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Summary. Events such as carnivals, parades, rock concerts, football matches, some types of
shopping—indeed, any situation involving rapid exit or entrance from or to high-capacity
buildings and vehicles—pose signiﬁcant problems of public safety. Models designed to predict
crowding at such events are in their infancy and the best so far simulate panic situations and
evacuation possibilities within buildings and similarly conﬁned spaces. In carnivals and street
parades, movement is over a much wider area and crowds form as much through competition
between attractions as through conﬁnement in small spaces. A model is proposed in which the
event space is ﬁrst explored by agents using ‘swarm intelligence’. Armed with information about
the space, agents then move in an unobstructed fashion to the event. Congestion is slowly reduced
by introducing controls until a ‘safe solution’ is reached. The latter stages of the simulation
require intervention by those who manage the event, the police. The model has been developed
to simulate the effect of changing the route of the Notting Hill Carnival, an annual event held
over two days in August each year in a 3 sq km area of west central London. The event attracts
over 1 million visitors and is widely regarded as posing a major threat to public safety.

1. The Problem
The Notting Hill Carnival has grown from a
small West Indian street celebration ﬁrst held
in 1964 to a two-day international event
which at its peak attracted some 1.2 million
visitors in 1999. It began in the wake of the
1958 race riots when Notting Hill was fast
becoming one of the ﬁrst of the new innercity areas attracting immigrants from the old
Commonwealth. Both the Carnival and the
area in which it is held have changed substantially over the past 40 years. Many of the
original immigrants have moved out and the

area has gentriﬁed with more wealthy,
younger residents replacing them. Yet the
Carnival has evolved to become a national,
indeed international, focal point for the celebration of West Indian culture and music
but with the majority of its visitors no longer
belonging to the ethnic communities which
continue to organise and support it. Tensions
between the residents, those who manage the
Carnival—namely, the police and local authorities—and even amongst different types
of visitor have grown. Crime associated with
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the event has dramatically increased and
there are now considerable problems of public safety due to crowding along the parade
route itself, at ﬁxed sound systems and at
subway (tube) stations which the majority of
visitors coming to the Carnival use.
Against this background, there is substantial momentum to address these problems not
only through more intensive crowd management on each day of the event but also
through altering the route of the parade and
perhaps the location of the sound systems.
The Carnival Review Group (CRG) set up by
the Greater London Authority has initiated
an intense process of stakeholder involvement which involves all relevant interests in
the technical design activities (CRG, 2001).
As part of these activities, the present authors
have built various simulation models of the
current situation which are being used in the
evaluation of new routes (Intelligent Space
Partnership, 2002). What will be reported
here is only one aspect of these simulations.
The paper will introduce and apply an experimental model which enables the assessment
of local movement to, from and between the
various events that comprise the Carnival,
illustrating how crowds build up and generate problems of public safety. The models
presented deal with how spatial phenomena
emerge through interactions between individuals. The theories of systemic complexity
associated with these developments represent
the analytical cutting edge of urban and
transport science at the present time, where
the focus has shifted away from aggregative,
static conceptions of how cities are structured to the more detailed dynamics which
determine the heterogeneity that cities display at much ﬁner scales. In short, such
models are based on the idea that unusual
and important behaviours emerge when interactions between the individuals that are engaged in those events accumulate to a point
where distinct changes occur in how people
react (Batten, 2000). Crowding is one such
phenomenon. It generates panic, ﬂight,
sometimes mass hysteria, which is clearly
applicable to highly concentrated spatial
events such as carnivals, street parades, some

types of shopping and, indeed, any situation
involving rapid exit or entrance from or to
high-capacity buildings and vehicles
(Canetti, 1962).
Mathematical models of these kinds of
event are in their infancy. Most are based on
analogies with ﬁne-scale trafﬁc models but
where the focus is on walkers or pedestrians,
often called ‘agents’. Nevertheless, very different approaches to simulating pedestrian
movement have been adopted at different
geographical scales. In conﬁned spaces of no
more than tens of square metres, models
based on analogies with social force and ﬂuid
ﬂow have been used (Still, 2001; Helbing,
1991; Henderson, 1971) to predict panic situations in focused events such as football
matches and rock concerts (Helbing et al.,
2000). For events associated with long narrow spaces where the order of the ﬂow is
important, queuing theories have been
adopted (Lovas, 1994). For buildings and
urban spaces such as shopping malls, event
simulation based on task scheduling, often
using cellular automata, has been applied
(Baer, 1974; Dijkstra et al., 2002; Burstedde
et al., 2001; Kirchner and Schadschneider,
2002). For larger areas measured in square
kilometres, accessibility models which simulate decisions between competing attractions
have been developed (Borgers and Timmermans, 1986). Recently, methods which embody
properties
of
self-organisation
characterising how crowds form and disperse
have become signiﬁcant (Vicsek et al., 1995;
Helbing et al., 1997). In all these examples,
there is an emphasis on the density of ﬂows
to measure crowding and vulnerability to
accidents.
The model proposed here is based on a
mixture of these ideas. First, the relative
accessibility is inferred of the different attractions which make up the entire event and
then a simulation is made of how visitors
walk to the event from locations at which
they enter. In events such as these, it is never
possible to observe the ﬂow of pedestrians in
an unobstructed manner because the events
are always highly controlled. Moreover, although good data on densities are available,
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data on the actual paths taken are rare and are
unlikely ever to be available, due to privacy
considerations, despite advances in laser
scanning and closed circuit TV. Thus the
model has been designed in two stages. First,
accessibility surfaces are built from information inferred about how walkers reach
their entry points (origins) relative to their
ultimate destinations at the event. Secondly,
these surfaces are used to direct how walkers
reach the event from their entry points and
then to assess the crowding that occurs. If
appropriate, controls are then introduced to
reduce crowding, changing the street geometry and volume of walkers entering the
event, operating this process iteratively until
an acceptable solution is reached. These
stages loosely correspond to exploration,
simulation and optimisation.
First, an outline of the mathematical structure of the model is presented, emphasising
the unique way in which the modelling problem is conceived, where control is an integral
part of the events that are observed. The
available data are discussed and how it is
possible to ﬁt the model to these data. The
paper then returns to the nature of the problem, outlining how the model has been used
to evaluate different routes for the Carnival
but also arguing that to exploit fully these
kinds of model, the stakeholders in the process must be intimately involved. The paper
concludes with directions for further research
and an assessment of work in progress.

