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Abstract. This paper presents a domain-specific con-
figurable, modular platform for route guidance and tra-
jectory planning (doplar) of intelligent vehicles in differ-
ent cyber-physical traffic systems, which can be used in
projects of different domains. Due to its modular struc-
ture, this platform can be used both in road traffic and
in the context of Industry 4.0 or Smart Home applica-
tions. The big advantage of this platform is that core
modules such as the route guidance can be retained and
only individual modules, e.g. for wireless communica-
tion, must be adjusted. The goal of the entire platform is
to plan an optimized vehicle operation according travel
time and energy consumption, incorporating dynamic
environmental data available from wireless communica-
tion within the cyber-physical transport system.

Introduction

A key characteristic of a cyber-physical system is the
blurring of boundaries between mechatronic compo-
nents that communicate via a network infrastructure
such as the internet. This steadily increasing degree
of networking and functional diversity is leading to in-
creasingly complex, distributed systems with more and
more intelligent functions. Such systems are charac-
terized by the integration of a wide variety of compo-
nents with different requirements for real-time capabil-
ity, safety and timing, which must all interact reliably
within the framework of the CPS. Accordingly, model-
ing, synthesis as well as validation are complex. Real-
time realization and testing in particular requires a lot
of effort due to the lack of a real environment and real
communication partners [1].

An intelligent vehicle must be capable of perform-
ing the four basic tasks of measuring, recognition, plan-
ning and execution in order to achieve its intrinsically

set or extrinsically motivated goal. First of all, it must
detect (measure) its environment with sensors and pro-
cess (recognize) the sensor information for environ-
ment perception. Based on that, the autonomous sys-
tem makes decisions about its behavior and its inter-
action with the environment (planning) and finally re-
alizes these decisions with the help of its actuators to
execute the basic movement.

Motivation

At Ostfalia University, several transdisciplinary joint
projects are being carried out in which cyber-physical
systems are investigated in various domains, such as
road traffic, Industry 4.0 or Smart Home.

This paper presents the domain-specific config-
urable, modular platform for route guidance and trajec-
tory planing (doplar) of automated transportation sys-
tems in cyber-physical traffic system, which can be ap-
plied to every of these above introduced and further
projects in order to develop reuseable functions. The
aim of this platform is the planning of an optimized
vehicle operation with regard to travel time and en-
ergy consumption, including dynamic environmental
data from wireless communication within the cyber-
physical transport system. The paper will detail on
the route guidance and its exemplary application for a
cyber-physical laboratory test field for intelligent mo-
bility applications [2] developed at Ostfalia.

Methodology

It is obvious that the development of cyber-physical
systems in general or of the platform doplar requires
a clearly structured, methodical approach due to the
complex and interconnected individual functions. In or-
der to master the overall complexity and the interdisci-
plinary research and development process in the fields
of mechanics, electronics as well as control, informa-
tion and communication technology, a systematic struc-
turing of the entire mechatronic system is necessary.
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Fig. 1: Mechatronic structuring and hierarchization of a cyber-physical industry 4.0 production plant

With the help of mechatronic structuring according
to [1], the entire system is structured hierarchically in
a top-down process starting from the main function and
subdivided into partial and/or sub-functions. The indi-
vidual functions are encapsulated in modules with de-
fined interfaces, which can be combined into groups to
fulfill higher functionalities. This mechatronic structur-
ing is carried out on four levels:

¢ Mechatronic Function Module (MFM): The lowest
hierarchical level is made up of the MFM, consist-
ing of mechatronic systems that cannot be further
divided, including the mechanical support struc-
ture, sensors, actuators, bus communication and
information processing. Each encapsulated MFM
has a defined functionality and describes the dy-
namics of the system.

* Mechatronic Function Group (MFG): MFGs are
created by coupling several MFMs and adding a
higher-level information processing. MFGs enable
the implementation of more sophisticated func-
tions by using the subordinate MFMs with their
actuators.

* Autonomous Mechatronic System (AMS): The
overall mechatronic system forms the next hier-
archical level of the AMS by combining several
MEFGs. After processing the available information,
set values for subordinate MFGs and MFMs are
generated.

