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1 Introduction

Multi-agents systems (MAS) are systems composed of a population of autonomous agents, which
cooperate with each other to reach common objectives, while simultaneously pursuing individual
objectives. MAS represent a new developing area of research that is sharply different from the
classical artificial intelligence view which studies the phenomena of intelligent behaviors as
centered around the notion of syntactic manipulation over symbolic representations. The striking
contrast brought for by the MAS philosophy concerns not only a new way to model complex
behavior but indeed a revolutionary conception of what intelligence is about. Without disregarding
their ‘agents’ as possibly individually intelligent to a certain extent, the main focus here is
concerned with purposeful/intentional behavior as a consequence of the relationships entertained

between the organism and its environment, and between organisms while meeting with each other.

Perhaps we can even adventure that it is because of such a non-individualistic view that MAS
must deal with a wide range of phenomena that is linked much more to the social sciences:
Interactions between agents involve issues such as ‘trust’, ‘commitment’, ‘agreements’ etc., and
the organization of agents in global ‘communities’ must be now understood in terms of concepts
like ‘dependency nets’, ‘market’, etc. Perhaps one of the key aspects of this view has to do with
the tension between the individual and the society. If agents are at least autonomous, individually
goal-directed, flexible, show pro-activeness and are embodied in an environment; and if each
agent’s needs do not necessarily correspond to others’ nor to a state of affairs that is good for their
communities, then we have an interesting problem: cooperation between them cannot be taken for
granted. ‘How to find someone that could help me’; *‘Why should he help me’; ‘How to
communicate’; “How can we split assignments in our group’, etc. are just some of the questions
that an agent may imaginarily ask when doing its job. In fact, these are exactly the kind of new
problems that the paradigm of MAS has to face. In order to solve them, many approaches can be
used, and one of these try to incorporate the formal tools that have been already in use in social
sciences: the Game theory (GT). GT has indeed been introduced within the domain of MAS with
the scope of model allies and group formations, the exchanges in the ‘market’ between agents, the

negotiations taken place and the allocation of duties and resources, etc.

The steady increase of traffic demand during the past decades has led to a high rate of congestion



in urban roads. An extended study of traffic flow theory as well as the exploration on driver
behavior is carried out to analyze the reasons behind congestion. In this paper we will make an
attempt to model a simplified subset of the general phenomena of urban traffic that we suppose
can be described using some of the tools provided by notions imported from Game theory and the

MAS approach.
2 Game Theory

Game theory is the formal study of conflict and cooperation. Game theoretic concepts apply
whenever the actions of several players are interdependent. These may be individuals, groups,
firms, or any combination of these. The concepts of game theory provide a language to formulate
structure, analyze, and understand strategic scenarios. The object of study of game theory is
strategic games (games in which the outcome of an action is partially controlled by the players),
which is a formal model of an interactive situation. The formal definition lays out the players,
their preferences, and the strategic actions available to them, and how these influence the outcome.
There is a central assumption in game theory. That is: the players are rational. A rational player is one
who always chooses an action which gives the outcome he most prefers, given what he expects his

opponents to do.

In Game theory one can always start to think about a particular problem, by asking what would be
the best strategy for the players involved (what would be their most rational actions). Perhaps the
most important notion in the theory of rational behavior in games is the Nash equilibrium. A Nash
equilibrium is an action profile with the property that no player can do better by deviating from
this profile, given that every other player adheres to it. We cannot claim to be able to find out all
the criteria for assigning what are the most rational choices in all possible games. But in order to
understand a critical issue that we will address later, we would like to analyze in some detail the

famous Prisoner’s dilemma.

In this kind of game, a player has two options (two strategies): he either confesses his crime (a) or
not (b). Generally, if one of the strategies always results in a better outcome for the player, we can
say that such strategy strongly dominates the other, no matter what would be the choice of the
other player. Normally, if we can find such a strategy in a game, we are tempted to use it every
time. As it is well-known in the prisoner’s dilemma, defecting (confessing the crime) should lead

to a better outcome in this case. But, interestingly, there is more to this game than choosing a



dominating strategy whenever possible. The thing is: if both players choose to play that move,
they will have an outcome that is not so good as if they had chosen not to confess (cooperating in
this way with each other). This is an interesting result that translates very well the intuition that
even selfish agents have to at least partially cooperate with each other to achieve a better payoff of

their actions.

