data [18]. 
However, true orthorectification requires digital building models which are not 
available for most places. Additionally, it requires sophisticated algorithms for 
occlusion detection and compensation to fill the occlusion gaps. Furthermore, 
radiometric enhancement techniques are needed to correct and balance the re-
sampled brightness values and produce seamless mosaics of true orthoimages. 
Hence, true orthoimages are expensive, time consuming, and difficult to achieve. 

It has been concluded that all of the reviewed methods are inefficient—in 
terms of implementation cost and result quality—when off-nadir images over 
dense urban environments are employed. In contrast, a line-of-sight DSM 
(LoS-DSM) solution has been introduced recently by [3] to address the problem 
of efficient image-elevation co-registration based on incorporating the sensor 
model information of the images used. Thus, in this study, we are reviewing the 
LoS-DSM solution to identify aspects for improvement since it is a simple, 
promising, and recent technique for the problem posed in our research. 

The LoS-DSM solution was developed to achieve accurate co-registration and 
preserve the original image information. It was proposed to mitigate the limita-
tions of the other currently available methods. The solution algorithm is 
straightforward, efficient, and effective even when off-nadir images over dense 
urban environments are employed. The solution effectiveness has been demon-
strated through elevation-based building detection in urban off-nadir VHR im-
agery. Nevertheless, we argue that the algorithm efficiency can be improved in 
terms of two aspects: minimizing the required computation steps, and reducing 
the need for elevation normalization. 
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Regarding the computation steps, this algorithm incorporates the sensor 
model information of the VHR images in two major steps: triangulating the ele-
vation data photogrammetrically (space intersection) and then re-projecting 
these elevations back to the image space (co-registration) to achieve accurate 
registration and original image data preservation. Hence, the algorithm has re-
dundant calculation steps that would be efficient if they are bypassed and, at the 
same time, the pixel-level co-registration accuracy is maintained. These redun-
dant steps include the space intersection, bundle adjustment, and 3D coordi-
nates’ calculation as well as the back re-projection of the triangulated DSM ele-
vations. 

Additionally, since the elevation data are transferred to the original image 
space, the terrain relief distortions in the off-nadir images are not eliminated or 
minimized. Hence, a normalization process for the co-registered DSM eleva-
tions, to generate the nDSM, cannot be ignored for dense urban areas even of 
moderate terrain variation, which is usually the case based on the geometric road 
design standards in urban areas. This process requires two subsequent steps: ex-
tracting the DTM from DSM data and then subtracting the resulting DTM from 
its corresponding DSM ( nSDM DSM DTM= − ). The extraction and subtraction 
steps usually introduce elevation errors that negatively affect the results of the 
3D-based mapping applications. In the case of employing off-nadir VHR images 
acquired over dense urban areas, these errors become extremely serious due to 
the prominent existence of the building lean [19]. 

Although the LoS-DSM solution was demonstrated to be successful even for 
off-nadir images, the original algorithm still has room for further improvement. 
The identified areas of improvement lie in the steps of elevation generation, 
co-registration, and normalization. Hence, the aspects of the research problem 
include (1) efficient generation of elevation data from MIS-VHR satellite images, 
(2) direct optical-elevation data co-registration of pixel-level accuracy with one 
of the employed images, and (3) minimized terrain relief variation of the co- 
registered elevations to reduce the need for elevation normalization. 

The photogrammetric approaches, as executed in the original LoS-DSM algo-
rithm, involve computationally expensive steps such as space intersection and 
bundle adjustment since the image-space SDMs and object-space DSMs are 
typically not scale co-related. Hence, if a scale relationship is achieved between 
SDMs and DSMs, an efficient generation and accurate co-registration of LoS- 
DSM will be accomplished since the SDMs, as per definition, are co-registered 
exactly to the reference image selected. Moreover, if the SDMs are measured 
from epipolar stereo images co-registered based on terrain-level features as 
demonstrated in [19], the mapped SDMs will have minimal terrain effects. As a 
result, the derived DSM elevations from these SDMs should have minimal ter-
rain effects that can be ignored to bypass the typical steps of DSM normalization 
in elevation-based building detection in dense urban areas. 

Thus, we propose in this research an improvement for the three identified as-
pects by deriving elevation data (DSM) from enriched disparity maps of mini-
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mized terrain disparities in the relevant object space based on a scale relation-
ship. This allows direct elevation data generation and accurate co-registration 
even with off-nadir VHR images. The proposed method is explained in the fol-
lowing section. 

3. Disparity-Based Elevation Co-Registration (DECR) 
Method 

The DECR method aims to generate efficiently a LoS-DSM co-registered to the 
relevant epipolar image data with pixel-level accuracy. The concept is to achieve 
a dense disparity map in the object space that has a scale relationship to the cor-
responding elevations. Since the generated disparity maps fit exactly their refer-
ence images as per definition, converting the co-registered disparity values to 
their corresponding elevations will result in perfectly co-registered elevation data 
to the same reference images. Hence, elevation values are generated and co-reg- 
istered based on the proportionality with their corresponding disparity values. 

The DECR method utilizes two projection planes in the object space for co- 
relating the corresponding disparities from different epipolar stereo pairs and 
then derives transferring scales to generate additional disparity data (supple-
mentary data) that are then fused to enrich and enhance the selected reference 
disparity map. This co-relation is created by a plying the Double Projection 
Planes (DPP) technique which was introduced in our recent study [4]. The 
achieved co-relation based on the DPP technique can then be extended further, 
as in the current paper, to derive elevation values from their corresponding dis-
parities. The DECR method, as flowcharted in Figure 1, comprises five steps in-
cluding the DPP steps: projecting the MIS-VHR satellite image onto two planes 
in the object space, constructing the epipolar images in the object space, calcu-
lating the disparity transferring and conversion scales, generating an enriched 
SDM by fusing the disparity data transferred from different stereo domains, and 
deriving the co-registered elevation model (i.e., disparity-based LoS-DSM). Fur-
ther details about each step, including the incorporated DPP steps, are provided 
in the following subsections. 

It is worth mentioning that the sensor model information for the employed 
images is essential for developing the DECR method. For VHR satellite images, 
the rational function model (RFM) is the typical sensor model. It has two dif-
ferent sets of rational polynomial coefficients (RPCs) for two opposite transfor-
mation forms that establish the relationship between the object and image spac-
es. They are forward (ground-to-image) and backward/inverse (image-to-ground) 
transformation forms [20]. Although the two sets of the RPCs are different and 
not correlated, most of the satellite image vendors provide the end users with 
one set of RPCs, namely the forward RFM model. If the RPCs of the inverse 
model are not available, they should be computed first. Readers who need to 
compute the backward RPCs are encouraged to consult the detailed explanations 
and calculations documented in [21] and [22]. 
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Figure 1. The flowchart of the disparity-based elevation co-registration (DECR) method 
for generating disparity-based LoS-DSM from MVIS-VHR satellite images. The figure 
shows also the integration between DPP and DECR methods. 