2. An Outline of the Model
2.1 Simulating Highly Controlled Systems
In most forms of simulation, it is assumed
that the structure of the system of interest has
evolved as a consequence of behaviour
which is stable. Such behaviour is assumed
to be independent of any extraneous control
of the system from the top–down or, if the
system intrinsically depends on explicit
forms of control or policy, this is taken to be
minimal and/or benign, subsumed in some
way within such stable behaviour. These assumptions are made so that the model can be
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used to test new and different interventions
in the system. Although unstated, models
assume that their systems have evolved in
some ‘natural’ or unconstrained manner
which implies that when used predictively,
control or policy can be tested directly without such policy being part of the system that
is being simulated in the ﬁrst place. There is
invariably no link between control and
model/system behaviour; in short, although
control might change the behaviour of elements that comprise the system, this behaviour does not affect that control.
It is known that this is rarely the case
although, in many situations, it might form a
useful ﬁrst approximation. However, with
discrete spatial events such as parades, concerts and the like, it is impossible to make
such assumptions (Batty, 2002). In cases
such as the Notting Hill Carnival, control is
and has always been an intrinsic part of the
events. It is impossible to consider these
events as being other than controlled in the
ﬁrst place for their very existence implies
some form of management. Where the data
on behaviour are conditioned by existing
control, it cannot be assumed that the predictive process is one of modelling an unconstrained set of behaviours which will respond
independently to new measures of control.
Such behaviour has already been affected by
similar controls in the past. In one sense, this
perversity is no other than the circle of cause
and effect which needs to be broken to begin
analysis. In this context, it is necessary to be
particularly careful how the simulation is
developed, in order to be completely clear
how control inﬂuences the behaviour of the
actors or agents who make up the event.
Accordingly, a multistage simulation procedure is developed, based on slowly introducing more and more control into an
on-going simulation and simply taking subsequent predictions as additional stages of
the same process. In fact, in events dominated by local movement, there are never
enough detailed data to develop a one-off
simulation and, in this case, the early stages
of the modelling process are dominated by
the search for data about the event itself.
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Thus the simulation begins with a process
where walkers are allowed to move to the
events comprising the Carnival in a completely unobstructed manner. The initial
simulation only assumes knowledge of where
walkers come from and end up in terms of
the Carnival events and they are allowed to
discover for themselves the best way to move
through the local street system. This process
of discovery thus produces a picture of the
geometry of the place. It enables a second
stage of simulation to be based on uncontrolled movement from origins where they
enter, to destinations which are the attractors
of the Carnival itself.
After this second stage, some idea has
been gained of the controls necessary for
reducing problems posed by crowding, and
these are then introduced one at a time,
rerunning the model until such problems are
resolved. In these stages, the model effectively simulates controls that are adopted to
manage the existing event, although the controls that are introduced may be different
from those actually used. In this way, the
simulation is diagnostic in that it is possible
to assess, albeit indirectly, both the effects of
and necessity for existing controls. It is thus
possible to comment on whether existing
controls are adequate, too few, or too heavyhanded. In this way, introducing new controls for future events can be regarded as
simply a process of extending the simulation.
Prediction is a natural consequence of the
existing simulation and extends easily into
prescription. For these types of event, the
entire process can be seen as one in which
the relationships between visitors and attractions is a systemic manipulation of the geometry of movement through control
involving policing crowds, closing streets,
introducing barriers and every other related
action which can change the way both visitors and entertainers interact through the Carnival.
2.2 An Informal Description of the Model
Before these processes are presented algebraically, it is useful to provide a verbal

summary of the way the model works. In the
ﬁrst stage, it begins with the visitors to the
Carnival located at their ultimate destinations—the Carnival attractions—along the
parade and around the sound systems. These
locations are known from various density
data and it is also known where the visitors
enter the Carnival from trafﬁc counts. What
is not known are the paths that visitors take
between the points from which they enter—
their origins—and the locations where they
reach the Carnival—their destinations. In
this ﬁrst stage, the shortest routes from destinations back to origins are predicted using an
algorithm based on ‘swarm intelligence’
which mirrors how insects in the animal
world seek out food by foraging away from
their nests. These algorithms are being
widely developed to deal with many kinds of
trafﬁc problem such as congestion in
telecommunications networks and travelling
salesmen problems (Bonabeau et al., 1999).
In essence, agents move randomly from the
destinations in search of origins. When they
discover an origin—in this case an entry
point—they head back to their destinations.
To tell others about their discovery, they lay
a trail: they drop ‘pheromone’ in analogy to
the way ants react to the discovery of food
sources. Other agents who have not yet discovered any entry points on the trip out from
their destination, react to such trails, sense
this scent and move more quickly and directly to the entry points to which they lead.
Then they return to their destinations, dropping more pheromone and thus reinforcing
the trails. The entry points which are closest
to the destinations are discovered ﬁrst and
this process turns out to be one of ﬁnding the
hierarchy of shortest routes between destinations and entry points. Once an agent has
returned to the destination after such a discovery, it begins again but this time reacting
to the pheromone surface where it exists. In
this way, the shortest routes are reinforced.
The ﬁrst stage of this process is illustrated
in the ﬂow chart presented in Figure 1.1 Once
an agent discovers an entry point from a
random walk through the street system, a
check is made to see how much of the acces-
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Figure 1. The structure of the model. The model is operated in two main stages. First, the hierarchy of
shortest routes is computed using the swarm algorithm and this constitutes the ﬁrst inner loop. Secondly,
agents use these shortest routes to reach the event and, if safety levels are breached, this second stage is
reiterated with changes to the street system in the inner second loop. The outer loop is activated if these
changes lead to radical changes in the shortest routes within the area.
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sibility surface encoding the hierarchy of
shortest routes has been discovered, and only
when each agent has made such a discovery,
does the process converge to the point where
a complete surface is obtained. This is used
in the second stage to launch agents from
their entry points, letting them walk towards
the attractions of the Carnival which are
implied in the gradients associated with the
accessibility surface. This time, constraints
associated with crowding are also introduced. If crowds build up, they are allowed
to dissipate at certain congestion thresholds.
Moreover, as more and more agents begin to
move along streets, a positive feedback akin
to ﬂocking is introduced that concentrates
this movement. In this way, a pattern of
unconstrained movement to the Carnival is
generated and it is thus possible to assess the
overall crowding and the public safety problems that emerge. These constitute the output
from this second stage which is reached in
Figure 1 when the process is checked to see
whether or not an acceptable level of public
safety has been attained.
If public safety is compromised in some
way, barriers or controls are introduced into
the geometry of the street system at points
where crowding occurs in an effort to minimise congestion. At this point, there are two
options: the simpler one is simply to reiterate
the second stage in step-by-step fashion, rerunning the model each time, launching the
walkers from entry points and then assessing
the crowding that takes place. Thus the control needed in order to reduce congestion to
acceptable levels is gradually increased. This
reiteration ends when a safe solution
emerges. The second option assumes that,
when new controls are introduced, the accessibility surface which encodes the shortest
routes will be sufﬁciently different that it
should be recomputed. Thus the entire procedure is reiterated with the swarm algorithm
being rerun from scratch. There are alternative possibilities to this with the algorithm
being exercised on the basis of the existing
set of shortest routes but this implies that
existing routes have some priority and, although this may be the case, it is considered

