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Chapter 5
CHAPTER STHE IMPLEMENTATION AND VERIFICATION OF PROPOSED
BEHAVIOURAL FEATURES.

The validation cases analysed have demonstrated that the buildingEXODUS model has
an impressive flexibility in representing evacuation conditions. It is able to simulate a
variety of conditions, reflecting the changing circumstances of the occupant population
at an individual level. These conditions include low and high population densities,
motivated and placid populations, complex and simple geometries and different
knowledge levels amongst the occupant population. It has also been shown to be
sensitive to the provision of new data. This is important as it allows crude preparatory
representations to be made utilising reduced data-sets. Under these conditions it is
incumbent upon the engineer to detail the inadequacies of the data-set and the

subsequent results.

Most striking is the quantitative accuracy of the model, which suggests that in the
examples investigated that the model was capable of simulating the events relatively
accurately. However, this may not be the case in more complicated scenarios such as
those exhibited in the Beverly Hills Supper Club incident [52], the Summerland incident
[53] or the World Trade Centre evacuation [106]. During these events sophisticated and

localised occupant responses were evident.

In comparison with the other models examined in Chapter 3 the buildingEXODUS
behavioural model provides an array of features. However, when this capability is

compared to the detailed analysis in Chapter 2, a number of deficiencies are evident.

It is not suggested that the buildingEXODUS model is in any way unique within
evacuation modelling. Indeed, the model shares several underlying features with a
number of other models [8], such as a nodal network, a distance mapping system and an
individually described occupant population. The proposed behavioural developments
would therefore equally benefit a variety of the existing evacuation models. Obviously
implementational details may differ between models, but the principles on which the
algorithms are based and the functionality that they provide would extend the capability

of nearly all of the models examined.
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The buildingEXODUS model is seen as a useful arena in which to test the proposed

developments. By doing so it enables the behaviour to be assimilated into a pre-existing
framework that has a comprehensive physical model as well as the basis for a
sophisticated behavioural model. The fact that a significant proportion of the model
already exists allows a greater degree of concentration upon the proposed behavioural
developments. The validation process detailed in Chapter 4 enables a greater degree of

confidence in the existing components of the behavioural model.

The process of implementation is invaluable for a more detailed understanding of the
proposed algorithms themselves as well as forcing a systematic analysis of the influences
to which they are susceptible and the consequences of their implementation upon other

aspects of the evacuation model.

In the following sections the proposed behavioural developments are outlined. The
features will be grouped according to their sophistication and the dependence of other

features upon them.

These developments are the culmination of the analysis of the available literature
concerning expected occupant behaviour. The algorithms developed are original work.
Where they have been influenced by other researchers this has been acknowledged and
referenced. The algorithms have been developed independently of any computational
framework. Their implementation has attempted to faithfully represent these algorithms.
Where compromises have been made they are acknowledged and explained. They have
also been shaped by the general requirements suggested through the analysis of currently

available evacuation models as well as the specific requirements of the

buildingEXODUS model.

The nature of the proposed behaviour is dependent to a large degree upon the existence
and the availability of relevant data. As identified previously, the field of evacuation
modelling is a relatively new field that is starved of data. However, this absence of
empirical data should not prevent the generation and testing of modelling techniques in
readiness for the eventual provision of supporting data. It does mean that the techniques
produced in the absence of a detailed data-set are based on more anecdotal evidence and

are far more difficult to verify. The concepts being addressed still need preliminary
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analysis, concerning the coherence and consistency of the resultant behaviour. In these

examples, the concept of the inclusion of such a behaviour representation within the
overall evacuation model is demonstrated, in addition to a comparison against the
evidence that is available. Where the evidence is available, a conceptual demonstration is

still conducted, although this is accompanied by detailed verification.

Chapter 5 describes a number of the less complex proposed features. This section
describes those features that are unable to be verified in isolation. These tend to be
internal occupant attributes or simplistic occupant capabilities. As such only a brief
description is made, which is expanded upon in later sections, where they are examined

in conjunction with other behavioural factors.

In Chapter 6-8, the analysis of more complex proposed behavioural implementations will
be produced, being described in separate sections, each comprising of a number of
component subsections. The proposed behavioural features are addressed individually
for a number of reasons. Firstly, the complexity of the behavioural developments
warrants detailed analysis. This would be difficult if the behavioural implementations
were collected together. Secondly, it would be impossible to compare either the accuracy
of the proposed behaviours or the success of their integration into the buildingEXODUS
model, if they were combined prior to their implementation. It would also be a much
simpler task to camouflage any shortcomings in the details of the developments.
Although a piecemeal solution, the proposed behaviours are subject to greater scrutiny in
isolation. Ideally, these behavioural implementations will be combined into a single

behavioural engine. This is outlined in Chapter 10.

In Chapter 6, the interaction of the occupant with a number of external features is
examined. These features represent a more sophistication perception of information by
the occupant and an ability to internalise and react to this information. In Chapter 7, the
dynamic response to the external conditions are examined, crediting the occupant with
experiential processes that are not simply based on stimulus-response actions [8]. Instead
they are sensitive to the surrounding environment, according to the identity, history and
location of the individual concerned. Finally, in Chapter 8, the occupant is seen as a

decision-making engine that organises and engineers their response to the environmental
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conditions according to analysis and estimation, as well as to the provision of new

information.

In Chapter 6-8, the expected occupant behaviour addressed is initially described.
Although previously the general principles of the new behaviour will have been
addressed in Chapter 2, a more specialised description of the behaviour and any relevant

new evidence will be included.

The ability of the present buildingEXODUS model to represent this behaviour is then
described, identifying any shortfalls in this representation. This is to allow for a clearer
comparison of the proposed developments, describing in detail the shell in which the
proposed behaviour will be examined and the possible restrictions that the

buildingEXODUS model provides for the proposed algorithm.

The proposed method of representation is then described in some detail. This includes
the principles and assumptions on which the behaviour is based and the actual form of

the algorithm incorporated.

This proposed algorithm, the assumptions on which it is based and the manner in which
it will be incorporated into the buildingEXODUS model is then described. This
effectively uses the buildingEXODUS model as a shell, which can examine the
mathematical implementation of sociological and psychological principles. Most

importantly, the proposed behaviour is then ‘verified’ using this shell.

A number of other behavioural models exist [8]. These may be based on experimental or
field-work that have then lead to theoretical models. These models are rarely, if ever,
verified, through their application. Of fundamental importance then, given the extraction
of the behavioural features from the appropriate literature in Chapter 2 and the
development of a behavioural model, is the ability to apply them and identify their

strengths and weaknesses.

If actual data is available this will be used in the verification process. The sophistication
and extent of this process is therefore dependent upon the evidence available.

Irrespective of this availability the purpose of this process is to:-

264



Chapter 5
— Demonstrate that the proposed behaviour performs the tasks described

— Rule out the occurrence and existence of anomalies due to the introduction of the
proposed behaviour

— If possible compare the proposed behaviour against available evidence, including
real-life evidence, experimental evidence, trail-run experiment, anecdotal evidence
and finally evidence extracted from other fields of knowledge.

— Compare and contrast the findings with the present buildingEXODUS behavioural

model, allowing the nature of the development demonstrated clearing.

Once these tasks have been performed it is possible to determine whether the proposed
behaviour provides a quantitative and qualitative advantage over the present

representation.

The absence of quality data-sets against which to compare the behavioural developments
has forced the process from a one of validation to one of verification. Although a weaker
analysis of the proposed features, it still provides evidence and insight into either their

future development or adoption.

None of the behavioural features described will be without difficulties. The nature and
complexity of the algorithms prohibits this. Any potential weaknesses in the proposed

behaviour will suggest a number of future developments, which may again be addressed

in some detail.

Finally, each section is concluded, describing the overall accomplishments of the

proposed behaviour.

5.1 OCCUPANT ATTRIBUTES AND INTERNAL DEVELOPMENTS
This initial section describes those features that cannot be tested directly. These features,

whether they are new occupant attributes or other considerations, can therefore only be
demonstrated in conjunction with other more complex behaviours that have a
qualitative/quantitative impact upon the evacuation results. These are ‘enabling’
features. They are essential building blocks upon which the other more complex

behaviours described in Chapter 6-8 are dependent.
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These attributes will therefore be described briefly and less formally in this section, as

their uses and the assumptions on which they are based will be more thoroughly
examined in context with the more complex behavioural features described in Chapters
6-8.

5.2 THE REPRESENTATION OF SOCIAL RELATIONSHIPS

The existence of social structures and the occupant’s position within these structures has,
in the past two decades, been identified as having a significant impact upon the actions
adopted by individual occupants [58,60]. These structures not only determine the
adoption of specific roles [52,58,60], but will influence the choice of action, the

occurrence of collective behaviour and the level of communication between occupants

[1].

The relationships formed need not be static and will be dependent upon the social
dependencies that the occupant brings to the event, as well as those that might emerge
during the event [1,52,58]. The effect of representing the social structures within an

evacuation in conjunction with the occupant’s behavioural reaction is addressed in

Chapter 9.

At present no means of representing the different roles and relationships that exist within
the occupant population is available within the buildingEXODUS model [5-7,21-27].
Occupants are seen as isolated physical entities that, although are represented by
complex physical processes, are not social beings. The introduction of an index to

associate occupants is an attempt to remedy this omission.

In the proposed implementation of a social identity within buildingEXODUS, prior to
the beginning of the simulation, the user has the option of attributing an occupant with a
relational index, termed a gene. This represents the relationship between an occupant and
those occupants who share an identical gene (and conversely also establishes the
relationship that the occupant has with those occupants who do not share the same gene).
Alternatively this can be randomly generated by an automatic mechanism, that allocates

the population with an index derived from a finite set of integers.

The gene is represented by an integer. Those occupants that share a common gene are

deemed to be in a social relationship.
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Once the required occupant relationships have been accounted for, the model examines
the occupant population to form social groupings. It does this by scanning the entire
population and attributing each occupant with a list of the population members who have
the same gene, thereby creating a list of occupants who are considered socially

significant.

This information is assumed to be available to the occupant prior to entering the
evacuation; therefore the occupant is aware of significant social relationships prior to any
evacuation incident. This provides the occupant with a means of differentiating between
the general population, with whom the occupant is making a new acquaintance and those
with which a prior relationship has been established (be they familial, social, economic

or otherwise).

This list is dynamic, therefore allowing occupants to be added/removed from the list
according to a change in their circumstances. This may include the significance of an
occupant increasing during an evacuation due to constant ‘companionship’ or difficult

circumstances [58,163]. This ability is addressed in detail in Chapter 8.

The existence of an index that identifies the relationship between occupants forms the
basis from which a more complex behavioural system can be developed. It allows the
existence of a relationship to promote/prevent the performance of particular actions and
therefore becomes a factor in the outcome of the evacuation; a factor highlighted in

Chapter 8.

Although this system functions adequately, the flexibility of this system may be
increased in two ways. Firstly, an occupant may be attributed with numerous genes. This
would allow a number of social relationships to exist [1,52,58,163] reflecting the

numerous social groupings that could exist in large geometries (see Figure 5-1).

