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Abstract: This study evaluates a methodology for using IKONOS stereo imagery to
determine the height and position of buildings in dense residential areas. The method was
tested on three selected sites in an area of 8.5 km long by 7 km wide and covered by two
overlapping (97% overlap) IKONOS images. The images were oriented using rational
function models in addition to ground control points. Buildings were identified using an
algorithm that utilized the Digital Surface Model (DSM) extracted from the images in
addition to the image spectral properties. A digital terrain model was used with the DSM
created from the IKONOS stereo imagery to compute building heights. Positional accuracy
and building heights were evaluated using corner coordinates extracted from topographic
maps and surveyed building heights. The results showed that the average building
detection percentage for the test area was 82.6% with an average missing factor of 0.16.
When the image rational polynomial coefficients were used to build the image model,
results showed a horizontal accuracy of 2.42 and 2.39 m Root Mean Square Error (RMSE)
for the easting and northing coordinates, respectively. When ground control points were
used, the results improved to the sub-meter level. Differences between building heights
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extracted from the image model and the corresponding heights obtained through traditional
ground surveying had a RMSE of 1.05 m.

Keywords: IKONOS; surface model; building detection; positional accuracy; building
height

1. Introduction

Building extraction from high resolution satellite imagery has been an active research topic for the
last two decades. Particularly, the extraction of three-dimensional (3D) building information from high
resolution imagery using aerial photos [1], high resolution satellite images [2-4], and combined LIiDAR
and aerial image data [5-7] has been popular. Due to their high resolution, panchromatic aerial images
have been used as a single data source [8,9]. The methods used in these studies involved algorithms for
edge detection, line extraction, and building construction from primitive features. However, building
detection techniques utilizing aerial images have generally suffered due to low temporal resolution and
the high cost of image acquisition missions.

High resolution satellite images such as IKONOS, QuickBird, and GeoEye provide the needed high
temporal resolution lacking in aerial image acquisition missions. Fraser et al. [10] compared buildings
extracted from IKONOS imagery with those obtained using black and white aerial photographs.
Thomas et al. [11] concluded that high-resolution imagery is a valuable tool for mapping urban
areas and extracting land cover information. Sohn and Dowman [12] proposed an automatic method
of extracting buildings in densely urban areas from IKONOS imagery. They detected detached
buildings, however, accuracy was lacking. Others have developed algorithms utilizing feature
optimization, linking edge chain, and graph matching algorithms (e.g., [13-16]) to construct objects
from feature primitives. Building extraction algorithms solely based on high-resolution satellite
imagery demonstrate the need for auxiliary data sources, especially those involving 3D information
about the scene.

The advent of LIDAR data has opened a new phase of building detection and city surface modeling
research. LIDAR provides point clouds that significantly improve the accuracy of building
detection [17,18] and highlight the importance of surface information on the building modeling and
extraction process. Although the results obtained using LIDAR data are promising, it is still expensive
and needs significant editing and computing power. This makes generating Digital Surface Models
(DSM) from high resolution satellite imagery a cost effective alternative.

Ridley et al. [19] evaluated the potential for generating a national mapping database of maximum
building heights using DSM extracted from 1 m aerial imagery. Satellite imagery based on combining
supervised shape classification with unsupervised image segmentation was presented by [20]. This
approach utilized a threshold segmentation technique that has been modified to identify specific shapes
on which it has been trained to recognize. Croioru and Doytsher [21] presented a model-based building
extraction technique that relied on the detection of building corners. Buildings were detected using
pose clustering, a voting technique where right-angle corners are used as voting elements. The voting
process was constrained by detection errors in shadowed regions.
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In this research, we developed a method for automatic building extraction that is contingent upon
image classification and a digital surface model extracted from IKONOS stereo imagery. We tested the
developed method in high residential density areas that differ in building material, proximity, and
orientation. We examined the accuracy of the automatically extracted building heights against
corresponding heights acquired using ground surveying techniques. Our method shows a great
potential for use in applications involving 3D city modeling such as the detection of elevation
violations in aviation flying zones or medium-scale map updating.

2. Study Area and Used Data

Four sets of data were used. The first set consisted of two panchromatic stereo pairs of
IKONOS-GEO imagery (Carterra Product: Precision Specifications) (Figure 1). The stereo images
covered an area 8 km x 7.5 km in Katamia, east of the Great Cairo area, with a 97.3% overlap as
shown in Figure 1. For the second data set, ten ground control points (GCP) were surveyed in the study
area using differential GPS with sub- meter accuracy. The third data set included vertical control
points collected using a ground surveying technique. The points were surveyed by a trigonometric
surveying technique using a 5-s SOKKIA total station (2 mm %2 ppm). The datum of the above data
sets was the Egyptian elevation datum and the coordinates were in the Egyptian Transverse Mercator
(ETM) form. The coordinates and levels of these points were projected to the Universal Transverse
Mercator (UTM) coordinate system. The fourth data set was an Egyptian Survey Authority (ESA)
1:5,000 topographic map re-projected to UTM WGS84, from ETM form, to unify the coordinate
systems of the data sets.