Another concept from GT helps us to understand the issue of why the interaction of selfish
rational agents can lead to situations in which the final result is undesirable. Pareto efficiency
speaks about the global result for all players in a game: if an outcome is Pareto efficient there is no
other outcome that makes a player better off without making another player worse off. In the case
of the prisoners’ dilemma, if both players choose to defect, the final outcome is not Pareto
efficient. The important thing to bear in mind at this point is that Nash equilibrium does not
guarantee Pareto efficiency. Even if there are situations where local interactions are sufficient to
guarantee a global intelligent order, what we are just about to see is that, sometimes, local
interactions can lead to some organization (in a Nash equilibrium form) that is sub optimal, or that

is Pareto inefficient.
3 Traffic Flow Control

Traffic flow control is a set of traffic engineering strategies which are used to regulate the traffic
flow in urban areas. Management of traffic flow is expected to create a traffic pattern which
increases the efficiency of public transport. Possible approaches to control traffic flows are traffic
light signaling, dynamic route information panels, radio broadcast messages, etc. In this paper, we
will focus on the traffic flow control scenario where there are two parties involved, namely the
road users (i.e. car drivers) who are supposed to travel according to his or her best judgment of the
traffic stream's speed; and the traffic authority who as the central manager is responsible for

regulating the traffic flow.

3.1 Road Users as Autonomous Agents

In the traffic scenario mentioned above, the major party is formed by road users (or more
specifically, car drivers). As autonomous entities in the traffic network they can be characterized

by the following aspects:



e Autonomy: Each driver is moved by his initiatives and can exercise a non-banal control over
their actions;

e Reactivity: They can perceive their environment (traffic network) and respond in a timely
fashion to changes that occur in it;

e Pro-activeness: Their behaviors are goal directed, so they initiate appropriate actions in order
to achieve these goals;

e Social ability: They can communicate and understand both other drivers’ signals and
authorities” communications because they share common languages and codes (road panels,
traffic lights, cars signaling etc.)

e Mobility: They have ability to transport themselves from one place to another;

e Rationality: Even though one can observe frequent outbursts of irrational behavior in traffic
flows, we can assume that drivers are rational to the extent that they seek to maximize their
utilities, using what is available to them so that they can achieve a goal,;

e Embodied: They travel in the transportation network;

Many other features could be added. After all, drivers are human beings. But, for the present
situation what is important is that if we want to model traffic flows and their actors, we have to
narrow down the descriptive features in such a way that only essential information is displayed.
So, we will assume that each driver non-cooperatively seeks to minimize his cost of transportation
or disutility, which can be mainly considered as the travel time spent on the network. In most of
the cases, road users tend to behave selfishly, so instead of trying to maintain a globally sound
traffic pattern, they are supposed to only choose the minimum-latency paths available to them
under the perceived prevailing traffic conditions. Moreover, as we can see, drivers as autonomous
entities display characteristic features of agents. Thus, drivers can interestingly be seen as agents

interacting in a transportation network.

3.2 Traffic Authority as Central Manager

Another important party involved in the traffic scenario is the traffic authority, who is responsible
for managing the traffic flow so as to implement an optimal assignment of paths, that is, to find an
assignment of traffic to paths so that the sum of all travel times or the total latency of the traffic
network is minimized. There are several ways to influence the traffic flow by introducing central

controls to the transportation network, such as adjusting the traffic signal timings, limiting the



driving speed and charging for the use of roads etc. Thus, by introducing rules and regulations into
the existing traffic system, the traffic authority regulates the behavior of self-interested car drivers

indirectly so that the quality of the whole traffic system is improved.
4 Game Theoretic Modeling of the Traffic Problem

As discussed above, drivers are assumed to act selfishly and spontaneously to minimize their own
travel cost/time, while they are indifferent to the “social optimum”, such as minimum total latency
of the transportation network. This independent and non-cooperative behavior of drivers
obviously evokes game theory and its main concept of rational behavior, the Nash equilibrium (or
Wardrop equilibrium [1], which is defined in the context of transportation network). In the
following sections, we will discuss the traffic control problem from the game theoretic

perspective.