This may represent an occupant who is accompanied by their family, a group of friends

and a number of strangers.
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Once an occupant is encountered, their perception according to their social authority will

not only impact upon the priority given to any communication but the likelihood of that
information being acted upon. Numerous examples of this were examined in Chapter 2,
including the Beverly Hills Supper Club and King’s Cross incidents, where the perceived
authority of individual occupants significantly influenced the interpretation of the

information imparted [52,58,97].

These social hierarchies are not accounted for in the present buildingEXODUS model,
due to its inability to account for any social factors or their influences upon occupant
behaviour [5-7,21-27]. A static motivational index exists that represents the ability to
occupy contested floor-space. However this does not represent the sociological

importance of the occupants to each other as well as their position within a hierarchical

social structure.

A seniority index has been devised to represent the authority with which a particular

occupant may be associated and therefore the relative position of the occupant within

their particular social grouping. In this formulation, the occupant’s social position is

dependent upon a number of existing occupant attributes. These are

— The occupant’s age,(a;)

— The occupant’s gender (g;)

— The occupant’s motivation (represented within the buildingEXODUS model through
occupant’s initial drive, D;)

— The occupant’s patience(p;).

These are crudely categorised according to the influence they have upon an occupant’s
authority. For instance, in Western societies, an adult male who is highly motivated is
generally seen as having a higher level of authority than a young female, irrespective of

her motivation . This is represented by equation (43)

§; = oa; +lBgi + D, +@i (43)

where a,f, ¥ and ¢ are coefficients determining the importance of the factors
highlighted. These coefficients have been analysed and designed to reflect the influence

of the factors in equation (44) such that
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a>p>y>6 (44)

The values attached to these coefficients purely reflect the relationship defined above

and have no intrinsic value in themselves.

In this definition of social authority the default characteristics are male occupants being
more authoritative than female, adult occupants being more authoritative than the young
or elderly, the impatient being more authoritative than the patient, and highly motivated
occupants being more authoritative than unmotivated occupants[52]. These categories
are taken from the work of Stagdill, Rectan and Shaw and Berg and Bass [198] each of
whom analysed the factors that influenced authority and seniority. The coefficients

within the formulation reflect this prioritisation.

This calculation produces a dimensionless value that allows comparison between
occupants as to who is the most senior. This is particularly important in the
communication process. It is acknowledged that the assumption that these factors are
additive is arbitrary. However, more sophisticated data is required for a more realistic

representation of this phenomena .

Bales developed a similar system based on the ability of people to influence those around

them. This was formulated in equation (45) such that

et Em 00 45)
e+, te—, E+

where e represents individual communication activity, E the group communication

activity, + that the information was adopted, - that the information was rejected, a hat (™)

represents that information was incoming and an absence of the hat represents outgoing

information[199]. The equation therefore provided a ratio relating the individual

communication activity to the group activity, based on the perceived communication

levels of the individual.

Of course the user has the ability to override any automated calculation, enabling the
description of female staff members, for instance, who would be perceived to be

influential irrespective of the social norm.
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Some fuzziness is maintained within the system to allow for variation and unusual or
exceptional circumstances. Therefore irrespective of the factors highlighted above, it

would be most unlikely that two occupants would have identical seniority levels, due to

the noise within the system.

The crudeness of this system identifies both a weakness and a potential strength that may
be addressed in future work. An obvious weakness is the arbitrary nature of the scale and
the categories. Obviously, this may differ between and within social groupings according
to the nature of the structure. Therefore in the future, social modules may be defined to
represent the nature of the social environment and possible large-scale cultural

differences (see Figure 5-2). For instance, in matriarchal societies, or in more structured

societies, such as Japan.

} | POLYNESIAN ! !

e o

: i EUROPEAN o

b e | SociAL

) TS . “----9! HIERARCHY [---- »| BEHAVIOURAL
| | ORIENTAL i | MODEL SYSTEM

FIGURE 5-2: IMPACT OF THE INTRODUCTION OF DISTINCT SOCIAL HIERARCHY MODULES.

One idea to achieve this is to use this system in concert with pre-defined GENES (see
Section 5.2) that would trigger different modules into action. A pre- defined gene could
therefore not only identify the existence of a relationship between a set of occupants, but
may also denote the ‘cultural reference’ to which the association is made (e.g. a family

group exists and the family is Middle-Eastern).

Another enhancement that might improve the representation of the authority of the
occupant is for the occupant’s authority to evolve during the simulation. It would
therefore be able to alter dynamically according to the occupant’s character prior to the

evacuation and it’s development during the evacuation.
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5.4 LINE OF SIGHT CALCULATIONS

The awareness of the occupant of their immediate surroundings is a vital component in
their wayfinding capability [200,201]. It determines the occupant’s ability to perceive
information and therefore to adapt their behaviour accordingly. This will be affected by
their position within the enclosure, the environmental conditions, the sensorial and

cognitive capabilities of the occupants and the existence of available data sources [

200,201,202].

The ability of the occupant to receive information according to visual access allows the
transfer of information between the environment and the occupant population to be
simulated. This provides a more accurate means upon which the simulated occupant can
base their decision, instead of using globally defined information transfers or strictly
local definitions. This form of system might then be used by the occupant in an array of

analytical decisions for which the provision of information is essential.

At present in the buildingEXODUS model, the occupant is aware of the immediate
surroundings. This is defined as the location occupied and those nodes connected to this
present location. To some extent the occupant may also be said to be aware of the
availability of the nearest exit as the occupant is able to determine whether the exit
becomes unavailable. However, due to the rudimentary nature of the present
representation of occupant familiarity, this may allow the occupant access to

inappropriate levels of information.

A more accurate method of describing the possibility of receiving information would
have to take into account the potential obstacles that exist within the occupant’s
immediate environment. To represent the ability of occupants to receive information
visually, they are provided with ‘line-of-sight’ information concerning neighbouring
exits or nodal positions. This is initially quite a simplistic system as a realistic ‘line-of-
sight’ system, based around three-dimensional calculations, would be computationally
expensive and complex to implement. To determine the potential impact of such a

system, this rudimentary first step is produced.
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on adjacent nodes. In this crude representation, if either of the occupants involved in the

calculation are completely surrounded by other occupants, then no visual access is
achieved. This is described in greater detail in Chapter 8. Otherwise if two nodal
positions have the same identifying index then an occupant located on one of these

positions will have visual access to all of the information available.

This method requires the user to define the visual access, through grouping together
nodes as shown in Figure 5-5. This requires a greater degree of user interaction with the
model. It might also require an extended understanding by the user of both the model and
the environment simulated. In this version of the algorithm, it is the user’s responsibility

to impose the visual access upon the geometry. This should reflect any potential

obstacles within the geometry.

The system has been designed so that the user does not have to include the entire
geometry in these calculations. It is possible to only include limited area of visual access,
at which points the occupant utilises the algorithm defined previously (that is only a
select number of nodes are attributed with a nodal gene). Elsewhere the behavioural
model functions normally with the line-of-sight system automatically becoming
redundant. This occurs once an occupant is situated on a nodal location that is not

attributed with a identifying index.

This type of definition allows a number of distinct pieces of information to be transferred
to an occupant located on a node calculated as being visually connected. This includes
— the population density at the interrogated node

— the environmental conditions

— the actions of occupants located on the visible nodes.

This allows the method to be used in a greater variety of behavioural scenarios, such as

queuing, adaptive wayfinding and communication (see Chapter 8).
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the size of a crowd as a defined unit around an exit, or for an occupant to interrogate a

crowd’s behaviour [24].

Imperative to a number of behavioural features including occupant redirective behaviour
(see Chapter 8) is the ability of the occupant to receive information concerning the status
of the occupant environment enabling estimations to occur [1,9,52,53,58]. Specifically,
the ability of the occupant population to estimate the time it will take a high-density
population surrounding an exit to pass through the exit. This will have an important
affect upon exit selection. Given that the occupant is able to see the developments
around an exit, their future behaviour may be affected upon their ability to calculate

when specific exits become available [1,52].

A factor vital to the success of this feature is that the calculation conducted by the
occupants should contain a degree of fuzziness. The occupant will not have time for
arithmetic or accurate determinations concerning the movement of the exit populations

but will instead base their calculations upon estimates and approximations, probably at a

subconscious level.

The representation of such behaviour is achieved in a number of stages. Firstly, the
crowd involved in the congestion around the exit is defined as those occupants who
desire to leave via a particular exit and are within a pre-defined distance from their
target. The algorithm only includes those occupants who are heading towards the exit in
question. If an occupant is within an arbitrary distance threshold of 5Sm of the exit and is
heading towards the exit in question, he is included in the calculation. This therefore
excludes transient occupants who just happen to be within the perimeter of the crowd,
but are in fact moving on towards another target and will not significantly effect the
evaporation time. This also resolves the potential confusion that the algorithm may be

subject to due to several exits being in close proximity.
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where ¢ is the time for the exit congestion to evaporate (in seconds), P is the perceived

size of the population around the exit, w is the width of the exit in metres and f is the
estimated flow rate of the crowd, in persons/metre/second. Upon this estimate, decisions
may be made which alter or maintain the present position or course of action. Once the
occupant has an understanding of how long it will take for the crowd to exit, the

occupant may crudely approximate their own evacuation time through a particular exit.

For instance, given that the occupant location is a distance, d metres, from his target exit
and that he is travelling at v m/s, his exit time, #.; , can be approximated as being the

time to cover this distance and the time for the congestion to evaporate around the target

exit, such that

=_P +£ (IN SECONDS) (47)

texit W * f v

This provides a rudimentary understanding of the time for the occupant to exit.
Obviously other considerations can be taken into consideration, including the results of
conflict resolution, the different terrain types, etc. however, given that this method is

applied consistently between targets, it is deemed not to distort the potential evacuation

times disproportionately.

The inclusion of such considerations, as well as a greater reference to more internal

occupant attributes (such as drive, patience, etc.) is left for future work.
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5.6 OCCUPANT ATTRIBUTES AND INTERNAL DEVELOPMENTS: CONCLUDING REMARKS

The attributes and capabilities outlined in this chapter form building blocks for the
subsequent behavioural developments (see Table 5-1). Their implementation is therefore
a vital component in any future behavioural advancement of the buildingEXODUS
model. Their modular format is intentional, allowing their re-use and recombination into
more complex and more flexible behavioural capabilities. This will facilitate a more

sophisticated representation of occupant behaviour.

TABLE 5-1: SUMMARY OF THE BEHAVIOURAL DEVELOPMENTS IN THIS CHAPTER.

Section Development Description
5.2 Social Relationship Enables representation of social groups
5.3 Occupant Authority | Enables representation of social hierarchies
5.4 Line of Sight Enables perception of information
5.5 Crowd Analysis Enables calculation of crowd evaporation.
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CHAPTER 6 ENVIRONMENTAL EFFECTS AS DISTURBANCES
In this section the impact of the proposed features can be directly examined and tested,

rather than being restricted to a purely descriptive analysis, as in Chapter 5. These
features are generally reliant upon the occupant population receiving and reacting to new
forms of information. These features are relatively simple although they may have a
significant impact upon the evacuation results generated. Most importantly, the
introduction of the influences examined in this section enables the behaviour of the
occupants to be more contextual, relating to the event around him, rather than being

globally applied or assumed.

