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This paper introduces an automated method for 
building height recovery through the integration of high-
resolution satellite images and digital vector maps. A cross-
correlation matching method along the vertical line locus 
on the Ikonos images was deployed to recover building 
heights. The rational function models composed of 
rational polynomial coefficients were utilized to create a 
stereopair of the epipolar resampled Ikonos images. 
Building footprints from the digital maps were used for 
locating the vertical guideline along the building edges. 
The digital terrain model (DTM) was generated from the 
contour layer in the digital maps. The terrain height 
derived from the DTM at each foot of the buildings was 
used as the starting location for image matching. At a 
preset incremental value of height along the vertical 
guidelines derived from vertical line loci, an evaluation 
process that is based on the cross-correlation matching of 
the images was carried out to test if the top of the building 
has reached where maximum correlation occurs. The 
accuracy of the reconstructed buildings was evaluated by 
the comparison with manually digitized 3D building data 
derived from aerial photographs. 
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I. Introduction 

The demand for spatial information has been increasing in 
various applications, such as navigation, city and regional 
planning, infrastructure, environmental impact assessment, and 
public safety. State-of-the-art spatial information technology has 
been developed to provide information to satisfy users with such 
a demand. In their digitalized form, maps are easier to access 
than ever before. The information needs to be kept up to date in 
order to reflect the latest topography of the real world. However, 
since most maps provide only 2D information, their applications 
are limited. Therefore, the most important issues in spatial 
information studies concern providing the means to update maps 
rapidly, while eventually facilitating the generation of 3D 
geospatial information efficiently. Particularly, spaceborne and 
airborne photogrammetry-based mapping techniques have been 
applied to the reconstruction of 3D buildings and urban objects 
[1]. Heipke and Peled have introduced recent trends and 
requirements of the geospatial information community. They 
claimed that data modeling needs to be carried out in 3D, and 
photogrammetric operations such as generation of a digital 
terrain model (DTM) and acquisition of vector data from 
imagery should be considered essential modules of geographic 
information system (GIS) [2]. 

In this paper, we focus on efficient 3D building construction 
that provides for updating 2D maps to 3D maps. Multisource 
datasets have been utilized to maximize synergistic effects 
including 3D building reconstruction, update and refinement of 
spatial database, and map revision [3]-[7]. The number of 
methods to acquire the 3D spatial data and reconstruct objects 
has been rapidly increasing in recent years. However, there is 
tradeoff between accuracy, complexity, and cost with all the 
methods. Therefore, to find the most compatible approach, the 
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factors to be considered are the geometric level of details and 
accuracy, data size, cost, level of automation, and ease of use 
[8]. Traditionally, the task of collecting the 3D information of 
buildings has been carried out through manual 
photogrammetric stereo compilation which requires labor 
intensive and costly process. Therefore, an automated way for 
3D building reconstruction would be valuable and efficient in 
terms of cost and time. 

This paper proposes a method for automatic building height 
recovery and 3D building reconstruction by combining Ikonos 
images and digital vector maps. Stereo restitution of Ikonos 
images was modeled by rational polynomial coefficients 
(RPCs) and resampled to create epipolar images. Cross-
correlation image matching along the vertical line loci of the 
buildings on the epipolar images was performed to recover 
building heights. The matching positions of each building were 
extracted from the building layer, and DTM was generated 
from contour data of digital vector maps. Finally, the accuracy 
of the reconstructed buildings was evaluated by the comparison 
with manually digitized 3D building data.  

II. Processing of Ikonos Images 

1. Rational Function Model 

Recent satellite sensor technology provides not only high 
spatial and radiometric resolution images but also efficient and 
practical ways to obtain 3D spatial information and to produce 
topographic maps. Particularly, Ikonos images are supplied with 
RPC data instead of a rigorous physical sensor model for 3D 
reconstruction of Earth’s surface features. RPCs are attractive 
both to data vendors for keeping confidential the sensor 
information and to users for practical application of the imagery 
without knowing the physical sensor model [9]. RPCs provide 
both interior and exterior sensor parameters even though it is 
difficult to recover physical sensor parameters from the RPCs.  

