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ABSTRACT 

The techniques currently used for the management of urban road transportation 
systems are briefly reviewed, and the extent to which they take account of 
the dynamics of the system examined. Recent work on the development of math
ematical models of urban traffic systems is described and the applicability 
of the models to real-life traffic systems explored. In particular, the 
ability of these models to reflect temporal as opposed to spa~ial properties 
of the system is examined, as well as their ability to assist in the fo~
ulation of strategies for system control. The role that system dynamics 
might play in overcoming some of the problems encountered is then discussed. 

INTRODUCTION 

The increase in the number of vehicles on the road in the last few decades 
has necessarily led to problems of lack of capacity both on roads connecting 
towns and in particular on urban streets. The effects of this lack of 
capacity have been poor access to the outlying regions of some countries with 
consequent depressing effects en their econo~y. and in the urban context a 
detioration in the environment. In urban areas, these environmental problems 
include, for example, safety both of drivers and pedestrians, pollution of 
the atmosphere, damage to the structure of buildings alongside busy roads, 
low levels of service in public transport, and lack of access for emergency 
services such as fire and ambulance services. 

Many of the problems associated with large volumes of through-traffic have 
been solved by the construction of high-speed roads connecting and bypassiGg 
major conurbations, firstly in the United States and later in European 
countries and Japan. However, increasing affluence has generated a large 
amount of intra-urban traffic in the form of personal transport by car at the 
expence of public transport. In the U.K., this trend led to the formulation 
of grandiose schemes of urban renewal involving the investment of large sums 
of money for the provision of urban motorways or expressways to provide easy 
access from residential areas to the business districts. Such schemes 
envisaged a further increase in the use of personal transport with steady 
growth in the urban economy. The downturn in the world economy, particularly 
as a result of the rapid increase in fuel prices, has meant that where such 
schemes have been started, the pace at which additions to the road system 
have been made has been considerably slowed, and long-term plans have had to 
be revised. In addition, the upheaval caused to suburban communities by the 
development of such read systems has led to a shift of opinion about their 
desirability. The result of these experiences has been to bring about a 
situation in which increasingly the emphasis has been on making the best use 
of the resources available. To this end, the traffic engineer has been greatly 
aided by the increasing availability of relatively cheap and increasingly 
sophisticated tools for control of urban traffic. 

Transportation system management (TSM) pleys an important role in the form
ulation of long-term regional and urban strategic plans. In the urban 
content, in particular, TSM lays stress on the control of cemand by spr~ading 
demand over space, time, mode (e.g. bus vs. car) and/or reducing the overall 
demand level. 
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System Dynamics has played a role in the formulation of such long-term 
strategies. (e.g. Ali et al 1980). 

As far as the short-term situation is concerned, we are more concerned with 
what is usually labelled traffic system management, or even simply traffic 
management (TM). Tr. comprises operationel techniques formulated to cope with 
a much higher degree of both spacial and temporal detail than TSM. Detailed 
TM studies can interact with long-term TSM studies with regard to such factors 
as capacity or demand. For instance, public transport orj.oritv measures can 
effect the network flow pattern and demand levels in the network. System 
dynamics, has not to the author's knowledge, been applied in this area. The 
purpose of this paper, therefore, is to examine some of the techniques which 
are either being used or in the course of development, and the extent to which 
they might benefit from a system dynamics treatment. 

TRAFFIC MANAGEMENT TECHNIQUES 

The techniques used for traffic management can be broadly split into those used 
on urban streets and those used on motorways and expressways. The interaction 
of those techniques in the case of urban motorvJays and expressways represents 
a special problem. 

Traffic Management on Streets 

Perhaps the most obvious form of traffic management to the road user is the 
traffic signal encountered at road junctions. For isolated junctions, the 
timing of such signals can be set to optimise some objective function, such 
as overall delay or overall capacity (e.g. Allsop 1971, 1974). Problems 
naturally occur in the setting of such signals when the junction as a whole 
is overloaded (Mayne 1979). The signal timings are usually set on an hourly 
basis to reflect the expected traffic flow on the approaches and are controlled 
by a control unit sited r.earby. Such timings need to be updated occasionally, 
by on-site measurements of traffic flow. At relatively low levels of traffic 
flow, additional benefits can be gained by the use of vehicle-actuated signals, 
whereby the approach of vehicles to the signal is detected by, for instance, induc
tive loo~sset in the roadway. Maintenance costs are however higher for the 
latter - a fact that should be borne in mind when appraising the benefits of 
such signals. 

