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ABSTRACT
In this paper, we present a case study, showing step by step, how to speed up Dijkstra’s method by parallelizing
its computation and using different data structures. We compare basic algorithm with its bidirectional version
and investigate two- and-multi-thread implementations based on Fibonacci heaps and regular priority queues.
Experimental results obtained for artificially generated graphs as well as real-world road network data are presented
and described.

KEYWORDS: Dijkstra algorithm for shortest paths, fastest routes in urban networks, route optimization

1. Introduction
Shortest path algorithms, though potentially applied to
any static networks, are very often used in IP network routing
protocols, route planning in road networks, and even Intelligent
Transportation Systems [4]. In fact, such methods can be
considered as the very basis of the graph theory with many
practical applications [3]. In this article we focus on one of these
methods, namely Dijkstra’s algorithm, used to find the quickest
connection in transportation network modelled as a graph with
travel times on its edges, or shortest route in a road network.
Classical Dijkstra’s algorithm is the most popular and
simultaneously the most efficient sequential method on digraphs
with nonnegative weights [2]. It is easy to notice, that a typical
road network can be represented by a graph with vertices at the
crossings and edges modelling streets. Each edge has its weight
cost. Moving from one vertex to another is possible only if they are
connected with an edge. Finding the path between two vertices is
then finding all the edges connecting the source and destination
vertex. The length of the path is defined as the sum of all weights
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on the route. Hence, the Dijkstra’s algorithm can be easily applied
to solve such problems.
The paper is organized as follows: we start with presenting
a short description of the basic Dijkstra’s algorithm and its
modification. In particular, the ideas behind effective speeding
up the algorithm are explained. Then, a description of the
implementation of considered methods with the use of LEDA [8]
and Boost [7] libraries is given. The following section describes the
experiments performed for the implemented algorithm variants
and makes an attempt to explain the results. In the last section we
summarize and conclude the article.

2. Dijkstra’s algorithm
In the Dijkstra’s algorithm the vertices of the graph are
organized into a priority queue [2, 4, 6]. At the beginning of the
algorithm the distances for all vertices, save the source one, are set
to infinity. The source node distance is zero.
In typical implementation each vertex is assigned a status: not_
visited (the node hasn’t been taken into account during the run of
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the algorithm), labeled (the distance from the source to the labeled
vertex has been already calculated), or visited (the node has been
chosen as one of the vertices nearest to the source one). The tentative
distances for each vertex are also maintained by the algorithm.

2.1. Basic Version
In each run of the loop, a vertex with the smallest distance
is considered. Then all the nodes connected to this vertex are
checked, whether their costs are larger than the summed distances.
If their tentative distances are modified, the priority queue has to
be reorganized.
The distance (or time) from the node i to the node j is denoted
as w(i,j), while the distance between the source vertex and the
given node v is denoted as d(v). The whole procedure of the
Dijkstra’s algorithm is then as follows [5]:
1. Start with initializing d(v) for each v as “infinity” (maximum
of double type). For the source node we set d(start) = 0.
2. Create a priority queue containing all the vertices, where the
priority is given as d(v).
3. Pick a vertex u with the smallest d(v).
4. All outgoing edges of u are relaxed and the times d(u) + w(u,v)
are compared with d(v). If the value in the vertex v is larger,
then d(v) is set to w(u,v) + d(u). To help in calculating the
shortest path, the predecessor u and the edge (u,v) are maintained in v. The vertex u is removed.
5. If the queue is not empty, go to step 3, otherwise go to step 6.
6. Calculate the shortest path from the destination to the source
vertex, using pointers to the preceding nodes.

2.2. Bidirectional Dijkstra (one thread)
In this case we consider two separate priority queues [4]. Basic
Dijkstra’s method is executed simultaneously from the source
and from the target vertex. If some node is reached from both
directions, the algorithm stops.
The first queue is used in the forward search from the source
node and the second one in the backward search starting from the
destination node. The algorithm picks and processes a vertex from
the first priority queue, then picks and processes the vertex from
the second queue. In such approach the objects of the type Node
should also store the information about the search direction. The
solution can be found, when one search picks a vertex that already
has been processed by another direction.

2.4. Multithreaded Dijkstra
In the multithreaded approach the basic graph is divided into a
set of subgraphs [2, 5]. For each subgraph, a separate thread, with
its own priority queue, is called. Finding the smallest element in the
whole graph is implemented by finding the smallest elements in
each subgraph and comparing them. Then, the thread responsible
for the chosen node, processes the vertices connected to it. All the
calculations for given vertices are divided between threads.
The running time of the Dijkstra’s algorithm without using
self-organizing data containers is O(V2) [2, 4], because searching
for the smallest element takes O(V), as well as recalculating
the vertices. If the algorithm is parallelized, the running time
depends on the number P of subgraphs. Then, finding the smallest
element takes O(log(P)), and updating the values at vertices takes
O(V/P). For the procedure performed V times we obtain finally
O(V2/P + V log(P)).

3. Implementation
The algorithms were implemented in C++ under MS Visual
Studio 2012 with the use of LEDA [8] and Boost [7] libraries.
Searching for the shortest path is performed in a graph described
by objects from LEDA library. We defined additional classes Node
and Edge, based on the node and edge classes (elements of the graph
class) of LEDA, to model the graphs being analyzed. Class Node
consists of an object of the node class of LEDA library and additional
elements used to implement Dijkstra’s algorithm: node ID, latitude,
longitude, node status in the Dijkstra’s algorithm (possible values
not_visited, labeled, visited), time of reaching a given node on the
path. Additional elements used to extract the shortest path after the
algorithm finished are the node predecessor on the path and the
edge between the preceding and current node. In the bidirectional
Dijkstra’s search additional variable describing the search direction
is used.
The Edge class consists of an object of the edge class from
LEDA and additional elements used in the Dijkstra’s method: ID
of the node the edge points from, ID of the node the edge points
to, maximal speed on the edge and the length of the edge.
Two arrays are used to store elements of Node and Edge types. In
the class Network the basic graph and all the methods of calculating
the shortest path in the graph are included. In particular, the class
consists of the graph sizes, and dynamic arrays of pointers to vertices
and edges.

2.3. Bidirectional Dijkstra (two-threaded)
3.1. Fibonacci heap
Bidirectional search is implemented with two threads using
separate priority queues. Each thread performs a search in one
direction, so there is no need of mutex-based synchronization.
Both threads work in parallel, so if one search picks a vertex already
processed by another one, bool type variable is set to true. The variable
is accessible by two threads, so once it is set, both searches stop.

4

In the Dijkstra’s algorithm, Fibonacci heaps can be used
instead of regular priority queues. In such a case, the running time
of the method with Fibonacci heaps is O(nlogn + m), where n is
the number of nodes, and m is the number of edges in the whole
graph [1,2]. Fibonacci Heap data container was implemented with
the use of boost library.
In the Fibonacci heap all the elements are sorted in a selected
order, after a new element is inserted into the container. When the
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elements are simple numbers, the only thing to be done is defining
a heap as: śśśśº ɏʳʴºɏŜ
However, when one needs to store some more sophisticated
objects, the elements of the class which are to be sorted, have to be
specified. This is why a special structure  ɏ
º had to be created. Additional method takes two class elements
as input arguments, and returns bool type value. In this case, the
elements are sorted according to ɏř the
time of the path from the starting to the current vertex. If two
elements of the heap have the same values, their ID numbers are
compared. A structure with the given method has to be introduced
as one of the Fibonacci heap parameters.
In the Boost library one may found many utilities to use the
heap. Function push(…) after adding an element returns its
handler. To enable a free access to such a type, a handler being an
element of a heap needs to be defined.
Each element of the class Node needs a handler to itself from
the Fibonacci heap. The handler type should be declared earlier
but during such declaration one needs a call to the elements of
a Fibonacci heap (objects of Node class), as parameters. To avoid
such mutual calls and declarations a new class  ɏ
ɏ  was implemented.
The problem was then solved as follows: at the beginning,
the Node class with a pointer to the new class was declared.
Then Komparator structure, handler type fib_handle, and finally
Fibonacci_Heap_Handler class were declared.

3.2. Search method implementation
Searching for the shortest path in a graph is implemented in the
methods of the Network class. Each function takes as its parameters
IDs of the source and destination nodes. Basic implementation
of the Dijkstra’s algorithm uses set container from standard std
library as a priority queue. The first step is initialization of nodes
and corresponding weights (travel times) with the starting node
initialized to 0. Then all the vertices are formed in a priority queue
and the main body of the algorithm starts, taking the vertices
one by one from the queue, until it is empty. The elements in the
queue are sorted by the m_dCurrentTravelTime, so the nodes that
haven’t been considered, with the value set to double limit, are at
the end of the queue. Then we need to find the nodes connected to
the element currently considered. In the next step the chosen node
is checked and if the value in this vertex is larger than the summed
path length, it is replaced by the smaller value. After the value is
changed, the pointer to the preceding vertex and the pointer to the
edge leading to the considered node, are also stored. At last, the
chosen node is removed from the top of the queue. The method
finishes when the source vertex is chosen from the data container.

3.2.1 Bidirectional Dijkstra’s algorithm, one
thread
In this method two search directions are implemented:
from the source to destination node and backwards, from the
destination to the source vertex. After the initialization similar to
the one of basic Dijkstra, two priority queues are created. Both
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queues contain all the vertices, however, one queue sorts its
elements by m_dCurrentTravelTime while another is sorted by m_
dCurrentTravelTime_backward. The rest of the code is very similar
to the basic Dijkstra’s implementation, but the method ends when
it finds connection between forward and backward search. If a
node has been already considered by the opposite direction, it
stays unchanged. This method needs also additional phase, because
during the backward search, pointers to the following, not preceding,
vertices and edges are stored. Starting from the connection of both
directions, the vertices are shifted to the source node.

3.2.2 Bidirectional Dijkstra’s algorithm with
two threads
In this method two threads, working in parallel, are applied. The
threads are called with the use of Boost library. In one thread the
forward search, and in another the backward search is performed.
After the threads end, the pointers need to be shifted in the similar
way as in the one-thread version of bidirectional search.

3.2.3 Multithread Dijkstra’s implementation
Many threads are called using a reference to an object of
class Parallel_Info containing: a data container (priority queue),
an array of vertices’ ids, and array of edges’ ids, and an array of
vertices values. In the multithread approach the graph is divided
into clusters, taking advantage of the fact, that all the vertices are
stored in a two-dimensional array. The division of the graph is
performed as follows:
ɏʰſ ƀŚ
ſʰɏŚʳʰɏʫɪŚʫʫƀ
ſɏƋʳʰſ ƀƀ
ɏʰŚ
Each cluster is then defined by its maximal row and column
indices max_x and max_y. The segment size can be calculated as:
ɏʰŵɏŚ
ɏʰŵɏŚ
and the indices inside a cluster used by a thread ID as:
ɏʰſ ƀŵɏŚ
ɏʰſ ƀʩɏŚ
If a graph cannot be divided into equal parts, the remaining
rows and columns are added to the nearest cluster. Each thread has
its separate priority queue storing the vertices from one cluster.
During the execution, each thread is responsible for finding the
smallest element in its region. To synchronize the threads, barriers
from the Boost library are applied. The barriers are implemented
in the constructor of BarrierGuard structure. The synchronization
is performed four times in the code. The first time is needed
after the minima in each subgraph are found. Based on the local
minima, the globally smallest node is determined. After the node
with the smallest value is found, the second barrier is called, and
the vertices connected to this node are considered. When the
vertices have been stored, the third synchronization follows. The
last stage in the function is recalculating the values in the vertices
from the previous step. Each thread recalculates one vertex. If
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Table 1. Processing times for the artificially generated data
(averaged over 15 runs of the algorithms)

1000x1000

500x500

250x250

100x100

50x50

Grid
size

6

Edges/
Nodes

Dijkstra

Bidirectional,
one thread

Bidirectional,
two threads

Multithread

3

0.091

0.089

0.067

0.183

4

0.129

0.077

0.065

0.194

6

0.119

0.120

0.080

0.176

8

0.255

0.111

0.094

0.168

3

0.489

0.263

0.190

0.548

4

0.482

0.255

0.157

0.614

6

0.711

0.350

0.266

0.591

8

0.882

0.347

0.319

0.744

3

2.142

1.116

0.815

2.239

4

1.562

1.116

0.888

2.253

6

3.709

1.773

1.384

2.637

8

2.378

2.410

1.543

2.247

3

4.403

2.169

1.073

6.666

4

4.592

2.423

1.511

5.566

6

9.723

4.796

2.475

8.791

8

10.500

6.101

4.021

8.682

3

10.964

5.720

4.185

10.451

4

17.258

9.348

5.451

16.554

6

27.327

14.056

10.401

22.461

8

45.239

25.631

15.485

37.152

Dijkstra

Bidirectional
Dijkstra

Bidirectional
Dijkstra (two
threads)

Dijkstra
with
Fibonacci
heap

Bidirectional
Dijkstra with
Fibonacci
heap

Bidirectional
Dijkstra with
Fibonacci
heap (two
threads)

50x50

Table 1 contains processing times of four methods for the data
generated as square grids with random edges. For each grid size
several levels of density, defined as the ratio of edges to nodes,
were generated. This preliminary study performed for basic
variations of the considered algorithms can be used as referential
to the real-world data presented in the following section. As one
may notice looking at the Table 1, the basic version of Dijkstra
method is always outperformed by the bidirectional approach.
Multi-threaded algorithm reveals its superiority over the original
one, for graphs of higher density. The best performances were
obtained for bidirectional version implemented on two threads.

Grid
size

0.217

0.054

0.038

0.032

0.024

0.028

100x100

4.1. Artificial data

Table 2. Processing times for the artificially generated data (square
grids, averaged over 15 runs of the algorithms)

1.509

0.192

0.119

0.123

0.094

0.106

250x250

To compare all the considered approaches, many experiments
were performed. We tested basic Dijkstra’s algorithm, its
bidirectional version, bidirectional method using two threads,
multi-thread implementation with 4 threads for forward
and 4 for backward search, and one-directional multi-thread
implementation with 4 threads. The analyzed performances were
obtained on the Intel® i7 CPU @ 3.20GHz (4 physical cores).
Presented results are averaged over 15 runs of each algorithm.

3.168

1.033

0.655

0.437

0.378

0.791

500x500

4. Experimental results

In the Table 2 results of comparing the algorithms using
different data structures were presented. The artificial data were
generated as square grids with each node connected only to its
four nearest neighbours (or less, in the case of grid borders). For
such graphs, implementing the algorithms with Fibonacci heaps
clearly improved their processing times.

18.343

3.739

2.482

1.402

1.203

1.166

1000x1000

there are more threads than vertices to process, some of them can
be inactive. Then the last synchronization is called.

44.674

18.636

12.130

5.422

5.008

4.443

4.2. Real-world dataset
The real-world data were obtained from urban network of the
city of Wrocław, Poland. Based on this urban road network, using
OpenStreetMap® [9] we generated two graphs: one without taking
into account the street directions, and another with the street
directions included in the graph description. On such graphs
we tested the algorithms on two tasks. The first one was to find
the route between the node 0 and the node with the highest ID
(Task 1), the second one was to find the quickest route between
randomly chose nodes (Task 2).
Analysing figures 1 and 2, one may observe how the considered
variants of the algorithm performed for the real-world data. It is
clearly evident, that the best performances can be observed for
bidirectional implementations. What may be surprising is that
more sophisticated versions using Fibonacci heaps and multithread approach seem to be much slower. Only the one-directional
version of the multi-thread implementation with Fibonacci
heap achieved similar processing time as basic Dijkstra method.
Moreover, using theoretically better data structure (a heap instead
of regular priority queue), always slowed down the calculations.
These results appear to contradict the conclusions that might
have been formulated based on the analysis of processing times
for the artificial datasets (Tables 1 and 2). The explanation of this
phenomenon is that the real-world road network’s structure is
different than those traditionally used as testing benchmarks for
shortest paths algorithms.
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5. Conclusion
In this paper, we presented possible ways of speeding
up traditional Dijkstra’s algorithm by parallel multi-thread
implementation and using more efficient data structures. The
experimental study revealed that some modifications, save
reasonable from theoretical point of view, are rather impractical
when applied to the real road network data. Presented simulation
results indicate, that the simplest and simultaneously most
effective way to improve the considered method is to implement
its bidirectional version on two threads. However, there may exist
another solution that the authors plan to exploit in future. Our
efforts may be directed towards formulating parallel multi-thread
algorithm that makes use of the information about characteristic
of real urban networks.
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ABSTRACT
In this paper the use of alpha algorithm in modeling of the ship’s route is described. Based on event log obtained
from real data, a Petri net was created. This model let us to review the whole process of the ship’s route and take some
interesting observations.
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1. Introduction
Process mining became one of the most interesting domains
in the last few years. This is caused by the huge amount of data that
is produced every day and everywhere [1].
In this paper a ship’s route was treated as a process. This
process is several dozen of cases which consist of some activities.
The route data was obtained from Marinetraffic.com web service,
so there was a possibility to create a model based on real data.
First thing needed in the process of a construction of a model
is to have an event log. This data structure has a form of simple
XML file and is the basis for each popular tool (such ProM or
Disco) in process mining. Having the event log, the construction
of the process model is possible. In this paper a Petri net was
created using very popular alpha algorithm.

2. Event log
According to the definition in [1], the event log is the basics of
the process mining techniques. It consists of traces and the traces
consist of events. So the detailed definition can be described as
follows:
A trace is a finite sequence of events ıࣅİ such that each event
appears only once. An event log is a set of cases L such that each
event appears at most once in the entire log. The typical event log
contains: case id, event names, timestamp, resources etc.

8

The example of the event log can be given as follows:

L=[¢a,b,c²,¢a,b,d²,¢b,b,c²]

(1)

The given equation (1) tells us that the process consits of
three cases and each case consists of three events. These events
are: a, b, c and d. This is a very good way to describe the event
log. The form of the equation is a very intuitive description of
the process.

2.1. Event log of the ship’s route
As mentioned in the introduction, real data was applied to build
a process model. This data was obtained based on the real ship’s
route thanks to the web service Marinetraffic.com [4]. The route
chosen is very interesting because the ship travels around the world
(started from Szczecin in September 2015 and it still continues it’s
journey).
At the beginning it is necessary to look at the set of events
which will be applied to create a process model. These events are
mentioned in the table below. The first column is an ordinal
number, the second is the event name and the last one is a
shortcut of the event name (shortcuts are used to make the
model more clear and visible).

© Copyright by PSTT , All rights reserved. 2016
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Table 1. The set of the events based on the data obtained from
Marinetraffic.com
No.