* Networked Mechatronic System (NMS): If several
AMSs are operated side by side, e.g. to process
a customer order, a higher level of coordination is
required. This coupling with information technol-
ogy at the highest level is a NMS, or in this case
a cyber-physical production system, which corre-

sponds to an industrial 4.0 production line or an
industrial 4.0 factory. The product information is
managed by the high-level cyber-physical produc-
tion system and forwarded to all relevant compo-
nents of the production line, e.g. via WLAN.

Figure 1 exemplary illustrates the modular and hierar-
chical structure of an autonomous industrial 4.0 produc-
tion plant consisting of several AGVs and production
machines as focussed in the project Synus, which is the
basis of the pilot application focused in this article. By
adding or exchanging MFM, MFG or AMS, the NMS
can be configured as required.

At the lowest level for the AGVs there are four
MFMs with smart drive units for the realization of the
set forces and moments and one MFM for the power
supply, which consists of the battery modules and the
battery management, which, among other things, mon-
itors the battery during operation and balances the
charge. The integrated dynamics control for controlled
vehicle dynamics and the energy management for con-
trolling and monitoring the energy flows are arranged
hierarchically above. AGVs and production machines
as mechtronic complete systems are arranged hierarchi-
cally one level higher than AMS.

The highest level of the NMS is formed by the cou-
pling with information technology of the AGVs and
production machines in the production plant. Mecha-
tronic structuring is followed by mechatronic composi-
tion. In a bottom-up process, each module, starting with
the lowest hierarchy level of the MFM, is designed, val-
idated and successively integrated into the higher-level
overall system in a model-based, verification-oriented
process using the defined interfaces.
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1 State of the Art

The following is an overview of the state of the art with
regard to all functions necessary for the route guidance
of the doplar platform.

1.1 Mapping

The basis for the route guidance are maps, which can
first be divided into geometric and topological maps as
well as hybrid intermediate forms. Topological maps
are based on graphs and only provide nodes and weight-
ings without directly accessible links to the real world.
These maps are used for route planning [3]. Geometric
maps, on the other hand, reproduce the environment ex-
actly by projecting it e.g. onto a two-dimensional sur-
face (grid maps such as building ground plans, [4] or
three-dimensionally with elevation data as terrain maps,
[S]). A special form is created by assigning features to
special contours on the map (feature maps, edges and
walls, etc., [6], [7]). The result of the environment per-
ception by the vehicle sensors are environment maps,
whereby the form of representation depends very much
on the sensors used and the output data of the fusion
structure. The maps must be converted to topological.

1.2 Route planning

Conventional navigation functions are mainly based on
topological maps and rarely directly on geometric maps
or hybrid hybrids. Simple approaches for direct nav-
igation on grid maps would be the Manhattan metric
[8] or the more centralistic French railway metric [9].
More general are the navigation algorithms based on
topological maps using graphs on which the methods of
graph theory can be applied. Navigation in this context
is only a problem of the shortest paths, if the nodes and
weightings of the graph have been reasonably defined
in advance. The exact formulation of the problem is
crucial to answer the complexity question. If the graph
is set without negative weights, the Dijkstra algorithm
[10], which is also regarded as the basis of map navi-
gation systems, offers the shortest runtime. If you limit
the search field with e.g. the A* algorithm [11], you get
even shorter runtimes, but at the expense of the reliable
identification of the shortest path. Here it is possible
that a shorter way is not found due to the restriction al-
though it can be proven. If negative weights are set up,
e.g. to favour certain paths or edges or to reward them
for use, the Bellman-Ford algorithm [12] achieves the

shortest runtime. These algorithms all start at a start
point and propagate to the end point. As soon as this
is reached, the algorithm usually ends, since this is the
shortest path as the abort criterion.

This is different with the algorithms of [13] and [14],
which are founded on the work of [15] and are each
based on finding the shortest paths between all node
pairs. The approach here is that if the route between
any two points is to be retrived, the individual partial
paths of this route are already minimal in themselves.
If the shortest paths between the respective points are
known, the shortest path is composed of the already
known shortest paths of the partial paths. In the ideal
case, even the shortest path between the searched start
and end points is already included. These methods are
particularly suitable for static problems, since an initial
high calculation effort is necessary, but does not have
to be performed a second time, whereas they are less
suitable for dynamic applications in traffic.

