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ABSTRACT 

 
 
Context. Connected vehicles use sensors such as cameras or radars to collect data about 
surrounding environments automatically and share these data with each other or with road side 
infrastructure using short-range wireless communication. Due to the large amount of information 
generated, strategies are required to minimize information redundancy when important 
information is propagated among connected vehicles.      
Objectives. This research aims to develop an information propagation strategy in connected 
vehicle systems using software agent-based coordination strategies to reduce unnecessary message 
broadcast and message propagation delay.    
Methods. A review of related work is used to acquire a deep insight as well as knowledge of the 
state-of-the-art and the state-of-practice from relevant studies in the subject area. Based on the 
review of related work, we propose an agent-based coordination strategy for information 
propagation in connected vehicle systems, in which connected vehicles coordinate their message 
broadcast activities using auctions. After that, a simulation experiment is conducted to evaluate the 
proposed strategy by comparing it with existing representative strategies. 
Results. Results of simulation experiments and statistical tests show that the proposed agent-based 
coordination strategy manifest some improvements in reducing unnecessary message broadcast 
and message propagation delay compared to other strategies involved in the simulation 
experiments. 
Conclusions. In this research, we suggest a new strategy to manage the propagation of 
information in connected vehicle systems. According to the small scale simulation analysis, the 
use of auctions to select message transmitters enables our proposed strategy to achieve some 
improvements in reducing unnecessary message broadcast and propagation delay than existing 
strategies. Thus, with the help of our proposed strategy, unnecessary message broadcast can be 
minimized and the communication resources of connected vehicle systems can be utilized 
effectively. Also, important safety messages can be propagated to drivers faster, negative traffic 
events could be averted. 
  
  Keywords: connected vehicle, vehicle-to-vehicle communication, information  
  propagation, agent-based coordination strategy. 
 
 

 

mlq
Typewritten Text
	

mlq
Typewritten Text

mlq
Typewritten Text



 

II 
 

ACKNOWLEDGEMENT 

 
 
I would like to express my sincere gratitude to all the people who have, directly or indirectly, 
helped me with the research and the thesis. 
 
First of all, I really appreciate my supervisor Dr. Gideon Mbiydzenyuy for his constant guidance 
and support during my thesis work. The research and the thesis would not have been completed 
without his help.  
 
Thanks to Chai Yi for his help and advices when I encountered problems during the difficult 
course of the thesis. Also I want to thank all the lecturers and other staff in School of Computing 
of Blekinge Institute of Technology for their hard work to support the students for their studies. 
 
Eventually, I would like to express my thanks to my parents and my fiancee. They gave me the 
courage to pursue my study in Sweden which is definitely an important part of my life. 
 
I dedicate the research and the thesis to my grandfather.  
 



 

III 
 

CONTENTS 
 

ABSTRACT ................................................................................................................................... I 

ACKNOWLEDGEMENT ............................................................................................................. II 

CONTENTS ..................................................................................................................................III 

LIST OF FIGURES ...................................................................................................................... V 

ACRONYMS ............................................................................................................................... VI 

1. INTRODUCTION .................................................................................................................. 1 

1.1. BACKGROUND .......................................................................................................................... 1 
1.2. AIMS AND OBJECTIVES ............................................................................................................. 2 
1.3. RESEARCH QUESTIONS ............................................................................................................. 3 
1.4. TERMS AND CONCEPTS ............................................................................................................. 3 
1.5. THESIS STRUCTURE .................................................................................................................. 4 

2. RESEARCH METHODOLOGY ........................................................................................... 6 

2.1. REVIEW OF RELATED WORK ..................................................................................................... 6 
2.2. AGENT-BASED COORDINATION STRATEGY ................................................................................ 7 
2.3. SIMULATION EXPERIMENTS ...................................................................................................... 7 

2.3.1. Simulation Scenario......................................................................................................... 7 
2.3.2. Simulator Design ............................................................................................................. 8 

2.4. STATISTICAL ANALYSIS ........................................................................................................... 10 

3. CONCEPTS AND REVIEW OF RELATED WORK ........................................................... 12 

3.1. CONNECTED VEHICLES ........................................................................................................... 12 
3.1.1. What Are Connected Vehicles ....................................................................................... 12 
3.1.2. Vehicle-to-Infrastructure Communication ..................................................................... 12 
3.1.3. Vehicle-to-Vehicle Communication ............................................................................... 13 

3.2. CHARACTERISTICS OF CONNECTED VEHICLE SYSTEMS .......................................................... 13 
3.3. RELATED WORK ..................................................................................................................... 14 

3.3.1. Flooding ........................................................................................................................ 14 
3.3.2. Node-based Strategies ................................................................................................... 15 
3.3.3. Neighbor-based Strategies ............................................................................................ 17 

3.4. SUMMARY OF EXISTING INFORMATION PROPAGATION STRATEGIES ........................................ 18 

4. AGENT-BASED COORDINATION STRATEGY ............................................................... 20 

4.1. AGENT TECHNOLOGY ............................................................................................................. 20 
4.2. AGENT COORDINATION AND AUCTION .................................................................................... 20 
4.3. AGENT-BASED COORDINATION STRATEGY FOR INFORMATION PROPAGATION ......................... 21 

5. SIMULATION RESULTS .................................................................................................... 25 

5.1. EXPERIMENTAL SETUP ............................................................................................................ 25 



 

IV 
 

5.2. EXPERIMENTAL RESULTS ........................................................................................................ 26 
5.3. STATISTICAL TESTS RESULTS .................................................................................................. 27 

6. ANALYSIS AND DISCUSSIONS ......................................................................................... 30 

6.1. ANALYSIS ............................................................................................................................... 30 
6.2. DISCUSSIONS .......................................................................................................................... 32 
6.3. ASSESSMENT OF VALIDITY ...................................................................................................... 33 

6.3.1. Internal Validity ............................................................................................................ 33 
6.3.2. External Validity ............................................................................................................ 34 
6.3.3. Construct Validity .......................................................................................................... 34 
6.3.4. Statistical Conclusion Validity ...................................................................................... 35 

7. CONCLUSIONS AND FUTURE WORK ............................................................................ 36 

REFERENCES ............................................................................................................................ 38 

APPENDIX .................................................................................................................................. 42 

 
 
 



 

V 
 

LIST OF FIGURES 
 
FIGURE-1. SIMULATION SCENARIO (VE - VEHICLE EAST, VW - VEHICLE WEST) ................................ 7 
FIGURE-2. INPUTS AND OUTPUTS OF SIMULATION EXPERIMENTS ...................................................... 9 
FIGURE-3. THE FLOODING STRATEGY .............................................................................................. 14 
FIGURE-4. THE INTELLIGENT BROADCASTING STRATEGY ............................................................... 16 
FIGURE-5. THE BROADCOMM STRATEGY .................................................................................... 17 
FIGURE-6. THE LCNF STRATEGY .................................................................................................... 18 
FIGURE-7. AGENT AUCTION PROCESS .............................................................................................. 21 
FIGURE-8. TARGET ZONES ............................................................................................................... 22 
FIGURE-9. THE CONDITION FOR AGENTS RESPONDING TO AUCTIONS .............................................. 23 
FIGURE-10. ADDITIONAL BROADCAST COVERAGE .......................................................................... 23 
FIGURE-11. EXPERIMENTAL RESULT - LINK LOAD ............................................................................ 42 
FIGURE-12. EXPERIMENTAL RESULT - PROPAGATION DELAY ........................................................... 42 
 

 

 



 

VI 
 

ACRONYMS  
 
Acronym     Description 
ICT      Information and Communication Technology 
DSRC     Dedicated Short Range Communications 
V2V      Vehicle-to-Vehicle 
V2I      Vehicle-to-Infrastructure 
NF      Naive Flooding 
IB      Intelligent Broadcasting 
SNB      Stem aNd Branch broadcasting 
SPB      Slotted Persistence Broadcasting  
LCNF     Least Common Neighbor Flooding 
SBA      Smart Broadcasting Algorithm 
ECU     Electronic Control Unit 
SW-test     Shapiro-Wilk test 
ANOVA test    ANalysis Of VAriance test 
Tukey's test    Tukey range test 
U-test     Mann-Whitney U test 
 
 
  



 

1 
 

1. INTRODUCTION 

 
This research suggests a new information propagation strategy in connected vehicle systems to 
reduce unnecessary message broadcast and message propagation delay. In existing strategies, 
connected vehicles calculate a waiting time independently before they re-broadcast received 
messages to avoid unnecessary broadcast. In our proposed strategy, connected vehicles coordinate 
their broadcast activities by using auctions in which the winning bid is selected according to the 
additional broadcast coverage, which can reduce unnecessary message broadcast without 
introducing additional waiting time. We use simulation experiments to evaluate our proposed 
strategy, the experimental results illustrate that our proposed strategy shows some improvements 
compared to other strategies involved in the simulation experiments.      
 

1.1. Background 

A connected vehicle is a vehicle equipped with sensors such as cameras or radars to collect a 
variety of static and dynamic information about the vehicle itself and its surrounding road 
environment. Moreover, a connected vehicle can share the collected information with road side 
network infrastructure or with other connected vehicles using Dedicated Short Range 
Communications (DSRC) [1]. The data shared between vehicles (Vehicle-to-Vehicle, V2V) or 
vehicles and road side infrastructure (Vehicle-to-Infrastructure, V2I) can be organized into two 
categories: safety data, and, traffic event data [1].  
 
First of all, connected vehicles share safety data to avoid negative traffic events such as accidents. 
To achieve this, a connected vehicle emits safety data about its speed, direction and location to 
other vehicles at a certain frequency. Safety data from nearby peers enables a connected vehicle to: 
sense the approaching of other vehicles and the threat or hazard they present; calculate risk; issue 
warnings to drivers; or take pre-emptive measures to avoid crashes [2]. It is reported that with the 
help of safety data shared among connected vehicles, 76% of the crashes on the roadway can be 
prevented, thereby reducing fatalities and injuries that occur each year [2]. Second, connected 
vehicles share information about traffic or environmental events to ensure smooth traffic flow on 
the roadway. Traffic event information originates from moving vehicles that detect events such as 
detour route, iciness on road surfaces, congestions or car crashes [3]. Upon detecting such event, a 
vehicle broadcasts warning messages to a group of potential receivers, then a multi-hop 
re-broadcast is used to disseminate the information to vehicles outside the transmission range of 
the event-detecting vehicle so as to extend the horizon of the message [4,5]. Upon receiving 
information relayed by vehicles ahead, informed drivers can make better travelling decisions such 
as taking alternate routes or changing speed. Thus, the propagation of information about traffic or 
road events among connected vehicles is beneficial for improving the safety and the performance 
of a road transport system. 
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Due to the large amount of information generated, strategies are required to minimize information 
redundancy when important information is propagated among connected vehicles. This problem 
can be described as the directional propagation of information originating from mobile nodes in 
the surface transportation system [3]. Information redundancy in connected vehicles originates 
from difficulties in systematically coordinating the dissemination of information concerning traffic 
or environmental events detected by independently moving vehicles. One traditional solution 
adopted by some automobile manufacturers is called Flooding, in which a vehicle receives a 
warning message and then successively re-broadcasts the message to vehicles in its vicinity 
[3,4,6-8]. So a vehicle may receive lots of duplicated messages from its nearby peers and the 
unnecessary re-transmissions of the same message may congest the shared and wireless 
Vehicle-to-Vehicle communication networks. As a consequence, connected vehicles cannot 
sufficiently process the superfluous data, and urgent warning messages might get lost or delayed, 
which may result in safety problems [9,10]. 
 
