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Abstract. Several traffic control approaches address the problem dficeng
traffic jams. A class of these approaches deals with cootitineof traffic
lights to allow vehicles traveling in a given direction togsean arterial without
stopping. This paper presents an approach where each tigffitbehaves like
a social insect, having coordinated signals plan as tasksetperformed. The
model uses a restricted communication mechanism and cwdeti groups are
formed in a dynamic way.

1. Introduction

Approaches to reduce traffic jams have been proposed in aedesciplines like
transportation engineering, physics, and artificial iigehce, among others. A classical
one is tocoordinate or synchronizgaffic lights so that vehicles can traverse an arterial
in one traffic directionwith a specific speed, without stopping. Thus, coordimatiere
means that if appropriate signal plans are selected to rthreadjacent traffic lights, a
“green wave” is built so that drivers do not have to stop atjioms. There are several
reasons why this approach may fail.

In traffic networks without well-defined traffic flow pattertike for instance
morning flow towards downtown and similar afternoon rushrhthat approach may not
be effective. This is clearly the case in big cities wherelthginess centers are no longer
located exclusively downtown.

Simple offline optimization of the synchronization ame arterialalone cannot
cope with changing traffic patterns. This happens becaasfictis a highly dynamic
process, thus the currently optimal signal plan can harelgéiermined in advance. With
an increasing volume of traffic, this situation becomes naoemore unacceptable. Thus,
flexible and robust approaches are not only attractive, céssary.

Our approach seeks to replace the traditional arteriahngresre by “shorter green
waves” insegmentsf the network. Of course in some key junctions conflicts mayear
because in almost any practical situations, a signal plas dot allow synchronization
in more than one traffic direction. However, our approachadyically deals with the
question of which traffic direction shall be synchronized.

Decentralized systems, and especially swarm intelligesfter more flexible
solutions. This paper presents an approach in which eadttigan(plus its traffic
lights) behaves like a social insect that grounds its dexisnaking on mass recruitment
mechanisms found in social insects [Robison 1992]. Hemttefowe use the terms
crossing, junction, and traffic light indistinctly.



Signal plans are seen as tasks to be performed by the insécis, Tollowing
the social insect metaphor, in our approach the ability @ingfing tasks in order to suit
the colony needs is located in each crossing or junctiorm8tito perform a task or,
sometimes, to change tasks, are provided by the vehiclésvihde waiting for their
next green phase, continuously produce some “pheromoseiel as by the number of
insects in the coordination area performing the task. Thas/blume of traffic coming
from one direction can be evaluated by the agent, and thistigger some signal plan
switching.

This paper is an extension of our previous swarm based model
[Oliveira et al. 2005].  In this paper, we intend to combinees thdvantages of
decentralization via swarm intelligence and dynamic grimumation.

The next section presents some traffic signal coordinatiethads. In the third
section, the proposed approach is described while sectigregents and discusses the
results. In the last section we make some conclusions abwwtark.

2. Traffic Signal Coordination

2.1. Synchronization in arterials: basics

Signalized intersections are controlled by signal-timptans which are implemented at
traffic signals. A signal-timing plan (henceforth signaamplfor short) is a unique set
of timing parameters comprising basically the cycle lengke length of time for the
complete sequence of the phase changes), and the splii\isiernl of the cycle lengtl®”
among the various movements or phases). More detailedreatpda about cycle, splits
and other traffic control related concepts can be found ipgBaorgiou et al. 2003].

The criteria for obtaining the optimum signal timing is thiashould lead to the
minimum overall delay at the intersection. Several plamsrermally required for an
intersection (or set of intersections in the case of a syrihed system) to deal with
changes in traffic flow. The goal of coordinated or synchreaigystems it synchronize
the traffic signals along an arteriah order to allow vehicles, traveling at a given speed,
to cross the arterial without stopping at red lights. Besittee parameters mentioned
above, the synchronized plans also needféseti.e. the time between the beginning of
the green phase at two consecutive traffic signals (only vieynare synchronized).

Well designed signal plans can achieve acceptable results-congested streets
in one flow direction However synchronization in two opposing directions of eeréal
cannot be achieved in almost all practical situations. Tifiiedlty is that the geometry of
the arterial is fixed and with it the spacing between adjaogrtsections. Only in very
special cases the geometry allows progression in oppasgetions. Synchronization in
four directions is, for practical purposes, impossible.efBfiore an agent at a junction
mustselectwhich plan to carry out, in analogy to a task selection.

As a measure of effectiveness of such systems, one genseaks to optimize
a weighted combination of stops and delays, a measure ofahgityg (vehicles/unit of
length) in the road or network, or travel time. Here we areifse in how the coordination
is working, so we measure the number of coordinated agedtthemumber of groups.



