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Abstract:    This paper is devoted to developing and evaluating a set of technologies with the objective of designing a method-
ology for the implementation of sophisticated traffic lights by means of rational agents. These devices would be capable of op-
timizing the behavior of a junction with multiple traffic signals, reaching a higher level of autonomy without losing reliability, 
accuracy, or efficiency in the offered services. In particular, each rational agent in a traffic signal will be able to analyze the 
requirements and constraints of the road, in order to know its level of demand. With such information, the rational agent will 
adapt its light cycles with the view of accomplishing more fluid traffic patterns and minimizing the pollutant environmental 
emissions produced by vehicles while they are stopped at a red light, through using a case-based reasoning (CBR) adaptation. 
This paper also integrates a microscopic simulator developed to run a set of tests in order to compare the presented methodology 
with traditional traffic control methods. Two study cases are shown to demonstrate the efficiency of the introduced approach, 
increasing vehicular mobility and reducing harmful activity for the environment. For instance, in the first scenario, taking into 
account the studied traffic volumes, our approach increases mobility by 23% and reduces emissions by 35%. When the roads are 
managed by sophisticated traffic lights, a better level of service and considerable environmental benefits are achieved, demon-
strating the utility of the presented approach. 
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1  Introduction 
 

In recent years, road traffic has become an es-
sential part of a modern city. Research in the field of 
optimizing traffic-volume arteries has become one of 
the most pursued topics (Huang et al., 2012). The 
development of intelligent traffic systems is a trans-
cendent challenge because the number of users on 
the roads constantly grows and resources that modu-
late the traffic flow have a set of well-identified defi-
ciencies. In this sense, intelligent systems have prov-
en to be computational tools that cover substantially 
diverse research areas because of their decision-
making paradigm based on reasoning processes. For 
instance, improving traffic-flow will increase the 
service provided by the roads and reduce traffic jams, 

and thus has positive effect on the environment and 
economy (Wen, 2008). Some researchers have 
shown that these models produce realistic behavior 
(Ngai and Riggins, 2008; Chen and Cheng, 2010; 
Pérez et al., 2010; Saeed et al., 2011). In some cases, 
users experience long periods of time in one trip be-
cause the traffic is controlled by traffic lights that use 
a non-suitable scheduling for the requirements of the 
roads. Therefore, the implementation of modern sen-
sors and optimization algorithms to reach an ade-
quate cycle programming of the traffic lights might 
be beneficial for the road. The optimization of traffic 
light switching can improve the vehicular flow and 
avoid traffic jams. Traffic light control is a complex 
optimization problem, and several intelligent algo-
rithms such as fuzzy logic, evolutionary algorithms, 
and reinforcement learning have already been used in 
attempts to solve it. This paper describes a model-
based rational multi-agent architecture to control 
traffic lights. The presented approach introduces a 
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methodology capable of making flexible and auton-
omous decisions for the calibration of the length of 
the cycles. In this paper we propose a system com-
posed of five modules: traffic simulator, infrastruc-
ture module, communication module, decision mod-
ule, and analyzer module. In fact, each module works 
using a different engineering perspective. Two sub-
modules, a vehicle generator and an intersection con-
figurator, integrate the traffic simulator layer. The 
infrastructure module is dedicated to assigning an 
operator to each intersection. The communication 
module facilitates the exchange of information 
among operators. In particular, this phase is devoted 
to facilitating the interaction among operators by 
performing a modification of the KQML language 
(Finin et al., 1993). Such communication is a process 
where the operators are ready to interact with others 
so as to generate sure commitments, which provides 
some extra time for their cycle. The decision module 
implies a rational process aiming to provide opera-
tors with a decision-making structure capable of 
reaching useful actions to improve the performance 
at any intersection. To evaluate the efficiency of our 
proposal, we present two cases and their results using 
a simulation tool developed for the project. Trends, 
conclusions, and future work are presented at the end 
of the paper to emphasize the advantages and useful-
ness of this promising approach.  
 
 
2  Agent-based systems 
 

Currently, one of the main goals in the artificial 
intelligence community is to develop theories, mod-
els, and systems to analyze and adapt the reasoning 
skills of a cognitive entity in order to improve their 
behavior. In such a case, agent-based systems have 
become one of the most studied topics. Despite the 
promising results with these systems, there are still 
issues that must be standardized to endow entities 
with more suitable operative functions. Jennings et al. 
(1998) attempted to provide ‘order and coherence’ in 
the field of agent technologies. This work is one of 
the main promoters of the development and deploy-
ment of agent technology. It is indicated that this 
technology has the ability to empower itself in a 
wide range of tasks. In light of this, some productive 
sectors have experienced a radical technological 

change in which the management of information 
technology has revolutionized its productivity, as in 
Regli et al. (2009), where the requirement of certain 
manufacturing systems has been claimed by the im-
plementation of a new generation of production pro-
cess, to adapt itself to uncertain situation and flexi-
bility. Based on several studies conducted by the 
National Research Council, it has been possible to 
identify six ‘grand’ challenges in manufacturing, 
among which two stand out: (1) the use of infor-
mation as a source for making successful decisions; 
(2) the ability of dynamical reconfiguration (Mal-
veau and Mowbray, 2001). According to this, 
Nestinger et al. (2010) presented a mobile agent-
based framework. Through this research, the authors 
introduced an intelligent agent which allows dynam-
ic execution of tasks using certain algorithms of con-
trol within a manufacturing system. This paper intro-
duces a mobile agent system called Mobile-C 
(www.mobilec.org), which uses Ch, an embeddable 
interpretive C/C++ environment. To demonstrate the 
performance of this proposal, some experiments 
were carried out during the implementation of differ-
ent tasks in an automated cell, which is composed of 
a Puma 560, an IBM 7575, and a conveyor system. 
The experiment results highlight the great utility of 
agent technology over any other automated control 
subsystem. To enhance the usefulness of agent tech-
nology in performing tasks in the manufacturing sec-
tor, positive results can be found in Chan and Zhang 
(2002), D’Amours et al. (2007), Huang et al. (2007), 
Kaihara (2008), and Trappey et al. (2009). 

