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The development and dispersal of area-wide traffic jams is a matter of con-
siderable social concern. Work at Middlesex University has enabied the
construction of a simulation model with greater geographical scope than
most conventional congestion simulation models. This paper proposes a
simulation model which concentrates on a holistic view of traffic jam forma-

tn the model, traffic incidents can effectively be introduced anywhere in
the network. The growth of traffic jams can be ohserved using a graphical
display and options are included to disperse and control the formation of

Simulation results have shown that the uncontrolled growth of the traffic
jami is both rapid and potentially irreversible. Attempts to disperse the traf-
fic jam appear to be hampered by ‘gridlock’ phenomena. The paper de-
scribes a number of strategies which could be exploited to achieve a con-

LINTRODUCTION

The development of area-wide traffic jams
over an idealised network can be analysed as
a spatial phenomenon which invelves the
propagation of queues from one traffic
stream to another. The queues branch out to
form a structure possessing near-regular geo-
metric features. superimposed on the net-
work of streets through which the vehicles
are aitempting to pass. This research is con-
cerned with deepening the understanding of
the formation of traffic jams as well as con-
trolting their dispersal.

2, AIMS OF STUDY

To gain an insight into the inherent properties
of traffic-jam structures, the research has
concentrated on constructing an ideal model
which would provide a holistic view of traffic
jam formation in a setting of isotropic flow!'.
In addition to focusing atlention on the fea-
tures of congestion growth and decay, a con-
ceptual approach allows for the development
of a2 model with greater geographical scope
than most conventional models.

The simulation model described in the
context of this research seeks to embody the
overall situation of a composite system
which is governed by many interactions. In
this way. the effect of actions may be ob-
served in detail and a long-term assessment
into the effectiveness of certain strategies be
analysed.

*The quthor's address: Department of Mathemai-
icy, Middlesex University, Queensway, Enfield,
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3. BACKGROUND TO
THE SIMULATION MODEL

3.1. The environment

An idealised network of evenly-spaced one-
way streets intersecting at right-angles has
been chosen as a starting-point for the model-
ling of the growth of a traffic jam. The system
of streets forms a grid-like structure typical
of some town centres, New York's busy
Manhattan being a particular example. A se-
quence of alternating sources and sinks has
been constructed at the edges of the square
grid.

Amrival of vehicles al the sources is deter-
mined by i Poisson model, reflecting the de-
mand for access to the network of roads. The
expected mean of the demand at each access
point is described by u, the model’s para-
meter. A fixed value of p is used to help
create an isotropic flow of vehicles through
the system as a whole.

The mechanism of vehicle movement,
known as the release mechanism, mimics
simple traffic control. Vehicles are partially
segregated into traffic lanes and the release
mechanism allows vehicles to progress sub-
Ject to vehicle space downstream, capacity
constraints al junctions and interactions be-
tween queueing vehicles. Vehicles can either
maintain their ahead direction or turn in pre-
scribed directions, The propensity of a vehi-
cle turning is controlled by 4 fixed probabil-
ity value which is the same for each
intersection. The proportion of vehicles turn-
ing is determined at the time of release and
is fixed according to simple numerical
rounding.

3.2, Queue propagation and spillback

The propagation of queues throughout a road
network can be described in relitively simple
terms®. Consider a one-way road link which
is divided into two distinet zones: a down-
stream queue storage area where vehicles are
organised into separate movements; and an
upstreim reserveir where the turning move-
ments are mixed, At one end of the link there
will be a junction with one or more ap-
proaches that feed traffic into the link. At the
downstream end there will be a junction with
one or more exits through which the traffic
can leave the fink. I a particular exit becomes
blocked (say, the left-turning exit), vehicles
intending (o turn left will form a queue that
will spread along the link. eventually spread-
ing across all the lanes and blocking all the
traftic. Traffic feeding into this particular
blocked link will be barred entry, causing a
queue to form on the link upstream. This pat-
tern repeats itself, creating a system of
queues to evelve around the original source
of obstruction.