that the most ‘objective’ way is to assume no
prior routing. In any case, whichever method
is used, the algorithm will eventually produce the appropriate accessibility surface.
There are various intermediate positions for
rerunning the entire model with the inner
loop in Figure 1 being run several times for
every iteration of the outer loop. Various
possibilities have been tested and these are
reported in the next section.
2.3 The Formal Structure of the Model
The model that is used comprises an event
space
represented
by
square
cells
i, j ⫽ 1, 2, … , N, and walkers k ⫽ 1, 2, … , K
whose existence is deﬁned by a binary variable wkit at a time t ⫽ 1, 2, … , T. The ﬁrst
stage begins with walkers located at their
destinations wkD1 where wD1 ⫽ 兺k wkD1. Walkers move from cell i to j in each time-period
[t → t ⫹ 1] where j 苸 i and i is the eightcell neighbourhood around i. In general,
some of these cells will not be accessible
because of obstacles such as buildings and
barriers; thus a block mask is deﬁned as
bj ⫽ 1 if cell j is accessible and bj ⫽ 0 otherwise. Movement from i to j in search of
an origin O is then determined by the probability
pijt ⫹ 1 ⫽

jtbj

冘b

j 苸 i

jt

(1)
j

where, jt is the route accessibility to origins.
A move from i to j is determined randomly
according to the schedule of probabilities in
equation (1). If wkit ⫽ 1 and wkjt ⫹ 1 ⫽ 1, the
accessibility surface to destinations is updated as
jt ⫹ 1 ⫽ jt ⫹

冘 (d

k
⫺
Djt ⫹ 1

)

(2)

k

where, dkDjt ⫹ 1 is the distance of walker k who
starts at D and is now at cell j; and  is a
tunable parameter. The density of walkers at
j is then computed as wjt ⫹ 1 ⫽ 兺k wkjt ⫹ 1.
The process implied by equations (1) and
(2) continues until a walker discovers an
origin O. For each walker wkjt ⫹ 1, if j 苸 O, the
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walker switches from exploratory to discovery mode w̄kjt ⫹ 1 and returns to the destination
D with knowledge of the discovery. The
probability of returning is
kjt bj
(3)
qkijt ⫹ 1 ⫽
kjt bj

冘

j 苸 i

where, kjt is the difference between headings
in the direction from i to j and from i to the
position deﬁned by wkD1. This move is also
chosen randomly and when w̄kit moves to
w̄kjt ⫹ 1, the walker marks the move by updating jt as
jt ⫹ 1 ⫽ jt ⫹

冘 w̄

k
jt ⫹ 1

(4)

k

This process is akin to the walker laying a
pheromone trail when a discovery has been
made: jt ⫹ 1 measures the density of
pheromone and this is ultimately the density
of routes, the highest densities of which are
shortest routes. When the walker comes
within the neighbourhood of the destination
j 苸 D, the walker switches back to exploration mode and the search begins over
again. Note that i and j are not unique to
origins and destinations respectively but are
used as generic indices of location.
It takes some time before agents discover
an origin. Before this, the search is a random
walk with the route accessibility surface set
as a uniform distribution. If a walker crosses
the edge of the event space, it is absorbed,
regenerates at its destination and begins its
search again. In its early stages, this is a
random walk with absorbing barriers with
the variance of its lengths proportional to t0.4,
a little less than for the unconstrained random walk where  ⫽ t[ (Sornette, 2000). As
the process continues, more and more origins
are discovered while, during exploration,
walkers ‘learn’ to direct their search at routes
to origins already discovered. Those origins
closest to destinations are discovered ﬁrst
and a hierarchy of ‘shortest routes’ is thus
built up, continually reinforced by this positive feedback. This is the process implied by
the ﬁrst inner loop in Figure 1.
This is a variant of a generic algorithm
predicting trail formation and collective for-

