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SUMMARY
The purpose of this paper is to demonstrate the potential of the EXODUS evacuation model in
building environments. The latest PC/workstation version of EXODUS is described and is also
applied to a large hypothetical supermarket/restaurant complex measuring 50 m x 40 m. A range
of scenarios is presented where population characteristics (such as size, individual travel
speeds, and individual response times), and enclosure configuration characteristics (such as
number of exits, size of exits, and opening times of exits) are varied.
The results demonstrate a wide range of occupant behavior including overtaking, queuing,
redirection, and conflict avoidance. Evacuation performance is measured by a number of model
predicted parameters including individual exit flow rates, overall evacuation flow rates, total
evacuation time, average evacuation time per occupant, average travel distance, and average
wait time.
The simulations highlight the profound impact that variations in individual travel speeds and
occupant response times have in determining the overall evacuation performance.

I NTRODUCTION
The ability to enable efficient circulation
of people in heavily populated enclosures
is important to the day-to-day operation of
large commercial buildings such as airport terminals, railway and underground
stations, shopping malls, and cinemas. More
importantly, it is an essential design feature in the event of emergency situations.

The emergence of performance-based building
codes together with computer based evacuation
models offer the potential of overcoming
these shortfalls. However, if such models
are to make a useful contribution, they
must address the configurational, environmental, behavioral, and procedural aspects
of the evacuation process (see Figure 1).

As architects continue to implement novel
concepts in building design, they are increasingly finding that the fixed criteria
of the traditional methods of prescriptive
building codes are too restrictive. This is
due in part to their almost total reliance
on configurational considerations such as
travel-distance and exit width. Furthermore, as these traditional prescriptive methods
are insensitive to human behavior or likely
fire scenarios, it is unclear if they indeed
offer the optimal solution in terms of evacuation

Configurational considerations are those
generally covered by the traditional building codes and involve building layout, number
of exits, exit width, travel distance, etc. In
the event of fire, environmental aspects
need to be considered. These include the
likely debilitating effects on the building
occupants of heat, toxic, and irritant gases
and the impact of increasing smoke density on travel speeds and way-finding capabilities. Procedural aspects cover the
actions of staff, level of occupant evacuation training, occupant knowledge of the
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predictions of building evacuation scenarios, the main component of EXODUS
that requires adaptation is the Behavior
Submodel.

Finally, and possibly most importantly,
the likely behavioral responses of the occupants must be considered. These include
aspects such as the occupants’ initial response to the call to evacuate, likely travel
speeds, family/group interactions, etc.

The current Behavior Submodel within
EXODUS attempts to incorporate human
responses to aircraft emergency situations.
These are likely to be different from the
types of behavior commonly exhibited by
people in building evacuation scenarios.
The development of a suitable behavior
submodel relating to building evacuation

scenarios has only just begun. However,
by switching off aircraft specific components of the EXODUS model, it is possible
to demonstrate the feasibility of developing a suitably modified version of the EXODUS
model targeted at building applications.
Figure 1. The Four Main Interacting Aspects to be Considered for the Optimal Design of an Enclosure for Evacuation.

EVACUATION MODELS

Traditionally, evacuation models tend to
consider only one or two of these aspects,
for example, configuration and behavior.

A number of evacuation models have been
developed that attempt to predict egress
from buildings. Most of these are based on
network-node approaches. In this technique,
entire rooms within the building geometry
are represented by nodes, and occupants
pass from node to node (i.e., from room to
room) until they exit the enclosure. Some
of these models are briefly described here.

It is also often the case that when several
of the defining aspects are considered, they
are included in a manner which does not
allow interaction. Consider, for example,
the effect of fire hazards upon the behavior of the occupants. In general, increasing smoke density will result in a decrease
of occupant travel speedsl and even force
occupants to change their direction of travel.
Few evacuation models consider the presence of fire hazards whilst egress is taking
place. Of those that do, some simply impose the fire hazards after the evacuation
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The EXODUS evacuation model attempts
to overcome these shortfalls by addressing
all four of the contributory aspects controlling the evacuation process.

Some behavioral aspects

incorporated
by individuals

are

to model the actions taken

when faced with conditions such as smoke.
EXITT is aimed at residential buildings
and is unable to model large numbers of
individuals.

EXODUS has been designed primarily for
use with transport systems such as aircraft2-4 ; however, its modular format makes
it suited for adaptation to other types of
environments such as buildings. To achieve
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The EXIT897 model is

EXODUS MODEL DESCRIPTION

designed to handle
large populations evacuating from highrise buildings. Unlike the EXITT model,

A brief description of the nature and structure
of EXODUS follows, a more detailed description can be found in other publica-

are not treated as individuals
and move in crowds, the average speed of
the crowd being determined from speeddensity curves. Toxicity analysis can be
applied to the model, but post-evacuation;
thus the effects of the toxins do not affect
evacuation performance. Some validation
has been carried out with varying success.

occupants

tions2~3.
EXODUS is an egress model designed to
simulate the evacuation of large numbers
of individuals from an enclosure. The model
tracks the trajectory of all individuals as
they make their way out of the enclosure,
or are overcome by fire hazards such as
heat and toxic gases. The EXODUS model
comprises five core interacting submodels;
these are the Occupant, Movement, Behavior, Toxicity, and Hazard submodels.
The software describing these submodels
is based on artificial intelligence software

SIMULEX8 uses spatial analysis techniques
to define the movement of crowds. A similar method to EXODUS is used to move the
occupants to an exit (potential map). Occupant response to fire hazards is not

incorporated within SIMULEX, and so peoplefire interactions are not modeled. Furthermore,
the parameters used to define crowd movement

technology (i.e., expert systems) with the
behavior of each individual being determined by a set of heuristics or rules.

based upon normal, non-emergency egress
behavior. Run-times for the SIMULEX model
are quoted as 56 hours of computer time
(486 DX2-66 PC) for populations consisting of 2,000-3,000 occupants.
are

The rules governing the simulation have
been categorized into these five submodels.
The software structure allows each of the
rules which make up the submodels to be
easily modified.