Where this introduction is reliant upon the unvalidated attributes in the previous section,

references will be made. These features include:

— 6.1. THE OCCUPANT ABILITY TO NAVIGATE ACCORDING TO PROXIMITY TO THE
ENCLOSURE

— 6.2. THE IMPACT OF THE SURROUNDING POPULATION DENSITY UPON ROUTE
ADOPTION

— 6.3. THE DEVELOPMENT OF MECHANISMS TO DELAY OCCUPANTS ONCE THE

EVACUATION HAS COMMENCED

6.1 THE OCCUPANT ABILITY TO NAVIGATE ACCORDING TO PROXIMITY TO THE
ENCLOSURE

6.1.1 EXPECTED OCCUPANT BEHAVIOUR

A vast amount of existing evidence suggests that occupant movement is conducted in

respect to the surrounding geometry of the enclosure and that the bulk of occupant
movement is conducted in a central segment of the floor-space. [56,66,177] The most
influential of these works being that of Pauls [66,177] who identified that the effective
width of corridors and passageways as being approximately 0.3m less than the actual

width, such that

W, =W, -0.3(m) (48)
where W, is the effective width and W, is the actual width of the corridor (see Section

2.6.6, Chapter 2).

Fruin also identified a similar measure to represent the expected distance between
occupant and the enclosure boundary, calculated as being between 1-1.5ft (0.305-
0.457m). This distance was claimed to change according to the circumstances in which

the occupant was situated. For instance, it might increase to 3ft (0.914m) whilst
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occupants are window-shopping. These figures were then used by Fruin to formulate a

generalised model of occupant movement.

The importance of the occupant’s proximity to the enclosure boundary may depend on a
number of factors that are external to the occupant (terrain, population density, clarity of
signage, etc) or may be internal and as such may involve dynamic calculations relating to
the external factors highlighted. Obviously in some situations, given the physical
description of the geometry and the existence of environmental impediments, the
occupants will be compelled to adopt a position in close proximity to the enclosure
boundary, irrespective of their wishes. Therefore the calculation of the occupant’s
position is based on physical necessity and occupant choice.

6.1.2 PRESENT BUILDINGEXODUS IMPLEMENTATION.

At present, in contrast to the evidence presented, the simulated occupant within the
buildingEXODUS model makes navigational calculations without making reference to
their proximity to the enclosure wall (see Figure 6-1). Although some space can be
claimed to be maintained between the occupant and the enclosure wall, given that the
nodal width is 0.5m and that the average occupant width is smaller [151], this distance
would not generally be in the region of 0.3m.

l/@ - A

FIGURE 6-1: SIMPLE EXAMPLE DEMONSTRATING THAT IN THE PRESENT MODEL THAT THE OCCUPANT
MIGHT ADHERE TO THE STRUCTURE BOUNDARY IRRESPECTIVE OF THE AVAILABILITY OF SPACE.

The experienced user, through the implementation of OBSTACLE nodes (see Section 3.1,
Chapter 3) around the boundary of the enclosure [24], can approximate the relationship
between the occupant and the enclosure boundary described. These nodes are less
favoured by the occupants and will be avoided if another option exists. If OBSTACLE
nodes are encountered by an occupant they will hinder occupant movement by reducing
occupant speed. However, this implementation becomes tiresome when complex
geometries are involved, where the number of adjustments may be vast and are also
interpreted identically irrespective of the environmental and physical conditions. They
are also treated by the occupant population in exactly the same manner, irrespective of

the conditions or the occupant’s experiences.
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6.1.3 PROPOSED BEHAVIOURAL MODIFICATION

The algorithm suggested accounts for the occupant attempting to maintain a distance
between himself and the enclosure. It achieves this by allowing the occupant to examine
a location within the enclosure and make a decision of movement according to the
locations proximity to the boundary. The implementation of this development within
buildingEXODUS allows the simulated occupant to impose an internal bias against
moving towards the geometry boundary, without forcing the user to individually identify

the nodes.

The method involves the occupant interpreting the environment and making decisions
according to the connectivity of the nodes available; representing the number of options
available to the occupant situated at the location in question. The likelihood of the

occupant selecting a node to be their next location is dependent upon the occupant’s

interpretation of its connectivity.

Implicit within the proposed algorithm is the assumption that the boundary of a structure
can be approximated by nodal connectivity. This is an implementational assumption,
although one that is borne out through examining the meshing algorithm used in the
buildingEXODUS model [24]. (Obviously if this algorithm was to be used in other
models, then the exact nature of the nodal mesh would have to be established.) Those
nodal locations that are adjacent to the boundary of an enclosure will have a lower
connectivity than those more centrally positioned and will therefore be deemed less

attractive by the occupant.

The occupant’s view of their surroundings is constantly updated, so that the occupant
analyses their position in relation to the boundary during each movement calculation
(every 1/ 12" of a second). This method allows the changing environmental conditions to
more readily be taken into account and therefore more accurately represent the individual
reaction to the environment (see Figure 6-2). This is particularly important when the
occupant is analysing the affect of their proximity to the enclosure boundary in concert
in relation to other conditions such as the population density (see Section 6.2) and the
environmental conditions (see Section 7.1, Chapter 7). Therefore the occupants

appreciation of a situation is not solely governed by an individual factor.
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This method does not involve the reduction in the speed of the occupant in relation to
their proximity to the boundary, although it would be a trivial matter for this effect to be
introduced. This effect is omitted to simplify the behaviour and enable a more detailed
understanding of the impact of its introduction. The maintenance of this behaviour
would also have required some justification. It is thought that the effective narrowing of

the geometry caused by the proposed behaviour is sufficient a consideration.

It is intended that this behaviour will be developed to include a dynamic representation
of the occupant’s travel speed. The exact nature of this reduction may not be linear or

uniform across the occupant population, nor across the geometry. This is left for further

work.

v

Has node
reduced
connectivitv?

Does node
represent free-
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FIGURE 6-2: FLOW CHART REPRESENTING OCCUPANT REACTION TO BOUNDARY PROXIMITY.

The introduction of this algorithm into the buildingEXODUS model forces the occupant
to consider the exact nature of the desired location prior to its adoption. The likelihood
of occupying a nodal location will be biased according to its connectivity, i.e. the choice

of a node will be biased in favour of those nodes that are more connected, reflecting their
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connectivity, n; is the nodal connectivity and n,,, is the maximum nodal connectivity

(set to 8 within the buildingEXODUS model).

It is important to integrate this algorithm into the system with other elements of the
behavioural model, such as the effect of the population density (see Section 6.2 ) and the
environmental conditions (see Chapters 7 and 8). As mentioned previously, all of these
proposed systems require the individual to constantly interact with the environment,
receiving information and interpreting this information individually. During conditions
of high population density or smoke, the unattractiveness of the nodes calculated as
being close to the boundary may be ignored or become dominated by other conditions.
Therefore although still an important factor the impact of the occupant’s position in

relation to the boundary is given a lower priority than these other conditions.

6.1.4 VERIFICATION

Hypothetical and real-life cases will be examined to demonstrate the qualitative

improvements that can be gained through the implementation of the behaviour,

especially involving individual geometrical cases (see Table 6-1). This involves

— 6.1.41 Examining the impact upon simplistic structures of relatively low population
density

— 6.1.42 Observing the impact upon more complex validation cases such as the
Tsukuba Pavilion evacuation in Chapter 4. The scenarios generated during this case
allow examination of high and low-density situations as well as examining the

interaction of the algorithm with a variety of terrain types.

These cases should both demonstrate the quantitative and qualitative impact of the

proposed behaviour as well as highlighting any potential shortcomings.

TABLE 6-1: VALIDATION CONDITIONS

Scenario Geometry Population
6.1.41 Hypothetical 20m x 5 m, 120 default occupants, instant response, randomly
single free flow exit 1.5m located
6.1.42 Tsukuba (see Chapter 4) 500 occupants, instant response, positioned in
seating arrangement
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the external exit, in an attempt to represent the weather conditions. In scenario 6.1.421,

the results of the present model are provided to create a control case. In scenario 6.1.422
the proposed algorithm will be used to simulate the same conditions. (See Section 4.3,

Chapter 4 for more details on the original simulations).

TABLE 6-3: DIFFERENT SCENARIOS EXAMINED IN CASE B1.3

Scenario | Behavioural model | External Conditions | Response Times
(secs)

6.1.421 Present Ignored 0, 0-90

6.1.422 Proposed Ignored 0, 0-90

In both cases the response time distributions were varied between 0 and 0-90 seconds.
This varies the level of congestion around the single exit and the congestion en route to

the exit. For further analysis and explanation of this case, see Chapter 4.

RESULTS-CASE 6.1.42
The introduction of the wall proximity algorithm in 6.1.422 increases the overall

evacuation times by 6.8% over the values produced by the present implementation in

scenario 6.1.421 (see Table 6-4).

TABLE 6-4: THE RESULTS FROM THE TSUKUBA PAVILION, FREE FLOW

Scenario | Instant response | 0-90 second response
6.1.421 95 144
[92-97] [143-147]
6.1.422 105 150
[104-105] [149-151]

This additional delay is caused by the constriction of the path between obstacles, forming
narrower bottlenecks, through which the occupants had to pass. As expected, the results
that are produced converge as the distribution of response times increases, due to the
lower levels of congestion generated at the exit and the subsequent access of the floor-
space. The increase in the evacuation times produced by the introduction of the proposed

behaviour then falls to 3.8% (Scenario 6.1.422) (see Table 6-4).

The introduction of the proposed method did, however, demonstrate a qualitative
improvement over the present method (see Figure 6-6), with the occupants maintaining a
distance from the enclosure boundaries where possible. In the present model, the
occupants are encouraged to maintain a path in close proximity to the boundary of the

enclosure, given the positioning of the exit. Unless they reduce the distance to the
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6.1.6 CONCLUSION

It is essential for the occupant to adjust their egress route according to the obstacle posed
by the enclosure. To be consistent this should be applied at the macro level (long-term
route adaptation), as well as at the micro level (maintaining distance from boundary
surfaces). The long-term consideration is substantially catered for in the existing model
(see Chapter 3) through the provision of the potential map system. Therefore the

proposed behaviour is concerned with the short-term proximity considerations.

This process has been shown to adequately represent the ability of the occupant to
analyse their path and maintain a distance based on the evidence available, without

generating unforeseen occupant behaviour or anomalies in the simulation process.

The introduction is flexible enough to allow the occupant to adapt their route and
therefore make choices upon their location according to the exact nature of their
circumstances. It has been demonstrated that under certain conditions (for instance, a
high-density population) the occupant may be forced into close proximity with the

enclosure boundary. This option should always remain open to them.

Some differences were noticed in the quantitative results produced, especially under
these high-density conditions. This is due to the effective narrowing of the enclosure and
the subsequent increase in conflict resolution. However, the proposed behaviour
introduces local differences into the occupant’s navigational procedure that are
dependent upon the surrounding conditions. These conditions will fluctuate according to
the location and movement of individual occupants. This is important as any
representation of occupant calculation that had a global effect would be inconsistent with

the evidence available.