Event name

Shortcut

1

In Range

a

2

Changed Course

b

3

Arrival

c

4

Departure

d

5

Stopped

e

6

Underway

f

7

Midnight position

g

8

Midday position

h

It was assumed that each case of our event log corresponds
to one day of the ship’s route. This kind of approach lets us to
see what activities are executed during a typical day on the sea.
Naturally, it makes sense, when the route is different each day.
The same activities in each case are typical for the regular routes
such passenger ferries etc. so we can suppose that the model of the
proces will be simple. In this paper the first 30 days of the route
was considered and the event log obtained looks like the following:
L=[¢a,f,c,h,d,e,g²,¢a,f,b,b,b,b,c,d,g²,¢a,h²,¢g,c,e,d,c,h,d,f,c,c,d,a,g²,
¢c,d,a,h,d,a,g²,¢a,h²,¢g,e,f,b,c,h,g²,¢h,d,g²,¢a,h,c²,¢a,d,h²,
¢g,h,c,d,e,f,b,e,g²,¢a,f,e,g²,¢a,f,e,f,e,c,f,d,h²,¢g,h²,¢g,h²,
¢a,h,c,g²,¢h²,¢g,h²,¢g,d,h²,¢g,e,f,c,h,g²,¢h,g²,¢d,c,e,f,h²,¢g,c,h,d²,
¢g,e,f,b,b,h²,¢g,e,f,e,f,b,e,f,e,c,h²,¢g,h²,¢a,f,d,b²,¢g,h²,¢g²,¢g,a²]

(1)

As it can be seen each case (except some short cases consisted of
the events g and h) is different. It tells us that the route day doesn’t
always mean the same activities. It is natural for long routes across
the big water areas such seas, oceans etc. If the ship doesn’t enter
into the port or the restricted area, it can be assumed that the route
is simple and there is no need to consider a lot of activities. This
observation can be confirmed in practice by observing different
ship’s routes (among others using Marinetraffic.com).
Each case consists of some activities. Sometimes there are
only two or even one activity. The order is also not the same
every time. Anyway, some regularities can be observed e.g. e is
very often followed by f, b can be repeated few times, some cases
are the same etc.

tsimplicity - there is a need to use the simplest possible way to
represent information, XES files should be generated easily and
fast;
tflexibility - XES should capture logs from different environments,
not looking at the domain etc.;
textensibility - it must be easy to add some features to the standard
in the future;
texpressivity - the information can’t be lost or the loss should
be as minimal as possible.
The very detailed description of the XES data format can be
found at [7].
XES is not the unique form to express the event log. Sometimes
other formats are used such CSV, text files etc. But why XES is so
important ? The answer is simple. The most of popular tools such
ProM [6] or Disco [3] support XES. Some tools support only this
format (ProM).
The data showed in this article was initially written as MS
Excel spreadsheet. Excel files are not supported by the tools, so the
conversion to XES format was applied. This conversion was carried
out using the XLS2XES Converter tool which was originally
developed by the author of this paper in Python programming
language. The details of the conversion are not the subject of this
paper - it will be published in the nearest future.

3. The alpha algorithm
The α-algorithm is the simple way to obtain the Petri net from
the event log. The input is of course the event log and the output is
the set of places, transitions and arcs between them. This approach
scans the event log for particular patterns. For example, if a is
followed by b but b is never followed by a, then it is assumed that
there is a causal dependency between a and b.
Typical patterns found by the α-algorithm are:
tsequence patterns;
tXOR-split and XOR-join patterns;
tAND-split and AND-join patterns.
Let L be an event log over T ,α(L) is defined as follows [1]:
(3)
(4)

2.2. The XES data format
(5)

Initially, the natural way to express the processes was the XML
format. This approach let to represent the data in well organized
and easy to analyze way.
Event logs, as they occur in practice and research, can take a
lot of different forms. Each system can have it’s own architecture
and can use own data formats. The conclusion is that the lack of
the standard, causes a lot of problems in process mining. So, the
XES (Extensible Event Stream) format was involved [7].
The XES standard is a XML-based format which is characterised
by these four features:
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(6)
(7)
(8)
(9)
(10)
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The equations above can be described as follows:
1. Each activity in L corresponds to a transition in α(L).
2. Fix the set of start activities.
3. Fix the set of end activities.
4. Find pairs (A,B) of sets of activities such that every element
aA and every element bB are casually related.
5. Delete from the set XL all pairs (A,B) that are not maximal.
6. Determine the places, transitions and arcs for the final Petri
net model.
The α-algorithm has some week points: can’t detect implicit places,
has problems with detecting the loops etc. [vdaalst]. Besides for each
the same two event logs it always results with the same model.
In this paper an application of this algorithm is presented. In
the next section the model of the process obtained using ProM
tool is described.

4. The model of the process

Fig. 2. The event log imported into ProM [own study based on: 6]

At the Fig. 2 the result of importing the event log is presented.
ProM offers some useful functions to do some pre-processing
analysis. It can be read that this event log has 30 cases with the
total number of events equal to 137. The 8 classes of events are
visible, so this is the confirmation that the conversion to XES
format was done correctly.
Now the Petri net can be constructed. ProM offers the plug-in
called AlphaMiner and this tool was used. The obtained model is
illustrated at the Fig. 3

Fig. 1. ProM main window [6]

As mentioned in the previous section, for creating the process
model, ProM1 tool was used. This is an extensible framework that
supports a variety of process mining techniques in the form of
plug-ins. ProM is continously developed and other functionalities
are beeing added. The tool is written in Java programming
language and thanks to this feature, is accessible for all platforms
supporting Java Virtual Machine. The other advantage is that
ProM is free of charge. At the Fig. 1 the main window of ProM is
illustrated.

4.1. The model
First of all it is necessary to import the event log (in XES
format) to ProM. It can be done by using import button in the
top right corner of the main window. We have to be sure that our
XES file is correct. One of the most significant defects of ProM is
that even the smallest error causes the failure of import process.
This is the reason why the conversion from other formats has to be
done without any errors. Other known and widely used tools (not
only in process mining) have some capabilities to ingore or even
correct errors. ProM unfortunately not.

Fig. 3. The model obtained using α-algorithm (30 cases) [own study]

The figure above shows one of the defects of -algorithm. In
the event log we can find the fact that event b occurs in the loops.
Besides it is never the start or end event. The AlphaMiner plugin
couldn’t detect these loops. The model says that the execution of
event b is impossible. No arc is incoming into this transition, so
the token can’t arrive here. Also some cases are impossible such
No further analysis is required (but of course can be carried out)
to confirm that the model is not good. What are the solutions ?
Other algorithms can be used, some manual corrections can be
made etc. But here we try to increase the total number of cases to
59. And the obtained model looks like at the Fig. 4.
By adding new cases some problems were solved. First of all
there is no non-reachable transitions. Besides the event b can
occur in loops.

1

More informations about ProM and it’s plug-ins can be found at
http://www.promtools.org
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5. Conclusion

Fig. 4. The model obtained using α-algorithm (59 cases) [own study]

4.2. The evaluation of the model using footprints
At this point the model is evaluated using the simple method
of footprints. Two tables are created - for the model and for the
event log. The evaluation is to compare these footprints.
Table 2. The footprint of the event log (59 cases) [own study]
a

b

c

d

e

f

g

h

a

#

#

ĺ

||

ĺ

ĺ

||

||

b

#

||

ĺ

ĸ

ĺ

ĸ

#

ĺ

c

ĸ

ĸ

||

||

||

||

||

||

d

||

ĺ

||

#

||

||

||

||
ĺ

e

ĸ

ĸ

||

||

#

||

||

f

ĸ

ĺ

||

||

||

#

#

||

g

||

#

||

||

||

#

#

||

h

||

ĸ

||

||

ĸ

||

||

#

Now, the footprint of the model is necessary:
Table 3. The footprint of the process model (59 cases) [own study]
a

b

c

d

e

f

As it has been proven using the equation (11), the model is
underfitted. The footprints are coherent only in 19 cells of 64. It
means that less then one third of traces in the event log is modeled
in the proper way.
The α-algorithm is not able to design the model with repeated
transitions. Each of them occurs only once.
Besides, the choose of the data is also significant. This time each
day of the ship’s route was treated as a single case. There’s always a
possibility to do some changes in this field. There is a need to report
that some events in the event log occured few minutes before the
midnight or few minutes after. This coincindence can also influence
on the event log and the way how the traces look like.
In this paper the use of the α-algorithm in modeling of the
ship’s route was described. The results tell that there is a need to
do more research, but initial ones seem to be very promising. It is
necessary to think about the organization of the event log.
The improvement of model’s quality is very important. Process
mining can be very helpful in the transport. It provides a strong
operational support [2] which can influence on the economic
factors of transport companies.

g

h
ĺ
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#

#
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ABSTRACT
Uniform for cars, smartphones, Road Side Units and Traffic Management Centers European Cooperative ITS (C-ITS)
Architecture model opens the road to integrated design of mobility management systems where pedestrians and cars
play an active role in shaping the traffic conditions and dedicated radio frequencies enable them to solve most of the
ongoing cases. The new business models involve equally car makers, drivers, passengers, road and railway operators,
financial sector (lease, insurance providers, banks), municipalities and governmental road and transport agencies,
telecoms, ICT 800 pounds gorillas as well as startups in cooperative design, enhancement, delivery and consumption
of mobility services. Will we manage to leverage the global experience, enrich European C-ITS output and avoid
being marginalized as pure consumers on new services market?

KEYWORDS: C-ITS, automatic land vehicle, MaaS, ECIM, sensor fusion, machine learning,

1. Introduction
From 2010 to 2014 fatalities on Roads of Europe decreased by
18%, but between 2013 and 2014 it dropped only by 1%. Data from
Japan: there are 16 mln cars registered in Tokyo with its 35,6 mln
inhabitants (the numbers and proportions similar to Poland as a
country) and although the fatalities fell 4 times from 1970 to 2014
but they still account for 4000 – again the statistics comparable
to these of Poland [12]. One can draw from the above data the
conclusion that the up to now applied methods of improvement:
better infrastructure, more rigid law and its execution, better
education of drivers all have met its limits.
From the beginning of the century ITS started its new
development in which, from today’s perspective, one can discern
three phases: first one enclosed between 2000 and 2009 was the
time of R&D as well as testbeds of technologies and solutions
aiming at radical change of the two rudimentary principles of
traffic management systems in accordance with which the vehicles
and pedestrians were passive objects surveilled by detectors
installed inside or around road infrastructure and the system
itself was hierarchically designed with traffic management center
and local controllers as layers. The first phase was concluded by
the launch of the well-known M/ 453 Mandate [11]. The second
phase (2010-2015) comprised further technology improvements,
elaborating of standardization documents in response to the
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Mandate, eg. the works of CEN, ETSI IEEE, ISO and SAE
specifying BSMD (Bounded Secured Managed Domain) model
for C-ITS-Station architecture - ISO 21217, ETSI EN 302 665 [10],
Field Operational Tests of early solutions in the scale of thousands
of vehicles and road kilometers EXECUTED as Living Labs:
SCOOP@F with its 5 sites in France, other in Spain and Portugal,
NL-DE-AT C-ITS Corridor, NordicWay and eventual choice of
three domains of transport and mobility technology and models
development: Cooperative ITS (known also as connected vehicles
or V2X paradigm), Autonomous Land Vehicle and Mobility as a
Service – the last on as a generalization of multimodal transport.
tC-ITS Corridor Austria – Germany – The Netherlands, from 2015
tFrench corridor pilot project Paris – Strasbourg, from 2015
tCorridor project in Sweden, estimated 2016-17
tCorridor project in Poland, estimated 2016-17
tCorridor project in Portugal, estimated 2016-17
tCity projects in accordance with the EC supported COMPASS4D
project: Bordeaux, FR; Copenhagen, DN; Eindhoven, NL;
Newcastle, UK; Thessaloniki, HE; Verona, IT; Vigo, ES
tCity projects under consideration within the POLIS organization
(source: [16])
As an and of the second phase one can admit the date of
publication of the report [9] (21st of January 2016), which confirms
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that Europe accelerates the move towards new transportation and
mobility model, and the years 2016-2018 (the third symbolic
phase) will see the last preparations od massive V2X deployments
on public roads leading eventually to better traffic where cars mill
move with much of situational awareness, in a coordinated way,
safely, effectively and environmentally friendly.
The participants of 22nd ITS World Congress, Bordeaux,
France, 5–9 October 2015 were actively debating during these days
questioning the chances and addressing the factors determining
further development and geo-deployment of technological and
business innovations. That’s why the closer analysis of the directions
and pace of new mobility practices expansion will be structured
following for fundamental questions: Why, and what for do we need
changes (Chapter 1). What are the key enablers for these changes
(Chapter 2). How will the governments, markets, communities and
individuals proceed in introducing them (Chapter 3) in particular
what about legal challenges and what changes are being considered.
Who, which actors and in which (new) roles would engage to
carry out the changes (Chapter 4). Finally in Chapter 5 we try to
condense the answers to the four questions and formulate several
most important (in authors’ opinion) recommendations for local
conditions.

1.1. What for implement C-ITS?
The needs and expected benefits, what bothers us in present
state of transportation and what we would like to change? The list
of problems starts with car crashes and their victims, congestion,
pollution, daily troubles like: why am I so dependent on transport
means be it waiting on a bus stop or the challenge of parking my
own car. As a pedestrians or cyclists we wish more city space be
available for us. I’d prefer not bearing the costs of my car while
I’m not using it.
The costs “are here to stay”, but at least in business, we
are trying to minimalize and even avoid spendings which are
not directly connected to benefits, accepting those which we
bear in proportion and synchronously to the value. Examples:
unwanted costs the initial investment (car’s price), insurance in
current model) vs more willingly accepted like fuel for the next
trip, or tolls
What is changing? The life style of millenaires: forced by
structural debts they are facing should they stick to traditional
model of dwelling, travelling and consuming they leverage
alternatives brought by internet communities they belong to.
Being immersed in the realm of information makes one prone
to optimization of virtually every decision and rejection of any
value-void activity or engagement. What attracts? More space
 ǡǤ ϐ 
is being replaced by (affordable) mobility on demand. Let us
analyze the potential of C-ITS, ALV and MaaS in key aspects/
criteria.
Safety: bringing to zero the number of fatalities or seriously
injured, bringing down number of crashes caused by road defects,
obstacles, animals; protecting vulnerable road users (VRU)
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– disabled, seniors, minors, cyclists; avoiding accidents near road
works, railway crossings; following drivers’ fatigue, distraction,
blocking of privileged vehicles. Reducing damages resulting from
(natural) disasters, mass events, stealing and devastations - more
generally improving safety in public space in every case where the
right information passed in time allows for (partially) automated
prediction, diagnosis and intervention support. Basic set, as well
as possible bundles of appropriate message exchanging scenarios
serving the above cases are easily imaginable and to some extend
already, standardized implemented and tested.
The effectiveness, efficiency and reliability of transport begins
where the trip/ shipment can be avoided with the “business” objective
achieved (home office, tele-diagnostics, 3/4D printing). In prevailing
number of all remaining cases we’d like to economize on time, hence
keeping as few trip’s modal segments as possible and waiting time
between them the shortest. This goal interferes however with that of
cost, or our readiness to sacrifice for the good of environment. On the
level of the segment we would like to transfer rapidly and seamless
but the optimization should be done for the overall concurrent
work. So, one part of the answer on the What for C-ITS, ALV, MaaS?
question is: to leverage new data capturing and information exchange
technics to supply to people’s and machines’ decisive and actuating
processes the most complete traffic picture possible allowing them to
be part of multitude of distributed, collaborative processes aiming
at high transport efficiency accompanied with low social and
environmental costs.
There is a trend for vehicle use within Europe that can
be described as ‚private vehicle abuse’ where cars with single
occupancy are used for journeys of less than 3 Km accounting
for 50% of all car journeys in urban environments, 98% of the
time the car is parked occupying space on the road. 60% of the
space in the Swedish cities is devoted to infrastructure, 25% to
roads. The goals of OptiCities project are to: save 1.5M T CO2,
increase public space by 3.6M sqm; an achieve a move of 6% use
towards public or soft transport methods.

The expected shift from individual cars towards public
transport will happen if the latter becomes attractive in
several ways: should be faster than the car alternative, cheaper,
comfortable enough etc. But the decisive attributes in that respect:
dependability/ assuredness and flexibility/ reachability in terms of
time and space (last mile) coverage if to be achieved at reasonable
costs (which means that the solution should reuse existing assets
and apply car pooling/ car sharing schemes) entail comprehensive
dynamic and precise information to relay on when navigating
the two parties (passenger and transport) to the meeting point.
Such a level of informative services offers the connected vehicle
paradigm with the Local Dynamic Map (see later) and wireless
communication with every data source and addressee. High
reliability of all the assets is a natural consequence of the Extended
Car concept where real time exploitation data are gathered and
analyzed by manufacturers to alert the user in case of breakdown
predicted.
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Energy/ resource efficiency, low environmental impact: is to
be achieved when individuals are confronted on the consequence
of their decisions directly (with precise, quantitative information
in their trip planners) or through the cumulated cost of mobility
services. On the level of carriers and operators fine granularity
data on the on-going demand (O-D) and present as well as
predicted traffic allows for two types of intervention: influencing
individuals in their choices and optimal disposition of resources.
The landform data fused with traffic conditions will be leveraged
by algorithms deciding on fuel consumption in engines and
specifically in those with energy recovery feature.
Travelling comfort: physical and mental fatigue monitoring,
reacting on early symptoms, and finally reduction, educating and
entertaining those who can be distracted without compromising
their safety – infotainment. Social integration and inclusion as a
side effect of car sharing: before we share an asset we exchange
information, we meet people on a regular basis, spend time with
them, start talking …
Transport and mobility sectors can almost immediately leverage
data created and exchanged dynamically to resolve safety, traffic
management and transportation efficiency problems in much more
comprehensive way than up to now, but on the way they are also
able to create deep and reach information resources, transform
them in a kind of knowledge network, connect the latter with
global knowledge network and help resolve general social and
economic issues. On top of benefits described above, hosting ICT
in the traditional domain of telematics can help create new markets
of services addressing informational needs of mobility and traffic
management. While tackling the How? and Who? questions in
following chapters we will give several examples of these services
nevertheless we would like to stress already here that the data driven
mobility will be the source of generally applicable scientific and
technical solutions for instance in the field of Human – Machine
interaction.

1.2. What are the key enablers of the change?
The answer conveying some details on components and
solutions as well as structures and tools assuring interoperability
of the former ones to pave the way to first chapter’s vision of safe,
effective and efficient mobility brought back to the human scale
and enriching our lives was divided into layers treating separately:
The technology, The architecture, applications and economic/
social models. The ubiquity of technology determines effective
design and deployment of applications and solutions but tackling
the integration issues is fruitless without standardization at least
in the domains of data exchange and software portability between
executing platforms (various nomadic devices, On Board Units).
But only after the take up of the new services and solutions to
apply them in our daily routines: leveraging situational awareness
in the choice of transport mode, co-creation of that awareness
through granting information on planned trips, offering one’s
own transport resources (sharing cars), collecting and discounting
but also cleverly delaying gratification due for safe and socially
aware driving/ parking and on the other hand after new services
creation, composing them into processes delivering added value
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and further bundling them into entire business models capable to
sustain through multidirectional benefits and synergies will be the
mobility model radically changed.
Technology. The data domain describing real objects, their
behavior and mutual relationships comprise: the position expressed
in geographical coordinates, altitude, relative to marking points in
the road infrastructure, to other road users or other relevant objects
taking into account their categories (truck, pedestrian, obstacle)
and orientation, the time stamps, distances, velocities, accelerations,
masses, temperatures, humidity, precipitation and it’s hardening
state, visibility, line of sight, air transparency and it’s composition,
light conditions, the pavement category and state, driver’s reactivity
etc. In measurement/ capturing of most of the above categories, from
last several years on we have noticed significant progress thanks to
the still improving precision of satellite (Global Navigation Satellite
System augmented by European Geostationary Navigation Overlay
Service) optic, laser, kinetic and inertial technics. Application of
numerical methods: image analysis and recognition, sensor
data fusion using Kalman/ particle filters, and more generally
statistical data analysis for precision enhancement many of
technological barriers were overcome (under decimeter moving
objects positioning, high quality object classification) on the road
to automated (ALV) and connected (C-ITS) cars. What eventually
decide and ultimately ascertain the maturity of the technology at
hand to contribute to our connected cars vision is radical decrease
of it’s cost to the level allowing for ubiquitous installation in nomadic
devices or lower segment cars.
Elon Musk, the founder of Tesla motors and SpaceX,
announced on 16 January 2015 that he is beginning a new project
that will launch hundreds of communication satellites into orbit.
On 21st of December he successfully launched a spatial vehicle
delivering a cluster of low orbit telecommunication satelites and
the booster landed undamagged to be furthe reused. It becomes
quite viable to bring down the cost of such a mission to the level
of 5-7 mln USD and consequently his plan to install some 4000
low orbit satellites.

