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Abstract 
The ambition of designing, developing and testing, in real case applications, a satellite based 
asset tracking is the main goal of the EU project SPARTACUS. The tracking system is mainly 
conceived for enhancing emergency management in crisis operations. Indeed, it can be 
crucial to replace the use of the traditional terrestrial networks when catastrophic events 
occur. They are supposed fail, with navigation and communication tools that can be affected 
when operative missions are in progress. In order to validate the proposed system, this paper 
shows the experimental campaign carried out at Barrow Hill where the positioning accuracy 
and the transmitted data integrity are tested on a railway system. 

 
1 INTRODUCTION 

The FP7 European Union project named SPARTACUS (Satellite Based Asset Tracking 
for Supporting Emergency Management in Crisis Operation) is motivated by the ambition to 
provide the accurate positioning of trains, goods and people during emergencies [1].  Any 
kind of information has to be convoyed locally and relayed to a remote-site area in dissimilar 
ways, because the existing networks can be damaged, overloaded or failed.  

Currently, communications based on radio interfaces are adopted for different purposes, 
the specific features depending on the application and the environment.  

Therefore, one challenge of the project consists in identifying which mean of 
communication is useful to pursue the above-described target, and how they should be 
implemented with the other components. 

The research activity summarized in this paper is focused on the assessment of the value 
of academic efforts to design the tracking and collecting units. The positioning accuracy, 
including the correctness of the transmitted messages, is here investigated to ensure the 
capabilities of those units. 

The proposed solution is based on satellite technologies that can be used in the tracking of 
critical assets as containers transporting goods. The problem is that they can be unavailable in 
harsh environments, such as urban locations with high density of trees or, of course, tunnels.  

The project motivations are clarified in the first section of the paper. After that, the 
governing relations of the rail transportation are detailed to explain the difference of the 
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adopted models. Finally, the results of the functional test carried out at the Barrow Hill site 
are presented to emphasize the accuracy and the reliability of the proposed implementation. 

2 OVERALL FRAMEWORK 

The system architecture of the proposed solution is addressed to three different application 
areas as described in detail by some recent papers achieved within the project SPARTACUS 
[2-4]. It is designed to manage every demands on-site, near emergency places and tracked 
entities. Moreover, the implementation includes local and remote communications that are 
used for the best real time display and the direct situation awareness [5]. 

Specific technologies, protocols and supported interfaces of the SPARTACUS Tracking 
Units for rail transport and relief goods application are summarized in Fig. 1. 

Fig. 1 shows a graphical representation of functionalities and technical specifications 
regarding positioning, data acquisition and communication units. The STrackUs are 
connected with a low-power communication to the SColU (SPARTACUS Collecting Unit) 
placed into the locomotive or the front truck [6]. 

Freight trains are generally made by a locomotive, some wagons and many containers. 
Since their owners may be different within the convoy, the STrackU (SPARTACUS 
Tracking Unit) is equipped with an identification code and an internal position recording for 
each of them. In this way, a precise positioning and timing of all components can be offered 
to each stakeholder in a railway ecosystem for analysis or additional verifications. 

 
Figure 1: Architecture of transport and relief goods application. 

Due to the large number of required units, systems on containers and wagons need to 
show affordable prices, while the STrackU installed on the locomotive could be more 
expensive. Thus, the costs also determine the hardware and software performance: medium 
positioning precision with low energy consumption is assigned to containers and wagons, and 
high precision with high power consumption is reserved to the locomotive. 

Power supplies are different for each railway component as well. A standalone device 
with batteries that guarantee at least 24h working time is conceived for the secondary 
elements and a suitable power for some hours on the train head (STrackU and SColU). 

The relief goods distribution scenario is the same as the one described above, where the 
information is transmitted from trailers to the truck, instead that from wagons to locomotive. 
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3 GOVERNING RELATIONS 

The adopted software functionalities are divided in lower and upper level functions. The 
lower level function uses the data coming from the low-cost sensors to estimate their medium 
level positioning. The upper level function integrates this information with that coming from 
further devices in order to provide a high accuracy position for each sensor. The adopted 
devices are also known as INS (Inertial Navigation Systems), and are equipped with an 
Extended Kalman Filter (EKF). Indeed, these receivers provide noisy measurements that can 
be fooled by jamming or magnetic interferences [7-9]. When data from an external odometer 
are available, for instance, the Kalman Filter uses them to correct the current state.  

In this way, the motion measurements may be accurate, but this kind of computation 
suffers from drifts when the integration time becomes long [10]. For this reason, upper level 
algorithms are proposed to make the devices compliant with the positioning requirements. 

