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Abstract— The problem of designing real-time traffic signal reduce the risk of queue spillback. Depending on the applied
control strategies for large-scale congested urban road meorks  control methodology, signal control plans are computed in
via suitable application of control and optimization methads real time through a linear multivariable feedback regulato

is considered. Three alternative methodologies are propesd, . . .
all based on the store-and-forward modeling (SFM) paradigm an open-loop constrained quadratic optimal control proble

The first methodology results in a linear multivariable feecback ~ (QPC), or an open-loop constrained nonlinear optimal con-
regulator derived through the formulation of the problem as trol problem (NOC). In order to evaluate the efficiency of

a Linear-Quadratic (LQ) optimal control problem. The second  the proposed generic framework, we compare the closed-
methodology leads to an open-loop constrained quadratic @ 505 hehaviour of the linear multivariable regulator wittet

mal control problem whose numerical solution is achieved a . .
guadratic-programming (QP). Finally, the third methodology open-loop behaviour of QPC and NOC methodologies.

leads to an open-loop_ constrained_nonlinear optimal contro Il. BACKGROUND
problem whose numerical solution is effectuated by use of a )
feasiblefdirection algorithm. A simulation-based invesgation A variety of traffic signal control strategies for urban
of the signal control problem for a large-scale urban netwok — hetworks have been developed during the past few decades.
using these methodologies is presented. Results demonséra Without attempting a survey of this vast research area we
the efficiency and real-time feasibility of the developed geeric ) X
control methods. will address a few selected strategies (for an up-to-date
account we refer the reader to [1]), some of which have been
l. INTRODUCTION implemented in real-life conditions while others are siill
In view of the imminent traffic congestion and lack ofthe research and development stage. We may distinguish two
possibilities for infrastructure expansion in urban road-n principal classes of signal control strategies. In the @las$s,
works, the importance of efficient signal control strategie strategies are only applicable to (or efficient for) netveork
particularly under saturated traffic conditions, can hardlwith undersaturated traffic conditions, whereby all queues
be overemphasized. It is generally believed that real-timat the signalized junctions are served during the next green
systems responding automatically to the prevailing traffiphase. In the second class, we consider strategies agplicab
conditions, are potentially more efficient than clock-lthseto networks with oversaturated traffic conditions, whereby
fixed-time control settings, possibly extended via a simplgueues may grow in some links with an imminent risk of
traffic-actuated logic. spillback and eventually even of gridlock in network cycles
On the other hand, the development of network-wide Fixed-time strategies for isolated junction control (&tag
real-time signal control strategies using elaborated o&w based approaches SIGSET [2], SIGCAP [3] using the well-
models is deemed infeasible due to the combinatorial natukeown Webster’s delay formula) or coordinated control have
of the related optimization problem [1]; as a consequetee, t been widely used due to their simplicity of implementation
developed or implemented signal control strategies ireludn networks with undersaturated traffic conditions. Aéri
many simplifications or heuristics which may render thgrogression schemes that maximize the bandwidth of pro-
strategies less efficient, particularly under saturatedfier gression (MAXBAND [4], MULTIBAND [5]), and more
conditions, unless a high effort is put in the fine-tuning ofjeneral network optimization schemes that minimize delay,
many parameters included in the signal control strategy. stops or other measures of disutility (TRANSYT-7F [6]) are
The purpose of this paper is to demonstrate how contralso in use. The main drawback of these strategies is that
and optimization methods can be used for designing reaheir settings are based on historical rather than rea-tim
time traffic signal control strategies for large-scale czstgd data.
urban networks. More specifically, a generic mathematical SCOOT [7] and SCATS [8] are two well-known and
model, which is based on the SFM paradigm, for the traffizvidely used coordinated traffic-responsive strategiegs€h
flow process in large-scale urban networks is developed firstell-designed strategies function effectively when tradfic
upon which three alternative optimal control methodolegieconditions in the network are below saturation but their
are applied for the design of signal control strategies thgerformance deteriorates when severe congestion persists
aim at minimizing and balancing the link queues so as tduring the rush period. Other model-based traffic-respensi