aging behaviour amongst animal populations
such as ants (Helbing et al., 1997; Camazine
et al., 2001). The swarms created are extremely efﬁcient in discovering shortest
routes in geometrically constrained systems
(Bonabeau et al., 1999). Here, the
pheromone trail jt is not allowed to decay,
while the accessibility surface jt gives the
relative attraction of destinations to different
street locations. Figure 2 illustrates this for
the accessibility to various destinations and
shortest routes to the tube (subway) stations
in Notting Hill. To impress its efﬁciency, the
simulation is ﬁrst shown without obstacles to
movement bj ⫽ 1, ∀j in Figures 2c and 2d
where this is akin to operating the model in
free space without the street pattern. This
gives clear and direct shortest routes to the
Carnival events—parade and sound systems—which are the destinations D from
which the walkers begin the process of discovering entry points {j}. With the real street
pattern imposed in Figures 2e and 2f, the
pattern reﬂects the street systems from the
entry points which in this case, for illustrative purposes only, are the subway (tube)
stations.
The exploratory stage ﬁnishes when the
percentage difference in path densities falls
below a 1 per cent threshold deﬁned as
兺j ⎣兩jt ⫹ 1 ⫺ jt兩/jt⎦ ⱕ 0.01. In the second stage,
walkers are launched from their entry points
and these walkers move towards the event
using the surfaces jT and jT as indicators of
accessibility. These are normalised as j and
j and combined as j 1j ⫺ . There are of
course many ways in which these two surfaces could be combined and there is inevitably an element of double counting in
their joint usage. However, this deﬁnition
and parameterisation are provided so that
different types of accessibility can be
merged, the best combination of which will
reﬂect the best ﬁt of the model to the observed situation. The basic probability of
movement is now deﬁned as
qij ⫽

j 1j ⫺  bj

冘

j 苸 i


j

1⫺
j

(5)
bj
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Figure 2. Exploration of the geometric space and discovery of entry points illustrated by the tube stations
in Notting Hill. In Figure 2a, the street geometry is shown; in Figure 2b, the parade route is shown in light
grey, the sound systems as black dots and the tube stations as open circles; in Figure 2c, the accessibility
from the parade and sound systems without streets is shown; in Figure 2d, the hierarchy of shortest routes
to tubes is shown without streets; in Figure 2e, the accessibility with streets is shown; and in Figure 2f,
the hierarchy of shortest routes with streets is shown. Relative intensities (of accessibility in Figures 2c–2f)
are shown on a scale from high (dark) to low (light) for the best-ﬁt parameterisation of the swarm model.
The horizontal width of each map is 1.7 km.

where,  is a tunable parameter which plays
a role similar to homogeneous production
functions of degree 1 such as the Cobb–Douglas, widely used in micro-economics for
their scaling properties (Henderson and
Quandt, 1980).

Equation (5) is used to select directions of
movement from i to j, using each probability
qij in the neighbourhood i to determine the
direction j in which the walker moves. This
is done randomly with new headings in the
direction j computed as ¯ kit ⫹ 1 and then used to
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update the existing heading as ˆ kit ⫹ 1 ⫽
¯ kit ⫹ 1 ⫹ (1 ⫺ ) kit where reﬂects a lag in
response.
There are two effects that complicate this
movement. The ﬁrst is herding or ﬂocking
(Reynolds, 1987; Vicsek et al., 1995). This
directs movement as an average of all movement in the immediate neighbourhood where
k
k
k
ˆk
it ⫹ 1 ⫽ 兺k 苸 j 兺j 苸 i jt ⫹ 1wjt/兺k 苸 j 兺j 苸 i wjt.
k
k
However, a move by walker wit to wjt ⫹ 1 only
takes place if the density of walkers in cell j
is less than some threshold
based on the
accepted standard of two persons per square
metre (ppm2) (Fruin, 1971; Still, 2001). If
this is exceeded, the walker evaluates the
next best direction and, if no movement is
possible, remains stationary until the algorithm frees up space on subsequent iterations.
These rules are ordered to ensure reasonable
walking behaviour. This second stage is terminated when the change in the density of
walkers in each cell 兺k兩wkit ⫹ 1 ⫺ wkit兩/兺k wkit converges to within some threshold where it is
assumed a steady state has emerged.
It is now possible to assess how good the
model is at predicting the observed distribution of crowds. The predicted density wit is
compared with average neighbourhood density w̃it ⫽ 兺k 苸 j 兺j 苸 iwkjt/兺j 苸 i bj in cells where
observed densities are available. These are
then related to the number of occupied cells
兺ini ⫽ M (where ni ⫽ 1 if wkit ⬎ 0, otherwise
ni ⫽ 0) and the number of available cells
兺ibi ⫽ N deﬁning system averages as
(t) ⫽ 兺iw̃it/兺ini
and
(t) ⫽ 兺iwit/兺ini,
ϑ(t) ⫽ 兺ini/兺ibi. For different threshold values , if wit ⬎ , then cit( ) ⫽ wit otherwise
cit( ) ⫽ 0, and the proportion of the population at risk is thus Zt( ) ⫽ 兺icit( )/M. Average distance travelled in each time-period
[t → t ⫹ 1] is Ut ⫹ 1 ⫽ 兺ijkdkijt ⫹ 1/M with the percentage actually moving Vt ⫹ 1 ⫽ 兺ijkwkitwkjt ⫹ 1/
M.
These two stages deﬁne the entire model
with subsequent stages being generated
through reiteration either of the second stage
or the ﬁrst, then second again. These additional stages are activated if the statistics
generated at the end of the second stage
suggest that public safety is being compro-

1581

mised. It consists of examining the statistics
from the second stage and gradually making
changes to reduce the population at risk by
introducing barriers, capacitating entry points
and closing streets. This is achieved by
changing the mask bj to b⬘j . As the repercussions of this are not immediately obvious,
these changes are made one by one forming
b⬘j , b⬙j , b⬙⬘j , … , rerunning the model each time
until an acceptable solution emerges. These
reiterations may keep the accessibility surfaces ﬁxed—the second inner loop reiteration
in Figure 1—or assume that these surfaces
need to be updated—the entire sequence in
Figure 1. In estimation, these subsequent
stages can also be used to assess the efﬁcacy
of existing controls. In a sense, these latter
stages of the model move it from prediction
to prescription although it is not possible to
develop a formal optimisation procedure as
so many additional factors such as resources
for policing, etc. cannot be quantiﬁed. Nevertheless, this interactive method of introducing control is considered to be the best
approach so far for assessing alternative
route change, road closures and the imposition of barriers.

