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major contributions of this paper are: i) a fully automated 
multiview stereo reconstruction pipeline that can compute 
and fuse results from hundreds of cross-sensor 
nonstereoscopic images and ii) a quantitative analysis of 
the DEM accuracy in comparison to the true multiview 
approach of PVR algorithm using the same set of input 
images. 

1.1. Automatic Geolocation Correction 

Both of the 3-D reconstruction methods used in this 
paper are applicable to nonstereoscopic images, possibly 
cross-sensor images, only after the errors in the 
geolocation of the images reported in the metadata are 
corrected. For this purpose, a recent framework [6] is used 
which takes advantage of the fact that many overlapping 
images can be retrieved from the archive for a given 
region of interest. For the experiment sites of this paper, 
more than 200 images collected by GeoEye-1, Worldview-
1, WorldView-2 and Quickbird satellites are acquired. 
GeoEye-1 has the best geolocation accuracy of 3 meter 
90% Circular Error (CE) on the ground [7] and Quickbird 
is the worst with 23 meters CE90 [8]. A seed group is 
selected from the satellite with the best geolocation 
accuracy; GeoEye-1 in our experiments. This seed group 
is bundle adjusted using automatically computed tie points 
and further refined using edge features. In this context, 
bundle adjustment means adjusting corresponding image 
to ground rays so that they intersect at a single 3-D point.  
After seed group’s bundle adjustment, all the remaining 
images are grouped such that groups of three or more 
images are formed where two images are from the 
corrected seed group and the rest are uncorrected. These 
groups of three or more images are also bundle-adjusted 
and refined using edge features; but this time in a way that 
does not change the seed pair’s corrected metadata. This 
establishes the coordinate frame onto which the other 
images in the group are aligned. In this way, all the images 
in the collection are georegistered to a common coordinate 
frame where triangulation can be done for 3-D 
reconstruction purposes.  

 Each satellite image is equipped with a Rational 
Polynomial Coefficient (RPC) camera model that is 
specially developed for satellite imagery [9] and delivered 
in the metadata of each image. This model combines 
intrinsic and extrinsic calibration of the platform in one set 
of polynomial equations and enables the projection of 3-D 
points given as (latitude, longitude, elevation) to 2-D 
image pixels, (u, v). The function can be written as u ൌ Fோ௉஼ሺlat, lon, elevሻuୱ ൅ u଴ and v ൌ Fோ௉஼ሺlat, lon, elevሻvୱ ൅ v଴ for some scaling 
parameters uୱ, vୱ, some offset parameters u଴, v଴ and for a 
high order polynomial function Fோ௉஼ with 80 coefficients. 
Since the satellite camera is far from the imaged surfaces 
(typically ~500 km), the rays for the individual pixels are 

almost parallel to each other. Thus geopositioning errors 
can be corrected during bundle adjustment by small 
translations in the image domain where one translation is 
used to correct an entire image of size 50 km at max. This 
type of correction specifically computes a correction 
offset, ሺΔu଴, Δv଴ሻ,  termed as bias correction offset in 
[10]. Depending on the geopositioning error on the ground 
and the resolution of the image, the correction offsets in 
the image domain are on the order of 5-50 pixels. For the 
images used in the experiments of this paper, the worst 
case correction offsets ranged from 5 pixels, for GeoEye-1 
imagery with ~0.5 meter GSD, up to 30 pixels in radius 
for Quickbird imagery with ~1 meter GSD.    

1.2. Pre-processing of satellite imagery 

After geolocation correction, all the satellite images (PAN 
bands) are calibrated from raw digital pixel values to 
radiance and then to top-of-atmosphere reflectance using 
calibration metadata [11,12]. Dark pixel subtraction is 
applied to remove haze and in the case of stereo approach 
in Section 2, histogram equalization is run to adjust 
dynamic ranges in addition to radiance correction. The 
texture classifier of [13] is adapted to detect clouds 
automatically if visible in the region of interest.   