To address this problem, researchers have proposed some solutions for connected vehicles to 
delegate the information dissemination behavior in a certain area to a specific vehicle to decrease 
information redundancy and unnecessary message re-transmissions. For instance, the Intelligent 
Broadcasting (IB) strategy [13], the Slotted Persistence Broadcasting (SPB) strategy [40], the 
Least Common Neighbor Flooding (LCNF) strategy [14] and the Smart Broadcasting Algorithm 
(SBA) [36], etc.. In these solutions, connected vehicles calculate a waiting time based on different 
approaches, the vehicle having the shortest waiting time re-broadcasts the message to its neighbors. 
However, these strategies do not fully consider the feature of intermittent connectivity of 
connected vehicle systems. Besides, the waiting time delays the propagation of important safety 
messages, which may cause traffic safety risks because safety messages are highly time-critical for 
drivers. For example, if a car accident occurs, warning messages must be propagated to drivers 
fast to avoid a multiple crash.   
 
Connect vehicle systems are composed of distributed and fast-moving entities and are 
characterized by rapidly changing topology and intermittent connectivity due to the high mobility 
of vehicles [3,5,15]. Software agent technology have been widely used in research connected to 
simulation of road traffic systems, because road traffic systems are well suited for an agent-based 
approach due to their distributed and dynamic changing nature [53]. Also, agents can collaborate 
with one another through communication and coordination to reach system-wide benefits [17]. In 
this research, we will propose an agent-based information propagation strategy in connected 
vehicle systems to reduce unnecessary message re-transmissions and message propagation delay. 
And we will use simulation experiments to evaluate the performance of our proposed strategy. 
 

1.2. Aims and Objectives 

The aims of this research are: develop an agent-based coordination strategy for the propagation of 
information in connected vehicle systems to reduce unnecessary message re-transmissions and 
message propagation delay. In order to evaluate the proposed strategy, we compare it with existing 
representative strategies such as Intelligent Broadcasting (IB), Slotted Persistence Broadcasting 
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(SPB), Least Common Neighbor Flooding (LCNF) and Smart Broadcasting Algorithm (SBA) 
using simulation experiments. 
 
In order to achieve the overall aim of the thesis, the following sub-objectives have been addressed: 
 A review of existing scientific work related to information propagation in connected vehicle 

systems. 
 Based on the review, design and suggest an agent-based coordination strategy to reduce 

unnecessary message broadcast and propagation delay. 
 Design and conduct a simulation experiment to test the performance of the proposed strategy. 
 

1.3. Research Questions 

RQ: How can software agent-based coordination strategies be used to improve unnecessary 
message broadcast and propagation delay for information propagation in connected vehicle 
systems? 
 
In order to answer the research question, our task contains two main parts. First of all, we shall 
design and develop a new approach for information propagation in connected vehicle systems. In 
our proposed approach, software agent-based coordination strategies are used to coordinate the 
message broadcast behaviors of connected vehicles so as to minimize unnecessary message 
re-transmissions and message propagation delay.  
 
Secondly, our proposed approach shall be evaluated by comparing with existing representative 
strategies using a carefully designed simulation experiment. The hypothesis for the simulation 
experiment is: our proposed strategy for the propagation of information in connected vehicle 
systems can achieve significant better performance in reducing unnecessary message broadcast 
and propagation delay than other strategies involved in the simulation experiment.  
 
In the simulation experiment, we shall compare our proposed strategy with other strategies using 
multiple simulation rounds that simulates different traffic conditions. By conducting the 
simulation experiment, we can know if our proposed strategy can achieve better performance than 
existing representative strategies under various conditions. 
 
Thus, by answering the research question, we can achieve the aim of this research.    
  

1.4. Terms and Concepts 

Here we provide a brief description of some important terms and concepts. These terms and 
concepts are helpful for the readers to have a better understanding for the next chapter where we 
will describe the research methodology and the research process for this study. 
 Vehicle-to-Vehicle (V2V) communication: V2V communication is the real-time, short-range 



 

4 
 

wireless data exchange between connected vehicles [25]. V2V communication can be used to 
propagate important traffic or safety information among connected vehicles.  

 Vehicle-to-Infrastructure (V2I) communication: V2I communication is the wireless data 
exchange between vehicles and road side infrastructure [22]. Traffic administration agencies 
can utilize road side infrastructure to capture real-time traffic data from connected vehicles to 
monitor the status of the transportation system. 

 Node-based information propagation strategy: In node-based strategies, every connected 
vehicle determines whether to re-broadcast a received message or not and when to 
re-broadcast the message using its localized knowledge. 

 Neighbor-based information propagation strategy: In neighbor-based strategies, each 
connected vehicle broadcasts its position information to its neighbors periodically, and 
connected vehicles utilize the neighborhood information to determine whether to re-broadcast 
a received message or not and when to re-broadcast the message. 

 Link load: Link load is the total amount of messages broadcasted by connected vehicles over 
a period of time [36,40]. It can be used to measure the load of the communication network in 
a connected vehicle system. 

 Propagation delay: Propagation delay is the time for a message to be transmitted from source 
to destination [36,40]. 

 

1.5. Thesis Structure 

Section-1 Introduction: The first chapter of the thesis introduces the background describing 
information propagation in connected vehicle systems. Then we discuss the aims and objectives, 
the research questions and the structure of the thesis.  
 
Section-2 Research Methodology: The second chapter describes the research methodology for 
this study, including: each steps involved in the research process, the simulation experiments and 
data collection, and a brief description about the post-hoc statistical analysis. 
 
Section-3 Concepts and Review of Related Work: This chapter introduces connected vehicle 
concepts, V2I and V2V communications, characteristics of connected vehicle systems and 
information propagation in connected vehicle systems. After that, we introduce and analyze 
existing information propagation strategies.  
 
Section-4 Agent-based Coordination Strategy: This chapter we start with introducing agent 
concepts and agent coordination process briefly, then we describe our agent-based coordination 
strategy of information propagation in connected vehicle systems in detail. 
 
Section-5 Simulation Results: In this chapter we introduce the experimental setup, present the 
experimental results and analyze the experimental results using post-hoc statistical tests.  
 
Section-6 Analysis and Discussions: In this chapter we answer the research questions and carry 
out a causal analysis based on the results of the simulation experiments and the statistical tests. 
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Then we discuss the contribution and the limitation of our study. After that, we discuss validity 
threats and the influences brought about by the threats to our research. 
 
Section-7 Conclusions and Future Work: Here we conclude our research and introduce how we 
plan to improve our research as well as the probability of expanding our research to other 
connected vehicle problems. 
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2. RESEARCH METHODOLOGY 

 
This chapter introduces the research methodology and each steps involved in the research process 
for this study.  

2.1. Review of Related Work 

Review of related work is a means of identifying, evaluating and interpreting available studies 
relevant to a particular research question [18]. We review relevant existing work to acquire solid 
knowledge about connected vehicle systems and existing information propagation strategies for 
connected vehicle systems. By reviewing relevant existing work and analyzing existing 
information propagation strategies, we hope to acquire a comprehensive understanding of 
information propagation in connected vehicle systems as well as identify gaps in current research.  
 
The following databases were used to search for relevant existing work related to connected 
vehicles: Google scholar, ACM Digital Library, IEEE Xplore, ScienceDirect and Springer. 
Because connected vehicle technology is a relative new technology and the DSRC protocol was 
developed in 1998 [58], we only included materials published from Jan 1998 until 2014 in our 
research. The complete search string we used to search for materials is: 
((connected vehicle*) OR (connected car*) OR (connected vehicular system) OR 
(vehicle-to-vehicle) OR V2V)  
AND  
((data dissemination) OR (information propagation) OR (information dissemination) OR 
(broadcast redundancy) OR (broadcast storm*))  
AND  
(coordination OR method OR scheme OR solution OR strategy OR technique OR protocol)  
 
The following types of materials were included in the review of related work: 
 Studies that introduce the characteristics of connected vehicle systems; 
 Studies that describe a method/scheme/solution/strategy of suppressing broadcast redundancy 

and propagation delay for the propagation of information in connected vehicle systems.  
 
The following types of materials were excluded from the review of related work: 
 Studies that describe connected vehicle technologies not based on short range wireless 

communication (e.g. by using satellite or by using 3/4G networks ); 
 Studies that focus on other aspects of connected vehicle systems rather than managing the 

propagation of information (e.g. security problems of wireless communication between 
vehicles); 

 Studies that focus on Vehicle-to-Infrastructure (V2I) communication; 
 Studies that do not solve the broadcast storm problem mainly based on a software approach; 
 Studies that do not provide any performance evaluation for the proposed strategies; 
 Studies that do not evaluate the performance of the proposed strategies based on simulations.    
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2.2. Agent-based Coordination Strategy 

Through the review of related work, we learn that existing information propagation strategies can 
be divided into two types: node-based strategies and neighbor-based strategies. We then study 
representative strategies that belong to these two types of strategies. Brainstorming, whiteboard 
and simulations are used to help us understand different strategies.  
 
Connected vehicles and agents have much in common: they are independent entities that are 
situated in dynamic environments, they share some resources (e.g. road lanes, communication 
networks, etc.), and they have individual goals and common goals. Thus, we focus our research on 
how agent-based coordination strategies can be used to improve existing strategies. Since there are 
different kinds of agent-based coordination strategies (e.g. negotiation, arbitration, voting and 
auction, etc.), we examine these strategies for their potential to improve the drawbacks in existing 
strategies. Simulations are used to compare the performance of alternative information 
propagation methods. Whiteboard is also used to generate and capture design ideas for our 
proposed agent-based coordination strategy as well as to record unresolved problems in our design. 
With this approach, we develop a new information propagation method in connected vehicle 
systems using an agent-based coordination technique - auctions.  
 

