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Abstract 

Urban traffic control systems evolved through three generations. The first generation of such systems has been based on 
historical traffic data. The second generation took advantage of detectors, which enabled the collection of real-time traffic data, in 
order to re-adjust and select traffic signalization programs. The third generation provides the ability to forecast traffic conditions, 
in order to have traffic signalization programs and strategies pre-computed and applied at the most appropriate time frame for the 
optimal control of the current traffic conditions. Nowadays, the fourth generation of traffic control systems is already under 
development, based among others on principles of artificial intelligence and having capabilities of on-time information provision, 
traffic forecasting and incident detection is being developed according to principles of large-scale integrated systems engineering. 
Although these systems are largely benefiting from the developments of various information technology and computer science 
sectors, it is obvious that their performance is always related to that of the underlying optimization and control methods. Until 
recently, static traffic assignment (route choice) modes were used in order to forecast future traffic flows, considering that the 
parameters which affect the network capacity are fixed over a given origin-destination matrix. Traffic engineering considers 
traffic flows as being constant and tries to optimize the control parameters in order to optimize certain parameters and measures 
of effectiveness. These two procedures, although largely depend on each other and known as the combined traffic assignment and 
control problem, are usually handled separately. The recent scientific and research developments in the fields of traffic 
assignment, with the rapid development of the advantageous Dynamic Traffic Assignment models, the new dynamic traffic 
control strategies and the evolution of ITS tend to modify the way with which networks are being modelled and their efficiency is 
measured. The current paper aims to present the major findings out of a critical review of existing scientific literature in the fields 
of dynamic traffic assignment and traffic control. Combined traffic assignment and traffic control models are discussed both in 
terms of the underlying mathematical formulations, as well as in terms of algorithmic solutions, in order to better evaluate their 
applicability in large scale networks. In addition, a generic and easily transferable scheme, in the form of a methodological 
framework for the Combined Dynamic Traffic Assignment and Urban Traffic Control problem is presented and applied on a 
realistic urban network, so as to provide numerical results and to highlight the applicability of such models in cases, which differ 
from the standard test networks of the related bibliography, which are usually of simple nature and form. 
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1. Introduction 

The area of urban traffic control has been studied extensively by the scientific community during the past 
decades. This interest remains vivid also for the recent last years. The traffic flow conditions in large-scale urban 
road networks depend to a large degree on the signal control strategies that are being applied. Taking into account 
the debates regarding urban mobility and sustainability of transport systems in general, the negative effects of 
congested transport networks - such as increased travel times, delays and reduced safety - become evident, together 
with the importance of the expected contribution that arises through optimized traffic control strategies and the 
associated developments, which are necessary for new traffic control methods and techniques. The latest advances 
in the area of optimization in urban traffic control can be traced back to the capabilities offered by the new 
computational tools, which nowadays can execute complicated mathematical programming computations and 
analyses. In addition, these advances are also related to the availability of traffic data sets, which are necessary for 
the design and analysis of new computational methods, techniques and solutions in the field of urban traffic control 
and signal optimization. These data sets are available due to the increased implementation of Intelligent Transport 
Systems, due to new traffic data collection methods and due to the advances of Geographic Information Systems. 
The provision of information for the traffic conditions in urban road networks, both at the level of historical as well 
as at the level of real-time information, is considered necessary. The existence of such data sets and the resulting 
knowledge of the current traffic conditions in an urban road network comprise the basis for analyzing the current 
state of the system and for planning new strategies and traffic control methods, based on mathematical programming 
models. Such models are capable of allowing better management and control of traffic, especially for the cases of 
large-scale urban road networks. Traffic control and signal optimization have been discussed also within the 
research framework of Dynamic Traffic Assignment (DTA). The combined traffic assignment and urban traffic 
control problem has gained great attention from the research community. However, most studies rely on the use of 
Static Traffic Assignment models, which are by nature not able to capture traffic dynamics and its time-dependent 
characteristics. Only recently, efforts have been placed towards the use of DTA models in the fields of urban traffic 
control and signal optimization strategies. 