VEGAS9 is

a virtual reality model where
the physical dimensions of individuals are
modeled in high detail. Evacuation of the
occupants is achieved by defining a set of
target points along alternative escape routes.
Some behavioral aspects, such as group behavior
and alarm awareness, are modeled.

EGRESS1°
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a

It is this flexible modular structure that
enables EXODUS to be adapted for enclosures other than those originally intended.

The Software Structure
The prototype versions of EXODUS2,3 (V.G2.1
and V.G2.2) were developed within the

hexagonal grid system

which represents the space of one person
in a similar manner to EXODUS. The speed
of each individual is dependent upon the’
surrounding crowd, and movement is achieved
through weighted rando.m choices governed
by a set of rules.

provided by the GENSYM
software, G212. It has now been entirely
re-engineered using C++ (EXODUS V-1)
and is independent of the G2 software.
Further, it is portable across platform types
from PC to workstation. On PC platforms,
environment

EXODUS runs under MSWINDOWS and
on UNIX-based workstations under MOTIF. The minimum recommended computer
platform comprises a 25 MHz 486 PC with
8 megabytes of memory. Run on this platform, a simulation of a wide-body aircraft
evacuation involving 400 occupants requires
approximately two minutes CPU time.

presented by Takahashi et.czl.ll
uses a hydraulic approach, effectively treating
the occupants as a homogenous liquid. EvacuThe model

assumed to be clear of
constant speed of egress is
used. A uniform distribution throughout
compartments is assumed; those compartments with multiple exits are broken down
into single exit compartments.
ation routes

are

hazards, and

EXODUS V. 1 has been
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designed

to take

Figure

2. Illustration of the Class Hierarchical Structure of EXODUS v.l.

full advantage of the advanced features of
C++. This has enabled the use of data
encapsulation and abstraction to ensure a
crisply defined modular class structure.
The hierarchical structure of the classes
within EXODUS (see Figure 2) has resulted in a program that is easily understood, reusable, and adaptable. Portability between platforms is maintained by
using the C++ library suite XVT13.

to the movement

Waiting
(1) alive,

are

discussed.

In the first instance, an occupant who is
move is considered. In EXODUS,
the attributes of such an occupant need to
reflect this state, for example the travel
speed is set to zero and the total time stationary is recorded (by the wait counter).
The first rule simply locates all those occupants who are waiting and triggers another
rule to update the occupant attributes.

waiting to

To demonstrate the richness of the EXODUS rulebase and how this is encoded in
the C++ version, two simple rules relating
A

phase

Rule 1: identifies

waiting people:

person is any person who is:

(2) that has not exited the geometry,
(3) and their Personal,Elapsed Time(PET) is less than the current simulation time.
The C++ code for Rule 1 is : -

void

Person_group::UpdateWaitingPeople()

{

PPerson_Class Person;
while (PeopleGroup -> next(Person))
if ( (Person -> GetPET()
<=
CurrentTime) &&

//checks still evacuating
//checks if incapacitated

isExited() ) &&
Person -> isAlive
() )

!(Person

//checks PET

->

{
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FireRule

->

UpdateWaitAttrib(Person);

}
}
The second rule updates the
any fire hazards present.

required

attributes and also tests for

incapacitation

due to

Rule 2: Update attributes for a waiting occupant:
(1) Set PET (Personal Elapsed Time) to current simulation time,
(2) Keep track of length of waiting period,
Reset

moving options.
speed to zer,o (i.e. not moving)
Calculate RMV (occupants minute volume).
Test for incapacitation.
The C++ code for this rule remarkably resembles the expression
void RuleBase::UpdateWaitAttrib(PPerson_Class Person)
(3)
(4)
(5)
(6)

Set travel

of the code in

English.

{

SetPET(CurrentTime);
Person -> IncWaitCounter();
Person -> destroyoption();
Person -> SetTSA(O.O);
Person -> SetDemand();
Person -> Toxicity();
Person -> Death();
Person

->

II Set PET to current time

II

Update

their

waiting time
options
II Set travel speed to zero
II Set breathing Rate
II Update toxicity attributes
// Test for incapacitation
II Reset their

}

Enclosure

Description

Enclosures in EXODUS are made up from
two-dimensional grids. The enclosure layout is constructed interactively and can be
stored in a geometry library for later use.
Each location on the grid is called a node,
and each node may be linked to its nearest
neighbors by a number of arcs, typically
four or eight. Nodes which have distin-’
guishing features may be assigned to special node classes such as aisle, stair, seat,
or door. Occupants traveling over specific
node types will be assigned attribute values appropriate for that node type; for
example, different maximum travel speeds
and behavioral responses would be appropriate for an individual traveling over an
aisle node, as opposed to a stair node.

smoke, and temperature (°C). For each of
these

variables, two values are stored,
representing the value at head height and
floor level. EXODUS does not include
component for predicting the generation
and spread of fire hazards, but simply
. distributes the hazards generated by other
models such as field and zone modelsl4.
near
a

Each node in an EXODUS enclosure carries a potential, which is a measure of
distance from an exit. Potentials are grown
from each exit and increase with each step
from the seed exit. Figure 3 depicts two
potential maps for a simple enclosure, the
difference between the two figures being
the width of the exit and the subsequent
number of connections from each exit to
the enclosure. Note that for the sake of
ease of graphical representation and description only 90° connections and integer
distances are used to represent this map.

Associated with each node is a set of attributes which define the state of the node.
These are, concentration of HCN (ppm),
CO (ppm), C02 (%), oxygen depletion (%),
69

input for the Occupant submodel, by updating the occupants new location, travel
speed etc., and Gridpoint, by updating occupancy of nodes, etc.

In actual building applications, typically
eight connections (45°) are suggested, and
real numbers are used to represent the

potential

map.

The

potential map is used by the Behavior
Submodel to define the global escape be-

havior of the occupants (see below).