2.2. Approaches for Traffic Signal Coordination

The Traffic Network Study Tool (TRANSYT) [TRANSYT-7F 19883 one well-known
algorithm for traffic lights synchronization. It runs offit and aims at optimizing the
bandwidth of an arterial via the design of phases and offiseta one intersection to
the adjacent one. Similar tools are SCATS and SCOOT. Howvese are both based
on online traffic volume information coming from loop-indeetdetectors installed in the
roads. SCATS Sydney Coordinated Adaptive Traffic Syst¢bowrie 1982] is a real-
time control system, based on a decentralized architectiireptimizes the length of
cycle time and offsets, and allows some phases to be skigp@des. SCOOT $plit
Cycle and Offset Optimization Technig{idunt et al. 1981] is a centralized traffic control
system developed by thigFansportation Road Research Laborat@lyK). SCOOT also
optimizes cycle and offset, as well as saturation rate. Atfh both deal with real time
data, their concept is still based on synchronization inroae path.

In our previous mediation based model, [Oliveira et al. 30®%e control was
decentralized using a technique from distributed constigptimization where one agent
is selected to mediate a group. This mediation thus is nardesized: group mediators
communicate their decisions to the mediated agents in gheups and these agents just
carry out the task. Also, the mediation process can take Ionigghly constrained
scenarios, this having a negative impact in the coordinatiechanism. Therefore, in
order to address this shortcoming, a decentralized, svi@sed model of task allocation
was proposed to select synchronized signal plans. Our firatrs based model was
also presented in [Oliveira et al. 2005]. It was tested in erasicopic simulator and our
objective was to analyze the impact on traffic, so that we hateollected and analyzed
information about the group formation. The dynamic grouprfation without mediation
is the object of the present model (next section).

3. Using Metaphors of Task Allocation in Colonies of Socialrisects Create
Coordinated Groups

3.1. Model of Task Allocation

In Bonabeau et al. [Bonabeau et al. 1999], a mathematicalemiedpresented that
formalizes a hypothesis of how the division of labor may feapm colonies of social
insects. Interactions among members of the colony and tteidual perception of
local needs result in a dynamic distribution of tasks. Thesk distribution depends the
insects response threshold and stimulus for each task terbmmed. An individual that
perceives a task stimulus higher than its associated tbicdias a higher probability to
do this task.

These concepts are used in our approach in the following eagh agent (traffic-
light/crossing) has a social insect behavior. It has dffiértendencies to execute one
of its signal plans (each signal plan is considered an alailtask), according to the
environment stimulus and particular thresholds. Besidesd individuals, this approach
also considers that each vehicle leaves a pheromone traceah be perceived by the
agents at the junction. Different from our previous moded,also consider that an agent
can receive direct information from agents in its area, drad is also a feature that is
being introduced in modern traffic control systems using mamication among related
traffic lights.



3.2. Computation of Stimulus

The pheromone dissipates in a pre-defined rate along timasaimtensity indicates how
high is the traffic volume in the street portion. The traffghli stimulus is the average of
the accumulated pheromone of all lanes (incoming and ondgyols this paper, a lane is
narrow way to accommodate a single line of vehicles that stane node and and in the
next node, e.g., between nodes "Al"and "A2” theres one laaedtarts at "A1” and ends
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Figure 1. The gray area represents the visibility are of the agent B2.

(1)

wherew is the time-window size and is the pheromone dissipation factor for each lane
l.

The accumulated pheromone in a lamk,, calculated by Equation 1, is the
pheromone trail accumulated in the lanat timet. While the vehicles are waiting for
the green light they remain releasing pheromone so its atrinareases. However the
pheromone also dissipates at a rate

The stimuluss of the plan, Equation 2, is based in a weighted sum of accumulated

pheromone in each phase of this plan and the number of ageihts area of coordination

of the signal plan. In Figure 1, the gray area representsifiilghty for the agent B2: In
this case, the stimulus of the signal plan that gives momripyito NS/SN directions is
influenced by the agents in the "B” row, while the plan thategipriority to the other
direction is influenced by the agents in the "2” column. Eabtlage has a time share
(A = (timeena — timepegin)/timeeyq.), that indicates how much green time the plan
allows to a phase. A higher time interval () indicates a priority for a particular phase in



that plan. With the insertion of the neighboors influencel@magents decision, our aim
is to have the advantages of group formation based on dioestwinication, especially
prioritizing the global optimization, with a local view bed on pheromone dissipation,
focused on a more local optimization.

