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METHOD AND SYSTEM FOR DETERMINING
ROUTES OF VEHICLES

The present invention relates to a method for determining routes of vehicles,
preferably electric vehicles.

The present invention also relates to a system for determining routes of vehicles,
preferably for performing with a method according to one of the claims 1-15.

Although applicable to vehicles in general, the present invention will be described
with regard to electric vehicles.

Although applicable to parameters in general, the present invention will be
described with regard to a parameter representing cost of transport. The term
“cost” with regard to the present invention is to be understood in a general way. In
particular the term “cost” refers not only to monetary cost.

Recently more and more vehicle fleet providers like taxi services or urban delivery
companies are using respectively integrating electric vehicles in their vehicle fleet.
Costs for their acquisition and the maintenance of the batteries of the electric
vehicles are one of the crucial aspects when considering an acquisition of an
electric vehicle. Further due o the - compared with combustion vehicles — limited
cruising range, the longer recharge times (compared to refueling time in case of
combustion vehicles), there is a great need for determining routes of vehicles
taking into account at least these aspects.

in the document US 2012/0233077 A1 an electric charging station reservation
system and a corresponding method is described. The method for reserving an
electric charging station for a vehicle having a controller and a battery comprises
the steps of receiving, by a server, a desired destination from a client device,
verifying the availability of a designated charging station at an expected arrival
time of the vehicle at the desired destination; reserving, via the server, the
designated charging station when the designated charging station is available at
the expected arrival time, receiving information from the controller using the
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server, including a state of charge and a temperature of the battery, generating an
electronic token via the server, wherein the token uniquely identifies the vehicle,
and transmitting the electronic token from the server to the client device, wherein
the token confirms the reservation and prevents unauthorized use of the
designated charging station by another vehicle. '

in the document US 2012/0109519 A1 a system and a method to route BEV to a
charging station is described and a navigation device and the method for route
calculation is used. The navigation system is operative to obtain charging station
data from a data store to determine at least one selected charging station having
charging equipment that is compatible with the vehicle and is currently available or
expected to be available for charging the vehicle based at least in part on the
charging station data and on a present state of charge value indicating a
remaining amount of energy stored in the battery and to determine a route for the
vehicle extending from a current vehicle location to a destination location
corresponding to the at least one selected charging station based at least in part
on the charging station data and on the present state of charge value.

In the document US 2012/0089329 A1 a navigation system for an electric vehicle
and navigation service method thereof is described. The navigation system for an
electric vehicle comprising a data communication unit configured to communicate
with a navigation terminal, a database configured to store map information,
transportation information, charging station information, and electric vehicle
inaccessible road information; and a path search unit wherein, upon receiving a
navigation request signal from the data communication unit, the path search unit
searches for at least one traveling path composed of only roads where traveling of
the electric vehicle is possible using the information stored in the database, and
transmitting information about the found traveling path to the navigation terminal.

Further routing methods are described In the non-patent literature of M.
Sachenbacher, M. Leucker, A. Artmeier and J. Haselmayr “Efficient energy-
optimal routing for electric vehicles”, in AAAI, 2011and in the non-patent literature
of O. Worley, D. Klabjan and T. Sweda “Simultaneous vehicle routing and



10

15

20

25

30

-3-

charging station siting for commercial electric vehicles” in Electric Vehicie
Conference (IEVC), 2012 IEEE International, IEEE, 2012, pp. 1-3.

However, the determined routes for the vehicles in these documents have certain
drawbacks. One of the drawbacks is that a long waiting time for a vehicle at a
charging station may arise increasing unnecessarily the travel time for a vehicle. A
further drawback is that the announced charging stops may be too frequent
without using the capacity of the battery of an electric vehicle in an optimal way.

it is therefore an objective of the present invention to provide a method and &
system for determining routes of vehicles which provides a more optimal drive
range, more optimal charging stops and reduced waiting time along the route for a
plurality of vehicles.

It is a further objective of the present invention fo provide a method and a system
for determining routes of vehicles which is more flexible in particular by taking info
account more constraints of interest.

The aforementioned objectives are accomplished by a method of claim 1 and a
system of claim 15.