In the case of satellite technology an expected breakthrough is
related to accomplishment of Galileo and GLONASS programs but
also those of Google and SpaceX, which in spite of being primarily
aimed on Internet delivery to every corner of Earth can as well
once and for all resolve the geo-localization issues. Smartphones
and satellite system are commonly perceived as telecommunication
technology artefacts but in our V2X realm they act as devices
measuring wide range of parameters mentioned at the beginning
of this section. For communication purposes wireless technologies
(GPS, G3, LTE, millimeter WAVE) and hybrid use of them can
be leveraged for building systems of message exchange between
cars equipped with native hardware (OBUs), individuals wielding
nomadic devices, road side units and traffic management centers.
Such a system will extensively benefit from specialized protocols:
Wreless Access in Vehicular Environments (WAVE) and Vehicular
Ad hoc NETworking (VANET) to dynamically set up temporary
local networks with topologies corresponding to traffic situation at
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hand, with security and privacy ascertained through higher network
layers. The next technology after sensors, sensor fusion and wireless
telecommunication artefacts enabling the design, development and
deployment of C-ITS systems, ALVs and new mobility services
is ICT, and more specifically Open Data, Big Data and Machine
Learning, Service Oriented Architecture implementation, process
management suites of tools and proved through numerous
implementations of massive customer management applications
electronic payments, master data management. Classification,
diagnostic and predictive statistical algorithms reposing on traffic
data streams and historic dbs belong to the larger set of tools for
designing situational awareness platforms.
Collective Awareness Platforms for Sustainability and
Social Innovation … to harness the collaborative power of ICT
networks (networks of people, of knowledge, of sensors) to
create collective and individual awareness about the multiple
sustainability threats … at social, environmental and political
levels. The resulting collective intelligence will lead to better
informed decision-making processes and empower citizens,
through participation and interaction, to adopt more sustainable
individual and collective behaviours and lifestyles. The challenge
includes the deployment at larger scales of digital social platforms
for multidisciplinary groups developing innovative solutions
to societal challenges.Similar to CAPS could be the platform
enabling in-depth insight into the details of current situation,
it’s roots and possible evolving scenarios on local/temporal
(instant traffic task resolution) as well as broader scale (demand
– supply balance). That knowledge to be elaborated based on data
collected by networks of people and things and then enriched to
diagnostic/ predictive models through networks of knowledge
and macine learning.
The next set of technics from the ICT toolset invading the
territory of IoT and consequently ITS comprise distributed databases
retaining encrypted chains of records (block chains, side chains,
Bitcoins) serving as persistence layer of traffic events, infrastructure
or vehicle exploitation and tolling data. The last tech block in the
general sequence: data capture -> transmission -> processing ->
informative service delivery, commonly known as Human Machine
Interface (HMI) and in particular visualization technologies. The
progress in this domain is widely visible: large touchscreens and
Head Up Displays (HUD) in middle and higher car segments, so
it can be concluded the if only the right message could be delivered
to on board units or at least to by cellular networks then the costly
Variable Message Signs prove to be unnecessary or redundant. Let
us close his short overview mentioning the cloud technology and
it’s exemplary use by European Cloud Marketplace for Intelligent
Mobility (ECIM)uses to develop and maintain the so called open
platform of intelligent services for mobility [17].
Architecture and Standards. The notion of (system, software)
Architecture in ICT matured along with growing complexity
of solutions being designed and maintained. Folks started
to leverage the rules of software decomposition into smaller
pieces: components and interface and delegate development
jobs to independent teams avoiding the necessity to consult the
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implementation details. It was no use to repeat fragments of
code “doing the same” in many places of the overall program –
universally applicable services were created. Equally important
was the possibility of porting the software on various hardware/
operating systems. All these circumstances are valid in the case
of C-ITS: software complexity, designating of utility functions
(security, communication services) concurrent and independent
development in various software houses and startups, at least four
platforms: OBU, RSU, nomadic and TMC. The by ETSI (EN 18750)
and ISO (21217:2014) recommended BSMD use as a building
block for homogenous design of C-ITS Station architecture for the
four aforementioned stations is shown at Picture 1. Also, indicated
by the arrows from left to right, you can follow one selected
expansion path of the C-ITS-S ending with Local Dynamic Map
with its four layers. Various LDM implementations must fit in the
Model in that sense that they should follow the structures and
interfaces imposed by the specification of facility layer.
tPresentation Layer: Contains all the User Interfaces and
Visualization Modules
tServices Layer: Exposes APIs as web services, defining resources/
methods and message structures
tBusiness Layer: Encapsulates all the business logic, as well as core
domain entities of the system.
tIt implements all system’s workflows and offers a simplified API
(system façade) to the top layers
tData Layer: Consists of all Data Access Objects as well as external
service consumers. It is the broker to all the persistence storage
and external data.
tCross-Cutting Layer: contains a set of features security and
communication collaborating with all layers of the platform.

Fig. 1. C-ITS-S architecture [own study]

The working groups inside several international standardization
organizations started continue their efforts from the date of the
launch of the M/ 453 Mandate [11]. Picture 2 presents some of the
specifications for C-ITS- architecture in various stages of elaboration.
The connected vehicles messages and use cases are gathered in two
other specs: CAM and DENM [9]. [12] designates several of them
for building the so called Day 1 and Day 1, 5 C-ITS services planned
for deployment on European roads starting from 2019, In [10] you
can find the complete list of standard organizations’ works and
deliverables as the response to M/ 453.
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Fig. 2. Standardization around BSMD framework for C-ITS-S and list
of Day 1 services [own study]

Services and applications. The central assumption behind
communicating vehicles meaning that we are capable to leverage
the distributed traffic component: vehicles, pedestrians, road
infrastructure for local (a car and its surroundings, an intersection)
and city/ region-wide management which translates into capturing,
exchanging and processing a comprehensive set of dynamically
generated data will open the perspective to share and reuse the data
by new service generations supporting, beyond traffic, to support:
planning and management of transportation resources, city space
and resources, individual mobility management, business processes
of tourism, recreation, energy, finance sectors or daily operations of
security guards and social security among many others. The specific
applications will be supported by overall C-ITS architecture and its
interfaces conforming to specific requirements in respect of data
sampling frequency, security, speed of transmission and granularity.
The following examples of applications illustrate the span of the
requirements: from (under) ms real-time through on-line mode
adequate to man-machine interactions to batch processing of historic
data.

tcongestion warning
temergency vehicle approaching
tslow moving vehicle
tapproaching motorcycle/ motorcycle ahead
ttraffic info
tPoint of Interest info
tDynamic complex mobility surveys
tjourney planners
tcar pooling
ttolling (roads, city entrance)
tpassing/ line changing assistance
tInfotainment
tpassenger ahead warning
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In line with the growth of information gathered in terms of
categories and volume the uniform policy and mechanisms of
data retention, guard, sharing and deleting will impose. The
proliferation of applications will necessitate to coordinate service
interaction with external means. Structuring the development
processes like sharing services’ interfaces for design of their
interactions, new services composition from the existing ones,
and ready to use applications advertising, use control and billing.
The C-ITS architecture provides for these requirements specifying
their scope, position relative to other components (in the
Facilities, Management and Security Layers) an interface. Some of
the auxiliary processes will be implemented in the cloud (see the
example of ECIM).
Social and Business Models. The technology is only one
factor determining the growth and sustainability of new mobility
models reposing on C-ITS and MaaS paradigms; it is necessary
to overcome barriers and to open new horizons. The boost will
come from business: new features for next generations of cars, the
idea of Extended car: what we drive is only a piece of hardware,

troad works warning
tweather info and warnings
tcrash ahead/ nearby warning
tspeed limit (in car display)
ttransparent (pay as you drive) insurance
tfleet management
tflexible transport calling
tMaaS services registry/ repository
tcar sharing
tplatooning
tparking available (in road, off road)
tenhanced reality (for passengers)
tcyclist warning

tbroken car on the road side warning
telectronic brake
tgeneral obstacle warning
tspeed advisory (GLOSA, GLODTA)
tcar manufacturer/ dealer services
ttransparent leasing
tflexible transport car dislocation
tspecial services for VRU [9]
tenterprise mobility policy
tdriver reaction’s monitoring (eg. drowsiness)
ttrip continuation
ttransport resources management
tleft turn assistant
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the value rests in data, new markets, new marketing/ resource
allocation tools (historic data driven assessment), process
optimization, Time to Market shortening and it will come from
peoples’ acceptance of the new services but also readiness for
contribution: mental change (forgetting the tradition of owing
the car), readiness to share information anonymized if required,
bartered for a gadget – if it happens („dashcam to give away in
exchange for its data”, Andy Rubin, Android co-founder). The
empathy for the environment, compliance to social behavior, the
habits acquired through participation in cooperative processes.
The today’s applied informatics is ubiquitous on the customer side
but also development: 4,5 millions coding for IOT in 2015 and
forecasted 10 millions In 2020 (source: Vision Mobile 2015). In
that meaning ICT brings to mobility the potential and dynamics of
Internet, and as a consequence the comprehension of the need and
value of information sharing while being a part of communities
expanding around sharing of things, recuperation of space for
cities, improving air quality, fighting with noise, proper and faire
time use, looking for deeper sense in tourism etc. the new mobility
paradigm will grow in the process of interweaving od the networks
of devices (IOT), people (Internet communities) and knowledge CAPS[13], being from one side the source of ongoing situational
awareness and problem detection, their causes and possible effects
and on the other side making up the frame to look for solutions
and collaboration platform. – Fig. 3.

Fig. 3. Digital Society: networks of devices, networks of people,
networks of knowledge [own study]

Mobility will be eventually influenced by the deconstruction
of social relations, economy and politics caused by processes
commonly coined digitalization, but rooted much deeper than the
metaphor of technical hue would suggest.
t(transportation) from opposing the mass and individual transport
to the continnum spread between the exhtrema (networks of
devices, knowledge, people)
t(energy, food, appareil, consumer goods) from standardized offer
designed for mass production and marketing (eg. food technology)
aiming at highest profit possible to diversified, locally rooted, co
created by communities in recycling schemes or prosumerism
(networks of devices, people)
t(social communication, culture, marketing) from unidirectional
broadcasting to multistakeholder creation, sharing and discovery
of information (networks of devices, knowledge, people)
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t(education, family, proffesional milieu, city planning) from rigid,
hierarchical or strictly functional structures towards compact
organizations and architectures supported by multirateral exchange
of information (networks of knowledge, people)
t(minimum subsistence level, social insurance) from relying
totally on individual resources or dependency on a state policy
in assuring one’s well being, social position, and ultimately the
pension towards community inclusion and support e(networks
of knowledge, people)
t(decision-making with general consequences) from nontransparent, representative systems based on political parties
and electoral hypocrisy to liquid democracy where the decision
processes and artifacts are conform to the nature of problems to
decide on and the outreach to achieve. (networks of knowledge,
people)

The maturity of sensor technology including IMU, GNSS/
EGNOS positioning, optic/ radar/ lidar, communication
and data processing, the advancements in standardization
of C-ITS architecture, message sets etc, business models and
social ecosystems evolution, and last but not least the potential
of growing engagement of individuals and communities in
creation, sharing and leveraging the new categories of data and
information as well as applications being built around them; the
interactions of networked devices, knowledge and people are the
reasons to elaborate real plans of wide C-ITS implementations
and launch them in years to come (2019-20). To maintain and
develop the communicating vehicles paradigm the incentives and
sustainability patterns at business and communities’ levels will be
needed. From whom and how to assemble the vital construction
will be discussed in the next chapters.

1.3. How to implement and deploy
To come to radically improved (1) Safety (2) effectiveness, and
reliability (3) resource efficiency (4) traveler general experience at the
same time forging priority for public/ multimodal and the so called
“soft transport means” (on foot, by bicycle) are the main objectives
of the first C-ITS deployments [9], [12]. These deployments, led as
Living Labs are confined in selected road network segments, involve
up front fixed number of cars and are limited in terms of information
and functionality. After the assessment of their results the verified
corrected/ improved solution will be functionally enriched, expanded
and replicated geographically and opened to larger groups of subjects
in various roles: road users, vehicle types, service providers etc. The
question how to plan, or more warily, which planning policy to adopt
should be projected onto three dimensions, that of the method,
time and space. The last dimension being heavily dependent on
topography, urban development and administrative structure we
leave for local analysis, the time, following [12] we confine in 15
years perspective and divide in it 5 years long periods, …We first
characterize the method dimension and then its further split in five
threads: scope of data gathered and information/ knowledge derived
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from the data, services and applications, legal intervention (caveats,
incentives, obstacles), economic drivers and social response.
Scientists’ efforts to shift the limits of our imagination,
Engineers’ “mules”, proofs of concepts and Living Labs, Managers’
corporate drivers, and large roll-outs planning, startups looking for
opportunities, readiness of people to consent and engage, political
pushes and incentives – here’s the mix of real facts, visions, forces and
tensions to align and build upon should our new mobility paradigm
come true. There are external/ global changes to leverage: OEMs
installing sensors and communication modules in their cars as part
of the Extended Vehicle and databases to gather the sensor data and
incentives for drivers to gain their consent to give the data away. On
local level there are business opportunities for SMEs to retrofit the
older cars to make them capable to communicate or to offer services
fed by vehicle probe data. The method to harmonize, integrate
and give momentum to changes in some extent could follow the
C-ITS Platform [9] Work Breakdown Structure from where several
topics deserve further development on local level: Cost Benefit
Analysis, Business Models and Business Cases, Legal Issues, Hybrid
Communication, Public Acceptance. Taking or abstaining from
seminal decisions, undertaking or postponing critical course of action
and consequently invigorating or blocking new mobility deployment
in the region will depend on understanding the outreach of knowledge
hidden in data and applications, complexity of legal issues, economic
potential to trigger and social evolution it appears to be part of. A
policy is needed as well as a setup to monitor conditions, recommend
and support initiatives and coordinate deployment activities: Living
Labs, solutions’ integration and extensions. The highest priority
and urgency have to be attributed to the harmonization of ongoing
and planned investment, the EU C-ITS deployment and leveraging
of local assets (infrastructure, implemented systems, budgets, and
planned projects). At stake is the money: hundreds of millions Euro
at the scale of single region to invest in obsolete (in terms of 20202025) infrastructure or prudently to allocate them in tools, platforms
and knowledge to capture, process and make use of C-ITS data. What
is needed is the regional C-ITS plan development with a strong Cost
Benefit Analysis and simulation capabilities. A development board
should iteratively issue successive versions of the plan based on the
results of several working groups: data and knowledge modelers,
service and application landscape analysts, business/ social response
sensing bureau and legal/ political recommendation committee.
The latter identifies legal and administrative issues prior to elaborate
recommendations. Auxiliary services supplying recent info on EU
C-ITS Platform’s deployment, local investment initiatives, research
and business activities, are also indispensable.

Fig. 4. C-ITS regional deployment dimensions – a vision [own study]

Informations. In sections Technology and Service and
Applications we give some examples of data and service categories
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indicative of the merits of the mobility models supported by
C-ITS. The frequency of data acquisition from independent
sources, through application of statistical filters, allows to enhance
precision of measurements or to calculate the value of another
physical quantity. With the wealth of data gathered it is possible to
effectively derive Knowledge from the data (Machine Learning) in
the form of graphical representations of functions (Artificial Neural
Networks for optimization tasks, pattern recognition or fault
detection) and distributions. The latter method leads to a large
class of the so called Graphical Probabilistic Models (eg, Dynamic
Bayes Networks) where statistically weighted causal relationships
between events (phenomena) – allow for classification, diagnosis
and prediction of events. Multi-stakeholder use and reuse of data/
information/ knowledge will drive and interfere with the other
dimensions: Services and Apps, Business, Social and Legal. Stirring
the uptake of data enhancement and knowledge generation skills
as well as the uptake of the information and knowledge thus
generated is crucial for the overall planning of C-ITS coined not
without reason as Information on wheels.
Services and Applications. For the purposes of proper
management of the services/ apps logistic chains: publication of
awaited new services specs, services implementations delivery
together with accompanying SLA, services discovery, composition
and orchestration around business processes, provisioning and
billing - the tools observing XML web services standardization
stack should be used and in particular that of services registry and
repository like UDDI or ebXML. This is for instance the case of
ECIM platform – Section Technology.
Legal. From the regional perspective the most worrying issue
is the long investment processes with the lagging procurement
phase to that effect that in the typical time span the initially
chosen technology happens to be outdated often by force of
the innovations invading adjacent markets (eg. smartphones,
satellites). The legal setup being only a part of the problem it is
nevertheless worth stressing as the Public Procurement evolves
and assimilates critics from business and administration. Smart
application of the new, overarched by European directives, law can
significantly accelerate the process as well as open the door for
“late innovations”. On the other hand data security and privacy of
road users should be backed by the even more restrictive law and
consequently encourage the owners of data to share.
Business response. In this perspective we look at various
categories of enterprises as data producers/ consumers whose
business development perspective, operational processes and
consequently market position and profit may be impacted by public
and ubiquitous availability of mobility data and services. Sensing their
readiness for data/ services uptake, flexibility to change their offer and
internal processes and validating them through CBA and simulations
is crucial for the assessment of the C-ITS deployment pace. Keeping
a record of obstacles, risks and threads they identify allows for better
harmonization of business thread with the other four.
Social response. Alike to the previous thread we should sound
people’s aptitude to share data they produce while planning trips,
driving a car or a bicycle and if for some reward or just generously.
The dependency of four other axes on that one being obvious we
stress the importance of social readiness to give away their data

© Copyright by PSTT , All rights reserved. 2016

K. KARDAŚ, B. ŻMIDZIŃSKA

from the angle of the readiness to engage in CAP’s based general
processes of leveraging sensor, knowledge and people networks for
spotting problems and opportunities, and looking for/ negotiating
solutions. That “information/ knowledge based readiness to
sacrifice” is of paramount importance for further forecasting the
future of the new mobility.
We summarize and complement the chapter as follows: the
fifteen years period: starting from 2018/19 will see fast deployment
of C-ITS and accompanying changes in mobility models in
Europe. The technology is ready and the industry will drive the
deployment. The regional level should start aligning its ongoing
investment acting on several; levels to catch up with the global
change.
1. Data/Information/Knowledge: tapping on CEN, ETSI ISO standards, statistical filters, Big Data, Machine Learning, Knowledge
Networks and promoting them among business and communities
2. Servicess and Apps: CEN, ETSI ISO standards as specifications
of basic functionality, architecture and interfaces, SOA platforms with its flagship tools: services registries and repositories
conforming to UDDI, ebXML, cooperative development.
3. Legal: public-private-people partnership, Pre-commercial Procurement (PCP), Public Procurement of Innovative Solutions
(PPI)
4. Business: new business opportunities through uptake of data/
services, bundling them for added value around old and new
processes, shared economy like processes included
5. Social: new mobility models, data sharing for C-ITS needs are
all special cases of Collective Awareness Platforms for Sustainability and Social Innovation Specific (CAPS).