3. Applications: Predictions and Control
3.1 The Problem and Its Data
The Carnival which began life as the Notting
Hill Festival in 1964 had attracted some
150 000 visitors by 1974. This had grown to
half a million by 1990 and estimates for 1999
by the police and transport agencies suggested over 1.2 million but the authors’ count
in 2001 revealed that this number had
fallen to 710 000. Bad publicity due to rising
crime and safety issues may be the cause of
the fall although the estimates in all previous
years have probably been inﬂated. The Carnival, which is held in the late summer over
2 days, usually the last Sunday and Monday
in August, consists of a continuous parade
along a circular route of nearly 5 km in
which 90 ﬂoats and 60 support vehicles
move from noon until dusk each day. Within
the 3 sq km parade area, there are 40 static
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sound systems and 250 street stalls selling
food. The peak crowds occur on the second
day between 4 pm and 5 pm when, in 2001,
there were some 260 000 visitors in the area.
There were 500 accidents, 100 requiring hospital treatment with 30 per cent related to
wounding, and 430 crimes committed over
the 2 days with 130 arrests (Intelligent Space
Partnership, 2002). Some 3500 ofﬁcials,
mainly police, were required each day to
manage the event. The parade area is
bounded by a trafﬁc exclusion zone which
makes the area inaccessible to everything
other than emergency vehicles and, with this
disruption to residents and the scale of the
police operation, considerable resources are
expended on the event.
Rising resources and concerns for public
safety are the two key issues that dominate
future planning for the Carnival. In 2000,
three murders took place which drove authorities to set up a wide ranging inquiry into
all aspects of its management and organisation. The present authors’ involvement in
this inquiry consisted in exploring all aspects
of public safety concerned with the routing
of the parade but set in a much wider context
of review involving a large number of different stakeholders. The safety problems posed
by the event are considerable (CRG, 2001).
There are many routing conﬂicts due to
crossing movements between the parade and
sound systems while access to the Carnival
area from public transport is uneven with 4
roads into the area taking over 50 per cent of
the trafﬁc. A vehicle exclusion zone rings the
area and thus all visitors walk to the Carnival. Crowd densities are high for such events
in the UK with an overall average of about
0.25 ppm2 of whom 0.47 ppm2 line the Carnival route and 0.83 ppm2 lie inside.
Good data exist for crowd densities from
the authors’ own cordon survey which involved surveys throughout the 2 days of all
those entering and leaving the Carnival area
(at 38 entry points), surveys by London
Underground Ltd of entry/exit volumes at
subway stations and 1022 images of the parade taken by Metropolitan Police helicopters
in the early afternoon of the second day

(Intelligent Space Partnership, 2002). The accident data from the St John’s Ambulance
Service, which is the only data source that
has been collected systematically for the past
20 years, provides an excellent cross-check
on overall volumes at key locations. However, the central problem in building an
agent-based model in which a sample of
individuals is simulated is the lack of data on
personal proﬁles and preferences with respect to intentions at the Carnival and the
lack of data on the paths that each visitor
actually takes during their time at the event.
Aggregate trafﬁc densities exist, but not actual movements—a typical problem in many
kinds of trafﬁc modelling. As argued earlier,
one the reasons for developing the model in
two main stages is to generate the most likely
such paths using swarm intelligence.
One of the critical issues in public safety
involves the circularity and continuity of the
parade. Most such parades have ﬁxed start
and end points in time and space but, in
Notting Hill, the parade begins around noon
on each of the two days and ﬁnishes at dusk.
Thus the volume of vehicles builds up and
there is considerable lack of control over
where and when vehicles enter and leave the
route. The fact that all 40 sound systems and
most of the food stalls are inside the parade
area means that there is considerable crossing of the parade route, leading to many
potential accident ‘hot spots’. Moreover,
there are critical pinch points on the parade
route which lead to severe vehicle–pedestrian
conﬂicts and congestion, particularly at
points along Ladbroke Grove south, the
southern section of Westbourne Park Road
around the judging area and in its northern
section where the road bends at right angles,
in All Saints Road, the Great Western Road
and the upper Portobello Road. In these
places, densities can exceed those recommended in the Health and Safety guidelines
(Intelligent Space Partnership, 2002).
The model involves launching agents from
the points at which they enter the Carnival
area, and volumes at the 38 entry points
deﬁning the trafﬁc exclusion zone must thus
be known. In fact, if the route of the parade
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is changed, then the trafﬁc exclusion zone
will also change, and thus before the agentbased model is executed, the numbers of
visitors must be predicted at each of the new
entry points determined in any new trafﬁc
exclusion zone. Thus, a prior model has been
developed for such predictions based on
computing total numbers entering or exiting
each of these points. Relationships to observed entry and exit volumes have been
ﬁtted as a linear function of various characteristics such as accessibility to tube stations,
the visibility of street lengths, block sizes
and related geometric features. For these
more aggregate models, it is possible to predict at least 84 per cent of the variance.
These models are essential to testing alternative routes as they provide the input data for
the agent-based models, although these are
not explored further here (details are given in
Intelligent Space Partnership, 2002).
The model has been applied to simulate
the peak ﬂow of visitors between the hours
of 4pm and 5pm on the second day of the
Carnival using 2001 data. The temporal
simulation is simpliﬁed by launching all visitors at once from entry points and, when they
reach their ultimate destinations, a steady
state distribution emerges; it is this that is
used to detect problems of public safety. In
fact, the software that is used only enables
handling of up to 15 000 agents and thus a 5
per cent sample is taken of the 260 000
visitors (13 000) observed at this peak time.
The raster or cellular space on which the
simulation takes place is also limited in resolution with the typical cell size used here
being about 7 sq metres. This means that all
the critical limits and thresholds, such as the
2 ppm2 density limit, must be scaled accordingly. The temporal dynamics are also a radical approximation in that the simulation is
not matched to actual speeds of movement.
Thus it is not possible to introduce changes
in speed due to congestion, ﬂocking and
related phenomena, although in principle it
would be possible to synchronise the dynamics with real time. The problems posed by
these assumptions in terms of the impact of
such aggregations are explored elsewhere
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(Batty et al., 2002) but sufﬁce it to say that
this does not distort the conclusions drawn
from this application.
3.2 Calibration and Prediction: Dimensioning to Real and Future Events
In equations (1)–(5), there are three parameters ,  and that must be tuned in order
to calibrate the model. The parameter  is a
decay parameter which measures the friction
of distance with respect to the accessibility
surface {jt} and this reﬂects the traditional
way in which distance from the ultimate
destinations affects the response to entry
points in swarm behaviour. The parameter 
is a weight which balances the intensity of
the shortest route surface against the distance
accessibility surface: both would appear to
have some importance in directing movement from the entry points to ultimate destinations although exactly what this balance is,
is hard to say in advance. Hence this is left to
be determined by the calibration. The last
parameter is the lag coefﬁcient which ﬁxes
the extent to which changes in direction of
movement reﬂect previous directions, this
being the only behavioural parameter governing the randomness of movement. The
parameter is the upper limit on pedestrian
density before the congestion dispersion
mechanism becomes operable and this has
been set at 2 ppm2 following Fruin (1971).
Note, however, that this parameter is a norm
and may not be the actual value which governs observed crowding. However, as this
calibration is as much about dimensioning
the problem to correct orders of magnitude,
this particular parameter has not been tuned.
To ﬁnd the best parameter values, it is
necessary to explore the phase space deﬁned
by ,  and and, although this is straightforward, to keep the problem manageable it
is necessary to ﬁx the loop structure of the
model as illustrated in Figure 1. The model is
not run through multiple iterations of the
inner second and outer loops but, having run
the swarm algorithm, the second stage of the
model is then run to assess crowding, place
barriers and close streets, rerunning this
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Figure 3. Swarm and crowd densities predicted from the two stages of the model. In Figure 3a, the
proposed 2002 parade route is shown in light grey with the additional route in 2001 in dark grey, the sound
systems as black dots and the entry points as open circles. The composite accessibility surface from the
swarms in the ﬁrst stage is shown in Figure 3b and the trafﬁc density from the second stage in Figure 3c.