The rational function models (RFMs) as algebraic sensor 
models are formulated with RPCs that might result in 3D 
positioning errors. RFMs could be improved by utilizing 
ground control points (GCPs) or compensating for biases 
which are inherent in RPCs [10], [11]. RFMs applied to Ikonos 
images consist of a ratio of two third-order polynomials with 
RPCs. RFMs given by the following equations perform 
transformation between 3D ground coordinates (U, V, W) and 
2D image coordinates (x, y): 
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where x and y are the normalized image coordinates; U, V, and 
W are the normalized ground coordinates; u = [ 1, V, U, W, VU, 
VW, UW, V2, U2, W2, UVW, V3, VU2, VW2, V2U, U3, UW2, V2W, 
U2W, W3 ]T; P1, P2, P3, and P4 are third-order polynomials; and 
a, b, c, and d are the rational polynomial coefficients involved 
with twenty elements each: a = [ a1, a2, a3, …, a20 ], b = [ b1, b2, 
b3, …, b20 ], c = [ c1, c2, c3, …, c20 ], and d = [ d1, d2, d3, …, d20 ].  

Normalized image and ground coordinates are computed 
using    
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where S and L are the sample and line of the image; SO and LO 
are the offset values of the sample and line; SS and LS are the 
scale factors of the sample and line;φ ,λ , and h are the latitude, 
longitude, and ellipsoidal height, respectively; , , andO O Ohφ λ  
are the offset values of the latitude, longitude, and ellipsoidal 
height, respectively; and , , andS S Shφ λ are the scale factors 
of the latitude, longitude, and ellipsoidal height, respectively.  

RPCs have to be adjusted because they are involved with 
bias, ephemeris, and drift errors. Hence, an adjustment model 
was applied by  
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where a0 and b0 are biases and aS, bS, aL, and bL are drift 
parameters [12].  

2. Epipolar Resampling 

Epipolar geometry provides a constraint for stereo viewing 
and image matching of a pair of stereo images. It is usually 
necessary to align the baseline between the projection centers 
of the images with the viewing setup in a way to guarantee the 
corresponding points which have zero y-parallax on the stereo 
images. Images that are taken with parallel view directions 
could be pairwise rectified by epipolar resampling [13], [14]. 

One of the advantages of the epipolar images is related to the 
display of the stereo image pairs on the stereo viewing systems. 
It is easier for an operator to work with the epipolar images. 
Another distinct advantage of using epipolar images is that the 
epipolar images simplify the process of finding corresponding 
features, so called image matching, between a stereo image pair.  
The 2D image matching problem can be reduced to a 1D 
search problem because the corresponding entities are confined 
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Fig. 1. Comparison between (a) original and (b) epipolar Ikonos
stereopairs in terms of rotation difference. 

(a) 

(b) 

 
to the same row of the stereo images [15]-[17]. In addition, the 
area-based matching is sensitive to the geometric distortion 
such as different rotation angles between the two images. 
Therefore, it is advantageous in this study to use rotation 
difference-compensated epipolar images. The κ rotation 
difference is approximately 6o in the original stereopair shown 
in Fig. 1(a), while there is almost no κ rotation in the epipolar 
stereopair shown in Fig. 1(b). 

A narrow angular field-of-view, constant attitude, and 
velocity of the scanner provide a near parallel projection in the 
scanning direction with parallel scan lines [18], [19]. The 
mathematical model of the parallel projection between the 
image and the ground can be expressed as  
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where x and y are image coordinates of the parallel projection; 
X, Y, and Z are ground coordinates; Si is the image scale; D is 
the distance between ground point and corresponding image 
point; I, J, and K are the unit vectors of the parallel projection 
direction; R is the rotation matrix from the local coordinate 
frame to the image coordinate frame; and ∆x and ∆y are the 
shift parameters [20], [21]. Equation (5) can be approximated 
by affine transformation as 
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where A1, A2, …, and A8 are transformation parameters [22]. 
Transformation from the perspective to parallel projection has 
to be applied as 
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where yparallel and yperspective are y image coordinate in parallel 
projection and y image coordinate in perspective projection, 

respectively; ω is roll angle; and f is focal length of the sensor. 
However, xparallel is the same as x. 