The movement of individual vehicles
within the system is not recorded. Instead,
vehicles are assembled into queues, through-
out the system, whose states are continually
being reviewed. Traffic queues are main-
tained along all links in the network and are
characterised by the segregated area and the
reservoir area — that portion of 4 link de-
voted to vehicles whose gqueueing discipline
(turn or ahead) has yet 1o be determined by
the program,

3.3. Vehicular movement

Vehicles located on the network™s links can
only progress in two possible directions —
these being ahead or twming, as described
above. Vehicles are introduced at the entry-
points and progress through the network ac-
cording (o the regulations imposed on the
system. Upon arrival at exit-points, vehicles
are lost to the system. Whilst still in the sys-
tern, vehicles are assigned to links whose
gueues are updated reflecting the movement
of vehicles away downsiream. Although
temporarily at rest, the vehicles would nor-
mally be moved on during the next time-
slice, though some vehicles may be retained
for more than one cycle of the simulation.
During the assignment process the possibil-
ity of the downstream link becoming full may
arise. This means that there is no available
space for the tempurary placement of extra
gueveing vehicles. Under these cireum-
stances the link becomes blocked. and further
movement of vehicles into this link s not al-
lowed. The link remains blocked untii vehi-
cles begin to discharge at the front. thus creat-
ing space (0 accommaodate 4 new set of
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qucucing vehicles. A record of blocked links
is maintained snd updated throughout the
simulation. The extent of a traffic jam can be
analysed by combining information about
the number of blocked links with details
about the wial number of vehicles that pass
through the whole system. These figures are
assessed in the context of the graphical out-
put obtained from the simulation.

The movement of vehicles via the release
procedure for links is implemented in two
phases. All the east-west movements are
processed in the first phase, whilst the north-
south movements are realised in the second
phase. This encourages & slight asymmetry,
reflected by slightly larger queues on the
east-west road system in comparison with the
north-south counterpart. This asymmetry is
due to the relative position of the image in re-
Lation to the simulation time-slice.

4. THE STAGES OF
THE COMPUTER SIMULATION

The Traffic Simulation Network has been
implemented using the PASCAL program-
ming language for an I1BM 386 PC-compati-
ble microcomputer. The modelting of con-
gestion growth and its subsequent decay has
been achieved by dividing the simulation into
three stages® The stages can be described as a
*‘RUNUP’ period, a Jam Evolution period
and an optional Dispersion slage.

4.1, RUNUP stage

In the RUNUP stage, vehicles progress
throuph a system in which no obstruction is
present. The total input to the road network is
recorded at the beginning of each time-slice,
as is the total cutput corresponding to the end
of each time-slice. The difference between
the input and output to the system forms a se-
quence which can be tested for stationarity
using time-series methods'. Once the system
has achieved its steady state, the RUNUP
stage is terminated.

4.2, Jam Evolution stage

Once a steady-state flow is in operation, the
growth of a traffic jam may be initiated sim-
ply by installing an obstruction on the net-
work. Although in the model traffic incidents
can effectively be introduced anywhere in the
network, the research shall investipate the
situation of a single obstacle placed towards
the centre of the grid. The result of such anin-
cident causes the waffic jam to evolve.
Queunes will begin 1o form, with one vehicle
waiting behind another; and, depending on
the severity of the original obstruction, a pat-
tern of interlocking queues will begin to
emerge. The accelerated growth of the traffic
jam with time is presented in an animated
visual form.

4.3. Dispersion stage

At any time during the Jam Evolution stage
the cause of the obstruction may be removed,
and the results of this action are also dis-
played graphically. In addition to eliminating
the cause of the traffic jam, options are in-
cluded to enable the controlled dispersion of
the traffic jam. by employing a degree of ex-
ternal intervention. The long-term effective-
ness of a chosen strategy may be observed.

5. QUEUES AND DISPERSALS:

A CLASSIFICATION
Although in principle all tratfic jams involve
it sequence of vehicles wuiling to proceed o
their respective destinations, research® has
shown that the queue formations can be di-
vided into three distinct categories:

— traffic queues on one or more links,
but effectively independent:

-— queues which begin totail-back, caus-
ing interference with the tlow through
the junction (queues begin to inter-
act); and

— queues which encircle the original
source of congestion, creating a core
of locked vehicles.