strategies such as PRODYN [9] and RHODES [10] employ
dynamic programming while OPAC [11] employs exhaustive
enumeration. Due to the exponential complexity of these u
solution algorithms, the basic optimization kernel is reslf n% —= N
time feasible for more than one junction. 34 sz
Store-and-forward modeling of traffic networks was first
suggested by Gazis and Potts [12] and has since been used
in various works notably for road traffic control. This mod- Fig. 1. An urban road link.
eling philosophy offers a major advantage: it allows highly
efficient optimization and control methods to be used foft
large-scale congested urban networks. A recently developex. (k+1) = z. (k) + T [q.(k) — 5. (k) + d.(k) —u. (k)] (3)
strategy of this type is the signal control strategy TUC [13
that will be outlined later. &
More recently, a number of strategies have been proposgal’i
employing various computationally expensive humerical S
lution algorithms, including genetic algorithms [14], [15

multi-extended linear complementary programming [16§ an, ihin the link, respectively. For the exit flow we set(k) —

mixed-integer I|ne_ar programming [17], [18]. In [17]’. [15] t. 0q.(k), where the exit rates, o are assumed to be known.
and [18] the traffic flow conditions are modeled using the Queues are subject to the constraints

cell transmission model [19], a convergent numerical ap-
proximation to the first-order hydrodynamic model of traffic 0<2.(k) <Trmax, V2EZ (4)

flow. However, these approaches are in a relatively prematu here,, | is the maximum admissible queue length. This
stage and their implementation and feasibility in re@-ahd  ,nstraint may automatically lead to a suitable upstream ga
real-time conditions are still questionable. ing in order to protect downstream areas from oversaturatio
during periods of high demand.

_ . o The inflow to the linkz is given by g.(k) = > ;..

We start with a brief description of the problem oft,,  u,(k), wheret,, , with w € I, are the turning move-
designing signal control strategies via the SFM philosophinent rates towards link from the links that enter junction
and a definition of the main control objective. M.

_ We now introduce a critical simplification for the outflow
A. Problem Formulation u. that characterizes the suggested modeling approach. As-

The urban road network is represented as a directed gragptiming that space is available in the downstream links and
with links z € Z and junctionsj € J. For each signalized thatz, is sufficiently high, the outflow (real flow). of link
junction j, we define the sets of incominy and outgoing = is equal to the saturation flo#. if the link has r.o.w., and
O; links. It is assumed that the offset, the cycle tifig, equal to zero otherwise. However, if the discrete time step
and the lost timeL; of junction j are fixed. In addition, to 7' is equal toC, an average value for each period (modeled
enable network offset coordination, we assume that= ¢’ flow) is obtained by
for all junctionsj € J. Furthermore, the signal control plan _
of junctionj is based on a fixed number of stages that belong us(k) = G=(k)S:/C ®)
to the setF};, while v, denotes the set of stages where linkvhereG., is the green time of link, calculated as7. (k) =
z has right of way (r.o.w.). Finally, the saturation flast > _ic,. 95.i(k)-
of link z € Z, and the turning movement rates ., where g control Objective
w € I; andz € O;, are assumed to be known and fixed.

By definition, the constraint

re given by the continuity equation

J/vherexz(k) is the number of vehicles within link at time
q-(k) andu, (k) are the inflow and outflow, respectively,
nk z in the sample periodkT, (k + 1)T]; with T the
iscrete time step ankl = 0,1, ... the discrete-time index.
In addition, d, and s,, are the demand and the exit flow

IIl. THE SIGNAL CONTROL DESIGN PROBLEM

As already mentioned, the main control objective is to
minimize the risk of oversaturation and spillback of link
Zgj,iJrLj -C (1) Queues. To this end, one may attempt to minimize and

balance the links’ relative occupancies/x, max. This cri-
. ) ) ) terion is physically reasonable as well as convenient from
holds at junctionj, whereg;;, is the green time of stage  the numerical solution point of view, as we will see later.
at junctionj. In addition, the constraint Alternatively, one may minimize the total time spent busthi
may increase the risk of link queue spillback.

i€ F;