3.1. Projecting the Inline Stereo Satellite Images 

For building a co-relation among the disparities and their corresponding ob-
ject-space elevation data, the input images need to be re-projected to be virtually 
in the relevant object-space plane. Moreover, to analytically derive the transfer-
ring scales (disparity-to-disparity) and the conversion (disparity-to-elevation) 
scales, the offset information resulting from extending this projection to a dif-
ferent horizontal plane is necessary. Hence, the two-way RFM sensor model in-
formation of the input images is critical. While the forward RFM model is used 
first to project the images to the object space, the backward RFM model is used 
to calculate the offset information required for deriving the transformation for-
mulas. Figure 2 illustrates the proposed two-plane re-projection process, as 
modified from [4], in twomain phases. 

The first phase can be executed in five steps: (1) finding the approximate 
ground coverage of the MIS-VHR satellite images, (2) constructing a 2D ob-
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ject-space grid with the ground pixel size of the images to generate a set of plan-
ner X, and Y coordinates, (3) specifying a normalization plane (at a constant 
elevation Z) parallel to the elevation datum, (4) calculating the image locations 
corresponding to the ground coordinates by using the forward form of RFM, 
and (5) resampling the brightness values of the MIS-VHR images to the 2D ob-
ject-space grid constructed earlier. The constant elevation of the projection 
plane is selected to be horizontal at the average terrain elevation of the imaged 
area—denoted in this paper by Zavg—in order to minimize the terrain relief dis-
tortions and to approximately straighten the epipolar lines of the projected VHR 
images acquired by linear array sensors. 

The second projection phase is to analytically derive the transferring and 
conversion scale formulas. For this purpose, the images are required to be 
re-projected onto a different object-space constant elevation—referred to as 
(Z0)—is selected. Unlike the previous projection steps, the resampling process is 
not needed in this re-projection. However, this second projection phase is nec-
essary just to determine the offsets of the ground pixel location ( ),X Y∆ ∆  in 
both X, and Y directions as described in Figure 2. This figure indicates double 
projection process: the first one using the forward model is from the constructed 
2D ground grid to the image space in order to resample the image brightness, 
and the second one using the backward model is from the calculated image loca-
tion back to a collinear ground location at different elevation (Z0) to find the 
offset information. The offsets can be easily calculated as expressed in Equation 
(1) below: 

2 1

2 1

X XX
Y YY
−∆   

=    −∆   
                       (1) 

where X∆  and Y∆  are the calculated ground pixel offsets in both X and Y 
 

 
Figure 2. The proposed re-projection process at two object-space horizontal planes of 
different elevations. An image pixel is projected at two different elevations (Zavg and Z0) to 
generate two collinear 3D points for calculating its objects-space offsets. 
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directions respectively. ( )1 1,X Y  and ( )2 2,X Y  are the calculated ground pixel 
location at the elevations Zavg and Z0 respectively. The two 3D points are at dif-
ferent horizontal levels and collinear. 

3.2. Constructing the Epipolar Images 

Since the VHR satellite stereo images are re-projected into the object space at the 
average terrain level, two advantages should be achieved. First, the terrain-relief 
variation is minimized. This minimization makes the corresponding image 
points re-projected onto the object-space plane to have the minimum horizontal 
distances between each other. The consequence of that is the disparity values of 
the terrain-level features should be close to zero if the imaged area is of moder-
ate relief variation. Second, the epipolar lines are approximated to be straight. 
This property results in that the corresponding points in the same object-space 
plane should lie on a straight line parallel to the epipolar direction. Therefore, to 
keep these two advantages, the re-projected VHR satellite images should be 
re-oriented to align the rows with the epipolar direction and in the same time to 
preserve the relative orientation and locations of the images for keeping the 
achieved terrain disparity minimization. 

Therefore, to create the epipolar images and keep the mentioned properties, 
the planimetric coordinate axes of the object space (i.e., X, and Y axes) should be 
rotated by the angle of the epipolar direction in order to be parallel with the im-
ages’ row direction. This model of constructing and resampling epipolar images 
in the object space is explained in [23]. 

The epipolar direction angle is also required to be applied to the offsets X∆  
and Y∆  calculated in the first step (using Equation (1)) for all ground pixels of 
each image. This can be achieved by applying Equation (2) in order to find the 
corresponding offset in the epipolar direction (i.e., X ′∆  ). Additionally, calcu-
lating the range of the perpendicular offsets ( Y ′∆ ) allows further validation. For 
instance, if the range of the perpendicular offset ( Y ′∆ ) was found to be within 
one pixel, this confirms the validity of the computed epipolar direction (θ) and 
hence the calculated offsets ( X ′∆ ). 

cos sin
sin cos

X X
Y Y

θ θ
θ θ

′∆ ∆     
= ⋅     ′∆ − ∆     

                   (2) 

3.3. Calculating the Conversion Scales 

By creating the epipolar images as described in the previous steps, the relative 
orientation and locations of the projected images should be preserved. This al-
lows constructing an inter-proportional relationship between the co-related dis-
parities and deriving the corresponding elevation above the selected projection 
plane. This relationship is determined based the offset information calculated 
from the two-plane projection process using Equation (1). 

Before describing the inter-proportional disparity relationship, the disparity 
value should firstly be clarified. The disparity maps represent the co-relation of 
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one epipolar stereo image (domain/reference image) with respect to another 
stereo mate (input image). Hence, the disparity value ( LRD ) is simply the X ′  
coordinate value of a pixel in the left epipolar image ( LX ′ ) minus the X ′  co-
ordinate value of the same pixel in the right epipolar image ( RX ′ ). Following 
this definition, the resulting disparity map fits exactly the reference epipolar im-
age with pixel-level co-registration. 

To determine the constructed relationship, a descriptive sketch is developed. 
Figure 3 illustrates the relationship of the light rays projected onto the two 
horizontal object-space planes for the case of three MIS-VHR satellite images. 
These light rays are all represented in the epipolar plane—XZ along the same 
epipolar line (i.e., the same row of the projected images). The intersection point 
of these light rays is the actual point imaged in the object space. The photo-
grammetric triangulation approaches solve for this point (i.e., space intersection) 
to reconstruct the imaged object space. The intersections of the rays with the 
horizontal average level plane (Zavg) are the ground locations of the projected 
pixels. Hence, the distances between these projected pixels are the object-space 
disparities (D). 