When signalised junctions are close together, it is important that the timings 
of the signals are coordinated, as the output profile of traffic from one 
signalised junction will necessarily determine the timings of the adjacent 
signalised junction, if for instance overall celay is to be minimised. A 
techn~que has been developed for setting the timings of signals to minimise 
overall network delay for a system of fixed-time signals, (i.e. not vehicle
actuated)namely the TRANSYT programme (Robertson 1969). The programme has 
been considerably developed over the years and has been used worldwide. Modifi
cations involve the ability to take account of bus-only lanes, priority junctions 
and fuel cor.sumption. A requirement of t~is method of coordination is that a 
set of signals should operate on e common cycle time determined by a particular 
critical junction. An urban area is split into subareas with different cycle 
times, the delineation of such areas requiring a certain amount of care 
(ferguson 1976). One of the drawbacks of the method is that traffic volumes and 

turning movements need to be continuously monitored in order that the timings of 
the signals (which usually change from hour to hour) reflect the pattern of 
traffic in the network. 
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One way of overco~ing the problem of constant monitoring of traffic flows is 
to go to a system of vehicle-actuated signals, in whi~h traffic flows are 
measured by for instance inductive loops in the road. These local.'variations 
in traffic flow can adjust local timings but this adjustment must be con
strained by the effect on adjacent signals, Several methods have been used 
in the past but the most recent methods are SCOOT developed at rRRL (Hunt et .:fl 
1982) and SCAT in Australia (Sims 1979). With all such systems, the cost · 
of maintenance of vehicle detection euqipment must be borne in mind, in weighing 
up the benefits of such systems. 

Apart from controls by signals, there are of course other methods of traffic man-
agement in towns which should not be forgotten. Such measures include one-way 
systems, bus-only lenes, parking controls and "cordon" controls. The latter two 
measures constitute measures of deterrance whereby drivers are discouraged from 
using particular parts of the urban traffic system. 

Traffic T1anagement on Motorv;ays 

The traffic management measures usually encountered by motorists on motorways 
are speed restrictions, displayed on overhead gantries. Such controls may have 
been initiatedas a result of abnormal congestion ahead, perhaps resulting from 
an incident on the motorway. The way in which such congestion is detected · 
varies from system to.system. Detection can consits of visual CCTV surveillance 
or can be semi-automatic by means of inductive loops set in the roadway. In 
the latter case. occupancy algorithms are used to decide whether congestion is 
present, with varying degrees of success (e.g. Collins et al 1978). 

In addition to speed controls, there exists the possibility of control of traffic 
wishing to enter the motorway system. In the u.s .• the tendancy has been to 
meter the fl01-1 of traffic at on-ramps by means of signals if the section of 
motorway ahead is congested. Such a system requires sufficient queueing space 
for vehicles and/or the availability of ·reasonably uncongested lateral routes 
which is usually the case in U.S. urban traffic systems. A freeway model FREQ3 
(Stock et al 1973) has been developed to calculate expected loadings on a 
freelfJay and appropriate controls for the on-ramps. 

The above-mentioned free1-1ay model is essentially deterministic in nature: much 
work, especially in the U.S. has centred on the problems associated with the 
development of controls which take into account the stochastic and dynamic 
features of freeway traffic, (see for instance the useful review by Papageorgiou 
et al 1983). 

In extreme circumstances, traffic may be diverted totally from the motorway at 
off-ramps. Where sufficient capucity exists for such divertions. for example 
on to a parallel motorway. few problems may accrue. Where the divertions must 
involve the use of urban streets, as for instance in the case of some urban 
motorways. then considerable thought should be given to deciding where such 
divertions should be instituted if at all. 

Corridor traffic management 

Control of on-ramps and off-ramps usually requires the control of a corridor 
which should embrace all streets likely to be effected by motorway controls. 
For instance, the corridor control model CORQ1C (Ortlieb and May 1974) combines 
the FREQ3 freeway mo~el with TRANSYT and a linear programming decision model. 
The model is essentially deterministic and a simulation is necessary to check 
whether the predicted controls are feasible or desirable. Its applicability to 
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the more congested cities of Europe must be questioned in that sufficient ramp 
queueing space or divertion capacity may not be available. In such circumstances, 
for instance, complete on-ramp closures may be preferred instituted by means of 
secret signs at on-ramp entries along with relevant divertion route signing. 
Such a system is envisaeed for the Centrally Integrated Traffic Control (CITRAC) 
system for the City o~ Glasgow (Mo\<Jatt 1984). 