9ii = jimin, 1 € Fj 2
C. Linear-Quadratic Optimal Control

Replacing (5) in (3) leads to a linear state-space model for
road networks of arbitrary size, topology, and charadiesis
which is given by

where g, ; min IS the minimum permissible green time for
stage at junction j € J, is introduced to guarantee
allocation of sufficient green time to pedestrian phases.
Consider a linkz connecting two junctiond/ and N such
thatz € Oy andz € Iy (Fig. 1). The dynamics of link x(k+1) =x(k) + BAg(k) + TAd(k) (6)



wherex (k) is the state vector (with elements the numbemany iterations as the number of involved variables, which,
of vehiclesz, of each linkz); Ag(k) = g(k) — g" and in our case, hardly exceeds 3 or 4 stages at each junction.
Ad(k) = d(k)—d" are the control and demand deviations, . i

respectivelyg (k) is the control vector (with elements all the D- Open-loop Quadratic-Programming Control

green timesy; ; of stagei at junctionj); g" is a nominal In contrast to other SFM based approaches (see for in-
control vector (with elements the nominal green tir@é‘_s stance [21]), we will now introduce the green tim@s of

of stage: at junction j) which may correspond to a pre- each linkz as additional independent variables. The reason
specified fixed signal plangd(k) is the disturbance vector behind this modification is that we want to preserve model
(with elements the demand flowks of each linkz); dV is  validity also under nonsaturated traffic conditions [22heT

a nominal disturbance vector whereBg”™ + TdY = 0 introduced link green timeé&’, are constrained as follows:
holds for the nominal (e.g. steady-state) values. FinBllis

a constant matrix of appropriate dimensions containing the 0<G.(k) < Z g;i(k), Vjed. (10)
network characteristics (saturation flows, turning rates) icvs
A quadratic criterion that addresses the control objectivehe main reason for introducing independe®t in the
has the general form problem formulation lies in the following observation: if
0o the queuez, is not sufficiently long or even zero; or if
J = lz (||x(k)||2Q + ||Ag(k)||§) (7) the downstream link queue is too long to accommodate a
2 =0 high inflow; then the constraints (4) will become active and

whereQ andR are nonnegative definite, diagonal weightingw'" reduce the corresponding stage greens accordingly. As

matrices. The diagonal elements Gf are set equal to an illustrative example, assume that at a certain cyclesther

. L . are two linksz and w having r.0.w. simultaneously during
1 ax In order to minimize and balance the relative oc- .
/= max stage(M, i), and thatz, ~ 0 while =, > 0. If G, and

cupancies of the network links. Furthermore, the magnitu . . S
of the control reactions can be influenced by the choicg are not independently introduced, we have by definition
= Gw = gm,. Then, the stage greem,; will be

of the weighting matrixR . 'L .TO this end, the choice gtrictly limited by the constraint:, > 0 although link w
of » may be performed via a trial-and-error procedure s

as to achieve a satisfactory control behaviour for a giveEFa.y need qlongergreen phase for dissoluingIn cqntrast,
application network. y introducingG, andG,, independently, the algorithm can

Minimization of the cost criterion (7) subject to (6) (as_guaranteecz > 0 by choosing(r. accordingly short without

sumingAd(k) = 0) leads to a linear multivariable feedbackconStra'n'ngGw aqd th? stage green. Similarly, if the “.nk
regulator given by r downstream of linkz is close to spillback, the constraint

zr < Zrmax Can be guaranteed by choosi@g accordingly
g(k) =gV — Lx(k) (8) short without constraining the green time of other linksttha

. ) are having r.o.w. during the same stage.
where the feedback gain matdixresults as a straightforward |4 view of the above modification, replacing (5) in (3)

solution of the corresponding algebraic Riccati equationeags to a linear state-space model for road networks of

This is the multivariable regulator approach taken by thﬁrbitrary size, topology, and characteristics
signal control strategy TUC [13] to calculate in real time th .
network splits, while cycle time and offset are calculatgd b x(k+1) =x(k) + B(k)G(k) + Td(k) (11)
other parallel algorithms [20]. . where G(k) is the link control vector with elements the
Note that the LQ control theory does not allow for direct . N . .
. . . . green timed=, of each linkz; B is a matrix of appropriate
consideration of the constraints (1) and (2). For this reasos. : g, s
. . . .. dimensions containing the network characteristics. No&t t
a suitable knapsack algorithm is used after the application

of (8) that modifies the calculateg, ; green times of each n th|s approachB_ may pe time-variant, if the involved
’ turning rates are time-variant.