4. Who will engage?
Five Guiding Principles adopted by C-ITS Platform [10]
promote multiple and multi-way use of traffic data under some
obvious caveats concerning road user and their employers, privacy
and security.
(a) Data provision conditions: Consent
The data subject (owner of the vehicle and/or through the use
of the vehicle or nomadic devices) decides if data can be provided
and to whom, including the concrete purpose for the use of the
data (and hence for the identified service). There is always an optout option for end customers and data subjects. This is without
prejudice to requirements of regulatory applications
(b) Fair and undistorted competition
Subject to prior consent of the data subject, all service
providers should be in an equal, fair, reasonable and nondiscriminatory position to offer services to the data subject.
(c) Data privacy and data protection
There is a need for the data subject to have its vehicle and
movement data protected for privacy reasons, and in the case of
companies, for competition and/or security reasons.
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(d) Tamper-proof access and liability
Services making use of in-vehicle data and resources should
not endanger the proper safe and secure functioning of the
vehicles. In addition, the access to vehicle data and resources shall
not impact the liability of vehicle manufacturers regarding the use
of the vehicle.
(e) Data economy
With the caveat that data protection provisions or specific
technologic prescriptions are respected, standardised access favours
interoperability between different applications, notably regulatory
key applications, and facilitates the common use of same vehicle data
and resources.
The scope and quality of information exceeding by far the today’s
standards attracts broad range of interested parties: road users and
their employers, traffic management, regulators and executing staff
responsible for or involved in assuring accessibility, throughput and
safety of transportation assets: state and local government, road
infrastructure administration, operators, carriers, car rental offices;
the industry: car manufacturers with their dealers and service
chains; providers of informative services: weather, GPS, advertising;
ICT vendors and integrators, telecoms; financial sector: insurers,
leas-holder, other services: store chains; tourism, recreation, mass
event organizers; restaurants etc. The aforementioned ecosystem
will repose on the data/ services access architecture and its usability
strongly depends on reconciliation of interests of negotiating parties:
car manufacturers and added value providers. The architecture
comprises of three key components:, On-board Application
Platform, In-vehicle Interface, Data Server Platform and the design
foundations for the latter will determine the assurance of equal
access to traffic data for OEMs and service providers. The concept of
Extended Vehicle pushed forward by car manufacturers represented
by ACEA (Association des Constructeurs Européens d’Automobiles;
English: European Automobile Manufacturers Association),
assuming that traffic data categorized along the up-front declared
use cases will be maintained and rendered to interested parties based
on from OEMs serves is strongly criticized by service providers
represented by FIA (Fédération Internationale de l’Automobile,
English: International Automobile Federation) arguing that this
will hamper innovation by independent providers. FIA’s proposal
consists in decomposing the traffic data into two parts : one in
the full disposal of a car manufectur and the other administered
by independent party (Shared server). IBM radically modifies the
architecture introducing between OEMs’ data and service providers
what they call B2B Marketplace as an independent layer; Picture 5.
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Fig. 5. Implementation concepts for Data Server Platform [own study]

5. Conclusion
In View of the facts mentioned in previous chapters:
tthe necessity to change the transportation and mobility
models: to minimize and bring to zero the number fatalities
on European roads, improve transport efficiency, lessen
environmental aspects and invigorate informative services
around mobility new markets to ….
tproved capability to apply wireless communication for traffic
management tasks and more generally what is coined as the
„legitimacy” of the deployment of C-ITS, i.e. the fact that the
deployment of C-ITS can be justified and fostered at all levels,
tsignificant progress in detailing and adopting of the European
C-ITS architecture and maturity of standardization processes
tsystematic use of ICT methods and tools in the domain
of transportation and mobility and in particular data
protection and system security and information processing:
cryptography, Sensor Fusion, Big Data, Machine Learning,
networks of devices, people and knowledge as well as service
logistic chains: eg. application of SOA, or B2B Marketplace
tdriving C-ITS by car industry, transport operators and
carriers, new informative service providers but also financial
sector, R&D, non-profit organizations
tlaunching a number of Field Operational Tests in Europe, US
and Japan
It is well founded, reasonable and requisite to provide for,
pick up and apply the aforementioned achievements but also
sound-based forecasts of C-ITS, ALV and MaaS expansion, the
proliferation and integration of pilots and corridors while planning
regional ITS investments to be put into exploitation in the horizons
of 2020, 2025, 2030 and particularly to:
tleverage the European C-ITS Architecture and standards
tobserve the five guiding principles, Living Labs as Field
Operational Tests approach
tplan the functional and geographical development of already
implemented systems in a region, especially these based on
not intrusive traffic detection and more generally public space
monitoring while using video analytics, nomadic devices
integration, social networks data analysis where integration
platforms were applied capable of sensor fusion, heterogeneous
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data integration and processing, diagnosis and prediction to
build a situational awareness. Further electronic payments and
city cards systems development and applications should be
included in the planning processes.
tsupport innovative projects in the domain of Vehicle Probe
Data acquisition and processing, especially these aimed at
elaboration of effective retrofitting of not equipped cars
tsupport applications in traffic/ mobility management systems
of the most promising technologies from the angle of C-ITS
deployments: sensors and Sensor Fusion leveraging nomadic
devices, Cooperative Awareness Platforms, Open Data, Big
Data and Machine Learning, Block-chain databases, service
registries and repositories.
tapply wireless communication, DAB+ based messaging to
road users, car (head up) displays/ smartphones to visualize
the messages, light autonomous telecommunications
and observation masts in implementing TMC to driver
communication
tsupport retrofit approach to make older cars C-ITS (partially)
compatible in particular based on smartphones
tsupport innovative services: to secure the Vulnerable Road
Users, integration with services platform (ECIM)
tprevious investment protection and assets (infrastructure,
applications, licenses) reuse.
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ABSTRACT
This paper presents an idea of development of the OnDynamic system used for non-invasive and low-impact
measurements and visualisation of traffic parameters. Planned development would introduce new functionality to
the system which allows to observe road traffic impact on the air quality and acoustic climate in a specified area.
Network of sensors will be complemented with base stations equipped with the noise sensors, as well as sensors that
allow to measure the concentration of the pollutants in the air.

KEYWORDS: road traffic, environment monitoring, Bluetooth systems

1. Introduction
Road transport is an inseparable element of modern landscape,
determining to a high extent the local environment both in regard to
the air quality, and to the acoustic climate. In spite of technologically
and organizationally diversified attempts in order to reduce the
level of transport influence, in many cities, due to exploitation of
road transport, there is an excessive air pollution and surpass in
permissible noise level. High traffic volume, high use of personal
transport in performing travel within the city, allowing heavy
vehicles and not always good quality of infrastructure are some of
important factors resulting in both increased exhaust gas emission,
as well as the noise. According to the report [12], European cities
in which the number of residents exceeds 100,000 do not have
currently any competitive and economic transport system.
It is believed that in the long term an important improvement
in urban areas will be achievable by changes in mobility
incorporating both individual and public transports [5]. Until
this optimal long-term strategy has been realised, it is necessary
to implement new ways and tools of urban areas air quality
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management that will allow to assess the degree of negative
influence in time close to the actual. Currently the concentration
of harmful compounds and the noise level can be limited by
introducing efficient infrastructure and road traffic management
mechanisms that use solutions commonly known as intelligent
transport systems. The condition of their proper functioning is the
use of up-to-date information about road traffic and the generated
pollution burden. The measure of burden in regard to the acoustic
climate is the noise level; as for the air quality it is the air pollutant
concentration in the atmosphere. In both pollution cases not only
the quantity used for measuring the burden is important, but also
the time factor.
The question of creating air quality and acoustic climate
management systems to minimize the level of influence on
environment became a subject of common European research
projects several years ago. From the projects that were finished
in the past five years, focused on issues of creating system of
that class, one could mention iTRAQ (2012), CARBOTRAF
(2014) and THE ISSUE (2014) [7,9,10]. As a barrier of common
development of such systems, one can mention the institutional

© Copyright by PSTT , All rights reserved. 2016

A. KONIOR, K. BRZOZOWSKI, A. MACZYŃSKI, A. RYGUŁA

aspects, high level of the necessary infrastructure and the limited
availability of specialists that have the necessary knowledge and
abilities, despite the fact that already in 2004 the EURF (The
European Union Road Federation) recommended propagation
of tools to forecast noise generated by road transport and
corresponding technologies that base on the intelligent transport
systems [6].
However, it should be stated here that solutions within the range
of the intelligent transport systems which include actions connected
to active shaping of the air quality and acoustic climate require
dedicated system of decision assistance. Such system operation
also requires simultaneous processing of information series whose
source is the monitoring subsystem, based on the measurement
stations, as well as results of calculations that use proper models
[2]. General requirements for the monitoring subsystem are
characterized in the following chapter.

basis of the real-time road traffic impact monitoring subsystem. In
regard to the above, system characteristic is constant monitoring
of the road traffic, air quality and noise level, supplying input data
and possibility to work both in on-line and off-line mode in order
to evaluate medium-term and long-term transport management
conception.
Such approach was reflected in the idea of architecture of the
decision assist system in regard to the tasks aiming towards reducing
the negative influence of transport on the environment, elaborated
as part of the HEAVEN (Healthier Environment through Abatement
of Vehicle Emission and Noise) project [8]. This architecture is based
on connecting the monitoring and forecasting techniques in order
to perform an assessment of impact on the environment in regard
to the exhaust gas and noise in the near real-time. The following
chapter of work presents the OnDynamic system that is a base to
implement the monitoring subsystem idea.

2. Requirements for the traffic
impact on urban environment
subsystem

3. OnDynamic System

Traffic impact on urban environment system is a necessary
component, which is a condition of system operational ability
to manage air quality and acoustic climate in urban areas. Fully
implemented and integrated system should in the same time
characterize itself with following functionality [11]:
tensure access to data from the monitoring system in near to
real time, with direct possibility to open-access presentation
of the air quality (Internet, GSM services),
tbe equipped in proper visualization tools that allow to present
results by different media to the system users and the residents
of the managed area,
tassist in operation of activating short-term management
actions and strategies in order to limit the level of air
pollution concentration and the noise level,
tperform evaluation of current status and share the possibility
to assess and analyse time-spatial changes for data stored in
the system,
tforecast short-term changes in the air quality (forecast for the
next day) make them public,
thave proper planning tools that allow to carry out forecast
calculations of the air quality for the planned development
strategy and reduction of pollution concentration,
tprovide tools for building economically efficient transport
management strategies with possibility to compare costs
planned for realization with added value of introducing the
given strategy, including tool to seek optimal solution in the
given scope of possible strategies.
Among the mentioned expected functionalities of the air
quality management system in urban areas, realization of the last
three requires implementation of proper computer calculation
models. However, what is especially worth mentioning from this
work point of view, the other aspects can be put into practice on the
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The OnDynamic system is a hardware-software solution for
monitoring road traffic parameters. The principle of the system
is based on detecting Bluetooth (BT) modules of traffic users, e.g.
headsets, cellular telephones or loudspeakers that are within range
of the sensors. Detection system recognized the MAC address
that is unique and allows unequivocally to identify the device.
Thanks to such solution it is possible to recreate route and travel
time of the vehicle that has detectable BT communication module.
Performed analysis, in regard to the area, show the efficiency level
of the vehicle detection at 10 to 35% [3]. On the basis of gathered
data the system allows, among others, following functionalities:
tvehicle average speed measurement,
tmeasurement of time spent in congestions,
ttravel time measurement,
ttraffic flow measurement.
Schematic diagram of how the OnDynamic platform works
was presented on Fig. 1.

Fig. 1. OnDynamic system diagram [13]

In the system structure one can distinguish three basic levels [13]:
tdata acquisition,
tprocessing information,
tdata visualization.
The data acquisition process is realized with use of the main
MCU unit (Fig. 2) which detects BT devices and performs initial
data filtration. The MCU driver, communicated by the Virtual
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Private Network (VPN), sends to the central database data
regarding detected devices and current geolocation.
Processing information is performed at central server levels. In
the first step the gathered data are grouped in regard to the sensor
location (GPS) and their affiliation to the measurement area given
by the user. Information from all sensors is used to calculate travel
time, traffic volume and other parameters.

Fig. 4. Example of chart with aggregated number of objects (15
minutes intervals) between 31 January 2016 and 06 February
2016 on a given intersection [own study]

4. Methodology of
implementing new system
functionality
Fig. 2. An example of the main MCU mounted on a traffic lights
extension arm [own study]

Data visualization was done in a form of internet platform
available from the stationary and mobile devices level. Visualization
includes two fundamental scopes: data presentation on a map
background and charts. Data presentation on a map background
allows to visualize temporary traffic parameters on given road
sections (Fig. 3). An important role in assessing traffic conditions
is played by comparative mechanisms of current parameters
against historic data. On the basis of the OnDynamic system one
can, among others, generate information about changes in the
traffic flow and detect obstructions and traffic incidents.

Fig. 3. Presentation of data on the map background [own study]

The second form of presentation is information visualization in
the form of charts of registered dependencies. This form of layout
allows to shift variations daily, weekly and monthly. Example of
aggregated number of registered objects is presented on Fig. 4.
Taking into account that the OnDynamic is an open system, in
order to implement a new functionality, a methodology presented
in the next section will be applied.
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In regard to the current functionality and operational abilities of
the OnDynamic system, developing the system with new functionality
that allows monitoring of the road traffic impact on the urban
environment requires realizing a number of analytical and empirical
works. Following basic tasks will be realized in chronological order:
1. Elaboration of technical requirements.
2. Completing the set of sensors and slotted line.
3. Creating software of the measurement set.
4. Implementing new functionality with data visualization module into the OnDynamic system.
Below one can find a short description of each subject matter
of the tasks mentioned above. It is an important assumption to
base the measurement system on low cost pollution concentration
and sound intensity sensors [1]. These sensors will be additional
equipment of the chosen measurement stations in the OnDynamic
system. Measure stations equipped with the mentioned sensors will
further be called base stations. Because realisation of particular tasks
requires also empirical tests, they will be done on testing ground in
the form of the OnDynamic system that functions in Bielsko-Biała.
Realisation of works in the first of the mentioned tasks, with
basic meaning for achieving designed functionality, should enable:
tdefining basic location requirements, necessary to achieve
presumed functionality with use of the measurement system
based on the base stations,
tidentification of the system elementary parameters guaranteeing
usefulness of the solution at the presumed limited number of
base stations with simultaneous assurance of on-line access to
the recording results.
Study works that include traffic conditions, surrounding
characteristics (form of fittings, conditions of use) and long-term
wind rose, are going to be carried out in order to assess the method
of spacing and density of base station locations in the OnDynamic
system network. Besides study work, empirical tests are going
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to be performed, including the ones incorporating additional
measurements of parameters describing air quality in the testing
ground. The analysis of variation of parameters describing air
quality and acoustic climate in regard to the variability of the
movement conditions will allow to formulate general guidelines
in regard to the sampling frequency and averaging times of the
registered quantities.
As part of the second task, a prototype of the measurement
system will be prepared. Especially important issues here are:
telaboration of slotted line architecture,
tsetting requirements in regard to the measuring range and
operating conditions.
First, it will be necessary to choose low cost sensors, verify
their precision in regard to the reference sensors and set the
confidence intervals for the recorded parameters. The correctness
of the measurement system will be verified in laboratory and actual
conditions with the use of testing ground. Realization of next task is
connected with the necessity to develop and introduce necessary
base station software in order to:
tserve measurement data registration via implemented
communication protocols of sensor manufacturers, allowing
data acquisition and validation;
tprocessing gathered data and recording data in local and external
database reserves, including gathering data in the OnDynamic
system database,
tsystem calibration, including measurement sensors calibration.
Particular software modules will be tested in real working
conditions. Ultimately, the implementation works will require:
tchoosing, on the basis of performance tests, model of data
exchange between air quality and acoustic climate monitoring
system and the OnDynamic system,
tdeveloping monitoring results visualization method for air
quality and noise level for the area covered by the OnDynamic
system,
tintegration of data gathered with use of the functionality with
database system that services OnDynamic.
One should bear in mind that implementing functionality
connected to the traffic influence on urban environment monitoring
will require performing a system efficiency analysis and confirming
the durability and stability of particular components. The
methodology presented in this work is based upon the analytical
and empirical approach.

5. Conclusion
As a result of already taken studies it was decided that the
OnDynamic system will be supplemented with base stations
equipped with noise sensors and pollution sensors allowing
measurement of at least two kinds of air pollution. Initially it is
planned to make one of the sensors the CO concentration sensor.
The premise to choose the CO sensor is the fact that carbon oxide
concentration is accepted as indicator of air burden with the harmful
compounds emission in exhaust gases. This is a result of, among
others, low carbon oxide natural background and its chemical
inertness in the atmosphere [4]. The second sensor could be particle
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concentration sensor. The justification for this is the origin of this
pollution, forming not only in combustion, but also as a result of
wear of tires, road surface and friction elements of the breaks.
Designed extension of the OnDynamic system functionality
presented in this work is the first step in proposing a tool that
allows to assess the impact that road traffic has on air quality and
acoustic climate in the surrounding of the transport infrastructure
on the basis of real-time monitoring. A modified system will be
a helpful tool that allows transport system administration to
introduce pro-ecological actions in regard to the traffic management
leading to lowering emissions and consequently reaching acceptable
environmental costs level.
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ABSTRACT
The implementation of ITS is carried out with the use of standard project management tools. Therefore, it includes
certain phases. One of the most difficult and risky phase of ITS implementation is launching of such projects. An
important factor causing this difficulty is the fact that launching is being done on „living organism”. Thus it has to
be time-consuming mostly due to the necessity of a proper real-time city traffic data collection. Additional factors
are occurring failures (eg. the tram network or traffic lights system) or accidents. Another problem are social
expectations, which does not take into account the specifics of ITS implementation. The citizens expect immediate
results. The aim of people responsible for the launching phase of such systems is to ensure smooth operation of all
its components and to provide local community with information on a relatively long system activation to its full
operation. This article presents the analysis of the launching phase of the biggest ITS in Poland.

KEYWORDS: intelligent transportation systems, implementation processes, advanced technologies

1. Introduction
ITS systems presence in cities has become more and more
visible. Their numerous benefits [6] assure that they, will certainly
operate in each city, bringing more and more opportunities in
the future. They are an essential component of the concept of
Smart City building [3]. Following their current direction of
development, level of integration between various systems of this
class will increase. Smart Transportation System [7] is considered
as the next stage of development of ITS.
The expected increase in the use of ITS class systems requires
right choices of appropriate ones from the offer available on the
market and then, their implementation. These are very important
steps and their correct conduction determines smooth operation
of the chosen system after its start.
ITS systems are classified as advanced technologies [9]. Their
implementation is a typical example of project and requires the
appliance of methods and tools dedicated to project management
and used by project managers [5]. In the course of their successful
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completion, often there are numerous problems [11] that need to
be skillfully solved.
Problems revealed at the starting stage of such systems often
have their roots in earlier phases of the project implementation
and deployment of ITS and in the formal - legal barriers [4]. One
must also take care of appropriate social interaction during the
planning of the transportation system, which will include the ITS
system [10].
Not all problems that arise in the implementation of ITS systems
are predictable and preventable. Some are related to malfunctions and
traffic accidents. In such cases, a project team should be organized in
a way to react quickly. After their launching, such systems are able to
identify accidents [12] and try to prevent them [1].
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2. Characteristics of Lodz ITS
System
At the end of 2015, ITS system in Lodz was launched. It is the
largest system of this kind in Poland. It connects:
t236 intersections, with induction loops mounted on them
and 50 meters ahead,
tsimilar induction loops on pedestrian crossings and bicycle
paths,
t179 new cameras and additional 29 existing ones,
tvarious detector types (described below).
The system is designed to provide priority for public transport.
Overall travel time through the city should be reduced, followed
by the increase in safety and comfort level.
Numerous detectors have been installed, among them: cyclists
(microwave detectors), pedestrians (the sensor keys), vehicles
(inductive detectors) and video detectors. Moreover, switches and
sensor traction was installed, wherever it was possible. In the first
months of system operation, these systems have been tuned, for
example: cyclist speed on microwave detector, so pedestrians are
not identified as cyclists, or cars and motorcycles intruding on the
cyclists area.
System measures the travel time of both, the „test vehicle”
(made during the testing phase) and cars, trams or buses,
depending on the measure implemented for public or private
transport. Special information boards display information about
the passage time of the measured sector. The measurement is
carried on the basis of travel time on the entire length, number of
stops and their causes. At the starting point of the measurement a
counting meter starts to run. The watch stops at the ending point.
For public transport, watch starts at the first vehicle stop, while the
last stop on the line marks the ending point of measurement. For
this purpose, 4 transport corridors were designed, one in northsouth and one in east-west directions, and the other two on the
right and left edge of the city.
Around Lodz there have been five times more cameras
installed, than existed in the city before the ITS launching. There
are a few its different configurations, such as high-speed CCTV
cameras installed at major intersections in the amount of 50 pieces
designed for monitoring purposes, or ANPR cameras for video
measurement of travel time. Lodz system also includes 29 already
existing cameras. Cameras’ network is connected via IP protocol
by optical fiber or copper cables. In total, in February 2016 the
system includes 200 cameras. Yet, this quantity is still insufficient.
With each investment project in the reconstruction of traffic lights
the number of cameras will gradually increase.