The evolution of simulation and modeling tech-
niques based on the intelligent agents has become an 
emerging and suitable framework, commonly em-
ployed to generate models based on social systems, 
which aim to achieve an evolving understanding of 
social phenomena. This is another example of the 
wide range of tasks, which are benefitting from the 
agent-based computing paradigm (Singh and Gupta, 
2009). Agent-based modeling systems have become 
a trend for the study of social interactions, allowing 
the control of the emergent behavior of an intelligent 
entity. Several studies on these approaches can be 
found in Epstein (2007). Zhang and Li (2010) intro-
duced how to adapt agent-based modeling and simu-
lation (ABMS) in open and complex scenarios by 
modeling pattern-oriented strategies. To reach the 
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prior idea, the strategies are generated by agent  
information. Such implementation is used to build a 
simulated environment prototype representing cer-
tain requirements and constraints in a forest fire sce-
nario within a set of experiments. The results high-
light the effectiveness of ABMS applied in open en-
vironments. Other examples of the advantages of 
using ABSM in rescue operations in open and dy-
namical environments were provided by Hernandez 
Encinas et al. (2007) and Abramson et al. (2008). 
The decision-making systems have generated high 
expectation during the last decade, becoming more 
complex and functional due to their great ability to 
hand large amounts of information for their specific 
analyses. ABMS represents a significant advance in 
the development of decision support systems, mak-
ing these systems more flexible, reliable, and simple 
than any other standard central management systems.  
Thus, an agent is an autonomous, independent unit, 
capable of making decisions and interacting (com-
municating) with other agents or objects. In this 
sense, Maka et al. (2011) presented an agent-based 
model to solve some specific actions in a warehouse 
logistics process, giving a clear opinion on the ad-
vantages of ABMS over standard central manage-
ment systems. Other examples of the advantages of 
ABMS in empowering the resource planning systems 
in a logistic process were shown in Cupek and Maka 
(2010) and di Lecce et al. (2010). Moreover, the 
field of artificial immune systems is a specific area 
of artificial intelligence, which permits to model and 
simplify the behavior of biological immune systems 
(Montealegre and Rammig, 2012). As ABMS can be 
used as a testbed for a better understanding of artifi-
cial immune systems and to find the solution to de-
termined technical problems, Montealegre and 
Rammig (2012) presented an approach to explaining 
the operation of a method which is able to transfer 
the biological immune system principles to the field 
of artificial immune systems. To achieve this, the 
authors made a brief explanation of the behavior of 
artificial cells in biological systems, representing 
agents in a biological organism and demonstrating 
their functionality because such agents can model 
and simulate the operational performance of some 
cells within an entire ecosystem. The results demon-
strate the good performance of the implementation in 
a cellular alarm management system. In accordance 

with Folcik et al. (2011), ABMS is a potential tool 
for facilitating the extrapolation of biological im-
mune system principles into the field of artificial 
immune systems. 

On the other hand, the use of the intelligent 
agent metaphor is one of the most studied approach-
es in the development of auction systems in virtual 
environments. This is because the agents are entities 
capable of assuming different behaviors determined 
by their role in a particular negotiation. However, 
according to Fard and Far (2012), the study and 
analysis of emergent behavior arose as an important 
challenge that must be taken into account before re-
lying entirely on this technology within that scenario. 
Such an approach determines that emergent behavior 
can be eliminated from the modeling agent phase. 
Through this investigation, the methodology to 
achieve a reduction of 33% of a finite state machine 
synthesized in a realistic online auction system is 
detailed. Auction protocols that have been developed 
strengthen processes such as supplying chain man-
agement, distribution of multi-project schedule, e-
manufacturing, and allocation of loads in transporta-
tion logistics. Such examples are becoming a trend 
among ordinary individuals, according to Wu (2001), 
Robu et al. (2011), and Adhau et al. (2012). For this 
reason, multi-agent approaches are suitable to be 
implemented in auction systems, simplifying a wide 
range of operations due to their social metaphor, 
such as selling, bidding, buying, and making all 
kinds of decisions around the auction processes, in-
teracting with the other entities in the system in tem-
poral encounters, called scenes. Although agent-
based systems represent a wide range of benefits, 
modeling applications based on them involve endless 
specific design challenge. To present a proper solu-
tion for this problem, ABMS is dedicated to facilitate 
interaction and communication between agents. In 
fact, the artificial intelligence community has a 
strong belief that ABMS has an important place 
among the areas that comprise the agent field. For 
example, IEEE FIPA (Foundation for Intelligent 
Physical Agents) represents the efforts of various 
sectors such as government agencies, individual 
companies, research centers, and universities, whose 
aim is to establish a standard requirement for the 
design and development of the interaction between 
agents and agent-based systems. Specifically, the 
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main objective of FIPA is to facilitate and ensure that 
agents can achieve high levels of interaction based 
on architecture, communication, and operation. Such 
efforts are a reflection of the great relevance that 
agent-based systems have taken over the last 20 
years, looking for solutions to different types of pro-
cesses in an efficient, safe, and effective way in open 
and dynamic scenarios. 
 
 
3  Related work on traffic technology 
 

Transportation systems are a crucial part in the 
social, economic, and political development of any 
city in the world. In fact, one parameter to enhance 
the quality of a determined country is to have an ef-
ficient and trustworthy transport system not only in 
urban traffic but also in road, air, and rail sectors. 
Thus, taking into consideration urban roads, one of 
the main aspects in the control and management of 
vehicular traffic is consideration of the level of ser-
vice offered to users (i.e., vehicles and pedestrians). 
In fact, there are several methodological strategies to 
reduce traffic volume and minimize the generation of 
greenhouse gases caused by vehicles in the automo-
tive sector. These strategies use mainly electronic 
systems handled by microcontrollers and micropro-
cessors. Although they have evolved over time, they 
continue presenting several limitations to prevent 
modifications. Among all the variables that must be 
considered to develop a robust system for the control 
of traffic lights, the interpretation of the volume of 
vehicular traffic stands out as the most important 
issue because this information allows determining 
the timing of the signals of traffic lights. For exam-
ple, Saeed et al. (2011) presented a fuzzy model that 
uses wireless sensors to detect conditions to avoid 
congestion, accidents, and some other traffic irregu-
larities. The main contribution of this approach is to 
provide solutions to minimize the time during which 
vehicles are stopped in a particular road junction, 
especially using a specific scheme to give priority to 
emergency vehicles in common traffic situations. In 
the same way, based on radio frequency identifica-
tion technology (RFID) it is possible to measure ve-
hicular speed on the road using the Hall effect-based 
sensor, as presented in Pérez et al. (2010). To do this, 
some sensors were previously installed on the road to 