junction so as to satisfy the constraints (1) and (2). More : S
specifically, the knapsack algorithm for each junctiaeads: I_n th|s case, a quadratic criterion that addresses theaontr
objective has the form

for given g;; (resulting from (8)), find the modified green
1 K 22 (k) 2
T=532 2 o (12)

times g, ; that minimize

> @i —953)" /95 €) k=0 zez THmax

i€F; On the basis of the linear model and the constraints pregente
subject to (1), (2). It may be readily shown that the minin Section IlI-A plus the constraint (10) and the quadratic
imization of (9) subject to (1) leads to a solution thatcost criterion (12), a (dynamic) optimal control problem
satisfiesg;./g;: = §;1/9;1 V¥ (i,1), i.e. the modifiedg;; may be formulated over a time-horizdf, starting with the
preserve the same splits @s along with satisfying (1). The known initial statex(0) in the state equation (11). More
above knapsack problem approximates this solution to thgrecisely, the resulting QP problem reads: minimization of
extent allowed by the additional constraint (2). The nuc®dri the cost criterion (12) subject to (1), (2), (4), (10), (11).
solution of a knapsack problem is known to call for at most a;n summary, the optimization problem has three types of



time-dependent decision variables, namely the stage greeeightsa; anda, were adjusted via trial-and-error, striking
times g, ;(k), the state variables.(k), and the link green a balance between acceptable time-variations in the optima
times G, (k). This QP problem (with very sparse matrices)control trajectories and violations of constraint (1) oreon
may be readily solved by use of broadly available codésand and efficiency and fast convergence to the optimum on
or commercial software within few CPU-seconds even fothe other.
large-scale networks and long time-horizons. On the basis of the nonlinear traffic flow model (14),
. . the constraint (2) and the cost criterion (15), a (dynamic)
E. Open-loop Nonlinear Optimal Control NOC problem is formulated over a time-horizéf, starting

In this design approach, we re-introduce the outfloyk) ~ with the known initial statex(0) in the state equation
into our problem and recall that the outflow is given by (5)14). More specifically, the resulting NOC problem reads:
only under the assumption that (k) satisfies the constraints minimization of the cost criterion (15) subject to (14),.(2)
(4). Instead of (5), we may now define a nonlinear outflowrhis NOC problem may be readily solved by use of a feasible
function that models the real traffic flow process more addirection algorithm within few CPU-mins even for large-
curately. More precisely, assuming tHat< C, the outflow scale networks and long time-horizons [23]. We omit more

u.(k) is given by details on the NOC numerical solution method because of
0 it wq. (k) > crsman (k) space limitation.
Uz(k) = min { Izj(“k)v Gz(g)sz } else F Discussion
(13) We conclude this section with some remarks pertaining

wherexq (k) is a downstream link of link, andc € (0,1]. to the consequences of the simplification (5) and to the
By introducing (13), the state variables are allowed to gean application of the open-loop QPC and NOC methodologies
their value more frequently than the control variables. dorin real time.
precisely, typical discrete-time model stepsfor the traffic Let us first discuss the consequences of simplification
flow model (3) using (5) may be in the order of 5 s while thg5). First, the updating of the control decisions cannot
control variables change their value in discrete-time nt be effectuated more frequently than at every cycle which,
stepsTc, e.g. at each cycle or more. Note that, when usingowever is deemed sufficient for fast network-wide real-
(13), the queue constraints (4) are considered indirecity atime control reactions; on the other hand, this featurettimi
may hence be dropped; the link outflow in (13) becomethe real-time communication requirements between junc-
zero if there is no vehicle in the link or the downstream linkion controllers and the central computer to one message
is full. Note also that the basic simplification of SFM, i.e. aexchange per cycle, in contrast to the second-by-second
continuous link outflow (rather than zero flow during red angdommunication requirements of other signal control system
free flow during green), is still maintained in this approachsuch as SCOOT [7]. Second, the model is not aware of short-
Replacing (13) in (3) we obtain a nonlinear state-spacerm queue oscillations due to green-red switchings wighin
model for road networks of arbitrary size, topology, andtycle, because it models a continuous (uninterruptedpaeer
characteristics [23] outflow from each network link (as long as there is sufficient
demand). Finally, offset and cycle time have no impact withi
x(k+1) = £[x(k), g(r), d(k)], &= [k/7] (14) " the SFI\/% and rr):ust be eithe?/ﬁxed or updated irI? real time
wheref is a nonlinear vector functions is a discrete-time independently [20]. These consequences of simplification
index, andT, = 7T. (5) is the price to pay for avoiding the explicite modeling
The cost criterion in a nonlinear optimal control problenof red-green switching which would renders the resulting
may have an arbitrary nonlinear form. In the particular caseptimization problem discrete (combinatorial) and lead to
the cost criterion to be minimized has the general form exponential increase of computational complexity as in [9-
2K) | S 2(h) or e application of th loop QPC and NOC
B xs x5 2 or the application of the open-loop an
J _Z * Z { Z + Q”Z(I)j [g('{)} methodologies in real time, the corresponding algorithms
h=0 ! may be embedded in a rolling horizon (model-predictive)