According to claim 1 the method is characterized by the steps of

a) Providing characteristics of charging stations, a number of vehicles and
their respective start- and end-points of their trips and preferably of their
intermediate points,

b) Generating a road network comprising road segments for the vehicles and a
charging station network for the charging stations along route points in the
road network,

c) Generating an initial route for each vehicle from the respective start-point to
the end-point via the road network and via the charging station network,

d) Selecting a generation method for generating routes for said vehicles out of
at least two generation methods,
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e) Generating a new route for each vehicle based on one or more prior
generated routes for each vehicle according to the selected generation
methad,

f) Evaluating the generated new route for each vehicle based on one or more

5 parameters,
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g) Comparing the evaluated route with prior generated routes for each vehicle,

h) Replacing one or more of the prior generated routes for each vehicle with
the evaluated route according {o a result of the comparison,

i) Checking if the new route for each vehicle satisfies one or more final criteria
and if yes, defining the new route for each vehicle as being the optimal
route for the corresponding vehicle, otherwise perform at least steps d)-i)
again

According to claim 15 the system is characterized by

input means for inputting characteristics of charging stations, a number of vehicles

and their respective start- and end-points of their trips and preferably their

intermediate points,

Network generation means for generating a road network comprising road

segments for the vehicles and a charging station network for the charging stations

along route points in the road network

Route generation means for generating an initial route for each vehicle from the

respective start-point to the end-point via the road network and via the charging

station network, and for generating a new route for each vehicle based on one or

more prior generated routes for each vehicle according to the selected generation

method,

Selecting means for selecting a generation method for generating routes for said

vehicles out of at least two generation methods,

Evaluating means for evaluating the generated new route for each vehicle based

on one or more parameters,

Comparing means for comparing the evaiuated route with prior generated routes

for each vehicle

Modifying means for replacing one or more of the prior generated routes for each

vehicle with the corresponding evaluated route for each vehicle according to a

result of the comparison and

Checking means for checking if the new route for each vehicle satisfy one or

more final criteria

and if yes, defining the new route as being optimal route for the corresponding
vehicles,
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otherwise instruct at least the selecting means, the evaluation means, the
comparing means, the modifying means and the checking means for reprocessing.

According to the invention it has been recognized that the method and the system
for determining routes of vehicles may take a plurality of constraints into account
while at the same time being fast and reliable.
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According to the invention it has been recognized that the method and the system
for determining routes of vehicles provide optimized routes of the vehicles.

According to the invention it has further been recognized that that the method and
the system for determining routes of vehicles are easy to implement and further
easy to upgrade or expand to further parameters and/or generation methods as
well as evaluation procedures.

An evaluation procedure based on one or more parameters includes an evaluation
against a function depending on the one or more parameters. Trips are meant to
have a start-point respectively origin and an end-point respectively destination and
possibly fix via/intermediate points. Road segments and route segments also have
a start-point and an end-point related to the corresponding segment.

The term “vehicle” according to the invention refers to vehicles in general,
preferably range limited vehicles, in particular electric vehicles.

According to the invention it has further been recognized that a driving range for a
vehicle, preferably an electric vehicle, with optimal charging stops and a minimized
rating time along the route to the destination is enabled.

Further features, advantages and preferred embodiments are described in the
following subclaims.

According to a preferred embodiment a probability for selecting a generation
method according to step d) is increased based on the result of the comparison. if
for example the new routes generated with a certain generation method are found
“better” in terms of the one ore more parameters the probability for this generation
method is increased so that a selection of this generation method producing routes
being more optimal is more likely. This reduces for example the number of
iterations to generate optimal routes fulfilling the one ore more final criteria.
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According to a further preferred embodiment the new route is modified, preferably
randomly, after generating the new route. Modifying the new route, preferably
randomly enables visiting new part of the route space or route space for the routes
along with a further optimization with regard to one or more parameters.

According to a further preferred embodiment the new route is modified by adding,
removing and/or substituting route network segments and/or charging stations.
This enables a simple while fast modification to generate mutations of a generated
route. The modification action, i.e. adding, removing and/or substituting may be
performed randomly, but the application of the selected action may be performed
only, if for example certain constraints are fulfilled, for exampie the modified route
is still feasible.

According to a further embodiment the new route is modified in a given vicinity of a
start-or end-point of a road segment. This provides a restricted modification
without losing flexibility or having too many modifications resulting in a completely
new route. Further the modification and the given vicinity restricts possible new
routes therefore providing a fast modification and later evaluation according to the
one or more parameters.

According to a further preferred embodiment the modified new routes are
improved according to one or more parameters. For example the new routes may
be improved with respect to travel costs of the electric vehicle taking into account
the provided characteristics. This enables for example a further local optimization
of the new route according to one or more parameters.

According to a further preferred embodiment the prior generated routes are
selected according to a probability distribution, preferably a uniform distribution or
distribution based on evaluated prior routes. This reduces errors due o a false
selection of the prior generated routes. If for example certain prior generated
routes have a higher probability, i.e. provide a better correspondence to the one or
more parameters, new routes based on already more optimized routes enable a
more suitable startpoint and a faster determination respectively generation of new
routes based on the prior generated routes. Uniform distribution as probability
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distribution may be used for initial route generation, i.e. if no prior generated routes
exist. The distribution based on evaluated prior routes may be in particular be
used if prior generated routes which have been evaluated already exist. Of course,
both probability distributions may be used without further restriction.