second stage only once more. It is found that
crowding is reduced in this way, although it
is candidly admitted that this limited calibration needs to be explored more thoroughly.
The problem being faced is that there are so
many potential iterations of the model all
requiring new controls to be introduced and/
or reduced at each iteration, that there has not
been enough time to generate a ﬁxed sequence of controls. Even if this were possible, there is no guarantee that these would
be appropriate. The outputs thus produced
reﬂect a minimalist solution.
The best parameter values were found to
be  ⫽ 0.65,  ⫽ 0.35 and ⫽ 0.4. Using
these values, a start is made by ﬁnding the
shortest routes from the parade and static
sound systems to the 38 entry points located
on the edge of the trafﬁc exclusion zone
which are now shown in Figure 3a. The
swarm algorithm predicts the numbers of
walkers who ‘ﬁnd’ each entry point and this
uncontrolled prediction is compared with the
cordon survey, explaining 64 per cent of this
variance. The composite accessibility surface
{j 1j ⫺ } which results from the swarm is
shown in Figure 3b and this surface is used
to direct the movement of walkers in sub-

sequent stages of the model. The observed
volumes of visitors at entry points are used to
launch agents who then climb the accessibility surface indicated by equation (5). The
predicted trafﬁc density of pedestrians 兺k wkiT
in its steady state is shown in Figure 3c and
from this, signiﬁcant points of crowding are
identiﬁed. Seventy-two per cent of the variance of the observed densities is predicted
for 120 locations where good observed data
are available. The model is now rerun with
the ofﬁcial street closures and barriers imposed, as shown in Figure 4a. This stage
increases the variance explained to 78 per
cent, but not all the points of extreme crowding have been removed. This suggests that,
even in estimating the model, it can be used
in a diagnostic manner to identify vulnerable
locations. In Figure 4b, walkers are shown as
they appear in the simulation in its steady
state and this gives some idea of the distribution along streets. Figure 4c presents a
smoothed map of the ﬁnal trafﬁc density
which identiﬁes points of crowding critical to
the calibration. This can be compared with
the observed points in Figure 4d and these
show the limitations in the simulation.
Crowding is considerably more of a problem
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Figure 4. Control of crowds and the identiﬁcation of vulnerable locations. Areas closed by the police used
in stage 3 are shown in white in Figure 4a. The locations of walkers in the second stage after controls have
been introduced are shown in their steady state in Figure 4b. The vulnerability of locations is shown in
Figure 4c on a grey scale with the darkest set at ⱖ 1 ppm2, the most vulnerable points. The critical
observed crowding is shown by hazard symbols in Figure 4d. Best parameter values are set at  ⫽ 0.65,
 ⫽ 0.5 and ⫽ 0.4.

than is actually observed in the northern part
of the Carnival area while it does not reach
the critical levels observed in Ladbroke

Grove and Westbourne Park Road along the
judging points.
A more focused analysis can be achieved
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through examination of average density values for cells and neighbourhoods, pedestrian
space occupied, average distance travelled
and visitors at risk for different levels of
crowding. These statistics illustrate the key
differences between each of the two stages of
the model—ﬁrst, the swarm algorithm and,
secondly, the unobstructed simulation of
movements from entry points to the Carnival
events—as well as the effect of introducing
controls to reduce congestion in the second
pass through the model’s second stage. All
density statistics fall dramatically at ﬁrst in
each stage of the model because the walkers
are launched simultaneously from their ultimate destinations. At the start, these densities
are not meaningful in that this mode of operation is purely a device to begin movement
towards the ultimate steady state. In short,
the initial distribution of walkers and hence
all statistical values are arbitrary to begin
with. What happens is that the model generates distributions which are statistically extreme at ﬁrst but then quickly change to
‘normal’ levels, eventually converging to stable values. In the case of cell and neighbourhood densities (t)/3 and (t)/3, these behave
as expected with the average cell density
higher than the neighbourhood. These values
fall slightly between the ﬁrst and second
passes of the second stage where barriers and
controls are introduced to reduce ﬁrst stage
crowding.
Average distance travelled Ut/4 is fairly
stable with a slight increase as walkers converge on the steady state and have less room
to manoeuvre. The volatility of this statistic
increases quite rapidly for the second stage
runs indicating that dissipation of congestion
is at work as speciﬁed in the model. The
percentage population at risk falls dramatically and then rises to a threshold. There is
distinct fall in population at risk for
ⱖ 0.5 ppm2 when barriers are introduced,
from about 25 per cent of the population to
20 per cent, while this value falls only
slightly from 6 per cent to 5 per cent when
the threshold is set as ⱖ 1 ppm2. Finally,
the occupancy of the streets with pedestrians
in comparison with the total possible cells

