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(57) Abréegée/Abstract:

The present invention relates to a method for generating street vectors of a street of a digital map, comprising reading data of a
terrain model, Initializing the street vectors with height coordinates read from the data of the terrain model, calculating a cost
function for the Initialized street vectors of the street, minimizing the cost function by varying the height coordinates of at least one
street vector and determining the street vectors for which the cost function minimized. The invention also relates to a digital map

comprising at least one three-dimensional digital representation of a street comprising street vectors and wherein the street vectors
Include height coordinates such that a cost function Is minimized.
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Abstract

The present invention relates to a method for generating street vectors of a street of a
digital map, comprising reading data of a terrain model, initializing the street vectors
with height coordinates read from the data of the terrain model, calculating a cost func-
tion for the initialized street vectors of the street, minimizing the cost function by vary-
Ing the height coordinates of at least one street vector and determining the street
vectors for which the cost function minimized. The invention also relates to a digital
map comprising at least one three-dimensional digital representation of a street com-

prising street vectors and wherein the street vectors include height coordinates such

that a cost function is minimized.
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Realistic Height Representation of Streets in Digital Maps

Field of Invention

The present invention relates to digital maps representing towns and landscapes and,
in particular, it relates to the three-dimensional representation of streets in digital maps,

e.g., digital city maps and digital road maps.

Background of the Invention

Digital maps as, e.g., city maps and road maps became increasingly prevalent in re-
cent years. They represent important building blocks in, e.g., handheld and vehicle
navigation systems. The electronic maps may represent cartographic features, as
streets, buildings and rivers, and make use of a storage medium, e.g., a compact disk

or a digital video disc, to store the data that relates to the cartographic features.

Recently, various navigation systems have been developed that have provided algo-
rithms for transforming data from a digital database into a local three-dimensional per-
spective view which, in principle, is much more easily understood by many drivers.
Elaborated systems, e.g., allow for displaying the intersection approached by the vehi-

cle at variable angles relative to the road depending on the complexity of the intersec-

tion.

However, due to the available officially provided digitalization of street maps, present
digital maps include entire street networks in a substantially two-dimensional represen-
tation only. In such maps height information of streets is only given as information on
the relative height of a particular street with respect to crossing street vectors in order

to allow for a representation in the appropriate order with respect to the spatial depth.

No data on the topographical height of the street vectors of the digital representation of
streets included in present day digital maps are available. Such data would, however,

be helpful for a realistic representation of streets, in particular, in the context of digital
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maps that are stored in map databases of vehicle navigation systems and used for

route guidance.

Thus, there is a need for the generation and implementation of street heights in digital
street maps in order to provide the users with a more detailed and reliable map infor-
mation and to facilitate route guidance by means of a navigation system that is config-

ured to display digital maps.

It is therefore an object underlying the present invention to provide a method for includ-
Ing height information in streets of digital maps and to provide digital maps that indicate
absolute street heights (not only relative heights of one street (vector) compared with
another one).

Description of the Invention

The above-mentioned object is obtained by a method for generating street vectors of a
street of a digital map (a digital representation of a physical street) comprising the
steps of

reading data of a terrain model;

initializing the street vectors with height coordinates read from the data of the terrain
model;

calculating a cost function for the initialized street vectors of the street;

minimizing the cost function by varying the height coordinates of at least one street

vector: and

determining the street vectors for which the cost function is minimized.

In this application it is assumed that streets in digital maps representing physical

streets comprise knots and polygonal elements connecting the knots. The latter are
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denoted as street vectors herein. Each street vector has a starting point and an end

point.

A terrain model is a three-dimensional model, e.g., a digital model obtained by laser-
scanning. A great variety of topographic terrain models is provided by official institu-
tions as well as commercial providers. In principle, a digital terrain model is a digital file
consisting of terrain elevations for ground positions at regularly or irregularly spaced
horizontal intervals. Digital terrain products may be used in the generation of three-
dimensional digital maps displaying terrain slope, the direction of slope and terrain pro-
files between selected points. The terrain model used in the present invention com-
prises Information of the coordinates, in particular the height coordinates, of elements

Included in the terrain model.