provide information to a fuzzy logic controller. Ac-
cording to the results, it is possible to both demon-
strate that unexpected situations arise as natural 
complications of the road and ensure the integrity of 
the users in their travels. To minimize the travel de-
lays caused by a wrong scheduling of the red lights 
at an intersection, Zade and Dandekar (2011) devel-
oped a new intelligent traffic signal controller. They 
implemented a neural-fuzzy system which is able to 
make successful decisions to select a proper green 
interval in response to the requirements and con-
straints of the traffic. To do this, the system uses in-
formation about the volume of the vehicles on the 
road to provide a better green interval in a typical 
four-way junction. Roozemond (2001) provided a 
reactive approach for urban intersection control. The 
approach can respond to environmental changes in a 
traffic scenario by adapting the green intervals ac-
cording to a set of predefined rules. Despite the cur-
rent contributions derived from the computational 
domain, the development on the field of simulated 
test environments to control and optimize urban arte-
rials is another interesting and promising area for 
further study. Nowadays, there are computational 
tools that offer the opportunity of implementing and 
testing approaches to corroborate their ideas. None-
theless, these tools are not functional for all aims. 
Thus, some researchers tend to develop their own 
tools while generating their methodological pro-
posals. For instance, Huang et al. (2012) developed 
and reviewed a reservation-based approach for inter-
section control. They referred to the development of 
a novel simulator to evaluate the behavior of vehicles 
in interconnected intersections. The system devel-
oped includes a microscopic traffic analyzer which 
can represent the behavior of the vehicles and meas-
ure the greenhouse emissions. Some experiments 
were carried out using the developed simulator to 
compare the service level of the road and environ-
mental benefits of the introduced approach against 
those of traditional control methods. Methods pro-
vided by Hernandez et al. (2002), Garcia-Serrano et 
al. (2003), Zhang et al. (2004), Chen RS et al. (2005), 
Liu et al. (2005), van Katwijk et al. (2005), Wang 
(2005; 2008), and Chen B et al. (2006) are other ex-
amples of the aforementioned actions (Table 1). De-
rived from the relevance of studying specifically the 
domain of traffic systems in open, complex, and  
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distributed domains, Chen and Cheng (2010) gave a 
general review of several approaches in the literature. 
In particular, they presented a study oriented to 
agent-based traffic applications which can be classi-
fied into five ranges: (1) agent-based traffic control 
and management system architecture and platforms, 
(2) agent-based systems for roadway transportation, 
(3) agent-based systems for air-traffic control and 
management, (4) agent-based systems for railway 
transportation, and (5) multi-agent traffic modeling 
and simulation. However, software agents and artifi-
cial intelligence techniques in urban traffic systems 
have arisen as a proper solution in the last decade to 
provide high levels of efficiency in transport infra-
structures. Despite these efforts, the design, devel-
opment, and implementation of agent technology in 
traffic control systems are still immature and need 
further study. 

Limitations of previous studies on intelligent 
transportation systems (ITS) include: 

1. Early studies on ITS attempt to assess the 
level of service on the road to reduce the time that 
cars spend needlessly at a red light. Other interesting 
phenomena that should be studied are those related 
to acceleration and deceleration, unnecessary fuel 
consumption, and auto parts wear, when vehicles 
should stop multiple times due to poor planning of 
the pre-programmed traffic light signals. For this, 
environmental advantages of ITS must be more 
widely studied in a near future. 

2. Studies devoted to ITS research are not able 
to use information about decisions taken previously 
when the junctions must be adjusted to offer a better 
level of mobility under overloaded traffic volume. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Other models implemented to manage the 

control of traffic-light signals cannot use a commu-
nication protocol in the phase of synchronization of 
the light time in order to reach a successful interac-
tion between intersections. 

4. The current simulators in the literature cannot 
work in real time and they are also not designed to 
auto-synchronize the time of the traffic signal lights 
while an experiment is being performed. 
 
 
4  Traffic signal control 
 

Long lines of vehicles, wide ranges of stop-
times in intersections and environmental emissions 
are only some of the aspects that traffic control is 
looking forward to eliminating. The transportation 
community has a great interest in bringing forth 
techniques to represent, model, and assess traffic 
situations in interconnected transport networks (Ta-
ble 1). Fig. 1 depicts the general scheme of the 
methodology proposed in this paper, which consists 
of five modules: (1) traffic simulator module, which 
uses a novel traffic simulator to simulate the traffic 
system and embeds two modules created for the sim-
ulator vehicle generator and intersection configurator, 
respectively; (2) infrastructure module, which con-
tains all the operators envisioned in the interconnect-
ed intersections; (3) communication module, which 
serves as a protocol of communication to inform oth-
er operators and to make commitments among them 
(see Section 5.1); (4) decision module, which endows 
operators with reasoning skills in order to find some 
alternatives to deal with any particular situation in a 

Table 1  Platforms of traffic control and management 

Reference Key aspect 

Chen et al. (2005) An adaptive and cooperative traffic light agent model for decentralized traffic signal control 

Chen et al. (2006) FIPA standard; hybrid control architecture 

Garcia-Serrano et al. (2003) FIPA standard, to design traffic agent city for knowledge-based recommendation 
Hernandez et al. (2002) Study and comparison of centralized and decentralized agent-based architectures for intelligent 

traffic management in urban networks 
van Katwijk et al. (2005) A testbed to allow designers of MAS to experiment with different strategies and examine the 

applicability of developed systems 
Liu et al. (2005) A multiagent simulation framework to evaluate the usability of the demand bus system 

Wang (2005; 2008) Description of both hardware and system implementation, as well as its field deployment in real-
world urban traffic control integrating mobile agent concept 

Zhang et al. (2004) MAS architecture for distributed traffic data process and management 
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determined lane of an intersection (see Section 5.2); 
and (5) analyzer module, which performs both mo-
bility and environmental analyses based on the time 
at which the vehicle arrives and departs within some 
lane of any intersection. To follow, the performances 
of all the five modules are described, with the deci-
sion module being emphasized. 

4.1  Traffic simulator module 

To start, the traffic simulation module is re-
sponsible for generating the simulation volume of 
cars, representing the arrival and departure of the car 
at a certain line of the junction and establishing the 
movements and the cycles of the lights at every in-
tersection. The literature on traffic simulators pre-
sents multiple options to study and evaluate the be-
havior of traffic lights in order to provide a better 
level of vehicular mobility in a network of multiple 
intersections. In particular, the traffic simulator out-
lines the way vehicles are injected in each lane of a 
particular intersection. Vehicles are injected accord-
ing to the data obtained by studying the behavior of 
the users in a group of selected real intersections in 
Madero and Tampico Cities (Mexico). For each lane 
of an intersection, there exists a generator ei of vehi-
cles such as  
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where r is a variable about the observed frequency of 
the vehicles, and μ and σ are constant values ob-
tained by a statistic analysis of the data and both are 
updated automatically by the module throughout the 
simulation. The number of vehicles injected is con-
trolled as follows: 
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In addition, the type of vehicles is controlled as 

a vector Θ(elanei)=[12…c−1]. For the pro-
posed rational control of intersections, the configura-
tor of the intersections is used to indicate the move-
ments allowed in each lane and to set the sequence 
and the time of the lights in each intersection. Such a 
configurator offers the users the opportunity to indi-
cate the initial data about the frequency of the vehi-
cle arrival and the initial length of the cycle. In this 
sense, the system interacts with the traffic analyst 
using the traffic simulator module. 