Signal optimization, as the main traffic control strategy for urban road networks, has been studied extensively at 
both transport planning and real-time implementations levels. The level of transport planning includes the 
assessment of alternative signal control strategies and the assessment of incident management strategies. At the real-
time level, studies have focused on the use and assessment of DTA models for estimating the current and predicting 
the future traffic conditions and the interactions of traffic flows against signal settings (and vice versa). In addition, 
DTA models are used for assessing incident management strategies in real-time and optimizing in general the 
operations of modern Traffic Management and Control Centres (TMCCs). The use of several technologies for traffic 
monitoring and detection, together with the ability of handling, storing and processing large data sets in real-time by 
effectively utilizing high-end computational equipment is provided by such modern TMCCs. The TMCCs enable 
the provision of all necessary traffic variables, traffic state estimations and measurements of actual traffic conditions 
in real-time, taking into account the time-dependent characteristics of both traffic (demand) and the infrastructure 
(supply). 

The present paper is organized as follows: Part one (theoretical) contains a critical review of the literature, 
presented in four sections, covering Dynamic Traffic Assignment models, signal optimization at planning level, 
signal optimization at real-time level and combined traffic assignment and urban traffic control using DTA models. 
Part two (experimental) of the paper presents a methodological framework for the combined dynamic traffic 
assignment and urban traffic control problem with an application on a calibrated and validated urban road network 
of Thessaloniki, Greece. It is noted, that the terms signal control and traffic control are both used throughout the 
paper. However, since the present paper focuses on urban road networks, signal control is considered as the traffic 
management strategy, without exploring other possible control methods, such as ramp metering or route guidance 
methods, as for example travellers’ information provision, Variable Message Signs etc. 
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2. Part One - Theory 

2.1. Dynamic Traffic Assignment framework 

Dynamic Traffic Assignment models are used for estimating and predicting time-varying traffic conditions in 
road networks. The advances in this field have enlarged the scope and objective of traditional transport planning 
studies, since the ‘gap’ between modelled and actual traffic conditions is reduced. The main characteristic of DTA 
models is that they are able to capture the spatio-temporal trajectory of each individual vehicle, starting from the 
origin up to the destination. The trajectory of each individual vehicle includes the departure time from the origin, the 
chosen route of each individual vehicle and the position of each individual vehicle along its route for each time step.  

DTA models have evolved rapidly in the last two decades and a certain degree of maturity has been reached, so 
as to allow their use in a number of both planning and real-time applications (ADB30 Transportation Network 
Modeling Committee, 2010). Although DTA models have been primarily aiming to cover the needs of Advanced 
Traveller Information Systems – as embedded applications - their actual use is expanded also to more traditional 
transportation planning studies. In that sense, DTA models are usually utilized as replacement of the classic STA 
models, for various applications. Until the recent past and in many cases also in the present, STA models have been 
used for predicting route choices of travellers, due to the inability to model realistically the dynamic case and due to 
limitations imposed by the existing computational capabilities for large-scale planning purposes. STA models are 
not able to capture the dynamics of traffic flow, since they are using link travel cost functions which depend only on 
the traffic flow on this link, without taking into account the effects on the traffic flow of other links. 

DTA models can be classified in two main categories: those which rely on analytical formulations, such as 
methods of mathematical programming, variational inequalities and optimal control theory and those which rely on 
simulation models (Peeta & Ziliaskopoulos, 2001). Within those two broad categories, several classes of DTA 
models, sometimes similar with the respective assumptions of the STA ones, exist. A non-exhaustive, 
chronologically ordered by class list includes the empirical solving methods (Hamerslag, 1988), (Bellei & Bielli, 
1990), the simulation based approaches (Taylor, 1990), (Jayakrishnan et al. 1994), the doubly-dynamic assignment 
models based on stochastic processes (Cascetta & Cantarella, 1991), the time-space hyper-networks bases 
approaches (Drissi Kaitouni & Hameda Benchekroun, 1992), the optimal control theory approaches (Ran, Boyce, & 
LeBlanc, 1993), the variational inequalities approaches (Addison & Heydecker, 1993), (Friesz, Bernstein, Smith, 
Tobin, & Wie, 1993), (Smith M. J., 1993), the time and space discretization approaches (Daganzo, 1993), (Daganzo, 
1995), the doubly-dynamic assignment models based on variational inequalities (Friesz, Bernstein, & Stough, 1996) 
and the nonlinear programming based approaches (Carey & Subrahmanian, 2000). 