6.2. THE IMPACT OF THE SURROUNDING POPULATION DENSITY UPON ROUTE ADOPTION
6.2.1EXPECTED OCCUPANT BEHAVIOUR
Mills comments that

“a state of crowding existed and is perceived as such by the individual, when the
individual’s demand for space exceeds the available supply of such space”. [204]
The importance of this definition is that it refers not only to the physical imposition of

high-density populations but on the ability of the occupant to perceive such
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Within the buildingEXODUS model, the node’s potential is increased inversely with the

population density recorded at each node. Therefore given that P, Q and R represent the

three locations examined such that

P = ['xexit ’ yexit ]’ Q = ['xtarget ’ ytarget ]’ R = [xpresent ’ ypresent ] (52)

then the following relationship must be satisfied to allow the connectivity of the

proposed node to be considered.

lo-P|, <Ir-Fl, (53)

representing the locations of the proposed node and present nodes in relation to the target
exit. Once satisfied, the attractiveness of the nodal location according to the population

density is calculated as being

A =(R-Pl,-|o-F)+- ;’i) , where 0<p;<1 (54)

where A; is the attractiveness of the node in question, ”Q— P” , 1s the distance to the

target exit from the target node, |R - P||2 is the distance to the target exit from the

present node, p; is the population density of the node, pn.: is the maximum density
achievable at that nodal position and A is an arbitrary internal constant representing the

additional desirability of a position due to its low population density.

The population density is calculated according to

(55)

which determines the number of occupants situated on the node presently occupied
(node j) plus the number of occupants on the adjacent nodes. This is then divided by the
total number of nodes involved in the calculation. The density will always be greater
than zero as the occupant determining the population density is included in this figure.
Therefore nodes which are attributed with low population density calculations will be

considered relatively favourable.

In the present model a similar attractiveness calculation 1s made, except that no reference

is made to the population density, such that
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A = ("R B P"z _”Q N P”z) (56)

Therefore the remaining distance to the exit from each of the nodal locations available,
strictly controls the occupant movement. It should be remembered that in both cases the

A; value of individual nodes has no intrinsic value other than as a comparison against

other nodes.

The population density is only a factor during the traversal of particular terrain types. For
instance, on a stairwell or in seated arrangements, the exact population density may not
be as great a consideration as in a more conventional terrain, where it would have more
of an effect (see Figure 6-8). The proposed behaviour is only considered if the occupant

is located on a horizontal empty surface, instead of a stairwell, seat, etc.

This calculation is discarded as the occupant approaches an exit. This provision is again
included to prevent unnecessary and inappropriate occupant diversions away from their
intended target, where the occupant’s desire to exit the enclosure would supersede any
reticence that the occupant may have in crowding. Therefore the results of the
calculation are not included once the occupant is within 2.5m of the exit, allowing the
occupant sufficient time to readjust their path towards the desired exit (this distance was

chosen in line with existing buildingEXODUS thresholds [24]).
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FIGURE 6-9: FLOW CHART REPRESENTING OCCUPANT REACTION TO POPULATION DENSITY

The importance of the imposition of the population density as a factor in route

calculation reflects an important point that is evident throughout this dissertation and
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which is a fundamental principle in the buildingEXODUS models. A number of models

(see Chapter 3) determine occupant speed according to the flow rate calculations from
the density of the occupant population. The proposed algorithm and the
buildingEXODUS model, assume that calculations are made at an individual level rather

than being calculated according to macroscopic structures.

As well as this theoretical assumption, buildingEXODUS relies upon the resolution of
conflicts between individual occupant vying for particular locations. Conflicts reduce the
effective travel speeds of the occupant by providing small delay periods in their progress.
The extent and number of these delays are dependent upon the motivation of the
occupant involved (see Section 3.1, Chapter 3 and Chapter 4). Through the inclusion of
the behaviour outlined in this section, not only are the occupants in conflict over
particular locations, but are also attempting to minimise the number of conflicts arising,
allowing for occupants to adapt their paths according to the availability of alternative
routes. Although the occupants may travel an increased distance in attempting to reduce
population density, this will be compensated for in the reduced number of conflicts
experienced. These alternatives are truly short-term and the occupants will return to their

‘optimal’ path as soon as is practicable.

6.2.4 VERIFICATION

Similar to the effect of the proximity of the enclosure boundary (see Section 6.1), the

proposed behaviour should be tested at low and high population densities and in a

number of different scenario types. The cases are therefore designed to examine

— 6.2.41 The impact of the algorithm upon low-density populations, particularly
examining the qualitative impact upon occupant path adoption where space is
available

— 6.2.42 The consequences of the occupant population attempting to maximise their
space given high-density conditions. These will then be compared against actual
experimental data derived from the Stapelfeldt case (see Section 4.1, Chapter 4).

— 6.2.43 The introduction of the algorithm into a more complex environment that
allows comparison with Tsukuba Pavilion results [194]. This allows the algorithm to

operate under varying conditions.
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Instead of being limited to the central area of the geometry, seen in the present

buildingEXODUS implementation, due solely to the production of the potential map, the
occupants are forced to consider the more extreme reaches of the geometry, as they
approach the exit (see Figure 6-10). The occupants are therefore seen to disperse over a

larger area of the geometry.

Interestingly the proposed behaviour described in this section and that described in
section 6.1 have approximately opposite effects upon the occupant population. The
coincidence of these behaviours will be dependent upon the proximity of the occupant to

the enclosure wall and the population density at the precise moment.

TABLE 6-6: EVACUATION TIMES PRODUCED IN 6.2.411 AND 6.2.412

Density behaviour implemented | Evacuation Times For Individual Populations (secs)
Avg
Scenario 6.2.411 38.7
(Present) [36.7-40.4]
Scenario 6.2.412 37.5
(Proposed) [35.6-39.3]

However the qualitative differences are not reflected in the quantitative results in Table
6-6 and Figure 6-11, where there are obvious similarities between the occupant arrival

behaviour.

If anomalies in the occupant behaviour were introduced by the new behaviour, then it
would be expected that these would generate unusual evacuation curves. From
examining Figure 6-11 this is not seen to be the case, as the curves generated have a high

degree of similarity.

comparlson of pop density and presnet model (black=non-pop,yell-pop)

occupant arrival
3

40

20

evac times(eecs)

FIGURE 6-11: TYPICAL ARRIVAL TIME OF OCCUPANTS IN 6.2.41. THE LIGHT DATA POINTS REPRESENT
SCENARIO 6.2.412. WHILE THE DARK DATA POINTS REPRESENT SCENARIO 6.2.411.

A closer examination can be attempted through the analysis of the distances travelled by

individual occupants during the simulations. It was expected that during the introduction
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Again, no anomalies in the occupant movement or arrivals are evident in the curves
generated (see Figure 6-14). Under both behavioural models the occupant arrival curves
generated are almost linear, being dependent upon the occupant crowding around the

exit.
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FIGURE 6-14: COMPARISON OF THE OCCUPANT ARRIVAL CURVES GENERATED.

The production and maintenance of high-density conditions demonstrate that occupants
attempt to minimise the surrounding population density, rather than automatically

ignoring areas of high-density.

CASE 6.2.43

In 6.2.43, the impact of the introduction of the behaviour is examined in context with a
more complicated geometry; that of the Tsukuba Pavilion (see Section 4.3, Chapter 4).
This allows the examination of the introduction of the proposed behaviour upon a
fluctuating population density, as well as upon a more complex and less uniform
geometry. The 500 occupants are assumed to respond instantly or over a period of 90
seconds. The occupants not only have to cope with an irregular geometry but also have
to contend with a seating arrangement that prevents direct access to a single exit, which

is attributed with free-flow conditions.

The impact of the present model is examined in 6.2.431 while the proposed model is

examined in 6.2.432.

RESULTS-CASE 6.2.43 TSUKUBA PAVILION
Examining the quantitative impact of the proposed behaviour in 6.2.432, a number of
observations can be made. In Table 6-9 a similar trend to that observed in section

6.1.422 can be seen; as the exit becomes less congested so the impact of the proposed
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to the direction that the occupant is travelling, so that a cone is formed representing the

occupant’s visual awareness.

As populations move towards an exit the fluctuation in the crowd movement can cause a

staggered effect on the movement of individuals (see Figure 6-17).

FIGURE 6-17: EXAGGERATED STAGGERING OF NEW FEATURE SHOWN IN BLACK WHILST ORIGINAL
PATH SHOWN IN YELLOW

This is due to the short-term nature of the route calculation, so that as occupants move
off the population density may change drastically. This problem may be resolved through
a more long-term decision-making process or through a more intelligent analysis of the

population density.

6.2.6 CONCLUSION

Similar to the considerations of the impact of the boundary, it is important for the
occupant to take decisions concerning their immediate egress route based upon their
perception of the surroundings. A fundamental part of these surroundings will be the

occupant population.

The verification cases provided here demonstrate the importance of the proposed
behaviour upon the qualitative behaviour of the occupants as well as correcting possible
anomalies and difficulties within the present behavioural model. The implementation of
the proposed behaviour within the buildingEXODUS model did affect the overall
evacuation times produced. However this effect was noticeable once high-density
populations had been formed and may have been exacerbated by the nature of the

scenario geometry.

6.3 EVACUEE DELAY MECHANISM

6.3.1EXPECTED OCCUPANT BEHAVIOUR

During an evacuation, particular occupants may come to a halt for a brief period of time,
for a variety of reasons. [205]. This might include window-shopping [66], observing a

piece of information/signage [153, 202], or traversing particularly difficult terrain.
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Although some of these examples may be associated with non-evacuation activities they

may be equally performed by occupants who are unaware of the existence of an
evacuation, or those that do not perceive the severity of the situation. Therefore,
occupants who are delaying their movement for non-evacuation purposes may hinder

those attempting to evacuate.

A different form of delay is caused by the occupant performing an action during an
evacuation. This may include examining the surrounding conditions, fighting the fire,
gathering information, etc. In reality, the outcome of the action will be the most
important aspect to the engineer. However, the delay incurred by the occupant due to the
performance of the action and the potential subsequent congestion may also have an

effect upon both the individual and the surrounding evacuating population.

The implication of the occupant(s) becoming stationary may be significant, especially in
narrow corridors, or if the occupants are positioned near to a functioning exit. Their
presence may adversely affect the passage of other more mobile occupants, while

obviously affecting their own egress time.

6.3.2 PRESENT BUILDINGEXODUS IMPLEMENTATION

In the present buildingEXODUS there is no dedicated mechanism to represent the
delaying of an occupant once he has begun to evacuate. The only recommended method
of delaying/preventing occupant movement is though increasing the initial response
time. This provides a means to represent occupant delay. This is especially the case if the

delaying effect being portrayed is localised, due to an impact of the terrain or through

internal factors.

The manipulation of the geometry through extending the distances to be traversed by the
occupant can have the effect of delaying the occupant’s movement. However, this
method is inappropriate as it uses the manipulation of an entirely unrelated factor (the

physical distance to be covered) to represent the effect of a behavioural action.

A number of other methods may also be adopted, including the manipulation of the
obstacle values attached to the arcs connecting specific nodes. This would be a localised

effect. However, for this to affect occupants individually, the attribute that relates to this
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The likelihood of this event is dependent upon the motivation of the individual. This is

initially based upon the assumption that occupants who are highly motivated will be less
likely to delay their movement. In certain circumstances, such as if the user is attempting
to represent the delay caused by fighting the fire, this assumption may not be sound. This
problem may be addressed by either having the reason for the delay associated to the
node, or having a more sophisticated dependence upon the occupant’s attributes and the
context of their actions or by having the conditions of delay open to user control.
However, occupant motivation is deemed sufficient for demonstrating the concepts
involved in the proposed behaviour and as an initial attempt at representing the occupant
likelihood of delaying. To represent all of the contextual factors that may influence the
halting of the occupant (identified in the previous section) would require a more detailed
analysis and is left for further work. Therefore in this initial stage the simulation of the

occupant’s immediate reaction towards the hazard, although capable of being addressed,

is not specifically dealt with.