Fig. 1  General scheme of the proposed architecture 
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4.2  Infrastructure module 

In this module, the approach comprises a num-
ber of intersection operators A according to the 
amount of intersections I in domain D, where each 
operator OA={o1, o2, …, om−1} is responsible for 
controlling the duration of each traffic light in a de-
termined intersection ID={i1, i2, …, in−1} across the 
network of interconnected intersections. After re-
ceiving information from the traffic simulator mod-
ule, each rational agent is assigned to a particular 
intersection; for this, each agent is aware of the 
length of the cycle and the vehicle arrivals. Besides, 
an intersection is composed of lanes liIj (i=1, 2, …, 
p−1), where for each lane the operator must control 
the sequence and the scheduling of a traffic light. All 
this data allows agents to create a case Cn of a partic-
ular situation in each lane so as to define a strategy to 
improve the level of service in each lane of the inter-
section. Each case is constructed using the data of 
the studied lane as follows: 

 
Casen 
VL=volume of vehicles. 
tgi=length of green light for that lane. 
D=distance (quantity) between the first and last  

vehicles in the longest rail. 
n=number of rails in each lane. 

4.3  Communication module 

One of the main benefits of this approach is that 
the previous module is based on the agent metaphor. 
For this, the communication module can be easily 
replaced. Modifying the communication module only, 
different communication scenarios can be simulated. 
With the communication process being integrated 
among operators, an adaptation of the KQML proto-
col is proposed in the module, which will be de-
scribed in Section 5.1. 

4.4  Decision module 

A decision is the process through which an op-
erator of any lane can consider the information pro-
vided by the traffic simulator module to decide what 
must be done to improve the mobility of the vehicles 
in a specific lane and to reduce emissions in a repre-
sentative way. To achieve this target, some algo-
rithms with the ability to mimick human intelligence 
are used in this module. In this sense, these technol-

ogies permit the implementation of real-life rules 
similar to those people usually resort to. Based on 
previous and successful decisions, an operator can 
offer a better time to each green light. Such effects 
are reached by using the case-based reasoning meth-
odology, which will be described in Section 5.2. 

4.5  Analyzer module 

This module is the administrator of calculating 
the service level and the environmental indicator of 
each intersection in the whole network. By this mod-
ule the generation of environmental emissions can be 
measured similar to the comprehensive modal emis-
sion model (CMEM), which is a microscopic emis-
sion model that predicts tailpipe emissions and fuel 
consumption based on a second-per-second physical 
power-demand modeling approach (Scora and Barth, 
2006). In this study, CMEM is used only as a moti-
vational model. Using the model included in the 
module, a simple experiment is run to corroborate 
the level of feasibility and accuracy of the model to 
calculate the effect of fuel consumption when vehi-
cles are stopped at a red light. Fig. 2 compares the 
fuel consumption of a four-way intersection with the 
real data previously obtained. The sum of the pollu-
tants in the real scenario is close to that of the pro-
posed model. For example, during the period from 0 
to 30 s, the two curves are almost overlapping. This 
simple experiment clearly demonstrates the effec-
tiveness and accuracy of the generated model. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

5  Optimizing traffic flow 
 

Optimizing the traffic flow in a particular net-
work of interconnected intersections requires several 

Fig. 2  Comparison of the fuel consumption of a four-way
intersection with the real data previously obtained 
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point-of-views, i.e., software engineering, intelligent 
systems, and optimization structures. Prior to this, an 
integrated simulator was developed in Matlab to plug 
into each one of the presented modules. Fig. 3 shows 
the main screen of the developed system. The simu-
lator that outlines intersections with different charac-
teristics can simulate the injection of vehicles into 
each lane. It is possible to set three labeled functions: 
CBR, cars simulation, and data acquisition. In par-
ticular, if the CBR option is not selected, the system 
uses a pre-programming scheduled length for each 
traffic light provided by the user. The configuration 
also allows fixing the time of the experiment and 
gives the clock-time of the simulation. A simulation 
data section allows the appreciation of the traffic 
light cycle operation and the volume of vehicles in 
each traffic signal. 

5.1  Interaction protocol 

KQML language is a facilitator for coordinating 
the interactions of multiple intelligent entities to  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

support knowledge sharing. Operators must interact 
with others both to argue a possible transfer or as-
signment of green light time and to inform about the 
actions performed by the operator. For example, in 
Fig. 4, Operator1 sends several sentences to the 
communication module. The communication module 
translates and reports the information sent by each 
operator to the remaining operators in the network. 
The module interprets what the operator wants to 
inform other operators and publishes the data. 

The basic structure of each message is presented 
in Fig. 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 

5.2  Decision-making process 

The new decision process proposed in this study 
differs from those in previous studies (Borne et al., 
2003; Balbo and Pinson, 2005; Ossowski et al., 2005) 
in that the decision-making process requires updated 
operators to know the constraints and requirements 
in their assigned infrastructure and to modify the 
length of the green light in each specific lane. Opera-
tors use this module to mimic the behavior of a trans-
it officer taking into account the variables of the case 
mentioned in Section 4.2.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Communicative process 

Fig. 3  Integrated simulator 

(performative_request… (performative_confirm… (performative_inform… 

:sender Operatorn :sender Operatorm :sender Operatorm 

:receiver All operators (A) :receiver Operatorn :receiver Operatorn 

:content required_green_time_to_linei :content assigned_time :content declined_time 

:ontology Require(On, A, line, 9 s) :ontology Confirm(Om, On, 1, 4 s) :ontology Inform(Om, On, 0 s) 

…) …) …) 

Fig. 5  Structure of the messages 
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Casen 
VL=volume of vehicles. 
tgi=length of green light for that lane. 
D=distance (quantity) between the first and last 

vehicles in the longest rail. 
n=number of rails in each lane. 

 
In a given case, the module performs an adapta-

tion of the cases-based reasoning methodology (de 
Mantaras et al., 1997) aiming to provide operators 
with adaptive actions implementing a strategy to im-
prove the green time interval efficiency. 

