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ABSTRACT:

In this paper we present a new method for the ge-
neration of Digital Terrain Models (DTM) on urban
areas using simultaneously a stereoscopic pair of aerial
images and e scanned map. This method relies on the
wnformation given by the map on the position of the
road network. Roads and crossroads are places where
information on terrain elevation can be ectracted di-
rectly from the aerial images.

The effectiveness of this approach is demonstrated with
complez imagery on a urban area containing a large
variety of different urban block types. The results are
evaluated with respect to ground truth data.

1 Introduction

The automated generation of 3D cartographic data-
bases from aerial images has become a major field of
interest, with many applications in cartography, na-
vigation, telecommunications, urbanism, etc [1]. Ho-
wever in the case of very complex scenes like dense
urban areas the automatic process of the only aerial
images leads to ambiguous solutions (many feasible in-
terpretations can be made from the same elementary
features). In order to help the image interpretation,
existing maps provide useful information on the pre-
sence, shape and localization of various features in the
scene [2, 3).

In this paper we present a new method for the ge-
neration of a Digital Terrain Model (DTM) of a urban
scene using simultaneously a stereoscopic pair of aerial
images and a scanned map. The map provides useful
information on the places where the ground could be
seen in the aerial images: mostly the road network and
the surfaces without buildings (white surfaces of the
map). We first describe briefly the analysis of the scan-
ned map (road network extraction and urban block
classification), then we depict in details our method
for the generation of a DTM using the road network
extracted from the scanned map. Results on 2 scene
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Fig. 1 - Portion of the scanned map. ©IGN
The complete scene is 2km x 2km.

in the suburb of Paris are presented and compared to
ground truth data.

2 Map Analysis

For this application commercially available maps at
the scale of 1:25000 have been purchased. They have

- been scanned at 300 dpi which gives a pixel approxi-

matively equivalent to 2 meters on the ground. Be-
cause of the importance of color for the representation
of various cartographic features (main roads, contour
lines, forest, ...), maps were scanned in full color with
24 bit/pixel.

Information on various structures can be extracted
from the map. For our application, the road network
and the urban blocks (regions delimited by roads) are
the most interesting features. Word extraction is also a
source of information on natural or man-made features
present in the scene. In the remaining of this section,
road network extraction and urban block classifica-
tion are briefly described. More details on road and
crossroad extraction algorithms can be found in [4].
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2.1 Road network

On IGN ! maps at the scale of 1:25000 main roads
are represented in red, while other roads remain in
white. A simple colorimetric analysis allows the ex-
traction of the main roads. A morphological opening
removes contour lines represented with the same color,
but with thinner lines.

Other roads are represented with two parallel black
lines. Their extraction is performed using the road net-
work connexity. Linear elements with a high probabi-
lity to be road portions (i.e., white pixels bordered
with black pixels) are detected on the scanned map.
Links between these elements are created if it is pos-
sible to find a path from one to an other composed
of only white pixels {(at the crossroad level it is not
possible to use the border to follow a road).

Both networks are merged, and only large connex
components are kept in order to remove elements de-
tected between black objects representing buildings.
A linear approximation of the network gives a vecto-
rial representation. Collinear segments are grouped to
form roads.

At that point, an interactive tool allows us to cor-
rect the road network automatically detected. A small
part of the errors are some lines detected inside the
building blocks. Other errors correspond to missing
road parts due to letters or city limit lanes overlap-
ping the roads on the paper map.

Crossroads are detected by grouping the road junc-
tions (X, T or L shaped junctions): a crossroad could
be defined as only one junction, or could gather se-
veral junctions if they are close enough. Each road is
then decomposed into sections: a section is the portion

1. IGN: Institut Géographique National, the French na-
tional agency for cartography.
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right image
Fig. 2 - Portion of the stereo pair of aerial images.

of a road between two consecutive crossroads. Cross-
roads and sections which are not in a cycle are then
eliminated.

2.2 Word extraction and urban block
classification

The first step for word extraction comsists in the
detection of black features, which represent letters or
large buildings. Size and shape criteria allow the eli-
mination of some elements representing buildings. Fi-
nally the grouping of horizontally aligned black fea-
tures gives the words present on the map.