According to the inventive method, street vectors of a street are initially generated (ini-
tialized) by means of height coordinate data read from the used terrain model. This
iImplies that the street vectors of a street are conform and plane with the height profile
of the corresponding location represented in the terrain model. In particular, there is no
difference in the height coordinates of the street vectors and the respective sections of
the topographical elements (e.g., hills and valleys) in the terrain model. The two-

dimensional coordinates of the street in a surface plane, e.g., a projected Cartesian

“plane, in particular, west-east and north-south coordinates, can be read from already

existing two-dimensional map data.

After initialization of the street vectors, i.e. generation of the street vectors with height
coordinates corresponding to the terrain model, a cost function for the street vectors is
calculated. In particular, a cost function for the entire street built by the street vectors
can be calculated. The cost function reflects an estimate of the real costs for construct-
Ing a physical street in accordance with the street vectors. The cost function may pref-
erably include estimates for the construction costs for tunnels and/or bridges and/or
costs for raising and/or lowering of a street height with respect to the height coordi-
nates used for the initializing of the street vectors (i.e. the height coordinates taken

from the terrain model used for initializing the street vectors).
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In detail, the cost function may be calculated on the basis of the lengths and depths of
tunnels and/or the lengths and heights of bridges and/or the area and/or the volume
defined by the difference of the height profile of the street due to the determined street
vectors and the corresponding height profile of the terrain model (for the initialized

street vectors this difference is zero per definition of the initialization process).

The cost function may preferably take into account information on the geological reali-

ties, e.g., the rock or the groundwater table, provided by the terrain model.

It Is @ main aspect of the present invention to minimize the cost function by varying the
height coordinates of the street vectors. First, height coordinates of one or more initial-
Ized street vectors are modified. During the minimization process, height coordinates of
already modified street vectors may be further modified. Those street vectors are de-
termined for which the costs represented by the cost function are minimized. The thus
determined street vectors allow for a representation of a street in a digital map with a
previously not available high accuracy in the topographical height. Since the method
can be performed fully automatically, accurate three-dimensional street maps can be

produced efficiently and economically.

The height coordinates of all crossing points of the street vectors at which street vec-
tors of other streets are crossing may be maintained in the step of minimizing the cost
function by variation of the height coordinates of the street vectors. Thereby, it is
avoided that by minimizing the cost function for a particular street by varying the height
coordinates of the street vectors of this street, street vectors of another street crossing

the latter one are modified. It may be preferred, however, to allow for some variation of

the crossing points within narrow limits.

According to an embodiment, the herein disclosed method for generating street vectors

further comprises

a) calculating the gradients of each of the street vectors:
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b) determining whether the calculated gradients lie within predetermined lower and

upper limits;

c) modifying height coordinates of the starting and/or the end points of each of the
street vectors that has a gradient below the predetermined lower limit or above the

predetermined upper limit;

d) calculating the gradients of each of the street vectors with height coordinates modi-
fied in step ¢) and determining whether the calculated gradients lie within predeter-

mined lower and upper limits;

e) performing the above steps ¢) to d) until the calculated gradients of each of the

street vectors lie within the predetermined lower and upper limits; and wherein

the cost function Is minimized by varying the height coordinates only of street vectors

that have gradients that lie within predetermined the lower and upper limits.

According to another embodiment the herein method for generating street vectors fur-

ther comprises

a) calculating the overall gradient of a sub-set of the street vectors or the overall gradi-

ent of all street vectors of the street:

b) determining whether the calculated overall gradient lies within predetermined lower

and upper limits;

c) modifying height coordinates of the starting and/or the end point of at least one
street vector of the street vectors for which the overall gradient is calculated, if the cal-
culated overall gradient falls below the predetermined lower limit or exceeds the prede-

termined upper limit;

d) performing the above steps a) to ¢) until the overall gradient lies within the prede-

termined lower and upper limits; and wherein
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the cost function is minimized by varying the height coordinates only of street vectors

for which the overall gradient lies within the predetermined lower and upper limits.

The sub-set of the street vectors may consist of street vectors between two crossing
points. The overall gradient is calculated from the gradients of individual street vectors
and represents another more useful measure for estimating a plausible height profile of

a street or a street segment.

It iIs noted that the above-mentioned steps a) — e) of both embodiments including the
calculation of gradients can be performed before the minimization of the cost function
Is performed by varying the initialized street vectors as well as already modified (by

modified height coordinates) street vectors.

