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1. Introduction

The paper describes the objectives, the methodddoglythe preliminary results of the research
project “Interaction between signal settings amdfitr flow patterns on road networks”, granted by
the Italian Ministry of University and Research lwihe Fund for Investments on Basic Research
(FIRB). The project joins three research unitspbging respectively to the University of Rome
“La Sapienza”, the University “Roma Tre” and thstitute for Information System Analysis (IASI)
of the Italian National Council of Research.

The object of the research is to develop a germa@edure to study, model and solve the
problem of optimal road network signal settings,taking into account the interaction between
signal control systems and traffic flow patternkisiproblem is interesting by both a theoretical an
an application point of view, since several mathiérah studies and experimental results have
shown that usual signal setting policies, which @ymadjust signal parameters according to the
measured traffic, may lead to system unstable isolsitand deteriorate network performances. At
core of the problem is the difference between a asgeilibrium flow pattern, where individuals
choose their paths in order to minimize their onavel time, and a system optimizing flow that
minimizes total delay of all users. The problenvlgect of an intensive research activity by the
scientific community by many year€f¢. [3] and [19]).

The global optimal signal settings on a road netwisr a complex problem that involves
dynamic traffic patterns, users’ route choice agal-time application of suitable control strategies
With several noticeable exceptiorGfi(. [13], [18], [1] and [2]), the problem is usuallgckled by
following an equilibrium approach, that is, by sdang for a possibly optimal configuration of
mutually consistent traffic flows and signal vate(Cfr. [5]).

In order to investigate real-time applications, theearch project aims at extending the static
modeling framework usually adopted in the scientiferature to apply dynamic traffic assignment
models and deal with both coordinated arteriestaffic-flow responsive signal settings.

The study is being developed focusing on the falgvopics:

* Modelling of traffic flow along coordinated traffitetworks and real-time applications of

synchronization strategies;

* Advanced models and methods for signal settingdrasfitc control.

2. A macroscopic model for the estimation of queues at signalized inter section based on
traffic counts

Traffic control based on logic programming has ntlgeappeared. The method adopted in this
paper, described in [9], [10] and [11], is oneldd first models and applications of this typeslan
adaptive method actuated by vehicles that adogj& Iprogramming to model and solve the
decision problems associated with traffic cont®lich a method can be applied with success to
urban intersections with high levels of traffic wlemany different and unpredictable events
contribute to large fluctuations in the number ehicles that use the intersection.
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The logic programming methods based on vehicle tsoonmake it possible to design the traffic
control strategies with a high degree of simpli@tyd flexibility. The system makes use of a very
efficient logic programming solver, the Leibniz 8m [20], that is capable of generating fast
solution algorithms for the decision problems agged with traffic signal setting.

A very effective input for the above logic contmillwould be the queue lengths at each approach
of the intersection. However, the only availabletadare often the measures of flows and
occupancies at given road sections obtained wap htetectors; in this case, it would be desirable
to pre-process these data in order to obtain quemgths. This can be achieved by means of
mathematical traffic flow models; in particular, saitable macroscopic model based on the
simplified theory of kinematic waves by Newell [1Mhs developed to estimate the queue length of
each stream at a given intersection, as a functforehicles counts taken at an upstream section.
Queue lengths at each instant, in turn, are femltim¢ logic programming model in order to apply
the control strategy.

The model presented here is conceived for a rea tstimation of the vehicle queue at each

approach of signalized road intersections. The guglestimated based on the signal settings and

on vehicle counts taken on a give upstream secfi@ach approach; thus, the model requires input
data easily available from traditional loop detestdhe model adopts a macroscopic representation
of traffic and it is described in the following.