Retrieve—An operator must review the volume 
of vehicles injected by the traffic simulator module 
before the green light turns on. Using the quantity of 
vehicles Φ and the green time interval tgi, the opera-
tor looks inside the cases-base to extract the most 
similar cases using the Tanimoto index (Berkhin, 
2006), where the variable ranges are {−5≤VL≤+5} 
and {−2 s≤tgi≤+2 s}. The operator retrieves n cases 
and computes the average green time interval. Such a 
process is used to obtain the possible length of green 
light offering a proper solution for the presented 
conditions of the lane. For this, the selection of a 
suitable case (or cases) from the cases-base is anoth-
er interesting question. Fig. 6 confronts the sensitivi-
ty of selecting an effective case to deal with any giv-
en situation versus the specificity of taking a wrong 
case. For the proposal of this approach, this analysis 
permits to argue that the selected method for the re-
trieval phase (Section 5.2) is appropriate and trust-
worthy for the intentions of this work. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Reuse—A new solution is generated from the 

retrieved cases according to the problem conditions. 
At this stage the recommended length for the green 

interval is adjusted according to a suitable level of 
service and the performance of the entire intersection. 

Revise—The operator must evaluate the behav-
ior of the implemented action measuring the volume 
of remaining vehicles VQ in the studied lane. To do 
this, the operator uses Eq. (1): 

 

g 0, 0,
,   

, 0.
Qi

Q L Q
Q Qt

Vnt
V V V

V VD


         
       (1) 

 
Retain—After revision, if the operator considers 

that this action achieves at least a performance of 
51% (which means that 51% of the vehicles have 
already left the lane), the studied problem and the 
proposed solution have to be indexed in the cases-
base for use in future interactions of the module. 
 
 
6  Experiments 
 

Experiments have been implemented to simu-
late and assess the likely mobility and environmental 
benefits of the intelligent control (IC) concept com-
pared to the traditional control (TC) approach. Two 
test cases are considered: (1) a connection between 
two four-way intersections and (2) a network of two 
different types of intersections. The simulations are 
performed at four demand levels 50%, 100%, 150%, 
and 200% according to a usual arrival of vehicles per 
second using the vehicles generator presented in Sec-
tion 4.1. For each case, the results are presented by 
showing the average of the 10 000 experiments cov-
ered in only one hour. The emissions are calculated 
based on information obtained from the INEGI 
(www.inegi.org.mx). From the data obtained in the 
performed simulations, some preliminary results 
have been obtained to assess the usefulness of the 
methodology introduced in this paper. 

6.1  Test case 1 

A two-interconnected four-way junction is sim-
ulated in the developed system with traditional pre-
programming control (Fig. 7) and the incoming vehi-
cle data is provided in Table 2.  

The performances are compared to demonstrate 
the benefits of the traffic lights based on IC over TC. 
Fig. 8 shows that compared to the TC approach, IC  

Fig. 6  Sensitivity of selecting a suitable action for a 
situation 
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reduces the fuel consumption by almost 16%. Fig. 9 
shows the mobility performances of IC using the 
CBR filter and TC. Specifically, such a comparison 
is made between the number of vehicles that arrive 
and the total number of vehicles dispatched through 
the intersection at a 100% demand level. Focusing on 
the average service increase (Fig. 9), the proposed 
methodology appears to be capable of substantially 
improving the service level of a particular intersec-
tion. For instance, the performance of the service 
using IC is better than TC by around 23% at a de-
mand level of 100%. Moreover, the environmental 
evaluation focuses on the reductions in fuel con-
sumption, as well as the reduction of the following 
four pollutants: (1) hydrocarbons HC, (2) carbon 
monoxide CO, (3) nitrogen oxides NOX, and (4) car-
bon dioxide CO2 (Fig. 10). 

Fig. 10a compares the fuel consumption (in g/s, 
generated by stopped cars while the red light is on) 
and the emission level of three of the pollutants  
(also in g/s) under IC and TC for different demand 
levels. Fig. 10b presents the remaining pollutant.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

For example, at the demand level of 100% (Fig. 10b), 
the magnitude of CO2 emission under the control of 
rational operators shows a better performance than 
the one controlled by traditional methods, by around 
35%. In particular, the implementation of such op-
erators based on past decisions and by coordinating 
the length of the cycles, appears to have significantly 
reduced the emission. As the demand level has in-
creased all the emissions and fuel consumptions, IC 
manages to reduce or maintain both the emissions 

Table 2  Data observed from the real study count 

Demand 
level 

r μ σ 

Int1 Int2 Int1 Int2 Int1 Int2

50% [0–1] [0–1] 

2.5 2.6 1.8 1.7
100% [0–3] [0–2] 

150% [1–4] [1–3] 

200% [2–4] [2–4] 

Int1: intersection 1; Int2: intersection 2 

 

Fig. 8  Fuel consumption in a determined intersection 
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Fig. 9  Average of the served vehicles in test case 1 
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Fig. 7  General scheme of case 1 
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and fuel consumptions. In addition, Fig. 11 compares 
traffic velocity against traffic volume. This compari-
son identifies the advantages of the proposed meth-
odology over the traditional approach in improving 
vehicular mobility under different types of volume 
demand. The complete analysis results are summa-
rized in Table 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.2  Test case 2 

The second test (Fig. 12) involves data of a real-
world intersection, taking into account one of the 
most important roads in Tampico City, MX (Hidalgo 
Ave) and three different streets (Rotaria St., Agua-
Dulce St., and Francita St.). The data used in these 
experiments has been obtained in real traffic studies 
dating from Oct. 2011 to Mar. 2012 (Table 4).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The results obtained are compared to emphasize the 
advantages of traffic control based on rational agents 
over the pre-programming traditional control used in 
the synchronization phase of the studied intersection. 
To evaluate the decision-making process of the IC 
approach proposed in this work, Fig. 13 depicts how 
IC reaches a suitable behavior after 100 decisions 
along 1000 trials. This effect emphasizes the ability 
of rational operators to make sure decisions with a 
better performance when they resort to information 
from previous situations that have been dealt with 
successfully. The performance does not improve sig-
nificantly beyond 100 trials. This number of trials is 
therefore used initially to confirm the decision per-
formance. In particular, there is an improvement rate 
of around 21% reached by IC over TC. Such analysis 
discloses that mobility problems can be avoided if 
the proposed approach is implemented for traffic 
light signals. 