From the sketch shown in Figure 3, two scale-based formulas can be derived 
based on the basic triangle similarity rules: Domain-to-domain Disparity For-
mula (DDF) and Disparity-to-Elevation Formula (DEF). While DDF is derived 
 

 
Figure 3. A sketch in the epipolar plane describing the relationships among the ground 
disparities and with their corresponding elevation above the selected projection plane. 
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originally in [4], DEF is extended the current study for the DECR method These 
two derived formulas are expressed in Equation (3) and Equation (4) respec-
tively. These two formulas are based on scaling the disparities measured in the 
object space. 

. . .

m n m n

m n k n k mk n k m

X X X XD D D
X X X X

   ∆ − ∆ ∆ − ∆
   = ⋅ = ⋅
   ∆ − ∆ ∆ − ∆ 

′ ′ ′ ′

′ ′ ′ ′ 
         (3) 

where .m nD  is the object-space disparity value between the image (m) and im-
age (n) which is predicted or transferred from other object-space disparity values 
of other stereo domains such as .k nD  or .k mD ; ,m nX X′∆ ∆ ′  ,and kX∆ ′  are 
the computed offsets in the epipolar direction of the same point from the images 
(m, n, and k) respectively. 

. .. m n k nm n k n

Z ZElv D D
X X X X

   ∆ ∆
= ⋅ = ⋅   
 ∆ − ∆   ∆ − ′∆′ ′ ′

          (4) 

where .Elv  is the disparity-based derived elevation value above the selected 
projection plane; Z∆  is the difference between the selected two parallel ob-
ject-space planes (in our case Z0 = 0, then avgZ Z∆ = ). Thus, the absolute eleva-
tion value from the zero level equals to the calculated .Elv  value in addition to 
the elevation of the first projection plane (i.e., . avgElv Z+ ). 

Furthermore, based on Figure 3, the shift distances of the projected ground 
pixels to the correct orthographic locations in the epipolar direction ( orthoX ′∆ ) 
can be found in the same manner. This shift is calculated using the Correct Dis-
tance Formula (CDF) for each ground pixel as expressed in Equation (5). The 
correct orthographic location in the constructed epipolar geometry ( orthoX ′ ) can 
be then found as shown in the same equation. 

.k k k k k
ortho ortho ortho

ElvX 'X X X X
Z

' '′ ∆ = ⋅∆ → = − ∆ ∆ 
′            (5) 

where k
ortho
'X∆  is the distance between the ground pixel ( kX ′ ) of the epipolar 

image (k) to its correct orthographic location ( k
orthoX ' ) in the epipolar direction. 

Similar to that as indicated in Figure 3, the distances for the projected image 
(m) and (n) are m

ortho'X∆  and n
ortho
'X∆  respectively. 

3.4. Measuring the Enriched Disparity Map 

Once the reference image is selected, an efficient stereo matching technique 
should be implemented to measure and generate the disparity maps. There are 
several alternatives of matching algorithms that can be executed for creating 
disparity maps. A critical review of the state-of-the-art matching algorithms for 
dense disparity map generation was provided in [24]. It is concluded in this re-
view that the most suitable matching algorithm for urban areas is the semi- 
global matching (SGM) technique as introduced in [25] because it is robust, ac-
curate, and insensitive to the illumination and reflection changes. Consequently, 
our study adopts this algorithm for the generation of the surface disparity in-
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formation (SDMs). 
Different combinations of stereo pairs can be used to generate different SDMs. 

Each pair will have different cases of occlusion gaps and mismatches that need to 
be filled and corrected. Thus, it is recommended to select the reference image to 
be of minimal occlusions in comparison to the other stereo mates. When the 
domain/reference image is selected between two images, most of the hidden ar-
eas are disclosed in these stereo mates. The matching of the reference image 
against the other image stereo mates allows additional disparity data (also re-
ferred to as supplementary data) to be generated that allow filling the gaps and 
detecting the outliers. However, based on the offsets calculated in the previous 
step (i.e., 'X∆ ), the supplementary data must be converted using the DDF as in 
Equation (3) to be consistent and applicable for enhancing the reference dispar-
ity maps. 

Fusing the generated supplementary data with the reference disparity map al-
lows filling the gaps and hence enriching the selected reference disparity map. 
Several fusion techniques for depth and disparity maps have been proposed. The 
3D-median filter fusion technique described by [26] is adopted, with some re-
strictions, in this study for its simple concept, efficiency, and accuracy. It is an 
extension to the concept of the 2D-median filter where the third dimension 
represents the number of the supplementary disparity maps generated. In this 
fusion process, a consistency check is needed to be executed to exclude the out-
liers (mismatches). These outliers have discrepancies more than a pixel in rela-
tion to the corresponding values in the reference disparity map. 

Of course, after enhancing the disparity maps by the available supplementary 
data, it is expected to find small areas that are still without information. Never-
theless, these areas should be minimized after the gap filling process. If there are 
no further images to generate extra data, interpolation technique can be exe-
cuted to fill any remaining holes. However, in this time, interpolation can be 
executed with minimal risk since the gaps and mismatches are remarkably re-
duced. 

3.5. Generating the Co-Registered Elevations 

Once the disparity map is generated and enhanced using the supplementary 
disparity data, the resulting SDM is co-registered accurately to the selected ref-
erence image. Since the DEF scale has been calculated as in Equation (4) for the 
reference image, the enhanced SDM can be converted into elevation data that 
are already fit exactly the reference image as per the disparity definition stated 
earlier. Therefore, this will result in a LoS-DSM that is generated based on dis-
parity data and co-registered with pixel-level accuracy to the relevant selected 
reference optical image from the MIS-VHR satellite images. The achieved LoS- 
DSM based on our algorithm should be equivalent to the original algorithm with 
some additional advantages. For evaluation purposes, the validation of the de-
veloped method is detailed in the following subsection. 
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4. DECR Method Validation 

The proposed validation procedure for the DECR method includes three valida-
tion steps. These steps are (1) confirming the epipolarity and validating the dis-
parity proportionality among the employed VHR images, (2) validating quanti-
tatively the disparity-based derived elevations, and (3) inspecting qualitatively of 
the co-registered LoS-DSM. Further details are provided in the following subsec-
tions. 

4.1. Epipolarity and Inter-Proportionality Confirmation 

The confirmation of the epipolarity of multiple epipolar images can be carried 
out qualitatively by arranging these images horizontally and checking whether 
the same image point in all of the constructed epipolar images can be connected 
by a straight horizontal line or not. 