1.3. Evaluation Methodology 

In this paper, three sites are chosen to compare the two 
DEM generation techniques where more than 200 satellite 
images from GeoEye-1, WorldView-1, WorldView-2 and 
Quickbird satellites are available per site. Since no laser-
illuminated detection and ranging (LIDAR) data is 
available, ground-truth DEMs were prepared manually for 
each site. Figure 9-10-11 show example ground-truth 
DEMs. The ground-truth DEMs are generated given two 
or more satellite images with corrected RPC cameras by 
interactive construction of 3-D surfaces. DEM surface 
height is estimated by boundary alignment in multiple 
images. For this purpose, mostly buildings but also 
possibly other horizontal surfaces such as roads, 
pavements, etc. that are visible in all the images are first 
labeled as polygonal outlines in the first image. Then 
given one of the polygons, its height in 3-D is adjusted 
manually such that when it is projected onto other images 
using their RPC cameras, the polygon aligns accurately 
with the corresponding structure in the other images. The 
set of 3-D polygonal outlines created in this manner are 
projected onto a map-aligned2 orthographic image using 
RPC camera of one of the images. Then the polygons are 
filled with the absolute height value of the structure 
outlined with that polygon to produce the ground-truth 
DEM. It is very labor intensive to generate these ground-
truth DEMs as many finely detailed structures need to be 

                                                           
2 The image is aligned with North and East directions in y and x axes. 
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a b 

Figure 3: a) 400 m x 400 m x 80+ m scene boxes shown in blue 
in the intersection area of five satellite images with outlines 
shown in white. b) An illustration of the side views of 3-D scene 
boxes tiling the Earth surface. Earth curvature is exaggerated for 
demonstration purposes.  

To generate local image patches in a systematic way for 
many satellite images, the region of interest to be 
reconstructed on Earth surface is first tiled with 3-D scene 
boxes. Each scene box has a local Euclidean coordinate 
system with an origin specified in WGS84 coordinates on 
Earth surface, Figure 3b. The scene has a flat plane at the 
base elevation; however, the sizes of the scene boxes are 
kept small and thus they are good approximations to the 
curved Earth surface. The size of the surface area of the 
scene boxes are 400x400 m2 in our experiments, and 
many scenes are generated side by side with shifted origin 
points. The base elevation and heights of the volumes are 
initialized using Advanced Spaceborne Thermal Emission 
and Reflection Radiometer Digital Elevation Model 
(ASTER DEM) tiles of the area with 80 meter margin 
added on top of the highest terrain elevation to account for 
buildings3. The 3-D scene boxes bound the elevation 
variation in each 400x400 m2 area and provide the local 
coordinate system for affine camera fitting. Specifically, 
the box origin has coordinates ሺ0,0,0ሻ and for any 3-D 
point X ൌ ሺx, y, zሻ in the local coordinate system, a 
corresponding geodetic coordinate Xഥ ൌ ሺlat, lon, elevሻ can 
be computed. The 3-D scene boxes also provide a 
mechanism to crop smaller patches from the satellite 
images that observe the same scene. For this purpose, the 
eight corners of the scene box are projected onto the image 
using the RPC model and the image is cropped using the 
smallest 2-D box that contains all the projected corners.  

The key insight in this paper is that once the RPC 
cameras of two images are georegistered to each other 
through bias correction as explained in Section 1.1, they 
can be used to compute precise 3-D to 2-D 
correspondences. Specifically, given a 3-D scene box, a 
set of 3-D points, ሼሺX୧, Xഥ୧ሻሽ  can be initialized in this box 
randomly. Then given the RPC camera of an image, the 
corresponding set of 2-D image points, ሼሺu୧, v୧ሻሽ, can be 

                                                           
3 The height of the scene volume is denoted as 80+ meter in Figure 7a as 
it changes with respect to the terrain.  

computed using u୧ ൌ FRPCሺXഥ୧ሻuୱ ൅ u଴ and v୧ ൌFRPCሺXഥ୧ሻvୱ ൅ v଴. An affine camera model, PA, is then fit 
using the 3-D to 2-D correspondence set ሼX୧ ՞ ሺu୧, v୧ሻሽ  
via the standard algorithm given in [15].  