2.3. Simulation Experiments 

2.3.1. Simulation Scenario 

In order to conduct simulation experiments to evaluate the performance of the proposed strategy, a 
traffic scenario was designed and simulated. The target scenario is a road in which there are 
multiple vehicles traveling in opposite directions. Each direction has two lanes, vehicles moving at 
high speeds can overtake slower vehicles ahead of them by changing lanes. At the starting point of 
each direction there is a vehicle releasing point and vehicles are generated from the releasing 
points. An emergency event is introduced in the middle of the simulation stretch from the 
beginning of the experimentation. The target scenario is depicted with Figure-1: 

 

Figure-1. Simulation scenario (VE - vehicle east, VW - vehicle west) 

 
This scenario is a commonly used scenario in studies of information propagation in connected 
vehicle systems because it is simple and it simulates one of the most common emergency scenario 
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on the road. To manage the complexity for the simulation experiment and to evaluate the proposed 
strategy in a typical case, we have intentionally decided to start with a relatively simple scenario, 
as there are complex scenarios such as intersections, highway interchange, and exit and entry 
ramps.  

 

2.3.2. Simulator Design 

Our simulation experiment consists of two components. The first component is a traffic simulator 
that simulates the road network and the movement of vehicles travelling on the road network. In 
this research, we use the Multi-Agent Transport Simulation (MATSim) tool as the traffic simulator. 
MATSim simulates realistic vehicle movement by approximating driver behaviors such travelling 
based on pre-defined time plans or switching lanes when meeting slower vehicles ahead [16].  
 
There are three inputs to the traffic simulator: a road network, a vehicle density, and a vehicle 
speed. The road network we use in the simulation experiment is depicted in Figure-1, which is a 
straight road with two directions. The vehicle density controls the speed of generating new 
vehicles at the vehicle releasing points, newly generated vehicles enter the simulated road from 
the vehicle releasing points. The vehicle speed defines the range of travelling speeds for vehicles 
in the simulation experiments. Each vehicle travels with a constant speed within the range, 
different vehicles travel with different speeds. The output of the traffic simulator is a trace of 
vehicle positions on the road. 
 
The second component is a V2V (Vehicle-to-Vehicle) communication simulator that simulates the 
communication between nearby vehicles. In this research, we use the Java Agent DEvelopment 
Framework (JADE) as the V2V communication simulator. JADE can be used to simulate the 
networking and data communication in a distributed system, it can simulate the message broadcast 
and reception of connected vehicles [19].  
 
There are three inputs to the V2V communication simulator: a broadcast frequency, a 
communication range and a position message exchange rate. The broadcast frequency controls 
how many messages a vehicle broadcasts in unit time when it acts as a message transmitter. The 
communication range defines how far a message can reach. As mentioned before, in 
neighbor-based information propagation strategies, connected vehicles need to broadcast position 
messages periodically so that each vehicle knows the positions of its neighbors in real time in 
order to properly relay messages [40]. The position message exchange rate defines the frequency 
of position message broadcast for vehicles using neighbor-based strategies. The outputs of the 
V2V communication simulator are the metrics about an information propagation strategy: link 
load and propagation delay. Figure-2 illustrates the inputs and the outputs for the simulators: 
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Figure-2. Inputs and outputs of simulation experiments 

 
It is obvious that the parameters and variables as the inputs for the simulators have effects on the 
experimental results. In our simulation experiments, each strategy is tested using different settings 
of these inputs respectively so to test the strategy in different conditions: 
 Vehicle density: Vehicle density is the frequency of generating vehicles at the vehicle 

releasing points, i.e. how many vehicles are generated from the vehicle releasing points and 
enter the simulation road per minute [45]. There is no general standard for the values of 
vehicle density used in simulation experiments of connected vehicles. Most researchers tested 
their strategies with densities in the range from 10 to 100. Due to the performance limitation 
of the experimental computer, we use 20, 30, 40 and 50 as vehicle densities in our 
experiments, which means, 20, 30, 40 and 50 vehicles are generated from the releasing points 
every minute in different experimental rounds.                   

 Vehicle speed: In some research work [3,33-35], simulated vehicles move at the same speed 
or similar speeds with little difference, but this may not reflect most scenarios in traffic. In 
our simulation experiment, each vehicle is assigned a speed from a normal distribution 
centered on 80 km/h, with a standard deviation of 20 km/h. By doing this, the topology of 
connected vehicles changes continuously. The speed for a vehicle remains constant during the 
simulation. 

 Broadcast frequency and communication range: Typically, connected vehicles should 
broadcast messages at a frequency of 10 times per second [22,26]. In most research work 
based on simulations, connected vehicles broadcast messages 3 to 5 times per second. DSRC 
protocol supports communication between connected vehicles with a maximum range of 
1000 meters, while most research work used a data transmission rage less than 500 meters, 
such as 200, 250, 300 or 400 meters. In our simulation experiments, we use a broadcast 
frequency of 5 times per second. Also, due to the performance limitation of the experimental 
computer, we set the data transmission range to 250 meters.  

 Position message exchange rate: As mentioned before, in neighbor-based information 
propagation strategies, connected vehicles are required to broadcast position messages to 
neighbors periodically. It is suggested that the position message broadcast period should not 
exceed 1 second due to the high mobility of vehicles [46,47], and most researches used 0.5 
second or 1 second as the position message broadcast period. In our experiments, vehicles 
using neighbor-based strategies broadcast position messages to neighbors once per second.      

 
 
Table-1 summarizes the parameter values and variable value ranges used in the simulation 
experiments: 
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Parameter/Variable Value 
Physical road link 5000 meters two-way road 

Vehicle density 20, 30, 40 and 50 per minute  

Vehicle speed  normally distributed with a mean of 80km/h and a standard deviation of 20km/h  

Broadcast frequency 5 times per second 

Communication range 250 meters 

Position message exchange rate 1 time per second 

Table-1: Parameters and variables for the simulation experiments 
 
The main requirement of information propagation mechanisms is to propagate information 
concerning traffic or emergency events fast while utilizing minimum communication resources 
[32,35]. Thus, the link load and the propagation delay are the commonly used statistics in 
evaluating information propagation strategies [3,34-36,40]: 
 Link load: Link load is the total amount of messages broadcasted by connected vehicles over 

a period of time. Link load is the indicator for measuring the load of the communication 
network in a connected vehicle system. In our simulation experiments, higher link load 
illustrates that excessive messages may aggravate the overhead of the network. 

 Propagation delay: Propagation delay is the time for a message to be transmitted from source 
to destination. In the simulation experiments, the propagation delay is the total time for the 
warning message to be propagated from the emergency event spot to the two vehicle 
releasing points. Propagation delay is the indicator for measuring how much latency will be 
introduced into the connected vehicle system by the information propagation strategy. Lower 
propagation delay means that drivers can receive important warning messages earlier. 

 

2.4. Statistical Analysis 

Since simulation experiments can generate statistical data, it is not always obvious to draw valid 
conclusions by directly studying the output of such experiments. Often, statistical analysis is 
needed to gain insight into the data output from a simulation experiment. To be specific, we need 
to check if there are significant differences in the experimental results of different strategies. If 
significant differences exist among the strategies, it means strategies involved in the experiments 
have different performance in reducing the link load and the propagation delay, and the 
performance difference is very unlikely to occur by chance. Then we would like to know which 
strategies perform significantly better than others. These tasks can be done with the help of 
statistical analysis. Thus, we use statistical tests to further analyze the experimental results 
quantitatively.    
 
In our research, we have a single factor (information propagation strategy) and two dependent 
variables (link load and propagation delay). Thus, one-way ANalysis Of VAriance test (ANOVA 
test) can be applied to check if there are significant differences among the link load and the 
propagation delay of different strategies if they are normally distributed. To test the normality of 
the link load and the propagation delay of different strategies, we can use Shapiro-Wilk test 
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(SW-test). If we find significant differences among the strategies, Tukey range test (Tukey's test) 
can be used as the post-hoc analysis to analyze the experimental results in pairs. By performing 
pair-wise comparisons, we can know which strategies have better performance than others. On the 
other hand, if the link load and the propagation delay of different strategies do not confirm to 
normal distribution, we use Mann-Whitney U test (U-test) to analyze them in pairs to determine 
which strategy has a better performance. 
 
Shapiro-Wilk test (SW-test) is used to test whether a collection of data samples comes from a 
normally distributed population [48]. The null hypothesis of SW-test is that the data samples come 
from a normally distributed population. The alternative hypothesis is that the data samples are not 
normally distributed.  
 
The one-way ANalysis Of VAriance test (ANOVA test) is used to compare the means of two or 
more samples [49]. The null hypothesis of ANOVA test is that the data samples are drawn from 
populations with the same mean values, the alternative hypothesis is that at least one of the means 
are different. Two ANOVA tests are used to test the means of the link load and the means of the 
propagation delay respectively. If the null hypothesis of ANOVA test is rejected, we can determine 
that there are significant differences among the means of the strategies. Then Tukey range test 
(Tukey's test) can be used to find means that are significantly different from others [50].  
 
On the other side, if the SW-test shows that the experimental results do not confirm to normal 
distribution, we use Mann-Whitney U test (U-test) to analyze the strategies in pairs to determine 
which strategy has a better performance. The null hypothesis of U-test is that the means of two 
data groups are the same, the alternative hypothesis is that the means of two groups are different.  
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3. CONCEPTS AND REVIEW OF RELATED WORK      

3.1. Connected Vehicles 

3.1.1. What Are Connected Vehicles  

Most newly produced mainstream vehicles are outfitted with advanced stereo cameras, which 
enable them to detect approaching vehicles or pedestrians. In addition, in-car radars or laser 
sensors complement the cameras by detecting other events such as crashes, congestions or weather 
conditions, providing a 360-degree picture of the surrounding environment for the vehicle [20]. A 
connected vehicle gathers information about itself such as speed and direction through its 
Electronic Control Unit (ECU) and detects its surrounding road environment using cameras and 
radars. It shares these collected information with road side network infrastructure or other 
connected vehicles using wireless communications.  
 
The data exchange between vehicles or vehicles and road side infrastructure is based on a variety 
of wireless communication technologies. Dedicated Short Range Communication (DSRC) is 
widely used as the protocol for connected vehicle communications. It uses spectrum of 75 MHz in 
the 5.9 GHz band to support communication between connected vehicles with a maximum range 
of 1000 meters [21]. 
 