By determining the gradients (slopes) and varying the starting and/or the end points of
each of the street vectors that shows a gradient outside a predetermined range a plau-
sibility check is performed. This is of particular use, if the terrain model shows strong
local variations in the topography, e.g., significant discrete jumps in the height (altitude)
of adjacent points of a digitized discrete terrain model. The plausibility check is also of
importance with respect to urban regions when the sizes of buildings are added to the

surface altitude.

The height coordinates of the starting and/or the end points of each of the street vec-
tors having calculated gradients below the predetermined lower limit or above the pre-
determined upper limit can, in particular, be incremented or decremented by a

predetermined value, e.g., one of employed discrete coordinate values.

A street class of the street of a digital map for which street vectors shall be generated
iIn accordance with the present invention may be determined and the above-mentioned
lower limit and upper limit can be predetermined on the basis of the determined street
class. Typical examples for street classes are main streets, side streets, national high-
ways, country roads etc. For different classes advantageously different lower and up-

per limits for allowable gradients are chosen. The classes can be determined on the
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basis of data of a two-dimensional map that is provided and used for the generation of

the street vectors (see above).

The determination of the street class may, in particular, comprise determining whether
the considered street is constructed in accordance with a clothoid model. Streets con-
structed according to a clothoid model may be divided into one or more particular
classes. Determination of the class a considered street belongs to may be performed

on an analysis whether or not the street is constructed according to a clothoid model.

By the term “clothoid model” the parameters of a curve and the unique functional de-
pendence of the parameters of a curve constructed by means of clothoids, i.e. the arc
length, the radius, the tangent angle, the clothoid parameter and the curvature, on
each other is to be understood. To be more specific, clothoids are geometric curves

that represent a sub-class of cycloids and are characterized by a curvature C that is

proportional to the arc length L: C = L / A* where A is commonly referred to as the clot-

hoid parameter A.

Since well-designed and constructed roadways follow the clothoid model, numerical
modeling and digital representation of real roads and streets by clothoids allow to ob-
tain reliable and accurate information about the curve parameters as, in particular, cur-
vature of the curves to be passed by the vehicle. In addition, gradients of streets
constructed in accordance with a clothoid model are expected to lie within well-defined
imits. In Germany, for example, since 1984 main streets and roads are to be designed

and constructed by means of clothoids.

The present invention also provides a computer program product, comprising one or
more computer readable media having computer-executable instructions for performing

the steps of an embodiment of the inventive method as described above.

The above-mentioned object is also achieved by a digital street map, comprising

at least one three-dimensional digital representation of a street comprising street vec-

tors: characterized in that
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the street vectors include height coordinates such that a cost function is minimized.

The cost function can be calculated according to one of the above described examples
(for detalls, see also the detailed description of embodiments below). In particular, the
cost function can be calculated on the basis of the lengths and depths of tunnels and/or
the lengths and heights of bridges and/or the area and/or the volume defined by the
difference of the height profile of the street due to the determined street vectors and
the corresponding height profile of a terrain model that has been used for determining
Initial street vectors that are modified in order to minimize the cost function during the
process of generating the street vectors for the digital map claimed in claim 11. Thus,
the streets of the digital map (the representations of physical streets) are characterized

by the feature of cost minimization.

According to an embodiment of the digital map, each section between two crossing
points (at which street vectors of other streets are crossing) of the at least one street
has a gradient that lies within predetermined lower and upper limits and/or the entire at
least one street has an overall gradient that lies within predetermined lower and upper
limits and/or each of the street vectors has a gradient that lies within predetermined

lower and upper limits.

Moreover, the above-mentioned predetermined lower and upper limits are determined
on the basis of a street class to which the at least one street belongs and/or on the ba-
sis of a determination whether the at least one street is constructed according to a clot-
hoid model (see above). Streets constructed in accordance with a clothoid model may

represent a street class among others as, e.g., main streets and side streets.

The above-mentioned digital map can be, in particular, a digital street map used for
navigation. Thus, the digital map may be stored in a map database of a vehicle naviga-
tion system. The invention also provides a navigation system, in particular, a vehicle
navigation system, comprising a map database storing a digital map according to one

of the above described examples.

Additional features and advantages of the present invention will be described with ref-

erence to the drawings. In the description, reference is made to the accompanying fig-
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ures that are meant to illustrate preferred embodiments of the invention. It is under-

stood that such embodiments do not represent the full scope of the invention.

Figure 1 illustrates a street profile generated according to an example of the present

Invention by minimizing a cost function including the costs for tunnels and bridges.