Following the onset of the third phase of the
growth of a traffic jam, a pattern of four pri-
mary queues begins to emerge. These queues
branch out into secondary queues which
themselves extend to form lurger centres of
interlocking queues. The evolution of the
traffic jam and its eventual shape can be seen
in Figs 1.1, 1.2 and 1.3 respectively. The re-
sultant tratfic-jam image is defined by a char-
acteristic diamond-shaped envelope, as
shownin Fig 1.3.

The elimination of the original traffic inci-
dent leads to a change in the growth of the
traffic jam. The variation is determined by
the timing at which the extraction occurs.
Again, one can classify the effect of remov-
ing the obstacle in the following way:

{1} Queues begin to disperse at varying
rates,

{2) Queues cease to grow and begin to
disperse after a short delay.

{3} Queue length fluctuates, causing the
traflic -jam growth to accelerate or de-
celerate at regular intervals, Follow-
ing the oscillatory period. the queues
will either dissolve or grow,

{4) Queues continue to grow following
an initial small reduction in queue
lengths. This reduction, albeit tempo-
rary in nature, is due to the redistribu-
tion of the vehicles within the jam
caused by the limited amount of exira
space made available by the extrac-
tion of the obstacle.

Figures 2.1. 2.2 and 2.3 respectively demon-
strate the differing characteristics of dispersal
patterns. The nature of a dispersal is described
by the number of blocked links inctuded in the
traffic-jam structure: the larger the number,
the more extensive the jam.

Figure 2.1 exhibits the acceleration of
growth caused by the presence of the obstruc-
tion. The removal of the obstruction, in the
sixth cycle of the simulation, brings about an
almost immediate reduction in the number of
blocked links, and the eventual elimination
of the traffic jam.

Figure 2.2 displays the third case of the

classification for dispersals, The obstruction
is eliminated in the seventh cycle of the simu-
lation. resulting in an oscillatory phase.
which is followed by the subsequent decay of
traffic-jam growth.

The third graph. Fig 2.3, portrays the
growth of the traffic jam up and till the obsta-
cle is extracted. The extraction occurs in the
eighth cycle of the simulation. Thereafier fol-
lows a re-arrungement of the vehicles within
the queues, cuusing & lemporary reduction in
the number of blocked links which precedes
the continuation of the growth of the traffic
Jjam. This re-arrangement appears to be due o
the additional space made available when the
cause of obstruction 1s eliminated.

To qualily traffic-jum dispersal phenom-
ena in terms of the above broad classification
system is by no means an easy task. In simple
terms. a traffic jam will either dissolve orelse
continue 1o evolve in some shape or form,
The difficulties arise when trying to deter-
mine which type of congested situation is
under consideration. The above framework is
intended as an initial guide in helping o pre-
dict the outcome of traftic jum phenomena.

6. TRAFFIC-JAM EVOLUTION
To tackle the dispersal of traffic queues, it is
first necessary to comprehend the underlying
growth pattern of a traffic jam. An insight
into the developmental stuges of a traffic jam
will enuble the suggestion of two possible ap-
prauches solving this complex problem.

6.1. Developmental stages

A traffic jam can be described as un intricate
system governed by many interactions. The
form of a traffic jam involves a pattetn of in-
terlocking queues al various levels of sever-
ity. Having installed an obstruction on a link
in the network, the movement of vehicles
using this link is restricted. As a result a
queue wili propagate along the segregated
portion of the link and will eventually spread
across the whole width of the road. creating a
blocked link. Following this, vehicles wish-
ing to proceed via this link (either by turning
or by maintaining an ahead direction) will be
barred entry. Additonal queues will now
form on the links feeding the original blocked
link, creating « sequence of interconnecting
blocked links. This pattern repeats ttself in a
recursive manner snd etfectively creates
cores of interlocking queues which tail-back
along four sides of one or more city blocks.
The stages are displayed in Figs 3.1 to 3.4 re-
spectively. The formation of the initial cores
around a single city block can be viewed as
the onset of gridlock. This core will be re-
ferred to as the ebstruction core. The exam-
ples in Figs 3.1 ta 3.4 describe a core of vehi-
cles formed by vehicles wishing to turn right.
The corresponding core of vehicles requiring
a left-turning movement can be defined intu-
itively.

