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The paper presents the analysis and discussion of universal discrete transport systems (UDTS). The formal model of the 

transportation system is proposed and its modelling based on the system behaviour observation. Monte Carlo simulation is a tool for 

the UDTS simulation. The input data for the simulator are taken from the real traffic monitoring system located at the set of roads in 

Poland. Data from the monitoring devices are used to analyse the travel time of vehicles – elements of the transportation system. We 

build the travel time model taking into account the real road situation. No restrictions on the system structure and on a kind of 

distribution describing the system functional and reliability parameters are the main advantages of our approach. The proposed 

solution can be an essential tool for the owner and administrator of the transportation systems. 
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1. Introduction 
 

In transport systems management, modelling and simulation generates very wide spectrum of 

sophisticated problems. The challenge to solve them with the required level of detail is not a trivial task at 

all. The complex structure of each transportation system is the main reason of the situation. The 

performance of the system can be impaired by various types of faults related to the transportation 

vehicles, communication infrastructure or even by traffic congestion or human resources [3][10]. Each 

part of the system is characterised by an absolutely unique set of features. It is hard for an administrator, 

manager or an owner to understand the system behaviour and to combine the large scale of variant states 

in a single, easily observable and controlled global metric which could be used as an indicator, to make 

proper decisions in short time period. This is the reason why we propose a functional approach. The 

transportation system is analysed from the functional point of view, focusing on business service realized 

by the system [15]. The analysis is based on modelling and simulation approach [6]. It allows calculating 

different system measures which could be used as a base for decisions related to administration of the 

transportation systems [7]. The metrics are calculated using Monte Carlo techniques [9][14]. The main 

advantage of our method is that there are no restrictions on the system structure and on the kind of the 

distribution. Such approach allows forgetting about the classical reliability analysis based on Markov or 

Semi-Markov processes [4] and allows combining the reliability parameters with the functional aspects. 

The discussion and analysis is based on the type of universal transportation system based on the main 

features taken from the real systems (section 2). The developed universal discrete transport system model 

and management rule is presented in section 3. The data used to describe the features related to the 

vehicle movement – used in the simulation process – are collected from the road monitoring system 

located at the set of roads in the central part of Poland. The monitoring devices (described in section 4) 

are able to use automatic number plate recognition (ANPR) techniques to capture and store the various 

parameters for vehicles recognised in automatic way by the video detection techniques. The registration 

numbers, the make and model (MMR) of vehicles are recognised and stored in the database. The collected 

parameters are the basis for analysing real travel time problems related to the trucks operating with the 

commodities among the nodes of the discussed transport system (section 5). We try to observe the 

changes during the consecutive days of a week, as well as for much longer time-horizons, taking into 

account the traffic jam problems and other extraordinary situations like crashes, or extremely bad weather 

conditions, which can have significant influence on the typical time travel. The next step is to generalize 

the results of travel time analysis into the travel time model (section 6). Such a model, based on the real 

data taken from the road monitoring system, can be a very important part in a larger simulator for discrete 

transport systems, as its behaviour very closely resembles the real system. 
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2. Universal Discrete Transport System 
 

The universal discrete transport system is a simplified case of the real truck distribution system. 

The business service provided is the delivery of commodities in unified containers [8]. The system 

consists of a set of nodes placed in different geographical locations. Two kinds of nodes can be 

distinguished: central nodes and ordinary nodes. There are bidirectional routes between nodes. Containers 

are distributed among ordinary nodes by trucks, whereas between central nodes by trucks, railway or by 

plane. The commodity distribution could be understood by tracing the delivery of containers from point A 

to point B. At first the container is transported to the ordinary node nearest to A, and then by trucks to the 

nearest central node. In central node containers are repacked and delivered to the next appropriate central 

node (depending on the delivery address). We have decided to model only a part of the transportation 

system – one central node with a set of ordinary nodes. The inflow of addressed containers is modelled by 

a stochastic process. Each container has a source and destination address. The generation of containers is 

described by some random process. In case of central node, there are separate processes to handle each 

ordinary node. The containers are transported by vehicles. Each vehicle has a given capacity – maximum 

number of containers it can haul. Central node is a base place for all vehicles [12]. They start from the 

central node and the central node is the final destination of their travel. The vehicle hauling a commodity 

is always fully loaded or taking the last part of the commodity if it is less than its capacity. When a 

vehicle approaches the ordinary node it is waiting in the input queue if there is another vehicle being 

loaded/unloaded at the same time. There is only one handling point in each ordinary node. The time of 

loading/unloading a vehicle is described by a random distribution [19]. The containers addressed to a 

given node are unloaded and the empty space in the vehicle is filled by containers addressed to a central 

node. Next, the vehicle waits until the time of leaving the node passes (set in the time-table), and starts its 

journey to the next node. The operation is repeated in each node on the route and finally the vehicle 

approaches the central node where it is fully unloaded, and after that it becomes available for the next 

route. The process of vehicle operation can be stopped at any time due to a failure. After the failure, the 

vehicle waits for a maintenance crew, then it undergoes a repair (random time) and after that it continues 

its journey [5]. 