8= 03 (ding )+ (1 =) 2)
k=0 A
wheren is the number of phases of the signal pjad,, , is the accumulated pheromone
trail in the input lanes in phadeat timet, A, is the time share of the phakéthis value
gives the major difference between two different plansis the influence coefficient,
is the number of agents performing plain the area ani! is the number of agents in the
area that can perform signal plan

3.3. Actual Plan Allocation

Behavioral flexibility of changing plans is a consequencesfironmentally induced
changes in stimulus and threshold. Every signal plan iscéestsal with a given stimulus
according to the direction towards this signal plan is agene individual may change
task/plan when the levels of stimulus for a given directigoeed its response threshold.
Equation 3 defines the response function (the probabilisetect the plapas a function
of stimulus intensitys;) of the individuali.
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whered;; is the response threshold for the individu&br executing the taskands; is
the stimulus associated with the tgsk

3.4. Reinforcement

We use the specialization model [Bonabeau et al. 1999], evtier threshold is updated
in a self reinforced way. Each individual in the model has oggponse threshold to
each task. In the original mode, these thresholds are updaiereasing or decreasing)
according to two different coefficients. We have extendegirtiodel in order to include a
success function as the coefficient that describes leaamddorgetting at the same time
(when the is negative the agent is forgetting).

The model extension was made to include the fact that real am directly
influenced by their success in performing a given task, [Go2D00]. Successful ants
are motivated to remain performing a task and unsuccesstfalare motivated to stop
performing the task and change to another one. Equation Aedetinis extension. The
degree of success is calculated at the end of every givenriter@al (), this time interval
is the period with the agent remains with the same plan, sidimulations); was set to
10 minutes.

0ij = 0;; — 10, 4)

wherel is the learning/forgetting coefficient argdis a normalized discrete time interval.



Figure 2. A network of 25 Intersections (dotted and full-line circles show
intersection with SN/NS and EW/WE signal plans respectively)

The success degree of an individual is given by Equation Serevia higher
standard deviation of accumulated pheromen@&quation 6, where: is the number of
street sections) leads to a smaller degree of success.

l=1-20 5)

o= \/ LS (de—ap (6)

n—1
whereo is the estimated standard deviation of accumulated pherenail, . is the

number of street sectiond; accumulated pheromone in sectibrandd is the mean
accumulated pheromone trail msections.

The whole system tends to remain stable. However, if theeedeange in the
traffic flow, there must be an adaptation to the new situaticthé environment. Traffic
lights in the same street with an intense traffic flow in a ¢ertigrection tend to adopt the
synchronized plans and give priority for this direction.

4. Scenario and Experiments
4.1. Scenario

We use the scenario depicted in Figure 2, representing fectreftwork which is a 5x5
Manhattan-like grid, with a traffic light (ant/agent) in &aginction. In our mediation
based work, all agents in the scenario should be capable rafirgge and receiving
information for any other agent in the scenario. This needviodfe communication
would demand a complete interconnection between all tr&lds in a network and
this communication process could also take several mindigs to information losses
and delays.



Table 1. Insertion rate values according to the simulation time.

Time intervals (min) Insertion in N1-N5 and Insertion in E1-E5 and
S1-S5 in Figure 2 W1-W5 in Figure 2
0-59, 180 - 299, 480 - 659 20 10
60 - 179, 300 - 479, 660 - 720 10 20

There are 25 nodes and 60 edges or sections. Each of thesaséets a capacity
of 30 vehicles (in each traffic direction). The actual numbkvehicles inserted in the
sources, depicted as diamonds in Figure 2, in each simnlatcle, is given by an
insertion parameter. Upon arriving at the borders of thevag, vehicles are removed
from it.

Traffic lights normally have a set of signal plans (for di#fiet traffic conditions
and/or time of the day). We consider here only two plans, @dolwing more green time
to a given traffic direction. These signal plans have two pbasne allowing more green
time to direction north-south(NS)/south-north(SN) antieotto east-west(EW)/west-
east(WE). Agents can select a new plan every 10 minutes esagiant can perceive the
influence of its last decision on the traffic situation befoh@anging to another plan. All
signal plans have cycle time of 60 seconds and phases of 4R(aselconds. Therefore,
the smallest unit of time we consider in the simulation is-tmed of the cycle time (20
seconds). The graphs shown in this section all depict the itterval in minutes. Speed
and topology constraints are so that 30 vehicles can pagsribgon within 60 seconds,
for each direction.

4.2. Experiments

At the beginning of all simulations, agents Al, A3, A5, B2,,B4, C3, C5, D2, D4, E1,

E3, and E5 (Figure 2) are set to use the NS/SN plan while otrerset to use the other
plan. This initial and arbitrary configuration makes all atgestart with neighbors with

different plans, so that no group is formed a priori.