Except roads and letters, one can distinguish 4 dif-
ferent surface features on the scanned map: large buil-
dings in black, administrative buildings (schools, city
halls, ...) in dark grey, apartment building in light
grey and building-free surfaces in white. Once letters
and roads have been removed from the map image,
it is possible to separate the different surfaces just by
considering the pixel grey levels. One can notice that
only 3 different tones (black, grey and white) were
used for the representation of these regions: dark grey
features are composed of black and grey pixels, and
light grey features are composed of grey and white
pixels. The separation of these 3 tones is done by a
k-means algorithm that performs a thresholding ope-
ration on the image grey level histogram and divides
it into 3 classes. Morphological operations (opening
and closing) allow the grouping of the pixels of these
3 classes to form the 4 different kinds of surface fea-
tures.

3 Digital Terrain Model

For this application a pair of stereoscopic images co-
vering the same scene as the scanned map have been
acquired. The resolution of both images is 1m/pixel.
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Fig. 3 - The road network eztracted from the map
s superimposed on the aerial left image.

TR

First the images are corrected into an epipolar geo-
metry (see figure 2). Then geometrical relationship
between both aerial images and the scanned map is
determined: a polynomial transform of degree 2 is cal-
culated using manually selected control points. These
transforms are only used to transfer the vectorial re-
presentation of the road network extracted from the
map into both aerial images as presented on figure 3,
but no registration has been performed directly on the
images.

A disparity map is calculated for the complete scene
with a classical cross-correlation algorithm using a
square window of 13x13 pixels. The result, as it can
be seen on figure 4, is very noisy because of the pre-
sence of numerous hidden parts and because of the
very large disparity range required for the complete
scene (80 pixels).

The generation of the DTM is then split up into 3
steps. First disparity is calculated for each crossroad
of the network. Then disparity is calculated along the
road sections joining the crossroads in order to vali-
date the disparity at the crossroads. Finally a dense
map of disparity is calculated using the validated cross-
roads.

3.1 Disparity at the crossroads

In order to calculate the disparity at a crossroad
we consider a large window (30x30 pixels) centered on
each crossroad. A large window is required because
of the lack of precision on the crossroad localization
that can be caused by several factors: precision of the
map itself, displacement during the road extraction
operation and accuracy of the polynomial transform
between the map and the aerial images (see figure 4).

The disparity histogram is calculated on this large
window and its most significant peaks are considered
(see figure 5). The peak given by the lowest disparity
is selected as the ground point representative. Other
peaks are usually provided by points at the top of

Fig. 4 - Roaed and crossroads ecziracted from the map
are superimposed on the disparily tmage.
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Fig. 5 - Disparity histogram ai o crossroad.

buildings. The disparity of the selected peak is then
recorded as the disparity of the crossroad.

3.2 Disparity along the road sections

ince crossroad disparity was calculated wusing only
local information, we would like to validate this re-
sult with more global information, in order to remove
wrong crossroads and to correct wrong values of dis-
parity. The graph of roads provides the consistency
required for this validation step.
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Fig. 6 - Paths in the disparity map using
a dynamic programming technigue.

A road section is the portion of road between two
consecutive crossroads. On the disparity map calcu-
lated previously we consider a large band along each
road section. If it is possible to find a regular path
in this band between the two extremities of the road
section, then the road section is validated as well as
the two crossroads.

The search for a regular path is performed by a dy-
namic programming procedure[5)], that finds the best
path from one crossroad to the other one. The cost of
an elementary displacement in the disparity map bet-
ween two neighboring pixels is equal to the absolute
value of the disparity difference. The cost of a path
from one crossroad to the other one is then the sum
of these elementary costs. The dynamic programming
approach allows to find the best path with respect to
that global cost with O(nm) operations where n is the
length of the band and m its width. The best path is
validated if it does not contain any disparity gradient.

This validation step is applied twice:

- in a first iteration, a constraint is applied in order
to force the different paths to begin and to end at
pixels with the same disparity as the two extremity
crossroads;

- in a second iteration, the previously non-validated
crossroads and road sections are examinated again wi-
thout this constraint on the extremities. This allows to
correct wrong values of disparity at some crossroads.

Figure 6 shows several paths found by this dyna-
mic programming procedure, white lanes correspond
to validated paths and black lanes to non-validated
paths. One can notice that some paths not validated
during the first iteration because of a wrong disparity
value at the crossroads are validated during the se-
cond iteration (lower left part of the figure). Wrong
disparity values for these crossroads were mainly due
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Fig. 7T - First digital terrain model
before the road section validation.

to misplacement of the road network extracted from
the map.