Given two cropped satellite images, I and IԢ, of a scene, 
rectification entails computation of two homography 
matrices H and HԢ that rotate the two images so that the 
corresponding epipolar lines are horizontal and the images 
are minimally distorted. We use the same affine epipolar 
rectification technique of Ames Stereo Pipeline as 
described in [18] to compute H and HԢ using an affine 
fundamental matrix, FA. In [18], FA is computed 
numerically from image correspondences whereas in our 
case it is derived analytically [15] using the locally fitted 
affine camera models, PA and PAԢ. Specifically:  FA ൌ ሾEԢሿൈPAԢPAା 
where PAା is the pseudo-inverse of  PA, EԢ is the epipole 
defined by Eᇱ ൌ PAԢC and C is the center of PA. C is a 
homogeneous point at infinity defined using the principal 
ray, ሺr୶, r୷, r୸ሻ, of PA and it is defined as C ൌ ሾr୶ r୷ r୸ 0ሿT. Note that after matrix 
multiplications  FA is in the following form: FA ൌ ൥0 0 ܽ0 0 ܾܿ ݀ ݁൩ 

and the epipole points in the left and right images can also 
be written as E ൌ ሺെd, c, 0ሻT and EԢ ൌ ሺെb, a, 0ሻT. Using 
the derivation of [18], the rotation matrices that make the 
epipolar lines horizontal can be written as: R ൌ ൤ E଴ ԡEԡ⁄ Eଵ ԡEԡ⁄െEଵ ԡEԡ⁄ E଴ ԡEԡ⁄ ൨ Rᇱ ൌ ൤ EԢ଴ ԡEԢԡ⁄ EԢଵ ԡEԢԡ⁄െ EԢଵ ԡEԢԡ⁄ EԢ଴ ԡEԢԡ⁄ ൨ 

For the rotated images RI and RԢIԢ, the epipolar lines are 
horizontal; however, they are not in corresponding scan 
lines yet. The images need to be scaled and shifted for this 
purpose. At this point, it is necessary to use some 
correspondence points to solve for the optimal scale, shift 
and skew parameters that minimally distort the images. 
Also stereo matching algorithms work best if the points on 
the ground plane have zero disparity. Thus the same 
method of generating random correspondences via RPC 
models is used. Specifically, given the 3-D scene box, a 
set of 3-D points, ሼሺX୧, Xഥ୧ሻሽ, are initialized such that ݖ ൌ 0, 
i.e. they are on the local ground plane4. Then these points 
are projected onto local image patches to generate image 
correspondences: ሼx௜ ൌ ሺu୧, v୧ሻ ՞ xԢ௜ ൌ ሺuԢ୧, vԢ୧ሻሽ where u୧ ൌ FRPCሺXഥ୧ሻuୱ ൅ u଴, v୧ ൌ FRPCሺXഥ୧ሻvୱ ൅ v଴ and u୧ ൌFԢRPCሺXഥ୧ሻuԢୱ ൅ uԢ଴, v୧ ൌ FԢRPCሺXഥ୧ሻvԢୱ ൅ vԢ଴. The problem 
is then formulated as a linear set of equations in the form Ax ൌ b to solve for the optimal transformation parameters. 
Specifically, first the translation and scale for y axis of the 

                                                           
4 Note that the absolute elevation of the ground plane of the scene box 
was determined using ASTER DEM. 
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image is solved by setting up: A୧,: ൌ ሾሺRԢxᇱ୧ሻଵ 1ሿb୧ ൌ ሺRx୧ሻଵ  

such that A ቂyୱy଴ቃ ൌ b. Second, the scaling, skew and 
translation for x axis of the image is solved by setting up: 