The epipolar stereo Ikonos images with the parallel 
projection parameters are generated using following equations 
[19], [22]:  
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where subscript e denotes epipolar images; subscript L and R 
denote the left and right image of the Ikonos stereopair, 
respectively; and , , ande e eω ϕ κ are rotation angles of the 
epipolar image with respect to x-axis, y-axis, and z-axis, 
respectively. The transformation parameters between original 
image and epipolar image can be established as: 
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For more detailed information, the reader is referred to [23]. 

III. Recovery of Building Height  

1. Overall Strategy 

The first step for recovering building height is to determine 
the image matching starting locations from the digital vector 
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Fig. 2. Workflow for building height recovery. 
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map. The matching begins from each vertex of the building 
footprints. Since building footprints provide planimetric 
coordinates (X-coordinate and Y-coordinate) only, the vertical 
coordinates (Z-coordinate) of the vertices are derived from 
DTM generated from contour data of the digital map. In order 
to obtain the Z-coordinates of the vertices of the building 
footprint, DTM interpolation is required. The Z-coordinates of 
the building vertices are not necessary to be accurate because 
the goal of the image matching is to find the maximum 
similarity between stereo images that most probably occurs at 
the rooftop of a building. Therefore, any interpolation method 
could be applicable even though we used the nearest neighbor 
interpolation. Since most of the buildings are assumed to have 
vertical side walls, image matching is performed along the 
vertical direction in the object space, that is, vertical line loci on 
the stereo images. 

In the next step, a preset increment (that is, ΔZ in Fig. 5) is 
added to the previous height value as an anchor point from 
which the corresponding image points are computed by back 
projection from the ground to epipolar image coordinates. The 
RFMs with modified PRCs for epipolar images are used to 
compute the corresponding image coordinates on both the left 
and right images at each increment of the height. With the 
computed image coordinates of the same ground point on the 
left and right images, the similarity measurements are carried 
out with cross-correlation image matching technique. 

The basic assumption is that the similarity of image patches 

centered at the back projected points on the stereo epipolar 
images is to be maximum at the rooftop of the buildings. The 
vertical line locus method is useful for applications where 
conjugate entities at certain positions in the ground coordinates 
are required. A combined vertical line locus method with the 
epipolar lines was proposed by Krupnik and Schenk [24]. This 
combined approach increases the reliability of the matched 
points. The overall procedure of the proposed method for 
recovering building heights is illustrated in Fig. 2.  

2. Image Matching 

Image matching is one of the essential tasks to stereo vision 
and is the process to determine the corresponding features in a 
stereo image pair. Human operators can identify the 
corresponding features without difficulty; however, the 
implementation of the image matching is a challenging task 
due to the uncertainty and ill-posed nature of this inverse 
problem. Therefore, having constraints is essential to solve the 
image matching problem. One of the powerful constraints is 
vertical line loci on the stereo image pair as well as the epipolar 
geometry. Consequently, reliable image matching of the stereo 
images provides accurate 3D surface reconstruction and object 
modeling. 

The vertical line locus method was initially developed to 
automatically generate a digital elevation model [25]. This 
method provides useful geometric constraint for search space 
in image matching. The concept of the vertical line locus 
method is illustrated in Fig. 2. The conjugate entities in the 
stereo images are confined to the vertical line loci which are 
determined by intersecting the triangle, defined by the 
projection center and the building bottom and rooftop, with the 
image planes [15]. The projection between ground coordinates 
and epipolar Ikonos image coordinates are defined by modified 
RFMs (e-RFML and e-RFMR in Fig. 3), which are rational 
function models for epipolar geometry of the images.  

The vertex of the building footprint B in the ground space, 
whose Z-coordinate is determined by interpolation of DTM at 
the vertex with horizontal coordinates (X, Y), is shown as point 
BL (bottom of a building in the left image) and point BR 
(bottom of a building in the right image) of the stereopair  
(Fig. 3). If an estimated point moves along the vertical line B-T 
in the ground space, corresponding edges of the building, its 
loci will appear as BL-TL and BR-TR on the stereo epipolar 
images. Each point along the vertical lines of the building 
edges will have a point in the image space of both the stereo 
images, and these points will be a pair of the conjugate points. 
Theoretically, the maximum similarity occurs at the rooftop of 
the building due to the occlusion and foreshortening in the 
built-up areas. The similarity evaluation is carried out by area- 
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Fig. 3. Image matching scheme. 
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based image matching technique. In this study, the cross-
correlation image matching method was applied along the 
vertical line loci. 