3.1.2. Vehicle-to-Infrastructure Communication 

Vehicle-to-Infrastructure (V2I) communication is the wireless exchange of safety and operational 
data between vehicles and road side infrastructure, intended to enhance operational practices and 
surface transportation systems management [22]. Traffic administration agencies can utilize road 
side infrastructure to capture real-time traffic data from connected automobiles, buses, trucks, etc. 
to monitor the status of the transportation system at a particular time. This information could help 
traffic administrators manage transportation system performance, for example, adjusting traffic 
signals to mitigate congestions, dispatch maintenance crews or emergency services [22,28]. 
 
The captured real-time transportation data not only provide a full picture of the roadways and the 
traffic on them but also have the potential to support a variety of mobility enhancement 
applications [22-24]. For instance, a vehicle detects an event then it sends a message to the road 
side infrastructure to broadcast the message to the vehicles in this area. The road side 
infrastructure can forward the message to other infrastructure in adjacent areas for early warning. 
Drivers in adjacent areas receiving the warning message can make better travelling decisions. Also, 
parking data can be broadcasted to vehicles using road side infrastructure [22].            
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3.1.3. Vehicle-to-Vehicle Communication  

V2I communication has the potential to improve the efficiency and the management of road traffic 
systems, but it has a significant disadvantage - it is a rather costly solution because it requires the 
installation and deployment of many infrastructure at the road edge. Thus, Vehicle-to-Vehicle 
(V2V) communication receives more attention in connected vehicle systems. V2V communication 
is the real-time, short-range wireless data exchange between vehicles [25]. As mentioned before, 
the data shared between vehicles can be organized into two categories: safety data, and, traffic 
event data [1]. V2V communication is primarily used to improve traffic safety by avoiding crashes. 
A connected vehicle emits safety data such as its speed and direction to other vehicles within its 
communication range at a certain frequency. With safety data from other vehicles, a vehicle is able 
to detect potential dangers, for example, in which a driver needs to decide if it is safe to pass on a 
two-lane road or make a left turn across the path of oncoming traffic [26,27].  
 
Since traffic networks coverage by road side infrastructure is costly, V2V communication can be 
used to propagate information about traffic or emergency events among connected vehicles. 
Current vehicles use sensors such as cameras or radars to observe other vehicles, surrounding 
environments or events such as local congestion or crashes. Upon detecting such events, a vehicle 
broadcasts an alert message to other vehicles in its vicinity. In order to expand the horizon of the 
message to inform other vehicles that are far away, a multi-hop re-broadcast is used to disseminate 
the information to locations outside the transmission range of the event-detecting vehicle [4,5]. 
For instance, if an traffic accident happens on the road, V2V communication and multi-hop 
re-broadcast can propagate warning messages along both directions of the road to distant vehicles 
to avoid multiple vehicle collision or congestions. By receiving the warning message, travellers 
can take necessary actions to avoid dangers or disturbances to their trips.     
 

3.2. Characteristics of Connected Vehicle Systems 

As stated earlier, V2V communication can be used to propagate messages among connected 
vehicles. This problem can be described as the directional propagation of information in a system 
composed of independently moving entities [3]. Unlike other network systems, connected vehicle 
systems have distinguished characteristics - connected vehicle systems on the roadway manifest 
dynamic topology and intermittent connectivity due to the high mobility of vehicles [15,29,30]. 
Researchers have summarized the characteristics of connected vehicle systems as follows [29-31]: 
 Lack of centralized management entity 
 Dynamic, rapidly changing topology;     
 Partitioned; 
 Constrained, largely one- or two-directional movement due to static roadway geometry; 
 Vehicles are not completely reliable. 

 
In connected vehicle systems, there are no central management entities like the Base Stations in 
cellular networks. The inexistence of such an entity able to synchronize and manage the broadcast 
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behaviors of different vehicles results in duplicated messages and a less efficient usage of the V2V 
network resources [29]. Different from infrastructure-based networks such as the cellular networks, 
connected vehicle systems are constructed on-the-fly [31]. Different types of connected vehicles 
(e.g. cars, buses and trucks) travel with different speeds independently. Their relative positions and 
distances are not static but always changing, which means the network topology of a connected 
vehicle system evolves over time. Moreover, connected vehicle systems are often partitioned. To 
be specific, connected vehicles can only communicate with each other when they are within each 
other's data transmission range. If the distance between two vehicles is larger than the 
communication range, the connection between them is dropped. When their distance decreases, 
they may be able to establish the communication connectivity again. Thus, due to limited radio 
communication range, high mobility of vehicles and varied vehicle density on the road (e.g. 
vehicle density can be very sparse during the night or can be very dense during rush hours), links 
between vehicles frequently break or establish [29]. That is to say, connectivity between vehicles 
cannot be guaranteed whereas end-to-end connectivity is often implicitly assumed in other 
research work [30,40]. Vehicles are not completely reliable, which means they may break down or 
accidents can happen unpredictably. Fortunately, the mobility of connected vehicles is constrained 
by the geometrical layout of the roadways, speed limits and the traffic flow. They can only move 
along the roads in a certain limited set of directions as opposed to randomly moving in arbitrary 
directions [40]. So we can have the chance to propagate information directionally in connected 
vehicle systems.  
        

3.3. Related Work 

3.3.1. Flooding 

The simplest way to propagate messages in connected vehicle systems is called Flooding [4,31,35]. 
In the Flooding strategy, when detecting an emergency event, a connected vehicle broadcasts 
messages to other vehicles within its data transmission range. Every time a vehicle receives a 
broadcast message, it immediately forwards it by re-broadcasting the message [31]. The Flooding 
strategy is illustrated in Figure-3: 
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Figure-3. The Flooding strategy 
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Despite its simplicity, the Flooding strategy has obvious drawbacks. Since every vehicle receiving 
a message will successively re-broadcast it without considering whether other vehicles will 
re-broadcast the message or not, it can cause a large number of redundant transmissions, 
especially when the vehicle density is high on the road. The large amount of  unnecessary 
re-transmissions can congest the shared and wireless V2V communication network because V2V 
communication is based on DSRC and excessive messages can result in packet collisions 
[11,31,33]. This is called the Broadcast Storm Problem [31,33]. Due to the large amount of 
duplicated messages, a connected vehicle may not be able to sufficiently process the superfluous 
data, and urgent safety messages might get lost or delayed consequently [9,32]. 
 

3.3.2. Node-based Strategies 

To address the Broadcast Storm Problem, one solution is to delegate the information dissemination 
behavior in a certain area to some specific vehicles to decrease re-transmissions and duplicated 
messages, this is called the selective broadcasting method [12]. The vehicles that are responsible 
for re-broadcasting the message are re-selected in every transmission hop. Thus, now the 
challenge is how to select vehicles to re-broadcast the message in every transmission hop in a 
connected vehicle system. At present, there are mainly two types of strategies: node-based 
strategies and neighbor-based strategies [30,33,38]. In node-based strategies, every connected 
vehicle knows the position of the message sender but does not know the positions of any other 
vehicles, it decides whether to re-broadcast a message or not using its localized knowledge. While 
in neighbor-based strategies, in addition to the position of the message sender, every connected 
vehicle exchanges its position information with its neighbors periodically by broadcasting position 
messages. Vehicles stores the positions of neighbors and they utilize this neighborhood 
information to determine whether to re-broadcast the message or not. 
 
The Naive Flooding (NF) strategy is the simplest node-based strategy. Once detecting an 
emergency situation on the road, the event-detecting vehicle broadcasts a warning message, then 
all recipients selectively re-broadcast the message based on the direction-of-arrival of the message 
[11]. A vehicle ignores the message if it comes from behind regarding to its direction of movement. 
If the received message comes from the front, a vehicle infers that there is an emergency event in 
front of it and, in that case, re-broadcasts the message [11]. The NB strategy ensures that warning 
messages can only be disseminated to vehicles moving towards the emergence event spot. But 
there are still many unnecessary re-transmissions because vehicles moving towards the event spot 
will all re-broadcast the received message. 
 
Biswas, Tatchikou and Dion [13] proposed the Intelligent Broadcast (IB) strategy to improve the 
NB strategy. After broadcasting a warning message, if the message transmitter receives the same 
message from behind, it can know that at least one vehicle behind it has received that message and 
is responsible for propagating it, thus it stops the broadcast process so as to avoid unnecessary 
re-transmissions [13]. On the other hand, upon receiving the message from the message 
transmitter, each recipient waits a time of random duration no more than 0.3 second to see if it can 
receive the same message from behind to find out if the message has been propagated beyond it. If 
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it does receive one, it can know that at least one vehicle behind it has already started 
re-broadcasting messages and it can stop its re-broadcast process, otherwise, it will re-broadcast 
the message when its waiting duration expires. For several vehicles within the same data 
transmission range receiving a message from the message transmitter, they respectively wait a 
random time, the vehicle having the shortest waiting time re-broadcasts the message after waiting 
for its duration. Other vehicles will receive the duplicated message so they stop the re-broadcast 
process.  

 
Figure-4. The Intelligent Broadcasting strategy 

 
Cho and Yu [12] proposed the Stem aNd Branch (SNB) broadcasting strategy. In SNB, upon 
receiving a message, if it comes from behind, message recipients will ignore it like the IB strategy. 
Otherwise, each recipient waits a duration according to its distance to the border of the 
transmission range of the message sender. The vehicle with the shortest distance will be selected 
as the next hop to re-broadcast the message. If the vehicle having the second shortest distance 
does not receive the re-broadcast message from the selected vehicle in its waiting duration, it will 
re-broadcast the message, and so on. But if vehicles receive the same message in their waiting 
durations from the selected vehicle, then they abandon their re-broadcast processes.  
 
Chen, Kung and Vlah [34] also proposed a strategy similar to SNB, and they tested the proposed 
strategy in different traffic densities with simulation experiments. Wisitpongphan et. al. [40] 
proposed the Slotted Persistence Broadcasting (SPB) strategy to further improve the SNB strategy 
by using a formula to calculate the waiting time. Given that the relative distance between the 
message transmitter and a recipient is D, the data transmission range is R, Ns represents time slots 
and each slot is a basic deferring time increasing by 5 milliseconds (Ns[0]=5, Ns[1]=10 and so on),
τis a small delay, then the recipient waits for a duration of T to re-broadcast a message [40]:   

T = Ns〔1- ⌈min  (𝐷𝐷,𝑅𝑅)  R⁄ ⌉〕*τ 
The authors test the strategy with different vehicle density and suggest to use 5 to 10 slots during 
rush hours and 3 slots when the density is sparse [40]. By doing this, distant message receivers can 
have shorter waiting time than receivers that are closer to the message sender and can re-broadcast 
early. But the authors only consider vehicle systems that are well-connected and did not consider 
the case that the connected vehicle system is partitioned when the vehicle density is sparse. 
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3.3.3. Neighbor-based Strategies 

In neighbor-based strategies, each connected vehicle shares its position information with others by 
broadcasting position messages. Connected vehicles store the positions of neighboring vehicles, 
and they utilize the neighborhood information to determine the waiting time before they 
re-broadcast received messages.  
 