A୧,: ൌ ൥൥1 0 00 yୱ y଴0 0 1 ൩ RԢxᇱ୧൩b୧ ൌ ሺRx୧ሻ଴  

such that A ൥ xୱxୱ୩ୣ୵x଴ ൩ ൌ b. Then the final rectification 

homography matrices become: 

H ൌ ൥1 െxୱ୩ୣ୵/2 00 1 00 0 1൩ R
HԢ ൌ ൥xୱ xୱ୩ୣ୵/2 x଴0 1 00 0 1 ൩ ൥1 0 00 yୱ y଴0 0 1 ൩ RԢ 

An example rectified pair of images as HI and HԢIԢ are 
shown in Figure 4a-b. Observe from Figure 4a-b that the 
scan lines of the images indeed correspond.  

a b 
Figure 4: a-b) The rectified images using local affine 
approximations. The red lines mark two example scan lines to 
demonstrate their correspondence. 

 
a b 

Figure 5: a) The disparity map for the pair in Figure 4. b) The 
orthographic height map created using the disparity map in (a). 
The map has 1 meter GSD and size 400x400.   

a 
Figure 6: Median height map from over 5000 rectified pairs of 
73 satellite images (using only PAN bands with GSDs 1 meter or 
better). 

Given rectified image pairs as in Figure 4a-b, any stereo 
matching algorithm that generates a disparity map for the 
pixel correspondences along the scan lines is applicable. 
In this paper, the well-known semi-global matching 
(SGM) algorithm of [14] is used. This algorithm enforces 
a local continuity constraint to generate regularized 
disparity maps and it has been shown to produce good 
results for aerial imagery [14]. Figure 5a shows the 
disparity map for the example in Figure 4. Given the pixel 
to pixel correspondences via the disparity map, it is 
possible to reconstruct an orthographic height map by 
triangulating the 3-D points. Since back-projection using 
RPC camera models entails costly optimization [10], a 
reverse method is used in this paper. Specifically, all 
possible 3-D points in the 3-D scene box with 1 meter 
postings in x, y and z coordinates is traversed. For each 3-
D point, it is projected onto both left and right rectified 
images and the consistency of the projections’ disparity is 
measured with the value in the disparity image given by 
SGM algorithm. For each column in 3-D, i.e. given ሺx, yሻ, 
the z value with the most consistent disparity is selected as 
the height of that column. Thus, a map-aligned 
orthographic height map is created as shown in Figure 5b. 
Observe from Figure 5b that the buildings, river, streets 
and even some trees are recovered fine albeit with 
numerous gaps.  

Given N images that are geolocation corrected, it is 
possible to create NሺN െ 1ሻ pairs and generate a DEM 
using the described approach. In this paper, all these 
DEMs are combined simply by taking the median height 
at each pixel value disregarding the gaps. An example 
final map is shown in Figure 6a. The final height map has 
no gaps and the relative heights of the buildings and 
streets seem to be accurately recovered even given the 
challenging dense urban scene structure in Bangalore, 
India.    
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5. Conclusions 
In this paper, two fully automatic algorithms that generate 
DEMs from a large set of multiview and nonstereoscopic 
satellite images collected by different satellites are 
evaluated based on their reconstruction accuracy given 
manually prepared DEMs. The multiview stereo algorithm 
is found to generate more accurate DEMs compared to 
PVR algorithm on the urban and rural sites used in this 
paper. Note that more experimentation with LIDAR data 
is needed to quantify the absolute accuracy of the 
elevations given by both algorithms. There is a lot of room 
for improvement for both reconstruction algorithms. 
Multiview stereo algorithm would benefit from a 3-D 
fusion approach rather than the simplistic median value 
based composition of the height maps. PVR algorithm 
clearly falls behind due to its well-known shortcoming for 
reconstruction of homogenously textured areas and a 3-D 
regularization of the reconstructed surfaces is required. A 
third avenue of improvement would be a combined 
approach to quickly initialize a surface with the stereo 
algorithm using a subset of images and then update with 
the rest via PVR to sharpen the surfaces. 
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