The cross-correlation image matching compares the 
similarity of a pair of image patch templates. Reference 
templates are selected from an image, searching windows are 
set from another target image, and a reference template moves 
along the vertical line loci to find the location which yields the 
highest similarity within a search area. The similarity is 
computed by a cross-correlation coefficient at each location on 
the vertical line locus, which is given by   
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where LR L R, ,andσ σ σ are the covariance of the left and right 
image patches, standard deviation of the left image patch, and 
the standard deviation of the right image patch, respectively. 
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Fig. 4. Matching templates along vertical building edges.  
 

 

Fig. 5. Recovering building height with cross correlation
matching. ΔZ denotes preset increment. 
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where L ( , )i jg x y and R ( , )i jg x y refer to the gray values of the 
pixels at row i and column j positions of the image templates 
with size of n×m; and Lg  and Rg  refer to the average gray 
values of the left and right templates, respectively [13], [15], 
[26]. To apply the cross-correlation matching to recover the 
building heights, the reference templates are taken at a point on 
the vertical line loci. An example of the vertical line loci on the 
epipolar Ikonos images and the matching templates moving 
along the loci is illustrated in Fig. 4.  

The center pixel of the template is located at the back 
projected point of the stereo images, and the search window is 
set as a few pixels larger than the size of the reference template 
to allow the matching tolerance. The maximum cross- 
correlation coefficient is then chosen to represent the similarity 
at the rooftop of the building. This procedure is repeated at 
each point along the vertical line locus as shown in Fig. 5.  

The final building height is estimated by averaging the 
heights obtained at each vertex. However, if the height 
estimations are out of the building height range, or if a height 
difference is significantly larger compared with heights of the 
vertices in a building, then those height values are not used in 
the final building height computation. Erroneous image 
matching due to various problematic situations, such as 
shadow and occlusion areas by buildings, different reflectance, 
illumination, and foreshortening from different perspectives, 
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and co-registration errors between image and map coordinates, 
causes inaccurate estimation of the building height [27], [28]. 

IV. Implementation and Results 

1. Data Sets 

Ikonos images of Level 2 Stereo Geo (acquisition date: Nov. 
2001, area coverage: 14 km×14 km) and contour and building 
layers of the digital vector map (compilation year: 1998, scale: 
1/5,000) are shown in Figs. 6 and 7, respectively. Photographs 
taken by WILD RC10 aerial surveying camera (acquisition 
date: Oct. 2003, focal length: 152.87mm, scale: 1/5,000, 
resolution: 21 µm, GSD: 0.1 m) were used for evaluation of the 
recovered building heights. Building data includes only 2D 
planimetric coordinates of the vertices of footprints. The boxed 
area in Fig. 6 indicates the study site with heavily built-up area 
with tall buildings. 

2. Epipolar Resampling of Ikonos Images 

The RPCs were improved by the bias and drift compensation 
using (4) with three GCPs and check points shown in Fig. 8. 
Coordinates of the GCPs were obtained by GPS surveying. 
 

 

Fig. 6. Ikonos stereopair. Boxed area is study site. 

(a) Left image (b) Right image 

 
 

 

Fig. 7. Digital topographic map. Boxed area is study site. 

(a) Contour layer (b) Building layer 

 

The accuracy in terms of root mean square error (RMSE) 
before and after adjustment is shown in Table 1. The epipolar 
images are shown in Fig. 9. 

3. Evaluation and Discussion 

One of the most important issues in 3D building 
reconstruction is the geometric accuracy of the reconstructed 
buildings, including location, size, and shape. In this study, 
locations are determined by coordinates of the vertices and the 
sizes are determined by heights associated with the footprints 
of the buildings. However, the detailed shape of the roof 
structures was not reconstructed. The constructed buildings 
 

 

Fig. 8. Distribution of GCPs (triangles) and check points (circles). 
 

Table 1. RMSE of RPC adjustment using check points (unit: pixel).