The delaying of an occupant is calculated according to (57).

i

+E S Thy (57)

max

where D; is the occupant’s motivation, D, is the maximum occupant motivation, £is a
random number between 0 and 1.0 and r4.qy is the probability of delay. Therefore the
lower the occupant motivation in relation to the maximum achievable, the more likely it
is for the occupant to come to an halt. The user is able to determine the exact likelihood
of delay (therefore setting the value of rg4i,, manually) or may (if the relevant
information does not exist) allow rgqy, to be produced internally (arbitrarily set to 1.0).
This is based on the assumption that an occupant, who is fully aware of the emergency
and becomes highly motivated, is less likely to delay movement. As highlighted
previously, it is recognised that this is simplistic and that the decision should be taken in

context with the situation and the occupant’s previous actions.

The occupant is prevented from continually delaying their movement. This is achieved
through the occupant having a memory of previous instances of delaying. If an occupant
has previously delayed due to a delay node, he will be prevented from doing so again.
This is important as the occupant who is continually delayed could be interpreted as

continually performing the same action or influenced by the same factor. Means are

required to prevent or control this process.
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This is achieved by crediting the occupant with a memory of their previous delays. This
arbitrarily limits the number of delays to a single instance. This restricts the behaviour
especially in enclosures where a number of areas are deemed to cause delays. However, a
more detailed examination of the impact of previous actions upon the likelihood of being

delayed is left for future work.

As well as being able to control the probability of halting, the user can also control the
extent of the delay provided by the delay area. In reality, the extent of the delay may be
influenced by the events occurring in a particular area, including the time taken for a
passenger to examine a timetable, for an examination of a particular shop window, the
time taken to traverse unusual terrain, etc (see Figure 6-19). Information relating to this
event can be supplied by the user who supplies an expected delay time, #,,, providing a
estimation of the delay times expected.

Lietay = Yonin T (Tpax — Lonin ) 7 (59)
where 144y 1S the calculated delay time, f,;, 1s the minimum delay time, £, 1S the
maximum delay time and r is a random number between O and 1.0. If ¢,;, and ¢, are

equal then the delay is constant.

If the user has no appropriate information concerning the expected delay times, then a
default position is adopted with 7, set to 5.0 seconds. This is suggested as a default

position and has no empirical basis.

Once on a delay node, the occupant remains motionless for an amount of time influenced
by their drive, the delay time attributed to the node and possibly the activities of other

occupants. Once this time has exhausted, the occupant moves off.

In general, the occupant stopping on a delay node will only occur under the NORMAL
behaviour regime, based on the assumption that if the occupant is EXTREME he has been
made aware of the emergency or has experienced extreme conditions and will not
therefore stop on routine business (see Section 3.1, Chapter 3 and Chapter 4). In future
this might be dependent upon the exact nature of the delay node or of the context in
which it occurs. For instance, an occupant may be fighting a fire, opening a window, etc.,
all of which would occur under extreme conditions. This could be determined manually

or could be automated. Therefore if the occupant has experienced hazardous conditions,
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is situated near to the fire and is delayed, then he could be assumed to be fighting the

fire. Under these circumstances he could delay and be EXTREME simultaneously. The
extension of this feature in such a way is achievable but would require extensive analysis

and is left for future work.

The halting of a number of occupants may be significant, in that depending on the exact
position of the population build up, significant blockages may form. The implementation
of these nodes might then allow the user to determine the most effective position for
such blockages to take place, to minimise the interference caused to the
evacuating/mobile population. This would then represent a tool that would assist in the

design of enclosures.

Is occupant on
delay area?

Is occupant
sufficiently
unmotivated?

Occupant has not
previously delayed?

Determine delay time Allow progress

e —— e
-

FIGURE 6-19: FLOW CHART REPRESENTING THE IMPLEMENTATION OF THE PROPOSED BEHA VIOUR

The actions of a group of occupants who are members of the same social group (see
Section 5.2, Chapter 5 and Section 8.3, Chapter 8) arriving at a delay area is slightly
different. These will be based around the activities of the most senior (see Section 5.2,
Chapter 5) member of the group. These activities will be discussed in greater detail in

Section 8.3, Chapter 8.
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making no explicit attempt to delay the occupants at all. In 6.3.412, the present model is

still utilised except that the geometry is deformed in an attempt to represent the delays
experienced, whilst still using the present model. This is achieved by calculating the
approximate average of the occupant speeds (given that they were taken from the
Population Panel feature, see Section 3.1, Chapter 3) and therefore the additional
distance that would be required to delay the occupants sufficiently to approximate the
default delay period. The distance across the entire ‘delay area’ was therefore extended

by 4m, given that an approximate average population speed of 1.3m/s).

Given that the delays simulated in the proposed model were of the order of 5.0 seconds,
the manipulation of obstacle values attached to the arcs connecting the relevant nodes

were not seen as capable of representing this behaviour.

The proposed model is examined in 6.3.413.

RESULTS-CASE 6.3.41

In case 6.3.411, where the present behaviour is in position without delay representation,
no obvious influences can be derived from the alteration in the occupant motivation (see
Figure 6-22 (a)) This is expected as no means to represent the delaying process is
available that relies upon occupant psychological factors. The evacuation arrival curves
produced all fall within a small area and maintain a similar shape, as there is no

representation of the delaying mechanism.

During the distortion of the geometry in Scenario 6.3.412, some delay can be seen during
the simulation. However, this was not dependent upon any psychological feature
simulated within buildingEXODUS. It may have been possible to manipulate the
occupant travel speeds to vary the occupant interaction with this geometrical
deformation. However, this would not have been localised to the delay area. A more
important impact of the physical distortion was the influence upon the path adopted by
the occupants during the simulation (see Figure 6-21). The distortion of the geometry
caused the occupants to divert around the ‘delay area’ as the potential map had been
influenced. This minimised the impact of the delay mechanism. This problem may have
been circumnavigated by the use of ATTRACTOR nodes (see Section 3.1, Chapter 3).
However, it is not clear how this feature would respond in conjunction with

manipulating the physical aspects of the geometry.
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FIGURE 6-22: THE IMPACT OF OCCUPANT DRIVE UPON THE DELAY NODES IN 6.3.411(A), 6.3.412 (B)
AND 6.3.413 (C).

From Figure 6-22 three distinct levels of delay are evident. In 6.3.411 (Figure 6-22(a))
no delay is evident, with the drive having no obvious bearing upon the arrival of the
occupants. In 6.3.412 (Figure 6-22(b)) a reduced level of delay is evident, with
motivation having no impact. Finally in 6.3.13 (Figure 6-22(c)), significant differences
between the scenarios are evident, with an obvious trend existing in relation to the

occupant motivation, as expected.

During the imposition of the proposed model, the occupant arrival curves formed are
generally parallel, except at the initial and final stages. Initially it is apparent that the
most motivated occupants (with a drive of 20) tended to ignore the existence of the delay
nodes, therefore producing a steep arrival curve earlier in the simulation. Once the
occupant flow stabilised, the arrival curves ran approximately parallel, as the occupant

arrival tended to be more sporadic.

Towards the end of the simulation, the gradients and general shape of the curves changed
according to the extent of the delays incurred by the occupants. Again, the extent of the

delay was influenced by the occupant motivation.

TABLE 6-11: EVACUATION TIMES PRODUCED IN 6.3.411-13

Drive
Scenario 5 | 10 [ 15 | 20
Evacuation times (secs)
6.3.411 37.7 40.8 41.2 39.7
(Present) [34.8-43.1] | [36.3-45.9] | [38.6-43.3] | [37.3-42.4]
6.3.412 45.6 44.2 46.3 46.1
(Present) [42.1-49.6] | [41.8-47.5] | [42.2-48.5] | [43.1-47.6]
6.3.413 56.4 50.8 473 39.4
(Proposed) | [54.8-58.6] | [46.9-57.1] | [45.8-49.6] | [36.1-41.3]
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From Figure 6-23 and Table 6-11, an interesting consequence of the imposition of delay

nodes can be seen.

In 6.3.11, no discernible pattern or delaying effect emerges. In 6.3.412, no pattern
emerges other than the evacuation times being consistently higher than in 6.3.411. These

delays were insensitive to the attributes of the occupant population.

Examining 6.3.413, when the occupant population is highly motivated, the delay nodes
provide no hindrance to the evacuation time. This is because the arrival of occupants is
more staggered than in the present model and therefore provides some relief to the
congestion situated around the exit. This occurs while still allowing a steady flow of
occupants through to arrive at the exit. This mimics the prevailing idea behind the
implementation of procedures in large buildings and may point to another use of the
delay node for instance, phased evacuations. As the motivation of the population
decreases, so a greater proportion of the population delays, causing congestion to occur

later on in the simulation.
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FIGURE 6-23: GRAPHICAL COMPARISON OF 6.3.411 , 6.3.412 AND 6.3.413.
CASE 6.3.42

In case 6.3.42, the geometry from 6.3.41 is implemented (20m x 5.5m), with the delay
nodes positioned in an identical position. However in this case, the delay times applied
are user controlled, ranging from 10 to 50 seconds. These are kept constant within each
scenario, with the delay times being incremented between scenarios. This is to examine
the impact of possible experimental data representing a variety of influences on the
population. It is assumed that this data relates to the expected delay times imparted by
the delay nodes, provided by the user. This might, for instance, represent a signage
system offering different levels of information to the occupants who wait for varying

periods of time to absorb this information (e.g. at a train station).

314



Chapter 6
One hundred occupants, that are again produced using the Population Panel system,

populate the geometry (see Chapter 3). The occupant motivation, already demonstrated
as having an important impact upon the simulation, is kept constant (at 10) to minimise

its influence during these simulations.

The results of the present model are not included, as it has already been demonstrated to
have a limited capability to represent such an effect, due to the insensitivity of the

behaviour to this attribute.

RESULTS-CASE 6.3.42

From Table 6-12 several important results can be obtained. Firstly, an increase in the
delay times associated with the delay nodes increases the overall simulation times. This
increase does not, however, linearly reflect the increase in the associated delay time.
Instead, it is a more complex process, being influenced by the increased conflict
resolution that occurs between occupants due to the greater congestion around the delay
area. It is also relevant to examine the distribution of the results produced, which
increase proportionately with the increase in delay times. The distribution of the
evacuation times increased from approximately 1 second for the 10-second delay nodes
to 49 seconds for the 50-second delay nodes, reflecting the increased impact of the data
relayed to the occupant. This is due to the increased significance of occupants’

refusing/accepting the delay node information.