According to a further preferred embodiment a new route is generated by
randomly selecting one of the prior generated routes. By randomly selecting one of
the prior generated routes the new route could be generated in a fast an efficient
way.,

According to a further preferred embodiment a new route is generated by
combining one or more route segments of different generated routes. This enables
for example a so-called vertical route segmentation, wherein different route
segments of different generated routes are combined. For example for each route
or trip a set of route segments, preferably comprising charging stations is split into
a number of partitions and for each partition a predecessor route segment is
assigned. Then for example a new route is created comprising the route built of a
charging station visited by an i-th predecessor route segment in an i-th charging
station partition.

According to a further preferred embodiment the one or more route segments of
the different generated routes are based on an evaluation according the one or
more parameters. This enables finding more quickly an optimized final route
according to the one or more parameters since the one or more route segments of
the different generated routes have already been evaluated with regard to the one
or more parameters.

According to a further preferred embodiment one or more route constraints are
defined and based on a higher number of fulfilled constraints the one or more
route segments are selected for combining. This even further enables finding an
optimal route for the vehicles not only with regard to the one or more parameters
but also with regard to the number of fulfilled constraints.
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According to a further preferred embodiment the result of an evaluation according
to the one or more parameters for selecting the one or more route segments for
combining is estimated by iterating prior generated routes and trip within one
route. This enhances fiexibility since for example a route that either minimizes one
or more of the parameters or may fulfill a higher number of consfraints may be
selected or chosen.

According to a further preferred embodiment the route network is provided in form
of a restricted network, preferably based on maximum distances among charging
stations and/or a maximum number of charging stations ordered by their distance.
This provides a network wherein the charging stations are connected only if their
distance is within some predefined values and/or charging stations are connected
up to a maximum number of charging stations ordered by their distances. Further
the route network in form the restricted network may be based on reciprocal
distances. A connection is maintained between two nodes u and w only if the
squared distance d between u and w is greater than the sum of the squared
distance between u and a third node v and the squared distance of the node v and
node w:

@ € Nia) == Clu ) < i) + de,w), v £ N

According to a further preferred embodiment the vehicles are provided in form of
electric and/or combustion vehicles and wherein charging stations are provided in
form of an electric charging station and/or a gas station. This enables to include a
plurality of different types of vehicles providing enhanced flexibility of the method.

According to a further preferred embodiment for dynamic route request (1) a time
interval for the optimal routes to be valid is predetermined and after that time
interval new optimal routes are determined by performing at least steps e)-i) or ()
one or more prior generated routes are included preferably with a reduced
evaluation result. This enables a more realistic implementation for example for
fleet owners: Route requests may arrive in different time instances or vary over
time. Group requests inside a common time interval, for example in a period of ten
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minutes can be handled. Further previously computed routes can be considered
by assigning for example more costs to change them.

There are several ways how to design and further develop the teaching of the
present invention in an advantageocus way. To this end it is to be referred to the
patent claims subordinate to patent claim 1 on the one hand and to the following
explanation of preferred embodiments of the invention by way of example,
llustrated by the figure on the other hand. In connection with the explanation of the
preferrad embodiments of the invention by the aid of the figure, generally preferred
embodiments and further developments of the teaching will we explained.

In the drawings

Fig. 1  shows a road network and a charging network with routes for electric
vehicles;

Fig. 2  shows a system according to a first embodiment of the present invention;

Fig.3 shows a method according to a second embodiment of the present
invention;

Fig.4 shows a method according to a third embodiment of the present

invention;

Fig. 5a,

5b shows part of a method according to a fourth embodiment of the present
invention;

Fig. 8  shows part of a method according to a fifth embodiment of the present
invention;

Fig. 7 shows part of a method according to a sixth embodiment of the present
invention;
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Fig. 9

Fig. 10

Fig. 11

Fig. 12

Fig. 13

Fig. 14

Fig. 15
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shows part of a method according to a seventh embodiment of the
present invention;

shows schematically a route network with numbered interconnection
points between route segments according to an eight embodiment of the

present invention;

shows a further route network according to a ninth embodiment of the
present invention;

shows a three dimensional representation of a route network according
to Fig. 1 with the Z coordinate being a cost parameter;

shows a percentage of violation over iterations diagram for three different
generation methods;

shows the maximum value for different initial populations according to
Fig. 12;

shows two indicators/parameters for a first population size and

shows the two indicators/parameters for a second population size.