Quantitatively, the epipolarity condition is validated by applying an automatic 
matching technique to find a set of accurate point matches and calculate the dif-
ferences in the y-disparity (y-parallax) for all point pairs. For this check, the 
Scale Invariant Feature Transform (SIFT) matching technique introduced by 
[27] is selected due to its accuracy and reliability. 

The validation of the computed epipolar angle and the offsets in the epipolar 
direction ( 'X∆ ) is indicated by the range of the offsets ( 'Y∆ ) perpendicular to 
the epipolar direction. This range should be within one pixel. 

However, to validate the disparity inter-proportionality among the con-
structed epipolar images, the same image point and its corresponding ones 
should lie on the same straight line if the images are arranged vertically by dis-
tances proportional to the calculated shifts in the epipolar direction. Figure 4 il-
lustrates this arrangement (but in horizontal manner) that satisfies Equation (6) 
which represents the validation line slope. 
 

 
Figure 4. The inter-proportionality validation for the object-space disparity values from 
different stereo domains. 
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where the Lno is the distance between the corresponding epipolar lines in the 
epipolar image (n) and image (o); Dno is the object-space disparity for the same 
point between the epipolar image (n) and image (o); likewise for Lnm and Dnm 
respectively. This ratio can be determined from the calculated offset information 
in the epipolar direction (i.e., X ′∆ ) for each image. With this ratio known, the 
intermediate distances (Δij) between the consecutive images (Δimage1, image2) can be 
determined based on basic triangle similarity rules after selecting the reference 
image and the reference stereo-pair domain. All of these symbols are illustrated 
in Figure 4. 

4.2. Calculated Elevations’ Validation 

After constructing the epipolar images of scale-related disparities to their corre-
sponding elevation and deriving the DEF scale value, elevation values can be 
calculated from the measured disparities for all matched pixels in the reference 
image. These elevation values should be equivalent to those derived photo-
grammetrically. Hence, as an external reference to evaluate the proposed dispar-
ity-based elevation calculation, the DSM for the imaged area needs to be gener-
ated by the traditional photogrammetric approach which is already geo-refer- 
enced. However, a direct comparison for the derived elevations cannot be 
straightforwardly made. This is due to the projection difference between the two 
sets of elevation data. While the photogrammetric DSM has an orthographic and 
geo-referenced projection, the developed disparity-based LoS-DSM has a per-
spective projection (line-of-sight) that is not geo-referenced. 

Therefore, for this elevation validation, a set of well-distributed points in the 
generated LoS-DSM needs to be selected and corrected for their orthographic 
locations to be compared against those derived photogrammetrically. As a sim-
plified technique, a set of points that represents the centers of flat rooftops of 
buildings in the generated LoS-DSM can be selected and matched manually to 
their corresponding ones in the photogrammetrically-derived DSM. Hence the 
corresponding elevations can be compared against each other. This technique is 
recommended to bypass the need to co-register the points in the perspective 
LoS-DSM with their corresponding ones in the orthographic DSM. 

Once the corresponding elevations from the two elevation models are co-reg- 
istered, the elevation differences can be calculated and hence statistical quality 
measures can be computed such as the root-mean-square-error (RMSE) and the 
standard deviation (Std.) of the resulting discrepancies. 

4.3. Co-Registered LoS-DSM Validation 

After generating the enhanced SDM (by fusing the supplementary disparity 
maps) and deriving the LoS-DSM co-registered to the optical reference image, 
the homogeneity of the values related to the same object can be identified visu-
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ally through a 3D rendered representation of the generated LoS-DSM and vali-
dated qualitatively. This inspection allows creating isometric views of the optical 
data that are helpful in evaluating the quality of the elevation data generation 
and co-registration. The quality measures of the elevation values in the previous 
step represent the quantitative assessment of the derived disparity-based LoS- 
DSM. 

Once the integrated geometric and optical data are validated, a complete set of 
data ideal for 3D-assisted information extraction applications are achieved. This 
set of data is required to be incorporated in a mapping application for a dense 
urban area to demonstrate its applicability. The following section describes the 
proposed procedure for this application. 

5. Applicability Demonstration 

Co-registering optical and elevation data leads to an ideal dataset for 3D-assited 
information extraction applications. In this section, elevation-based building 
detection (EBD) in VHR satellite imagery is selected to be implemented for 
demonstrating the applicability of the disparity-based LoS-DSM elevations 
co-registered through the DECR-based improved solution. In contrast to the 
process demonstrated in [3], executing the EBD application in our study is 
meant to validate the terrain-relief minimization by representing approximately 
the off-terrain objects only. Furthermore, the process includes geo-referencing 
the finished building-roof objects. The proposed EBD and geo-referencing 
process are described in the following subsection. 

5.1. Elevation-Based Building Detection (EBD) and 
Geo-Referencing 

The elevation-based building detection method described in [3] is selected and 
adapted for our study to demonstrate the applicability of the co-registered dis-
parity-based LoS-DSM. The steps of the procedure start by pan-sharpening the 
reference image for better classification and segmentation results. Then, the de-
veloped DECR method is executed. Once the optical-elevation data co-registra- 
tion is achieved, the optical data are segmented and the vegetation objects are 
suppressed. After that, building objects can be detected easily using an elevation 
threshold value. After enhancing the result, finally, the detected building objects 
are geo-referenced to their correct geo-locations. All of these steps are flow-
charted in Figure 5. 

5.1.1. Input Image Pan-Sharpening 
VHR images have one panchromatic band and at least four multispectral bands 
(Red, Green, Blue, and Near-Infrared). The ground resolutions of the multispec-
tral bands are usually one-fourth of that of the panchromatic band. Therefore, to 
combine these bands and take the advantages of both types, an image fusion 
technique needs to be executed. The UNB pan-sharpening technique introduced 
by [28] is highly recommended. We propose executing this fusion technique just  
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Figure 5. The proposed elevation-based building detection (EBD) and geo-referencing 
procedure. 
 
for the image selected for applying building detection. 

5.1.2. Disparity-Based LoS-DSM Generation 
For achieving co-registered elevation data to the reference VHR optical image, 
the LoS-DSM needs to be generated. Therefore, the steps of the DECR method 
are required to be executed to generate a disparity-based LoS-DSM and achieve a 
complete integrated dataset by co-registering image and elevation data. 

5.1.3. Image Segmentation 
To reduce the image complexity and divide it into small objects based on a ho-
mogeneity measure of the colour information, an image segmentation technique 
should be executed. As concluded in [29], multi-resolution segmentation intro-
duced in [30] is one of the most appropriate techniques for segmenting VHR 
images of urban areas. Thus, this technique is adopted in our study for the seg-
mentation step. 