Naturally, divertions of traffic from urban motorways on to urban streets 
requires that the traffic control system on the urban streets should be able 
to react in an essentially dynamic way to the extra flo\-J of traffic on div
ertion routes. Such a reaction can be centrally controlled or can be 
affected by the provision of vehicle-activated signals on the prescribed routes. 

Summary 

The control systems used on city streets can only satisfactorily take account 
of the dynamics of traffic flow if there is some method of vehicle detection, 
e.g. by inductive loops, in operation. Such systems can take account of the 
stochastic nature of traffic flow at levels of flo\-J below congestion, but 
usually revert to fixed-time operation as congestion increases. Thus even 
vehicle-actuated signals need to operate to a predetermined fixed-time plan. 
However, if the induction loop detectors are used in conjunction with a data 
collection facility, then nominal fixed-time plans can be continuously up
dated, avoiding the need for repeated on-site surveys of traffic volumes. 
Such systems are particularly useful ho~1ever in coping with abnormal loadings 
such as are produced by divertions of traffic from motorways. Alternatively, 
if the installation costs and maintenance costs of such systems are considered 
excessive, then fixed-time operation of signals can be employed in conjunction 
With a limited number of detectors sited at critical points in the network. 

On motorways, a great deal of control can be affected visually by CCTV but 
clearly inductive loop detectors are of great assistance in automatically 
detecting congestion, caused perhaps by an incident. Whichever system is 
used, algorithms need to be developed for the particular area to decide what 
response should be initiated. For instance, emergency services usually like 
traffic to be cleared from an incident site, but divertion of this traffic on 
to ordinary streets ma1y produce excessive congestion and subsequent lack of 
access for such services. As mentioned above, divertions on to streets can be 
handled in a dynamic way if suitable detection equipment is available on the 
street system. 

URBAN TRAFFIC MODELS 

The trend away from the provision of large systems of high-speed roads in urban 
areas to a situation in which emphasis is placed on making the best use of 
available resources, has led to the development of relatively sophisticated 
models of urban traffic networks. Only by the use of such models, can strategies 
for control of traffic systems be tested cheaply. The complexity of urban 
traffic systems has necessitated the development of different types of model 
capable of producing answers to specific problems. For instance, some models 
lay emphasis on spacial detail, whilst others attempt to model temporal effects. 
Most models however tend to regard traffic signals as operating under fixed time 
control for simplicity. From the foregoing discussion, this is not too un
reasonable in that vehicle--actuated signals operate to an underlying fixed-
time plan, and it is these underlying fixed-time plans which will determine 
the broad pattern of network control. 
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"Steady-state" Models 

It was recognised at an early stage in the testing of systems or coordinated 
signals (Almond and Lett 1968) that users of the network reacted to.· partic
ular signal timings. In other words, the traffic flow pattern used as a basis 
for calculating, for insta~ce, overall delay-minimising settings, is no longer 
valid some months later. Essentially, the control imposed by the signals 
initiates feedback in which users of the network alter their routes in an effort 
to minimise their perceived journey cost (Wardrop 1952), Beckman et al ( 1956) 
showed that this equilibrium pattern of flow on ~ network was equivalent to the 
minimisation of an objective function Z given by 

~Jqi Z = ~ ci(q) dq 
0 

links 
i 

where q~is the traffic flow on link i of the network, and c~(q) is the perceived 
cost to an average user of using link i at flow level q. The function c~(q) is 
required to be monotonic increasing in order that Z be con vex. If one 
interprets Ci,(q) as the time to traverse link i (as is often the case) and 
link i terminates in a traffic signal, then clearly c~(q) will be a function of 
the settings of signals in the immediate area of link i. Thus signal settings 
instituted to miniffiise delay, will encourage a reassignment of flows which may 
or may not result in a reduction in delay. The important point however is that 
the signal settings can be used to influence the traffic patterns in the 
network (Allsop and Charlesworth 1977). The programme TRANSIGN developed by 
Charlesworth (197e) combines the simulation and control programme TRANSYT with 
the equilibrium assignment progre~me TRAFIC developed by Sang Nguyen (1975), 
and was used in a feasibility study for the CITRAC System for Glasgow (TORG, 1980). 