2 Concept of Doplar

The aim of doplar is to plan optimized vehicle operation
by route and trajectory planning with regard to journey
duration and energy consumption, taking into account
dynamic environmental data from wireless communi-
cation and vehicle and environmental sensors.

A problem with current approaches is the largely
specific development of individual functions for cer-
tain vehicles in defined domains without taking into ac-
count a transfer to related domains, which results in a
high, double development effort. This problem results
in the essential requirement that the functions presented
in this paper should be used for different domains with-
out much effort. The functional structure proposed
to achieve the goal and the solution of the problem,
the domain-specific configurable modular platform for
route guidance and trajectory planning of intelligent ve-
hicles (doplar), is shown in Figure 2 .

In order to achieve the goal of optimized vehicle op-
eration, a route guidance function is required to deter-
mine an optimal route, which is then planned out by the
trajectory generation for realization. A human-machine
interface (HMI) is required for route guidance, e.g. to
enable vehicle occupants or other users to set targets.
Optionally, fleet management could also intervene in
route planning in order to coordinate several vehicles.
For the route guidance, mapping is necessary, which
provides map data in the correct form and updates it,
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Fig. 2: Concept of the domain-specific configurable modular platform for route guidance and trajectory planning of intelligent

vehicles (doplar)

self-localization to determine the current position, en-
vironment perception to determine the driving environ-
ment and possibly deviating map data and communi-
cation, which enables an exchange of information be-
tween the ego vehicle and the environment.

All these functions are encapsulated in different
modules with defined interfaces, so that the exchange of
individual modules is possible as long as the interfaces
are maintained. This ensures that the platform can be
used in different domains, since domain-specific mod-
ules, e.g. for environment perception, can be easily ex-
changed without having to change core algorithms such
as route guidance.

3 Design of Doplar’s Route
Guidance

This chapter describes the design of the functions for
providing map data and route guidance of doplar.

3.1 Mapping

The mapping module serves to provide and update the
map material as a necessary basis for route guidance.
The map data has to be described mathematically as
graph G = (N, E), which consists of a finite set N of
nodes (x,y) and a finite set E of weighted edges. A
node is a point with fixed coordinates in x and y posi-

tion and an edge is the connection between two nodes.
The edges thus correspond to road segments that are
connected to each other by the nodes. The origin of
the map data can also be domain-specific: For applica-
tions in road traffic, for example, the OpenStreetMap
can be used, whereas for applications in Industry 4.0
plants or the Smart Home floor plans can be converted
into graphs. A further possibility for generating or up-
dating the map material is the use of a SLAM algorithm,
which evaluates the vehicle’s environment sensors and
provides information about its environment.

The map forced in this paper is a geometrical (G)
as well as a topological (T) hybrid form, a hybrid G+T
map, which links a 2.5 dimensional grid map with a
graph map and thus enables real-time, event-based on-
line navigation. This map goes back to [16] and was
adapted in the context of this work. The map is gen-
erated by splitting the fused sensor data in the vertical
axis and projecting them onto a grid on the position of
the vehicle’s center of gravity. The following Figure 3
shows the projection on the grid map with a correspond-
ing resolution. This map is now only insufficiently suit-
able to carry out the route guidance. Only an assign-
ment of each individual grid cross as node and the ex-
ecution of the Manhattan metric would be conceivable.
Since this follows fixed paths, i.e. the grid, the vehicle
would roll in x- and y- direction and possibly not find
the shortest way, because nodes cannot be skipped.
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Fig. 3: Creating a 2.5-dimensional, geometric map from data
of the environment perception

A logical improvement is the definition of a graph
map based on the grid map by transforming the grids
into nodes and connecting the nodes with weighted
edges depending on the actual distances from each
other. Thus simple diagonal journeys are possible. An
optimal route, however, still cannot be found under the
premise that the grid is evenly distributed, since the
paths always run at a minimum of 45°.