Fig. 1 shows a road network and a charging network with routes for electric

vehicles.

In Fig. 1 a representation of routes 3 and charging stations CS is shown. The
routes 3 are composed of different route segments connecting waypoints between
origins O and destinations D of electric vehicles EV. The bold lines show the
travelling routes respectively routes of the electric vehicles EV from their origins O
to their destinations D.

Fig. 2 shows a system according to a first embodiment of the present invention.
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In Fig. 2 a system 10 is shown with input means 11 for inputting characteristics of
charging stations CS, a number of vehicles EV and their respective start- and end-
points O, D, with network generation means 12 for generating a road network 2 for
the vehicles EV and a charging station network for the charging stations CS aiong
points in the road network 2, with route generation means 13 for generating an
initial route for each vehicle EV from the respective start-point O to the end-point D
via the road network 2 and/or via the charging station network, and for generating
a new route for a vehicle EV based on one or more prior generated routes for the
vehicle EV according to the selected generation method, with selecting means 14
for selecting a generation method for generating routes O, D for the vehicles EV,
with evaluating means 15 for evaluating the generated new route according to one
or more parameters, with comparing means 16 for comparing the evaluated route
with prior generated routes, with modifying means 17 for replacing one or prior
generated routes with the evaluated route according to a result of the comparison
and with checking means 18 for checking if the new routes satisfy one or more
final criteria and if yes, defining the new routes as being optimal routes for the
vehicles EV.

nput parameters for the input means are the charging station network, i.e. the
location of the charging stations within the road network and the respective origins
and destinations of the vehicles. Further characteristics of the electric vehicles, for
example the limited battery capacity and also charging station characteristics like
the limjted power capacity are also used as input for the system 10. The system
10 outputs an optimal route for the vehicles along the charging station, i.e. assigns
the different vehicles to different charging stations along their routes. The system
10 recognizes some constrainis when outputting optimal routes: The limited
battery capacity of each electric vehicle, the limited charging station capacity with
regard to power capacity as well as occupy capacity. A further constraint may be
the limited number of charging stations per route when optimizing the vehicles
route respectively the vehicle charging stations along the route, a combination of
waiting time at the different charging stations, the overall travelling time, the
energy efficiency of the route and distance as well as a balancing among the
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charging stations, i.e. that a homogeneous use of the different charging stations is
preferred.

Fig. 3 shows a method according to a second embodiment of the present
invention.

In Fig. 3 a flow diagram to generate a set of optimal routes respectively optimal
routes is shown. In a first step S1 the method is started. in a second step S2 an
initial route set for the routes is generated. In a third step S3 a new route is
generated based on the initial route set. In a fourth step S4 the cost when the
vehicle travelling along the routes is evaluated and if the costs of the new route
has improved, then in a further step S4” the generated new route is added to the
current route and if not, the new route is discarded in a further step S4'. In a fifth
step S5 end criteria are checked and if they are not met then again the steps S3-
S5 are performed and if the end criteria are met then the generated new route is
the optimal route and the procedure ends in a sixth step S6. End criteria may
include for example a maximum number of iterations to generate a new route, i.e.
the number of iterations of steps S3-S5. Further end criteria may be for example
the difference between the maximum and minimum cost or the average cost and
minimum cost or the elapsed time. The overall termination condition including
meeting one or more end criteria may be set in advance.

For example to minimize the cost together with route determination this problem
may be expressed as follows:
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The variables are respresented as follows:
cirp= 101} is the cost incurred for a vehicle to travel between two route points
5 in the road network here named as node /and nodej The ¢fcost is a
combination of the energy, time and distance between i-th and j-th nodes, which is
to be minimized while the cost ¢;' is used to represent the energy constraint. ¢f
generally includes also the energy cost ¢;. In case ¢P = ¢! , the provided route is
minimized in terms of energy. Along with this, an additional cost c{y|Ci) is
10 associated with each charging station CS which is related to the use of the
charging station by y vehicles in the same time window. Cyis the capacity (in terms
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of number of vehicle which can simultaneously charge at the station) of
the # charging station

Eq.1a is the non-linear minimization function in the variable xj#, which represents if
the Ath route is using the connection between Ah and fth node. Eq. 1b is the
constraint in the energy for the trip between any two destinations, whereas, eq.(1¢)
and eq.(1d) are used to represent start- and end-points of the 4-# route/vehicle.
Eq.(1e) is used to have a full path, while Eq.(1f) represent the limit in the number
of visited charging stations, where the route & "visits” at most Ls charging stations.
Eq.(1g) considers explicitly the limit of number of vehicles that can be charged at
the / charging station.