Durresi et al. [35] proposed a neighbor-based information propagation strategy, called 
BROADCOMM. In BROADCOMM, connected vehicles on the roadway are divided into virtual 
cells, having the same length that would depend on the V2V communication protocol used (e.g. 
300 - 400m for DSRC) [35]. In each virtual cell, connected vehicles periodically exchange 
information about their positions by broadcasting position messages, every vehicle knows the 
positions of others that it can communicate with. The vehicle nearest to the geographical center of 
a cell is selected as the Cell Reflector (CR). When detecting an emergency situation, a connected 
vehicle broadcasts a warning message to other vehicles in its cell. After the reception of the 
message, the Cell Reflector re-broadcasts the message to the adjacent cell, then the Cell Reflector 
in the adjacent cell re-broadcasts the message to its cell members, and so on. The BROADCOMM 
strategy can be viewed as the variant of the cellular system for connected vehicles because the 
Cell Reflector acts as the Base Stations in cellular systems [35]. But BROADCOMM assumes that 
all vehicles travelling with similar and static speeds, which is not entirely true. Besides, the 
vehicles within the radio transmission ranges of two adjacent Cell Reflectors still receive lots of 
duplicated messages. As illustrated in Figure-5, vehicle A, B and C would receive duplicated 
messages from two Cell Reflectors: 
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Figure-5. The BROADCOMM strategy 

            
Yu and Cho developed a selective flooding method to improve BROADCOMM, which is called 
the Least Common Neighbor Flooding (LCNF), illustrated in Figure-6 [14]. LCNF make use of 
the number of common neighbors to select the vehicles responsible for re-broadcasting messages. 
The authors proposed that if the distance between two vehicles is nearer, the number of common 
neighbors increases, and on the contrary, if the distance between two vehicles is more estranged, 
the number of common neighbors decreases [14]. When receiving a message from the message 
sender, each vehicle waits a deferring time based on its common neighbors with the message 
sender. The one having the least common neighbors with the sender has the shortest waiting time 
and re-broadcasts the message. A random function is used to generate additional deferring time to 
mitigate the competition problem of vehicles that have the same number of common neighbors 
with the message sender [14]. 
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Figure-6. The LCNF strategy 

 
Khabbazian and Bhargava[34], Peng and Lu [36,37] proposed similar strategies that also utilize 
the number of neighbors to select vehicles to reduce unnecessary re-broadcast. The key of their 
strategies is to let the node with more neighbors re-broadcast earlier, so that more vehicles can be 
covered by one transmission [36]. Peng and Lu developed a formula to calculate the waiting time 
for a specific vehicle u [36]: 

T = (1+ 𝑑𝑑m (u)) / (l + d (u)) 
in which d (u) is the neighbors of vehicle u, 𝑑𝑑m (u) is the maximum degree of the neighbors of u. 
This information propagation strategy is called the Smart Broadcasting Algorithm (SBA). 
 
In addition to these strategies described above, some other different information propagation 
strategies have been proposed by researchers. Li, Zhao and Wang [29] proposed a strategy 
utilizing the temporal locality similarity and the temporal spatial similarity to calculate the 
mobility correlation of vehicles for selecting target vehicles. However, this strategy requires 
monitoring the moving traces and frequently visited places for connected vehicles, which would 
cause privacy problems. Wu et. al. [30] and Niculescu and Nath [39] proposed to select vehicles 
responsible for re-broadcasting warning messages based on their trajectories. However, these 
strategies assume that in addition to the positions of neighboring vehicles, every vehicle knows the 
traffic network topology and the average speed of each link of the roadway network, which is not 
a general situation. Also some researchers proposed solutions to suppress broadcast redundancy by 
modifying the network layer of DSRC [55] or using additional hardware [57].   
 

3.4. Summary of Existing Information Propagation Strategies  

The Broadcast Storm Problem is caused by the large amount of duplicated messages generated by 
un-organized and concurrent re-broadcasts. The limited bandwidth of the V2V communication 
channel cannot accommodate excessive messages from the simple Flooding strategy. The common 
practice of existing information propagation strategies is that each vehicle calculates a deferring 
time to wait before it can re-broadcasts a message, either by using its localized knowledge or by 
using neighborhood information such as relative positions or the amount of neighbors. If a 
connected vehicle receives a duplicated message from its neighbors, it can infer that at least one 
vehicle has already started re-broadcasting messages for a specific event then it can suppress its 
re-broadcast operation.  
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However, there are still some shortcomings in existing information propagation strategies: 
 First of all, most existing strategies do not take into consideration the intermittent 

connectivity of connected vehicle systems. They assume that a message transmitter always 
has message recipients in its data communication range to receive and to propagate its 
broadcast messages, which is not true when the vehicle density is sparse. As a consequence, 
message transmitters keep broadcasting messages even when they lose connectivity with 
other vehicles and have no recipients in their broadcast coverage areas, which may lead to a 
large amount of unnecessary broadcast.  

 In existing strategies, in each hop of the propagation of warning messages, vehicles mitigate 
unnecessary re-broadcasts by calculating different waiting time independently according to 
different approaches. However, the waiting time increases the propagation delay of important 
messages which are highly time-critical for traffic safety.  

 For neighbor-based strategies, every connected vehicle exchanges its position information 
with others periodically by broadcasting position messages. Connected vehicles utilize this 
neighborhood information to calculate waiting time. However, the amount of overhead 
introduced by this mechanism may be high as the position messages themselves consume 
channel bandwidth. Moreover, position information exchange can cause privacy issues.     
 

Thus, we deem it desirable to develop a coordination strategy, which can take full advantage of the 
capability that vehicles can communicate to each other. Such strategy should be able to reduce 
unnecessary message re-transmissions without introducing large additional overhead like the 
neighbor-based strategies and without introducing additional waiting time.   
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4. AGENT-BASED COORDINATION STRATEGY 

4.1. Agent Technology 

An agent is a computer system that is situated in some environment, and that is capable of 
autonomous action in this environment in order to meet it design objectives [51]. A basic property 
of agents is that they are autonomous, which means they can work independently without external 
instructions [52]. This is the property that makes agent-based systems decentralized systems and 
differentiates them from other systems. Another basic property of agents is that they are always 
situated in an environment. Agents tend to be used where the environment is changing, dynamic 
and unpredictable, in other words, environments change rapidly, we cannot predict the future 
states of the environment and cannot assume that the environment will remain static [52]. In such 
environments, centralized solutions may be extremely difficult to be designed, developed and 
deployed and may not achieve satisfactory performance. But such environments can be naturally 
modeled as multi-agent systems that include societies of agents.  
 
Over the last decade, software agent technology have been widely used in research connected to 
simulation of road traffic systems, because road traffic systems are well suited for an agent-based 
approach due to their distributed and dynamic changing nature [53]. A connected vehicle system is 
a system consisting of independently moving entities and is a distributed system without any 
central controlling unit to organize or manage systematic behaviors. Software agent technology 
has proven to be capable of modeling such systems because agents can reach agreements upon 
tasks, actions, the sharing and use of critical resources using negotiation or coordination [53]. The 
goal of coordination is to have a set of agents which are autonomous decision makers, reach an 
agreement as to a set of actions to be executed by each of them [42]. Once agents have reached an 
agreement via coordination, they can follow a certain set of rules to allocate and re-allocate tasks 
such as propagating messages among themselves in dynamic and ever-changing environments 
[43].   
 

4.2. Agent Coordination and Auction 

In order to collectively solve problems, an agent must coordinate its decision-making process and 
its activities with other agents. Coordination is about synchronizing and managing activities 
between agents to achieve a goal that cannot easily be achieved by one agent alone [41]. 
Researchers have developed various coordination techniques for multi-agent systems, such as 
negotiation, arbitration, voting and auction [41].  
 
Auction is one of the most popular coordination technique for multi-agent systems. Auctions are 
decentralized methods for a team of agents to allocate and re-allocate tasks or resources among 
themselves in dynamic and time-constrained environments [43,54]. An auction consists of 
activities in which one or many agents (initiators) try to sell some object(s) to other agents 
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(bidders). Typically, in every auction process, there is the Initiator role (the agent starting the 
auction) and the Responder role (also called the bidder role, the agents engaging in the auction) 
[44]. At the beginning, the initiator sends a Call for Proposal message that specifies the task to be 
performed to a set of responders. The responders can then reply by sending a Proposal message 
including the bid price, which represents the resource they have for performing the task [44]. Of 
course responders can reply with refuse messages if they do not have the resource required or they 
do not meet the prerequisite to perform the task. The initiator can then compare and assess the 
prices in the received response messages to select which agent (i.e. the auction winner) is given 
the task. After that, the initiator sends back a confirmation message to the selected agent so that 
the agent can perform the task, and, once the task is done, a result notification is sent to the 
initiator. During the process, the initiator can cancel the ongoing coordination process and can 
re-start a new one. Besides, the selected agent may return a failure result notification if anything 
went wrong while it is performing the task. In this case, the initiator can initiate a new auction to 
select a new agent as well. Figure-7 illustrates the typical auction coordination process: 

 

Figure-7. Agent auction process 

 
In next section, we develop an agent-based coordination strategy for information propagation in 
connected vehicle systems using auctions. In our case, the auction initiator is the message 
transmitter, other vehicles in its data transmission range are bidders, and the item up for auction is 
the task to be executed by the auction winner, i.e. re-broadcasting the message.  
 

4.3. Agent-based Coordination Strategy for Information 

Propagation 

 
Although V2V communication still faces some challenges, such as message collision, protocol 
compatibility and so on [15], we shall focus on developing agent-based coordination strategies for 
broadcasting messages among connect vehicles. To address this specific focus, we shall have to 
assume the following: 
1. We assume that all vehicles have decent communication, computation and storage 
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capabilities so that they can form intermittently ad-hoc networks to share data with each 
other. 

2. We assume that the message recipients can perfectly receive messages from the message 
sender and know their respective distances to the message sender. 

3. We assume that all connected vehicles have the same data transmission range and each 
connected vehicle knows the range. 

4. We do not assume that a connected vehicle needs to keep track of the exact positions of its 
neighbors. In other words, agents do not broadcast position messages periodically.  