The generic approach of a given intersection isasgnted by a homogeneous flow channel, named

segment, with initial section corresponding to lib@ detector, and final section corresponding to

the stop line at the intersection. The followingatmn is adopted:

F(t) cumulative inflow at time, that is the number of vehicles that entered gggnent from the
beginning of the analysis period urtl

n(t) maximum cumulative outflow at time that is the maximum number of vehicles that could
exit the segment from the beginning of the analgsisod untilt, if no signal was present at
the end of the segment;

E(t) actual cumulative outflow at time, that is the actual number of vehicles that elé t
segment from the beginning of the analysis periotil @, taking into account the signal at
the end of the segment;

e(t) actual outflow at time; by definition,e(t) = dE(1)/dT;

L length of the segment;

Vv free-flow speed on the segment;

W speed of the kinematic wave propagating hypecdiiiw states;

Q physical capacity of the segment;

K; maximum vehicular density of the segment;

g(t) signal state at timewith the respect to the segmegft] = 0 or 1, namely: red or green).

The flow states along the segment are determinddebasis of the simplified theory of kinematic

waves, assuming the concave fundamental diagranctddpn Figure 1, expressing the relation

between the vehicular flow(x,t), densityk(x,T) and speed/(x,T) at a given sectiox of the
segment and instamt
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Figure 1. The adopted fundamental diagram, exprgshe relation among vehicular flow, speed andsitigmlong the
segment.

With reference to Figure 1, it is assumed that k;, implying the following relation among the
above parameters:

wsoft-2)

Based on the fundamental diagram, it is possibiddntify two families of flow states:

- hypocritical flow conditions, corresponding to uncongested or slightly congestaffic; under
this conditions, if vehicular density increasegnihe vehicular flow increases also;

- hypercritical flow conditions, corresponding to heavy congested traffic, whereugs and “stop
and go” phenomena occur; under this conditionsyehicular density increases, then the
vehicular flow decreases;

Then,ky(q(x,1)) andvy(q(x,T)) express the density and the speed as functiotie dlow in presence

of hypercritical flow conditions, whil&,(q(x,1)) andv,(q(x,1t)) express the density and the speed as

functions of the flow in presence of hypocriticébww conditions. To be noticed that, in this

particular casey,(q(x,1)) = V.

It is assumed that the period of analysis TPjs divided intol time intervals identified by the
sequence of instants= {t°, ... ,t', ... ,T'}, with ' <t/ forany O<i<j<I,t°=0,1' =T. The
segment at time® is assumed to be empty.

In the following, the generic temporal profikr) of the cumulative flows and of the signal state
introduced above are approximated, respectivelsouih a piecewise linear and a piecewise
constant function, defined by the values= x(1') taken at each instaritit. Under this assumption,
fort O (1", 1", with 0 <i < 1, in the two cases we have, respectively:

XM =xt+@E-tH x' =xH /-1, 1)
X(1) =X . 2)

The model is structured as follows:

For each time interval' 0 t:

1. DetermineF' as the number of users that crossed the magoeficfiom the beginning of the
analysis period untit;

2.  Calculaten'. From the First in First Out rule [4], it is equalthe number of users that entered
the segment at a previous instant; the latter teradened by the hypocritical travel time,
which, for the fundamental diagram adopted, is trnisand equal to the free-flow travel
time. Then, we have:



n'=F@'-L/V), (3)

where the cumulative inflow a tineé —L / V can be easily determined based on (1).
CalculateE', which is less or equal thayi due to the presence of the signal. In fact, during
the red phase, the outflow is null, thus the cutndaoutflow remains constant and equal to
the value at the beginning of the red phase, wahifgieue of vehicles grows on the segment;
during the green phase, the outflow is equal tosdgament physical capacity until the queue
vanishes, and is equal to the flow arriving at ititersection afterwards; then, Based on the
“Newell-Luke minimum principle” ([6]; [14]) — statig that, when more than one kinematic
wave reaches a point at a same time, the flow siatding the minimum cumulative flow
dominates the others — the actual cumulative outftodetermined as:

Ei — m|n{ r]i . Ei-l + Q Egi E(.[.i _.[i-l)}
Calculate the outflove(t) during time mtervah( '], which, based on its definition and on
(1), it is piece-wise constant over the valaks e(r ") taken at each instant T, where:

e'=E'-EN/a' -1

Calculate, the effect that the queue generatedhenfibal section produces on the initial
section. Based on the simplified theory of kinematraves specified for the adopted
fundamental diagram, we have:

ut)=t'-L/W
Gu(t') =E' +L ' [K; ,
whereu(t') is the time when a queue generated on the fiectia at timer' may reach its

initial section, whileG(u(t ") is the maximum number of vehicles that couIdJatty enter the

segment until timeu(t ) respecting its storage capacity. Note th@t') > 1', becausan is
always negative.