3.3 Calculation of a dense image of disparity

At this point of the process, disparity is known
only for a few points: the validated crossroads and
road sections. In order to obtain a dense map of dis-
parity, a 2D Delaunay triangulation is performed on
the validated crossroads. The disparity at each point is
then interpolated considering that each triangle repre-
sents a planar surface: the plane equation associated
with each triangle is calculated with the 3 coordinates
(u, v, disparity) of its corners.

A more sophisticated approach would consider com-
plex 3D surface models like Bernstein-Bézier patches
in order to obtain G* continuous surfaces[6].

4 Test scene

Results are presented on a scene in the suburb of
Paris. This scene presents a large variety of construc-
tion density and buildings of various sizes and shapes.
A portion of the scanned map is presented on figure 1,
while figure 2 shows a small but significant part of the
stereo pair of aerial images.

4.1 Results

The road network extraction provides, after the ma-
nual correction, 369 crossroads and 612 road sections.
A polynomial transform of degree 2 between the map
and the left aerial image has been calculated with a
least mean square approximation on manually selected
control points. On figure 3 the road network extracted
from the scanned map has been superimposed on the
left aerial image.

Disparity at crossroads was calculated as described
in section 3.1. The DTM calculated without the va-
lidation process along the road sections is presented
on figure 7. One can notice some obvious errors given
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Fig. 8 - Error histogram between
ground truth and generated DTM.

by wrong disparity values at crossroads. These errors
generate pitches or holes in the DTM.

The road section validation process confirmed the
disparity for 330 crossroads after the first iteration
and for 348 crossroads after the second iteration. Fi-
gure 10 presents the final DTM on which red features
of the map (main roads and contour lines) have been
superimposed. One can notice that the terrain model
fits very well the contour lines, and that the errors
previously seen on figure 7 have been removed.

4.2 Performance analysis

Evaluation of these results has been made against
a ground truth given on grid of 25m x 25m resolution.
The left image in which referential the DTM is cal-
culated has been calibrated with these ground truth
data. Each point in the ground truth is given by its co-
ordinates (X,Y,Z) in a cartographic referential. The
calibration gives the coordinates (u,v) of the corres-
ponding pixel in the left aerial image. It is then pos-
sible to compare the ground truth elevation Z of the
point with the elevation Zji,p, given by the calibra-
tion of the pixel disparity. The error at a point is then
defined as the value of the difference between these
two elevations:

€ = Zdi.spa - Z

This error has been calculated for the 5489 common
points of the ground truth and the generated DTM.
The mean of the error absolute value is equal to 2.10m.
Figure 8 presents the error distribution for the scene.
As it could be expected this distribution presents a
peak centered on zero, but one can notice that other
significant peaks are present for positive error values.
This indicates that our elevation estimation method
tends to over-estimate the altitude of points.

At this point of our research further considerations
should be undertaken in order to identify these errors
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Fig. 9 - Error distribution in the scene,
dark points indicate large errors.

more precisely. Figure 9 presents the error distribu-
tion in the scene. We can first notice that errors occur
on the sides of the scene where crossroad disparity is
validated with less road sections (see 3.2). But largest
errors appear on the highest region of the scene where
less crossroads are present, because of a building-free
area. Future developments for our DTM generation
system consist in the analysis of the white areas of
the map in order to compensate the lack of crossroads
in these regions.

5 Conclusion

In this paper we describe a new method for automa-
tic-digital terrain model generation using information
provided by scanned maps and stereo pairs of aerial
images. Scanned maps provide useful information on
the location where the terrain could be directly seen on
aerial images, mainly roads, crossroads and building-
free areas. We demonstrated theses ideas with complex
urban scenes presenting a large variety of construction
density and buildings of various sizes and shapes.

Further developments are under progress in order
to improve the quality of the DTM:

— use of Bernstein-Bézier patches in order to ob-
tain a G' continuous surfaces,

— finer disparity analysis in building-free areas in
order to compensate the lack of crossroads.

DTM generation is the first part of a more global
system dedicated to the construction of 3D cartogra-
phic databases using simultaneously aerial images and
scanned maps. Further developments are dealing with
the generation of building 3D models, for which scan-
ned maps are also a rich source of information on the
presence, shape, size and localization of buildings in a
dense urban scene.
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Fig. 10 - Final digital terrain model
overlapped with the contour lines extracted from the map.
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