4. Modular Structure of EXODUS - Communication
Between the Submodels.

Figure
Figure 3. Example Integer Maps for a Simple Enclosure with
(a) One Connection from Exit to Enclosure, and (b) Three

The function of each of the five submodels
will be briefly described.

Connections from Exit to Enclosure.

Each node is also assigned an obstacle
value, which is a measure of the degree of
difficulty in traveling over the node. A
node representing a region of open space
may have an obstacle value of one, while
a node with debris may have a higher value
of four, for example.

Submodel

The Occupant submodel defines each individual as a collection of 20+ attributes
which broadly fall into four categories.
The categories are physical (such as age,

weight, gender, agility, etc.), psychological (such as patience, drive, etc.), positional (such as distance traveled, etc.),
and hazard effects (such as FIN, FIC02,
FIH, etc.). These attributes have the dual

Description

The rules in EXODUS have been categorized into five component submodel: Occupant, Movement, Behavior, Toxicity, and
Hazard. The submodels interact with each
other and the geometry by exchanging various
attribute values. Figure 4 outlines the
communications between each of the submodels
and the geometry.

purpose of defining all occupants as individuals, while allowing their progress through
the enclosure to be tracked. Some of the
attributes are fixed throughout the simulation, while others are dynamic, changing as a result of inputs from the other

submodels.
The Movement submodel is concerned with
the physical movement of the occupants
through the different terrain types. Its
main function is to determine the appropriate travel speed for the terrain type
(for example, leap speed for jumping over
seat backs in aircraft evacuation simulation). In addition, it ensures that the occupant has the capability of performing
the requested action (for example, checks
if occupant agility is sufficient to allow
travel over nodes with particular obstacle
value). The direction of travel is deter-

In order for the Movement submodel to
function, input is required from the Occupant submodel concerning who is about to
be moved, i.e., their current location, mobility, agility, etc. The Behavior submodel
supplies information concerning the behavior currently being exhibited by the
occupant (e.g. is the occupant moving towards an exit or stationary) and information relating to the occupancy of surrounding
nodes is supplied by Gridpoint. Once the
Movement submodel has functioned for a
particular occupant, it in turn provides
70-

mined by the behavior submodel.

this occurs the occupants are exposed to
the fire hazards located at the lower level.

The Hazard submodel controls the enclosure environment and allows the user to
specify the specific simulation scenario.
The environmental aspects comprise the
spread of fire hazards C02, CO, HCN, 02
depletion, heat, and smoke. The values for
these are set at two heights, head height
and knee height. Although EXODUS contains no specific component to generate
the fire hazards, it has the capability to
use input from other models, such as field
and zone models. The Obstacle values of
the nodes are also maintained by the Hazard
submodel.

The Behavior submodel determines an
occupant’s response to the current prevailing situation. It is the most complex of
the submodels and is the submodel which
requires most modification if the model is
to be applied to differing application areas.

The Behavior submodel operates on two
levels, global and local. The global behavior provides an overall escape strategy for
the occupants, while the local behavior
governs the occupants’ responses to their
current situation. While attempting to
implement the global strategy, an individual’s
behavior can be significantly modified by
the dictates of his/her local behavior.
In the current implementation of EXODUS, the global behavior is fairly simple.
This involves implementing an escape
strategy which leads occupants to exit via
their nearest serviceable or most familiar
exit. This strategy is achieved through the
use of the node potentials and biased exit

The effect of the narcotic gases and heat
are modeled using a Fractional Effective
Dose (FED) model developed by Purserl5.
The FED of an occupant has three components : FIN (combined effect of the narcotics CO, HCN, and 02 depletion, including
C02 induced hyperventilation), FIH (effect of heat), and FIC02 (effect of C021.
Each of these components is a ratio between the dose received and the dose required to cause incapacitation. When any
one of these components for an occupant
reaches unity, the occupant is considered
incapacitated. When an individual becomes
incapacitated, the obstacle value for the
node where incapacitation occurs increases.

potentials.
Occupants move under the influence of the
node potential, which is a measure of the
distance of the node to the nearest exit.
Occupants will generally move in a manner which lowers their potential. In this
way, occupants will move to their nearest
exit. However, in building evacuations,
occupants have a tendency to prefer more
familiar routes. In this way, the closest
exit may be ignored for one which is further away, but more familiar to the occupant. This behavior is incorporated within
the global behavior through the use of
biased exit potentials.

simulation, smoke is considered
to reduce an occupant’s egress capability
by decreasing travel speed. The decrease
in travel speed is based on the work of
Jinl. Furthermore, at a critical smoke density
a

are

originally developed for
scenarios;

thus the behavior submodel reflects human behavior typical in aircraft evacuation situations. This submodel can, however, be adapted easily to describe behavior in building applications.

The Toxicity submodel functions only when
fire hazards are present. Its function is to
determine the effect of fire hazards upon
the occupants. The Toxicity submodel currently models the effects of the narcotic fire
gases, heat and smoke obscuration. It is envisaged that the effects of irritant fire gases
will also be included.

the occupants

was

application to aircraft evacuation

Scenario specific factors which are controlled by the Hazard submodel include
aspects such as door opening/closing times.

During

EXODUS

By biasing the

forced to crawl. When

made
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more or

exit potentials, exits can be
less attractive. In Figures 3

influence lies between two nodes and is
thus represented as a plateau. In this case,
if we ignore local behavioral interactions,
all occupants occupying nodal positions
within the geometry will have an unambiguous direction to follow to reach an
exit. However, in Figure 6b, a saddle point
exists in the potential surface (indicating
that the potential boundary sits on a node).
Occupants at this location may move towards either exit to lower their potential.
In this case, if we once again ignore local
behavioral interactions, occupants can move
in either direction to lower their potential. Here, the choice is left to a random
selection.

and 5, the node shading represents the
zone of influence of a particular exit. In
Figure 3, both exits are equally biased,
and so each exit has an equal zone of influence. In Figure 5, the right exit has
been biased to become less attractive, and
so its zone of influence is decreased. The
shading in both Figures 3 and 5 also indicates to which exit an occupant at each
node would preferentially move. Note that
in Figure 5 three nodes are subject to crossshading, indicating that occupants on these
nodes are equally likely to move towards
either exit. In this case, occupants make
a random choice as to which exit to use,
subject to local occupant-occupant interactions.