Calculate the numbét' of vehicles on the segment at timle
N'=F@") —E()

Check if at timer ' the queue reached the initial section, whichus if G(u ") < F(u'), and
calculate the approximate queue len@th' at timet', which is:

oL :{(Fi—E‘)/(G(T‘)—E‘)EIL if €' <n
0 if E'=n'

The macroscopic queuing model has been tested eal antersection in the town of Rome and the
results showed a very good match between obsendgradicted values of queue length.

2. Modeling of traffic flow along coordinated traffic networks and real-time applications of

synchronization strategies

Signal synchronization of two-way arteries can ppliad by following two different approaches
-maximal bandwidth and minimum delay-, althoughotuson procedure that applies the former
problem to search for the solution of the lattee tias been developed [15]. Specifically, it is well
known that, given the synchronization speed and/éoor of distances between nodes, the offsets
that maximize the green bandwidth are univocalliedrined by the cycle length of the artery.
Such a property of the maximal bandwidth problem Ibeen exploited to facilitate the search for a
sub-optimal solution of the minimum delay problerhus, a linear search of the sub-optimal cycle



length is first carried out starting from the minim cycle length for the artery and then a local
search is performed starting from the offset vectwresponding to that cycle length.

A different approach has been introduced by [16] generalized by [17], who proposed an
analytical model that relates maximal bandwidtlhusohs and delays at nodes. The great advantage
of this model is that it makes it provides a clogedn expression of delay along coordinated
arteries, which is rigorous in the case of unifoplfatoon and minimum cycle length and
approximate in more general cases. Thus, startiogn fthe maximal bandwidth solution, it is
possible to apply the analytical model to asseffsrdnt possible synchronization strategies very
quickly without involving any simulation.

The model is here extended to apply different hypstls of drivers’ behavior. Such hypotheses
concern the capability of drivers to accelerate eatth up the tail of a preceding platoon, if any.
Specifically, the following assumptions have beatroduced: a) all vehicles follow the same
trajectory and, after having been stopped at aakigitcelerate at a given rate until they reach a
given cruise speed; b) all vehicles can acceleatateg a link and catch up the previous platoon; c)
all vehicles can accelerate up to a given maxincaeleration rate, so that they catch up the
previous platoon only if the link is long enough.

As the analytical model assumes steady-state umifamd homogeneous traffic conditions, it
provides only a rough approximation of real trafferformances when dynamic conditions become
relevant. On this regard, we also extend the sggtnchronization method to a dynamic context by
applying a modified formulation of the well-knoweltctransmission model [6], by introducing the
following changes:

o0 in less than critical conditions, vehicles can méwsvards by a generic quantity, dependent on
the traffic density on the link;

0 capability of simulating even complex signalizetemsections;

o apply dynamic shortest paths and follow differet @airs in the network loading process.

The great advantage of the application of cell raasion model is in its capability to evaluate
the spatial progression of queues, which is notsiclened by the analytical model, as it only
computes the queue clearance time. If traffic dahsgnificantly changes in time, the progression
of queues at signals becomes a crucial issue guoites quick modifications of traffic plans.
Preliminary tests on a real traffic artery in Roomnfirmed the expectations that the two models
provide consistent results, when similar assumptiom stationary demand are introduced, as they
are both based on the macroscopic traffic flow aggin Cfr. [12]).

Moreover, different synchronization schemes havenbtested and simulated by applying two
different dynamic traffic assignments (namely, Dgmart [8] and Dynameq [7]) in order to verify
the travel time estimates of the analytical modelweell as to assess the impact of the arterial
synchronization on users’ route choice.