Fig. 1. The map of transport corridors with operating measurement
system of ITS in Lodz [13]

Fig. 2. The map of intersections connected to the system: existing
and planned – in total number of 234 [13]

In Lodz, there are two variants of travel speed measurement:
car and tram:
a. average car travel time

where:
tpS1- average travel time value on corridor S1
7PMVNFr*TTVFr.BZ
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tpS2- average travel time value on corridor S2
x = 1 for measurements „before”, 2 for measurements „after”
b.

average tram travel time

where:
tpT1 - average travel time value on corridor T1
tpT2 - average travel time value on corridor T2
X = 1 for measurements „before”, 2 for measurements „after”
Fig. 3. Lodz Regional Tram stop display device [22]

Outcome improvement is measured by monitoring the of
efficiency indicator of Lodz ITS system. Assuming that Wps and
Wpt indicators are not less than 5%, following formulas were
adapted,
a. average car travel time improvement

where:
tps1 – average car travel time value „before”
tps2 – average car travel time value „after”
b.

average tram travel time improvement

where:
tpt1 - average tram travel time value „before”
tpt2 - average tram travel time value „after”

Another step was the construction of main West – East artery
of Lodz, nicknamed “Trasa W-Z” (which simply means E–W
route in Polish). As part of this investment, Lodz commissioned
the construction of the new, extensive ITS system. The assumption
for the system was to connect 236 [14] major intersections
within the city into one network managed by operators from
the headquarters for this system. Investment contract have been
signed in March 2013 by Hanna Zdanowska - the President of
the city of Lodz, Grzegorz Nita – the Director of ZDiT (Polish:
“Zarząd Dróg i Transportu”, The Board of Roads and Transport)
and contractor representatives [8]. In November 2013 the schedule
for central section was provided. [15] Central section was the
biggest, most extensive part of construction, with its central public
communication interchange stop – connecting Lodz Regional
Tram and W - Z route, and with a new tunnel project. All phases
of these sections were planned to be opened in September 2015.

Signs and variable message boards were mounted, allowing
the system to inform drivers about the current road situation.
They are situated at the key city entry routes.

3. Main stages of system
implementation
First attempt to create ITS system in Lodz have been made
during the construction of Lodz Regional Tram. This project meant
to connect the city of Lodz, with its 711 thousand citizens, with its
nearest satellites cities: Zgierz at the north with the population of 57
thousand people and Pabianice at the south with 67 thousand people
[2]. The construction started in July 2007 and the first phase - Lodz
part – was opened on the 1st July 2008 [22]. The parts of project
in Zgierz and Pabianice have never been completed. All tram stops
in Lodz were modified and equipped with passenger information
system. Electronic display devices were installed at each of 37 stops.
Displays inform the passengers about nearest departure times,
with direction and line number. Additionally traffic control system
ensures that the public communication has the priority.
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Fig. 4. E-W route in the city of Lodz [13]

In this period of time most of the ITS system construction
works have been conducted. Existing Lodz Regional Tram system
was adapted and connected with the new ITS system. Over 100
intersections were modernized, including new street lights and
cameras network. 50 kilometers of optical fiber connected 236
[14] intersections into one system. Works were organized in such
a way, that the difficulties felt by city drivers were minimal. All
intersections connected to the system were equipped with induction
loops, designed for vehicle detection on all lanes. Similar loops were
constructed for tram lines, bus lanes and stops. According to the
Board of Roads and Transport representative, they are situated at
the stop line and 30 to 50 meters ahead. Induction loops are not a
new technology in Lodz. In the past many intersections have already
© Copyright by PSTT , All rights reserved. 2016
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been equipped with them, so in some cases it was simply a matter
of their connection with the new system. Several main bicycle paths
have also been equipped with this solution. These places called
Advanced Stop Lines for cyclists, improving their safety on the
road. In the end E–W road, along with the new ITS system have
been launched on 31st October 2015 [20]. System launching was
partial, with some of its subsystems introduced over time. Driver
information electronic display VMS tables have been activated in
December 2015 [8]. Another part of Driver Information Subsystem
is a web page, showing information about accidents, traffic jams,
road works, parking areas and weather. It has been launched in first
half of February 2016 [15]. Currently, the system is still gathering
the information and undergoes needed adjustments [15].

4. Problems during the system
implementation
The work on ITS system had been coordinated with other
construction projects conducted in the city. Main investment was
the E-W road. In fact ITS system construction was part of the
same project. The city had to deal with growing displeasure among
citizens, who were already tired with extensive city transport
network modernization in recent years. E – W road construction
was particularly troublesome. Main intersections in the city were
closed for two years, which led to serious congestion problems on
alternative routes. What escalated this problem was the fact that the
city ring road still was under construction and most of country north
– south transit went through Lodz, to highway intersection situated
north – east from the city. In order to reduce these inconveniences
no entry edict for trucks over 12 tones was issued since March 2015
to December 2015 [20]. This in turn led to dissatisfaction in Lodz
satellite cities, which had to deal with suddenly growing transit level
[20]. Congestion level was further increased by the fact, that the
city intersections had to be modernized, allowing their connection
into constructed ITS system. Works on these intersections had
to be organized in a way, which was felt least by drivers. Finally,
the planned ending date for this project has been moved from
September to November 2015 [17]. One of the reasons for the
delay was the addition of additional construction works, requested
by Lodz town council [17]. Another reason was the delay of E–W
tunnel works, and its connection to ITS system. It was connected
and finished by the end of October 2015, and testing took another
month [23]. Official opening of the E – W road and ITS system
happened on 31st October 2015 [20], and caused another problems.
The traffic lights on one of most crucial intersections in Lodz,
connecting Piłsudskiego street (E – W road) and Śmigłego - Rydza
street (one of two main N – S roads) stopped working. This led to
gigantic traffic jams in rush hours. This problem lasted for a few next
days, until the malfunction was detected [18]. The problems did not
spared the tram system in Lodz. Trams on one of roads connected
to E – W road had difficulties with turning on to it, and created a
few kilometers long traffic jam [19]. Again, the problem was created
by traffic lights cycle and its bad optimization. Additionally, tram
traction on E – W road suffered from voltage shortage [19].
Moving on further, the Passenger Information System was
constructed as a part of Lodz ITS. Stops were equipped with
7PMVNFr*TTVFr.BZ

special displays and supposed to show real time departure time.
Unfortunately, by the end of first half of December, not all public
communication means have been equipped with special GPS
devices and the displays, instead of real time data, showed static
timetable [15]. Another electronic display system, incorporated
into Lodz ITS, also have some problems. As a part of the Driver
Information System, nine VMS were placed on main routes, and
started working in January 2016. Immediately, many drivers
expressed the opinion that the table are unclear, and hard to
decipher, especially for individuals who do not live in Lodz [17].
Tables show simplified network of main routes through the city.
Different colors show traffic intensity, and travel time, based on
the data gathered by system, is provided. In February 2016 ZDiT
– the Board of Roads and Transport announced, that problematic
graphical design format of the tables will be changed in following
weeks [21].

Fig. 5. One of the VMS tables [16]

Lastly, a complex system like the one in Lodz needs time to
be fully configured. ZDiT and Sprint company – main contractor
of Lodz ITS system, announced that adjustment will take a few
next months, giving an example of the city of Bydgoszcz, where
adjustments of the ITS system on 50 junctions, which was also
constructed by Sprint, took three months [15]. Step by step,
the system learns about the city, and hopefully all problems will
be eliminated and city traffic fully sorted out. Meanwhile, next
infrastructure investments are planned.

5. Conclusion
The implementation of ITS systems is a very difficult task.
Installation of such systems in cities often has to be parallely
conducted with other ongoing municipal investments and so it was
in Lodz. Despite the huge organizational and financial effort and
commitment of many people, it was impossible to avoid problems
at the start of this, currently Polish largest Intelligent Transportation
System. The problems that occurred were typical for such cases
described in many scientific papers and case studies. A team of
people and institutions responsible for the implementation of ITS
in Lodz, in these difficult situations, tried to work well to resolve
the difficulties.
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The analysis of the implementation phase of ITS in Lodz
confirmed the theses included in a number of literature references,
saying that in order to avoid problems during the starting period
of such a system, it is necessary to observe the principles of
project management and consult the proposed outcomes with all
parties – a solution that will allow those parties to find potential
weaknesses. The analyses carried out by authors, allowed them to
propose potential changes in the implementation of ITS systems,
which are contained below.
Social consultations conducted during the development of
Lodz ITS system were insufficient. Such extensive project should
be consulted with representatives of various parties, interested in
efficient road network. The first one should be the police and the
municipal police for Lodz, who can greatly benefit from the use
of city-wide ITS. In the end, they were equipped with additional
system workstations [13], but they did not get the chance to
propose changes. Similar situation was with the regional Crisis
Management Centre, coordinating emergency and municipal
safety services. It is a very important entity in case of serious
accident and catastrophes. Therefore, it should be able to use the
system for its own purposes. It is most likely, that they can, but
again, they could not yet propose changes. Last, but not least,
the biggest interested party – drivers and passengers. Whereas
passenger interest, in some parts, has been represented by the City
Public Transport Company, drivers were neglected. Consulting
them could prevent problems like bad design of VMS tables.
Instead, a few weeks passed since the need to change it was
acknowledged. In December and January, taxi drivers were asked
for opinions [15]. They proposed a change in organization of some
road lanes. Yet again, it would be more beneficial to consult them
earlier, before the route was opened. Such consultations would
also increase citizen awareness on the investment. Currently
many people consider it as just another money sink, failing to
comprehend future benefits.
Another improvement of the system will be an addition of even
more cameras. As it was admitted by the Board of Roads and Transport
representative, there are too few of them, leading to ineffective data
gathering. Every future investment regarding intersections and traffic
lights will require new cameras to be connected. This could have been
prevented, by adding those additional cameras earlier, during overall
reconstruction conducted by ITS system contractor.
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ABSTRACT
The perspective of use the Bring Your Own Device (BYOD) model in telematics environment which ensure a reliable
access to network resources is presented in the paper. The BYOD model is a future-proof solution which applies in
areas related to database systems. It provides the user wireless access with the use of 802.11n/ac/d standard, mobile
access via WiMax-2 or LTE-A networks and wired with the use of Gigabit Ethernet technology.
The research network which reflects the events representative for the telematics environment was established for the
verification of functional capabilities of BYOD model. Services that offer a user the synchronization of files between
mobile terminals and data server were implemented in testbed. A detailed set of test scenarios and criteria for assessment
of the declared properties model BYOD were also defined. The article presents the results of research that confirm the
use of this type of networking solutions for mobile and reliable access to data in a telematics environment.

KEYWORDS: data transfer, mobile access, reliability of telematics system, BYOD

1. Introduction
In the recent years a very dynamic development of technologies,
including mobile technology is noticeable. Solutions, which on
this occasion arise, make mobile devices become inherent to the
human life. Mobile devices, such as laptops, tablets or smartphones,
are used for different purposes. Lately, more and more frequently
private devices are also used to perform the tasks in the workplace.
This is due to the fact that the devices available to employees are
more advanced and more efficient than those offered to them by the
employer. The result of this situation is the creation of the concept of
Bring Your Own Device (BYOD) model. This model is dynamically
developed and is used in almost every field. Studies of this model
are created by different companies, among others: Cisco Inc., IBM
and Air Watch, providing solutions in the area of ICT.
Bring Your Own Device is a model that enables the user execution
of the tasks, regardless of the place of dislocation and conditions of
the network, using private devices [1,2]. Model BYOD provides the
user access to the network using wireless (mobile) as well as wired
technologies. This access is implemented using currently available
the latest standards and techniques. The wireless support of user
can be achieved in two ways. The first of these is available through
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WLAN network, using standard 802.11n and 802.11ac/d, through
the access point in place of work. The second approach is access
through the mobile network (e.g. 3G/4G, WiMAX, WiMAX-2, LTE,
LTE-A, etc.). Wired access can be implemented using standard such
as Fast Ethernet or Gigabit Ethernet. In addition to the undeniable
advantages the model can also be characterized by some drawbacks.
An example would be inadequate protection of mobile devices as
well as the lack of security policy.
Appropriate configuration of IT network and the use of security
equipment can significantly increase the level of network security
and so called “sensitive data” that are stored in network data bases.
An example solution may be the use of advanced router with firewall
functionality (e.g. CISCA ASA) as well as configuring connections
within the Virtual Private Network (VPN) with SSL (Secure Socket
Layer) or IPsec (Internet Protocol Security) protocols. Another
solution that can be considered is use a virtual router or BGP
(Border Gateway Protocol) router with MPLS (Multiprotocol Label
Switching) functionalities between border network devices.
In nowadays transportation systems that are widely using
the IT networks there are often real-time needs for “fast” access
(transmission) to the “large” amounts of data [3]. Using the latest
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standards it is possible to transmit data at a throughput of up to
1Gbps of wired or wireless links.
As mentioned BYOD model is widely used and can be
implemented in many different ways depending on demand. The
BYOD model dynamically adapts the access to network resources
and allocates the transfer rate over the time, e.g. for a service of file
synchronization between the server and the client using the Work
Folders. This is particularly important target service conditioning
the functionality of the current work of the organization and
supporting the process of archiving data repositories. An additional
and essential advantage of BOYD model, distinguishing it from
others is that the data are stored in a redundant manner.
In order to better analysis model can be divided into 3 main
sections. The first concerns the data center, a place where data
or applications from which the user can remotely use are stored.
The second area is the area of the network, which carried out the
functions of routing and access to services. This area includes
network infrastructure, e.g. company, architecture of the Internet
Service Provider (ISP) and network access infrastructure - wired or
wireless. The third area is the user’s device - a device specification,
security methods, characteristics of network application, etc. Each
of these areas can be analyzed from various perspectives - safety,
performance, reliability or QoS. Later in the paper these areas
were subjected to a comprehensive analysis, in particular in terms
of reliability.

research network. This service allows synchronization files between
the server and the users. The principle of operation is similar to
applications such as OneDrive or Dropbox. The difference is that in
the case Work Folder data is stored on the local server rather than on
a server belonging to others. Authentication is based on account and
domain password. Work Folders uses HTTPS and SSL certificate
to ensure the confidentiality of data. The server administrator can
delete the files in the user working directory and secure them in
such a way as to minimize the risk of use of files in an unauthorized
way [5, 6]. The research environment contains also the device which
is generating background traffic within communication network
(LANforge-FIRE Stateful Network Traffic Generator/LANforge
ICE) and tools for valuation of traffic (iperf). Example settings are
included in the table 1.

Fig.2. The research architecture of BYOD model [own studies]
Table 1. The parameters of client and server in iperf application
[own studies]

Fig. 1. General architecture of Bring Your Own Device model [own
studies]

2. Architecture of research
environment
The research environment model is shown in the Fig.2 [4].
Architecture of telecommunications network used during the
research uses a commonly used network equipment, of which
more important are: the Cisco 28xx and 29xx routers, 3COM
family Baseline 22xx 24 port switches, Dynamode R-ADSL411N wireless routers and two Hewlett-Packard family Proliant
DL 360 5 generation servers with Windows server 2012 R2 with
Active Directory, DNS and Work Folders service among others.
Confidentiality of communication provides VPN tunnels that use
SSLv3.0 protocol. This architecture provides the user wired and
wireless access.
The Windows 8.1 operating system was installed on the client
device. Wired communication network takes place through interface
Gigabit Ethernet, and wireless communication interface using
802.11n. The IPv4 address plan and OSPF routing were used as well.
The Work Folders service was the main service implemented in
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Parameter

Client

Server

The iperf mode of operation

generator of
demands

executor of the
demands

Server address

192.168.1.2

-

Port

5001

5001

Parallel streams

1

-

Transmission time [sec]

300

-

Protocol

TCP

TCP

Allowing for the characteristics of the network environment
outlined above, it is proposed to adopt the following requirements
for testing environment:
1. Split the users into groups and assigning them permissions
(Table 2).
2. Provision of:
taccess control to network resources, consisting of distinguishing
and managing access rights for different groups,
tidentification and authentication of network users while using
the services covered by the access control,
tsecurity of information upon which decisions are made about
granting access rights to the resources and services performed
in a network.
3. Events recording, this allows for creation of ongoing statistics
of the network, through:
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tthe use of identification and authentication mechanisms,
tuser activities associated with the use of access rights.
4. The elimination of possibility of changes associated with the
logical network architecture, user rights and the classification
of information.
Table 2. Users and services allocation [own studies]

The research architecture of BOYD model was used to conduct
the following tests:
tDetermine the service realization probability as a function of
the number of running services. The number of services was
increased from 1 to 100. To ensure a high level of credibility
of the obtained results, each test was repeated 65 times. It
was assumed that the time of service realization is equal to
60 seconds. Research was carried out for three standards of
wireless network: 802.11g, 802.11n and 802.11ac.
tBandwidth and network delay variation for the user who has
access to the network using 802.11n was examined. Based on
the results from a previous study, it was assumed that it will be
performed for the network in which 10 services is running. A
packet loss for the network was tested as well.

3. Analysis of results
As a result of studies performed and the results obtained a set
of graphs showing the probability of services realization depending
on the number of running services were made. The probability of
services delivery is defined as the ratio of the number of provided
services to the number of service needed. For such defined
probability a subjectively acceptable and critical level of services
realization was determined (Fig.3).
On the basis of analyzes and assessments it was determined
that the acceptable level is equal to 0.8, while the critical level to
0.7. In practice, this means that failure of 1 from the 5 available
services it is acceptable. As can be seen from the graph (Fig. 3),
the best results were obtained for 802.11ac standard. Noticeable is
also the fact that the probability of service realization in the case of
standard 802.11ac started to decrease when running 35 services,
while for 802.11g standard it was 8 services. This gives more than
four time larger network reliability. This also means that the use
of the latest standard of Wi-Fi, creates the possibility of use the
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network resources by four times number of users. Therefore it can
be conclude that the introduction of the latest standards, and thus
higher bandwidth, provides also greater network reliability and
increases the probability of access to network resources. It is also
worth noting that the probability of the service delivery for three
studied standards does not fall below 0.2 (802.11g). This means
that there is always a probability that the demand for the service
will be executed even at a very busy network.

Fig.3. Probability of the service delivery depending on the number
of running services [own studies]

Another study is related to examining network performance
in terms of available bandwidth and delay variation. The study use
the application iperf configured to work in research network of
BOYD model. The obtained results are presented in the following
figure (Fig.4).
As can be seen the average throughput for 802.11n reached 220
Mbps. This is a satisfactory result, in particular, that at the same
time the system was used by 10 users. Jitter at an average value
of 150 msec. is acceptable for the considered research network.
The maximum values recorded in the range 500 - 1000 msec. are
instantaneous values which are practically no noticeable for the
user. Due to the fact that the services provided in the network are
non-real time services, the jitter value is not so significant for the
provided services.
A recent study included measurements of packet loss (Fig.5).
Just like before iperf application was used. The observation period
was set for 60 minutes in order to increase the reliability of the
results. As can be seen, the average packet loss does not exceed 1%,
which is a very satisfactory result.