Figure 2 shows a flow chart illustrating inserting a street in a digital map on the basis of

a minimized cost function according to an example of the present invention.

Figure 3 shows a flow chart illustrating the determination of street vectors on the basis
of a minimized cost function and the calculation of gradients of street vectors according

to an example of the present invention.

Figure 1 illustrates a street height profile of a street included in a digital map in accor-
dance with an example of the present invention. The street is built by street vectors
that form polygons between crossing points (points at which street vectors of different
streets are crossing). The solid line 1 represents the street height profile as it is given
by initializing the street vectors on the basis of a terrain model (individual street vectors
are not distinguished in Figure 1). The data of the terrain model are read and the ac-

cording height (z-) coordinates are used for the initial street vectors.

The terrain model can be chosen from a variety of digital models offered by official pro-
viders. Digital terrain models, e.g., laser-scanned digital terrain models, are provided
by local and federal governments as well as, e.g., the U.S. Department of Commerce

and corresponding European governmental departments, etc.

The initial street vectors are modified according to the present invention by means of
the calculation of a cost function. In the present example the street is located in a
mountainous area. Thus, costs for the construction of bridges and tunnels are esti-
mated. The costs are particularly given by lengths and heights of bridges as well as
lengths and depths of tunnels. It is expected that the construction of the real road is
carried out taking into account the construction costs. Therefore, realistic street height

profiles can be obtained by estimating the costs for tunnels and bridges.
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In the present example, an overall cost function for all street vectors representing the

street section Illustrated in Figure 1 is minimized. The overall cost function C may, in

N
particular, include the calculation for the construction costs for N bridges ZBi and M

i=l]

M
5 tunnels ZTJ. . Here, it is expected that, in fact, these costs are the relevant ones. Thus,
j=1

the cost function to be minimized can be calculated as

C= Yo+ [(HPs, ~HPy)dxdy ]+ 3 (L, + [(HPy, ~HPy,)dxdy)

-

J/

10 where Lg; and Lt denote the lengths of the i-th bridge and the j-th tunnel, respectively,
and HPg;, HPt; and HPty denote the height profile function (z(x, y))of bridges, tunnels
and the used terrain model, respectively. The integration is carried out over the surface

area with area elements dydy covered by the tunnels and bridges.

15 In the present example, minimization of C is obtained for street vectors that differ from
the terrain model by two tunnels 2 indicated in Figure 1 by dashed double lines and a
bridge 3 indicated by a solid double line. The street section included in a digital map,
therefore, includes the tunnels 2 and the bridge 3. If, in fact, the real street is mainly
constructed on the basis of cost considerations, the digital street given by the street

20  vectors obtained by minimizing the cost function C provides a realistic representation of

the height profile of the physical street with a very high accuracy that has been not
available in the art.

Figure 2 shows a flow chart that illustrates an example of the disclosed method for
25 generating street vectors of a street of a digital map. Data is read from a terrain model
10. The data, in particular, includes height coordinates that are used to initialize street

vectors 11 by generating street vectors with height coordinates taken from the terrain

model.

30 A cost function is calculated for the street vectors constituting the desired digital repre-

sentation of a physical street. Besides information on the construction costs for bridges
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and tunnels as mentioned above the cost function according to this example includes a

contribution given by the distance of a street surface from the surface given by the ter-

rain model _[(HPStreet—-HPTM)dxdy, where HPgyeet denotes the height profile of the

street. This contribution estimates the amount of excavated or heaped up earth.

Those street vectors are determined for the street to be included in a digital map for
that the cost function i1s minimized 13. Subsequently, the determined street vectors
constituting the desired street are stored and inserted in a digital map in order to allow

for the display of a realistic three-dimensional course of the street.

Figure 3 shows a flow chart that illustrates another example of the disclosed method
for generating street vectors of a street of a digital map. Based on the data of an avail-
able terrain model street vectors are again initialized 20. This implies that the street
vectors are conform and plane with the terrain model (without a height difference be-

tween the street vectors and the height levels of the terrain model).

Next, the gradients of all street vectors are calculated 21. In this example, it is as-
sumed that individual street vectors are represented by linear functions with the height
coordinate z = s x + g with a plane coordinate x, a slope s and a constant g. Calcula-
tion of the gradient is performed by determining the slope s. The slope can be deter-

mined by numerically performed derivation of z with respect to x.