The important aspect of £g.1 and modifications is that it provides a direct way to
evaluate the “goodness” of a route with respect to constraints

When considering the traveling time between charging stations CS, booking of a
specific time slot for charging at the charging station CS may be included. Only
one vehicle can use a specific time slot per specific charging station CS. The
problem is defined in the Eq.2, where xf;7is now 1 and the connection between the
nodes i and j is used on route k at the Ih time slot. tjis the travel time on link ij and
tik+ tk and t are the time of entering/leaving the it charging station CS and the
time of start of the I time slot.
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Fig. 4 shows a method according to a third embodiment of the present invention.

In Fig. 4 in a first step T1 the network of the charging stations and of the routes as
well as the list of the origins and destinations is input. In a second step T2 a
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restricted network is generated. In a third step T3 an initial route set comprising
routes for the vehicles from their origins to the destinations is generated. In a
fourth step T4 it is checked if all routes have been checked against the new route
which is generated in the further steps. In a step T5 a generation method for
generating a new route is selected. In a sixth step T6 a cerfain number P of
predecessors from the route set is selected. In a seventh step T7 a new route is
generated from the P predecessors by using the selected generation method of
step T5. In an eighth step T8 the new route is modified. In a ninth step T9 the
feasibility of the new route is improved. In a tenth step T10 the cost of the new
route is improved. In an eleventh step T11 it is checked whether the cost of the
new route is smaller than the cost of one of the prior routes and if yes in a twelfth
step T12 the old route is replaced by the new route and in a thirteenth step T13
the probability to use the selected generation method is increased. Then steps T4-
T11 are performed again and if no steps T4-T11 are performed again. If all prior
routes have been checked against the new route in a fourteenth step T14
termination conditions are clarified and if no steps T4-T11 respectively T4-T13 are
performed for a further route.

To represent a route three representations are possible: For the route a binary
representation with a variable x «,; may be used and set to one if the j-th charging
station is used by the k-th route. In this case the dimension of the route space is
2tM where L is the number of charging stations and M is the number of routes.
The overall representation structure used in this case is then at two dimensional
binary array. As a second option a binary representation may be used, where the
variable xx, i, ; is set to one if the connection between the i-th and the j-th charging
station is used by the k-th route. In this case the space of the route is 2ML (L-1)/2.
The representation structure used in this case is also a two dimensional binary
array. As a third option a direct enumeration of the visited charging stations may
be used. In this case the route space is factorial in the number of charging stations
(LHM. The representation structure is then a two dimensional integer array.

if a booking of a specific time slot is considered then the route representation
changes including a corresponding time slot index. In case of the first two cases A
and B the route representation is a three dimensional binary array and for the last
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case C it is an array of a list of pairs of indexes of charging stations CS and
indexes of its time siot.

For example when using the first binary representation A an ordering inside the
selected charging station shall be defined. The ordering minimizes the cost of the
route fro example. Minimizing the costs with regard fo the ordering might be solved
by using a travel salesman problem TSP with a constraint which limits the number
of charging stations to be visited. if the number of maximum charging stations per
generated route is limited the TSP can be resolved by brute force approach.
Whenever a new route shall be evaluated the travel salesman problem is then
resolved and their value and result are stored for computational efficiency.

The cost function f() is defined by Eqg.1 or Eq.2 by the first line cost, plus the
infeasibility cost, that is added to the first line cost multiplied by a cost that is
higher than the maximum route cost. In this way it is guaranteed that a feasible
route is always preferred to any infeasible route.

The initial route set may be generated by using one or more of the following
criteria: a) Randomly select of a charging station for each trip, where the number
of charging stations is lower then the maximum number of charging stations. b) All
direct path routes are used. ¢) Among a minimum distance routes those are
randomly selected respecting the battery capacity of the vehicle along any route
segment. The option b) is always included in the set of routes. The shortest path
initial route generation for each trip a new graph is generated starting from the
graph of the charging station. Origin and destination may be added with their
connection to all other charging stations. All those connections respecting battery
constraints may be kept with cost 1 and the other ones are discarded. All shortest
paths may be then returned for the generation of the initial set of routes.

Fig. 5a and 5b show part of a method according to a fourth embodiment of the
present invention.

In Fig. 52 a horizontal route segmentation and in Fig. 5b a vertical route
segmentation is shown. Route segments 31 with start- and end-points 30 are
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shown, resulting in a route between two charging stations CS. When a new route
is generated then a set of P routes, in Fig. 5a and 5b two routes 3a and 3b are
selected from the prior generated route set. The selection of the P routes 3a, 3bis
based on a probability distribution which may be a uniform distribution or a
probability distribution proportional to the inverse of costs associated with the
route. In the latter case the higher the costs the lower is the probability to be
selected according to the overall principle of minimizing costs when an electric
vehicle travels along the generated route.