Left image Right image 
Adjustment

Row Column Row Column 

Before 3.83 4.37 2.42 15.5 

After 1.10 1.02 0.89 1.83 

 

 

Fig. 9. Epipolar Ikonos images. 

(a) Left image (b) Right image 
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were solid models with flat roofs. The accuracy of the 
recovered heights was compared with photogrammetrically 
generated 3D building models by digitizing stereo aerial 
photographs. We manually performed 3D digitizing on a 
commercial digital photogrammetic workstation (DPW). In 
this study, the building heights derived photogrammetrically 
are regarded as ‘true’ heights and the differences between 
recovered and true heights are ‘errors’. 

In the study site, 137 buildings were reconstructed, and 30 
buildings with various shapes and height were selected for the 
accuracy evaluation as shown in Figs. 10 and 11. Matching 
failed around 10% of the buildings, and other buildings had 
a0.31 m to 14.30 m error range as shown in Table 2. Accuracy 
 

 

Fig. 10. Test buildings captured from Ikonos image. 

(a) (b) (c) (d) (e) (f) (g) (h) (i) (j)

(k) (l) (m) (n) (o) (p) (q) (r) (s) (t)

(u) (v) (w) (x) (y) (z) (aa) (bb) (cc) (dd)

 
 

 

Fig. 11. Manually digitized test buildings on DPW. 

(a) (b) (c) (d) (e) (f) 

(g) (h) (i) (j) (k) (l) 

(m) (n) (o) (p) (q) (r) 

(s) (t) (u) (v) (w) (x) 

(y) (z) (aa) (bb) (cc) (dd) 
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Table 2. Height differences between results from proposed method
and manual digitizing on DPW. 

BN a b c c e f g h i j 

ΔZ 3.59 1.75 4.30 6.50 0.31 1.50 Fail 2.01 1.63 14.30

BN k l m n o p q r s t 

ΔZ 10.81 Fail 0.51 4.32 0.47 0.70 2.21 Fail 1.85 0.62

BN u v w x y z aa bb cc dd

ΔZ 11.21 12.51 1.86 Fail 1.12 0.94 3.37 1.98 1.27 1.70

 

 
of the recovered heights depends on various factors: (i) 
accuracy of the RPCs, (ii) image resolution and quality, (iii) 
matching template size, (iv) occlusion, (v) shadow, (vi) offset 
of the reference frame between image and map data, and (vii) 
acquisition time difference between Ikonos images and digital 
maps. In the study area, the tallest building is approximately 
100 m (around a thirty story building). Therefore, if the  
heights were computed as over 100 m, we concluded that 
matching failed. Also, if the height difference at the corners 
was larger than 1 m, we excluded the height values in the 
computation. A template size of 9×9 was used (equivalents to 
around 10 m×1 m on the ground) because the smallest building 
size in the area is 10 m×10 m. As for the search window, we 
just found maximum correlation along the vertical line loci. 
Therefore, the search window size varies building by building 
in the direction of the vertical line loci. However, we did not set 
the search window in the horizontal direction. 

By comparing matching failed buildings (that is, buildings g, 
l, r, and x) with acceptable buildings (that is, buildings e, m, o, 
p, t, and z), we realized that the shape of the building did not 
influence on the matching. However, we could expect that 
accuracy of the RPCs influences the reliability of stereo 
restitution of the Ikonos images. In consequence, this 
influences the accuracy of the image matching results. Other 
factors are mainly related to radiometric and geometric quality 
of the images. Especially, the study site is heavily built-up area 
with dense buildings. Therefore, there are problematic areas 
that cause sometimes failure in image matching or erroneous 
matching. The overall correlation coefficients were not high 
enough to determine accurate building heights. Also, the 
coefficient values have relatively large fluctuation with range 
from 0.1 to 0.8. The weak point of the proposed method is in 
finding maximum correlation only without taking pattern and 
distribution of the correlation into account. It might provide 
better results if we allow search windows at the horizontal 
direction with subpixel accuracy.  

In addition, the template size is also an important factor. It is 
an inherent issue deciding the optimal template size. With 

increasing size, the uniqueness of the features in the template 
increases but so do the geometric distortions. However, smaller 
template size leads to ambiguous or multiple matching results. 
In most implementation of image matching, a fixed template 
size is used. It might be more reasonable to employ different 
sizes adaptively even though a fixed size is also applied in this 
study. However, vertical line locus is a powerful constraint that 
reduces erroneous matching.  