4.1 Drivers as Game Players

Game theory is concerned with strategic games, in which two or more players participate in a
cooperative/non-cooperative task. A strategic game can be generally characterized by its players,
their strategies and pay-offs. To draw a parallel in the context of the transportation network, we
can think of the traffic flows as controlled by autonomous “agents” (drivers). These agents, then,
are the players in the traffic game; the “strategy” in this case governs the choice of the path made
by each agent; and the payoffs are taken as the negative travel cost (in a game, a players always
try to maximize its payoff). In complex urban traffic situations, several kinds of games can be
played. Players can be cooperative or non-cooperative. For instance, if two drivers compete for a
place in the street to park their cars, they can try to see who will guide its car faster in a position to
start maneuvering. They can initially not cooperate at all, but as soon as one perceives that the
other has reached a good position, he would consider cooperating in order to avoid a crash.
Sometimes players will cooperate with each other in order to achieve some common utility. A
driver can be said to cooperate with others when he understands that placing his car in the middle
of a crossroad can lead to an increase in traffic congestion, even if that action could have a slightly
better payoff considering that he may have the chance to avoid one signal cycle (and thus reduce
his overall traversing cost). The important notion here is that most of the time, drivers behave in
such a way that they try to achieve a better payoff according to some utility. Here, we are mostly

interested in describing traffic flows in a general fashion and thus, for our purposes, we will state



that drivers as self-interested agents are non-cooperative players in the sense that their utility is
linked to trying to reach their destination as fast as they can, despite of other drivers’ travel costs

and more importantly, despite of a good general functionality of the whole traffic system.

4.1 Model of the Transportation Network

To deal with the traffic problem in urban transportation network, we need a model of the
infrastructure, which is the environment drivers interact in. First of all, we take a very simplistic
view of the transportation network. Since we are interested in modeling urban traffic as flows, the
network is then modeled as a directed graph G = (7, P), where the vertex set V' represents
intersections and the edge set P represents paths. Each path p €P is governed by a latency
function /,() that describes the delay incurred by the traffic density on p. At this point, we get a
question: what will then influence the time spent on a certain path? It seems natural that the time
spent on each path depends on the traffic density on that path, which will mainly be a function of
the number of cars, or traffic flow on the path, the #affic capacity of the path and the fiee flow
travel time. The so called traffic capacity is an intrinsic property of an individual path. Since only
a finite number of cars can travel along a path at any given time, the capacity of a path can then be
defined as the maximum number of vehicles which can fit on it [1]. And the free flow travel time
is the time spent to travel through the path when there are no other cars on that path [1]. Thus,
given a path with a certain capacity, the time spent to traverse it increases with an increasing
traffic flow on it. This infers that the path latency function /,(.) is a function of the traffic flow f,
on that path. In this paper, we are not going to give a detailed mathematical definition of the path
latency function. But, in general, the latency function of each path /,¢f,) : P -> R" is traffic flow or
congestion dependent. For the analysis that follows, we assume that /,f,) is non-negative,
continuous, and non-decreasing, for each p €P, which also says that the path latency will never
decrease when the traffic flow on it increases. Under the assumption that car drivers behave in a
selfish manner, they will travel on the minimum-latency paths, given the perceived traffic
congestion due to other road users. That is, the path latency function /,(f,) is the function that car

drivers want to minimize for their own benefits.

Now, another question arises: what's the function the traffic authority wants to minimize in the
transportation network? First of all, we introduce a notion: social cost, which measures the quality

of the traffic assignment via the sum of the travel time in the transport network, or the total latency.