It should be noted that although the potential map provides an overall escape strategy
for the occupants, this behavior is usually
modified by the occupants’ local behavior.

Figure 5. Example Potential Map
with Left Exit More Desirable.

as

Shown in

Figure 3a,

The second level of Behavior submodel
function concerns the occupants’ response
to local situations. This includes such

But

behavior as determining the occupants’
initial response to the call to evacuate,
i.e., will the occupant react immediately,

Another way of conceptualizing the potential map is to consider it in three dimensions with the node potential representing
the third dimension (height). The maps

or after a short period of time, or display
behavioral inaction, conflict resolution,
overtaking, and the selection of possible
detouring routes. The local behavior is
determined by the occupants’ attributes
and as certain behavior rules (e.g., conflict resolution) are probabilistic in nature, the model is unlikely to produce identical
results if a simulation is repeated.

depicted in Figures 3a and 5 are presented
in this form in Figure 6. The difference
between unbiased (Figure 6a) and biased
(Figure 6b) exits can clearly be seen. The
unbiased case produces a &dquo;hill&dquo; with equal
sides whereas the biased case has uneven
sides.

Some of the local behavior displayed by
EXODUS simulations will now be discussed.

Response
This is

Time

Figure 6. Three Dimensional View of Potential Maps shown
in Figures 3a and 5.

of the time occupants
react to the
call for evacuation. An individual’s response
time is part of the occupant attribute parameter
set defined for a particular simulation scenario.

Another feature of the potential map clearly
displayed in its three-dimensional representation is the nature of the boundary
between zones of influence. In Figure 6a,
the boundary between the two zones of

When two or more occupants vie for space
(usually in crowds), conflicts arise which
must be resolved. Conflict resolution is
the procedure by which this occurs within

a measure

require before they positively

Conflict Resolution
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EXODUS.

pants involved in conflicts

attract a time
which is a random number selected between predetermined limits. The
time penalty represents the time lost in
resolving the interaction. Losers in such
conflicts may continue to wait in the same
location until another opportunity to occupy the node arises, or perform another
action such as change direction.

penalty,
EXODUS utilizes a fine network of nodes
to describe an enclosure. Each node is intended
to represent the smallest amount of free
space available for occupancy. Essentially
a node is the space that a single individual
can occupy. Thus, only one occupant can
occupy a node at a time. However, the
situation often arises where two or more
occupants may wish to occupy a particular
node. An example to illustrate this is shown
in Figure 7 where three occupants wish to
occupy the same node, two occupants (labeled 1 and 2) are attempting to enter the
aisle from their seats, while a third occupant (labeled 3), already in the aisle, is
attempting to proceed. The three occupants
are attempting to occupy the indicated node
and thus a three-way conflict arises.

While the concept of conflict resolution
was developed specifically for use in aircraft scenarios, its use extends to building
applications. Within large crowds of individuals, many conflicts occur, which effectively results in decreased average travel
speed. The time penalty associated with conflict
resolution effectively reduces the travel speed
of those involved in the conflict.

Direction

Changes

The changes occur as result of two factors-staff influence and queuing/crowding. Whenever occupants are forced to
remain stationary, for example due to
crowding, the amount of time they remain
stationary-known as wait time-is recorded.
When an individual’s wait time exceeds a
critical level-defined by their patience
attribute-the occupant attempts either
to go around the blockage or move away,
possibly towards another exit. Under these
conditions, the occupants are permitted to
move in directions which increase rather
than decrease their potential, thereby overriding the dictates of the global behavior
rules.

Given that the travel distances and speeds
associated with each of the conflicting occupants
are such that there is no clear winner, the
outcome of such a conflict would depend on
the drive psychological attribute for each
of the occupants. The drive is a measure of
the assertiveness of an occupant. The drive
for each occupant involved in the conflict
is compared. If one of the occupants has a
drive significantly higher than the others,
this occupant becomes the winner. However, if the drives are sufficiently close,
the winner is randomly selected. All occu-

Overtaking
Overtaking occurs as a natural consequence
of the movement rules; specific overtaking
algorithms are not required. An occupant
blocked by a slower moving occupant will
attempt to find an alternative neighboring empty nodal position in the direction
of travel.

7. Example Conflict between Three
Labeled 1, 2, and 3 in an Aircraft Cabin.

Figure

Obstacle Jumping
This behavior in the form of seat or debris
jumping occurs when occupant’s wait time
exceeds his/her patience, and his/her agility attribute will allow them to jump. It is

Passengers
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unit width can thus characterize each exit
in terms of the number of occupants/second. Using these values, a 4m wide exit
would produce a flow rate of between 4.44
occupants/sec and 5.72 occupants/sec. The
maximum theoretical flow rate for all exits within an enclosure can simply be calculated by using the sum of all the exit
widths and the range of flow rates. In the
example described in this paper, the combined total exit width is 11 m, which provides a maximal theoretical flow rate of
between 12.21 occupants/sec and 15.73 oc-

behavior usually displayed by occupants
in aircraft evacuation scenarios.

Staff Influence

Occupants may be directed by enclosure
staff to take a particular route to an exit.
In aircraft evacuation scenarios, the cabin
crew play a vital role in ensuing the smooth
operation of the evacuation, directing occupants to exits or re-directing occupants
away from unusable exits. This type of
behavior is achieved in EXODUS though
the use of Control Nodes.

cupants/sec.
Procedure

Exiting
Exiting procedure is dependent on two factors,

Furthermore, the local behavior rules remain operative within and around exits so
that occupant-occupant interactions (such

exit width and exit flow rate per unit width.
The exit width determines the maximum
number of people which can pass through
the exit simultaneously. This in turn determines the number of nodes to be specified within the exit. The exit flow rate per
unit width is used to determine the delay
each occupant is likely to experience in
passing through the exit.

conflict resolution) also influence the
exiting procedure. As a result, arch-like
structures can be seen to form and collapse at crowded exits, and exit apertures
may not be fully occupied, even under crowded
conditions.
as

In EXODUS, the exit flow rate is a user
defined adjustable parameter assigned to
the exit. Occupants passing through the
exit are assigned a delay time based on the
flow rate associated with the exit.