5. The target scenario (depicted in Figure-1) is a road in which there are multiple vehicles 
traveling in opposite directions, an emergency event is introduced in the middle of the 
simulation stretch. We assume the emergency event will not block the road but will slow the 
speed of a vehicle to half of its original speed for ten seconds when the vehicle passes the 
event spot. After that, vehicles travel with their original speeds. 

 
It is worth mentioning that for the second assumption above, researchers have proposed some 
methods for a message recipient to obtain the information about its distance to the message sender. 
For example, the message sender can add a BEACON byte indicating its position into the 
broadcast message [4]. Upon receiving a message from the message sender, a message recipient 
can read the BEACON byte in the message to infer its distance to the message sender. Another 
method is to calculate the distance based on the signal strength of a received message [32]. By 
adopting one of these methods, message recipients can know their respective distances to the 
message sender. Since these methods are not the focus of our research, we just provide a brief 
introduction here.    
 
When sensing an emergency event, an agent representing a vehicle tries to propagate a message to 
other vehicles behind it that are moving in the same direction in the target zone, illustrated in 
Figure-8. If there is no other vehicles in the event-detecting vehicle's communication range, it will 
not broadcast but just keep the message and wait for the presence of other vehicles to propagate 
the message. 
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Figure-8. Target Zones 

 

If the vehicle detects other vehicles (e.g., by using in-vehicle radars or by receiving safety data 
that are used to avoid collisions from other vehicles) in its data transmission range, it starts to 
broadcast the warning message, and it initiates a first-price sealed bid auction at the same time by 
sending an auction initiation message in conjunction with the warning message. A first-price 
sealed bid auction is an auction initiated by an initiator for a single object (i.e. the task of 
re-broadcasting the message), sealed bids are collected from all bidders, and the object is given to 
the bidder bidding with the highest price [56]. Message recipients may or may not respond to the 
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auction based on their current positions: if a recipient is located further than the initiator along the 
message propagation direction, it responds to the auction by calculating and sending a bid to the 
auction initiator. For instance, in Figure-9a, agent A and B will not respond to the auction initiated 
by agent S, in Figure-9b and 9c, agent A and B will respond to the auction by sending bids to 
agent S.  
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Figure-9. The condition for agents responding to auctions 

 
If the initiator of an auction (i.e. a message transmitter) does not receive any response messages 
after it has broadcasted the auction initiation message, it can infer that it is located further than all 
other vehicles along the message propagation direction in its data transmission range. This implies 
that the connected vehicle system is partitioned and the message transmitter is located at the end 
of the connected vehicle system. In addition, the message have already been propagated to all 
vehicles in the connected vehicle system. In this case, the initiator stops broadcasting and wait for 
the presence of other agents to propagate the message. By doing this, our strategy can detect if a 
connected vehicle system is partitioned and can cope with the intermittent connectivity problem of 
connected vehicle systems, so that unnecessary message broadcast can be avoided.    
 
Upon receiving the auction initiation message from the initiator, each bidder agent calculates its 
bid price independently. A bid price represents the fitness for an agent to be select as the next 
message transmitter. Research work suggests that the additional broadcast coverage is the most 
important indicator for selecting the next target to re-broadcast messages to reduce propagation 
delay [32,34,40]. Thus, in our strategy, a bidder agent calculates its additional broadcast coverage 
as its bid price for an auction. An additional broadcast coverage denotes the additional area that 
can benefit from a re-broadcast [32]. To be more precise, assume that agent S broadcasts a 
message, agent A is within the communication range of agent S and receives the message from S. 
The additional broadcast coverage for the re-broadcast from A is the shaded part in Figure-10 [32]: 
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Figure-10. Additional broadcast coverage 

 
Assume that S' denotes the circle areas covered by S’s or A’s message broadcast, r is the radius of 
S' (i.e. the data transmission range of agent S and agent A), d is the distance between agent S and 
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agent A, l is the chord length, S1 is the area for the triangle with l as its base line and 0.5d as its 
height, 𝛼𝛼 is the angle between the side of S1 and d, S2 is the area for the sector with S as its center 
and r as its radius. Thus, the calculation of the bid price are as follows: 

 l = 2 * (� 𝑟𝑟2 −  (𝑑𝑑 2⁄ )2) 
 𝛼𝛼 = arc cos (0.5𝑑𝑑 𝑟𝑟)⁄  
 S1 = (0.5d * l ) / 2 
 S2 = (2𝛼𝛼 ∗  𝜋𝜋𝑟𝑟2) / 360 
 Bid_price = 𝑆𝑆′−  2 ∗ (𝑆𝑆2 − 𝑆𝑆1)    

 
After receiving the responses, the initiator compares the bid prices, the bidder with the highest bid 
price will be selected as the winner of the auction. The initiator sends a confirmation message to 
the winner and stops broadcasting the message. After being selected as the winner of the auction, 
the winner agent becomes the new message transmitter, it will broadcast the warning message and 
initiate a new auction simultaneously to select next target to re-broadcast using the same 
coordination process if it detects other vehicles in its communication range.  
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5. SIMULATION RESULTS 

 
In chapter 2, we introduce our research method, including the design of the simulation 
experiments, the simulation scenario and the data to be collected in the experiments. In chapter 4, 
our proposed agent-based coordination strategy for information propagation in connected vehicle 
systems is described in detail. In this chapter, we present how the simulation experiment was set 
up and the results that were obtained from the simulation experiments. Based on these results, we 
can analyze the performance of different strategies using statistical analysis.    
 

5.1. Experimental Setup 

Five different strategies were included in the experiments: Intelligent Broadcasting (IB), Slotted 
Persistence Broadcasting (SPB), Least Common Neighbor Flooding (LCNF), Smart Broadcasting 
Algorithm (SBA) and our proposed agent-based coordination strategy. We choose to compare our 
proposed agent-based coordination strategy against these four strategies because they are the 
representatives of node-based strategies and neighbor-based strategies [32,36,40]. Each strategy is 
tested with four experimental rounds using four different vehicle densities (20, 30, 40 and 50 
vehicles per minute) to evaluate their performance in different traffic conditions. Each vehicle is 
assigned a speed from a normal distribution centered on 80 km/h, with a standard deviation of 20 
km/h, the speed for a vehicle remains constant during the simulation. The broadcast frequency is 5 
times per second, the communication range is 250 meters, and the position message exchange rate 
for LCNF and SBA strategies is once per second. 
 
An emergency event is introduced in the middle of the simulation stretch from the start of the 
experiment. Agents representing connected vehicles are generated from the vehicle releasing 
points. There are two directions in our simulated road: east and west. For each direction, the 
vehicle that first passes the emergency spot will start broadcasting messages to vehicles behind it 
travelling in the same direction. From this point, we start calculating data about broadcast 
messages and propagation delay for the propagation of information in that direction. Upon 
receiving the broadcast message from vehicles ahead, other vehicles propagate the messages along 
the road using one strategy. A simulation round comes to an end when the message is propagated 
to both vehicle releasing points. 
 
Once the message has been propagated to both vehicle releasing points, an experimental round 
terminates by releasing zero vehicles from the vehicle releasing points. Data about the link load 
and the propagation delay is then collected from the outputs of the simulator. After that, garbage 
collection is used to recall memory for next experimental round. 
 
Two statistics are collected in the simulation experiments for each strategy: the link load and the 
propagation delay. It should be noted that, for the link load, in addition to the warning messages, 
the position messages for neighbor-based strategies and the auction messages for our proposed 
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strategy are also included because they all consume the communication bandwidth. The 
propagation delay is the total time since the first event-detecting vehicle starts broadcasting a 
warning message till the message is propagated to the vehicle releasing point in both two 
directions. In our simulation experiments, data about these two statistics are collected and 
analyzed in order to measure the consumption of network bandwidth and the time when 
employing different strategies to propagate messages over the same distance.  
 
A personal computer is used as the testing server for the simulation experiments. The 
configuration of the computer and the simulation environment is as follows: 
 CPU: Intel Core i3-2328M @ 2.20GHz 
 Memory: 6.00 GB 
 Free disk space: 75.00 GB 
 Operating system: Windows 7 Ultimate 64Bit - Service Pack 1 
 Java version: IBM Java 6 64Bit 
 Simulation tool version: MATSim 0.5.0, JADE 4.3.2 
 Memory heap size for simulation tool: Minimum 512 MB, maximum 2048 MB 
 

5.2. Experimental Results 

The experimental results are listed in Table-2a, 2b, and Figure-11, Figure-12 in the Appendix: 
     Link load 

 

Vehicle density 

IB SPB LCNF SBA Agent-Based 

Coordination 

Strategy 

20 1201 316 1680 1575 91 
30 1103 298 2269 2155 110 
40 970 254 2642 2705 124 
50 841 202 2991 3216 143 

Table-2a: Statistics of link load (total number of messages) 
 

  Propagation 

delay(sec.) 

Vehicle density 

IB SPB LCNF SBA Agent-Based 

Coordination 

Strategy 

20 95.5 42.9 79.5 83.8 25.6 
30 90.2 36.4 73.2 73.1 19.2 
40 86.1 31.0 67.9 70.0 15.5 
50 79.0 26.5 63.6 66.2 13.4 

Table-2b: Statistics of propagation delay 
 
From Table-2a, it is clear that LCNF and SBA strategies broadcast more messages than others. IB 
strategy broadcasts more messages than SPB and our proposed strategy, our proposed strategy 
broadcasts the least messages. Moreover, we can see that the link load of LCNF and SBA 
strategies grows dramatically with the increase in the vehicle density, it is because in addition to 
the warning messages, vehicles using neighbor-based strategies need to broadcast position 
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messages at a constant frequency continuously so as to keep update with each other's position. The 
link load of our proposed strategy increases slightly with the increase in the vehicle density. This 
is mainly because with more vehicles on the road, more agents may respond to auctions so that the 
amount of auction messages increases. The link load of two node-based strategies: IB and SPB 
decreases slightly with the growth of the vehicle density. This is because connected vehicles tend 
to be partitioned when the density is sparse (as we stated in Section 3.2), links between vehicles 
frequently break, unnecessary message re-transmissions frequently occur. When vehicles become 
denser on the road, it is less likely for vehicles to be partitioned, so that unnecessary message 
re-transmissions are reduced.       
 
Table-2b shows that the IB strategy uses most time to propagate messages to the destination, 
which is followed by SBA and LCNF strategies. Our proposed strategy uses the least time for 
propagating messages to the destination. We also can see that the propagation delay decreases with 
the growth of the vehicle density. This is also because when vehicles become denser on the road, it 
is less likely for vehicles to be partitioned, so that messages can be propagated to the destination 
without interruption. Also, the use of two lanes for the simulation roadway has a beneficial effect 
for message propagation because fast vehicles can change lanes and pass slower vehicles, 
decreasing the likelihood that vehicles become partitioned.  
  