After the selection of the P routes respectively predecessors 3a and 3b the new
route 3¢ is generated using for example one of the following rules: For each trip
one of the predecessors is selected randomly and from that predecessor the route
is taken. Another option is that for each trip as shown in Fig. 5b a set of route
segments is split into P’ partitions. For each partition a predecessor is assigned
and a new route is created containing the route built of the start- and end-points of
the route segments visited by an i-th predecessor in the i-th partition.

As a further option a combinatorial problem for generating a new route can be
solved and a combination of routes from the predecessor route which gives them
the best cost is selected. An even further opfion is, that alternatively only a
combination of routes that have fewer constraint violations instead of giving the
best costs are selected. For example this combinatorial problem may be defined
as follows:

. 1 /
min ZZ c?jt«?j + 36 Z m?j’ IC; |t (3a)
Y k ‘ij j’,k’
.. Y =1, (3b)

vt € {0,1}, (3¢)
th=> 2zi?, (3d)
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wherein ¢i° is a cost representing a combination of the energy, time and distance
between i-th and j-th node fo be minimized, tjk is the travel time of the k-th route
between the start-point i and end-point j of the k-th route segment.

N\

C; ZxSQ!C,,J

JE

is an additional cost associated with each charging station which is related to the
use of the charging station by i vehicles. Equation 3b represents routes segments
of the k-the route overall P partitions. Equation 3d is the travel time between start-
point i and end-point j. In order to select a method for generating a new route a
learning technique may be used along the iteration. The above mentioned third
and fourth option may be provided by iterating among predecessor routes and trip
within a predecessor route. Then the route is selected that either minimizes the
overall cost or reduces the infeasibility. In order to avoid systematic errors/same
routes the order of the iteration can be randomized.

The selection of the generation method is performed according to a probability
distribution. Each time a new route is generated the “successfulness” of this
generation method is evaluated. For example the route generated with the
generation method has a reduced cost, then the selection probability for this
generation method is increased so that when generating a new route the more
successful generation method is more likely to be selected for generating a new
route.

Fig. 6 shows part of a method according to a fifth embodiment of the present
invention.

In Fig. 6 the above described route selection is shown. Different routes 3a, 3b, 3¢
with different route segments 31 are combined to a new route 3d.
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Fig. 7 shows part of a method according to a sixth embodiment of the present
invention.

In Fig. 7 a route between two charging stations with route segments 31 and start-
respectively end-points 30 of these route segments is shown. After the generation
of a new route the route is first modified randomly. The random modification
enables visiting new parts of the route space. In Fig. 7 adding 40, removing 41 and
substituting 42 is schematically shown for the route 3. The route segment and the
type of actions described above are selected randomly but the application of the
corresponding action is preferably depending on feasibility: No new action is made
if the route becomes infeasible. Unfeasible modifications of the route 3 can be
accepted according to a probability which is reduced along the iterations.

Fig. 8 shows part of a method according to a seventh embodiment of the present
invention.

in Fig. 8 a mutation is shown for route 3 according to Fig. 7. The mutation may be
restricted to a network representing a vicinity among start- and end-points 30 of
route segments. A new start-point or end-point 30’ is selected among neighbours
in the route. Such a network may be called restricted network. For example the
origin of the circle in Fig. 8 with radius ri of start-point i may be representing a
vicinity of this point. In this vicinity different other start-points respectively end-
points 30° may be chosen to mutate the original route.

Fig. 9 shows schematically a route network with numbered interconnection points
between route segments.

For Fig. 9 a method according to an embodiment of the present invention was
implemented and tested against a synthetic network of charging stations. This
network is shown in Fig. 9 where the nodes have been randomly set in a two
dimensional space. For the test network the cost of the origin and destination is
proportional to the distance. More generic cost has also been implemented.
Among all nodes ten nodes were selected as charging stations in order to cover
uniformly the network.
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This is shown in Fig. 10 with rectangular points. Some of the nodes were selected
to represent the trips, i.e. travel from origin to destination. Therefore Fig. 10 shows
the location of the charging stations CS and the trips in the synthetic network are
shown in dotted lines. In Fig. 10 the triangles in the network represent charging
stations and the dotted lines correspond to routes of electric vehicles along the
route and charging station network.

Fig. 11 shows a three dimensional representation of a route network according to
Fig. 1 with the Z coordinate being a cost parameter.