Fig 3. Stages in the developmeni of the initial obstruction core.
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6.2. Anti-queues and jams

A secondary feature of the traffic jam is the
starvation effect caused by the formation of
the jam itself. Vehicles that under unob-
structed conditions could access certain links
are barred entry due to the fact that these links
have become surrounded by blocked links.
This phenomenen leads to unoccupied areas
that are propagated from one link to another
in much the same way as queves®. One can
view the free links as anti-queues that link to-
gether to form an anti-jam that is comple-
mentary to the jam itself. The prevalence of
empty space seems to play an important rdle
in the decomposition of waffic-jam forma-
tions.

6.3. Attempts at dispersal

Simulation experiments have revealed that
the formation and eventual closure of the ob-
struction core represent important stages in
terms of queue development and dispersal,
Two approaches can be considered when at-
tempting to dislodge a traffic jam. The first is
o allow the traftic jam to free naturally,
whilst the second requires a degree of human
intervention. The extent of the intervention
depends on the severity of the situation. With
both approaches a considerable amount of
care is needed. This is largely due to the pos-
sible difticulties which may arise as a result
of the removaul of the original obstruction,
This action does not bring about the immedi-
ate dispersal of a traffic jam. In some cases,
eliminating the cause of the tratfic jam will
be the only action required. The queues will
begin to dissipate in the reverse order to
which they were formed, leaving the road
network in an uncongested, free-flow state.

However, a frequent occurrence is the situ-
ation of a migrating traffic jam. Removing
the obstacle in circumstances like these re-
sults in the original ohstruction core being
forced apart and subsequently freed. Whilst
the initial core has been eliminated, a second
core (and sometimes more) forms in nearby
locations, creating fresh tratfic-jam phenom-
ena to arise. In such situations, extracting the
ohstruction does not result in the controlled
dispersion of a traffic jam, but effectively
moves the obstruction-core problem else-
where,

Once the closure of the obstruction core
has been achieved. removing the original ob-
stacle will not be a sufficient measure. Al-
though causing a temporary shift in the
arrangement of the vehicles in the queues,
the traffic queues are firmly lodged in each
other, preventing them being forced apart. In
such conditions, a degree of external inter-
vention is required. Strategies in queue man-
agement represent the secend approach.

7. SELF-RECOVERABILITY
OF TRAFFIC QUEUES
The previous section has highlighted the dif-
ferent approaches in treating congested nel-
works. The first approach, namely that of re-
moving the original obstruction without any
other form of intervention. is naturally to be
preferred. This raises the question as to
whether a threshold can be defined for the
number of blocked links a network can sus-
tain, yet still free without the application of

18 —

12 —

10 -~

No. of Full Links Network can Sustain

Brror Erlimate

| | I I
18 20 22 24
Demand

Fig 4. Upper hounds for self-recovering traffic queucs.

external measures. Although the limit would
relate specifically to the particular para-
meters of the simulation, it may be possible to
utilise the information gained from the
understanding of the principles of traffic-jam
growth.

Repeated simulations have shown that the
growth process of the traffic jam does not
change radically when varying the para-
melers of the simulation. The parameters
seem to govern the direction and rate ar
which the traffic queues propagate?. Essen-
tially, however, the underlying growth pat-
tern remains unchanged by the variations in
the simulation parameters.

7.1. Contributing factors

To extract information about the factors
which contribute in a direct manner to a traf-
fic jam’s ability to disperse naturally, a suit-
able experiment was formulated. The experi-
ment consisted of repeated runs of the
simulation in which all the parameters were
fixed, bar the level of demand. The experi-
ment was replicated using a variety of set-up
parameters. The aim was to discover the
number of blecked links a particular network
could sustain, yet still free once the obstruc-
tion had been removed. This figure was
recorded along with a second number of
blocked links, which represented the identi-
¢al simulation run (achieved by replicating
the sequences of random numbers), the only
difference being the timing at which the ob-
stacle had been removed. For this second fig-
ure, the extraction of the blockage was de-
layed one time-slice, resulting in the traffic
jam losing its ability to disperse naturally.
(Effectively the second figure describes an
error estimate on the first figure )

The simulation results have confirmed that
the value of the threshold follows a down-
ward trend. with each increase in the demand
level, In addition, high levels of turning con-
tribute to tighter interlocking structures
whose self-recovering ability appears almost
non-existent. The results are exhibited in Fig
4.