It is then natural to combine latency functions on paths to get a social function. One commonly
used definition of social cost function is the following: it is a weighted average of latencies on
every path, weighted by the total amount of flow on each path [2]. Given the total traffic flow in

the transport network £, the social cost, or the total latency is measured by:

C(f)= ZZP (fp )x f, (f: traffic flow on path p, ,: latency function for path p)

peP
As we mentioned above, the goal of the traffic authority is to maintain a sound global traffic
pattern so that the total latency of the network is minimized. Therefore, what the traffic authority
concerns about is how to manage the traffic flow to achieve a system optimum such that the social

cost function C(.) is minimized.

4.3 Nash Equilibrium and Optimal Assignments

What actions will be chosen by the agents in our traffic game? First of all, we wish to assume
every agent is a rational decision-maker. That is, each agent always chooses the best available
path based on his belief about path congestion due to other agents’ actions. Here, the main concept
of a rational decision-maker relates to the Nash equilibrium/ stable state in the game theory: In an
environment in which each agent is aware of the situation facing all other agents, a Nash
equilibrium is a combination of choices, one for each agent, from which no agent has an incentive
to unilaterally move away. In the traffic game, the “selfishly motivated” assignment of traffic to
paths is expected to be stable or at Nash equilibrium in the following sense: given other drivers’
behavior, no drivers may lower his transportation cost/time by unilaterally changing his path. This
kind of equilibrium is also referred to as Wardrop equilibrium [1] in the context of transportation
network. The following definition is motivated by the notion of a stable assignment by

non-cooperative agents.

Definition 4.1[2] A traffic assignment f'to paths P is at Nash equilibrium / Wardrop equilibrium

(or is a Nash assignment) if whenever i, j €P withfi>0, I(f) < I (f)).

In particular, Definition 4.1 implies that all paths have the same latency at Nash equilibrium.
Unfortunately, Nash equilibriums are known not to always optimize overall system performance.
Theoretical results indicate that if the latency functions are linear, then, the social cost in Nash

equilibrium (Nash cost) is at most 4/3 times the optimal cost. However, for arbitrary latency



functions, the ratio of Nash cost to the optimal cost may not be bounded [2].

4.3 Congestion Pricing Mechanism

The inefficiency of selfish traffic assignment (and of Nash equilibriums more generally) motivates

strategies for coping with selfishness—methods for ensuring that non-cooperative behavior results
in a socially desirable outcome. Economists’ argue that this can be achieved with marginal cost
pricing, which is now widely studied for influencing the selfish behavior in the internet. In

Economics, marginal cost is defined as the additional cost of producing just one more (“marginal™)
unit of output:

MC = % (AQ: the change in output, AC: the change in cost)
In the context of transportation network, for a path p with differentiable latency function /,, the
marginal cost of increasing the flow of path p is defined as: [,*(f,) = (f,- L(1,))’= L)+ 1o - L, (1),

where /,* denotes the marginal cost function of path p. Then, the following lemma holds:

Lemma 4.2[2] Suppose P is a set of paths with differentiable latency functions /, and that £, - /,(f,)
is a convex function for each path. Then the traffic flow assignment /'to P is socially optimal iff
whenever i,j €Pwith fi>0, [*() < [*(f).

In principle, the marginal cost pricing asserts that each driver should be charged for the additional
delay (7, - 1,’(f,))its presence causes for the other users on the path. Lemma 4.2 implies that it is
possible to levy a toll on each path so that the resulting Nash equilibrium achieves the minimum-
possible total latency under the assumption that all drivers choose paths to minimize the sum of
the latency experienced and tolls paid (/,(f,)+ f, - 1,’(f,)). Thus, the definition of the payoff in the
traffic game is changed from the negative travel time to the sum of the negative travel time and

the negative toll paid.

As we know, in the absence of a control mechanism, individual drivers do not consider the
congestion costs they impose on other drivers such that the whole traffic system functions in a sub
optimal way. Inspired by the marginal cost pricing strategy, in the following we propose a

congestion pricing mechanism for the traffic authority to eradicate such negative consequences of

10


http://www.fact-index.com/m/ma/marginal_cost.html

selfish traffic assignment:

e  The number of cars f, is monitored for each path;

e The current latency and its gradient on each path is calculated to get the marginal cost (/,(f,)+
Jo - b (1))-

e  The congestion fee (1, - /,’(f,)) of each path is then broadcasted through the traffic information
system, e.g. electronic information panels.

e Charge drivers who actually enter the path p have to pay a congestion “fee” which is equal to
J» - 1,’(f,). Here, charging a congestion fee is not necessarily conducted in a monetary sense. It
just represents an extra cost a driver has to pay for traveling along a particular path. For

instance, it can be the time delay incurred by speed limit on that path.