17| 1] | |
scheme. More precisely, the optimal control problem may be
rad ) [aa»z-<ff~>—gj,z-<ﬁ—1>f} (15) precisely,the op p y

Lz max

€T .
267 = zez TRImax j=1

solved on-line once per cycle using the current state (ntirre
estimates of the number of vehicles in each link) of the taffi
wherea,, ar are positive weighting factors, arde); [g(n)} = system as the initial state and predicted demand flows; the
ZieFj g;i(k) + L; — C, Vj € J. This criterion, excluding optimization yields an optimal control sequence forcycles

the last two penalty terms, attempts the minimization andthereby only the first control (signal control plan) in this
balance of the links’ relative occupancies/z. max. The sequence is actually applied to the signalized junctions of
first penalty term in the cost criterion allows the indirectthe traffic network. Note that the saturation flo#/s and the
consideration of the constraints (1), while the second penaturning-movement rates, ., may be assumed to be time-
term is included in the cost criterion so that high-frequencvariant and may be estimated or predicted in real time by
oscillations of the control trajectories be suppressece Thwell-known recursive estimation schemes [24]; in addition

j=1 i=1



TABLE |

the predicted demand flowd(k) may be calculated by use COMPARISON OFASSESSMENTCRITERIA

of historical information or suitable extrapolation meatiso
(e.g., time series or ne_ural network_s). Thls_ rolllng-hon_z Strategy ) oPC NOG

procedure avoids myopic control actions while embedding a g.qnari0 TTS | RQB || TS | RQB || T7s | RQB
dynamic optimization problem in a traffic-responsive envi

ronment 311 | 532 || 304 | 445 29.9 | 461
: ) . 2 152 | 223 || 13.8 | 183 135 | 184
. M(l):)rce:ovezi :Lcs)rcl:ould Eedstlres_sed r:hat, in clogtra.st. to LQ, 3 93 79 8.9 63 8.8 65
in QPC an - methodologies the control decisions =0 o 186 | 278 || 177 | 230 || 174 | 237
based on the explicit minimization of a suitable cost cidter
Improvement || — | — || 4.5% | 17.2% || 6.1% | 14.9%

subject to all control and state constraints. Therefore, th
aforementioned methodologies could be also utilized as off
line network optimization tools for calculating optimumB. Comparison of Objective Functions

signal control plans, since their traffic flow models (11) and g each of three distinct scenarios of initial statd§)

(14) are incorporating all network characteristics. and for each control approach, two evaluation criteria were
Finally, the employed linear SFM (8) or (11) is simplercycylated for comparison. The total time spent
than the cell transmission model (CTM) employed in some

previous works [15], [17], [18]; the latter calls for subiion K ,
of network links into sorter segments (cells) and correspon TTS=TY Y a.(k)  (inveh-h) (16)
ingly shorter time step% of 5 s or less. Although, the CTM k=0z€Z

may describe the (inhomogeneous) link-internal traffitesta and the relative queue balance
more accurately than the SFM, there is hardly any modeling X 2 (1)
difference at the junctions which are most relevant for aign _ T ;

control. Note that real-time application of a CTM based RQB = ZZ x (in veh) (A7)
control strategy would call for specific measurements (or

estimates) for each cell which are usually not available ifNote that, as mentioned earlier, the control results of each
current network control infrastructures. Thus, we belitnag  Strategy are applied to the nonlinear model (14). Evenguall
the additional complexity and measurement requirements & (k) over a whole cycle was calculated first as the average
the CTM are probably not paying-off via more efficientof the corresponding 5-s values resulting from (14), before

k=0 zez = A MmaX

resulting control decisions in a real-life setting. applying the above criteria on the basisof= C' = 90 s.
Table | displays the obtained results. As can be seen QPC
IV. APPLICATION RESULTS and NOC lead to a reduction of both evaluation criteria