In addition, Fig. 14 plots the mobility level con-
fronting the volume of incoming vehicles against 
their departure. To demonstrate high levels in the 

Table 3  Emission and fuel consumption (Case 1) 

 
Demand 

level 
Relative magnitude (%) Improvement 

rate* (%) IC TC 

HC 

50% 1.0760 1.7340 37.95 

100% 1.4230 2.1070 32.46 

150% 1.5120 2.6990 43.98 

200% 1.5280 3.7800 59.58 

CO 

50% 1.1080 1.6980 34.75 

100% 1.4860 2.1210 29.94 

150% 1.5690 2.5930 39.49 

200% 1.5740 3.8870 59.51 

CO2

50% 1.0572 1.5864 33.35 

100% 1.3055 1.9887 34.35 

150% 1.3971 2.2557 38.06 

200% 1.4484 3.0330 52.24 

NOX

50% 1.0920 1.7250 36.70 

100% 1.4630 2.1190 30.96 

150% 1.6240 2.6640 39.04 

200% 1.6620 3.8950 57.33 

Fuel

50% 1.9090 2.8930 34.01 

100% 2.3980 3.3630 28.69 

150% 2.6990 3.7080 27.21 

200% 2.7200 4.4200 38.46 

IC: intelligent control; TC: traditional control. * IC over TC 

Fig. 10  Comparison of experimental results 
(a) HC, CO, NOx emissions and fuel consumption; (b) CO2

emissions 
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Fig. 11  Traffic velocity versus traffic volume 
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mobility aspects, the results reported show that IC 
achieves a better performance than TC, by around 
18% under a demand level of 100%. Note that the 
performance does not improve significantly when the 
demand level is more than 100%. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15 shows the average achieved in the re-

duction of CO2 volume while vehicles are stopped. 
For example, the CO2 magnitude emission when in-
telligent agents control the traffic lights achieves a 
considerable improvement of around 45% in com-
parison with the performance achieved by traditional 
control in real world infrastructure. Fig. 16 compares 
traffic velocity against traffic volume. This compari-
son identifies the advantages of the proposed meth-
odology over the traditional approach in improving 
vehicular mobility under different types of volume 
demand. The complete analysis results are summa-
rized in Table 5. 

 
 
 

 
 
 
 
 
 
 
 

Table 4  Data observed from the real study count at 
four demand levels 

Data Intersection 
Value 

50% 100% 150% 200%

r 

1 [0–1] [0–2] [1–3] [2–4]

2 [0–2] [0–3] [1–3] [2–4]

3 [0–2] [0–3] [1–3] [2–4]

μ 

1 2.3 

2 2.5 

3 2.1 

σ 

1 1.7 

2 1.1 

3 1.1 

 

Fig. 12  Snapshot of a real scenario: (a) Google Earth; 
(b) Google maps 

Fig. 14  Average of the served vehicles in test case 2 
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Fig. 13  Comparison of decision performance between 
IC and TC at different numbers of trials 

Fig. 15  Relative magnitude of CO2 
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7  Conclusions and future work 
 

Road traffic congestion is one of the main caus-
es of low productivity and the decrease in modern 
city standards. In this sense, some recent trends in 
artificial intelligence suggest that in the near future, 
intelligent agents will improve some road challenges. 
Based on a ubiquitous computing paradigm, the con-
trol of the traffic based on intelligent agents offers an 
ideal path to operate the vitalities using the Internet 

or other ad-hoc interconnections based on real world 
time information. The flexibility of the rational 
agents allows for making decisions in similar ways 
to a human being. For this reason, we introduce a 
novel methodology to manage traditional traffic con-
trol using rational agents. Specifically, agents are in 
charge of ensuring that at least 51% of vehicles are 
dispatched during a green light interval. To do this, 
the agents use an adaptation of the CBR methodolo-
gy, which is also similar to that of a police officer 
handling the traffic flow at a typical junction. This 
human-based process allows agents to be capable of 
evaluating past decisions from a database built over 
time. In this light, the work develops an integrated 
simulator to design and evaluate the requirements 
and constraints of an intersection. The simulator 
permits users to configure different aspects of a de-
termined intersection in order to provide results that 
disclose the behavior of the traffic flow and other 
relevant information such as pollutant emission and 
fuel consumption. The simulator also reports the 
changes of the lights in each traffic signal throughout 
the experiments. Finally, the studies performed in the 
integrated simulator are used to evaluate not only the 
advantages in the offered service but also the envi-
ronmental influence of this promising strategy. Con-
sequently, the volume of attended vehicles and the 
fuel consumption as well as greenhouse emissions 
under traffic light control based on intelligent agents, 
are compared to those under traditional signal control. 
Different configurations have been considered in two 
experiments, one involving two-connected isolated 
intersections and the other considering multiple in-
tersected roads. From the results obtained, it is pos-
sible to argue that the proposed approach achieves 
significant benefits in vehicular mobility, in terms of 
congestions by increasing the traffic capacity of any 
intersection. However, for future investigation, is-
sues such as acceleration and des-acceleration, colli-
sion avoidance and vehicles with different velocities, 
must be included in the simulator by offering a set of 
more realistic situations in the virtual instrument 
proposed here. 

This work has focused on assessment of the 
mobility and environmental benefits in order to study 
the service level and the environmental effects in a 
determined intersection. Future research should in-
clude other relevant aspects of the real world such as 

Table 5  Emissions and fuel consumption (Case 2) 

 
Demand 

level 
Relative magnitude (%) Improvement 

rate* (%) IC TC 

HC 

50% 1.1005 1.6849 34.68 

100% 1.4230 2.1070 32.46 

150% 1.5120 2.6990 43.97 

200% 1.5280 3.7800 59.57 

CO 

50% 1.0975 1.7001 35.44 

100% 1.4860 2.1210 29.93 

150% 1.5690 2.5930 39.49 

200% 1.5740 3.8870 59.50 

CO2 

50% 1.0912 2.0264 46.15 

100% 1.4995 2.3984 37.47 

150% 1.7891 2.8897 38.08 

200% 1.9919 3.2530 38.76 

NOX 

50% 1.0889 1.7319 37.12 

100% 1.4630 2.1190 30.95 

150% 1.6240 2.6640 39.03 

200% 1.6620 3.8950 57.32 

Fuel 

50% 1.8899 2.9002 34.83 

100% 2.3980 3.3630 28.69 

150% 2.6990 3.7080 27.21 

200% 2.7200 4.4200 38.46 

IC: intelligent control; TC: traditional control. * IC over TC 

Fig. 16  Traffic velocity versus traffic volume 
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pedestrian, service vehicles (ambulance, police, etc.), 
and emergent problems (crashes, broken cars, etc.). 