TABLE 6-12: RESULTS FROM THE IMPOSITION OF DIFFERENT DELAY LEVELS

Delay Level(secs)
10 20 30 40 50
Evacuation times 60 92 108 118 147
(secs) [59-60] [88- 99] [97- 126] [86- 128] [111-160]

The complexity in the results is reflected in the fit of the polynomial trend-line, in Figure

6-24, which denotes the non-linearity of the relationship between the delay times and the

impact on the evacuation times generated. (It should be remembered that the data points

used to generate this trend-line each represent the average of five separate simulation

runs).
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FIGURE 6-24: EVACUATION TIMES GENERATED GIVEN DELAY TIMES ATTACHED TO THE VIEWING
AREA, WITH ACCOMPANYING NON-LINEAR TREND-LINE,

The importance of these results is to demonstrate that the effect of the delay area upon
the evacuation times produced is not simply linear. As seen in reality [153], the exact

response to delays and congestion are complex and can even, if monitored, accelerate the

evacuation process.

The non-linearity visible in Figure 6-24 is due in part to the potential benefits to the
overall flow through the single available exit provided by the delay nodes. As the delays
imposed increases so this advantage declines, allowing a steeper rise in the overall

evacuation times.

CASE 6.3.43

This case is based upon an actual population movement, measured whilst 124 students
were leaving an exam hall. Their movement was staggered so as to minimise the

congestion at the single exit.

The hall was 12m x 34m and contained 130 desks arranged in 9 columns. The hall had a

single exit of approximately 0.5m. Other exits were available but were not used (see

Figure 6-25).

The population was separated so that groups of the students left at specified intervals.
These groups were formed from the columns of seats within the hall. The intervals
between student movement were recorded at 60, 90, 150 and 180 seconds after the initial
population movement. Before leaving, the students were required to collect their
belongings from the front of the hall. This provided considerable congestion en route to

the exit. On average the students were delayed for approximately 15 seconds, although a
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degree of variation existed between individual students. Unfortunately, due to limited

resources available, the details concerning this distribution was not recorded. It was
noted that some congestion occurred between the occupants irrespective of the

staggering process.
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FIGURE 6-25: BUILDINGEXODUS REPRESENTATION OF THE SPORTS HALL.

The overall evacuation time was 270 seconds. Only one evacuation was examined,

providing only one point for comparison. This obviously reduces the level of confidence

in the results produced in this case.

To utilise this data, six scenarios will be examined. The occupant population is produced
using the population panel mechanism (see Section 3.1, Chapter 3). The simulations
were conducted under the normal behavioural regime, as no emergency conditions were

evident to those involved.

In scenarios 6.3.431 and 6.3.432 the present model is used to examine how the
evacuating occupants would be currently represented. In scenario 6.3.431 the occupants
are attributed with an instant response time to provide a control case. In scenario 6.3.432
the response times outlined are attributed to the appropriate occupants to represent their
staged response (e.g. 0 seconds, 60 seconds, 90 seconds, etc.). No representation of the

collection of occupant belongings is made in either of these scenarios (see Table 6-13).

TABLE 6-13: DESCRIPTION OF THE SCENARIOS IN CASE 6.3.3.

Scenario Scenario Description
6.3.431 Present Behaviour, Instant response
6.3.432 Present behaviour, Staggered Response

6.3.433 Proposed Behaviour Applied, Staggered Response, 10 second delay
6.3.434 Proposed Behaviour Applied, Staggered Response, 15 second delay
6.3.435 Proposed Behaviour Applied, Staggered Response, 20 second delay
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In scenarios 6.3.433-6.3.435, the proposed behaviour is implemented. The delay nodes

are positioned to represent the collection of belongings. The times attributed to the delay
nodes are varied between 10, 15 and 20 seconds to examine the sensitivity of the

evacuation times to the changing delay period.

The delay nodes are positioned around last 3m of the enclosure. Therefore, although the
occupants are not attracted to the delay nodes, they will come into contact with them.

Their reaction to them are then dependent upon the resolution of the equation provided.

RESULTS-CASE 6.3.43

Due to the relative free passage of the occupants to the exit in Scenario 6.3.431, the
evacuation was largely dependent upon the exit conditions (see Table 6-14 and Figure
6-26). The evacuation times produced during Scenario 6.3.431 are significantly lower
than the actual results as neither the delays nor the staggered response times are
represented. The representation of the staged occupant movement within the present
model in Scenario 6.3.432 alters the evacuation results significantly, producing a more
accurate result. However, these results do not approximate the qualitative results. In the
actual crowd movement, the occupants were seen to congregate some distance from the
exit, around the points of luggage collection. The results produced during 6.3.431

suggest crowd congestion around the exit.
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FIGURE 6-26: CUMULATIVE ARRIVAL CURVES FOR CASE 6.3.43

Once delay areas were introduced in scenarios 6.3.433-6.3.35 the evacuation results
significantly altered. From Figure 6-26 the occupant arrival curves are less linear and

generally more complex, due to increased number of variables affecting the outcome. As
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the imposed delay times increase, so the occupants become less dependent upon the exit

conditions and more so on the impact of the staged movement and the effect of the

consequent occupant blockages.

TABLE 6-14: RESULTS FROM CASE 6.3.3 (TET= TOTAL EVACUATION TIME, CWT= CUMULATIVE WAIT

TIME AND PET= PERSONAL ELAPSED TIME)

Scenario Avg. TET (secs) | Avg CWT times (secs) | Avg PET times (secs)
6.3.431 188 10 97
[183-192] [10-10] [93-100]
6.3.432 227 11 114
[221-228] [9-13] [112-116]
6.3.433 246 11 124
[240-253] [9-13] [122-126]
6.3.434 277 19 137
[273-281] [18-21] [136-139]
6.3.435 326 37 161
[316-332] [34-41] [157-164]

The individual occupant experience also changes dramatically, again in line with the
increase in the imposed delay times (see Table 6-14). This is caused by occupants
halting, due to the delay nodes, simulating the occupants collecting their belongings.
Importantly, this type of behaviour can now be represented. This behaviour is deemed to
increase the perceived occupant waiting time (the CWT) as they have begun to evacuate
and are then faced with a delay. It is arguable as to whether there may be situations when
the occupant stopping voluntarily may not be thought of by the occupant as being a
delay. This is left for future work. In this instance however, the blockages caused to the
mobile occupants by the other members of the population collecting baggage are

definitely involuntary and should therefore be recorded as such.

Through the introduction of the delay nodes, the quantitative results represent the
original results more accurately and do so through the introduction of appropriate
influences. Due to the variation of the observed occupant delay times, scenarios 6.3.433-
6.3.435 were included to examine the overall evacuation times. These scenarios
produced times that were within 9.1, 2.0 and 20.8% respectively of the actual results.
These generally present an improvement over the results from the present model, the best
of which comes within 16.2% of the original data. However, the prediction made by the
present model might be improved by engineering the occupant travel speeds or extending
their response times to compensate for the extra delays. Both of these actions would,

however, require justification.
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A more qualitative examination of occupant behaviour demonstrates that not only do the

times produced generally improve through the introduction of the proposed mechanism,
but that the occupants were seen to behave in a similar manner. Therefore the occupants
were seen to halt at a particular location and then possibly be subject to congestion due

to other occupants coming to a halt.

6.3.5 FUTURE WORK

Generally the imposition of the delay node should be far more contextual. This could be
achieved by analysing the experiences of the individual occupant. This could be
compared to the location of the occupant in relation to other incidents, such as the seat of
the fire, fire equipment, etc. In this manner, the model could then infer from the nature of
the delay and the factors (such as occupant motivation) that might affect it. It should also

be possible for the occupant to be attracted to specific nodes that then delay their

passage.

As well as forcing the occupant to delay their movement, nodes may be constructed to
pass information to the occupants, affecting other aspects of their behaviour. This
information may relate to the need to respond (relating to the presence of an alarm

system), or a change in direction (relating to the presence of signage).

The effectiveness of the alarm system is fundamental to the success of an evacuation (see
Section 2.4.1, Chapter 2). This effectiveness is dependent upon the clarity, believability
and effectiveness of the alarm system [1,64,66,82,83,117]. The effectiveness of an alarm

system is vital in the occupant’s perception and knowledge of the event.

As the size of the population involved in the evacuation from an unfamiliar enclosure
decreases, so the necessity of signage increases to assist in the occupant wayfinding
capabilities. Different forms of signage exist, from sophisticated, technologically
advanced examples involving complex lighting systems and graphical screens, to more

simplistic traditional methods [9,202].

In their reaction to alarm and signage systems, occupants initially have to perceive the

imparted information prior to their interpretation of it. The clarity and effectiveness of
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the system is therefore an important factor in the acceptance of the information provided

and will be dependent upon the environmental condition in which the sign is placed.

The algorithm would be dependent upon the use of nodes designed specifically to impart
information. These would not signify the actual position of the system but the area
within which information can be transferred. Once an occupant is situated in a specified
area, he would be assumed to be either in visual contact with the sign or able to be
affected by the alarm system and therefore may then receive new information. This
information may take the form of new exit awareness or a reduction in the occupant’s

response time.

A probability could be assigned (either randomly or by the user) reflecting the likelihood
of the occupant perceiving and believing the information. This probability would also
incorporate a number of influences such as the effect of the environment upon the
likelihood of perception according to the data derived by Jin [9] or the influence of the

alarm type upon occupant response.

6.3.6 CONCLUSION

The development of the proposed behaviour has provided a number of distinct benefits.
It enables the engineer to represent a relatively common occupant activity (that of
delaying their movement), with a high degree of control and confidence. The results
produced are sensitive to the occupant attributes as well as the conditions defining the
delay area itself. The introduction does not only delay directly those occupants who are
directly affected, but has a more complex impact, through the development of blockages
and bottlenecks. This demonstrates how a relatively localised factor can feed through to
influence a wider population. This type of facility therefore allows the engineer to
examine the potential pitfalls of particular designs prior to their creation, in a flexible

and appropriate manner.

6.4 ENVIRONMENTAL EFFECTS AS DISTURBANCES: CONCLUDING REMARKS

The developments in this chapter signify moderate progress in the simulation of
occupant behaviour, through the simplistic interaction between the occupant and their
surroundings (see Table 6-15). Although simplistic, this development does allow the

occupant to react more appropriately to their immediate location according to the
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surrounding conditions, be they the proximity of the enclosure, the presence of other

occupants or the prevention of free passage. The inclusion of these features have
desirably affected the outcome of the simulations; in situations where no quantitative

alteration was desirable, generally none occurred, while qualitative improvement was

constant.
TABLE 6-15: SUMMARY OF THE BEHAVIOURAL DEVELOPMENTS IN THIS CHAPTER
Section Development Description
6.1 Navigation In Relation To Enables more detailed representation
The Enclosure of occupant movement
6.2 Navigation In Relation To Enables more detailed representation
The Surrounding Population of occupant movement
6.3 Evacuee Delay Mechanism | Enables the representation of localised
blockages
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CHAPTER 7 THE OCCUPANT AS A PSYCHOLOGICAL MECHANISM: THE IMPACT OF
THE EVACUATION UPON THE OCCUPANT

The previous section proposed a number of simplistic changes to the occupant’s ability
to manipulate his behaviour according to external factors. This section represents a more
advanced level of behavioural representation. The occupants perceive their surroundings
and process the information available to them. The level of behavioural sophistication
has increased within the model without introducing adaptive or complex decision-

making processes. These representations include:

— 7.1. REPRESENTATION OF THE OCCUPANT MOVEMENT THROUGH SMOKE
— 7.2. DYNAMIC BEHAVIOURAL REGIME REPRESENTATION

— 7.3.THE LOCALISED REPRESENTATION OF OCCUPANT FAMILIARITY
In 7.1 the movement of occupants through smoke-filled environments is developed.