Therefore, the approach chosen sorts only charac-
teristic points to the graph map, namely those corners
which describe the maximum extent of an object. The
edges of the obstacles and objects are detected and
pre-sorted according to relevance using the global tar-
get vector. The distance of these points can be deter-
mined by means of Euclidean distance and taken over
as weighted edges between the nodes. Edges that are
covered by an object get a very large weighting factor
and are therefore disadvantaged by the navigation algo-
rithm. The new map (Figure 4) can now be treated as
a pure graph map and can be traced back to the grid
sectors of the grid map by assigning the nodes.

Fig. 4: Creating a topological graph map based on a
2.5-dimensional geometric map

3.2 Route guidance

The route guidance module used according to [17] aims
at finding an optimal route from a start point to a des-
tination point in a directed graph G, which describes
the traffic network, related to a defined quality criterion.
Route guidance is based on Dijkstra’s algorithm, which
belongs to the methods of width search. Using the cost
function

Ji=gs-sit+ g ti+8e Ei @)

and the weighting factors gs, g and gg, the costs J of
each edge i are calculated from the information of the
edge weights about distance s, duration ¢ and energy
consumption E between two nodes. Dijkstra‘s algo-
rithm always converges to the optimal route if the graph
does not contain loops or negative edge costs.

The total cost of each node is initialized to infin-
ity with the start of the algorithm except for the start
node, which is initialized with zero. The algorithm de-
termines the costs of the unvisited neighboring nodes
from the start node as the sum of its own costs plus
the costs of the connecting edge and updates the total
costs of the neighboring nodes if the recalculated costs
are less than the previous costs. All considered neigh-
bor nodes are added to a waiting list, the start node is
marked as visited and the node with the lowest cost is
selected from the waiting list. Starting from this node,
the procedure described is repeated until the destination
node is reached with minimal total costs (see Figure 5).

1cs K,
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1esky
1es Ky

y

Fig. 5: Result of Dijkstra’s algorithm for finding the optimal
route in a topological graph map

The result of minimizing the total costs from start
to destination is the route r, which consists of nodes
connected by edges:

r=min Ji 2)
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The integration of dynamic information from wire-
less communication in the cyber-physical traffic sys-
tem is realized by a temporary adaptation of the edge
weights in the graph. For this purpose, the position of
the message is first used to determine which edge is to
be assigned the information. The edge weights are then
changed according to the type of information. If, for
example, a closed road occurs as a result of road works,
the distance, duration and energy consumption for the
corresponding edge are set to infinity, so that the edge
can no longer be part of the optimum route regardless
of the weighting factors. If, on the other hand, a delay
occurs due to congested traffic, only the duration and
energy consumption of the edge are changed, since the
length of the route does not change.

3.3 Trajectory planning

Trajectory planning is used to generate target polyno-
mials for longitudinal and lateral dynamics, which are
then passed on as set points to the dynamic control of an
AGYV in order to follow the optimum route determined
in the route guidance module and execute the transport
order. The return value from the route guidance is the
already optimized group r of points (x;,y;) in order of
the direction to be departed:

r— H KO R0k (3)
Yil Yo N Yk

In order to take into account the ideally shortest
path, which consists only of straight lines between the
nodes, additional conditions are placed on the course
of the polynomial. By inserting support nodes j D ia
closer approximation to the optimale route is made pos-
sible. Defining start and end angles at which the poly-
nomial runs in, guarantees an initially linear accelera-
tion and deceleration.

x"] j mod2=1
X . Yi
KIEIRE . @
Y e
Yi+12_Yi +yl

The nodes and weighted edges of the optimal route
are used to generate trajectories. Figure 6 shows the
generated trajectory. As already described in chapter 2,
these trajectories are polynomials of n/” order depend-

ing on the nodes obtained from the route guidance.

Y = () (Y = (Y 5
pi (y,) = Pi1 <y,~> P <yj> = Pi1 (y,,') ®)

First the mathematical boundary conditions for the
construction, in this case the natural boundary suitabil-
ity under the minimization of the computation effort,
are to be included.

i [ X0 " Xn
=0;p!_ =0 6
Po <y0> Pn-1 (yn> ( )

But the shortest way is not the fastest way in most
cases. In order to adapt the trajectory to this, an op-
timization is carried out with the help of a simple dy-
namic model of the vehicle. The main goal is to follow
the trajectory as fast as possible, which results in devia-
tions that in their entirety represent a fast path along the
same support points.