The technique has not been subsequently developed due to lack of funding by the 
author's then employers. A very similar.programme, namely the Saturn progra~me, 
has been subsequently developed and tested at various locations (Hall et al 1980). 
SATURN uses an identical simulator to TRANSYT and identical assignment technique, 
but has no signal control optimiser- a major failing in the author's opinion. 

One great advantage of both these methods lies in the use of an analytic traffic 
assignment method which can be extended to deal with elastic demand, modal 
split and system optimisation, providing useful feedback for TSM. 

Both of these modeil have however one serious drawback. Noither can deal sat
isfactorily with time of day variations in network flow except by time slicing 
as is used in the calculation of fixed-time signal plans. This problem is not 
too serious when levels of flow are relatively light but as soon as con
gestion occurs, then various shortcomings come to light, namely: 

i) shortest routes for a journey are calculated on the basis of link 
costs and flows which are independent of time. 

ii) journeys may cross time slice boundaries 

iii) shortest routes may proceed by temporarily overloaded junctions. 

In an effort to overcome some of these difficulties, the cost function 
· c~(q) can be amended to take account of oversaturation (Catling 1977) 
with queues at the end of one time slice being passed on to subsequent time 
slices by again amending the c~(q), but this process is unsatisfactory in the 
author's opinion. 
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Temporal Models 

The idea.of equilibrium can be extended to deal with situations in.which for 
certain periods, junctions are overloaded and queues are retained at the end 
of signal cycles. This .situation can be regarded as a sort of equili
brium in that users still endeavour·to minimise their journey cost, i.e. we 
have a quasi-steady-state. The above mentioned models are not ~ble to cope 
satisfactory with this phenomenon. One programme that attempts to model this 
situation, which occurs particularly in peak periods, is the CONTRAM model 
developed at TRRL (Leonard et al 1978). Here, a time-dependent input flow 
profile is split into "packets" of vehiclES which are assigner! to a network -
time slice matrix on the basis of shortest routes. Thus, packets of vehicles 
only contribute to the link flow during appropriate time slices, The assign
ment technique is somewhat heuristic and the treatment of link travel times 
does not take into account the effects of linking between signals. Results 
are however encouraging. The model has certain other applications. for 
instance. packets can be categorised allo\-Jing discrimination between certain 
types of user of the network. 

Another model that is useful for examination of small networks is the 
discrete entity simulation programme TRAFFICO developed by Logie (1979) and 
approved by the U.K. Department of Transport. The programme is, however, 
purely a simulation programme. initial assignments and control parameters 
being input from an accompanying programme LP-P1an. No allowance is made for 
user feedback in the way of reassignment of traffic. 

Recently, there have been theoretical or semi-theoretical studies directed at 
obtaining equilibrium flows for time-dependent flow P.atterns (Hurdle 1981, 
Ben-Aklva et al 1984, Smith 1984a, 1984b, Mahmassani and Herman 1984). Naturally, 
these studies are concerned ~.<:ith very simple networks, and it remains to be seen 
whether this work can be extended to deal with networks of a reasonable size. 

INTERRUPTED FLOW CONDITIONS 

The problems associated with the modelling of steady-state of quasi-steady
state conditions are as nothing compared with the problems associated \-Jith 
the modelling of interrupted flow conditions, brought about, for instance, 
by roadworks or by incidents, especially on motor~.<;ays. Roadworks are less of 
a problem in that traffic patterns should settle down to an equilibrium over 
a period of a few days, whereas incidents are essentially short-term in 
character and thus require the use of temporal models. Ideally, a discrete 
entity simulation with provision forrerouteing should be used, but this may 
necessitate very long runs if the networK is of a reasonable size. The model 
that comes nearest to satisfying tt-:e requirements for this type of situation 
is CONTRAM. Of particular value, is the atility of the user of the programme 
to distinguish between different types of user by labelling "packets" in 
different ways, and thus perhaps calculate different preferred divertion 
routes for these users of the network. 