In Fig. 11 a route network 2 with routes (bold) is added with a Z coordinate. The Z
coordinate represents higher or lower associated cost when travelling along this
path. If for example a vehicle starts at the left side and travels along the Y axis on
one of the paths then the costs increases, whereas if the vehicle starting on the
left travels along the X axis the costs decreases since the Z coordinate gets
negative.

Fig. 11 shows therefore another test network with a Z axis being used for energy
computation in addition to the other parameters as distance, speed, resistance
and air drag coefficients or the like.

Fig. 12 shows a percentage of violation over iterations for three different
generation methods.

in Fig. 12 the percentage of violation of the number of the generated set of routes
along iterations for the steps d)-i) for different initial route generation methods is
shown. Graph 52 representing a so-called advanced initial route has almost no
violations from the beginning whereas for a simple initial route the number of
violations is high. Different initial route generation methods are mixed respectively
combined and weighed with 0%, 50% and 100%.

Fig. 13 shows the maximum value for different initial populations according to Fig.
12.
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In Fig. 13 2 maximum value for the cost of the set of routes for different initial route
generation methods are shown. Fig. 13 represents an evolution of iterations, in
particular of steps d)-i), of the route generation method of the maximum value for
the cost of the set of routes, which are feasible. Unfeasible set of routes are not
considered. This results in an intial low cost and turns to possibly higher cost,
when set of routes furn to feasible. Fig. 13 shows therefore the maximum value for
the three cases mentioned in Fig. 12 with graphs 50, 51 and 52: The graphs 50,
51" and 52" show a share between the generation method of graph 52 and the
generation method of graph 50 with 0% (52"), 50% (57") and 100% (50") for the
generation of initial sets of routes, wherein all direct path routes are always
inciuded.

Fig. 14 shows two indicators/parameters for a first population size and Fig. 15
shows the two indicators/parameters for a second population size.

In Fig. 14 and Fig. 15 two different indicators 61, 62 are shown. The first indicator
61 represents the difference between the maximum cost and minimum cost
whereas the second indicator represented by graph 62 represents the difference
between the average cost and the minimal cost. Graph 60 represents the
percentage of the route that violates constraints. Fig. 14 shows graphs for a set of
routes with the number of ten and Fig. 15 shows the same for a set of rouies
comprising one hundred routes.

Fig. 14 and Fig. 15 show that by increasing a number of routes respectively the
population avoids local minima but requires more time to let all routes to be equal
to the minimal cost.

In summary the present invention enables in particular to define a vehicle routing
problem considering a charging station with limited resources, i.e. in particular the
number of charging vehicles at the same time/concurring charging, vehicles with
different source and destination points and different battery capacity. Further the
present invention enables to find an optimal route to the vehicle routing problem
with high flexibility. Further methods for representing the route of the vehicle
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routing problem, methods for generating an initial set of routes, methods for
generation of a new route, methods for modification of a new route, and definition
of a restricted network are provided. The present invention enables charging
station time window booking, dynamic and/or varying requests, i.e. real time
request processing and also {0 vehicles in general.

The present invention provides inter alia the following advantages: The presént
invention enables to provide an advanced and integrated vehicle routing service
for private and public fleet and for private or public charging station operators or
owners. Further the present invention allows a reduction of battery capacity and
therefore initial investment especially for a fleet of vehicles. The present invention
allows transport optimization in urban areas for a better delivery of goods. Even
further the present invention reduces the waiting time at charging stations by
reducing conflicts and aliow an implementation of an advanced booking system.

Even further the present invention optimizes a driving range for a vehicle, in
particular an electric vehicle with optimal charging stops with minimized waiting
time along a route from the origin to the destination.

Many modifications and other embodiments of the invention set forth herein will
come to mind the one skilled in the art to which the invention pertains having the
benefit of the teachings presented in the foregoing description and the associated
drawings. Therefore, it is fo be understood that the invention is not to be limited to
the specific embodiments disclosed and that modifications and other embodiments
are intended to be included within the scope of the appended claims. Although
specific terms are employed herein, they are used in a generic and descriptive
sense only and not for purposes of limitation.
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New Claims

1. A method for determining routes of vehicles (EV), preferably electric vehicles,

characterized by the steps of

a) Providing (T1) characteristics of charging stations (CS), a number of vehicles
(EV) and their respective start- and end-points {C, D) of their trips and
preferably of their intermediate points,

b) Generating (T2) a road network (2) comprising road segmenis for the
vehicles (EV) and a charging station network for the charging stations (CS)
along road points in the road network (2),

c) Generating (T3) an initial route for each vehicle (EV) from the respective
start-point (O) to the end-point (D) via the road network (2) and via the
charging station network,

d) Selecting (T5) a generation method for generating routes (O, D) for said
vehicles (EV) out of at least two generation methods,