 

5.3. Statistical Tests Results 

From the experimental results, we can see that our proposed strategy broadcasts the least messages. 
However, we still want to know if there are significant differences between the link load of 
different strategies, so we perform statistical tests. First of all, we use SW-test to test if the link 
load are normally distributed. The result is shown in Table-3a: 
Strategy IB SPB LCNF SBA Agent-based 

coordination strategy 

P-value 0.9211 0.6933 0.9204 0.9662 0.9982 

Table-3a: SW-test for link load 

 
Because the p-values of all strategies are larger than 0.05, we cannot reject the null hypothesis, 
which means the link load are all normally distributed. We then conduct an ANOVA test to check 
if significant differences exist among them. The result of the ANOVA test is shown in Table-3b: 
Df Sum Sq Mean Sq F value Pr(>F) 
4 19866201 4966550 29.39 6.11e-07 
15 2534872 168991  

Table-3b: ANOVA test for link load 
 
The P-value is 6.11e-07, it is obvious that there are significant differences among the link load of 
different strategies. We would like to know where the differences are, so we conduct a Tukey's test 
to make pair-wise comparisons between them. The result is shown in Table-3c: 
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Pairs Difference Lower Upper P-adjusted 
IB-Agent 911.75 14.14757 1809.3524 0.0456568 
LCNF-Agent 2280.50 1382.89757 3178.1024 0.0000095 
SBA-Agent 2295.75 1398.14757 3193.3524 0.0000087 
SPB-Agent 150.50 -747.10243 1048.1024 0.9841989 
LCNF-IB 1368.75 471.14757 2266.3524 0.0022141 
SBA-IB 1384.00 486.39757 2281.6024 0.0020029 
SPB-IB -761.25 -1658.85243 136.3524 0.1165568 
SBA-LCNF 15.25 -882.35243 912.8524 0.9999981 
SPB-LCNF -2130.00 -3027.60243 -1232.3976 0.0000214 
SPB-SBA -2130.00 -3042.85243 -1247.6476 0.0000197 

Table-3c: Tukey's test for link load 
 
Results of the Tukey's test indicate that our proposed agent-based coordination strategy can 
significantly reduce the amount of broadcast messages than the IB, LCNF and SBA strategies. 
Although our proposed strategy broadcasts less messages than the SPB strategy, the difference 
between them is not significant.  
 
Next, we would like to know if our proposed strategy can reduce the propagation delay as well. 
Seen from Table-2b, our proposed strategy uses the shortest time to propagate the messages to the 
vehicle releasing points but we still need to perform statistical tests to determine if our proposed 
strategy can significantly reduce the propagation delay than other strategies. First of all, we also 
use a SW-test to test the normality of the propagation delay: 
Strategy IB SPB LCNF SBA Agent-based 

coordination strategy 

P-value 0.9787 0.9411 0.9356 0.5765 0.6734 

Table-4a: SW-test for propagation delay 
 
Based on the result of the SW-test, the propagation delay are all normally distributed. We then 
conduct an ANOVA test to check if significant differences exist among them. The result of the 
ANOVA test is shown in Table-4b: 
Df Sum Sq Mean Sq F value Pr(>F) 

4 13650 3413 73.72 1.11e-09 
15 694 46  

Table-4b: ANOVA test for propagation delay 

 

From the result of the ANOVA test, it is obvious that there are significant differences among the 
strategies. So we conduct a Tukey's test to make pair-wise comparisons between them. The result 
is shown in Table-4c: 
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Pairs Difference Lower Upper P-adjusted 

IB-Agent 69.275 54.4194941 84.1305059 0.0000000 
LCNF-Agent 52.625 37.7694941 67.4805059 0.0000001 
SBA-Agent 54.850 39.9944941 69.7055059 0.0000001 
SPB-Agent 15.775 0.9194941 30.6305059 0.0349113 
LCNF-IB -16.650 -31.5055059 -1.7944941 0.0246822 
SBA-IB -14.425 -29.2805059 0.4305059 0.0590190 
SPB-IB -53.500 -68.3555059 -38.6444941 0.0000001 
SBA-LCNF 2.225 -12.6305059 17.0805059 0.9896243 
SPB-LCNF -36.850 -51.7055059 -21.9944941 0.0000126 
SPB-SBA -39.075 -53.9305059 -24.2194941 0.0000062 

Table-4c: Tukey's test for propagation delay 

 

Results of the Tukey's test indicate that our proposed agent-based coordination strategy can 
significantly reduce the propagation delay than other strategies. Also, SPB strategy and LCNF 
strategy have better propagation delay than the IB strategy.   
 
For the hypothesis of the experiment that we mentioned in Chapter-1, based on the results of 
simulations and statistical tests, our proposed strategy can achieve significantly better performance 
than the IB, LCNF and SBA strategies in reducing the link load and better performance than other 
strategies in reducing the propagation delay. 
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6. ANALYSIS AND DISCUSSIONS 

6.1. Analysis 

Traditional vehicles and agents have much in common: they are independent entities that are 
situated in dynamic environments, they share some resources, and they have individual goals and 
common goals. Thus, software agent technology have been widely used in research connected to 
simulation of road traffic systems. Now V2V communication technology offers vehicles the 
capability to communicate with each other within a certain distance, it is possible for us to use 
agent-based coordination strategies to manage and organize the information dissemination 
behavior in connected vehicle systems.  
 
In every hop of the propagation of safety messages, there are message transmitter(s) and message 
recipient(s). Upon receiving messages from the transmitter, message recipients need to decide 
whether to re-broadcast received messages or not, and the most suitable message recipient should 
be selected for re-broadcasting. This process has been simulated by using one of the agent-based 
coordination strategies - auctions, in which message transmitters initiate auctions to select the next 
message transmitter, recipients respond to auctions by calculating bid prices based on the 
additional broadcast coverage. This is a simple but effective approach for connected vehicles to 
reach agreements upon broadcast task allocation without introducing additional waiting time. The 
performance of such strategy has been verified with simulation experiments.    
 
In the simulation experiments, we collected two statistics: link load and propagation delay, 
because they were intended to measure the consumption of network bandwidth and the time for 
different strategies to propagate messages over the same distance. For the link load, from the 
experimental results, we can see that LCNF and SBA strategies broadcast more messages than 
other strategies and our proposed strategy broadcasts the least messages. The results of the 
statistical tests indicate that our proposed agent-based coordination strategy can significantly 
reduce the link load than IB, LCNF and SBA strategies. Although our proposed strategy broadcast 
less messages than the SPB strategy, the difference between them is not significant.  
 
For existing strategies, they select next message transmitter by calculating a deferring time using 
local information or using neighborhood information. But in the process of selecting next message 
transmitter, the message transmitter keep broadcasting messages and recipients may receive 
duplicated messages. In our proposed strategy, vehicles select the next message transmitter 
through coordination instead of waiting for a duration. By doing this, the time needed to select 
next target can be reduced and the amount of broadcast messages can be minimized. The SPB 
strategy can significantly suppress the waiting time for a vehicle by considering the distance 
between message senders and recipients and carefully choosing the time slots based on different 
vehicle densities, thus it has similar performance in reducing the link load with our proposed 
strategy. However, if the vehicle density is sparse and vehicles tend to be partitioned, the SPB 
strategy broadcasts much more messages than our proposed strategy because it is unable to detect 
if the connected vehicle system is partitioned.  



 

31 
 

 
Most existing strategies do not take into consideration the intermittent connectivity of connected 
vehicle systems. They assume that a message transmitter always has message recipients in its data 
communication range to receive and to propagate its broadcast messages, which is not true when 
the vehicle density is sparse. As a consequence, message transmitters keep broadcasting messages 
even when they lose connectivity with other vehicles, which may lead to a large amount of 
unnecessary broadcast. In our proposed strategy, if an auction initiator (i.e. a message transmitter) 
does not receive any response messages after it has broadcasted the auction initiation message, it 
can infer that the connected vehicle system is partitioned and it is located at the end of the 
connected vehicle system. In this case, the initiator stops broadcasting and wait for the presence of 
other agents to propagate the message. By doing this, unnecessary message broadcast can be 
eliminated. 
 
For the propagation delay, according to the results of the simulation experiments and the statistical 
tests, our proposed strategy can significantly reduce the propagation delay than other strategies. 
The reason is that: on the one hand, the deferring time of existing strategies prolongs the 
information propagation process, on the other hand, our proposed strategy selects the next 
message transmitter through coordination instead of assigning waiting durations to vehicles. The 
process for our strategy to select next message transmitter in every hop is: the message transmitter 
sends a message to initiate an auction together with its first broadcast message, then the recipients 
respond to the auction with their bids immediately, the message transmitter assesses the bids from 
responders then notifies the auction winner to re-broadcast the message. Thus, the delay for our 
proposed strategy in every hop is: 

delay_per_hop = processing_delay + transmission_delay  
 
The processing_delay is the time for a responder to calculate its bid price for an auction and the 
time for the initiator to compare the bid prices from responders. The transmission_delay is the 
time for the bidding messages from the responders sent to the initiator and the notification 
message from the initiator sent to the auction winner. The transmission delay for vehicles within a 
distance of 1 km is less than 2 microseconds, so the transmission delay can be neglected [40]. An 
initiator can finish the comparison of 40 bid prices (in high vehicle density situation) within 2 
millisecond in the simulation experiment. The processing time of a calculation of a bid price for a 
responder is smaller than 1 millisecond. Therefore, the delay for our proposed strategy in every 
hop is smaller than 3 milliseconds, which is less than the deferring time of node-based strategies 
and neighbor-based strategies. Thus, with the help of our proposed strategy, messages can be 
propagated faster in connected vehicle systems.      
 
For LCNF and SBA strategies, although they can reduce propagation delay than the IB strategy, 
the amount of overhead introduced by them is high because they require that each vehicle 
broadcasts position messages periodically so as to keep track of each other's position to select the 
target vehicle for re-broadcasting. Our proposed strategy introduces overhead due to auction 
messages, but the overhead is much less than the position messages of neighbor-based strategies. 
In our strategy, an agent only responds to an auction if it locates further than the message sender 
along the direction of information propagation, and an agent only needs to send one (bidder) or 
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two (initiator) messages when it is involved in an auction. Compared with the re-transmissions 
that can be reduced by our strategy and the overhead of neighbor-based strategies, the overhead 
introduced by our strategy is acceptable. In addition, periodical position message broadcast in 
neighbor-based strategies could raise privacy issues, which is a serious problem.   
 