Fig.4. Throughput and delay variation as a function of time for
802.11n network [own studies]
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However, within the first 10 minutes of the study, the results
achieved significantly deviating from the expected packet loss
level. The reason for this may be caused by the traffic associated
with the establishing of connections and launching services. In the
subsequent time intervals the losses normalized, which created
the conditions for reliable data transmission.

The results indicate that the dynamically developing new
techniques and technologies are solutions ensuring network
reliability. The network architecture of BYOD model presented
here is a very good example of this. Thanks to the described
model, users can use private mobile devices, e.g. in the workplace
and use them for the accomplishment of tasks.
It can be used in telematics environment for provision of
mobile and reliable access to database system.

Bibliography

Fig.5. Packet loss as a function of time for 802.11n network [own
studies]

5. Conclusion
The paper presents the test results of BYOD model reliability in
terms of access to network resources using mobile standards. The
test results show that, depending on the used standard of wireless
network it is able to handle user with the probability depending on
the number of simultaneously running network services. The user
using the services of BYOD model has assured reliable access to
network resources at a satisfactory level of bandwidth and latency
variation, enabling continuous use of the services. Packet losses
are so low, that they are not noticeable by the user.

34

[1] LASKOWSKI D., STAPOR P.: Bring Your Own Device – model
of safe and efficient access to the IT network. ICT engineering
models - Volume 10. Politechnika Koszalińska, 2015.
[2] ANDERSON N.: Cisco Bring Your Own Device - The freedom
of choice devices without exposing computer networks, Cisco
Systems Inc., August 2013.
[3] KOWALSKI M., et al.: Exact and approximation methods for
dependability assessment of tram systems with time window,
European Journal of Operational Research, vol. 235, Issue: 3,
pp. 671-686, 2014.
[4] LUBKOWSKI P., LASKOWSKI D.: Test of the multimedia
services implementation in information and communication
networks, Advances in Intelligent Systems and Computing,
Vol. 286, Springer, pp. 325-332, Poland 2014.
[5] https://technet.microsoft.com/en-us/library/dn528861.aspx
[date of access: 06.01.2016].
[6] https://www.ibm.com/mobilefirst/us/en/bring-your-owndevice/byod.html [date of access: 06.01.2016].

© Copyright by PSTT , All rights reserved. 2016

Archives of
R. MADLEŇÁK, L. MADLEŇÁKOVÁ

Transport System
Telematics

Volume 9
Issue 2
May 2016

Application of OSI reference model to
the logistic systems
R. MADLEŇÁK, L. MADLEŇÁKOVÁ
UNIVERSITY OF ZILINA, Faculty of Operation and Economics of Transport and Communications, Univerzitna 1,
01026 Zilina, Slovakia
EMAIL: radovan.madlenak@fpedas.uniza.sk

ABSTRACT
The logistic services belong to the network services and it is possible to look similarity with other services such as
transport and telecommunications. On this basis, the paper shows that by use of sufficient disaggregation, the logistic
system can be analysed by network layers. This new theoretical approach will be represented by designed logistic
system model based on three layers: logistic infrastructure, technology of transportation and passive infrastructure
of logistic network.
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1. Introduction
The assurance of the basic functions for the logistics systems of
which networks and their technical and technological equipment
must enable interoperability with other logistics systems belongs to
the complicated problems that are difficult to solve. It is necessary
to consider the access safety to elements of logistic infrastructure or
services. The question that arises is the determination of access points
in the network of logistic service provider and the establishment
of conditions for access and connection to other logistic operators.
This fact leads to the idea to examine the logistic system not only
from a procedural point of view, but also to look at it as an open
communication system, what is typical for other departments of
communication sector, e.g. electronic communication.
The aim of this article is to present the formation of layer model
for logistic system, with the determination of the basic rules and
tasks for mutual communication of individual layers for the purpose
of interoperability assurance. The model for communication of
open systems OSI (Open System Interconnection) seems to be an
appropriate formula for this type of model, which was defined in
1978 by International Organization for Standardization (ISO) to
avoid problems associated.
The OSI standards are available from the ITU-T as the X.200series of recommendations. The recommendation X.200 describes
seven layers, labelled 1 to 7. Layer 1 is the lowest layer in this model.

7PMVNFr*TTVFr.BZ

Fig. 1. Seven layers of OSI model [own study]

Layer 7: The application layer. This is the layer at which
communication partners are identified, network capacity is assessed
and that creates a thing to send or opens the thing received. This
layer is not the application itself, it is the set of services an application
should be able to make use of directly, although some applications
may perform application layer functions.
Layer 6: The presentation layer. This layer is usually part of
an operating system and converts incoming and outgoing data
from one presentation format to another, e.g. from clear text to
encrypted text at one end and back to clear text at the other).
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Layer 5: The session layer. This layer sets up, coordinates and
terminates conversations. Services include authentication and
reconnection after an interruption.
Layer 4: The transport layer. This layer manages packetization
of data, then the delivery of the packets, including checking for
errors in the data once it arrives.
Layer 3: The network layer. This layer handles the addressing
and routing of the data, sending it in the right direction to the right
destination on outgoing transmissions and receiving incoming
transmissions at the packet level.
Layer 2: The data-link layer. This layer sets up links across the
physical network, putting packets into network frames.
Layer 1: The physical layer. This layer provides the hardware
means of sending and receiving data on a carrier network.

2. Analysis
Logisitics is the management of all activities which facilitate
movement and the coordination of supply and demand in the
creation of time and place utility. It is defined as a business planning
framework for the management of material, service, information
and capital flows. It includes the increasingly complex information,
communication and control systems required in today’s business
environment.
Another definitions of logistics referred to ‘the positioning of
resource at the right time, in the right place, at the right cost, at the
right quality’. This definition can be expanded into what might be
considered as the seven ‘rights’ of customer service. These are the
right quantity, cost, product, customer, time, place and condition.
All of these different aspects can be key requisites of a good
customer service offering – indeed, each of them may be essential
to ensure that a product achieves its expected sales in the various
markets where it is made available. It is notable that all of these
elements are affected by the standard and quality of the logistics
operations that are an integral part of getting a product to market.
Logistic system is made up of a set of facilities linked by
transportation services. Facilities are sites where materials are
processed, e.g. manufactured, stored, sorted, sold or consumed.
They include manufacturing and assembly centers, warehouses,
distribution centers, transshipment points, transportation terminals,
retail outlets, mail sorting centers, garbage incinerators, dump sites,
etc. Transportation services move materials between facilities using
vehicles and equipment such as trucks, tractors, trailers, crews,
pallets, containers, cars and trains.
The logistics system consists from three fundamental parts:
logistics services, information systems and infrastructure (resources).
Logistics services support the movement of materials and
products from inputs through production to consumers, as well as
associated waste disposal and reverse flows. They include activities
undertaken in-house by the users of the services (e.g. storage or
inventory control at a manufacturer’s plant) and the operations
of external service providers. They comprise physical and nonphysical activities (e.g. transport, storage and supply chain design,
selection of contractors, freightage negotiations respectively). Most
activities of logistics services are bi-direction.
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Information systems include modelling and management
of decision making, and more important issues are tracking and
tracing. It provides essential data and consultation in each step of
the interaction among logistics services and the target stations.
Infrastructure comprises human resources, financial resources,
packaging materials, warehouses, transport and communications.
Most fixed capital is for building those infrastructures. They are
concrete foundations and basements within logistics systems.
The logistics services can be analysed as a processes and subprocesses taking place in the networks. The network character
of logistics services is not different from other network systems.
Although we are accustomed to portrayal of logistics services
through the processes and sub-processes, it is possible to see the
logistic system at a certain level of abstraction also in layers as in
the case of telecommunication services. Agreement is significant
especially in terms of the service provided through the model of
layers, in which the basis consists of the physical layer, network
layer, and layer of services. The physical layer represents a means of
transport or vehicle of transport and it is responsible for the physical
realisation of transmission in the case of telecommunication. The
network layer expresses mainly the creation of interconnection
for transport requirements or for the transfer of message in
telecommunication.

3. The proposal of layer model of
logistic system
We will describe flow of goods through logistics systems and the
way of its connection on the basis of the model principles OSI. We
will describe not only the immediate shipment of goods between
the systems, but also the abilities of the system to collaborate and
to solve tasks of relocation with other systems, through which the
materials is going during its transfer until the delivery. It is possible
to characterize the interconnected logistics systems on the basis
of grouping that consists of one or more access points, related
hardware, terminals / hubs / depots, human features and vehicles
used for the carriage of shipments, etc.
Communicating devices in the logistic system will be represented
by the means of the layer architecture. This layer architecture is
characterized by the hierarchical organisation of the functions
(entities) that are needful for linking system. The highest layer allows
the contact with the user interface (e.g. with network subscribers)
and the lowest layer allows the contact with the physical transmission
medium.
Different functions are allocated to the individual layers of
model that enable the realisation of „the system interconnection”.
The architecture of the open system is made up from number of
subsystems - layers that are stored on each other. Every layer contains
interface between the nearest higher and the nearest lower layer.
The highest layer has the interface towards the user environment
and the lowest layer towards the transmission medium.
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3.1. Basic elements of the layer model

3.2. Basic characteristics of the layers

A layer can be understood as a part of the network´s function.
When we monitor the activities that take place in the distribution
network, it is clear that those functions depend on each other - one
function provides its services to another while using the services of
other layers. Those categories can be called the layers of network. It
is important to note, that only the same layers (equal) of the logistic
system will communicate between the sender and the addressee
during the relocation process and transport of the goods.
Function / functionality will constitute a certain functioning,
security operation or determination of specific activities in the
transfer process. It can also determine the relationship between
two layers. It limits the layer competence, role and its importance
in ensuring of goal achievement- the transfer of the goods from
the sender to the recipient.
Identification of the sender, recipient, transmitted shipment and
endpoints in network are related to the use of a suitable protocol.
Protocol can be understood in two ways. It may be characterized as
a register, report and record of the process or a result of the activity
or operation, for example a book of records about the acceptance
and dispatch of shipments. On the other hand, it may be a sum
of the procedures and rules determining the operation of the
installation or method of communication between endpoints in the
logistic system.
Each layer (N) has specific functions that form a part of the
management communication and defined way of communication
with a neighbouring lower (N-1) and higher layer (N +1). This is
the way, how the interface is formed. The interface is defined as a
border between two layers. The interface in layer model is formed
by a physical point (factories, warehouses, retail stores), but it is
formed also as a set of norms, regulations and protocols defining
characteristics of a connection that may be virtual/ electronic.
The determination of the security and qualitative characteristics
is a very important part of architecture for the layer model. Security
can be understood as a minimisation of the “vulnerability”
whether of the shipments that enters the technological system or
instruments and procedures that ensure the distribution of the
shipments. It means that, if the shipment is secured for example by
the cover, barrier or by another element of protection against loss or
damage, but on the other side the access to the postal system does
not include any physical security restrictions, the protection may
be pointless [3]. The safety measures do not have to be set just at
the technical and technological level, they can also be measures in
the form of insurance, because it is not possible to achieve perfect
technical and physical security. The goal of safety measures should
be to reduce the risk of violation on acceptable level.
The quality of the logistic service is defined as a degree of
achievement of the customer´s expectation with the provided service
and as a disproportion between expectations and perceptions. The
quality is determined by the normative requirements and its level is
dependent not only on the perception of impact the output process,
but mainly on the quality of the whole process.

The layer number 1: The physical layer (the lowest layer of
architecture) is identified as a physical communication (shipment)
in available infrastructure (road, rail, air, water), that is provided
through physical media (a means of transport). This layer specifies
the characteristics of individual vehicles, such as capacity, loading
surface and it also defines the way of shipment. Another devices
that belong into this layer are different types of nodes for example
(depots, hubs ...).
The layer number 2: The line (data link) layer provides a
connection between two neighbouring systems, respectively nodes.
It identifies and organizes goods from the physical layer into logical
units (e.g. containers) and it provides the connection of neighbouring
nodes and enables the setting of transmission data between two
nodes. Its function is also to ensure the formation of transport units
on the basis of codes such as: (country codes, ZIP codes ...), and it
announces the errors of loading. Its task is to ensure the functions in
transport of shipment between the network units and the detection of
errors that occur in physical layer.
The layer number 3: The network layer takes care about the
direction of shipments within the network and network addressing.
It provides the connection between the systems that are not
neighbouring ones. Some open systems have functions of internode
link (processing centres, warehouses, terminals ...) that ensures
the handover of shipments to another system. The basic function
of this layer is a collection of network-oriented protocols for the
goal of correct shipment and crossing of different technological
characteristics that are applied in individual networks. This layer
provides a connecting path between endpoints, including the use
of internodes. It is responsible for the selection of the best path
between the terminals equipment and transport between them, as
well as the delivery.
The layer number 4: The transport layer manages the transport
of shipment from end node source (open system), into targeted end
node (open system) that is not realised in internodes. This layer
reminds us an illusion as if each node in the network had direct
connections with any other node. It ensures the creation of transport
units from expedition of goods and their deconsolidation in delivery.
Its purpose is to provide such quality distribution that is required by
higher layers. This required quality is maintained throughout whole
time of the transport connection. Higher layer is informed in the
case of quality failure (T & T service). This includes for example the
application of protocols related to the requirements for distribution
with guarantee (e.g. insurance) and the requirements for distribution
without guarantee. The guarantee can be applied also to loss and
damage of the shipment.
The layer number 5: The relational (session) layer organizes
and synchronizes dialog between co-relational layers of both
systems and it controls the exchange of data between them. It
creates a connection between the sender and the recipient through
the application of defined protocols - the selection of suitable cover
for shipment and the presentation of personalized features, followed
by submission of shipment - the enter into the distribution system.
In the case of system´s failure to deliver the shipment, it may be
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returned to the sender on the basis of referred synchronized dataaddress (sender, recipient).
The layer number 6: The presentation layer transforms the
shipment into the shape that is used by application. It determines the
conditions for the requested service and it sets rules for the choice
and distribution of shipment. The protocols are based on legislative
measurement. It deals with the formal aspect of shipment (cover,
address information) and with the preservation of information
content during the transport. Its task is to ensure the secrecy of
correspondence between sender and recipient.
The layer number 7: The application layer includes the logistic
service of which disclosure is required by the sender through the
entry of the distribution system.

Fig. 3. Basic 2-layers model based on the layer’s users [own study]

3.3. Formulation of layer model
We can divide layers on the basis of their characteristics and
functional content into two basic groups: either in terms of their
functions within the network, or from the perspective of user access.
In terms of functional load of the individual layers we can see
several options to create a n-layer model. If we consider the division
of layers from the user and network perspective, we will create a
basic 2-layers model.
tDivision of layers in terms of their functions within the
network:
tEnd-oriented layers - they are implemented only into the
terminals (application, presentation, session, transport layer).
tNetwork-oriented layers - they are dependent on the network
technology that is used and they have to be at least partially
implemented into the network (network, line/data link,
physical layer).

Fig. 2. Basic 2-layers model based on the function of layers [own
study]

tDivision of layers in terms of their users:
tUser-oriented layers (application, presentation, session layer) they play important roles in interpretation of the data to user.
tTransport-oriented layers (transport, network, line/data link,
physical layer) - they are related to the distribution of the
package.
The second option is the creation of a 3-layers model, established
on the basis of their functionality, in which the theory of network
systems works with them on the basis of ISO/OSI recommendations.
In this variant the transport layer can be described also as so called
interlayer that forms an interface between user-oriented layers and
network-oriented layers.

38

Fig. 4. Basic 3-layers model [own study]

During application of the layer model into environment of
the logistic system, it is possible to think about the integration of
chosen layers. This is possible just in the case of insufficiency of
functional filler, or in the functional intersection of the individual
layers, in which the interface identification between layers or
setting of communicating protocols will be not possible.

4. Conclusion
The idea and the purpose of this paper consist in problematic
solving of logistic system model through the decomposition
into independent subsystems by the form of layer network
model depiction. Logistic service that is generally understood
as a sequence of processes for collection and distribution of
shipments can be presented through the security functions in
identified layers of logistic systems.
Another reason why to think about the logistic system in the
forms of layers is its wider range of services and their penetration into
the field of electronic communication, that are becoming necessary
part of delivery services, mainly in the form of supplementary
services that increase the positive perception of the customer (e.g.
hybrid products involving ICT into the process of distribution).
These new possibilities and opportunities create space for
discussion, especially in the field of service interoperability. Which
regulating organ should solve interoperability and interconnectivity
problems? Which orders or means will be redundant and which will
be absent?
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ABSTRACT
Nowadays, transport is one of the most important parts of life. Transport indicates the technological process of
carrying the goods on the distance or relocating people. The most flexible type of transport is the motor transport.
The article shows the electronic toll collection system present in Poland from 2011. However, the main goal is to
introduce the entrepreneurs’ opinions - the system users and the privet people that are using the system, in order to
compare their view on the functioning of that system..
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1. Introduction
Nowadays, transport is one of the most important parts of
life. Transport indicates the technological process of carrying the
goods on the distance or relocating people. The most flexible type
of transport is the motor transport.
One of the most important aspects of transport is the finances.
The motor transport is one of the most taxed activities but the
condition of the road infrastructure is not perfect enough that
there is no need to invest in it any more. The amount of vehicle
circulating on the roads is enormous, thus, even the best roads will
eventually need to be renovated. So, the road maintenance costs
do not end with their construction.
Therefore, many countries, including the European Union
countries, apart from the mentioned taxes also introduce the so-called
electronic road toll and that topic will be the subject of this work.
The article shows the electronic toll collection system present
in Poland from 2011. However, the main goal is to introduce the
entrepreneurs’ opinions - the system users and the privet people
that are using the system, in order to compare their view on the
functioning of that system.

2. Road toll in Poland
Due to the increasing number of the goods vehicles that are
using the public roads and the increasing costs of their maintenance
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and construction every goods vehicles exceeding the total mass of
3.5 ton and every bus (regardless of its mass) that use the road
infrastructure are obligated to pay the road toll. It suggests that
every vehicle, the construction of which allows it to travel faster
than 25 km/h (excluding the farm tractors), which wishes to
travel on the public roads that are included in the electronic toll
collection system, must pay fare. It is partially the continuation
of the vignette system but it also introduces the principal saying
that the vehicles which exploit the infrastructure the most have to
suffer the greatest consequences in form of higher fare.
It is also important that the fare presently used in Poland is
introduced with the principal recommended by the European
Union saying: „user pays – contaminator pays”. The subject to the
highest fares are the users of the oldest and the least ecological
vehicles as well as the vehicle that wear the infrastructure the
most. It is a fair principal, especially to the previous vignette fares
based on the all-round amount.
The system that collects the toll is called viaTOLL [1]. The system
was designed and constructed in full by the Kapsch TrafficCom AG
consortium [2]. This company won the tender for the construction
and managing of the National Toll Collection System.
The contract encompassed designing, constructing and
introducing the modern electronic toll collection system for the
roads in Poland, and the time frames of the contract were established
on 2011 - 2018. Finally, the system is supposed to cover around 2000
km of motorways, 5000 km of dual cartridge ways and 600 km of
national roads.
© Copyright by PSTT , All rights reserved. 2016
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The viaTOLL system is based on the wireless communication
of short distance DSRC (dedicated short-range communication).
Its basic elements are the OBU on-board devices and the system of
antennas placed on the so-called gantries on the paid parts of the
roads. This system ensures the constant movement of the vehicles,
as it is able to communicate between the devices and the operator
very quickly, which means that the driver can freely drive under
the toll collection gates. The only duty of the driver during the
vehicle operation is to observe the signals the viaBOX on-board
device “sends”.
There are two types of gantries: the first (the basic) for
communicating with the OBU and the second, more complex, the socalled control gates with the digital camcorders and cameras placed
on them, the purpose of which is to capture the vehicles without the
viaBOX device in them.