Figure 1. Study area and the two IKONOS stereo images of the study area (Katamia,
Cairo) used in this research.
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Three different building blocks (sites) in the study area were selected. The blocks were composed of
multi-story residential buildings with different heights. One of the factors affecting site selection was
its elevation and topographic characteristics. The first two blocks were selected on Almogatam Hill,
while the third site was selected in the nearby Al Maadi, a flat area. The elevations at these three sites
ranged from 40 to 270 m above mean sea level with site one and site three as the highest and lowest,
respectively.

3. Methodology

The methodology developed in this research uses elevation and spectral characteristics to define
buildings. A stereo pair of IKONOS images was used to build a digital surface model. The difference
between this model and the digital terrain model of the study area should highlight elevations of
man-made features. This information was integrated with the results of an automatic classification of
the pan-sharpened multispectral IKONOS imagery to classify the building features. Figure 2 shows a
flow chart of the steps adopted in the developed method.

Figure 2. Flowchart of building detection methodology from IKONOS satellite imagery.
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3.1. Digital Surface Model and Orthoimage Creation

The acquired IKONOS stereo images have an approximate positional error of 50 m, partly due to
datum difference between the image geodetic datum (WGS84) and the Egyptian National datum
(ETM). To correct for geometric distortions and relief displacement, we created an orthoimage
basemap for building extraction using the image geometric models. Each of the two overlapping
IKONOS images was used in this context. An image geometric model consists of one metadata and
two Rational Polynomial Coefficient (RPC) files, or more generically Rational Function Models
(RFM) [22,23] are a series of coefficients used to describe the relationship between the image during
acquisition and ground coordinate system. The RPC data was used to process the IKONOS images
without the need for ground control points (GCP). A digital surface model of the study area was
created through area-based (signal based) matching technique, which determines the correspondence
between two image areas according to the similarity of their gray level values using a 3 x 3 square
correlation window. The technique was applied in the Leica Photogrammetry Suite (LPS) software.
Figure 3 shows part of the digital surface model created. The image geometry models of the satellite
images were utilized in the LPS algorithm to orthorectify the IKONOS satellite images. Figure 4
shows the orthoimage created from the left IKONOS image. The orthorectified image was used
with the IKONOS multispectral image to produce a pan-sharpened one-meter resolution colored
IKONOS image.

Figure 3. Digital surface model of the three blocks created from IKONOS stereo model.
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Figure 4. Orthoimage created using image geometry model coefficients and ground control points.

3.2. Building Detection Using Image Classification and DSM

A 1-m resolution pan-sharpened multispectral image was created using the IKONOS panchromatic
and multispectral orthoimages. Buildings were detected through a supervised classification process
applied on the pan-sharpened multispectral image. Training sets were collected from the image for four
different classes (bare soil, building, vegetation, and roads) and a Maximum Likelihood classifier was
applied. The resulting image was filtered by a majority filter to eliminate small, isolated batches. The
classes were aggregated to form two classes: buildings and others as shown in Figure 5.

Figure 5. Buildings identified from image classification shown in yellow.
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The DSM created in Section 3.1 was compared to the Digital Terrain Model (DTM) representing
the ground elevations (excluding above ground features) of the study area. The DTM was generated
from the Shuttle Radar Topography Mission (SRTM) 90-m resolution data (http://www?2.jpl.nasa.gov/
srtm/). The ‘Buildings’ class, resulting from the image classification, was overlaid with the buildings
layer, identified by the difference in elevation between the DSM and the DTM surfaces. In this step,
high priority was given to the image classification results to exclude the incorrect elevation values
produced from the automatic DSM creation step due to image matching and interpolation errors. The
resulting image was used in an edge detection algorithm to define building outlines. Both boundary
outlines and elevations were used to assess the accuracy of the developed method.

4. Results and Analysis

To evaluate the accuracy of the developed methodology, we examined the building detection
accuracy followed by an evaluation of the planimetric position and height estimation accuracy of the
detected buildings.