We define a coordination group as two or more adjacent agetgiven traffic
direction running the same task/plan at the same time. Antaggn only be in a group
with agents in its visibility area (Figure 1). For example this scenario, if an agent is
in a NS/SN group it has to coordinate at least with one of itsaineighbors located in
North or South.

In all simulations we use the insertion rate according tolddb This insertion
rates emulatesnexpectedhanges in the scenario. Using historical data, a trafficeeg
can at most predict general patterns and thus program thelination of traffic lights
accordingly. Our idea was to create a scenario in which timd &f coordination would
not be able to cope with unexpected situations. For examplesider that the engineer
had designed the groups coordinated to NS/SN from time Orte 859 and to EW/WE
from 360 to 720. This configuration would potentially incseahe travel time in the
periods where the traffic was not behaving as expected.

We have performed two different experiments: in the firg,shmulus from each
task is not influenced by other agents actions=£ 1, in Equation 2); in the second
experiment, agents are influenced by the actions of the sigemiis visibility area (see
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Figure 3. Changes in the number of groups during the simulation time.

Figure 1), sav is a value different from 1. Different values afwere tested but here we
discuss only the values 1 and 0.5, due their relevance. Th®ptone dissipation rate is
set to10%, 8 = 10 (Equation 1), in all experiments. In our previous work thesifation
rate was 50% per minute. This led to agents taking decisionsidering almost only
instantaneous information. Now this value is set to 10% peute.

All results in this section are averages over 100 simulatfon each experiment.
Figure 3 shows the changes in number of groups, with the adeving their stimulus
calculated according to i) the influence from the group (blates, in the plot withn, =
0.5), and ii) without this influence (gray lines, in the plot with= 1). As we can see, in
both experiments, the agents were able to create group®afioation and to coordinate
in the direction with the higher traffic flow. For instancetween time 180 and 300, more
vehicles come in the NS-SN directions and the traffic ligikscordinating in groups in
these directions.

Figure 4 shows the number of agents that are part of a grougpofimation, using
the same colors and symbols used in Figure 3. We have velifedite average number
of agents that join groups and the number of groups does retasignificant difference
when the agents receive stimulus from other agents or n@nTdin difference is in how
long this groups take to be formed, and in how long the ageks to change groups.
This can be seen in Figures 3 and 4. When the insects are iofdday others, they tend
to have a more persistent behavior. Thus the number of cuateti agents decreases and
increases more smoothly. This particular behavior is mmible at the beginning of each
change in the scenario, clearly seen in curves startingat @60, in Figure 4.

The results shows that the proposed approach combines dislyibuted
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Figure 4. Changes in the number of agents in groups during the simulation time.

coordination method and a more effective communicationhaeism than presented in
the cooperative mediation solution. Compared with traddi coordination systems, sub-
section 2.2, the main advantage is the adaptation to chandhks traffic. Changes are
perceived and the agents react to these changes is a fastdemendent form, without
any hierarchical organization.

5. Conclusions and Outlook

This paper proposes an approach to traffic lights group foom@dased on a swarm-
inspired method of selecting signal plans. Some classimaitcaches to reduce traffic
jams were presented, focusing on signal plan selectioneTisea clear need for more
efficient and flexible approaches in which the preferencésaotraffic lights regarding the
coordination or synchronization do not have to be expligtated and/or communication
among agents is reduced.

The swarm approach is well suited here because it profits themmetaphor of
vehicles leaving a pheromone trail when stopped at a jumciibe direct communication
is restricted to the agents acting area, and the agent ¢®itsdoehavior, without direct
interference from others. The restriction of the commumcabetween only a small
group of agents and the independence of the agents in eaap gr@ne of the main
advantages of this model when compared to our previous nimssEd on cooperative
mediation. Considering grid scenariosx n) the communication is restricted 20n — 1)
agents, no more ta®> — 1 agents. For instance, considering the same scenario in our
mediation based model, an agent could communicate withalagents in the scenario;
with the current model, the communication restricted ty@&whgents. Another important
aspect is that when using swarm intelligence, agents hawryareactive and simple



behavior, with low computational cost even in highly coasted environments, and low
cost hardware could be used.

Quantitatively, when the agents are free to decide cootidmaccording to the
swarm approach, the system behaves almost as if a centisiatesupport were given.
Our experiments show that the agents achieve synchromizaithout any management,
indicating a successful swarm based application. Moredbely are able to adapt to
changes in the scenario, forming and dissolving coordnagroups.

The present work foresees some extensions as for instaci@aging the set of
signal plans and more complex networks. Additional sighehg can be designed either
to coordinate in other directions or to coordinate in themdirection with other shares
of green time and offsets.
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