2.2. Simulation-based DTA models 

The term ‘simulation-based’ mainly refers to the solution method rather to the problem formulation (Peeta & 
Ziliaskopoulos, 2001). Simulation-based DTA models handle the flow of traffic and the spatial and temporal 
interactions with the use of a simulation model, instead of an analytical mathematical formulation. Simulation 
provides the convenient tool for modelling complex dynamic phenomena, thus overcoming the difficulties which are 
associated with the use of analytical mathematical formulations. 

The United States Federal Highway Administration (FHWA) has funded research projects for the development of 
simulation-based DTA models, which can be applied in the transportation planning context, in Intelligent 
Transportation Systems and for predicting future traffic conditions. As part of this research effort, two models of 
mesoscopic level have been developed: DYNASMART (Mahmassani, Peeta, Hu, & Ziliaskopoulos, 1993) 
(Jayakrishnan, Tsai, Prashker, & Rajadhyaksha, 1994) has been developed in the University of Texas at Austin and 
DYNAMIT (Ben-Akiva, Bierlaire, Bottom, Koutsopoulos, & Mishalani, 1997) that has been developed in the 
Massachusetts Institute of Technology. In parallel to those two efforts, Ziliaskopoulos developed the mesoscopic 
traffic simulator RouteSim and the Visual Interactive System for Transport Algorithms DTA – VISTA 
(Ziliaskopoulos & Waller, 2000). 

A main aspect of these models is the use of traffic simulator for simulating traffic conditions, especially in 
networks where signal control exists and where the application of analytical mathematical formulations is difficult 
for capturing the dynamic aspects of traffic.DTA models in principle utilize an iterative procedure between the 
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traffic simulator, the time-dependent shortest path computation procedure and a dynamic network loading 
procedure. This iterative procedure terminates, when certain convergence criteria set by the analyst are met. 

DTA models can also be used for assessing signal controls and incident management plans or for new 
infrastructures’ assessment. In addition, they can be used for assessing the route choices of travellers, especially due 
to the occurrence of various planned or unplanned events.  

2.2.1. DYNASMART 
The simulation-based Dynamic Network Assignment Simulation Model for Advanced Road Telematics-

DYNASMART (Mahmassani, Peeta, Hu, & Ziliaskopoulos, 1993) represents the motion of individual vehicles, by 
using a macroscopic speed-density relationship, which is a modification of the one proposed by Greenshields 
(Greenshields, 1935). The capabilities of the traffic simulator were expanded, as described in (Abdelghany & 
Mahmassani, 2001), by adding the ability to model transit movements. In addition, the routing algorithm of 
DYNASMART was improved, by being able to account for intermodal trips. 

2.2.2. DYNAMIT 
DYNAMIT is a simulation-based DTA model developed by (Ben-Akiva, Koutsopoulos, & Mukandan, 1994) in 

the Massachusetts Institute of Technology, aiming to estimate the current and predict in real-time the future traffic 
conditions. It is comprised by a demand and a supply simulator, which are able to create Dynamic User Equilibrium 
(DUE) trips for the selected time horizon. The demand simulator utilizes a Kalman filter methodology and takes into 
account both historical data and the reactions of travellers to the information provided. The supply simulator 
computes traffic flows based on the demand. DYNAMIT is a mesoscopic traffic simulator, in which vehicles are 
moved in packets and the links are comprised of moving and queuing parts. The simulator uses an iterative 
procedure, comprised by the updating and the propagation phase. During the updating phase, queue lengths, 
densities and speeds are updated, while during the propagation phase vehicles are moved into their new positions. 

2.2.3. VISTA 
The Visual Interactive System for Transportation Algorithms (VISTA) has been developed by (Ziliaskopoulos & 

Waller, 2000). The core characteristics of VISTA are: a) driving behaviour is treated with DTA models, b) use of a 
spatially enabled database, based on Geographic Information Systems, which can be connected with other databases, 
c) the web-based tool, which provides its users access through the web to algorithms, datasets, results, queries and 
network editing. The VISTA simulator, RouteSim, uses the cell transmission model (Daganzo, 1993) (Daganzo, 
1995) for propagating traffic, which is based on the hydrodynamic traffic flow model. 

The signal optimization module of VISTA allows the optimization of signal settings together with the ability of 
providing connections to third party signal optimization models, such as SYNCHRO or TRANSYT. Additionally, 
this module allows a signal warrant analysis and the optimization of the plan for this respective signal. 