5.1.4. Building Detection and Results Enhancement 
To detect building objects, a thresholding operation for the achieved normalized 
elevations needs to be applied. However, since the elevations are going to have a 
crucial detection role, other elevated features, such as trees, must be removed to 
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avoid confusion with the building objects. Fortunately, vegetation indices can be 
used effectively to detect and suppress vegetation. The normalized deference 
vegetation index (NDVI), as described in [31], is one of the most accurate and 
popular vegetation indices. In our study, this index is selected to suppress the 
scene vegetation. After suppressing the vegetation, the building objects can be 
detected directly by a applying an elevation threshold. The best thresholding 
value can be selected empirically. 

Since the off-nadir VHR images have severe building lean, an occlusion detec-
tion technique should be executed to detect the hidden areas which usually rep-
resent the building sides (façades) and create gaps and outliers. The most com-
mon techniques of detecting the occluded areas are reviewed in [32]. We rec-
ommend the use of the Left-Right checking technique due to its efficiency and 
simplicity. Masking out the detected occlusion areas should highlight the build-
ing rooftops and hence enhance the result significantly. 

Normally, the detection result requires some finishing. Therefore, post-proc- 
essing procedures need to be applied for the resulting roof objects. These proce-
dures are usually based on morphological operations. We recommend develop-
ing a rule set of such operations interactively and effectively using the Cognition 
Network Language (CNL) available with the eCognition software package. To 
assess the result accuracy, the conventional evaluation measures described in 
Section 5.2.1 are used to evaluate the building detection accuracy. 

5.1.5. Building Objects’ Geo-Referencing 
After detecting the building objects and enhancing their shapes, these objects 
should be geo-referenced to their correct orthographic locations. This allows 
easy input and integration with other existing GIS layers. Therefore, these ob-
jects need to be moved and registered to their correct geo-locations. 

To determine the correct geo-referencing location, two steps are required: (1) 
moving these objects to the orthographic location in the epipolar direction as 
expressed in the CDF formula, and (2) rotating these objects to the reverse of the 
epipolar rotation direction (i.e., −θ) applied in the epipolar construction phase. 
To perform the first step, the building objects are abstracted by representative 
points (RPs) that lie within their corresponding object’s boundary. To guarantee 
that this RP is located inside the corresponding object’s shape, this point is se-
lected to represent the centre of the greatest circle that fits inside the object 
boundary. The algorithm for calculating this RP point location is introduced by 
[33]. When these two easy steps are executed, the resulting building map should 
be geo-referenced to the correct orthographic geo-location. The validation test of 
the geo-referencing result is described in Section 5.2.2. 

5.2. Mapping Accuracy Evaluation 

This section describes the accuracy assessment and evaluation for both the de-
tection and geo-referencing results. Once the building-roof objects are detected, 
the accuracy is assessed based on reference data using the traditional measures of 
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the detection performance. Then, after geo-referencing the mapped roofs, the 
achieved result is evaluated. 

5.2.1. EDB Accuracy Assessment 
As implemented in [3], the detection accuracy is assessed by comparing the 
mapped buildings’ roofs against a reference dataset after implementing the de-
veloped EBD procedure. Completeness, Correctness, and Overall Quality are 
three widely used measures to assess the detection performance. These assess-
ment measures are a modified version of those introduced by [34]. Complete-
ness is the percentage of the entities in the reference data that are correctly de-
tected. Correctness indicates how well the detected entities match the reference 
data. The Overall Quality of the results provides a compound performance met-
ric that balances completeness and correctness [35]. The formulas of these 
measures are as follows: 

( ) TPCompleteness Comp.
TP FN

=
+

                (7) 

( ) TPCorrectness Corr.
TP FP

=
+

                  (8) 

( ) TPOverall Quality OQ
TP FP FN

=
+ +

                (9) 

True positive (TP) is the number of correctly identified building roof seg-
ments. The false negative (FN) is the number of building roof segments in the 
reference dataset that are not detected or wrongly labelled as not roofs. The false 
positive (FP) represents the number of building roof segments that are detected 
but do not correspond to the reference dataset. The definition for these meas-
ured entities is used in this study to represent the total areas (in pixels) that are 
related to the building roof class. 

5.2.2. EDB Geo-Referencing Evaluation 
In many cases, the accurate reference maps for the building footprints are not 
available for the study area. Therefore, for validation purposes, we propose the 
generation of an orthophoto by using the traditional differential orthorectifica-
tion technique. This technique requires the elevation data to be available in ad-
vance. Hence, the geo-referenced DSM should be derived photogrammetrically 
for the study area before executing the orthorectification process. The generated 
orthophoto will be used as an external reference data source to validate and as-
sess the quality of the geo-referenced building roof objects. This validation is 
proposed to visually inspect geo-referenced building roofs individually (object 
by object) in order to count the correctly geo-referenced objects (≥90% overlap 
with the correct rooftop). This is because the traditional orthorectification proc-
ess does not work perfectly in dense urban areas. Although true orthorectifica-
tion overcomes the limitation of the traditional orthorectification process, the 
generation of a true orthophoto is expensive, time consuming, and difficult to 
achieve [3]. 
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6. Data, Results, and Discussion 

The results of the developed DECR method and its demonstrated applicability in 
EBD application are presented and discussed in this section. The section organi-
zation is based on the sequence of the proposed validation procedures described 
in Section 4 and Section 5.2 for the DECR and the EBD methods respectively. 
The test data used in the experimentation are described in the following subsec-
tion. 

6.1. Dataset and Study Area 

The optical data used in this research are a subset of five stereo VHR images ac-
quired by the WorldView-2 linear sensor with push-broom scanning mode. 
These MVIS images are available along with their sensor model information. 
Each of the five MIS-VHR satellite images has eight spectral bands of 1000 × 
1000 pixels and a panchromatic band of 4000 × 4000 pixels with 2 m and 0.5 m 
resolutions, respectively. 

The VHR data were acquired in 2010 over a dense urban area of Rio de Ja-
neiro, Brazil. The imaged area is of a modern city and has many buildings with 
different shapes and sizes. Most of the buildings are high-rise elevations where 
building lean and façades are prominent. Figure 6 shows the selected reference 
stereo pair (i.e., the reference image and its stereo mate). 

6.2. Results of DECR Method 
6.2.1. Epipolarity and Inter-Proportionality Result 
Based on the developed DECR method, the available VHR images of the test 
data are re-projected onto two horizontal planes at the average-terrain elevation 
(i.e., Zavg = 10 m) and the zero elevation (i.e., Z0 = 0 m). To simplify the calcula-
tions, the resampling of the re-projected images was made to be equivalent to 1 
m2 per pixel. After that, the offset information in the X and Y direction of the 
object-space coordinate system was calculated for each MIS-VHR image, as 
shown in Table 1. 
 