To illustrate the efficiency and the real-time feasibility o compared to LQ. More specifically, when QPC is applied,
the developed generic framework to the problem of urbaffe TTS and RQB are improved by 4.5% and 17.2%,
signal control, the urban network of the city centre of Chani respectively; when NOC is applied, the TTS and RQB are
Greece, is considered. For this network, we compare ti@proved 6.1% and 14.9%, respectively, compared to LQ.
closed-loop behaviour of the linear multivariable regotat NOC is seen to be superior to all other strategies in terms
with the open-loop behaviour of QPC and NOC methodold?f the TTS. This is because the nonlinear traffic flow model
gies. To ensure fair and comparable results all methodegogiused by NOC is more accurate than the linear model used
are evaluated by use of the same simulation model, namdly LQ or QPC (and is therefore used as a common simulator

the nonlinear traffic flow model (14). for the comparison).
_ o Regarding the RQB, it can be seen that QPC is superior
A. Network and Scenario Description to all other strategies. On close examination, this is quite

The urban network of the city centre of Chania consists gfomprehensible as the RQB is the exact cost criterion con-
16 signalized junctions and 71 links (Fig. 2). According tcsidered by QPC, while, in the cost criteria considered by LQ
the notation of Section IlI-A, the following sets are definedand NOC there are partially competitive subgoals.

J ={1,...,16}, Z = {1,...,71}. The cycle time in the = The average computational time per scenario for QPC and
network isC' = 90 s, andl’ = C is taken as a control interval NOC is 10 s and 8 min, respectively.

for all strategies. For the NOC methodology we consider )

T =5 s andc = 0.85 (i.e., overloaded links in (13) are C. Detailed Results

considered the links for which z, > 0.85x, max)- In the sequel we report on some more detailed illustrative

Several tests have been conducted in order to investigasults focussing on the particular junctions 12 and 13s&he
the behaviour of the three alternative methodologies fdwo junctions carry heavy loads, since they represent amajo
different scenarios. The scenarios were created by asgumigntrance to and exit from the city centre (see Fig. 2).
more or less high initial queues, (0) in the origin links of For the aforementioned scenarios, the calculated optimal
the networks while the demand flowls were kept equal to state and control trajectories demonstrate the efficiehtyeo
zero. The optimization horizon for each scenario is 450 s (hree alternative methods to solve the urban signal control
cycles). problem. Figures 3 and 4 depict the optimal trajectories
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Fig. 2. The Chania urban road network.

for a particular scenario for the three methods. The main
observations are summarized in the following remarks:

« Both QPC and NOC manage to dissolve the queues
in a quite balanced way (see Figs. 3(b) and 3(c)) and
thus, the desired control objective of queue balancing is
achieved. Note that, these two strategies with different
utilized traffic flow models accomplish the desired goal
in a very similar way.

o The outflows of the origin links 57 and 58 enter the
internal link 54 (solid line in Figs. 3(a)—-3(c)) according
to the green times of the corresponding junctions. It may
be seen that QPC and NOC exhibit similar behaviour
while managing particularly the queue of link 54 (see
Figs. 4(b) and 4(c)).

« In contrast, the LQ strategy first allows the high initial
queues to flow into the internal link 54 and then, in order
to manage the developed long queue therein, it gradually
increases the green time of stage 1 (see Fig. 4(a)) where
link 54 has r.o.w. This somewhat slower behaviour
is due to the reactive nature of the linear feedback
regulator.

Both NOC and QPC deliver satisfactory results with
similarly efficient control behaviour for different scenas.
Thus, taking into account that QPC needs less computational
effort than NOC [23], QPC may be considered as a quite
satisfactory method for the solution of the urban signal
control problem and a strong competitor of LQ in terms of
efficiency and real-time feasibility.

V. CONCLUSIONSAND FUTURE WORK

Planning new transit routes, introducing tolls in city cen-
tres, or imposing traffic restrictions are important indesds
for combating traffic congestion in urban road networks.
However, it is important to supplement these policies, with
signal control techniques that contribute to the improveme
of the traffic conditions via real-time decisions, partanly
under saturation.

The presented generic framework develops a method-
ological foundation for a rational approach to traffic signa
control problems, which combines store-and-forward taffi
flow modeling, mathematical optimization, and optimal con-
trol. Clearly, the presented three alternative strategiash
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