Other issues to be addressed are the problems caused by 
integration of data from different sources. Multisource data sets 
have to be converted into a common reference frame. 
Therefore, a registration error that causes an offset between 
Ikonos images and digital vector map coordinate systems 
should be small enough because the image matching method 
suggested in this study might be sensitive to this error. It is also 
important to take the time difference between data sets into 
account for multisource data integration. Some of the failures 
in image matching might be caused by the changes in the 
object space during the time period. For example, if some 
buildings appear on newly taken images but the same buildings 
do not appear on the map compiled before the image was taken, 
then obviously matching failed. Therefore, it is worthwhile to 
carefully analyze the causes of failed matching. In this sense, 
map updating could be eventually be achieved based on the 
change detection between different data sets. 

V. Conclusions 

Stereo images are the major source for obtaining 3D 
information; however, quite complex processes are involved 
with this task. RPCs provided with Ikonos images are useful 
information for simple stereo restitution. Stereo restitution is an 
essential step for extracting 3D information. This study aimed 
at efficient and automatic recovery of the building heights with 
satellite imagery. The implemented techniques included the 
image matching with vertical line locus constraint to achieve 
the goal of this study. However, some problems were identified. 
The conventional correlation matching may not work well with 
Ikonos imagery without a robust approach, accurately co-
registered digital maps, and a precise sensor model. Image 
matching for automatic object reconstruction is a difficult task 
because of the ill-posed nature and uncertainty of the matching 
problem. Especially, there are problematic areas where the 
matching fails in heavily built-up urban areas due to occlusion 
and ambiguity in identifying corresponding objects.  

In order for a matching method to be robust, control 
information and constraints are often required. It was shown 
that the large-scale digital vector maps provide control 
information and the vertical line locus can be used as a 
constraint to recover the building heights. Therefore, 
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integration of data from different sources results in 
achievement of efficient process. However, inaccurate results 
might occur if data sets are not precisely coregistered. In 
addition, limiting factors, such as template size, image quality, 
geometric distortions between images, and shadow influence 
the matching quality.  

The proposed method is limited to the reconstruction of solid 
building models, and further study should be performed to 
achieve details of the rooftop modeling. This method might not 
be appropriate for large-scale mapping that requires high 
accuracy. The major advantage is for 3D updating of large 
areas efficiently with a straightforward method. However, it 
could be applicable to small-scale 3D mapping, approximate 
city modeling, and other applications that do not require a high 
level of detail. The proposed method would be useful in areas 
where aerial photographs are not available. It is anticipated that 
the proposed method will be a practical solution to various 
issues, such as rapid and efficient map updating required for the 
GIS database and cell planning of mobile telecommunications 
in urban areas. Also, in urban administration, perspective view 
derived from the 3D city model could be used by city planners 
for visibility and landscape analysis. 

References 

[1] A. Gruen, “TOBAGO – A Semi-Automated Approach for The 
Generation of 3-D Building Models,” ISPRS J. Photogrammetry 
and Remote Sens., vol. 53, no. 2, Apr. 1998, pp. 108-118. 

[2] C. Heipke and A. Peled, “Integration of Geodata and Imagery for 
Automated Refinement and Update of Spatial Databases,” Int. J. 
Photogrammetry and Remote Sens., vol. 58, Jan. 2004, pp. 127-
128. 

[3] M. Cord, M. Jordan, and J. Cocquerez, “Accurate Building 
Structure Recovery from High Resolution Aerial Imagery,” 
Computer Vision and Image Understanding, vol. 82, May 2001, 
pp. 138-173. 

[4] E. Baltsavias, “Object Extraction and Revision by Image Analysis 
Using Existing Geodata and Knowledge: Current Status and 
Steps Towards Operational Systems,” Int. Archives 
Photogrammetry and Remote Sens., vol. 23, no. B2, July 2004, pp. 
129-151.  

[5] F. Jung, “Detecting Building Changes from Multitemporal Aerial 
Stereopairs.” Int. J. Photogrammetry and Remote Sens., vol. 58, 
Jan. 2004, pp. 187-201. 