EXODUS VALIDATION
The validation phase of any model development is crucial. Before the model can be
implemented to make reliable predictions,
it must be thoroughly tested against real
data. This usually results in comparisons
against specially contrived experiments.
As part of the validation process, predictions from the EXODUS model have been
compared with several aircraft evacuation
experiments. Suitable data sets relating
to building evacuations are currently being sought for validation purposes.

Rather than define a single value for the
flow rate at each exit, EXODUS uses a
range of values. At each exit, an upper and
lower limit is specified, and occupants passing
through the exit are randomly assigned a
delay time between the specified limits.
For the purposes of this paper, the flow
rate range for each exit was arbitrarily set
between the limits of 1.11 occupants/metre
width/sec and 1.43 occupants/metre width/
sec, producing an average value of 1.27
occupants/metre width/sec. While these values
have been arbitrarily set, they are comparable with quoted flow rates of 1.46 occupants/metre width/secls, 1.33 occupants/
metre width/secl7, and 1.25 - 1.58 occu-

As a first attempt at validation, the EXODUS model was compared against a selection of the Cranfield Trident Three experimentsl9. As these experiments were not
performed under hazardous conditions, the
hazard and toxicity submodels were not
activated.

pants/metre width/secls.
The

In this series of experiments, competitive
evacuations were performed from a Trident Three aircraft cabin section, com-

product of exit width and flow rate per
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The process of comparing EXODUS predictions with experimental data is con-

prising 12 rows of seats organized six abreast
and parted by a single aisle, giving two
groups of three abreast. In

a

tinuing.

series of

experiments, the participants were allowed
only a single
exit, either a small Type III overwing exit
or the larger Type I forward exit. The
EXODUS model was found to correctly predict

to evacuate the aircraft from

EXODUS Applied to Building
Evacuation Scenarios
To demonstrate the capabilities of EXODUS in building applications, a series of
evacuation simulations within a hypothetical
supermarket/restaurant complex (see Figure 9) was performed. The range of sce-

the trends in evacuation times23.

More

recently, EXODUS predictions

were

series of evacuation tricompared
als involving a B-737 mock-up comprising
10 rows of seats organized six abreast and
separated by a single aisle2°. In this series
of experiments, a single or both forward
Type I exits were made available for egress.
The results shown in Figure 8 represent a
subset of the trials, involving competitive
evacuations through two forward exits, in
the presence of two assertive cabin crew.
The solid straight lines mark the outline
of the experimental envelope. The envelope represents the outer bounds of the
data generated by four repeated experimental evacuation trials. The stepped lines
represent four EXODUS predictions for
this configuration. Clearly the EXODUS
simulations fall within the variation observed in the experiment.
with

a

narios is intended to demonstrate the
importance of including variations in travel
speed and response time within the build-

ing population.
Before EXODUS could be applied to building applications, the following minor modifications were made to the model.
1. No attempt has been made to create a
Behavior submodel which attempts to
fully describe human response to the
building evacuation situation. However,

by switching off aircraft specific components of the Behavior submodel, it is
possible to construct a rudimentary Behavior
submodel. For example, the seat jumping option in the aircraft Behavior submodel
has been deactivated. The model allows
each individual to have their own unique
travel rates and response times, resolve
conflicts and allow overtaking, etc.
2. The node-arc structure within EXODUS
will allow any number of arcs to emanate from a node. However, in most

transport applications, only four

arcs

used per node (one in each of the
north, south, east, and west directions).
In the simulations discussed here, all
nodes have eight arcs, allowing diagonal travel to neighboring nodes.
are

it is often necto
determine
the
maximum
travel
essary
distance to an exit. On setting up the

3. In

Figure 8. Evacuation Curve Depicting EXODUS Results and
Experimental Envelope from Cranfield Trials Involving Competitive Evacuations through Two Forward Exits and Two

building application,

enclosure geometry, EXODUS will automatically determine this distance and
highlight the location and path to exit.

Assertive Cabin Crew.
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left side of the supermarket between the
wall and the first row of shelves.

geometry features of EXODUS have
been expanded to include internal exits
within enclosures. By introducing this
device, it is possible to grow node potentials for each compartment containing a doorway. As internal exits can
now be biased, this allows improved
control of the behavior within these

4. The

In England and Wales, the maximum legal
number of occupants in a supermarket is

dependent on the available floor space.
For the restaurant area, the number of seats
available dictates the number of occupants.
The supermarket floor has a free area of
1523.5 m2 allowing a maximum of 761 occupants (maximum legal density is 2 m2/person). The restaurant has 147 seats, thus
giving a maximum total population as 908
occupants. Simulations were performed using 908 and a smaller population of 508
occupants representing a 4 m2/person density on the supermarket floor.

compartments.
The

Building Geometry

The geometry used in this demonstration
simulation represents a hypothetical su-

permarket/restaurant configuration (Fig9). The overall dimensions

are 50 m x
with
the
restaurant
area
40 m,
measuring
20 m x 20 m. Included in the restaurant is
a rest room facility. The geometry has four
exits, all of which are located in the supermarket section. The only access to the
restaurant is via three internal entrances
from the supermarket floor.

ure

Figure

9. The

The

Occupants

EXODUS, all occupants travel at their
unique maximum run speed when unhindered and in open terrain. In certain places,
the terrain will dictate that the occupants
slow down by a predetermined amount.
This occurs when occupants are winding
In

their way between obstacles (such as tables
and chairs) within the restaurant and when
they are traveling through the tills in the
supermarket. The speed penalty imposed
in these simulations is arbitrarily set at
50 percent of the occupants’ run speed.
When occupants are caught in slow moving queues, they move with the queue speed,
and when occupants come into close proximity to other occupants-so that they are
in conflict mode-they incur a time penalty which effectively reduces their travel

Hypothetical Supermarket/restaurant

Geometry.

speed.