       
(a)                                         (b) 

Figure 6. The reference stereo pair of the MVIS-VHR satellite images. (a) The reference 
image (I-2); (b) the stereo mate (I-3). 
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Table 1. The calculated shift information required for the DECR methoda. 

Original 
Image 

I-1 I-2 I-3 I-4 I-5 

ΔXmin. −2.3113 −1.5172 −0.2792 1.4300 2.4262 

ΔXmax. −2.2759 −1.4822 −0.2436 1.4646 2.4610 

ΔXavg −2.2937 −1.4997 −0.2615 1.4473 2.4435 

ΔYmin. −9.8337 −6.5930 −1.5081 5.6205 9.8155 

ΔYmax. −9.7840 −6.5436 −1.4566 5.6363 9.8406 

ΔYavg −9.8091 −6.5685 −1.4824 5.6283 9.8277 

a. Thevalues are in meter (ground pixel size = 1 m). 

 
To confirm the epipolarity condition of the epipolar rectified images, the SIFT 

matching technique was executed to generate a set of 35 matching points of 
good distribution. Then the differences in the matching location were calculated 
between the point pairs to assess the quality of the epipolarity condition. The 
RMSE value of these differences was found to be 0.29 pixels with a Std. value of 
0.23 pixels. These values validate the approximation of the epipolar curves and 
indicate the success of the epipolar rectification process for the employed 
MVIS-VHR satellite images. 

Table 1 shows the minimum, maximum, and the average shift values in the X 
and Y directions respectively. It can be noted that the variation of the values is 
very small (<1dm) due, mostly, to the small size of the test area. In this case the 
average values can be used as a generalized value for the whole test area—to 
simplify the calculations—instead of using the individual values of each ground 
pixel which is required to overcome any factors that prevents the disparity inter- 
proportionality including the shifts and drifts in the trajectory of satellite sen-
sors. 

To align the rows of the images with the epipolar direction, the rotation angle 
of the epipolar direction was determined by connecting a distinct elevated point 
to its corresponding matching points and then determining the epipolar angle 
relative to the ground X-axis as described in [36]. Thus, for this dataset, the rota-
tion to the epipolar direction was found to be 76.4231 degrees. 

To construct the epipolar images and keep their inter-relationships, the pro-
jected images were rotated using the calculated epipolar angle. Additionally, the 
calculated offset data were rotated based on the same angle to find the offsets in 
the epipolar direction and its perpendicular (i.e., ΔX', ΔY'). The offset values in 
this direction were all found to be less than 1 pixel (or 1 meter) with a maximum 
range of about 0.75 pixels. This indicates quantitatively the validation of the 
computed epipolar angle, the calculated offsets in the epipolar direction, and the 
approximated epipolar lines of the constructed epipolar images. This validation 
is demonstrated visually in Figure 7. The same point and its corresponding 
points lie on the same horizontal line in all epipolar images. 

To validate the inter-proportionality of the disparity values among all of the 
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epipolar images, the validation test described in Figure 4 was implemented. 
Figure 8 is constructed based on Equation (5). The figure proves the validity of 
the disparity proportionality among all epipolar images. Two straight lines of 
two different points indicate the success of the constructed disparity proportion-
ality. This validation confirms the proportionality of the disparity values with 
their corresponding elevations. 

6.2.2. Calculated Elevations Results 
Since the scale-relationship of the disparity values was achieved and validated, 
supplementary surface disparity data (SDMs) were generated and fused using 
the 3D-median filter as described in Section 3.4. These supplementary disparity 
data were used to fill disparity gaps of the reference disparity map. By fusing the 
generated SDMs with the reference one, the SDM of the selected reference pair 
(i.e., Ep-2 & Ep-3) was enriched and enhanced. Figure 9 shows different SDMs 
extracted from different epipolar stereo pairs which are fused together to gener-
ate a more accurate and enriched SDM. The SDM achieved has an identical rep-
resentation of its corresponding LoS-DSM. 

As stated previously, the offset variation is almost negligible due to the small 
size of the test area. Thus, to simplify the calculations, the average offset of each 
image in the epipolar direction was used to calculate the DEF formula—as in 
Equation (4)—instead of the offset value for each individual pixel which must be 
considered in the case of full scenes and hilly areas. 

Based on Equation (4), the scale value calculated for the selected reference 
stereo pair (I2-I3) is found to be −1.912. Hence, the elevation data correspond-
ing to the enriched SDM of the reference stereo domain were directly generated 
for the selected reference stereo pair (I2-I3). Since these elevations are measured 
from the projection plane (Zavg), the height above the datum of that projection 
plane (ΔZ = 10 m) is added to have the elevation referenced to the datum. Hence, 
 

 
Figure 7. Epipolarity validation. Any point and its corresponding ones lie on the same 
horizontal line in all epipolar images. 
 

 
Figure 8. Disparity inter-proportionality validation among all epipolar images. 
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Figure 9. The fused and enhanced SDM generated from different epipolar stereo pairs 
based on the scale transformation formula derived in the DPP method. Unlike the rest of 
the pairs, the pair Ep-2& Ep-1 has negative values because the stereo mate is before the 
reference image in the sequence of acquisition 
 
the disparity-based derived elevations are computed as Elv. = 10 − 1.912 × DI2,I3. 
The resulting elevation data represent the disparity-based LoS-DSM co-regis- 
tered to the reference image with pixel-level accuracy as per the disparity defini-
tion. 

For the evaluation of the disparity-based elevation calculation, a set of tie 
points that represent the centres of different flat building-rooftops were matched 
manually in order to correctly triangulate their 3D ground coordinates. The re-
sulting ground elevations were then compared against their corresponding val-
ues generated based on the DECR method. The photogrammetric elevations 
were calculated using industry leading commercial photogrammetric software 
(PCI Geomatica, ver. 2015). 

Based on a manual selection of the building roof elevations in the scene, the 
RMSE and Std. were calculated and found to be 1.54 m (1.5 pixels) with a Std. 
value of 1.06m (1 pixel). The RMSE value is reasonable because it is less than the 
pixel-level threshold value, used to identify the inconsistency and outliers among 
the corresponding supplementary disparity values, generated from different 
epipolar stereo pairs, before fusing them. Moreover, this threshold is almost 
double the Std. value. Hence, this indicates the highly acceptable precision of the 
achieved RMSE value. Therefore, the developed disparity-based approach is able 
to produce elevation data comparable in accuracy to that derived rigorously 
based on the traditional photogrammetric approaches using industry leading 
commercial software. 