comprising the streets ϑ(t) is a little higher
for the constrained run through the second
stage of the model in comparison with the
ﬁrst and this too indicates that congestion is
being dissipated when controls are introduced. These graphs and their relevant values
are shown for each of the three runs of the
model reported above in Figure 5. On balance, the calibration of the model is acceptable enough, in the present authors’
judgement, for use in exploring different solutions. But it requires considerable further
development if it is to become the centrepiece of any process in which this is the only
model. The model as it stands has been
supported by considerable analysis of a more
conventional kind and it has only been used
to complement this analysis, not to replace it.
A sketch will now be presented of the way
in which the model has been used to test
alternative routes which meet greater standards of public safety. Alternative routes
were initially suggested and reﬁned over a
period of two or more years by the Carnival
Review Group in liaison with many of the
stakeholders such as the Carnival Trust, the
police, transport services and community
groups. The focus so far has simply been on
breaking the circularity of the parade route so
that it can be better controlled and limited to
ﬁxed start and end points. In this application,
six alternatives were tested, ranging from a
simple L-shaped route along the main roads
to a more convoluted compromise which
lengthened the route but broke its circularity.
All the routes tested reduced the crowding
levels with the biggest reductions being
routes which spread pedestrians over a wider
area. In each case, a new trafﬁc exclusion
zone needs to be drawn, new entry points
located and the regression-based model run
to determine entry and exit volumes. These
entry volumes were then used as inputs to the
agent-based model reported here. These
routes will not be described as they add little
to the insights already communicated in this
paper although it is worth saying that the
distribution of problem points tended to focus more on the static sound locations than
along the parade route in all options tested.
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Figure 5. Variations in average density, occupancy, distance travelled and population at risk at each stage
of the modelling process. Key: average cell density in dark grey, neighbourhood density in black, distance
travelled in mid grey, percentage of population at risk ⬎ 0.5 ppm2 and ⬎ 1 ppm2 both in light grey, and
percentage occupancy in mid grey.

At the time of writing, after much debate
and given the logistics of the planning for the
2002 Carnival, an interim solution has been
proposed. This involves breaking the circularity of the existing route along its northern
stretch. The line shown in dark grey in Figure 3a shows the section of the existing
parade (light grey) which will be cut out
from this year’s event. It was felt that the
considerable problems posed by a more radical rerouting with all the issues that are
involved in educating the paraders in a new
protocol of ﬁxed start and end locations,
would be too problematic if the entire route
were to be switched at once. Nevertheless, it

is now widely recognised in the Carnival
Review Group and amongst several stakeholders that sound systems as well as the
parade route itself will have to be relocated if
the Carnival is to be satisfactorily managed
in the future. It is intended to improve the
model in line with suggestions made below
and insights into its behaviour already outlined as the exploration begins of these more
radical options.
4. Conclusions: Next Steps
Models such as these are so intertwined with
the control and management of crowds and
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streets which are an essential feature of these
kinds of event, that stakeholders who manage
the Carnival should be intimately involved in
the process of using the model to generate
appropriate levels of control and policing. In
short, they should be involved in working
with the model, especially in its later stages
when controls are introduced and safety levels assessed. This kind of interaction is
largely absent from most kinds of predictive
modelling largely because there is an implicit
assumption that prediction is always prior to
control and design. The model has not yet
been used in this way, but there is potential
for such extension. It is echoed in the fact
that the entire process of redesigning routes
for the Carnival is dominated by stakeholder involvement at every stage and the
possibilities of using the model in this
way will be exploited as the process matures. The redesign of the parade route
is an unﬁnished process at present with
only an interim solution implemented in
2002.
A generation ago, the notion that social
systems might be simulated from the bottom–up, where every object or agent could
be represented explicitly, seemed fanciful.
Changes in the way that systems are conceptualised as decentralised rather than centralised structures combined with advances in
ﬁne-scale data acquisition and fast computation have made agent-based modelling
possible. It is, however, early days yet and
the purpose of this paper has been as much to
introduce the idea that this type of simulation
is possible as to provide a complete methodology for modelling and predicting ﬁne-scale
spatial events. Agent-based models do, however, enable the horizon as to what might be
modelled to be pushed a little further while,
at the same time, articulating important
causal effects leading to emergence in social
systems—something that has rarely been
possible hitherto.
These models also illustrate the key interaction of agents with their environment. In
the Notting Hill model, the environment is
coded in terms of attractivities—accessibilities—which are embodied in the cells that

deﬁne the spatial system. Objects interact
with each other and with the cells, having the
potential to change themselves and their
cells. In this case, the cells remain constant
from iteration to iteration in that it is conceived that the environment will inﬂuence
agents, but the ways in which agents
inﬂuence their environment are not deﬁned.
In short, the model is not unlike a cellular
automata model with the environment composed of static cells and agents acting as
mobile cells. The same kind of logic has
been applied to other ﬁne-scale events such
as crime patterns (Liu et al., 2002), all the
way up to urban regions (Batty, 2001) and
even entire societies where there can be interaction both ways between agents and their
environment (Epstein and Axtel, 1996).
Besides introducing a more decentralised
approach to thinking about urban systems
which has wide applicability to cities at all
scales, this approach also blurs the distinction between simulation of real systems and
their control. In the past, there has been an
unwitting assumption that cities can be modelled as quasi-natural systems in which control is something that is applied after the fact.
Cities have been modelled and understood as
if there were no controls affecting the existing situation, although their entire structure
can be viewed as a product of controls based
on various decision-making. When the focus
changes to discrete spatial events at a very
ﬁne scale, then it is no longer possible to
maintain this ﬁction and our models must
adapt to take this into account; hence the
requirement here to merge simulation with
control through a process of gradually introducing constraints on a comparatively unconstrained situation.
Simulation of the existing situation thus
becomes a series of diagnostics in which
existing controls are also evaluated and this
turns the process of prediction into one that
is infused with prescription. In one sense,
this meets the oft-quoted objection to technocratic, top–down-style planning in which
plan and planner take a privileged position.
Planning and design conceived here as control and management are thus woven into the
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very process of simulation itself. Alternative
scenarios, in this case alternative routes for
the Carnival, are simply different realities to
be simulated. This kind of modelling can and
should be extended to other kinds of urban
system where the comparative realism of the
process implies that control, planning and
management cannot be separated from the
simulation itself. This is the challenge and
next steps will involve simulating crowd situations of a less volatile nature where convoluted geometries and competing attractions
are important—as in malls, supermarkets and
airports. This approach also has relevance to
other human or animal circulation patterns
and ultimately to development processes of
many kinds.
Note
1.