The widths of the four exits are: Main exit
4 m (max flow rate 5.77 occupants/sec, min
flow rate 4.44 occupants/sec, average flow
rate 5.08 occupants/sec), Bottom emergency
exit 3 m (max flow rate 4.29 occupants/sec,
min flow rate 3.33 occupants/sec, average
flow rate 3.81 occupants/sec), Top, and
Right Hand Side (RHS) emergency exit 2
m each (max flow rate 2.86 occupants/sec,
min flow rate 2.22 occupants/sec, average
flow rate 2.54 occupants/sec). The maximum travel distance for this geometry was
identified by EXODUS as 27.5 m, the exit
used being the Top emergency exit, with
the starting point located towards the top

the

shop floor are assumed
by shopping trolleys, the
assumption being that goods that have not
been purchased will be more readily abandoned. In these simulations, the abandoned
trolleys do not feature. It is, however, possible to relax both these assumptions.
Occupants

on

to be unhindered

Occupants who have completed their pass
through the tills at the start of the evacuation are given a hindered travel speed to
reflect reduced travel capability resulting
from being encumbered with their purchased items.
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Table 3.
Used in

Table 1. Population Parameters Used in
the Building Simulations.

It should be noted that in the absence of
reliable data for the response times and
travel speeds, the authors have used values for the purposes of demonstration only.

Three population mixes were used, populations A, B, and C as outlined in Table 1.
Population A comprised people with an instantaneous response time, and all had an
identical maximum travel speed of 1.5 m/

The Scenarios

sec.

A total of nine scenarios was considered.
Simulations 1 - 6 used 508 or 908 occupants in each population mix. In these

Population B comprised people with an
instantaneous response time, but with an
arbitrary range of travel speeds. The population
was divided into three classes, fast movers (with maximum travel speeds of between 1.0 and 1.5 m/sec), slow movers (with
maximum travel speeds of between 0.6 and
0.9 m/sec), and hindered travel speeds of
between 0.7 and 1.0 m/sec (Table 2).
Table 2.

Speed Distribution
Populations B and C.

Response Time Distribution
Population C.

simulations, the occupants initially travel
towards their nearest exit. The remaining
simulations involved 908 occupants. In
simulations 7 and 8, the main and bottom
exits are deemed to be biased to attract
more

occupants. Furthermore,
is

a

30

sec

the RHS exit
opening delay imposed
in simulation 8, and in simulation 9 the
effect of increasing the size of the RHS
and TOP exits by 1 m is examined.

Used in

RESULTS

AND

on

DISCUSSION

All the simulations discussed in this paper were run on a 90 MHz Pentium PC
under the Windows environment. The 908
occupant simulations required on average
less than 30 minutes of CPU time.

Population C comprised people with a range
of response times and travel speeds. Occupants response times varied according to
location (Table 3), in the supermarket be-

Figures 10, 11,

and 12 are screen grabs
taken from EXODUS whilst running. Figure 10 depicts the initial distribution for
an instant response scenario with 908
occupants; note the random allocation of

tween 0 and 60 sec, and in the restaurant
between 40 and 90 sec, compared to those in
the rest rooms between 90 and 120 sec. The
travel speeds were distributed in an identical manner to population B. In population B
and C, 65 percent of the occupants were in
the fast movers group and where a distribu-

positions.
Figure 11 depicts the same simulation some
time into the simulation. It is clear that in
situations involving an instant response,
considerable crowding at the exits occurs
from an early stage in the egress. Several

tion is indicated, the attribute was allocated
by a uniform random process.
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Figure 10. Example of an Initial Occupant Distribution for a
Population Consisting of 908 Occupants.

Figure 11. Example Queuing After 6 Seconds of
Response Scenario Involving 908 Occupants.

other points of congestion-the internal
exits from the restaurant and main exit
vestibule area, and the entrance to the
tills-are also of interest.

occupants on route to the exit. When this
occupant reached the restaurant internal
exit, he encountered a large amount of
congestion. The occupant attempted to get
around this
steps before

EXODUS has the capability of highlighting the egress path of any occupant. Three
such paths are shown in Figure 12. In this
case, a distribution of response times was
used so the three occupants shown did not
necessarily interact with each other. Occupant 1 started from within the rest room
area and hence had a long response time.
For this reason, little interaction with other
occupants occurred; however, three cases
of path diversion due to overtaking can
clearly be seen.

an

blockage, taking many
making his way out.

Instant

side-

Occupant 3 started on the shop floor next
a shelving unit. While still in the shelving area, he made his way around five
slower or stationary occupants before the
till area was reached. This occupant’s most
direct path to the exit via the first row of
tills was blocked by slower moving occupants. The occupant side-stepped the blockage
to

and

attempted to exit via the second row.
Unfortunately, this path was also temporarily blocked. After taking several sidesteps, the path through the second row of
tills cleared and the occupant eventually
took this path out.

2 started in the restaurant area
and had to go around several immobile

Occupant

The behavior exhibited by these occupants
clearly demonstrates the overtaking and route
diverting capabilities of the occupants.

Table 4 presents the simulation results in
terms of averages and overall evacuation
times. The results are complex and require careful examination before conclusions can be drawn. In most cases, it is
essential to consider not simply the raw
data presented in this table but also to
examine flow-rate/evacuation curves.

12. Example Paths Taken by Three Occupants to
Evacuate the Supermarket/restaurant Geometry.

Figure
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Table 4. Result

Summary for the

Nine EXODUS Simulations.

In general, a rough estimate of Total Evacuation Time (TET) can be calculated using
the formulation,

13.75 for the large population. We can
then expect a TET of 55 sec for the small
population and 84 sec for the large population.
From Table 4, we
exceeded the TET

that EXODUS has
produced by the simformulation
plistic
by 25 percent for the
small population and 55 percent for the
large population. The reason for this is
quite straightforward. Implicit in the simplistic formulation is the assumption that
the building occupants are optimally distributed between the exits and that each
exit operates at its optimal flow capacity
until the building is emptied.