4.1. Accuracy Assessment of Building Extraction

Building detection accuracy was assessed using a procedure adopted by [24]. In this procedure, the
buildings defined automatically by our developed method were compared with the buildings detected
manually by visual inspection. Every building in the output image was either marked as True Positive,
True Negative, False Positive, or False Negative using the following category definitions:

e True Positive (TP): Both the automated and manual methods classified the area as building.

e True Negative (TN): Both the automated and manual methods classified the area as
non-building.

e False Positive (FP): Only the automated method classified the area as building.

e False Negative (FN): Only the manual classification classified the area as building.

Once the number of buildings belonging to each category is determined, the performance of the
developed method was evaluated using the following statistical measures:

Branching Factor: FP/TP
Miss Factor: FN/TP
Building Detection Percentage: 100 < TP/(TP + FN)

The ‘branching factor’ is a measure of the commission error where the developed method
incorrectly labeled building areas, while the ‘miss factor’ is a measure of omission error, where our
method incorrectly labeled building pixels as background. The ‘building detection percentage’ gives
the percentage of building pixels correctly labeled by the automated process.

The results of the quality assessment for the three tested sites are given in Table 1. Table 1 shows
branching factor and building detection percentage for the three blocks in the test area were found to
be 8.54 and 82.6, respectively. On the other hand, the average missing factor was found to be 0.16 with
the lowest value for Block 1 and the highest for Block 2. These values demonstrate that the building
extraction approach performs moderately given the nature of the high density residential landscape of
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the tested blocks. This also suggests a consistency in the accuracy of the SRTM digital terrain model,
which was used with the digital surface models to detect the buildings. Table 1 also shows that
building detection quality measures for Block 3 were better than the values for the first two blocks,
which suggests a slightly better performance of the methodology used for relatively flat terrain (the
case of Block 3).

Table 1. Building accuracy statistics for different urban densities.

Blpck T FP EN Totgl Miss  Branching BuiIQing
(site) Buildings  Factor Factor Detection %
Block1 42 6 12 54 0.14 14.3 77.8
Block2 173 12 36 209 0.20 6.9 82.8
Block 3 158 7 23 181 0.15 4.4 87.3
Average 0.16 8.54 82.6

4.2. Assessing the Positional Accuracy of Detected Buildings

The planimetric positional accuracy was assessed using standard 1:5,000 topographic maps.
Building heights were examined by calculating the difference between building heights observed using
ground surveying techniques and those computed from the IKONOS image model. Table 3 lists the
building height testing results.

Our results show that the differences in the easting and northing coordinates of building corners
have a RMSE of 2.42 and 2.39 m, respectively, using the RFM model built on the RPC solution only,
which suits 1:5,000 scale map production.

Table 2 shows that the differences in building heights between surveyed values and the ones
extracted using the IKONOS model have a minimum and maximum value of 0.31 and 2.7 m,
respectively, with a RMSE of 1.33 m. It should be mentioned here that these building heights represent
a relative measure for the extracted elevations as they were computed by subtracting two elevations at
the building roof and base. The obtained accuracy suggests the potential use of the IKONOS image
model in several applications such as checking building height violations to aviation surfaces, which
was one of the main motivations for this research.

Table 2. Building heights extracted from IKONOS image model and ground surveying.

Building Heights from Heights Extracted from Building Height
No. Ground Survey Image Model Error
1 29.88 29.02 —0.86
2 27.38 30.08 —2.70
3 32.27 32.84 —0.57
4 20.14 21.29 -1.15
5 20.15 21.3 -1.15
6 15.21 15.68 —-0.47
7 15.47 15.15 0.31
8 16.77 17.66 —0.90
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Table 2. Cont.
Building Heights from Heights Extracted from Building Height

No. Ground Survey Image Model Error
9 16.93 17.67 —0.74
10 15.79 16.86 -1.07
11 15.50 16.21 —0.71
12 15.61 16.4 —0.79
13 15.24 16.92 —-1.68
14 29.89 31.03 -1.14
15 30.54 32 —1.46
16 30.77 32.36 -1.59
17 31.02 33.57 —2.55

Max 2.7

RMSE 1.33

5. Summary and Conclusions

We examined the use of IKONOS stereo imagery to extract 3D building information in regards to
height and planimetric position. The images were oriented using image geometry models and ground
control points. Digital surface and terrain models were used to extract building heights. Buildings were
identified using the images’ spectral characteristics through supervised image classification in addition to
height information extracted from the IKONOS IMAGE stereo model. The results were compared to
building heights surveyed using ground surveying techniques and to building positions extracted from
topographic maps. Our accuracy assessment results showed a RMSE of 1.33 m in the computed building
height and about one meter RMSE in the easting the northing coordinates of building corners when using
ground control points in building the image model. The results suggest the feasibility of using the
IKONOS images stereo models for applications that range from building height estimation for aviation
purposes to medium scale topographic mapping.
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