" Path Latency  Marginal Cost
Oy 2 L)=4 4
& & 3 L= 2xf3
&
Figure 1: Road Structure Table 1: Latency and Marginal Cost Functions

In order to give a better illustration of the pricing mechanism discussed above, we build up a
simple setting based on the road structure as shown in Figure 1: There are 5 paths numbered 1-5.
At each entrance of the path, there is an electronic information panel giving information about the
current traffic flow and the congestion fee for entering the path. Suppose, there are 4 drivers
arriving at the east end of path 5. They can get to their destination via either path 2 or path 3.
Table 1 gives their latency and marginal cost functions. In the absence of the congestion pricing
mechanism, all drivers will choose to travel along path 3, because the latency is never longer than
4; thereby incurring a total latency of 16. However, with the pricing mechanism, although the first

2 drivers will still choose to travel along path 3, the rest 2 drivers will prefer path 2 because the
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marginal cost of path 3 increases to 4 after the first 2 drivers enter the path while the marginal cost
of path 2 is a constant, 4. This time, we see that the social optimal assignment is achieved with the

total latency 12.

The traffic flow control method described here implements a congestion “pricing” mechanism so
that users can be discouraged from making trips which will increase the total latency of the traffic

network, thus balancing traffic flows and reducing total latency in network.

5 Discussion and Conclusions

In this paper, we considered the problem of traffic assignment in the urban transportation network.
We tried to understand the phenomena of traffic flow in terms of agents playing games. Given the
characteristic features of drivers, we characterized them as autonomous agents. They
non-cooperatively interact with each other in the traffic network in order to minimize their own
travel time. We observed that in the absence of a mechanism, the greedy behavior of drivers can
result in a Nash equilibrium which can be arbitrarily worse than the social optimum. In order to
improve the situation, we design a congestion pricing mechanism which provably leads to the

social optimum. However, we find this solution is unsatisfying in several aspects:

e  The congestion charges will fluctuate over time. This may have negative effects on itself, and
may not be politically feasible;

e  There are strong informational requirements for calculating the congestion charges;

e The calculation of the marginal cost will incur in computational overhead;

e The model assume a very strong homogeneity. Drivers are assumed to trade off latency and
extra toll in an identical way. There is then a problem left: how should paths be priced with
heterogeneous drivers?

e Clearly, implementing the congestion pricing in a monetary sense is not feasible. But, what’s
the transfer function between the charges and the non-monetary cost, e.g. time delays? We

still cannot answer this question.
However, we were mostly concerned with applying some of the most important concepts from GT

and the MAS approach (to this specific problem of traffic flow phenomena): while the philosophy

of MAS brings a new trend on how intelligence can be viewed through the notion of local
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interactions between independent agents leading to the emergence of intelligent behavior, GT
seems to be a good tool to represent situations that resemble a game between players trying to get

the best payoff of their possible actions.

Curiosly, what we have just seen is that, in the present example of our application, local
interactions can lead to global equilibria that are not necessarily desirable thus making it necessary
to introduce an extra mechanism to regulate the behavior of agents; thanks to the conjuntion of the
application of concepts from MAS and GT(especially the Nash equilibrium and Pareto efficiency)
we could better understand a social phenomena and that was perhaps the greatest achievement of

our efforts.

MAS can be applied to the study of social phenomena through computer simulations of these. In
the present paper we took concepts from MAS and GT not to build up a simulation, but to enhance
the understanding of a certain part of a social reality by using the notions and concepts that better
characterize them. Inasmuch as a simplification of such phenomena was carried out, we think that
the power of these approaches can be still experienced even if we are not dealing with the

complex scenario that is Reality.
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