7.2. Interpretation

By repeating the simulation, varying only the
level of demand, a network’s self-regulating
threshold can be determined. The resnlts
have been plotted along with an error esti-
mate, as seen in Fig 4.

The experiment has confirmed the hypoth-
esis that higher turning proportions resultina
lurger number of inteructions. An increase in
the propensity to turn causes a more rapid
onset of “gridlock” as well us traffic-jam for-
mitions which become increusingly difficult
todislodge. This idea is reflected by the value
of the system’s threshold. With high proba-
bility of turning the bound is relatively low,
implying that the spectrum of self-control-
ling traffic jams is small. Once the traffic
Jarns distribute themselves over larger areas
the increase in the number of interactions
means that the queues lose their ability to re-
cover naturally. Conversely, low probability
of turning allows for higher values of the
upper bound. and a more extensive collection
of self-recovering traffic jams.

The above experiment has drawn attention
Lo the fact that a feature of most traffic-jam
formations is an ability to recover naturally to
an originally free-tflow situation, once action
had been taken in removing the obstruction.
The extent of this ability is governed by the
particular configuration which generates the
traftic jam. Furthermore, there exists a criti-
citl point in the evolution of a traffic jam up
unti] which a congested situation can recover
its original free-flow state by the extraction
of the incident which caused the congestion.
Once this threshold has been reached the traf-
fic jam loses its ability to free naturally — the
strategy of eliminating the original obstruc-
tion 1s no longer deemed effective, and more
active intervention is required.

8. COUNTERMEASURES FOR

TRAFFIC QUEUE CONTROL
The nature of self-controlling traffic jams has
led 1o the consideration of a dispersal strategy
which has essentially tackled the problem
from the angle of inhibiting traffic-jam
growth. By preventing the onset of gridlock,



il has been possible to dislodge most traffic-
jam formations. However, it is often the case
that traffic-jam phenomena reach more dev-
astating proportions. In such circumstances,
a preventive approach is of hittle use. What is
required is a strategy that will alleviate the
situation as it stands. The additional ingredi-
ent of gridlock contributes an expected de-
gree of unpredictability. This makes the for-
mulation of a coherent strategy a more
ditficult task. The objectives, on the other
hand. remain simple. Assisted by a degree of
external intervention. the aim remains to at-
tempt to disperse traffic-jam  formations
which continue to grow even though the orig-
inal obstacle has been extracted.

Detailed analysis of self-recovering traftic
jams hus shown that the disintegration of the
ariginal obstruction core plays a key réle in
enabling the dispersion of the traffic gueues.
{Umne method of intervention focuses on fore-
ing the core apart. thus reducing the interac-
tions between the four primary queues. As a
result, the traffic formation alters its shape. If
successful, the traffic jam shrinks in size and
eventually disappears. This method and its
extension are essentially tactical in nature,
The strutegy locales the nucleus of the prob-
lem, and operates within this field.

8.1. Turn and ahead bans

One of the available alternatives within the
computer simulation model involves the sys-
tematic application of tum (or ahead) bans
along certain links of the network. Prior to the
installation of bans, vehicles are able to turn
in a prescribed direction or maintain an ahead
direction. When a ban is set in place, the vehi-
¢les moving through the restricted link can
only continue in an ahead direction for a turn
ban and vice versa for an ahead ban, This re-
search is concerned chiefly with the applica-
tion of rurn bans at specific road junctions in
a prescribed pattern. One particular pattern
will be referred to as the core sfrategy. A nat-
aral extension of this strategy which aims to
tackle the traffic-jam migration phenomenon
will also be described in this Section.

8.2, The core strategy

The core strategy is aimed at forcing apart the
nucleus of the traftic jam. Initially, the nu-
cleus is represented by the obstruction core,
but in some cases the strategy must be
directed to additional cores which may form
as a consequence of the remaval of the origi-
nal obstruction. In circumstances like these,
the operative field of the strategy must be
exlended.