Intelligent traffic lights using sophisticated 
computational algorithms are a promising approach 
to autonomous intersection control. In spite of this, 
there are some limitations about the scope of this 
work. For example, the adaptation of other automatic 
learning techniques could be required to evaluate the 
effectiveness of using rational agents to optimize 
urban traffic control. The simulator should include 
more variables such as humidity, temperature, baro-
metric pressure, and other relevant aspects of the 
world, in order to make a more realistic analysis of 
the environmental benefits of this approach. In addi-
tion, the presented work must assess whether the 
proposed approach is adaptable to any type of junc-
tion with the aim of ensuring a high level of vehicu-
lar mobility. To conclude, intelligent and communi-
cative agents are employed to control traditional pre-
programming traffic lights ensuring autonomy with-
out losing security and effectiveness in vehicular 
flow optimization using CBR. Therefore, this paper 
makes two main contributions: 

1. A novel and preliminary methodology is pro-
posed to optimize traffic flow using intelligent agents. 
This paper reports a good and feasible structure to 
use previous decisions to guarantee that most vehi-
cles are served when the green light is on.  

2. A computational tool is an instrument to sim-
ulate the behavior of junctions to evaluate vehicular 
mobility, fuel consumption, and greenhouse emission. 
This paper argues that there is a need to build new 
systems to satisfy the requirements of the traffic ex-
perts in a more friendly but reliable and effective 
way. The utility and feasibility of the proposal have 
been demonstrated. 
 
References 
Abramson, M., Chao, W., Macker, J., et al., 2008. 

Coordination in disaster management and response: a 
unified approach. LNAI, 5043:162-175. [doi:10.1007/ 
978-3-540-85449-4_12] 

Adhau, S., Mittal, M.L., Mittal, A., 2012. A multi-agent 
system for distributed multi-project scheduling: an 
auction-based negotiation approach. Eng. Appl. Artif. 
Intell., 25(8):1738-1751. [doi:10.1016/j.engappai.2011. 
12.003] 

Balbo, F., Pinson, S., 2005. Dynamic modeling of a 
disturbance in a multi-agent system for traffic regulation. 
Dec. Support Syst., 41(1):131-146. [doi:10.1016/j.dss. 
2004.06.001] 

Berkhin, P., 2006. A survey of clustering data mining tech-
niques. In: Grouping Multidimensional Data—Recent 
Advances in Clustering. Springer Berlin Heidelberg, 
p.25-71. [doi:10.1007/3-540-28349-8_2] 

Borne, P., Fayech, B., Hammadi, S., et al., 2003. Decision 
support system for urban transportation networks. IEEE 
Trans. Syst. Man Cybern. C, 33(1):67-77. [doi:10.1109/ 
TSMCC.2003.809355] 

Chan, F.T.S., Zhang, J., 2002. A multi-agent-based agile shop 
floor control system. Int. J. Adv. Manuf. Technol., 19(10): 
764-774. [doi:10.1007/s001700200088] 

Chen, B., Cheng, H., 2010. A review of the applications of 
agent technology in traffic and transportation systems. 
IEEE Trans. Intell. Transp. Syst., 11(2):485-497. [doi:10. 
1109/TITS.2010.2048313] 

Chen, B., Cheng, H.H., Palen, J., 2006. Mobile-C: a mobile 
agent platform for mobile C/C++ agents. J. Softw. Pract. 
Exp., 36:1711-1733. [doi:10.1002/spe.742] 

Chen, R.S., Chen, D.K., Lin, S.Y., 2005. ACTAM: coopera-
tive multiagent system architecture for urban traffic sig-
nal control. Proc. IEICE Trans. Inf. Syst., E88-D(1):119-
126. [doi:10.1093/ietisy/E88-D.1.119] 

Cupek, R., Maka, A., 2010. OPC UA for vertical 
communication in logistic informatics systems. 15th 
IEEE Int. Conf. on Emerging Technologies and Factory 
Automation. [doi:10.1109/ETFA.2010.5640978] 

D’Amours, S., Frayret, J.M., Rousseau, A., et al., 2007. 
Agent-based supply-chain planning in the forest products 
industry. Information Technology for Balanced 
Manufacturing Systems. IFIP International Federation 
for Information Processing, 220:17-26. [doi:10.1007/ 
978-0-387-36594-7_3] 

de Mantaras, L., Bridge, D., Mcsherry, D., 1997. Case-based 
reasoning: an overview. AI Commun., 10:21-29.  

di Lecce, V., Amato, A., Soldo, D., et al., 2010. A multi agent 
system modelling an intelligent transport systems. In: 
Cakaj, S. (Ed.), Modelling, Simulation and Optimiza-
tio—Focus on Applications, p.135-146. 

Epstein, J.M., 2007. Generative Social Sciences: Studies in 
Agent-Based Computational Modeling. Princeton 
University Press, New Jersey, USA. 

Fard, F.H., Far, B.H., 2012. A method for detecting agents 
that will not cause emergent behavior in agent based 
systems: a case study in agent based auction systems. 
IEEE 13th Int. Conf. on Information Reuse and 
Integration, p.185-192. [doi:10.1109/IRI.2012.6303009] 

Finin, T., Weber, J., Wiederhold, G., et al., 1993. DRAFT 
Specification of the KQML Agent-Communication Lan-
guage. Technical Report EIT TR 92-04, Enterprise 
Communication Technologies, Palo Alto, CA. 

Folcik, V.A., Broderick, G., Mohan, S., et al., 2011. Using an 
agent-based model to analyze the dynamic communi-
cation network of the immune response. Theor. Biol. 
Med. Model., 8(1):1. [doi:10.1186/1742-4682-8-1] 

Garcia-Serrano, A.M., Teruel, D., Carbone, F., et al., 2003. 
FIPA-compliant MAS development for road traffic  
management with a knowledge-based approach: the  
TRACK-R agents. Proc. Challenges Open Agent System 



Ibarra-Martínez et al. / J Zhejiang Univ-Sci C (Comput & Electron)   2014 15(12):1123-1137 
 

1137

Workshop. 
Hernandez, J.Z., Ossowski, S., Garcia-Serrano, A., 2002. 