 

3. UDTS Formal Model 
 

A realization of the system service needs a defined set of technical resources. Moreover, the 

operating of vehicles transporting containers between system nodes is done according to some rules – 

some management system. Therefore, we can model universal discrete transport system as a 4-tuple [16]: 

MSTIBSClientUDTS ,,,=
,
 (1) 

where Client – client model, BS – business service, a finite set of service components, TI – technical 

infrastructure, MS – management system. 

 
3.1. Infrastructure 

The technical infrastructure of UDTS could be described by three elements [17]: 

MMVNoTI ,,= , (2) 

where No – set of nodes; V – set of vehicles; MM – maintenance model. 

Set of nodes (No) consists of a single central node and a given number of ordinary nodes. The 

distance between each two nodes is defined by the function: 

+→× RNoNodistance : . (3) 

Each node has one functional parameter: the mean (normal distribution) time of loading a vehicle: 

+→ RNoloading : . (4) 

Moreover, the central node has additional functional parameter: the number of service points (in 

each ordinary node there is only one service point): 

+→ NCNntsservicepoi : . (5) 
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Each vehicle is described by the following functional and reliability parameters:  

- mean speed of a journey: +→ RVmeanspeed : , (6) 

- capacity – the number of containers, which can be loaded: +→ RVcapacity: , (7) 

- mean time to failure: +→ RVMTTF : , (8) 

a time when failure occurs is given by exponential distribution with the mean equal 

to the value of MTTF function, 

- mean repair time – modelled by a truncated Gaussian distribution: +→ RVMRT : . (9) 

The traffic is modelled based on the real data gathered by the road monitoring system described in 

section 4. The traffic analysis is available in sections 5 and 6. Maintenance model (MM) consists of a set 

of maintenance crews which are identical and unrecognised. The crews are not combined to any node, are 

not combined to any route, they operate in the whole system, and are described only by the total number 

of them. The time  when a vehicle is repaired is equal to the time of waiting for a free maintenance crew 

(if all crews involved into maintenance procedures) and the time of a vehicle repair which is a random 

value with the truncated Gaussian distribution: (Normal(MRT(v), 0.1⋅MRT(v)). 

 

3.2. Business Service 

A business service [18] (BS) is a set of services based on business logic, that can be loaded and 

repeatedly used for actual business handling process. Business service can be seen as a set of service 

components and tasks that are used to provide service in accordance with business logic for this process. 

Therefore, BS is modelled as a set of business service components (sc): 

{ } 0)(,...,,1 >== BSlengthnscscBS n ,
 

(10) 

the function length(X) denotes the size of any set or any sequence X. 

 
3.3. Client Model 

The services realised by the clients of the transportation system are sending containers from a 

source node to a destination one. The client model consists of a set of clients (C). 

Each client is allocated in one of the nodes of the transportation system: 

NoCallocation →: . (11) 

A client allocated in an ordinary node is generating containers (since, we have decided to monitor 

containers not separate mails during simulation) according to the Poisson process with destination 

addresses set to ordinary nodes. In central node, there is a set of clients, one for each ordinary node. Each 

client generates containers by a separate Poisson process and is described by the intensity of container 

generation. The central node is the destination address for all containers generated in ordinary nodes. 

+→ RCintensity : . (12) 

 

3.4. Management Rule 

The decisions (send a truck to a given destination node) are taken in moments when a container 

arrives to the central node [11][18]. The truck is sent on a trip if: 

• the number of containers waiting for delivery in the central node that have the same destination 

address as the container that has just arrived is larger than a given number, 

• there is at least one available vehicle, and 

• the simulated time is between 6:00 and 22:00 (6 am and 10 pm) minus the average time of 

going to and returning from the destination node. 