6.2.3. Co-Registered LoS-DSM Result 
Based on the DECR method, the resulting LoS-DSM co-registered to the selected 
reference image needs to be validated to identify the elevation inconsistency 
through visual inspection. Figure 10 shows an isometric view of the generated 
LoS-DSM and the rendered representation of the co-registered reference image. 
While Figure 10(a) shows clearly the elevation consistency for each building 
roof, Figure 10(b) confirms the predefined co-registration accuracy with the 
reference optical data. The realistic 3D representation of the dense urban area is 
attributed to the successful disparity-based image-elevation data co-registration 
achieved using the developed DECR method. 
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(a)                                         (b) 

Figure 10. The reference stereo pair of the MVIS-VHR satellite images. (a) The reference 
image (I-2); (b) the stereo mate (I-3). 

6.3. Results of DECR Method 

To demonstrate the applicability of the developed DECR method, an eleva-
tion-based building detection application was implemented to map the build-
ing-roof objects based on the accuracy of the elevation derivation, terrain eleva-
tion minimization, and the pixel-level co-registration with the reference optical 
image. 

The building detection is mainly based on the elevation information. Because 
trees produce false detection results, a mask was generated based on the NDVI 
value to exclude all of the vegetation objects. The threshold value of this index 
was selected empirically and was equal to 0.3. It is worth mentioning that this 
NDVI-based vegetation removal may affect negatively the detection result in the 
cases of roof gardens or buildings with high NDVI values. These two cases pose 
a limitation to this vegetation removal technique. However, these cases rarely 
appear in most urban areas. 

Since the reference image was selected to be off-nadir over a challenging and 
dense urban area, the buildings’ façades are prominent. To exclude these con-
fusing building objects, the Left-Right occlusion detection technique was exe-
cuted to identify the hidden areas which mainly represent in our case the build-
ing façades. Figure 11 illustrates an example of the performance of this tech-
nique (Figure 11(c)). The whole façade bitmap generated for the selected epi-
polar stereo images (Ep-2 & Ep-3) is provided in Figure 11(d). This mask is 
used to enhance the building detection results by removing the building sides 
and highlighting the building rooftop objects only. 

The intermediate detection results are provided in Figure 12. The co-regis- 
tered optical and elevation datasets are shown in Figure 12(a) and Figure 12(b) 
respectively. Figure 12(c) demonstrates the detected off-terrain objects based on 
a thresholding operation. The threshold value was very close to the selected ter-
rain average elevation (Zavg) because the elevations were referenced to the datum. 
This indicates the success of the terrain variation minimization described in the 
developed DECR method. The detection result of Figure 12(c) includes the  
tree objects which are filtered out in Figure 12(d) based on an NDVI bitmap 
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(a)                  (b)                     (c)                  (d) 

Figure 11. The generation of the occlusion map for the reference stereo images (I-2 & 
I-3). (a) A subset from the epipolar reference image (Ep-2); (b) a subset from the epipolar 
stereo image (Ep-3); (c) the detected occlusions in the reference image; (d) the generated 
occlusion map for the epipolar reference image (Ep2). 
 

 
(a)                      (b)                                (c)      

 
(d)                        (e)                                (f)      

Figure 12. The intermediate building detection results. (a) Epipolar off-nadir VHR ref-
erence image (Ep-2); (b) disparity-based co-registered LoS-DSM using DECR method; (c) 
detected off-terrain objects based on a thresholding operation of a value close to Zavg; (d) 
resulting objects after suppressing vegetation objects based on an NDVI bitmap; (e) re-
sulting objects after removing the building façades. (f) The manually generated reference 
data for comparison. 
 
produced based on the empirically selected threshold value. This result is en-
hanced further by applying the Left-Right-based occlusion map of Figure 11(d) 
generated to exclude the building façades. Some post-processing steps were ap-
plied to enhance the detection result. These steps include merging adjacent ob-
jects and removing isolated ones of small areas since they usually represent 
noise. The final enhanced detection result is shown in Figure 12(e). The refer-
ence data used for evaluating the detection results are provided in Figure 12(f). 
These data were generated manually. The quantitative evaluation of the final de-
tection result relative to the reference data is provided in Table 2. 

Based on the performance measure provided in Table 2, the detection was 
highly successful. This high quality detection is due to the incorporation of the 
elevation information. This information is a critical detection component for the  
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Table 2. Performance evaluation of the building detection result. 

Evaluation Measure Comp. (%) Corr. (%) OQ. (%) 

Value 96 95 92 

 
buildings since they are inherently elevated objects. 

The high correctness value of 95% is attributed mainly to the high accuracy of 
the derived elevation data (based on a fused supplementary disparity maps) used 
for the detection and the accurate co-registration of these elevation data with the 
reference image. This performance indicates the success of the developed DECR 
method. Furthermore, the quality of the elevation data generation and co-regis- 
tration is reflected also in the high completeness of 96%. However, the role of 
incorporating the façades bitmap based on the Left-Right checking technique 
reduced the false detection tremendously, which resulted in a higher complete-
ness measure value. 

As a combined indicator of both the correctness and completeness perform-
ance measures, the overall-quality (OQ) measure confirms the high quality of 
the building detection results. This quality can be seen by comparing visually the 
reference data in Figure 12(f) to the final detection results in Figure 12(e). A 
building detection result in off-nadir VHR imagery of 92% overall quality over a 
challenging dense urban area is indeed a significant success that demonstrates 
the applicability of the developed DECR method in an EBD application. 

6.4. Results EBD Map Geo-Referencing 

After mapping the building-roof objects and evaluating the detection perform-
ance, the resulting building objects must be geo-referenced to their correct 
ground locations in order to be ready for incorporation in GIS systems and in-
tegration with other GIS layers. The geo-referencing process described in Section 
5.1.5 was implemented to remove the perspective effects of the off-nadir VHR 
image and then apply the geo-referencing. The correct geo-location in the epi-
polar direction was calculated based on Equation (5) using the derived eleva-
tions, referenced from the projection plane (Zavg), at the RP point of each build-
ing object. For the selected reference image, the values used for ΔZ is10m and 
for ΔX’ is −6.7352 m. 

The achieved geo-referencing result was evaluated as described in Section 
5.2.2 based on an orthoimage. Therefore, a dense geo-referenced DSM was de-
rived photogrammetrically based on the traditional approach and then used to 
create an orthoimage for the study area. This orthoimage was used as an external 
reference to assess the accuracy of the building map geo-referencing process. 

Figure 13(a) illustrates the detection result in the epipolar image domain 
overlaid on the epipolar reference image (I-2). Figure 13(b) shows the geo-ref- 
erencing result overlaid on the generated orthoimage. Figure 13(c) shows the 
enhanced building detection results geo-referenced to the correct object-space 
locations and prepared as a GIS layer. 
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(a)                          (b)                        (c)  

Figure 13. The result of the building detection in both the epipolar image domain and 
the geo-referenced ground domain. (a) The detected building objects in the epipolar ref-
erence image domain; (b) geo-referenced building objects overlaid on the generated or-
thoimage; (c) the resulting GIS layer. 
 