Two relevant issues have been highlighted.

Firstly, a proper synchronization scheme can imeraot only the travel time along a
synchronized artery, but can also exploit the mterapacity better than uncoordinated signal
settings. Thus, it can attract traffic from altermatroutes and improve so the overall network
performances. In some experiments based on rdht tdata, we simulated a specific area of the
road network of Roma, having 51 centroids, 300 sp@¥0 links, and 70 signalized junctions.
Within this area, a 6-node artery was synchroniagdapplying the method provided by [24].
Results obtained show (see Table 1) a significashiiction of the travel time along the artery (about
-13%), which is even more important if we consitieat, due to its improved performances, the
artery attracts about 14% more traffic. The totaveét time on the whole network decreases as
about 2%, although the study area is much widen tha influence area of the artery and, more
important, the objective function of the synchratian algorithm accounts only the travel time of
the artery.



Table 1. Effects of signal synchronization on arterial and network perfor mances.

Current scenarioSynchronizationDifference
Average art[i]rlal travel time 176.5 154 0 -12.7%
Average total arterial travel length 41.4 471 +13.8%
[vehrkm]
Average_total network 876 85.5 2.4%
travel time [velh]

Secondly, a critical issue in dynamic modeling eéawily congested networks is the spillback of
gueues, which may produce the gridlock of the ndiwib this occurs, the outflow decays toward
an irreversible jam state. In the reality, temppraversaturation of heavy congested networks is
usually observed. Anyway, the gridlock is neveevarsible, as drivers modify their usual behavior
by acting in cooperative way or even violating agulation rule, in order to restart the traffic.
Thus, additional models should be introduced in dyicatraffic modeling to simulate drivers’
behavior in such gridlock conditions. The lack ofpamcal observations does not allow designing
realistic models and it is now possible only taaduce corrective algorithms that, with the aim of
preventing the gridlock, apply fictitious controkasures that temporary reduce the outflow of links
upstream of potential gridlocks. It is observedtthiae cell transmission model, being a
deterministic macroscopic model, is less sensitwverisks of gridlock than simulation based
dynamic assignment models. Moreover, the computaiime required by the cell transmission
models is so short that it is compatible with orelapplications.

Therefore, we aim at extending our off-line expenitseto a quasi-dynamic control for signal
synchronization. In this envisioned framework, #malytical model is applied to generate medium-
term synchronization schemes on the basis of stetdy assumptions. The cell transmission model
receives data from traffic detectors and is applied simulate the performances of the
synchronization scheme in a rolling horizon appho&@imulation results are then exploited to apply
simple decision rules to both determine the optinpalating of signal schemes and to provide local
adjustments of traffic plans to better accommodeadfic progression. Such a local real-time
adjustment of signal settings becomes crucial whemueue at a signal is going to saturate the link
storage capacity and then reduce the capacity stfegm links. As the extended cell transmission
model is specifically devised to quickly estimaigege progression along the network, it can be
effectively applied on-line.

3. Conclusions

In the paper we present the results of an onga@sgarch on the interaction between signal settings
and traffic flow patterns on road networks. The niaicus of the paper is on dynamic modeling
requirements for on-line signal network control. fas as the local control, a macroscopic queue
model for the estimation of queues at signalizedrgection based on traffic counts is introduced
and tested on two signalized intersections in Robyapbtaining a very good match between
observed and estimated values. As far as networkrap a minimum delay synchronization
strategy based on approximate travel time estimptesided by an analytical delay model is
introduced and applied to a real road network iTmBRoPerformances are assessed by different
dynamic traffic assignment models (Dynasmart anddbyeq) as well as by a specific extension of
the well-known cell transmission model developedhia research project. Results provided by the
cell transmission model are consistent with thossdipted by the analytical model. We aim at
extending our off-line experiments to and apply twe models on-line. In fact, the cell
transmission model easily and quickly supplies dyicaestimates of queue progression and allows
real time signal settings adjustments in ordenvtmdaspillback of queues, which demonstrated to be
the most critical issue affecting traffic perforneas.
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