=) Generating (17) a new route for each vehicle (EV) based on one or more
prior generated routes for each vehicle (EV) according to the selected
generation method,

f) Evaluating (T11) the generated new route for each vehicle (EV) based on one
or more parameters,

g) Comparing (T11) the evaluated route with prior generated routes for each
vehicle (EV),
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h) Replacing (T12) one or more of the prior generated routes for each vehicle
(EV) with the evaluated route for each vehicle (EV) according to a result of
the comparison,

iy Checking (T14) if the new route for each vehicle (EV) satisfies one or more
final criteria and if yes, defining the new route for each vehicle (EV) as being
the optimal route for the corresponding vehicle, otherwise perform at ieast
steps d)-i) again.

2. The method according to claim 1, characterized in that a probability for
selecting a generation method according to step d) is increased (T13) according fo
the result of the comparison.

3. The method according to one of the claims 1-2, characterized in that after
generating the new route, the new route is modified (T8), preferably randomly.

4, The method according to claim 3, characterized in that the new route Is
modified (T8) by adding {40), removing (41) and/or substituting (42) route network
segments (31) and/or charging stations (EV).

5. The method according to one of the claims 3-4, characterized in that the new
route is modified in a given vicinity (r) of a start- or end-point (30) of a route
segment (31).

6. The method according to one of the claims 1-5, characterized in that the
modified new routes are improved (19, T10) according one of the one or more
parameters.

7. The method according to one of the claims 1-6, characterized in that the prior
generated routes are selected according to a probability distribution, preferably a

uniform distribution or a distribution based on evaluated prior routes.

8. The method according to one of the claims 1-7, characterized in that a new
route is generated by randomly selecting one of the prior generated routes.
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9. The method according to one of the claims 1-7, characterized in that a new
route (3c) is generated by combining one or more route segments of different
generated routes (3a, 3b).

10.  The method according to claim 9, characterized in that the one or more route
segments of the different generated routes (3a, 3b) are based on an evaluation
according to the one or more parameters, preferably wherein one or more route
constraints are defined and based on a higher number of fulfilled constraints the one
or more route segments are selected for combining.

11.  The method according to claim 10, characterized in that the result of an
evaluation according fo the one or more parameters for selecting the one or more
route segments for combining is estimated by iterating prior generated routes and
trip within one route.

12. The method according to one of the claims 1-11, characterized in that the
road network (2) is provided in form of a restricted network, preferably based on
maximum distances among charging stations (CS8) and/or a maximum number of
charging stations (CS), ordered by their distance.

13. The method according to one of the claims 1-12, characterized in that the
vehicles (EV) are provided in form of electric and/or combustion vehicles, and
wherein charging stations (CS) are provided in form of a electric charging station
and/or a gas station

14.  The method according to one of the claims 1-13, characterized in that for
dynamic route request 1} a time interval for the optimal routes to be valid is
predetermined and after that time interval new optimal routes are determined by
performing at least steps e)-i) or Il) one or more prior generated routes are included
preferably with a reduced evaluation result.
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15.  System (10) for determining routes of vehicles (EV), preferably for performing
with a method according to one of the claims 1-14, characterized by

Input means (11) for inputting characteristics of charging stations (CS), a number of
vehicles (EV) and their respective start- and end-points (O, D) of their trips and
preferably of their intermediate points,

Network generation means (12) for generating a road network (2) comprising road
segments for the vehicles (EV) and a charging station network for the charging
stations (CS) along points in the road network (2),

Route generation means (13) for generating an initial route for each vehicle (EV)
from the respective start-point (O) to the end-point (D) via the road network (2) and
via the charging station network, and for generating a new route for each vehicle
(EV) based on one or more prior generated routes for each vehicle (EV) according
to the selected generation method,

Selecting means (14) for selecting a generation method for generating routes (O, D)
for said vehicles (EV) out of at least two generation methods,

Evaluating means (15) for evaluating the generated new route for each vehicle (EV)
based on one or more parameters,

Comparing means (16) for comparing the evaluated route with prior generated
routes for each vehicle (EV),

Modifying means (17) for replacing one or more of the prior generated routes for
each vehicle (EV) with the corresponding evaluated route for each vehicle (EV)
according to a result of the comparison, and

Checking means (18} for checking if the new route for each vehicle (EV) satisfy one
or more final criteria and if yes, defining the new route as being optimal route for the
corresponding vehicle (EV), otherwise instruct at least the selecling means (14), the
evaluation means (15), the comparing means (16), the modifying means (17) and
the checking means (18) for reprocessing.
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