2.3. Offline signal optimization at strategic level 

Signals are used in urban road networks in order to control the vehicle movements, increase the safety levels, 
reduce/ease traffic congestion, reduce delays, provide priority to public transit vehicles and reduce the 
environmental pollution due to vehicular traffic. The initial formulations of the signal optimization problem date 
back to the 60’s (Webster, 1958), taking into account isolated signals in isolated intersections. The next 
developments included the capability of optimizing groups of signals, based on historical traffic data, as e.g. in 
TRANSYT (Robertson, 1969). The fixed time models used historical traffic flow data for optimizing the signal 
programs. A drawback of this method is the main underlying hypothesis, according to which the flows that 
determine the signal settings will not be affected, when these settings will be applied. This hypothesis does not hold, 
especially for cases when the implementation of signal plans improves travel times for some routes, which may lead 
to travellers of other routes choosing to use them. Such issues have been reported for traffic control strategies 
applied in large-scale networks (Almond & Lott, 1968). The effect of signal changes in traffic flows can be 
explained with the traffic assignment. For a given network model, where signals are included, the route choices of 
the travellers can be assumed to follow Wardrop’s principle for user equilibrium (Wardrop, 1952). A change of the 
signal plan disrupts the equilibrium by changing the path costs, resulting to different traffic flows. Such a model 
could be used as part of the signal optimization process, in order to account for traffic flow changes due to the 
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signals. The problem of defining the settings of signals by taking into account also the response of the users is part 
of the network design problem. The network design problem aims to improve an existing network in such a way, 
that some predefined performance measures are improved, while taking into account the travellers’ responses. The 
network design problem, due to its leader-follower structure (e.g. signal setting authority – road users), belongs to 
the family of bi-level optimization problems (Magnanti & Wong, 1984), (Ben-Ayed, Boyce, & Blair, 1998). Other 
problems of this nature – beyond the scope of the present paper – include the capacity maximization problem, the 
toll design problem, the charging cordon design problem and the calibration problem. In this bi-level problem, the 
optimization at the upper level (signal setting) is constrained by the lower level problem (user equilibrium). The 
non-smoothness and non-convexity of this formulation implies the existence of several local minima, which are 
difficult to calculate (Luo, Pang, & Ralph, 1996). The following table provides an overview of existing studies, with 
respect to the computational methods and techniques used for network design problems. 

Table 1 existing studies, with respect to the computational methods and techniques used for network design problems 

Iterative 
heuristic 
method 

Linearization 
methods 

Sensitivity 
analysis 
methods 

Karush–
Kuhn–Tucker 
methods 

System optimal 
methods 

Marginal 
function 
methods 

Cutting plane 
methods 

Stochastic 
search 
methods 

(Steenbrink, 
1974) 

(Allsop, 
1974) 

(Suwansiriku
l, Friesz, & 
Tobin, 1987) 

(LeBlanc & 
Boyce, 1986) 

(Ben Ayed, 
Boyce, & 
Blair, 1988) 

(Friesz, Tobin, 
Cho, & Mehta, 
1990) 

(Yang H. , 
1997) 

(Marcotte, 
1986) 

(Verhoef, 
2002) 

(Dantzig, Harvey, 
Landsdown, 
Robinson, & 
Maier, 1979) 

(Marcotte, 1981) 

(Bergendorff, 
Hearn, & Ramana, 
1997) 

(Hearn & 
Ramana, 1998) 

(Meng, 
Yang, & 
Bell, 
2001) 

(Lawphongpani
ch & Hearn, 
2004) 

(Friesz, Cho, 
Mehta, Tobin, 
& 
Anandalinga
m, 1992) 

(Cree, Maher, 
& Paechter, 
1998) 

(Ceylan & 
Bell, 2004) 

 
Genetic Algorithms (GAs) have also been used extensively for several network design problems. For the specific 

case of signal optimization, GAs have been used in order to optimize several parameters, such as cycle time, green 
time, offsets, and stage sequences (Foy, Benekohal, & Goldberg, 1992), (Park, Messer, & Urbanik, 2000), (Park & 
Yun, 2005). The anticipated changes of route choice due to signal optimization have been studied with the use of 
GAs as well (Lee, 1998), (Taale & Van Zuylen, 2003), (Ceylan & Bell, 2004). 