All the ﬁgures are reproduced in colour at:
http://www.casa.ucl.ac.uk/urbanstudies/.

References
BAER, A. E. (1974) A simulation model of multidirectional pedestrian movement within physically bounded environments. Report 47,
Institute of Physical Planning, Carnegie–
Mellon University, Pittsburgh, PA.
BATTEN, D. (2000) Complex landscapes of spatial
interaction, in: A. REGGIANI (Ed.) Spatial Economic Science: New Frontiers in Theory and
Methodology, pp. 51–74. Berlin: Springer Verlag.
BATTY, M. (2001) Polynucleated urban landscapes, Urban Studies, 38, pp. 635–655.
BATTY, M. (2002) Thinking about cities as spatial
events, Environment and Planning B, 29,
pp. 1–2.
BATTY, M., DESYLLAS, J. and DUXBURY, E. (2002)
The discrete dynamics of small-scale spatial
events: agent-based models of mobility in carnivals and street parades. Working Paper 56,
Centre for Advanced Spatial Analysis, University College London (http://www.casa.ucl.ac.
uk/paper56.pdf).
BONABEAU, E., DORIGO, M. and THERAULAZ, G.
(1999) Swarm Intelligence: From Natural to
Artiﬁcial Systems. New York: Oxford University Press.
BORGERS, A. and TIMMERMANS, H. A. (1986) A
model of pedestrian route choice and demand
for retail facilities within inner-city shopping
areas, Geographical Analysis, 18, pp. 115–128.

1589

BURSTEDDE, C., KLAUCK, K., SCHADSCHNEIDER, A.
and ZITTARZ, J. (2001) Simulation of pedestrian
dynamics using a two-dimensional cellular
automaton, Physica A, 295, pp. 507–525.
CAMAZINE, S., DENEUBOURG, J-L., FRANKS, N. R.
ET AL. (2001) Self-organization in Biological
Systems. Princeton, NJ: Princeton University
Press.
CANETTI, E. (1962) Crowds and Power. London:
Victor Gollancz.
CRG (CARNIVAL REVIEW GROUP) (2001) Interim
Report and Public Safety Proﬁle Recommendations for 2001. London: Greater London Authority
(www.london.gov.uk/mayor/carnival/
interim report/interim review report.pdf).
DIJKSTRA, J., JESSURUN, J. and TIMMERMANS, H. J.
P. (2002) A multi-agent cellular automata
model of pedestrian movement, in: M.
SCHRECKENBERG and S. D. SHARMA (Eds)
Pedestrian and Evacuation Dynamics, pp. 173–
180. Berlin: Springer Verlag.
EPSTEIN, J. M. and AXTEL, R. (1996) Growing
Artiﬁcial Societies: Social Science from the
Bottom Up. Cambridge, MA: MIT Press.
FRUIN, J. J. (1971) Pedestrian Planning and
Design. New York: Metropolitan Association
of Urban Designers and Environmental Planners, Inc.
HELBING, D. (1991) A mathematical model for the
behavior of pedestrians, Behavioral Science,
36, pp. 298–310.
HELBING, D., FARKAS, I. and VICSEK, T. (2000)
Simulating dynamical features of escape panic,
Nature, 407, pp. 487–490.
HELBING, D., SCHWEITZER, F., KELTSCH, J. and
MOLNAR, P. (1997) Active walker model for
the formation of animal and trail systems,
Physical Review E, 56, pp. 2527–2539.
HENDERSON, J. M. and QUANDT, R. E. (1980)
Microeconomic Theory: A Mathematical
Approach, 3rd edn. Tokyo: McGraw Hill.
HENDERSON, L. F. (1971) The statistics of crowd
ﬂuids, Nature, 229, pp. 381–383.
INTELLIGENT SPACE PARTNERSHIP (2002) Carnival
Public Safety Project: Assessment of Route
Design for the Notting Hill Carnival. London:
Greater London Authority.
KIRCHNER, A. and SCHADSCHNEIDER, A. (2002)
Simulation of evacuation processes using a
bionics-inspired cellular automaton model for
pedestrian dynamics (mimeograph) (Available
at http://arxiv.org/abs/cond-mat/0203461).
LIU, L., LIANG, J. and ECK, J. (2002) A spatiotemporal simulation model for studying commercial robberies using cellular automata and
routine activity theory. Paper presented to the
Geomatics 2002 Conference, Nanjing, June.
LOVAS, G. G. (1994) Modeling and simulation
of pedestrian ﬂow trafﬁc. Transportation
Research, 28B, pp. 429–443.

1590

MICHAEL BATTY ET AL.

REYNOLDS, C. W. (1987) Flocks, herds, and
schools: a distributed behavioral model, Computer Graphics, 21, pp. 25–34.
SORNETTE, D. (2000) Critical Phenomena in
Natural Sciences: Chaos, Fractals, Selforganization and Disorder. Berlin: Springer Verlag.
STILL, G. K. (2001) Crowd dynamics. PhD thesis,

University of Warwick (http://www.crowd
dynamics.com/).
VICSEK, T., CZIROK, A. BEN-JACOB, E. ET AL.
(1995) Novel type of phase transition in a
systems of self-driven particles, Physical
Review Letters, 75, pp. 1226–1229.