Multiagent architectures for intelligent traffic manage-
ment systems. Transp. Res. Part C, 10(5-6):473-506. 
[doi:10.1016/S0968-090X(02)00032-3] 

Hernandez Encinas, A., Hernandez Encinas, L., Hoya White, 
S., et al., 2007. Simulation of forest fire fronts using 
cellular automata. Adv. Eng. Softw., 38(6):372-378. 
[doi:10.1016/j.advengsoft.2006.09.002] 

Huang, C.Y., Cheng, K., Holt, A., 2007. An integrated 
manufacturing network management framework by 
using mobile agent. Int. J. Adv. Manuf. Technol., 32(7-
8):822-833. [doi:10.1007/s00170-005-0378-1] 

Huang, S., Sadek, A., Zhao, Y., 2012. Assessing the mobility 
and environmental benefits of reservation-based intelli-
gent intersections using an integrated simulator. IEEE 
Trans. Intell. Transp. Syst., 13(3):1201-1214. [doi:10. 
1109/TITS.2012.2186442] 

Jennings, N.R., Sycara, K., Woolridge, M., 1998. A roadmap 
of agent research and development. Auton. Agents Multi-
agent Syst., 1(1):7-38. [doi:10.1023/A:1010090405266] 

Kaihara, T., 2008. A multiagent-based complex systems 
approach for dynamic negotiation mechanism in virtual 
enterprise. Robot. Comput.-Integr. Manuf., 24(5):656-
663. [doi:10.1016/j.rcim.2007.09.006] 

Liu, Z.Q., Ishida, T., Sheng, H.Y., 2005. Multiagent-based 
demand bus simulation for Shanghai. Proc. Massively 
Multi-agent System I, 3446:309-322. [doi:10.1007/115 
12073_23] 

Maka, A., Cupek, R., Wierzchanowski, M., et al., 2011. 
Agent-based modeling for warehouse logistics systems. 
Int. Conf. on Computer Modelling and Simulation, 
p.151-155. [doi:10.1109/UKSIM.2011.37] 

Malveau, R., Mowbray, T.J., 2001. Software Architect 
Bootcamp. Prentice-Hall, Englewood Cliffs. 

Montealegre, N., Rammig, F.J., 2012. Agent-based modeling 
and simulation of artificial immune systems. IEEE 15th 
Int. Symp. on Object/Component/Service-Oriented Real-
Time Distributed Computing Workshops, p.212-219. 
[doi:10.1109/ISORCW.2012.43] 

Nestinger, S.S., Chen, B., Cheng, H.H., 2010. A mobile 
agent-based framework for flexible automation systems. 
IEEE/ASME Trans. Mechatron., 15(6):942-951. [doi:10. 
1109/TMECH.2009.2036169] 

Ngai, E., Riggins, F., 2008. RFID: technology, applications, 
and impact on business operations. Int. J. Prod. Econ., 
112(2):507-509.  

Ossowski, S., Hernandez, J.Z., Belmonte, M.V., et al., 2005. 
Decision support for traffic management based on 
organisational and communicative multiagent abstractions. 
Transp. Res. Part C, 13(4):272-298. [doi:10.1016/j.trc. 
2005.07.005] 

Pérez, J., Seco, F., Milanés, V., et al., 2010. An RFID-based 
intelligent vehicle speed controller using active traffic 
signals. Sensors, 10(6):5872-5887. [doi:10.3390/s100605 
872] 

 

Regli, W.C., Mayk, I., Dugan, C.J., et al., 2009. Development 
and specification of a reference model for agent-based 
systems. IEEE Trans. Syst. Man Cybern. Part C, 39(5): 
572-596. 

Robu, V., Noot, H., Poutré, H.L., et al., 2011. A multi-agent 
platform for auction-based allocation of loads in 
transportation logistics. Expert Syst. Appl., 38(4):3483-
3491. [doi:10.1016/j.eswa.2010.08.136] 

Roozemond, D.A., 2001. Using intelligent agents for pro-
active, real-time urban intersection control. Eur. J. Oper. 
Res., 131(2):293-301. [doi:10.1016/S0377-2217(00)00 
129-6] 

Saeed, Y., Khan, S., Ahmed, K., et al., 2011. A multi-agent 
based autonomous traffic lights control system using 
fuzzy control. Int. J. Sci. Eng. Res., 2(6):1-5. 

Scora, G., Barth, M., 2006. CMEM Version 3.01 User’s 
Guide. Available from http://www.cert.ucr.edu/cmem/. 

Singh, V.K., Gupta, A.K., 2009. Agent based models of social 
systems and collective intelligence. Int. Conf. on 
Intelligent Agent & Multi-agent Systems, p.1-7. [doi:10. 
1109/IAMA.2009.5228085] 

Trappey, C.V., Trappey, A.J., Huang, C.J., et al., 2009. The 
design of a JADE-based autonomous workflow manage-
ment system for collaborative SoC design. Expert Syst. 
Appl., 36(2):2659-2669. [doi:10.1016/j.eswa.2008.01. 
064] 

van Katwijk, R.T., van Koningsbruggen, P., de Schutter, B., 
et al., 2005. Test bed for multiagent control systems in 
road traffic management. Transp. Res. Rec. J. Transp. 
Res. Board, 1910(1):108-115. [doi:10.3141/1910-13] 

Wang, F.Y., 2005. Agent-based control for networked traffic 
management systems. IEEE Intell. Syst., 20(5):92-96. 
[doi:10.1109/MIS.2005.80] 

Wang, F.Y., 2008. Toward a revolution in transportation op-
erations: AI for complex systems. IEEE Intell. Syst., 
23(6):8-13. [doi:10.1109/MIS.2008.112] 

Wen, W., 2008. A dynamic and automatic traffic light control 
system for solving the road congestion problem. Expert 
Syst. Appl., 34(4):2370-2381. [doi:10.1016/j.eswa.2007. 
03.007] 

Wu, D.J., 2001. Software agents for knowledge management: 
coordination in multi-agent supply chains and auctions. 
Expert Syst. Appl., 20(1):51-64. [doi:10.1016/S0957-
4174(00)00048-8] 

Zade, A.R., Dandekar, D.R., 2011. FPGA implementation of 
intelligent traffic signal controller based on neuro-fuzzy 
system. Int. Conf. on Advanced Computing, Communi-
cation and Networks, p.1310-1314. 

Zhang, G., Li, Y., 2010. Agent-based modeling and 
simulation for open complex systems. 2nd Int. Asia Conf. 
on Informatics in Control, Automation and Robotics, 
p.504-507. [doi:10.1109/CAR.2010.5456783] 

Zhang, H.S., Zhang, Y., Li, Z.H., et al., 2004. Spatial-
temporal traffic data analysis based on global data man-
agement using MAS. IEEE Trans. Intell. Transp. Syst., 
5(4):267-275. [doi:10.1109/TITS.2004.837816] 

 
 