2.4. Combined static traffic assignment and traffic control models 

The majority of the scientific literature on the combined traffic assignment and signal control optimization 
problem deals with either static demand or with fixed timings of signals. The uniqueness and stability of the 
equilibrium between the traffic assignment and traffic control has been studied extensively by Smith (1979), ( 1980), 
(1981a), (1981b). He identified some properties of a local control policy to ensure the existence of the equilibrium. 
The author presented also the important principle “less pressurized signal phases receive no green,” which makes it  
possible to combine the allocation of flow and green time into one integrated assignment program (Smith, Van 
Vuren, Heydecher, & Vilet, 1987). Sheffi and Powell (1983) presented a mathematical programming formulation for 
this problem and an algorithm to deal with a non-convex formulation for a small network, along with two heuristic 
algorithms for a large-scale network application. Cantarella et al., (1991) presented an iterative procedure for the 
combined traffic assignment and signal setting problem. Yang and Yagar (1995) presented a model and a procedure 
for the same problem, with an application on an example network. Gartner and Al-Malik (1996) introduced another 
iterative procedure to achieve the simultaneous solution of the assignment and control in a network. The important 
common feature of the above research is that they all considered the signal timing optimization under static traffic 
assignment.  
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2.5. Combined dynamic traffic assignment and traffic control models 

Compared with the static assignment case, very limited research has been reported on urban traffic control 
considering time-dependent traffic assignment. Abdelfatah and Mahmassani (1998) presented a mathematical 
formulation and simulation-based solution algorithm for the combined signal control and DTA problem. They 
conducted numerical experiments on the simulation based algorithm over a realistic, moderately large network. 
They implemented their algorithm on a moderately large signalized traffic network using well-known Webster’s 
formulas to optimize signal settings. Chen and Ben-Akiva (1998) introduced an integrated framework to combine 
dynamic control and assignment. They developed a game-theoretic methodology to model the combined problem as 
a non-cooperative game between the traffic authority and traffic users. To find efficient coordinated timing plans in 
a large network, Cheng et al. (2004) applied the game-theoretic paradigm of fictitious play to find the local optimal 
coordinated timing plan. The significant merit of their algorithm is that only one simulation is required per iteration, 
and therefore it would be robustly scalable for networks of realistic sizes. Abdelfatah and Mahmassani (2001) 
extended their 1998s work by replacing Webster’s formula by a simulation-based signal optimization, using the 
same solution algorithm framework. Recently, Dazhi et al., (2006) presented a bi-level programming formulation for 
the dynamic signal optimization problem, together with a heuristic solution approach, which consists of a GA and a 
Cell Transmission Simulation based Incremental Logit Assignment procedure. 

3. Part two – Experimental framework 

3.1. A Scheme for the Combined DTA Urban Traffic Control 

A generic computational framework is proposed for the combined dynamic traffic assignment and urban traffic 
control problem, according to the process described in Fig.1 below. 

 

 

Figure 1 Scheme for the combined DTA and urban traffic control 

The process of the scheme is as follows: Given the initial conditions of the urban road network and taking into 
account the goals and strategies set by the traffic management authorities of a city, the parameters urban traffic 
control are optimized in a way that aims to converge towards the achievement of the predefined goals (upper level). 
Taking into account the new, optimized traffic control parameters, the dynamic traffic assignment models tries to 
equilibrate the new traffic flows, by simulating the responses of road users (at the level of route choice) to the new 
traffic control strategies, so as to achieve a dynamic user equilibrium (lower level). The newly computed traffic 
flows are then taken into account, so as to re-adjust the traffic control parameters at the upper level. When the 
process converges, then a dynamic user equilibrium state is achieved. 