Instead of the occupants reaction to a smoke-filled environment being limited to an
ability to maintain a constant speed, a reduction in the occupant’s capacity to navigate is
also represented. An individual representation of occupant familiarity is then described,
enabling more sophisticated representation of the occupant’s understanding of the
geometry. Finally, the ability of the occupant to internalise their surroundings and
experiences is developed. This allows the occupant to interpret the surroundings that will

subsequently affect the occupant’s motivation and therefore the behavioural response.

7.1. REPRESENTATION OF THE OCCUPANT MOVEMENT THROUGH SMOKE
7.1.1 EXPECTED OCCUPANT BEHAVIOUR

Jin [1,9-11], during his experiments involving volunteers moving through detrimental
conditions (smoke-filled corridors), noticed that they demonstrated several behavioural
features in response to the obscuration and irritation caused by the atmosphere (see
section 2.5, Chapter 2). Firstly, the occupant travel speeds were reduced in response to
the conditions [1,9-11]. Secondly, the occupants tended to stagger around their ideal
path, rather than move directly towards their target. This was due to the difficulty in
determining their present direction caused by the visual conditions, as well as the general
irritability and physical problems caused by the presence of smoke. Thirdly, and in some
respect attempting to compensate for the last effect, the occupants were seen to move
towards the enclosure walls, to obtain guidance in their movement. This behaviour was
also exhibited during the Beverly Hills Supper Club incident [52]. One occupant
reported that,

“After the door was opened there was so much smoke you could hardly see then and so
the only way I knew to leave was the spiral staircase and out the front door so I started
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towards the stairs and you just had to kind of feel your way along because the smoke

had become really heavy..”[52]
Therefore not only is the occupant’s speed diminished in response to the smoke, but the

path adopted demonstrates a qualitative difference to that which would have been

considered optimal.

However, for ethical and legal reasons Jin’s experiments only extended to an extinction
coefficient of approximately 1.5 I/m (an optical density of 0.65). These conditions may,
however, be surpassed in an actual event [52, 145]. The physical configuration used in
the experiment may have also significantly influenced the outcome. For instance, a wider
geometry may have prevented the volunteers compensating for the smoke through the
adaptive response of moving towards the enclosure wall. The fact that the experiment
using isolated individuals would also have influenced the results.

7.1.2 PRESENT BUILDINGEXODUS IMPLEMENTATION.

The quantitative impact of the environment upon the occupant progress is represented in
the present model, with the increasing severity of the conditions reducing the occupant’s
mobility. This reduction is represented in the buildingEXODUS model through the
inclusion of the Speitel [110-111] and Purser[108-109,112-113] fractional effective dose
models. The smoke concentration experienced by the occupant will have a physical
impact upon the travel speed of the occupant as the occupant’s mobility is used as a

coefficient of the occupant’s speed (see Table 7-1).

TABLE 7-1: PRESENT BUILDINGEXODUS REPRESENTATION OF THE IMPACT OF SMOKE
CONCENTRATION.

Smoke concentration (I/m) | Occupant Mobility
0.0-0.1 1.0
0.1-0.5 1.0-0.5

This produces the overall impact upon the occupant described in Figure 7-1. Once the
upper limit of the impact is reached, the occupant’s mobility score defaults to 0.3 (stored
internally as the crawling speed [24]). Any increase in the extinction coefficient after

this stage does not further decrease the occupant’s speed.
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FIGURE 7-1: EFFECTIVE REPRESENTATION OF THE IMPACT OF THE SMOKE CONCENTRATION IN THE
PRESENT EXODUS MODEL

The path chosen by the occupant population is not affected by the severity of the
conditions, such that the usual considerations of the potential map and the occupation of
node are paramount. Therefore, irrespective of the environmental conditions, occupants
maintain their egress route.

7.1.3 PROPOSED BEHAVIOURAL MODIFICATIONS

The proposed features represent the two behaviours identified by Jin [1,9-11] and
observed elsewhere [52]. The proposed behaviour therefore introduces an element of
inaccuracy into the movement of occupants and a determination on their part that once
the enclosure perimeter has been detected, that they will attempt to maintain contact with
it and moving toward their desired goal (see Figure 7-2). Obviously, the occupant’s

desire to perform this task does not necessarily guarantee that it will occur.

It should be remembered that this movement assumes that the occupant is engulfed in a
smoke-filled environment and has already made the decision to move through the smoke.
The decision to initiate movement through a smoke filled environment is addressed

elsewhere (see Section 8.4, Chapter 8).

Implicit in the proposed behaviour is the introduction of stochastic process into the

occupant reaction to the environmental conditions.

At lower smoke densities, although the occupant is still capable of determining a general
direction in which to travel, the accuracy of this determination is lowered to generate a

stagger in the occupant’s movement.

As the smoke densities increase, so the occupant’s stagger becomes more exaggerated

(see Figure 7-3). This would therefore be simulating a loss of awareness, a difficulty in
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focusing (caused by the irritant effects of the toxic environment) as well as numerous

other symptoms identified [113].

The implementation of this algorithm within the buildingEXODUS model is based
around the occupant’s ability to interpret the potential map. The thresholds at which the
different levels of inaccuracy in the interpretation of the potential map occur are
dependent upon the individuals involved and generally reflect the experimental findings

of the Jin experimental conditions [9,11].
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FIGURE 7-2: FLOWCHART OF THE PROPOSED BEHAVIOUR.

The representation of the occupant movement towards the boundary of the structure is
less complex and is largely dependent upon the geometry of the enclosure. However,
once in contact with a ‘boundary’, the occupant will be more able to navigate and will, in
comparison with an occupant stranded in a smoke-filled environment, move more freely.
The selection of this route is not guaranteed within the algorithm, as the choice of

location includes some stochastic elements.
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determine the exact position of the enclosure walls under the severe environmental

conditions, it is in fact due to the compromise involved in searching the immediate
surrounding nodes. This compromise is entirely due to the nature of the implementation
within the buildingEXODUS model.

7.1.4 VERIFICATION

With this form of behaviour, it is important to demonstrate that the qualitative
advantages that are generated do not sacrifice the quantitative accuracy of the model
already present. The validation cases are therefore an attempt at demonstrating the
qualitative advantages provided, whilst testing the sensitivity to a number of variables
and establishing the quantitative accuracy of the algorithm once implemented within the
buildingEXODUS model (see Table 7-2). The verification cases are designed to examine

distinct aspects of the proposed behavioural modifications including:

— Case 7.1.41- Examines the impact of the proposed behaviour upon the overall
evacuation times given the worsening environmental conditions using the
experimental conditions provided by Jin[1,9,11]

— Case 7.1.42- Examines the impact of the behaviour upon a larger population of

occupants
TABLE 7-2: VALIDATION CONDITIONS.
Scenario Population Geometry | Environment
7.1.41 1 occupant velocities of 20m x 1.5m 0.2-0.5 /m

1.0/1.3/1.5m/s
7.1.42 20 occupants, speed of 1.5m/s 20m x 1.5m 0.2-0.5 I/m

CASE 7.1.41
In case 7.1.41, the conditions of the Jin experiment are approximated using similar

configurational and environmental conditions. The geometry of the enclosure used in the
original experiment was 20m in length. The geometry is 1.2m in width and 2.5m in
height as in his previous experiments [1,9,11]. As buildingEXODUS does not include a
three dimensional representation of the floor-plan [24], only the length and width of the
geometry are considered. These are approximated as being 20m x 1.5m. The width is
rounded up due to the nodal representation used in the buildingEXODUS model [24],

and to exaggerate the quantitative impact of the algorithm upon the results.

A single occupant is simulated as heading towards an exit, to examine the speed and

geometry of the movement. The occupant will pass through an environment in which the
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extinction coefficient is varied between 0.2 and 0.5 I/m, although other forms of toxicity

that may have been introduced into the original experimental environment is ignored.

The occupant speeds are examined to represent the reduction in occupant performance in
relation to their original velocity. Occupant velocities of 1.0, 1.3 and 1.5 m/s are
simulated to demonstrate the distribution of values that might be attained through
changes in the occupant population. It should be remembered that the curve generated in
the original Jin experiment can only be approximated through assuming the same
original occupant speeds. It is expected that the results produced whilst assuming an
occupant travel speed of 1.3 m/s will most closely reflect the results produced by Jin
[1,9,11]. In the other cases, the same trends in the curve produced should be visible,

rather than a replication to the Jin curve.

The present model is examined in Scenario 7.1.411, while the proposed implementation
is examined in Scenario 7.1.412.

RESULTS-CASE 7.1.41

A general increase in the evacuation times through the introduction of the proposed
behaviour can be observed from Figure 7-4. This discrepancy increased in relation to the
density of the smoke. This is entirely due to the staggering of the occupant becoming

more exaggerated as the conditions worsened.
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FIGURE 7-4:EVACUATION TIMES GENERATED THROUGH PRESENT AND PROPOSED MODELS

It is also apparent that the evacuation times that most closely resemble those derived
from the Jin experiment are produced (in both the present and the proposed model) when
the occupant is initially travelling at 1.3m/s. This is an important result, as it
demonstrates an appropriate interaction between the algorithm (both present and

proposed) and the individual attributes of the occupants involved.
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It should be remembered that due to the nature of the biasing system used, that the

occupant’s contact with a boundary node does not necessarily guarantee that he will
maintain this contact. It does however, bias the future movement in favour of the
continued proximity with the enclosure boundary. This allows for a greater variety in

occupant movement. It would be a trivial matter to guarantee this tendency.

Some sensitivity analysis was conducted concerning the effect of increasing the width of

the geometry upon the extent of the occupant stagger.
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FIGURE 7-8: THE PATHS ADOPTED DURING A HAZARD OF 0.5,0.6 AND 0.7 L/M RESPECTIVELY. NOTICE
HOW THE PATH BECOMES MORE EXAGGERATED AS THE EXTINCTION COEFFICIENT INCREASES.

From Figure 7-8 the increased variability that can be achieved in the occupant’s path is
apparent. As the environment worsens, so the occupant is able to stagger a greater
distance prior to encountering a boundary, thus making an encounter with this stabilising
influence less likely. Even this influence is not guaranteed, as they occupant may

disengage from the boundary.

It is expected that this trend of increasing variability will be continued as the geometry is

further widened.

CASE7.1.42
In 7.1.42, the geometry from 7.41 is maintained, but the number of occupants in the

geometry is increased to 20, to examine the cumulative impact upon the evacuating
population of the ‘staggering’ effect. Although Jin did not examine this situation, it will
still provide some insight into the reaction of the proposed behaviour to a higher density
population. The population is made up of default occupants who react instantly. In this
simulation the occupant travel speeds are kept at 1.5 m/s to limit the number of variables

examined.
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All of the other environmental considerations are maintained from the previous cases.

The present model is examined in Scenario 7.1.421 and the proposed model is examined

in Scenario 7.1.422.

RESULTS-CASE 7.1.42
Due to the population size increases in Scenarios 7.1.421 and 7.1.422, the relationship

between the results becomes more complex. The evacuation times generated by the
present and the proposed models are more similar than in the previous validation cases.
It is also noticeable that both models generate a distribution of results. This is due to the
resolution of conflicts, as well as the changing staggering patterns in the proposed

model.