The truck is sent to a node defined by the destination address of the just arrived container. If there 

is more than one vehicle available in the central node, the vehicle with the size that matches the best the 

number of available containers is selected, i.e. the largest vehicle that can be fully loaded. If there are 

several trucks with the same capacity available, the selection is done randomly [20]. The time restrictions 

for truck scheduling are set to model the fact that drivers are working on two 8-hour shifts. 



The 12th International Conference “RELIABILITY and STATISTICS in TRANSPORTATION and COMMUNICATION - 2012” 

 

 373 

4. Road Monitoring System 
 

The data used for simulation analysis has been gathered from the "Neurocar Connect" 

(http://www.neurosoft.pl/?page_name=NeuroCar) system used for road traffic monitoring in the vicinity 

of Warsaw, the capital of Poland. There are few similar systems installed in other areas (e.g. Wroclaw and 

Wloclawek) used for overweighed vehicle detection, but the system installed near Warsaw is the biggest 

one so far. It consists of several data collection points installed along two major roads (DK7 from Grojec 

and DK8 from Mszczonow) where they connect at the southern suburbs of Warsaw in Raszyn, as well as 

DK50 from Grojec to Mszczonow, forming a triangle (Figure 1). DK7 and DK8 are two main roads 

approaching Warsaw from the south/south-west direction and they can be treated as alternative routes in 

case of major traffic problem in one of them. The data collection system has been set up to monitor 

current traffic situation and provide drivers with the travel time estimations and allow intelligent traffic 

management [1][13] based on current traffic volumes. 

 

 
 

Figure 1. Neurocar Connect data collection points 

 

Data collection is based on license plate recognition [2] – there are 11 different data collection points 

and in each of them there are cameras installed over each traffic lane in both directions (plus one overview 

camera). The incoming video stream from each camera is sampled 25 times per second, generating separate 

frames, which are then segmented, and run through the neural network classifier to recognize the plate number. 

As the vehicle moves through the image window, its license plate gets recognized in each captured frame. So at 

the end, the best one is chosen automatically, based on the confidence level of the particular recognition (Figure 

2). Another neural network process samples the front view of the car to find the make and model of the car, 

allowing for vehicle class recognition (i.e. car, pickup, bus, truck). After a successful recognition time-stamped 

image capture is saved, as well as the text-based file with the recognition results. These are sent from the 

collection points to the central server using GSM-based GPRS or WiMax data connection. The images can be 

used later for verification of the system operation and for retraining the neural network, while the textual data is 

used online for real-time traffic monitoring and generating alerts. Number plate recognition allows for exact 

vehicle identification along a given path, thus making it possible to record the exact times needed for travel 

between consecutive points along the route. This opens possibility to not only gather traffic volume 

information at observation points, but also to collect exact travel times on per-vehicle basis, that allow getting 

not just the estimated values, but also drawing conclusions about their distribution during the day or in any 

arbitrary time-span. However, the volume of data stored by the monitoring system requires a careful design of 

the data aggregation algorithms. Data from different observation points are collected independently from each 

other, but in order to find travel times, records regarding the same vehicle spotted in different locations must be 

correlated to find possible paths the vehicles have travelled. Several constraints, such as the maximum travel 

time between consecutive points, have to be established to eliminate false positives showing up in path 

detection algorithm. Additional parameters, such as colour, make and model matching may be further used to 

assure the correctness of the ANPR and path detection. 
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Figure 2. Monitoring system results: recognised vehicle and its parameters 

 

5. Traffic Monitoring Results 
 

Data collected by the road monitoring system allow us to analyse the travel times. Figure 3 

presents results of travel time distribution for one of monitored road segments for different days within 

one month. It is easy to notice that in case of Sunday the distribution has two modes. 

After detailed analysis of the collected data, the reason of the second mode was identified as a 

traffic jam that happened on one of the Sundays in the analysed month. The sample distributions of travel 

jam during traffic jams are presented in Figure 4. It could be noticed that the shape of distributions are 

similar in both cases but the mean values are different. 