 

Lower level (road users)

Upper level (authorities)
Optimization of

parameters for urban
traffic control towards
predefined goals

Dynamic User
Equilibration

Convergence

Travel times recalculation

No

Initial conditions

Dynamic User
EquilibriumYes

Goals and
strategies
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Consider f and g, which denote respectively, a vector of link flows and a vector of signal settings for the network; 
assuming that the signal plan structure is given (specified by number, type, and sequence of phases), signal settings 
may consist of cycle length's, green splits and offsets. Dynamic Traffic Equilibrium   is a set of link flows. The 
dynamic equilibrium traffic signal setting is a pair ( , ) such that is a dynamic traffic equilibrium when signals 
are set at . 
 = ( )            (1) 
 
where  represents the signal settings corresponding to under a specified control policy CP.  = ( )            (2) 
 
If there exists a pair ( , ), then the dynamic, time-dependent link flows and signal settings are: 
 = [ ( )] or = [ ( )]        (3) 

3.2. Prototype evaluation of the Combined DTA Urban Traffic Control Scheme 

As test-bed for assessing the above described framework and procedure, the urban road network of Thessaloniki, 
Greece, has been used. The network, modelled with the VISTA DTA framework, is comprised by 11.987 links, 
belonging to ten different road categories, and 5.031 nodes, as shown in Fig.2 below. The model has been calibrated 
in terms of effective capacities, number of lanes and turn restrictions while the respective demand data used refers to 
a one-hour morning peak period with 29.096 vehicle trips in 6.006 Origin-Destination pairs, also calibrated with the 
use of traffic counts from 221 locations. The demand is assigned to the road network through 3.542 connectors for 
the 338 zones. Pre-timed signal control data of the existing traffic control system (TASS, 2000) has also been 
imported for all 382 signalized intersections of the network along with the offsets 
. 

 

Figure 2 Road network model in VISTA 

The optimization of the control parameters is performed with the GAOT (Houck, Joines, & Kay, 1995). The 
criterion for performance function chosen for the prototype evaluation is total delay, while the delay is computed 
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according to the respective functions of the Highway Capacity Manual (2000). It is noted, that the scheme can easily 
be adopted, so as to enable the use of any optimization method for the signal settings. 

Three simulation experiments have been conducted: a) a base case scenario, without control data, b) a scenario 
with control data for signalized intersections and c) a scenario with optimized control data for signalized 
intersections. Following iterative runs of either simple DTA for scenarios a) and b) and of combined DTA and 
signal control for scenario c), the following results have been calculated. 

The relative gap, used as the convergence (stopping) criterion is defined as follows: 
 = ∑ ∑ (∑ ∈ )∈ ∑ ∑ ∈∑ ∑ ∈   

 
where t is a superscript for an assignment interval or a departure time interval,  is a subscript for an origin-
destination pair and k is a subscript for a route. Subscript  represents the set of origin destination pairs and Ki 
denotes the set of used routes connecting the origin-destination pair .  represents the flow on route k departing at 
assignment interval t,  is the experienced travel time on used route k for the assignment interval t.  denotes the 
total flow for origin-destination pair  at time interval t and  is the shortest route travel time for origin-destination 
pair  and departure time interval t. 

Comparative assessment Scenario b) vs Scenario a): An increase of Total Travel Time is observed, due to the 
inclusion of traffic signals in all signalized intersections. A respective increase is observed for Average Travel 
Times and Average Delays, while Vehicle-Kilometres travelled are reduced. Comparative assessment Scenario c) vs 
Scenario b): A reduction of Total Travel Time, Average Travel Time and Average Delay is observed, while the last 
two metrics show a reduction even when compared to scenario a). The Vehicle-Kilometres travelled show an 
increase, however they are reduced in comparison to scenario a). 

Table 2: Results of the DTA runs for the network of Thessaloniki 

Total Travel Time  
(hours) 

Average Travel 
Time (minutes) 

Vehicle-Kilometres  
travelled 

Average Delay  
(minutes per vehicle) 

Relative gap 
(convergence) 

Scenario a) 10852,58 22,39 259175,76 16,72 3% 

Scenario b) 13202,64 27,23 256374,26 17,61 3% 

Scenario c) 12662,45 26,12 258433,19 16,51 3% 

4. Conclusions 

The present paper aimed to present in a concise manner the most relevant aspects related to the combined traffic 
assignment and urban traffic control problem, focusing mainly in identifying the differences between the use of STA 
and DTA models through an extensive literature review. In addition, an example of implementing a combined DTA 
and urban traffic control problem in a large-scale urban road network has been presented, showing the feasibility 
and applicability of existing algorithms and modelling tools. Future extensions and research directions include the 
consideration of anticipatory traffic control schemes, using DTA models in an embedded way, to compute the lower 
level DUE problem. 
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