T dist’ is the time for one person to
traverse the maximum travel distance,
is the time taken for the entire population
to pass through the available exits assuming perfect queuing, and Tree is a
measure of the average response time.
This type of approximation is typical of
the expressions used by engineers in practical
design situations.
where

Tpop

This formulation can be applied most readily
to simulations (sim) 1 and 4, as in each of
these a constant travel speed was used:
For the purposes of this example, we take
the average response time as zero (i e., Tres
0). Using the maximum travel distance
identified by EXODUS (27.5 m) and the
constant travel speed of 1.5 m/sec, T dist
becomes 18.33 seconds.

This is unlikely to be the case in reality,
and it is not the case in the EXODUS
simulations. In both cases the maximum
flow rate for the combined exits (13.25
occupants/sec) is achieved only momentarily (see Figure 13). An examination of
the evacuation rates for the individual
exits (Figure 14) reveals that while the
two smaller exits attain maximum flow
conditions for the majority of their operation, the two larger exits (Main and Bottom) peak for only a short period of time.
This is probably due to the restricted direct access to these exits. It is noteworthy
that the main exit dried up after 30 sec for
the small population and 60 sec for the

=

The average flow rate imposed at the exits
within the EXODUS simulation was arbitrarily set at 1.25 persons/m-s, and the
total available exit width was 11 m.

of 508/
figures will generate a
13.75 for the small population and 908/

These

see

Tpop
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indicative of

smaller amount of occuinteraction
in sim 2. This
pant-occupant
should come as no surprise, as in sim 1 all
occupants have identical travel speeds, more
occupants will arrive at the exits at about
the same time, generating greater crowding and hence more occupant-occupant
interactions than found in sim 2.
The inclusion of a distribution of response
times in sim 3 has an enormous impact on
the outcome of the simulation. As can be
seen in Figure 13, the overall evacuation
flow rate fails to attain its peak value
throughout the simulation. Examination
of the individual exit flow-rates for this
simulation reveals that maximum flowrate is never achieved for any exit and
that the flow-rate varies wildly (Figure
15). Again this is an expected result, as
the staggered start times result in staggered arrival times at the various exits.
We also note that the average CWT for sim
3 is less than that found in sims 1 and 2.
Again this is to be expected as the staggered start times result in less chance of
conflicts occurring. The extended tail in
sim 3 is due to the late start of the occupants in the restaurant and the extremely
long response time of the individuals in
the rest room.

Figure 13. Overall Flow Rates Predicted by EXODUS for 508
Occupants in sim 1, sim 2, and sim 3.

large, suggesting that the building occupants are not optimally distributed between the exits.

From Figure 13, it is apparent that while
sims 1 and 2 produce fairly similar flow
profiles, sim 3 is quite different. In sims
1 and 2, the occupants react immediately
to the call to evacuate. However, in sim 1
all occupants have a constant maximum
travel speed of 1.5 m/sec, while in sim 2
they have a distribution of travel speeds.
It is therefore unsurprising that sim 1 was
completed in a shorter period of time than
sim 2, as the occupants will arrive at the
exits sooner on average.

Furthermore, and, as maybe expected due to
the influence of the response times, the average
TET increases from sim 1 to sim 3.

The next three simulations involved

1 and

re-

peating the first three scenarios with a
higher population density (Figure 16). While
the trends for the small and large popula-

It is also interesting to note that the average wait time (avg CWT)-the time spent
stationary as a result of conflicts or queuing-is lower in sim 2 than sim 1. This is

Figure 14. Individual Exit Flow Rates for (a) sim

a

tions with instant response times appear
similar, there is a marked difference when
response times are included.

(b) sim 4.
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Figure

Figure 16. Overall Flow Rates Predicted by EXODUS for 908
Occupants in sim 4, sim 5, and sim 6.

15. Individual Exit Flow Rates for sim 3.

times), the average CWT decreases
there is less chance of conflict.

moving to a larger population, it is
perhaps natural to assume that the evacuation times will increase as the population

response

size increases. We note from Table 4 that
for the instant response simulations, the
increase in average TET when moving from
508 to 908 occupants is approximately 16
sec in both cases. However, when examining the case where response times are included,
the increase in average TET is only 3 sec.
This unexpected result may be explained
by close examination of the evacuation
dynamics in each of these simulations.

Figures 17 and 18 show the effects of increasing the occupant density for populations B (Figure 17) and C (Figure 18). In
the instant response simulations (Figure
17), occupants reach the exits quickly, and
maximum flow conditions are rapidly attained at each exit, regardless of the population size. The time that the exits spend
at maximum flow is dependent upon the

In

as

will result
interaction
greater occupant-occupant
and hence more chance of conflict. Furthermore, as the degree of staggering increases (i.e., distributed travel speeds and

number of occupants available to use each
exit. Thus when a larger population is
used, the exits can maintain full working
capacity for longer. However, in both the
large and small population cases, the population
dispersal results in the Main and Bottom
exits drying up well before the smaller
exits, leaving the smaller exits to cope
with the crowds. In both these simulations, we thus move from an initial situation in which the exit capacity is ample

Figure 17. Overall Flow Rates Predicted by EXODUS when
Increasing the Population Size from 508 to 908 Occupants
(Population B).

Figure 18. Overall Flow Rates Predicted by EXODUS when
Increasing the Population Size from 508 to 908 Occupants
(Population C).