Therefore, to model the transport time by a random value, one has to distinguish between the 

normal and traffic jam situation. So, a simple algorithm was developed that allows to divide data into two 

sets of normal and jam traffic. Moreover, some journeys with extremely long time between consecutive 

points are removed, classified as an error in input data.  
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Figure 3. Travel time distribution for Mondays and Sundays 
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Figure 4. Travel time distribution for two different traffic jams (recorded in 15 minutes slots) 



The 12th International Conference “RELIABILITY and STATISTICS in TRANSPORTATION and COMMUNICATION - 2012” 

 

 375 

The algorithm consists of the following steps: 

 

1. calculate the mean time (mt) and standard deviation (std) of travel time in a given road segment 

2. for each 15 minutes interval of traffic data { }itime  

a. calculate traffic coefficient  

)(

)(

i

i

timelength

stdmttimesum
trc

+<
=

 (13)
 

b. if trc < 0.3, assign as normal traffic 

else jam traffic 

c. remove too long journeys, i.e. these journeys for which  

( ) ( )jji timestdtimemeantime 3+>  (14) 

 

6. Travel Time Model 
 

After selecting the data classified as normal traffic, it has been analysed to check the dependencies 

of the week day and day time on travel time distribution. The results for mean value are presented on 

Figure 5. 
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Figure 5. Mean journey time for normal traffic in a function of a week day and time during a day 

 

One can notice, that on workdays the mean values undergo very similar changes, whereas Sundays 

and Saturdays are very similar until 4 pm. The longer mean travel time on Sunday afternoon and evening 

is caused by larger traffic, when people are coming home (Warsaw) and the end of weekend. Based on 

data presented on Figure 5 we propose to model workdays by the same distribution and to have different 

models for Sunday and Saturday. 

The next question to be answered is the type of distribution to be used for modelling travel time. 

Three different types of probability function were considered: Gamma, Normal and Beta. In case of Beta, 

data were scaled to (0,1) range. The results for workdays are presented on Figure 6. The best solution is 

the Gamma distribution. However, according to Kolmogorov-Smirnov statistical test, the data are not 

from any of analysed distributions. 

On Figure 7 for data within one hour it could be noticed that the Gamma distribution is not fitting 

ideally to real data, since one could notice a small second mode around 430 s (for 9 am data) and 370 s 

(for 9 pm data). It suggests that the travel time for normal traffic should be modelled by a mixture of 

distributions. However, for the simplicity of parameter estimation and simulator implementation we will 

assume the Gamma distribution. 
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Figure 6. Travel time for normal traffic and Gamma, Normal and Beta density function fitted to real data 
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Figure 7. Travel time for normal traffic within one hour (9 am – left side and 9 pm – right side) and fitted Gamma distribution 

 

Taking into consideration the mentioned facts, we propose to divide roads into segments. Further, 

based on the real data, let’s estimate the Gamma distribution parameters for normal traffic separately for 

working days, Saturdays and Sundays for each hour. The second step is to estimate parameters for traffic 

jams. Due to relatively small rate of traffic jam occurrence and a need to analyse large amount of data, the 

full analysis of these data has not been performed yet. But we could assume some probability of traffic 

jams which depend on weekday and hour and use it within simulator for modelling traffic jam occurrence. 

The distribution of travel time during traffic jams could be modelled also by gamma distribution. Its 

parameters differ however in each case (see Figure 5) so we propose to generate them in random way 

(from unity distribution). 

In summary – at the beginning of each hour the traffic jam occurrence for a group of segments is  

randomly established. Next, the travel time distribution parameters have to be set. In case of normal data, 

they are selected from the estimated parameters (from real data) and in case of traffic jams they are 

randomly generated (to model different traffic jam situations). It could be noticed (such analysis was 

performed on the real data) that the journey time of the same vehicle consecutive road segments falls in 

similar quintiles. To model this case, we propose to generate on random value from (0,1) interval for each 

truck starting its journey and use it for estimating travel time for each road segment using inverse of 

Gamma cumulative distribution. 

 

7. Conclusions 
 

We have presented a formal model of universal discrete transport system (UDTS) including 

reliability, and functional parameters. The universal UDTS model is based on real vehicle transportation 

system. We have loaded the simulator with the data collected by the real road monitoring system. Based 
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on gathered data we analysed the travel time. We are able to find the travel time distribution of monitored 

road segments for different days within required time-interval. We also generalize the results of travel 

time analysis into travel time model. 

Our model can be incorporated into complex simulators for discrete transport systems. Thanks to 

the real-life data methodology used for its creation, the reliability and functional analysis in these 

simulators can be improved, yielding more realistic and precise simulation results. This is why the 

proposed solution may become the essential tool for owners and administrators of transportation systems. 

The UDTS described in our case study is based on a real system operating in the central part of 

Poland, but the described methods are applicable to any other UDTS. The solution presented here can be 

used as a practical tool for improving vehicle maintenance and transportation system logistics, allowing 

for better fleet usage, fuel savings, and reduction of CO2 emission. 
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