A ROLE FOR SYSTEM DYNAf1ICS 

Clearly by its nature system dynamics will have a role to play in attempting 
to model traffic patterns which have a time component, but it is perhaps 
pertinent to explore its possible advantages and srortcomings in this context. 
The first requirement is that we are able to represent the network of roads 
in some suitable way. 
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Network Representation 

The simplest form of representation is to represent the queue at a stop-line 
as a state or level. The rate of inflow to this queue will be determined by 
the rate of inflow of vehicles to the upstream end of the link. The input 
pattern to the link may a1 ter on progressing down the link as in the case of 
signalised link~ (a feature known as dispersion of platoons and"modelled fo~ 
instance in the TRANSYT programme). The rate of outflm·J from this queue will 
depend on the aspect of the signal (red vs.green) and also on whether a queue 
is present at any particular time. This output flow will be split into 
contributions to each of the downstream links. 

It \':ould perhaps be convenient to code each link by means of a specially 
~o-•ritten macro inserted into whatever system dynamics programme is to hanr:, 
e.g. DYSMAP (Cavana and Coyle, 1982). The macro would clearly require ths 

link parameters, the downstream connections, and possibly the average flows 
to be specified. 

"Steady-state" Modelling 

There is little to be gained from using system dynamics in the classical 
steady-state situation, as programmes like TRANSIGN or SATURN can deal quite 
adequately with such situations, and to a fair level of spacial detail. 
However, the transition from one signal plan to another (which usually occurs 
every hour or half-hour) does require a temporal model, as does the transition 
from one subarea to another, where there is a lack of synchronisation between 
adjacent signals. 

"Quasi- steacy- state" Modelling 

If the traffic pattern (i.e. the input flow profiles, the.routeingsfrom each 
origin to each destination) and the system parameters (capacities, undelayed 
link times, link connections, signal set'tings) are specified, then system 
dynamics can be used to simulate the operation of the system over whatever 
time period is required. The technique would then be playing a similar role 
to CONTRAM except 

i) it ought to be able to produce a better simulation of link 
behaviour 

ii) it would not be calculating equilibrium routeings. 

It would be interesting to explore the possibility of using a system dynamics 
package to produce these equilibrium routeings. A macro would have to be 
written to calculate shortest routes through a network, which would then be 
combined in an iterative scheme with the standard simulation. The possibility 
also arises of using an optimisation facility (Luostarinen 1952) to simul
taneously calculate the appropriate signal settings. 

Interrupted flow conditions 

Perhaps the greatest benefit to be achieved from the use of system dynamics 
in traffic modelling, is in situations where flow is interrupted in some way, 
and the progression of traffic through the network, perhaps on divertion routes 
could be readily modelled. Thus alternative strategies for control of such 
situations could be compared with respect to any particular specified objective 
function. Again, it would be interesting to explore the possibility of using 
system dynamics to actually elucidate optimum control policies by means of an 
optimisation facility. 
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Example Calculations 

' To demonstrate the feasibility of using system dynamics for traffiq modelling, 
calculations were carried out by a MBA student at the University of Bradford 
Management Centre (Gunawan 1984)a The examples were naturally concerned with 
simple networks and in fact consisted of a single link on which either an 
incident had taken place .or on which there were road\..:orks, together with an 
elternative divertionary link. The results ~or the roadworksexample were 
particularly inte.resting. The analysis follo11:ed that of Davies et al ( 1981) 
who were interested in improving the U.K. Oepart~ent of Transport's cost
benefit prOgramme (Department of Transport 1978) in its assessment of delays 
caused by roadworks. Gunawan found in his short study that delays were 
highly dependent on the time taken to achieve equilibrium. The process of 
adjustment of route choice, resulting in a flip-flop of flo~Js between the 
road~.-.·orks route and the alternative route was a significant factor, which the 
analysis of Davies et al did not allow for. 

CONCLUSIONS 

J"he purpose of this paper has been to revie\-J the techniques used for the 
management of traffic systems and the models being developed to aid this 
process, and to explore the extent to which .they take account of dynamic 
behaviour. The paper has pointed to various areas in which system dynamics 
might play a useful role in overcoming some of the problems encountered in 
the modelling of traffic systems. 

This paper is primarily intended a·s a discussion paper. The author would be 
grateful for useful comments and suggestions. 
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