[6] I. Suveg, and G. Vosselman, “Reconstruction of 3D Building 
Models from Aerial Images and Maps,” Int. J. Photogrammetry 
Remote Sens., vol. 58, Jan. 2004, pp. 202-224. 

[7] C. Zhang, “Towards and Operational System for Automated 
Updating of Road Databases by Integration of Imagery and 
Geodata.” Int. J. Photogrammetry Remote Sens., vol. 58, Jan. 

2004. pp. 166-186. 
[8] M. Madani, Photogrammetric Applications, Manual of 

Photogrammetry, Maryland: American Society for 
Photogrammetry and Remote Sensing, 2004.  

[9] C. Tao and Y. Hu, “A Comprehensive Study of the Rational 
Function Model for Photogrammetric Processing,” 
Photogrammetric Eng. Remote Sens., vol. 67, no. 12. Dec. 2001, 
pp. 1347-1357. 

[10] Y. Hu and C. Tao, “Updating Solutions of the Rational Function 
Model Using Additional Control Information.” Photogrammetric 
Eng. Remote Sens., vol. 68, no. 7, July 2002, pp. 715-723. 

[11] C. Fraser and H. Hanley, “Bias Compensation in Rational 
Functions for Ikonos Satellite Imagery,” Photogrammetric Eng. 
Remote Sens., vol. 69, no. 1, Jan. 2003, pp. 53-57. 

[12] G. Dial and J. Grodecki, “Block Adjustment with Rational 
Polynomial Camera Models,” Proc. ACSM-ASPRS Annual Conf., 
2002, unpaginated CD-ROM. 

[13] E. Mikhail, J. Bethel, and J. McGlone, Introduction to Modern 
Photogrammetry, New York: John Wiley & Sons, 2001. 

[14] C. Mugnier et al., “The Mathematics of Photogrammetry,” 
Manual of Photogrammetry, J.C. McGlone, E. Mikhail, J. Bethel, 
Eds., Maryland: American Society for Photogrammetry and 
Remote Sensing, , 2004. 

[15] T. Schenk, Digital Photogrammetry, vol. 1, Ohio: TerraScience, 
1999. 

[16] E. Davies, Machine Vision: Theory Algorithms Practicalities, 
New York: Morgan Kaufmann Publishers, 2005. 

[17] L. Shapiro and G. Stockman, Computer Vision, New Jersey: 
Prentice-Hall, 2001. 

[18] C. Fraser, “High-Resolution Satellite Imagery: A Review of 
Metric Aspects,” Int. Archives of Photogrammetry Remote Sens., 
vol. 33, no. B7, July 2000, pp. 452-459. 

[19] M. Morgan, Epipolar Resampling of Linear Array Scanner 
Scenes, Doctoral Dissertation, University of Calgary, Calgary, 
Alberta, 2004. 

[20] A. Habib et al., “Analysis of Epipolar Geometry in Linear Array 
Scanner Scenes,” Photogrammetric Record, vol. 20, no. 109, 
Mar. 2005, pp. 27-47. 

[21] A. Habib et al., “Epipolar Geometry of Line Cameras Moving 
with Constant Velocity and Attitude,” ETRI J., vol. 27, no. 2, Apr. 
2005, pp. 172-180. 

[22] M. Morgan et al., 2006. “Epipolar Resampling of Space-borne 
Linear Array Scanner Scenes Using Parallel Projection,” 
Photogrammetric Eng. Remote Sens., vol. 72, no. 11, Nov. 2006, 
pp. 1255-1263. 

[23] J. Oh, S. Shin, and K. Kim, “Direct Epipolar Image Generation 
from Ikonos Stereo Imagery Based on PRC and Parallel 
Projection Model,” Korean J. Remote Sens., vol. 22, no. 5, May 
2006, pp. 451-456.  

[24] A. Krupnik and T. Schenk, “Predicting The Reliability of 



546   Dong-Cheon Lee et al. ETRI Journal, Volume 33, Number 4, August 2011 

Matched Points,” Proc. ACSM/ASPRS Annual Convention, 1994, 
pp. 337-343. 

[25] J. Bethel, “The DSR11 Image Correlator,” Proc. ACSM/ASPRS 
Annual Convention, 1986, pp. 44-49.  