Based on the survey among the users of the current system,
most of the people claim that the previous system was worse than
the current one (55% of the interviewees), 22.5% are opposite
(similarly to the people who have no opinion of that matter or
cannot decide). The detailed survey results are shown on the
diagram no 2.

Fig. 2. Survey results - question 2 [own study]

3. Introduction of the viatoll
system in the users’ opinion
In order to learn the actual opinion of the viaTOLL system
users a survey was conducted [3], evaluating this system by
the people who use it every day, but also those who use it only
sometimes.
The survey was conducted on 40 people, divided in two
groups: drivers and people conducting the electronic toll control
department in the company. These were mostly the so-called
transport managers, but also the owners or forwarding agents.
Some of the questions were directed only to the particular surveyed
group, as the people controlling the toll collection would not know
the manner of system usage and the equipment in the cars, on the
other hand, the drivers are not able to obtain the information on
the costs of viaTOLL in the company as well as different contacts
with the operator.

2.1. General results of the survey of all the
people participating in the study
Question 1: What is your assessment (generally) of the
electronic toll collection system in operation in Poland?
The statistical data indicates that the great majority - 77.5%
of interviewees assesses the system as good. The detailed survey
results are shown on the diagram no 1.

Question 3: Which method of payment do you prefer?
As far as the payment method is concerned, most of the
interviewees selects the post-paid method - 52.5%, the remaining
47.5% pays with the pre-paid method. The final result is quite
balanced, thus it can be attested that each method has its supporters.
The detailed survey results are shown on the diagram no 3.

Fig. 3. Survey results - question 3 [own study]

2.2. The survey results among the drivers
Question 4: What is your assessment (generally) of the
electronic toll collection system in operation in Poland?
It is shown in statistics that the majority of drivers - 80% assesses
the viaTOLL system as good and very good, only 10% as bad. The
detailed survey results are shown on the diagram no 4.

Fig. 4. Survey results - question 4 [own study]
Fig. 1. Survey results - question 1 [own study]

Question 2: Was in your opinion the previous system (vignette)
better?
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Question 5: Was in your opinion the previous system (vignette)
better?
Based on the survey results among the drivers using the viaTOLL
system it can be attested that the majority of people considers
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the current system as better solution that the vignettes - 60% of
interviewees, 25% is of the opposite opinion. The detailed survey
results are shown on the diagram no 5.

Fig. 5. Survey results - question 5 [own study]

Additional comments of the drivers:
The supporters of the vignette system believe that the advantage
of the previous system was the lack of responsibility for the driver
and the lack of interference in the company’s financials, whereas
nowadays they are encumbered with the duty of control over the
viaBOX device and the amount of collected money on the viaTOLL
user account.
Question 6: Is the control over the viaBOX devices while
passing through the gantry cumbersome for you and does it divert
your attention from driving the vehicle?
This question was directed only to the drivers. For the majority
of the surveyed people - 65% the control over the OBU device
while driving through the gantry does not pose any difficulties,
however, for 25% it is a problem. The detailed survey results are
shown on the diagram no 6.

Fig. 6. Survey results - question 6 [own study]

Additional comments of the drivers:
People, who think that the current system is fair claim that there
are similar system in the whole Europe, so why Poland should be
different. Moreover, the fare dependant on the amount of actually
travelled kilometres is considered advantageous. The disadvantage
and unfairness is considered to be the unequal deployment of the
paid road section in the whole country, as well as the amount of
the penalties, which are completely inadequate to the committed
violations.
Question 8: Do you thing that “avoidance” of the paid sections
of the roads is profitable?
The great majority of derivers - 60% believes that the avoidance
of the paid sections is not profitable, only 15% claims it is thriftiness.
The detailed survey results are shown on the diagram no 8.

Fig. 8. Survey results - question 8 [own study]

Additional comments of the drivers:
In opinion of the majority of the drivers the “avoidance” is
completely not profitable, as there are many junctions and limitations
on the local and alternative roads, which can elongate the journey
time and cause the faster wear of the vehicle. Moreover, it is sometimes
linked with the “catching kilometres”, which causes more fuel
consumption.
Question 9: Have you ever encountered a wrongly charged fare
for the roads included in viaTOLL system?
The majority of the interviewees have not encountered a wrongly
charged fare - 60%, but 40% of drivers have. The detailed survey
results are shown on the diagram no 9.

Question 7: Do you think that the current system is fair?
Based on the results of the survey conducted among the drivers
using the viaTOLL system it is attested that slightly over a half of
people thinks that in general the current system is fair - 55%, the
opposite opinion is represented by 35%. The detailed survey results
are shown on the diagram no 7.

Fig. 9. Survey results - question 9 [own study]

Fig. 7. Survey results - question 7 [own study]
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Question 10: Do you think the current electronic toll collection
system is convenient?
For the majority of drivers - 60 %, the viaTOLL system is
convenient to use and service, for 35% to pay, and only 5% of people
thinks it is not convenient at all. The detailed survey results are
shown on the diagram no 10.

© Copyright by PSTT , All rights reserved. 2016
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Interviewees’ comments:
The previous system was of a burden for the companies and by
buying the one year vignette one could save some time and money,
when it comes to drawbacks of the previous system, there is a lack
of none-stop travel through the motorways and the unfairness of the
infrastructure usage. People who were using the roads frequently
paid the same money as people who were using it rarely.

Fig. 10. Survey results - question 10 [own study]

It happened that the answers „YES” had been simultaneously
marked in three surveys.
Drivers’ comments:
One of the drivers claimed that the viaTOLL system is
inconvenient because the top up stations can be found only in selected
petrol stations, as opposed to all petrol stations. Moreover, the drivers
would prefer that the viaBOX device had a built-in display that would
show the account status.

Question 13: How do you assess the contact with the system
operator (Customer Service Office)?
This question was asked only to people managing the fares.
The great majority of the surveyed people - 80% evaluated the
contact with the system operator as positive, none of the people
evaluated the contact as negative, and 20% never used this service.
The detailed survey results are shown on the diagram no 13.

2.3. The survey results among the people
controling the road toll in the company
Fig. 13. Survey results - question 13 [own study]

Question 11: What is your assessment (generally) of the
electronic toll collection system in operation in Poland?
The statistical data indicate that 75% of the interviewees who
runs the toll payment in the company assesses the viaTOLL system
as positive, and 15% as negative. The detailed survey results are
shown on the diagram no 11.

Question 14: Do you think that the current system is fair?
After analysing the surveys made by the people managing the
fares it can be concluded that the majority of people - 65% finds
the current system fair, 15% as unfair. The detailed survey results
are shown on the diagram no 14.

Fig. 11. Survey results - question 11 [own study]

Fig. 14. Survey results - question 14 [own study]

Question 12: Was in your opinion the previous system
(vignette) better?
The majority of people (55%) claims that the current system
is better that the previous one, 20% of the surveyed people claims
the opposite. The detailed survey results are shown on the diagram
no 12.

Interviewees’ comments:
Similarly to the drivers, the opinion here is that the viaTOLL
system is fair when it comes to fare amount based on the amount of
travelled kilometres.
Question 15: Do you thing that “avoidance” of the paid sections
of the roads is profitable?
According to the interviewees, the “avoidance” of the paid
sections of the roads is completely unprofitable, as such opinion was
held by 70% of people. 20% claims that such practice is profitable.
The detailed survey results are shown on the diagram no 15.

Fig. 12. Survey results - question 12 [own study]
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The great majority of the surveyed people finds the viaTOLL
system convenient - 90%, only 10% thinks the opposite. The
detailed survey results are shown on the diagram no 18.

Fig. 15. Survey results - question 15 [own study]

Question 16: Have the introduction of the viaTOLL system
resulted in significant financial effects for your company?
When it come to this question, comparable amount of
people claims that the new system had negative effects on their
financial situation - 40%, or remained the same - 45%, 15% of the
interviewees finds their financial situation more positive with the
introduction of the electronic toll collection system. The detailed
survey results are shown on the diagram no 16.

Fig. 16. Survey results - question 16 [own study]

Question 17: Have you ever encountered a wrongly charged
fare for the roads included in viaTOLL system?
Among the surveyed people, 55% have encountered wrongly
charged fare, 45% have not encountered such problem. The
detailed survey results are shown on the diagram no 17.

Fig. 17. Survey results - question 17 [own study]

Interviewees’ comments:
The people who have encountered wrongly charged fare claim
that this situation took place just after the viaTOLL system was
introduced and with time such problems became less frequent.
Moreover, every person who encountered the wrongly charged fare
had it returned with interests.
Question 18: Do you think that the current electronic toll
collection system is convenient?
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Fig. 18. Survey results - question 18 [own study]

2.4. Additional information resulted from the
conducted survey
Apart from the general opinions that were showed on the
diagrams the survey study also provided many detailed information.
They mostly apply to the amounts the companies are obligated to
pay for the travel on the paid roads. Based on the answers it can be
seen that the system is truly fair and the “user pays – contaminator
pays” principal is very followed in Poland.
Some of the companies released in the surveys the data
regarding the particular amounts depending on the size of the
company and the frequency of using the viaTOLL system. Large
companies that owe several vehicles and travel on the paid roads
every day, pay the amounts of a few thousand zlotych a month.
For example: Transport company that travels every day in the
country and owns 10 vehicle obligated to pay for the usage of the
roads included in the electronic toll collection and employing 15
workers must may every month over 10 000 zl. When it comes to
one-man company that owns one vehicle, which travels rarely - a
few times a week the toll is only 300 zl, thus, it can be inferred that
the introduced viaTOLL system is reasonable and actually works
properly. The users that wear the road infrastructure the most pay
the highest prices, and those who use it less often pay less.
Thanks to the surveys it was also found out what the users would
change in the system. The drivers would change their responsibility
for the lack of money on the account, as in many cases the balance
cannot be checked by calling the customer service (the driver is not
authorised to receive such information, moreover, even if there was
such option, it imposes more duties for the drivers). Another idea
is to introduce the better quality OBU devices with displays, which
would significantly improve the system usage. Many of the surveyed
people believe that the amount of the toll is too high, they also claim
that the amount of the penalties is inappropriate to the violation.
Crossing one gate without paying is equal to the penalty of 3000 zl,
while the fare for that section of the road would be a few zlotych.
Very interesting idea would be introducing on the motorways a few
different lanes in order to completely eliminate the need for stopping
or slowing down while traveling. It would reduce the traffic jams
and the time of delivering the goods would be even shorter. There
were also five opinions suggesting not to change anything in the
current system.
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3. Summary of the survey
Conducting the survey allowed to learn the actual opinion of
the viaTOLL system users. As a result, both the drivers and the
people responsible for electronic toll in the companies evaluate the
current electronic toll collections viaTOLL system positively.
According to the interviewees the advantages of that system is
mostly the fair toll dependent on the actual amount of travelled
kilometres, good contact with the customer service and the lack
of need for stopping the vehicle while traveling on the motorway
to pay the fare. Despite some signals that the vignette system was
easier to use and less expensive for the companies, finally everyone
found some positive features of the introduced viaTOLL system. On
account of the results of the question whether the previous system
was better (the majority of the interviewees - 55% responded that it
was not), it can be inferred that the introduction of this solution in
Poland was a good step.

4. Conclusion
The introduction of the electronic toll collection system in
2011 by the Polish authority was a good undertaking. It prepared
Poland for future introducing the Electronic Toll Service,
according with the EU recommendations. Moreover, it replaced
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the faulty vignette system. The viaTOLL electronic toll collection
system is also very airtight system, as appropriately equipped
authorities that can conduct the controls regarding the proper toll
payment and the stationary control operations results in fact that
the attempts of fraud and not paying the toll for the travel on paid
roads is almost impossible.
The electronic toll collection system has been meticulously
controlled by the Supreme Audit Office, which despite pointing
out some minor problems assessed the current solution positively.
Another important positive assessment is issued by the system
users who, based on the survey, in great majority positively assess
the viaTOLL system and its solutions. Despite some minor flaws,
the majority of the surveyed people would not want to return to
the previous system.
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ABSTRACT
Detecting restricted or security critical behaviour on roads is crucial for safety protection and fluent traffic flow.
In the paper we propose mechanisms for the trajectory of moving vehicle analysis using vision-based techniques
applied to video sequences captured by road cameras. The effectiveness of the proposed solution is confirmed by
experimental studies.

KEYWORDS: vehicle behaviour analysis, trajectory analysis, road safety

1. Introduction
Illegal movements of vehicles are the major cause of accidents
and roadblocks. Those movements can be detected using visionbased techniques applied to video sequences captured by road
cameras. As a deterrent the system of critical behaviour detection
can contribute to increase in awareness of drivers and their safe
driving. Moreover, in case of the occurrence of unfortunate
accident such system is capable of immediate (real-time) automatic
response and alerting.
The advantage of using computer vision techniques is
obviously non-intrusive approach [12]. In contrast, solutions such
as inductive loops or piezoelectric cables (intrusive techniques)
require the installation of the sensors directly onto or into the
road surface [6]. Furthermore, the image-based techniques can
be utilized in many ways for variety of tasks, providing complete
traffic flow information for [15]: traffic management system, public
transportation systems, information service systems, surveillance
systems, security systems and logistics management systems. Tasks
implemented successfully with vision-based techniques include:
vehicle registration plates reading (ALPR - Automatic License Plate
Recognition), vehicle counting, congestion calculation, traffic jam
detection, lane occupancy readings, road accident detection, traffic
light control, comprehensive statistics calculation and other.
It must be noticed, however, that not only are computer
vision techniques used in Intelligent Transportation Systems
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(ITS) but they are increasingly utilized by driver assistant systems
(ADAS - Advanced Driver Assistance Systems). Many vehicles
are manufactured with on board cameras which form the basis
for systems such as [9, 10]: TSR - Traffic Sign Recognition, CAV
- Collision Avoidance (by pedestrians or surrounding vehicles
detection and tracking), LDW - Lane Departure Warning (adaptive
cruise control), and driver fatigue detection.
The main drawback of vision-based solutions is susceptibility
to poor visibility conditions and occlusions. Researchers, however,
actively respond to the challenge and propose solutions that deal
with those difficulties (e.g. occluded traffic signs recognition [5]).
In the paper we propose mechanisms for the trajectory of
moving vehicle analysis. We discuss the idea of the detection of
critical behaviour on roads by the trajectory analysis. We briefly
present state of the art algorithms found in the scientific literature.
Then, we introduce our method, present appropriate examples
and discuss the operation scenario for the system. The paper ends
with a summary.

2. Restricted and security critical
behaviour on roads
Analysis and identification of vehicles motion patterns are
referred in the literature as Vehicle Behaviour Analysis [15]. Most
solutions use motion trajectories obtained by vehicle tracking.
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There are on-line systems which provide real-time analysis
for anomaly detection or prediction. Another group uses the
information in the off-line mode for statistics generation.
Vehicle trajectory analysis allows the following abnormal
events detection:
tillegal left and right turns,
tillegal U-turn,
tillegal lane change and violation of the traffic line,
tovertaking in prohibited places,
twrong-way driving,
tillegal retrograde,
tillegal parking.
Figure 1 presents examples of illegal movements. Each example
represents a specific situation (scenario). Red dashed lines denote
dangerous and forbidden movement.
The interesting part of vehicle behaviour analysis is the dual
approach for the trajectory meaning. To form the pattern a
forbidden trajectory or an appropriate one could be used (see the
example presented in Fig. 2). Green lines denote a proper driving
behaviour while red ones - those dangerous (the wrong-way
driving). It is possible to use appropriate trajectories and compare
vehicles movements to those trajectories. Any discrepancy
will reveal restricted behaviour. On the other hand, the same
discovery is possible with the similarity to forbidden trajectory.
Making the right choice is determined by the road system and the
specific traffic situation. If the hazardous behaviour is distinctive
- the forbidden trajectory detection should works better. When
there are many possibilities for the violation - e.g. overtaking in
prohibited places which may occur in different parts of the road
(see fig. 2) - the comparison with the appropriate trajectory gives
more satisfactory results.

Fig. 1. Examples of restricted and security critical behaviour on
roads: illegal left turn (left), illegal U-turn (right) [own study]
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Fig. 2. Forbidden (red) and appropriate (green) trajectories [own study]

It is clear that the trajectory-based solution for illegal behaviour
detection can be adopted to most locations. The trajectory may
take a variety of shapes and may consist different number of points.
Mechanism of trajectory comparison plays the vital role here.

3. Approaches for behaviour
analysis
Behaviour analysis based on pattern matching and state
estimating is preceded by two steps [7]: vehicle detection and
vehicle description using static and dynamic parameters. After
the successive vehicle detection the succeeding tracking algorithm
follows the moving vehicle. As the result the trajectory is obtained.
Object detection, classification and tracking belong to low level
and middle level vision methods [3]. High level vision algorithms
are reserved for activity perception and abnormal detection [3].
There have been varied approaches to handle trajectory of
moving objects analysis based on video and some solutions have
already been proposed. The algorithms for behaviour analysis
proposed in the literature can be divided into supervised and
unsupervised methods [3]. Supervised methods require manual
intervention for specifying template patterns of behaviour. In an
unsupervised mode the algorithm learns abnormal activity from
the sample data. The process is automatic and the outcome might
be sometimes unexpected. It requires a reasonable amount of data
and is time consuming. Some method does not require a timeconsuming learning step. A graph based approach for detecting
abnormal behaviours is a good example here [2].
In more detail, for behaviour analysis the following techniques
have been distinguished [15]: pattern recognition based, statistic
based, traffic flow model based and artificial intelligence based.
Using velocity information it is possible to detect other
dangerous vehicle behaviours. In [8] the rate of velocity variation
and the rate of direction variation are used to detect: sharp brake,
sharp turn, and sharp turn brake. In [13] trajectory analysis helps
to detect the following traffic events: illegal lane change, stopping,
retro gradation, sudden speeding up or slowing down. Template
trajectories are modelled by straight lines. Comparisons are based
on the angle and variance between the benchmark lane line and
the trajectory of moving vehicle.
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Interesting idea is presented in [7] where the aim is to predict
accidents accurately in advance for a real-time system and generate
appropriate warning. A fuzzy self-organizing neural network
algorithm is applied to learn activity patterns from the sample
trajectories. Then, vehicle activities are predicted based on the
observed partial trajectory and utilized for accidents predictions.
Another interesting approach is presented in [1] where multiple
camera views are used to remove occlusion and extract abnormal
vehicles behaviour more accurately. The vehicles trajectory analysis
is based on support vector machine (SVM) here. The system is
constructed using the distributed architecture.
Many solutions found in the literature use the Hausdorff
distance or its modifications (e.g. [3, 11, 14, 16]). This measure
as one of the components is used in the method proposed in this
paper.

(3)

where:
(4)

is the directional MHD. Directional MHDs are sometimes
referred to as FHD (forward) or RHD (reverse).
The MHD averages individual value as depicted in Fig. 3
(where it is compared with the Hausdorff distance). There are two
trajectories denoted by A and B. Two directional Hausdorff distances
are visualized at the top. Two bottom ones present directional MHD.