The trajectory found in this way is transferred to
the underlying model predictive trajectory control, pre-
sented e.g. in [18] and [19]. It works cascaded
and transfers its setpoints to subordinate dynamic con-
trollers, which influence the system and thus let it fol-
low the calculated trajectory.

4 Demonstration of the
Platform Doplar

This chapter shows the realization of the doplar plat-
form on the basis of a pilot application in the domain
of industry 4.0, which is focussed in the project Synus,
and exemplary results.

4.1 Pilot application in the domain of
Industry 4.0

In this subchapter an overview of the AGV’s used in
the cyber-physical laboratory test field is presented first.
Figure 5 shows the system structure of the considered
AGV. The vehicle sensors determine vehicle conditions
and environmental information, which are used by the
central information processing. The information pro-
cessing also evaluates information from wireless com-
munication and generates messages for the environment
if necessary. With the help of the collected information,
control algorithms are executed, which provide the set
points of the vehicle actuators and are realized by them,
so that the functionality of the AGV is accomplished.
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On the vehicle side, the AGV has four electric drives
close to the wheels, which are powered by a battery.

The realization of the AGV is shown in Figure 6.
Mecanum wheels are used to transmit the drive torque
to the road surface in order to perform omnidirectional
driving maneuvers. Compared to transport vehicles
with conventional wheels, the AGV does not require
any maneuvering space and rotations around the verti-
cal axis can be realized (Technologie-Netzwerk, 2016).
Taking into account the environment-friendliness of the
drive, the AGV’s power supply is provided by a battery
pack. The concept of active load handling is achieved
by a conveyor belt with a height-adjustable lifting sys-
tem.

Fig. 6: Realization of the AGV

In the pilot application focussed in this paper, a
spare part for a vehicle test bench (bottom left) shall be
collected from an employee (top right). The AGVs are
to jointly award this transport order by evaluating their
optimal routes in order to achieve a minimum transport
time. An optimal trajectory is to be planned for the cho-
sen AGV to fulfill the transport order.

4.2 Exemplary results

First, the doplar was used to generate a graph from
the floor plan, which enables route guidance. The fleet
management initially initiates the route guidance for the
three AGVs. On the basis of the routes generated, the
time to complete the order is determined so that the
AGV with the shortest transport time can be selected
for the order. A result of the route guidance system is
shown in Figure 8. The three determined routes, which
also seem optically plausible, are recognizable. AGV

3 has the shortest route to the order location and there-
fore also requires the shortest transport time so that this
AGYV should be selected for the transport order.

length in m

length inm

Fig. 7: Result of the route guidance for the three AGVs as
basis for the fleet management for the distribution of
the transport order

This pilot application shows exemplary the func-
tionality of the platform doplar from generating a graph
map from a floor plan to route guidance. further exam-
ples are concluded in [2].

5 Conclusion and Outlook

In this article the domain-specific configurable modular
platform for route guidance and trajectory planing of in-
telligent vehicles (doplar) was presented, which can be
used in different projects across domains. The great ad-
vantage of this platform is that core components such as
the navigation and guidance algorithm can be retained
and only individual modules, e.g. for wireless commu-
nication, have to be adapted. The aim of the entire plat-
form is to plan optimized vehicle operation with regard
to journey time and energy consumption, taking into ac-
count dynamic environmental data available from wire-
less communication within the cyber-physical transport
system. The platform specifications serve as target val-
ues for subordinate systems such as integrated vehicle
dynamics control or for awarding an order in an in-
dustrial 4.0 production plant. The doplar platform was
demonstrated in a pilot application for an industrial 4.0
production plant in the context of the project Synus, in
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which three AGVs can be used for transport tasks. The
fleet management initiates a target guidance of all avail-
able AGVs, which forms the basis for the decision to
award a contract. The AGVs exchange their forecasted
routes with each other and jointly allocate the order. For
the AGV that has received the order, doplar generates an
optimal trajectory for its completition. In the following
work steps, the developed platform doplar is to be in-
tegrated into other domains and real systems, examined
under real-time conditions and further optimized.
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