[26] B. Makarovic, “Image Correlation Algorithms” Int. Archives of 
Photogrammetry and Remote Sens., vol. 23, no. B2, July 1980, 
pp. 139-158.  

[27] J. Yom, D. Lee, and D. Kim, “Automatic 3D Building 
Reconstruction by Integration of Digital Map and Stereo Imagery 
for Urban Area,” KSCE J. Civil Eng., vol. 8, no. 4, July 2004, pp. 
443-449. 

[28] J. Yom et al., “Automatic Recovery of Building Heights from 
Aerial Digital Images,” IGARSS, vol. 7, Sept. 2004, pp. 4765-
4768. 

 
 

Dong-Cheon Lee received the BE in civil 
engineering from Yonsei University, Seoul, Rep. 
of Korea, in 1982, the MSc and PhD in geodetic 
science and surveying from the Ohio State 
University, Columbus, OH, in 1990 and 1997, 
respectively. He is currently a professor with the 
Department of Geoinformation Engineering, 

Sejong University, Seoul, Rep. of Korea. He was the recipient of the 
Duane C. Brown Junior and Senior Photogrammetry Awards in 1998 
and 2000, respectively, and the IEEE IGARSS Interactive Session 
Prize Paper Award in 2005. He is a member of the American Society 
for Photogrammetry and Remote Sensing. He serves as the vice 
president of the Korean Society of Surveying, Geodesy, 
Photogrammetry & Cartography. His research interests include digital 
photogrammetry, LiDAR data processing, and digital mapping 
systems.  

 
Jae-Hong Yom received his ME in 
photogrammetry from Yonsei University, Seoul, 
Rep. of Korea, in 1981, and has been involved 
in the mapping industry for more than 14 years. 
After getting his PhD in geomatics from the 
University of Glasgow, his research has focused 
on automating mapping systems and more 

recently on the dissemination of geospatial data and distributed 
information processing on the web. He was the recipient of the IEEE 
IGARSS Interactive Session Prize Paper Award in 2005. He is 
presently teaching GIS programming and GIS application design at the 
Department of Geoinformation Engineering of Sejong University, 
Seoul, Rep. of Korea. 

 
 
 

 

Sung Woong Shin received the ME in civil 
engineering from Texas A&M University, 
College Station, TX, USA, in 1998, and the 
PhD in geodetic science from Ohio State 
University, Columbus, OH, USA, in 2003. 
From 2003 to 2004, he was a postdoctoral 
fellow supported by NASA-OSU Academic 

Enrichment program in the Byrd Polar Research Institute at the Ohio 
State University. Since 2004, he has been a senior engineer at ETRI. 
Presently, he is the team leader of the spatial information research team. 
His research interests include satellite sensor modeling, image 
matching, and multisensor data fusion.    
 

Jaehong Oh received his BS and MS in civil 
engineering from the Seoul National University, 
Seoul, Rep. of Korea, in 1999 and 2001, 
respectively and a PhD from Ohio State 
University, Columbus, OH, USA, in 2011. He 
was a researcher at Space Imaging Asia until 
2004. Since 2004, he has been a researcher at 

ETRI. He was the recipient of 2010 the American Society for 
Photogrammetry & Remote Sensing (ASPRS) Intergraph Scholarship, 
2010 Annual BAE Systems Award for the best student paper, and 
2011 the ASPRS Robert E. Altenhofen Memorial Scholarship. He was 
a presidential fellow of the Ohio State Graduate School for 2010-2011. 
His research interests cover georeferencing techniques, including 
photogrammetric sensor modeling and direct orientation through 
GPS/INS/camera integration. 

 
Kisurk Park received his BS in civil 
engineering from the Chungbuk National 
University, Chungbuk, Rep. of Korea, in 1996, 
the MSc in digital photogrammetry from the 
University of Maine at Orono, ME, USA, in 
1998, and the PhD in 3D digital mapping from 
the Chungbuk National University in 2008. He 

has worked in the GIS field for more than 10 years. He was a 
researcher at the National Center for Geographic Information 
Association, USA. He is currently a director of the Research Center of 
Geospatial Information Technology Co., Ltd., Seoul, Korea. 

 
 

 