If we examine the average CWT values for
the large population, we note that they are
considerably larger then the corresponding small population values. This is to be

expected

as

larger populations

in
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the two cases, the simulations were repeated with the smaller exits reduced from
a width of 2 m to 1.5 m. This resulted in a
small increase in TET and average TET
for the small population (0.5 percent and
7 percent respectively) and a much larger
increase for the large population (16.9
percent and 39.5 percent respectively).

to cope with the crowds to a situation where
it is not. The situation is considerably

in the large population case and
results in the larger population taking longer
to exit.
worse

When response times are included (Figure
18), the TET and average TET for the larger
population is only marginally greater than
that for the small population. Furthermore, the overall flow rates never attain
maximal values, and the flow rates attained for the large population are always
larger than those observed for the smaller

Sim 7 concerned the use of biased exits.
This facility is intended to be used in situations where occupants may be more familiar with a particular exit route. By
biasing an exit, we increase the likelihood
that occupants will select the biased exit
in preference to other, perhaps closer but
less familiar exits. In this simulation the
Main, Bottom, and the internal restaurant exit by the Bottom exit were biased
in order to attract more occupants.

population.
For the small population, the individual
exits never attain maximal flow conditions.
This is particularly true for the two larger
exits which fail to attain even 50 percent
of their flow capacity. Thus in this case,
we find that there is always an oversupply
of exit capacity and that the response time
dictates the overall evacuation time. In
this situation, additional occupants could
be added to the simulation without causing a large increase in the overall TET.

In sim 7, we find that the Main exit usage
has increased from 22 percent to 39 percent of the occupants and that the Bottom
exit has increased from 22 percent to 25
percent. This has the effect of maintaining
higher overall flow rates for longer (Figure 20) as the main and bottom exits have
a higher flow capacity than the smaller
exits. The average travel distance has
increased from 21.1 m to 23 m, reflecting
the fact that occupants have not used their
nearest exit and that the average CWT
has decreased from 12.1 sec to 9 sec, reflecting the fact that there is less congestion at the Top and RHS exits. Furthermore, as the Main and Bottom exits are

The situation is very different for the large
population. Here we find that the two smaller
exits attain near maximal flow conditions
for a large proportion of the time and that
larger two exits are in heavy demand though
never reach peak capacity (Figure 19). In
this case, we find that exit capacity is
limiting the evacuation performance.

To demonstrate this difference between

19. Individual Exit Flow Rates Predicted
for sim 6 (908 Occupants, Population C).

Figure

Figure 20.

by EXODUS

Overall Flow Rates Predicted

7 and sim 5.
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by EXODUS in sim

distance reflects the fact that some occupants have traveled to a further exit, while
others have initially moved away from the
RHS exit and then back towards it as they
became aware that it was functioning. We
also note from Figure 21 that the peak in
the overall flow rate for sim 8 is maintained for a longer period of time than for
sim 7, but that the level achieved is somewhat lower.

being used more effectively and the queues
at the Top and RHS exits have decreased,
the TET has decreased from 116

sec

to 98

sec.

In all the evacuation scenarios demonstrated thus far, it has been assumed that
all the exits have been opened at the start
of the evacuation and that all the occupants are aware of the existence of the
exits. In the next simulation (sim 8), an
opening delay time is introduced into the
operation of one of the exits. Furthermore,
the exits in sim 8 are biased in an identical manner to sim 7.

The final simulation (sim 9) considers the
effect of increasing exit widths and hence
overall flow capacity. For this case, the
scenario in sim 5 (908 occupants, distributed travel speeds, instant response times)
was repeated with the width of the Top
and RHS exits increased from 2 m to 3 m.
With the exits’ width increased, we find
that the TET is reduced from 116 sec in
sim 5 to 90 sec in sim 9. Associated with
this is a reduction in the average CWT
from 12.1 to 8.7 sec. In Sim 5, the Top and
RHS exits were working at full capacity
and were the last exits to finish. It is
therefore the capabilities of these exits
which are limiting the overall flow rate.

particular scenario selected is one in
which the opening of the RHS exit is deThe

30 sec and the occupants are not
of its existence for this period of
time. Hence, occupants will not move towards this exit during this period. When
the exit becomes available, it will then
attract occupants. EXODUS is also capable
of simulating the situation in which the
exit is not operational, but queuing will
occur by the exit. This capability is intended to simulate the situation where
occupants are aware that an exit exists,
but there is difficulty in opening the exit.

layed by
aware

This

either forcing
the under-utilized Main
and Bottom exits, or increasing the flow
capacity and hence size of the Top and
RHS exits. The latter course of action was
taken in sim 9, reducing the overall evacuation time (Figure 22).
can

occupants

With the RHS exit delayed, we find that
the TET for sim 8 increases from 98 seconds (sim 7) to 112 sec (Figure 21), and the
average distance traveled increases from
23 m to 28.7 m. The increase in travel

be

to

improved by

use

Figure 21. Overall Flow Rates Predicted by EXODUS in sim

Figure 22. Overall Flow Rates Predicted by EXODUS in sim

7 and sim 8.

5 and sim 9.
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CONCLUSIONS

such a model, a significant proportion of
the parameter space associated with a
particular building design can be economically
examined and the most evacuation efficient building designed.

In this paper, the EXODUS evacuation
model has been used to simulate the evacuation
of various populations of people from a
large complex enclosure with multiple
exits. A number of scenarios were considered which varied the occupant population
(number of occupants, exit reference, individual response times, and individual travel
speeds) and the building configuration (number
of exits, size of exits, and the opening
times of exit).

Work on the EXODUS model is continuing
with building validation studies and enhancements to the Behavior submodel.
Additions to the Behavior submodel include occupant bonding and advanced route
planning capabilities. Furthermore, in order
to enhance the visualization of EXODUS
evacuations, a virtual reality graphical
interface is being developed.

These scenarios generated considerable
variation in occupant behavior displayed
by such actions as overtaking, queuing,
re-directing, and conflict avoidance, and
evacuation performance as measured by
individual exit flow rates, total exit flow
rates, total evacuation time, average evacuation
time per occupant, average travel distance,
and wait times.
While these simulations
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for

purely
to demhypothetical situations, they
onstrate the potential of the EXODUS evacuation model in building evacuation applications. Individual travel speeds and response times have been highlighted as
important factors in determining overall
evacuation performance. Considerable effort is still required to obtain representawere

serve

tive values for these
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