After a qualitative assessment of the generated orthoimage, it is found that 
98% of the building roofs were geo-referenced correctly. This confirms and 
validates further the derived elevation data based on the generated disparity in-
formation. In contrast, 2% (3 out of 165 objects) of the geo-referenced building 
objects were found lying on the incorrect geo-location. The reason for that is the 
incorrect elevation used to calculate this geo-location in the epipolar direction. 
This elevation was extracted at the RP point of the building object as described 
earlier. For non-flat building roofs, the location of the RP selected in our study 
may not be at the elevation value that leads to the correct geo-reference location. 
These cases are very few and they can be easily identified and corrected manu-
ally. 

Figure 14 illustrates four cases of the achieved geo-referencing results. On the 
one hand, the upper row of this figure shows the detection result in the epipolar 
image domain (Ep-2) along with the correct geo-location of the detected build-
ing object in the epipolar direction. The shift of the detected objects to the cor-
rect location in the epipolar domain is equal to the distance between the RP 
point of the detected building (represented by a triangle in Figure 14) and cor-
rect building object location (represented by a square in Figure 14) as indicated 
in the same figure. 

On the other hand, the lower row of Figure 14 shows the geo-referencing re-
sult overlaid on the generated orthoimage. Based on the visual assessment, the 
geo-referencing result is highly successful. For Figure 14(d2), despite the mis-
alignment between the building roof in the orthoimage and the corresponding 
geo-referenced object, the location of the geo-referenced roof object is correct. 
This is because the lean of the high-rise building (more than 135 m above the 
local ground) was not completely eliminated from the orthoimage. Hence, the 
source of this misalignment is in the reference data, not the geo-referenced ob-
jects. Figure 14 indicates the success of the proposed geo-referencing process. 
The final geo-referencing result was processed to be directly integrated into a 
GIS system. At this stage, the cycle of the information extraction and mapping is  
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Figure 14. A few examples of the geo-referenced roof objects for visual assessment. The 
upper row shows the detected roof objects along with its RP location. The same row 
shows the calculated correct location of the object to be moved to it along with its new RP 
point. 
 
completed for the application of building detection in off-nadir VHR images. 

7. Conclusions 

In this study, the problem of optical-elevation data co-registration is addressed. 
The introduced solution is based on generating disparity-based elevation data 
co-registered with one of the employed VHR images. The co-registration is 
achieved with pixel-level accuracy using an improved approach for developing a 
LoS-DSM from an enriched disparity map. This map is generated from different 
MIS-VHR satellite images by fusing supplementary disparity data derived from 
different stereo-pair combinations as described in our recently introduced DPP 
method. Then, the LoS-DSM elevations are derived efficiently based on the DEF 
(Disparity-to-ElevationFormula) of the DECR method developed in this study. 

The developed DECR method, which is an extension of DPP method, is based 
on establishing a scale-based relationship between the disparity and elevation 
data in the object space. The core concept of DECR is to re-project the MIS- 
VHR images onto an object-space horizontal plane at the average terrain eleva-
tion of the imaged area. This re-projection is mainly to build linear proportion-
ality among the relevant object-space disparities and with their corresponding 
elevations. This property allows generating supplementary disparity data to be 
used for filling the disparity gaps of the reference SDM. Additionally, the prop-
erty allows the direct derivation of object-space elevations from the enriched 
(gap-free) SDM. These derived disparity-based elevations represent the LoS-DSM 
co-registered to the reference optical image selected. As an extension of the DPP 
method, the DECR method includes analytical derivation of two formulas: (1) 
Disparity-to-Elevation Formula (DEF) that provides the elevation values and (2) 
the Correct Distance Formula (CDF) that provides the shift to the correct 
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geo-referenced location of the object-space pixels in the epipolar direction. 
The developed DECR method was successfully validated in terms of the epi-

polarity condition of the projected images, the disparity proportionality among 
the projected images, the elevation accuracy derived based on the generated dis-
parity data, and the elevation co-registration accuracy to one of the employed 
optical images. 

For applicability demonstration purposes, an EBD procedure was developed 
and implemented to detect building roofs using the achieved disparity-based 
LoS-DSM. The detection result for the off-terrain objects was achieved by a 
threshold value close to zero above the selected average terrain level. This repre-
sents an advantage over the original LoS-DSM algorithm. When the detection 
was evaluated, the result was found to be very successful based on the traditional 
performance measures (Completeness, Correctness, and Overall Quality). This 
indicates an effective minimization of the terrain-relief variation which reduces 
the need for an elevation normalization algorithm in dense urban areas of mod-
erate terrain variation. 

The overall quality measure was found to be 92%, proving the successful ac-
curacy of both disparity-based elevation data calculation and the optical-eleva- 
tion data co-registration. While the 95% correct detection is attributed to the 
high quality of the elevation data generation (based on enriched and enhanced 
disparity maps) and incorporation, the 96% complete detection resulted from 
the refined detection accuracy based on the occlusion and façades bitmap gener-
ated using the Left-Right checking technique. 

In addition to the high detection quality achieved, the generated building-roof 
objects were geo-referenced to their correct object-space location to allow direct 
integration with existing GIS layers. The geo-referencing process is based on 
moving the detected building roofs to the correct ortho-location in the epipolar 
domain of the reference image. The calculated locations were validated using an 
orthoimage generated for the study area using a commercial photogrammetric 
software package (PCI Geomatica). The evaluation result was almost 100% based 
on the visual assessment of the geo-referenced roof objects of which ≥90% over-
lap with the correct ground location of the corresponding building roofs in the 
orthoimage. This significantly successful geo-referencing result of the generated 
building roof map demonstrates the accuracy of the derived disparity-based ele-
vation data. Furthermore, it allows a direct integration with the existing layers of 
the GIS systems. 

The identified limitation in the developed DECR method is its applicability to 
only the MVIS-VHR images acquired by push-broom linear sensors. Moreover, 
the terrain variation minimization by re-projection onto the average terrain level 
may not be sufficient in hilly and mountainous areas. For the developed EBD 
procedure, the identified limitation is the vegetation detection and removal 
based on NDVI-based threshold. This vegetation index may produce some er-
rors in the cases of roof gardens and buildings with high NDVI values. 
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Therefore, future work should address these limitations and extend the DECR 
technique to be applicable in a tile-based approach in order to work even on 
hilly and large areas. 
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