 

6.2. Discussions 

To the best of our knowledge, this study is the first attempt to use agent-based coordination 
strategy to address connected vehicle problems. In our proposed strategy, vehicles use auctions to 
select the next message transmitter. In previous studies [32,40], researchers proposed that the 
additional broadcast coverage is important for selecting the next message transmitter because it 
represents the area that can be covered by the re-broadcast of a message recipient. We extend this 
idea by combining it with one commonly used agent coordination technology - auctions.  
 
In our proposed strategy, responder agents calculate bid prices respectively based on the additional 
broadcast coverage. The additional broadcast coverage is suitable for being used as the bid price in 
various situations, because it calculates the area that can be covered by a re-broadcast through 
considering both the relative distance from the message transmitter to the message recipient and 
the data transmission ranges of them. In the simulation experiment, we assume that all vehicles 
have the same data transmission range, so the relative distance plays a larger role in the calculation 
of the additional broadcast coverage. However, vehicles may have different data transmission 
ranges in practice because they may use different wireless communication equipments. In such 
case, the data transmission ranges of message transmitters and message recipients are more 
important. A vehicle having the largest additional broadcast coverage is selected as the next 
transmitter because more area can be covered by one re-broadcast, which helps to eliminate 
unnecessary message broadcast and propagation delay. The performance of such strategy has been 
verified by the results of the simulation experiments. 
 
The results of simulation experiments show that our strategy uses the shortest propagation delay to 
disseminate warning messages to the destination. Also, in our experiments, SPB, LCNF and SBA 
strategies present better performance than the IB strategy, this is also consistent with previous 
studies [14,32,36].  
 
These are limitations of our research. Due to the performance limitation of our experimental 
computer, we can only test the strategies with limited vehicles. For instance, most researchers 
tested their strategies with vehicle densities in the range from 10 to 100, while our experimental 
computer only can support a maximum vehicle density of 50 vehicles generated per minute. Also, 
the research project is limited by time. In this study, we focused on a relatively simple scenario. 
However, as there are complex scenarios in the road traffic system such as intersections, highway 
interchange, and exit and entry ramps, our strategy remains to be tested in simulations of complex 
networks and eventually in practice.  
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In summary, in existing strategies, vehicles compute different waiting time independently to avoid 
concurrent re-transmissions. These strategies do not take full advantage of connected vehicles that 
they can communicate, cooperate and coordinate with each other. Therefore, additional delay is 
introduced into the propagation process of important messages and unnecessary message 
broadcast cannot be minimized. We suggest a new strategy to manage the propagation of 
information in connected vehicle systems using agent-based coordination strategies. By doing this, 
vehicles can coordinate their activities without waiting, so that unnecessary re-transmissions can 
be minimized and warning messages can be propagated faster. 
 

6.3. Assessment of Validity 

In this section, we identify the validity threats, including internal validity, external validity, 
construct validity and statistical conclusion validity. Also we describe the influences brought about 
by these threats to our research.   
 

6.3.1. Internal Validity 

Internal validity concerns the degree to which the conclusions about causal relationships between 
factors and dependent variables are valid. The internal validity of the research relies on the 
accurate simulation of the connected vehicle system, including the distribution of vehicles on the 
road, the movement of vehicles and their communications. The vehicle density and the vehicle 
speed are very important for the simulation experiment because they affect the distribution of 
vehicles on the road. In the simulation experiments, we use different values of vehicle density in 
different experimental rounds and different vehicles moves with different speeds, thus, the 
connected vehicle system topology changes constantly. By doing this, we can simulate real traffic 
flow as much as possible, on the one hand, we can evaluate and compare our proposed strategy 
with other strategies in different conditions, on the other hand. In addition to the vehicle density 
and the vehicle speed, broadcast parameters (i.e., broadcast frequency and broadcast range) are 
related to the experimental results, we perform trial experiments to determine the suitable values 
for them. Therefore, the experiments are performed under controlled conditions, also, the 
experimentations are replicable. However, since our simulator was never calibrated against any 
real transport network, our proposed strategy remains to be further tested in real traffic systems. 
 
The simulation experiment is constrained by the performance of the experimental computer. Thus, 
before we conduct the formal simulation experiment, we performed several trial experiments to 
determine the limits for some parameters. For instance, most researchers tested their strategies 
with vehicle densities in the range from 10 to 100. In trial experiments, when we test with a 
vehicle density that more than 50 vehicles are generated per minute from the vehicle releasing 
point, our experimental computer does not have enough computational resources and 
Out-of-Memory errors occur. So we use vehicle densities in the range from 20 to 50 in our 
simulation experiments. Also, DSRC protocol supports connected vehicles communicate with 



 

34 
 

each other with a maximum range of 1000 meters, while most studies based on simulations used a 
data transmission rage less than 500 meters, such as 200, 250, 300 or 400 meters. In trial 
experiments, when we use a transmission range larger than 250 meters, Out-of-Memory errors 
occur again. So we use a data transmission range of 250 meters in our simulation experiments. 
 
Besides, the simulation tool introduces small propagation delay because it needs to calculate the 
movement for each vehicle and needs to calculate a vehicle's instantaneous position before the 
vehicle can receive a message. But since we use the same vehicle density, the same broadcast 
frequency and the same broadcast range to test our strategy and other strategies in each 
experimental round, the delay introduced by the simulation tool can be viewed as the same for all 
strategies involved in the experiments.  
 

6.3.2. External Validity 

External validity concerns whether the findings of a research can be generalized to other cases. 
Our research starts with a relatively simple but typical scenario which simulates an emergency 
case on the road, it best captures the topology of a connected vehicle system on a roadway. The 
proposed strategy in this research is relevant for studying other scenarios, because only upstream 
information is useful for vehicles and drivers to know the roadway and traffic status in front of 
them. Besides, the surface transportation system is composed of roads and intersections, and 
intersections can be viewed as the superposition of the studied scenario. Thus, the findings in the 
research can provide some guidance to a larger context.  
 
In the simulation experiments, we assume that the emergency event will not block the road, but 
this may not be true in some real situations (e.g. the emergency event is a serious accident). Thus, 
we still need to test if our strategy can be applied to such situations.    
 

6.3.3. Construct Validity 

Construct validity concerns the degree to which the collected data can be used to fulfill the 
research objectives and whether they are correctly measured. The link load and the propagation 
delay are the necessary metrics for the evaluation of information propagation strategies in the 
connected vehicle context. Propagation delay is the indicator for measuring how much latency will 
be introduced into the connected vehicle system by the information propagation strategy. Link 
load is the indicator for measuring the consumption of communication network resources of the 
information propagation strategy. In addition, the simulation scenario is carefully chosen, the 
simulation experiments are carefully designed and are conducted under controlled conditions. 
Therefore, the data obtained from the simulation experiments are reliable and can be used in 
post-hoc statistical tests to draw conclusions for the research questions. 
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6.3.4. Statistical Conclusion Validity 

Statistical conclusion validity depends on whether the statistical analyses are correctly performed 
and can be used to draw conclusions. In this research, we perform statistical tests logically, we 
first use a SW-test to check the normality of the experimental results, then we use an ANOVA test 
to check if there are significant differences existing among the experimental results of different 
strategies. If significant differences are found in the ANOVA test, we use a Tukey's test to make 
pair-wise comparisons to find strategies that have significant better performance. By performing 
the statistical tests logically, we can get reliable and meaningful outcome from them. Thus, it is 
sufficient for us to compare our proposed strategy with other strategies and answer the research 
questions based on the results of the statistical tests. 
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7. CONCLUSIONS AND FUTURE WORK 

 
 
V2V communication can enhance the safety and the efficiency of the road traffic system by 
propagating messages about accidents, traffic conditions or emergency events among vehicles. 
Safety information is highly time-critical and requires strategies to reduce broadcast redundancy 
and propagation delay so as to decrease the consumption of wireless V2V network resources and 
disseminate the information to drivers faster.   
 
In this research, we propose a new information propagation method for connected vehicle systems 
using agent-based coordination strategies. Existing strategies suppress information redundancy 
through assigning different deferring time to vehicles, but the deferring time also prolongs the 
information propagation process. While in our proposed strategy, the message transmitter and 
message recipients work together to select the next message transmitter through coordination. By 
doing this, unnecessary re-transmissions can be minimized and important safety messages can be 
propagated faster among connected vehicles.  
 
We conduct simulation experiments to compare our proposed strategy with four different 
information propagation strategies: the IB strategy and the SPB strategy considered as node-based 
strategies, the LCNF strategy and the SBA strategy considered as neighbor-based strategies. 
Experimental results show that our proposed strategy has significantly less link load than IB 
strategy, LCNF and SBA strategies, less link load than the SPB strategy but the difference is not 
significant. Also, our proposed strategy has significantly less propagation delay than other 
strategies involved in the simulation experiments.  
 
This research reveals the potential that agent-based coordination strategies can be applied to 
address connected vehicle problems because V2V communication offers vehicles the capability to 
communicate and exchange data. With the help of coordination strategies, connected vehicles can 
cooperate and coordinate with each other to solve complex problems. 
 
Our future work will primarily focus on two facets: improving the research and expanding it to 
other connected vehicle problems. Firstly, our research can be further improved as follows: 
 Utilize more powerful experimental computers to run the simulation experiments with more 

comprehensive settings, such as larger vehicle densities, more vehicle movement dynamics, 
and different scenarios. 

 Extend the experimental time, introduce random emergency events such as vehicles breaking 
down occasionally and introduce expiry time for events, so that we can study and simulate 
the real traffic environment more accurately. 

 Improve the proposed strategy by considering different types of emergency events, such as 
accidents or congestions which may block the road.  

 Study if the geometrical layout of a roadway would influence the information propagation in 
connected vehicle systems and how it would influence the information propagation. 
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Second, we can expand our research to a variety of other connected vehicle problems. Connected 
vehicle technology provides vehicles with the capability to communicate with each other or with 
road side infrastructure, this will potentially enable countless new applications which may change 
the way we travel. For instance, driverless cars have been put to test in recent years. With the 
popularity of driverless cars in the future, V2V and V2I communication would be essential as 
driverless cars need to cooperate and coordinate on many things, such as lane usage and traffic 
priority (e.g. police cars, ambulances and fire trucks). Then coordination strategies can be applied 
to various applications in the connected, autonomous and driverless road traffic system.      
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Figure-11. Experimental result - link load 

 
 

 
Figure-12. Experimental result - propagation delay 
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