In detail, the sequence of the units within the train chain is determined when the convoy is 
at rest in a station. During this phase, the positioning algorithm implemented in the SColU 
computes the relative distance between the locomotive and the other units. The data are 
received by low-power wireless connections (XBee devices) [11].  

After that, the rough position of each unit is refined by the SColU and the relative position 
between two consecutive units is propagated from the locomotive until to the end of the train.  

When the train comes to another station, the upper level function re-starts from the 
beginning. These functionalities are designed to work when the GNSS signal is available 
with the aim of increasing the accuracy performance of the STrackUs. 

3.1 Rail transportation 

The upper level positioning algorithms are implemented in order to refine the position 
information of wagons and containers. They essentially process the data of each tracking 
units after a merge with the high-cost data of the locomotive.  

It provides a better position accuracy when compared with the results achieved for wagons 
or containers, because the external odometer computes a precise speed measurement by 
sensing the angular rate of the wheels. 

Moreover, the merging is performed by exploiting the geometric and kinematics 
constraints of the convoy. In particular, geometric constraints are given by the relative 
position between the vehicles and among the containers as well. 

These constraints arise from empirical observations and can be used to reduce the effects 
of disturbances and to improve the overall positioning accuracy. The units are assumed as 
mass points, moving along a curve and over a plane. The radius is sufficiently large to 
assume that the velocity vector is aligned with the longitudinal axis of the wagons. Therefore, 
heading and course of a single wagon over ground may be considered the same.  

The distance between the elements is constant during the trip. A maximum of three 
containers can be put on board for each wagon. The chained sequence of a rail convoy is 
shown in Fig. 2. 
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Figure 2: Position and orientation of a freight train. Rji and σji are defined in the text. 

The upper level algorithms are designed in a different way for wagons and containers. 
Each of them consists of two phases depending on being the train at rest or in motion. To 
detect the current status, the speed of the locomotive is monitored. If it is lower than the 
threshold of 2.78m/s, the train is assumed to be at rest.  

In addition, a mathematical model describing the kinematics of the system is needed and 
the data merge is performed by the EKF.  

Due to the similarity of the chained sequence for wagons and containers, the mathematical 
model is the same and the model is here proposed for the wagon chain. In Fig. 2, i denotes 
the i-th STrackU (i = 0, 1…n) where n is the number of wagons and 0 (zero) is used for the 
locomotive. The kinematics model of the i-th vehicle is expressed by the relations: 

(((( ))))cosi i iN V χɺ ====  (1) 

(((( ))))sini i iE V χɺ ====   

i ilV aɺ ====   

in
i

i

a

V
χɺ ====   

where Ni and Ei are respectively the North and East coordinates of the position, Vi denotes the 
speed, χi is the Course Over Ground (COG), while ail, ain are the accelerations along and 
transversal to the course. The mathematical model of the kinematics of the relative motion 
between the j-th and the i-th vehicles is: 

(((( )))) (((( ))))cos cosji i i ji j j jiR V Vχ σ χ σɺ = − − −= − − −= − − −= − − −  (2) 

(((( )))) (((( ))))sin sini i ji j j ji
ji

ji

V V

R

χ σ χ σ
σɺ

− − −− − −− − −− − −
====   

where σji is the angle between the North direction and the Line Of Sight (LOS) direction from 
the j to i vehicle (j > i)  and Rji is the relative distance between them (Fig. 2). 



5 
 

4 SIMULATION OF A REAL CASE AT A SPECIALTY TEST-BED 

The system assessment, in term of robustness, reliability and integrity, is the goal of the 
research activity reported in this paper. Hence, the navigation units and the developed data 
acquisition software were tested, in April 2016 at the railway site of Barrow Hill, for a time 
window of one week. 

Barrow Hill Round House is located near Chesterfield in the United Kingdom. It is a 
locomotive maintenance yard connected to the U.K. Railway Network. The real case was 
designed with the collaboration of the Centre for Railway Research (NewRail), depository of 
deep expertise about the safety requirements to operate alongside railway tracks and vehicles. 

The experimental investigations were carried out in 8.5ha, where the length of the 
maximum continuous track is about 1200m. The site is divided in three areas according to the 
maximum speed allowed for each path: (i) Yard Lines at 2.2m/s, (ii) Network Rail Access at 
4.4m/s, and (iii) Branch Line at 8.9m/s, as shown in Fig. 4A. 

         
Figure 4: Layout (A) and railway convoy (B) at the Barrow Hill site. 