The core strategy involves the installation
of turn bans along the four links which com-
prise a core of obstruction, such as the one de-
picted in Fig 3.4. The relative position of a
typical such core within the traffic jam can be
seen in Fig 1.3. Introducing a set of bans ef-
fectively lessens the degree of interaction
withtn the four primary interlocking queues.
The effect of implementing this phase of the
stmulation is graphically displayed, with par-
ticular attention drawn towards the banned
links. Figure 5 exhibits the consequences of
applying the core strategy. The first graph de-
scribes the situation in which the traffic jam
continues to grow even after having removed
the original obstruction, this having occurred
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in the sixth cycle of the simulation. The sec-
ond graph represents the identical situation.
but the controlled dispersion of the same traf-
fic jam has been achieved by introducing the
core strategy in the twelfth cycle of the simu-
lation. Both traffic jams continue to grow
after extracting the cause of the jam, but the
second traffic jam is successfully treated via
the simple version of the core strategy.

8.3, Traffic-jam migration
The core strategy s not difficult to imple-
ment, and in addition it incorporates some of
the knowledge gained from analysing traffic-
Jjam phenomenon. However, as with all of the
proposed strategies, an element of caution is
required. As can be expected, vne of the
problems associated with the core strategy is
the phenomenon of traftic-jam migration.

In certain situations, applying a set of turn
bans to the original obstruction core often in-
duces additional cores to form in nearby loca-

Fig 6. Obstruction core migraiion.

200

160

120

80

No. of Blovked Links

40

tions. The implications of such situations are
fairly obvious. Whilst having dealt success-
fully with the original core, the prevalence of
nearby cores often means that the emphasis
of the traffic jam has simply been shitted
elsewhere. In real networks. it is often the
case that when vehicles are forced to go
straight ahead at one junction. they will turn
at the next available opportunity. The advan-
tage of the graphical display becomes appar-
ent when faced with such situations. and can
be utilised to extend the power of the simple
version of the core strategy. Instead of limit-
ing the strategy to the obstruction core, when
implementing the system of bans one can
predict the possible nearby locations in
which additional cores may form. and intro-
duce similar cores of banned links. Figure 6
portrays this idea graphically. Applying the
core strategy to the initial obstruction core
brings about temporary relief to the traffic
jam. Effectively the initial core has been
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forced apart, but as a resull (two additional
cores have formed nearby. When one of these
cores becomes locked the situation is irre-
trievable and the traffic jam grows at the
same rate as before the treatment was ap-
plied. However, the implementation of the
triple core straregy has the desired effect. In-
stead of instatling a single system of bans, the
strategy has been extended to deal with the
‘core shift”. The single system of bans has
been replicated in the two areas where the
traffic jam appears to migrate, resulting inthe
controlled dispersion of this situation.

9. CONCLUSIONS
AND RECOMMENDATIONS
The research has established that the evolu-
tion of traffic queues over a rectungular grid
network 1s a delicate process governed by nu-
merous contributing factors. The formation
of the initial obstruction core has been identi-
fied as a crucial stage in both the develop-
ment and dispersal of traffic queues.

The potential self-recovering nature inher-
ent in traffic-jam structures has highlighted
two approaches for the successful control of
traffic queues. The first considers traffic pat-
terns which discourage the onset of gridlock
and emphasises the limits involved in this
technique. The second suggests practical
measures aimed at alleviating congested situ-
ations of more extensive proportions. The
measures attempt o tackle the problems as-
soctated with dispersion from a tactical angle
{cove strategy), and it is envisaged that future

work will consider the problem from a dis-
tributed viewpoint.

The successful implementation of disper-
sal strategies is not always guaranteed. The
use of an area-wide mode] enables the effec-
tiveness of the strategies to be assessed both
on the local level whilst simultaneously
maintaining a long-term perspective. The re-
sults, particularly with respect 1o the core
strategy, have demonstrated that as the net-
work approaches saturation the system of
queues becomes increasingly more sensilive
to forms of intervention. The scope of opera-
tion and effecliveness of each strategy needs
to be defined, to enable a more accurate as-
sessment of the respective control measures
to be prepared.

It would be desirable to expand the selec-
tion of available control strategies to include
other forms of congestion regulation. In par-
ticular, it is expecled that the development of
metering and gating procedures® will con-
tribute, in wuys similar to the banning mech-
anisms proposed in this paper, to the con-
trolled dissipation of interlocking traffic
queues.
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