For each street vector the determined gradient is compared with predetermined lower
and upper limits. These limits are chosen differently for different classes of streets. For

example, limits are chosen for classes of main roads, side roads, motorways, etc.
Moreover, streets can be divided into those ones that are constructed according to a
clothoid model (see discussion above) and those ones that are not constructed in this

way.

If the limits for the gradients are not observed by some of the calculated gradients of
the street vectors, these street vectors are modified by incrementing or decrementing
the values of the height coordinates of the starting points and/or end points of the re-

spective street vectors by some predefined value 22. The value may be given as some
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percentage of the difference between the value of the height coordinate of the starting
point of a street vector that is to be modified and a value of the height coordinate of the

end point of this street vector.

After modification of the respective street vectors by incrementing/decrementing the
staring/end points the gradient is re-calculated and again it is checked whether or not
the gradient exceeds an upper limit or falls below a lower limit. If the value of the gradi-
ent still does not lie within a predetermined tolerance, the modification of the start-

iIng/end points is iterated until the predetermined limits are observed.

Next, the costs of the entire course of a street given by the street vectors having gradi-
ents within the predetermined tolerance are calculated. Calculation of the costs, in par-
ticular, includes calculation of the construction costs of tunnels and bridges 23. The
costs are minimized by varying the height coordinates of the street vectors 24. Those
street vectors are determined to represent a physical street in a digital map for which

the overall costs are minimized.
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A method for generating street vectors of a street of a digital map, comprising

reading data of a terrain modei;

initializing the street vectors with height coordinates included in the read data of the

terrain model;
calculating a cost function for the initialized street vectors of the street;

minimizing the cost function by varying the height coordinates of at least one street

vector of the Initialized street vectors: and

determining the street vectors for which the cost function is minimized.

Method according to claim 1, further comprising

maintaining the height coordinates of all crossing points of the street vectors at which
street vectors of other streets are crossing during the step of minimizing the cost

function.

Method according to claim 1 or 2, further comprising
a) calculating the gradients of each of the street vectors;

b) determining whether the calculated gradients lie within predetermined lower and

upper limits;

c) modifying height coordinates of the starting or the end points of each of the street
vectors that has a gradient below the predetermined lower limit or above the

predetermined upper limit;
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d) calculating the gradients of each of the street vectors with height coordinates that
are modified in step ¢) and determining whether the calculated gradients lie within

predetermined lower and upper limits;

e) performing the above steps c¢) to d) until the calculated gradients of each of the

street vectors lie within the predetermined lower and upper limits; and wherein

the cost function is minimized by varying the height coordinates only of street vectors

that have gradients that lie within the predetermined lower and upper limits.

Method according to claim 1 or 2, further comprising

a) calculating the overall gradient of a sub-set of the street vectors or of all street

vectors;

b) determining whether the calculated overall gradient lies within predetermined lower

and upper limits;

c) modifying height coordinates of the starting or the end point of at least one street
vector of the street vectors for which the overall gradient is calculated, if the
calculated overall gradient falls below the predetermined lower limit or exceeds the

predetermined upper limit;

d) performing the above steps a) to ¢) until the overall gradient lies within the
predetermined lower and upper limits; and wherein

the cost function is minimized by varying the height coordinates only of street vectors

for which the overall gradient lies within the predetermined lower and upper limits.

Method according to claim 3 or 4, wherein the height coordinates of the starting or
the end points of each of the street vectors having calculated gradients below the
predetermined lower limit or above the predetermined upper limit are incremented or

decremented by a predetermined value.
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Method according to any one of claims 3 - 4, wherein a street class of the street is

determined and wherein the lower limit and upper limit are predetermined on the

basis of the determined street class.

Method according to claim 6, wherein step of determining the street class comprises

determining whether the street is constructed in accordance with a clothoid model.

Method according to any one of claims 1 - 7, wherein the cost function comprises
costs for tunnels or bridges or costs for raising or lowering of a street height with

respect to the height coordinates used for the initializing of the street vectors.

Method according to claim 8, wherein the cost function is calculated on the basis of
the lengths and depths of tunnels or the lengths and heights of bridges or the area or
the volume defined by the difference of the height profile of the street due to the

determined street vectors and the corresponding height profile of the terrain model.

Computer program product, comprising one or more computer readable media
having computer-executable instructions for performing the steps of the method

according to any one of claims 1 - 9.
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