The convoy is made by a locomotive, three wagons and one container (Fig. 4B). Each 
wagon is equipped with a SPARTACUS Tracking Unit, consisting of an inertial sensor 
(Ellipse N), a wireless communication device, and its own data collector [12, 13].  

The GNSS antennas are placed on the roof of the vehicles in order to enable a clear view 
of the sky. Moreover, an external odometer with a different receiver (Ellipse-D), that allows 
a dual coverage of the satellite signal, is adopted only for the locomotive (Fig. 5A).  

The STrackUs power is supplied by portable batteries. A Micro USB (Universal Serial 
Bus) wired connection reaches each Raspberry Pi 2. They are fixed on the window of the 
vehicles with a double-sided tape, as shown in Fig. 5B. 

The desired information is recorded in NMEA format [14]. The GGA (GPS Fix Data) 
message contains time and position, while RMC (Recommended Minimum Specific GPS 
Data) and GST (GPS PRN) messages are used to identify the SOG (Speed Over Ground) and 
the RAIM (Receiver Autonomous Integrity Monitoring) of that position. The sentences are 
collected by the data acquisition software in a SQLite database at 1Hz frequency and with a 
baud rate of 38400. They are stored inside a Micro SD (Secure Digital) by field columns and 
eventually imported within the Google Earth environment. 
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Figure 5: STrackU components for locomotive (A) and wagon (B). 

The system is conceived to evaluate: (i) the positioning error of the system, and (ii) the 
deep impact due to the use of the odometer for upper level applications. The position 
accuracy of the system may be computed by the comparison between the paths recorded by 
the tracking units and their reference trajectories carried out into the open access software.  

The average positioning error (μ) and the standard deviation (ς) are provided in Table 1, 
which summarizes the results of the positioning error for a freight train in the railway site. 
  

Set 
μ ς Positioning error max 

(m) (°) (m) (°) (m) (°) 
L1 0.469 0.834 0.334 1.039 1.263 5.971 
W1 1.170 0.684 0.566 1.052 2.864 6.137 
W2 1.366 0.867 0.847 1.111 4.196 3.775 
W3 1.425 0.723 0.722 0.813 3.446 3.234 
C1 0.803 0.558 0.511 0.825 2.009 4.328 

Table 1: Positioning errors achieved during the field tests 

The first test (L1) is addressed to check the upper level functions of the locomotive, while 
the results labelled W1, W2, W3 and C1 are referred to the three wagons and the container. 
In particular, the above listed results were elaborated from the data stored by the software in 
the last day of measurements. As expected, the best position accuracy is provided for the 
locomotive. The range for the low-level algorithms (< 5m) is observed with large margin.  

The data collected are post-processed within the Matlab® environment [15]. A graphical 
representation between the recorded path and its reference track is offered in order to provide 
step by step the positioning error of the STrackU in meters (Fig. 6). 
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Figure 6: Locomotive accuracy compared with wagons (A-B-C) and container (D) in meters. 

The outcome of this visual technique leads to the conclusion that the system behavior is 
fully functional also when the devices are in sites with high density of trees that may obstruct 
the satellites view. Fig. 7 shows the positioning error for each STrackU in degrees. 

 
Figure 7: Locomotive accuracy compared with wagons (A-B-C) and container (D) in degrees. 

Another aspect that was investigated is the data integrity achieved by the data acquisition 
software. The correctness of the message transmitted by the XBee devices is achieved 
through the percentage of corrupted and uncorrupted NMEA sentences for each recorded 
path. A detailed analysis demonstrated that each message is totally stored into the memory of 
the data collectors. The first 17 strings are lost, due to the boot time of the Raspberry Pi 
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(about 10 seconds). The remaining 7 seconds are required by the data acquisition software to 
start the communication with the sensor and to record the detected positions. 

5 CONCLUSIONS 

This paper aims to validate accuracy, reliability and robustness of the solutions developed 
within the FP7 European Union project SPARTACUS. The project is focused on the tracking 
of critical transport assets in time of crises, and wireless communication to a remote control. 

Satellite technologies are exploited. The position capabilities of inertial systems have also 
been checked, because existing networks may fail during a catastrophic event or not be 
available in harsh environments as urban canyons and tunnels.  

The function test was scheduled at the site of Barrow Hill, in order to replicate the real 
case of a railway convoy with a good signal coverage. The software ruling the data 
acquisition is tested and the correctness of the data transmission is proved as well.  

A large overview of the field tests carried out for the system validation is provided and the 
results are examined in order to check whether all the projects needs are fulfilled. The focus 
is a high performance in managing of emergencies. 
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