4. The Hausdorff distance for
trajectory comparison
Vehicle trajectories are defined as a set of points in the two
dimensional space. Computing a measure of similarity between two
sets of points associated with the trajectories can be computed using
the Hausdorff distance. It is worth noticing that two trajectories
might consists of different number of points coordinates. The
Hausdorff distance is immune for such cases which represents a
clear advantage. Assuming two sets of points coordinates A = {a1,
a2, ... ,am} and B = {b1, b2, ... ,bn} the directed Hausdorff distance from
set A to set B is given as follows [4]:
(1)

This measure is directional and its value is determined by
the order of sets. The ||a-b|| norm is most frequently defined as
the Euclidean distance. The value
denotes the distance
between a given point a and set of points B = {b1, b2, ... ,bn}(distance
to the closest one). For each point the closest from the other set
should be found. From those values the maximal is the result.
Two directed distances h(A,B) and h(B,A) can be calculated
between two sets. Different attempts have been taken to combine
those values and define an undirected distance measure [4].
Widely accepted solution is given by:
(2)

Applying the Hausdorff distance directly to compare trajectories
might lead to the problems with outliers. An individual coordinate
(an outlier) can interfere and significantly increase the value of the
calculated distance. Such case is possible when the vehicle tracking
algorithm encounters some difficulties (e.g. occlusions). The
trajectory can be smoothed and outliers filtered out to solve the
problem. However, in situation when the car begins to be tracked
in the middle of its movement (e.g. problems with detection at the
first stage of its movement) the solution is not so straightforward.
For that reason the better choice is to compute the Modified
Hausdorff Distance (MHD) proposed by [4]:
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Fig. 3. Comparison of the Hausdorff distance calculation (top) and
MHD calculation (middle and bottom) [own study]

Figure 4 presents three examples of the trajectory evaluation.
Let the forbidden relation be the left turn considering the
movement from the top (dashed red line). Dotted blue lines denote
the investigated movements. Charts beside each case presents:
MHD, FHD and RHD. The questioned trajectory was the second
during computations. It was the question how to present changes
over time. Vehicles speeds are different and subjected to individual
variations (acceleration, slowing down). Different distances are
traversed in constant time interval. Since it is the trajectory shape
which is important we decided to show the results normalized to
the distance travelled.
In all three cases the analysed trajectory in first few frames is
similar. It corresponds to the forbidden trajectory. It is the reason
why the FHD is small. From the point of view of the forbidden
trajectory it is quite distant - hence the RHD is high. The differences
occur in the second part of the examined movements. When the
questioned trajectory moves away from the forbidden relation
(the straight driving and the right turn) the FHD grows, giving
high values to the MHD. Trajectories are not similar. In the third
case and the second part of the movement the vehicle continues
to move in the inappropriate manner. Its trajectory becomes more
similar with each step giving the low value of the final MHD.
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For the problem introduced above researches propose different
solutions. The addition of velocity to the improved Hausdorff
distance is considered in [3, 14]. In [16] the entire trajectory is
treated as a sequence of the subtrajectories. We proposed the
start and stop areas in our earlier studies [11]. Those areas are
usually defined as patches at the calibration stage. The final result
of trajectory comparison include the MHD match and trajectory
extreme points (the beginning and the end) check for the
correspondence with defined patches [11]. This solution proved
to be effective in most cases as presented in the example depicted
on the left hand side of Fig. 6. The problem, however, occurs when
the beginning and the end of trajectory converge at the close area
as depicted on the right part of Fig. 6. The forbidden trajectory
for a roundabout and the right-hand traffic would be clockwise.
Both extreme trajectory points converge. Similarly, start and
stop patches form identical areas. The vehicle driving properly,
turning back at the roundabout accordingly with the direction of
movement will rise an alarm. Its trajectory and extreme trajectory
points would comply. To overcome the problem we hereby propose
the improved measure.

Fig. 4. Trajectories evaluation using MHD compared to FHD and RHD
[own study]

5. The proposed solution
The MHD can expose the similarity between given trajectories
satisfactorily. The influence from the outliers is reduced compared
to the original Hausdorff distance. One problem, however, is
still present. It is the result from the inherent definition of the
measure - its separable treatment of trajectory points. The order of
coordinate points in the trajectory is important. The MHD measure,
unfortunately, only considers mutual relationships of trajectory points
which are treated as a set. For that reason the MHD in unable to
differentiate the direction of the movement. As the result, a properly
moving vehicle in some cases can be classified as behaving illegally
(see the example depicted in Fig.5). The forbidden trajectory starts
at point no 1, includes the illegal left turn, finally ends at point no 2.
Driving the opposite direction is safe and permitted but the vehicle
trail leaves the trajectory matching the forbidden one.

Fig. 6. Start and stop patches applied for differentiate the
beginning and the end of trajectory. Successful application
on the left and unfortunate on the right [own study]

Fig. 5. An example of illegal trajectory (from 1 to 2) which
corresponds to the proper driving (from 2 to 1) [own study]
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To take into account the order of the trajectory points we
propose to include the X and Y projections in the final trajectory
matching algorithm. For close localization of extreme trajectory
points the solution proves its value. Figure 7 presents an example
of the roundabout problem. Starting position is on the left. The
forbidden trajectory is clockwise and the questioned movement is
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counterclockwise. Both trajectories are similar and MHD measure
decreases to very small values. During the movement the X
coordinates rise and then fall for both trajectories (forbidden and
questioned) which is shown in the lower left chart of Fig. 7. The
Y coordinates act differently (the lower right chart of Fig. 7). For
the forbidden trajectory the values first decrease, then increase,
and finally decrease again (dashed red line). In the questioned
movement, values of the Y coordinate: rise, decrease, and rise
again (blue stem). Another example, for different intersection, is
presented in reduced form in Fig. 8. The direction change is clearly
visible in the Y projection.

Fig. 8. Projections of trajectory points to X and Y axes for the turn case
[own study]

Fig. 7. Projections of trajectory points to X and Y axes for a
roundabout [own study]

The projections of X and Y coordinates allow the discrimination
of trajectory direction. We evaluated six different measures to
recognize (dis)similarity of any two projections: L1, Euclidean, ChiSquare, Correlation, Intersection and Bhattacharyya distance. We
used a scene from A Public Video Dataset for Road Transportation
Applications [12] and generated 120 trajectories (10 trajectories
for 4 directions by 3 possible movements). Figure 9 at the top
presents the intersection and the aggregated traces of examined
trajectories. We selected the left turn driving from the top as the
forbidden trajectory to which all others have been compared.
At the bottom of Fig. 9 the result of comparisons are shown. We
present results by plotting the X projection comparison score by
the Y projection comparison score for individual trajectories and
a given method. The L1, Euclidean, Chi-Square and Intersection
show very good clustering. Trajectories of abnormal behaviour
form clear clusters (blue triangles) which prove the usefulness of
the method.
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Fig. 9. Results of clustering using only X and Y projections [own
study]

6. Conclusion
In this paper we proposed a method for detection of restricted
or security critical behaviour on roads by vehicle trajectory
analysis. Our proposal was to improve the original Modified
Hausdorff Distance -based method by incorporating the X and
Y projections in the final trajectory matching algorithm. Such
solution solves the problem of the movement direction and
specific trajectory configuration (found in e.g. roundabout case).
Accompanied with the ALPR technology the system can be
a good deterrent from dangerous and illegal driving behaviour
contributing for safety protection and fluent traffic flow.
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ABSTRACT
The paper is devoted to the issue of facilitating transport processes in intelligent high bay warehouses. The presented
solutions are based on a real enterprise where inefficiencies and bottlenecks have been identified, processes
occurring in the transport system of the high bay warehouse have been analysed. Based on real data, the concept
of implementation of a telematics system has been elaborated and verified by means of Anylogic programme.
While designing a simulation model of the analysed process, a discrete nature of the phenomena was established
(e.g. vehicles coming to the warehouse at different time intervals). The simulation tools reflected non-determining
parameters as well as dynamics of phenomena occurring in the transport process. For these purposes research has
been done on probability distributions of parameters such as the time for preparation of delivery acceptance zone,
the time for unloading a delivery (including transportation to intermediate storage areas), duration of a quality
check. The simulation research confirms the adequacy of the elaborated concept.

KEYWORDS: intelligent telematics system, simulations, optimization of a warehouse

1. Introduction
Nowadays the market is governed by globalization and
international corporations which have a huge impact on prices in
the market. They have their own know-how, invest in searching and
implementing the latest solutions which contribute to a reduction in
fixed and variable costs as well as to improvement of the quality of
goods and services. One of the ways of developing and expanding
an enterprise involves acquisitions and mergers which are an
alternative to the growth relying on an internal method applied on
the basis of own resources and skills or capital investments.
Simulations allow us to design a model of a real process and
do experiments aimed at understanding the principles of process
operation as well as evaluating various strategies accounting for
limitations imposed by a specific criterion or criteria. A significant
stage of the simulation consists in modelling, defining as an
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experimental and mathematical method of researching complex
systems, phenomena and processes on the basis of creation of
their models.
Development of a model in a complex simulation programme
allows us to elaborate optimal routes in a warehouse of vending
machines in horizontal as well vertical transportation which is tied
up to high storage. When modelling storage processes characterized
by a high level of calculation complexity mutual relations between
sub-processes should be established. A correct copy of sub-processes
allows us to trace and understand their course, gives us a possibility
of improving an existing process.
The paper presents an architecture of the modelled system
which may be easily adopted in other warehouses. The architecture
enables us to run simulation in any warehouse and to generate the
best transport solutions for a partially or fully automated warehouse.
The literature distinguishes two approaches to modelling i.e.
structural and object-oriented. In the structural approach, a key
© Copyright by PSTT , All rights reserved. 2016
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role is played by data and processes of processing [1]. It is based
on structural programming languages. In the object-related
approach, a basic structure of modelling is constituted by an object,
a system of collection of objects with defined features completing
assigned tasks [1]. Modelling and simulation are used for solving
the problem presented further in the paper. The problem has
been defined as an evaluation of a warehousing process leading
to improvement of its functioning. The warehousing process is
presented graphically (a map of a process) and then it is modelled
in an object-related simulation tool Anylogic. The combination
of the two approaches i.e. a map of the process and a simulation
gives a possibility of a very accurate copy in a graphic form of
warehousing actions process and recognition of dependencies
occurring between them and then reflecting in the simulation tool
dynamic phenomena occurring in the warehousing process and
taking into account non-determining parameters.
Maps of sub-processes in the warehousing process have been
reflected in the Anylogic simulation tool which creates simulation
models in sheets. Blocks are put on them as well as connections
between them. The objects reflect events and flows of information
and goods constituting the basis for the telematics system. Each
block is equipped with a dialogue window where value parameters
may be entered and it is possible to make changes to objects
functioning through modification of the record of an IT code.
When designing a simulation model of the analysed process,
a discrete nature of phenomena occurring has been established
(e.g. vehicles coming to a warehouse at different time intervals). A
possibility of reflecting parameters of a non-determining nature in
the tool is an important aspect of modelling as well as presentation
of dynamics of phenomena occurring in the process. For these
purposes, the research was done on the probability distribution
parameters such as time of preparing a delivery acceptance area,
time of unloading a delivery (including transportation to an
intermediate storage area), time of the quality check etc.
Managing processes of goods handling from the movement of
picking them up from a forwarder (or a supplier) to the moment of
goods leaving the warehouse is done by a WMS system [5]. WMS
systems may have a feature of forecasting the stock [2,7]. This is
an IT solution managing the traffic of goods in the warehouse
accounting for warehousing strategies, supervising the layout
of stock, cooperating with ADC techniques [8]. Deliveries from
outside the company comprise materials not used by production
departments, coming from the returns, shifting goods from the
warehouse, deposits as well as finished goods accepted by the
warehouse from production departments [3]. The entry check
is the next important aspect of accepting goods. It consists in
calculating the goods, comparing them with the documentation,
measuring, weighing and checking the quality [4].

2. Simulation model of creating
an architecture of a telematics
system
The entire simulation is presented on the basis of 2D and 3 D
graphics. It allows us to visually present processes and demonstrate
the specification of warehouse activities in the analysed company.
Figure 1 presents the main layout of the warehouse with paths and
locations of particular units.

Fig. 1. Map of a warehouse [own study]

On the basis of processes occurring in the high bay warehouse,
maps of processes have been prepared for the purposes of creating
simulations. The programme enables only general presentation
of phenomena so picturing an example pallet labelling will be
replaced with longer duration of this activity (Figure 1).
Then the paper will describe how particular stages of processes
translate into appropriate connections of task blocks of Anylogic
programme (Figure 3) and will characterise them briefly. Also, it
will be significant to present applied parameters defining actions,
their representation and duration time. The architecture of the
entire learning system in ANYLOGIC is shown in figure 2.

Fig. 2. Process of unloading and inspecting pallets [own study]

Fig. 3. Architecture of the high bay warehousing in ANYLOGIC
programme [own study]
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2.1. Driving to a ramp. Visual inspection of
a delivery
The block diagram in Figure 4 begins with a truck driving
into a warehouse. We add “SourceDeliveryTruck” which makes
it appear on the simulation. In order to use further parts of the
simulation, an object must be assigned and belonging to particular
Agents i.e. a truck or a pallet. To do that we use “pick-up” which
assigns the number of packages or pallets and pallets to a truck.
Then a full truck comes to unlaoding (drivingToDock) where
an employee is sent (service) to check the quality of the delivery.
After this stage, a decision block is created (selectOutput) which
is to show whether the truck is fit for unlaoding or not. If not, the
truck drives away from the ramp (drivingToExit) and disappears
through the block “sink1”. In case of proper loading of goods, we
proceed to unloading (dropoff1). The unloading block reflects the
time needed for unloading and it is designated for putting the last
pallet on shelf.

Fig. 4. The Architecture of the system of visual inspections of a
delivery in ANYLOGIC programme [own study]

2.2. Unloading, transporting a delivery to PZ
area. Quantity and quality check.
The next blocks in Figure 5 are responsible for physical unloading
the goods. Firstly, data of a pallet must be sent to the place of collection
(moveTo4). Then, it is important to call for appropriate resources
(seize [forklifts]) to transport the pallets from a trailer to the goods
reception area. Forklifts get back to their place after unloading is
finished and using the block “release”. Then by using the block seize1
we assign controllers responsible for the quantity and quality check
of pallets. In order to define the time necessary for the control and
labelling pallets we use the delay function. The last stage in the case of
forklifts is releasing controllers by using release1block.

number of pallets defined by probability will be transported to
wide shelves where forklifts are going to put the goods in the right
place of the rack (storeRawMaterial). The block rawMaterialStorage
informs about the time of storing the pallets.

Fig. 6. Architecture of the system of measuring pallet storage in a
high bay warehouse in ANYLOGIC programme [own study]

The second possibility of transporting goods is moving them in
front of narrow racks (moveTo6) Fig 7 from where a system forklift
will pick them up and put them in right locations (rackStore).

Fig. 7. Architecture of the system of moving pallets through narrow
shelves into a system forklift and allocating them in a high
bay warehouse in ANYLOGIC programme [own study]

The last element of this process Fig 8 consists in transporting a
pallet through a loading station (moveTo1). Here pallets are loaded
off (dropoff ) and boxes are put on a roller (moveTo2). Then goods
go to an automatic warehouse (conveyor). The dropoff block enables
a second path’s exit as created by the pallets. Through “delay1” a
pallet “waits” for the boxes to be unloaded and it is moved to an
intermediary storage area for pallets (moveTo3).

Fig. 8. Architecture of the system of transporting goods through
an automatic loading station in a high bay warehouse in
ANYLOGIC programme [own study]

Fig. 5. Architecture of the system of unloading and transporting
to an intermediary storage area in a high bay warehouse in
ANYLOGIC programme [own study]

2.3. Picking up a pallet for transport, putting
goods in the area of IS.TMP or in front of a
shelf. Placement in the right location.
In this part of designing the simulation we proceed to a decision
block Figure 6 used for limiting the flow of pallets between specific
locations. The first one is presented in the diagram below. The
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2. Final transportation project in
a high bay warehouse
An example optimization of a high bay warehouse will be
presented below. Simulations allow us to elaborate the best solutions
of parameters. Stations of stock replenishment of HPL racks [a],
originally functioning as a separate exit on the scanner solely used
for completing HPL locations. The rack is flow-through, slanting
towards a collating person. During the project, the station has been
reprogrammed into a two-function station. Trays with products for
completing locations and boxes containing collation tasks came
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simultaneously from sections 14 to 27 from the first five rows of
racks looking from the top of the picture. The picture is explanatory
and analogical changes have been made to all HPL stations for all
sections (14-27) and for all rows (5 per station).
A lift going up one way and carrying boxes for orders and trays
with goods to be laid out in the target station on the first or second
floor of the mezzanine, also enforcing “empty runs” for all boxes
and trays even if all picking and putting tasks were on the ground
floor. In the project a conveyor [b] with a scanner was completed
enabling the lift to go and get collated boxes as fast as possible to
the packaging station [c]. The conveyor also deals with ready trays
with goods for laying out as their exit is located in the south part
of the mezzanine [d].
The racks in the HAO area [e] include numbered sections from
01 to 27. Each bay contains 3 sections. Each section has levels from
01 to 04. Along the main conveyor, the numbers go from 01 to 30
(15 two-side racks0.
All markings with letters may be seen in Figures 9 and 10.
Fig. 10. Layout of scanners and directions of traffic on level 0 on the
mezzanine [own study]

On the basis of the above diagrams, the task of accepting
[f] in figure 9 has a collection from 9th row, 15 bay and 3rd level
(coding name HAO0901503) and in the original configuration,
the box containing collections from the above locations would go
to BFT00MP10065 (figure 42). Then a worker would have to go
50% of the corridor to collect the goods and get back to a starting
station and let the box go on the middle conveyor [g] which would
go to the next station with a task to take figure 10.
This way is not optimal so scanners have been reprogrammed
so that the above collection could be handled by BFT00MP10172
station. The worker has a much shorter way to go.
Knowing that on the ground floor we have about 40% of
collections within the entire day, the so called “quick square” [h]
has been created in Figure 9 which contains only highly rotating
goods “A”. Goods marked with “B” rotation were placed in the part
of the mezzanine on the other side of the conveyor. The second
floor was designated for rotation “C”. Before changes goods were
laid out according to rotation in each rows as follows:
tFirst 10 bays – „A”
tNext 13 bays – „B”
tLast 4 bays – „C”

Fig. 9. Map of level 0 on the mezzanine [own study]

Figure 9 shows a map of the ground floor of the mezzanine with
marked racks and conveyors whereas figure 10 illustrates placement
of PLC scanners and places of transmitting and receiving signals
including a direction of rollers in the zone. Changes to WMS
software (LV3 Mantis) comprised a change to an algorithm of
assigning a destination station for boxes with tasks in bays 14-27.
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The construction of an additional conveyor [b] was the most
significant mechanical change in Figure 9. It enables us to finish
orders within the “quick square”, movement of the lift going up
and then going directly to the packaging station.
As the system of roller conveyors on the mezzanine is one way,
each box with tasks only on the ground floor had to do an “empty
run” in the lift going up, around the entire floor up to the lift down
[i] in figure 9 which went to the packaging area. The positions of
lifts are the same on each floor.
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3. Conclusion

Bibliography

The paper presents a method of designing a high bay warehouse.
Due to a high complexity (NP complete) of defining optimal storing
processes, a simulation programme ANYLOGIC has been used. It
was indicated that the optimal paths may be designed and show
permeation of various processes by means of this tool. The suggested
architecture of the model may be adopted for designing various
warehouses. It is particularly useful in warehouses using complex
systems of automation and telematics. Beyond doubt, simulations
of complex warehousing processes enhance transparency as well
as efficiency of management through simplification of structures
and concentration on more homogenous entities. Modern logistic
solutions, investing in people, automation, software and process
improvement are necessary to succeed in the competitive market
of logistics services.
The paper is of a research nature and constitutes a case study.
The suggested model may be modified in the future for the
purposes of a fully automated warehouse.
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