Examining Figure 7-9, the complex relationship between the two models is apparent.
During those simulations in Scenario 7.1.422 conducted with a smoke density of less
than 0.4 I/m, the proposed model produces faster evacuation times. This is due to the
staggering of the occupants causing more space to be available and therefore fewer
conflicts being resolved. While the smoke conditions are less severe, the resolution of

conflicts is still the dominant factor.

As the extinction coefficient increases in Scenario 7.1.422, so does the occupant’s

inaccurate movement, therefore reducing any possible advantage that this behaviour may

produce through the avoidance of conflicts.
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FIGURE 7-9: RESULTS PRODUCED FROM CASE 7.1.42.

Examining the travel speeds generated in Scenarios 7.1.421 and 7.1.422, they appear
similar throughout the different cases (see Figure 7-9). At the lower levels of smoke

density, the walking speeds generated reflect the impact of fewer conflict resolutions.

TABLE 7-4: TABULATED RESULTS FROM 7.1.42.

Extinction coefficient (1/m) Present model Proposed model
(Scenario 7.1.421) (Scenario 7.1.422)

0.2 30.4 30.3
[28.1-34.4] [29.4-31.6]

0.3 33.5 334
[32.9-34.6] [31.1-36.7]

0.4 384 42
[37.6-38.9] [39.3-47.4]

0.5 50.3 51.6
[48.8-52.1] [47.1-54.1]

The Jin experiments provide limited information for this case as they were conducted
with occupants in isolation. Drawing from other related areas of research [1], the
complexity of the results generated once the population increases is completely
appropriate, especially at low smoke densities. Due to occupant crowding, navigation
and occupants blocking future passage, the impact of the proposed behaviour becomes
less apparent. All of the flow problems and congestion that are observed under routine

conditions are evident, but are compounded through the environmental conditions.

7.1.5 FUTURE WORK
One feature examined by Horiuchi [98] and Jin [1,9,11] is the ability of occupants to

maintain their speed through smoke-filled environments when they are travelling in
groups (see Figure 7-10). Their results implied that the maintenance of these groups

may have been beneficial for the travel speed of the occupants in difficult environmental

conditions.
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FIGURE 7-10: THE EXPERIMENTAL DATA OF HORIUCHI[ ]. THE OCCUPANTS IN THESE CIRCUMSTANCES
MAINTAIN A MUCH HIGH TRAVEL SPEED THAN WOULD OTHERWISE BE EXPECTED. REDRAWN FORM
ORIGINAL [11].

This might be incorporated in the proposed behaviour, in conjunction with the behaviour
described in Section 8.4, Chapter 8, representing the communication process between

occupants.

A possible deficiency in the proposed behaviour is that the randomised movement of the
occupants, as well as the decrease in the occupant’s mobility, may in effect be
representing a reduction in the efficiency of the occupant movement twice. In this
instance, this is limited as the serious reduction in the occupant’s navigational
capabilities is introduced after the boundaries used in the Jin experiment. However, this

process requires more extensive testing, under a wider variety of conditions.

It is also important to introduce a more individual response to the data used, allowing the
internal occupant attributes to have a greater influence over the ability to progress
through difficult environmental conditions. However, the experimental data is not at

present available on this topic.

7.1.6 CONCLUSION

The inclusion of the proposed behaviour introduces an important stochastic element into
the calculation of occupant movement through smoke. It also still adheres to the findings
of Jin [1,9,11] where appropriate. Of course the appropriateness of these results are
dependent upon the acceptability of the original data. However, given the geheral
acceptance of the original findings, the adherence of the simulated results to these

original results is, in this case, desirable.
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The qualitative variation of the proposed behaviour reproduced those occupant actions

seen in the actual cases [1,9,11]. Importantly, this did not detract from the present
buildingEXODUS implementation. The proposed algorithm therefore improved the
physical representation of the behaviour (through the introduction of variability), whilst

replicating a number of behavioural features identified in actual experimental conditions.

7.2. DYNAMIC BEHAVIOURAL REPRESENTATION

7.2.1EXPECTED OCCUPANT BEHAVIOUR
The occupant’s motivation is a significant influence upon the decision-making process,

as it is the culmination of a number of influential factors. The occupant’s motivation to
initiate and maintain evacuation behaviour is determined through their interpretation of
the surrounding events, such as the existence and proximity of a hazard [52], the
presence of significant others in the population [52,58,128]. As noted by Muir [142],
Lewis [71] and Quarantelli [55], the motivation of an occupant has an important impact
upon both the individual actions of the occupant and the overall outcome of the

evacuation.

An occupant’s motivation is largely dependent upon the events experienced. Obviously,
the impact of this experience varies according to the event, the occupants involved and
therefore the occupant’s perception of the event. Unlike the majority of theorists in the
first half of this century however, [72-74], the occupant motivation is not only seen as

determining the likelihood of flight, but is instead seen as an facilitator of particular

actions.

Historically, humans under hazardous conditions were considered to adopt ‘barbaric’,
anti-social tendencies, sacrificing the welfare of others for their own benefit [72-74].
During this process a complete shift in the behaviour exhibited by an occupant was
expected. However, recent work suggests that instead of the occupant population being
‘suggestible’, reactionary agents [74], they were instead information-processing units
[49-50,202,206]. These units act rationally according to the circumstances in which they
find themselves, the information around them and the options available to them [206].
Therefore given the limiting condition supplied by the extraordinary circumstances, the
number of options available may be restricted, forcing the hand of the evacuee. For
instance, if the only viable options available to an occupant are to leap out of a 5™ storey

window or to remain and perish, a normally bizarre and potentially fatal activity may be

336



Chapter 7
considered a rational option. This does not suggest a behavioural shift; rather an adaptive

response to incredible circumstances.

A subtle example of the adoption of normally unusual behaviour could be seen in the
Beverly Hills Supper Club incident. An occupant describes,

“... so my wife and I started moving back toward the entrance that we had come into the
Cabaret from, went into the hallway, turned right and moved along that passageway

until we came out into what is known as the garden area. As we moved down the hall,
when I first came into the hall from the Cabaret there didn’t appear to be any panic or

large accumulation of smoke. But as I got closer to the exit that goes out into the garden,
I looked back over my shoulder and there was a tremendous amount of smoke moving

down the hallway toward that exit. At that point a man said, ‘move faster, there’s people
back here and smoke around us, hurry up.’ So then everybody started moving at a more

rapid pace.”[52]
Here, a previously unusual, although not necessarily anti-social activity (a couple

accelerating towards a desired exit), is adopted in response to a rapidly changing
environment. The occupants were sufficiently motivated, due to the perception of a cue

that signified imminent danger, to adopt a behavioural action that might not normally be

considered.

For the occupant to make a considered decision on the seriousness of the situation, they
must be sensitive to the surrounding conditions. These conditions may alter during the
evacuation. The occupant’s interpretation of the evacuation will therefore develop
according to the severity of these conditions. The occupant’s motivation to perform
specific actions must therefore reflect the dynamic environment surrounding them, as

well as any personal traits that the occupant brings to the event.

7.2.2 PRESENT BUILDINGEXODUS IMPLEMENTATION
At present in the buildingEXODUS model, occupant motivation is considered constant

throughout the simulation. No external events or change in the physical/sociological
condition of the simulated occupant infringes upon the occupant’s motivation. The

occupant’s determination to evacuate is therefore the same throughout the evacuation,

irrespective of their experiences.

This discrepancy has relatively little impact in a sparse population or in an evacuation
that is relatively sedate. However, given that the resolution of conflicts within
buildingEXODUS are solely dependent upon the occupant’s drive (the representation of

occupant motivation), one would expect that this ignorance of external events would
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significantly affect higher density populations especially those who have come into

contact with life threatening situations.

Once the user has determined the motivation of the occupant population, the behavioural
regime adopted by the occupant population is then determined. Once determined, the
regime remains constant during the entire simulation, irrespective of the events and
experiences of the occupant population. The behavioural regime applies to the entire
population. All occupants initially start in the NORMAL behavioural regime, and, if the
EXTREME regime has been specified will transfer to the EXTREME regime on becoming
impatient [24]. Once the occupants have made progress towards their desired target, they

return to the NORMAL behavioural regime.

The difference between the two regimes mainly lies in the ability of the occupants to
adopt paths that are not immediately optimal [24]. Under the EXTREME regime,
occupants who are not able to maintain their movement towards their chosen exit have
the option to occupy a node that is more distant, instead of waiting for a closer node to
become available. This difference although seemingly slight, can cause significant
differences in the paths taken by occupants, as well as increasing the manoeuvrability of
the occupant [24].

7.2.3PROPOSED BEHAVIOURAL MODIFICATION

The proposed behavioural developments are an attempt at introducing two new aspects
to the model. Firstly, the occupant’s motivation will alter according to their experiences.
Secondly, the static regime system implemented within the present model is replaced by
a dynamic system that is dependent upon the occupant’s motivation. These factors are

addressed separately.

The occupant’s motivation plays a vital role within the buildingEXODUS model. As
highlighted in Chapter 3, the ability of the occupant population to maintain a travel speed
amongst a crowd is not directly determined by the population density-flow relationships
as it is in numerous other evacuation models [24]. Instead it is calculated according to
the resolution of conflicts concerning the occupation of nodal locations within the
simulated enclosure. This resolution is dependent upon the motivational level of the

occupants involved. Given that motivation in the proposed model now reflects the
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occupant experience, it is logical that it affects their future behaviour, including the

maintenance of their travel speed.

A number of factors affect the occupant’s motivation. These factors are perceived by the
occupant and are distilled into a single motivational index, known as the dynamic drive.
These factors relate to both internal occupant attributes and external information. They
are prioritised according to the impact that they have on the motivation of the occupant,
with the presence of smoke having the greatest impact, down to the distance that the
occupant has travelled having the smallest effect. The factors considered in the proposed
model, presented in decreasing levels of priority, are

I. the occupant's interaction with smoke (internal attribute / external attribute p;)
the motivation of those around you (external attribute, Dy)
the time the occupant has spent waiting (internal attribute, w;)
the initial demeanour of the occupant (internal attribute, D;)
the surrounding population density (external attribute)

the time spent in the evacuation (internal attribute, t;)

NS kDN

the distance travelled by the occupant during the evacuation (internal attribute,
d;)

It is conceded that other factors will certainly have an impact on the motivation of the
occupant. However, the factors identified are already represented within the
buildingEXODUS model and by using the factors available, we are therefore able to
demonstrate the concept of dynamic motivation without further engineering. The

inclusion of new factors is therefore left for further work.

’
These factors are combined into a single index, D, , through a number of composite

functions. These functions reflect the order of priority identified above. The dynamic
drive is updated every 1/12™ of a second, as the occupant updates their perception of the
environment. With the introduction of the dynamic drive, the occupant’s motivation will

therefore fluctuate according to experience.

To facilitate the use of the dynamic drive facility it was necessary to impose lower and
upper limits upon the drive achievable, for computational purposes. In this case the
limits were arbitrarily set as lower limit was 1 and the upper limit was 20. This also

provides a scale against which the individual occupants may be compared.
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The functions used in the dynamic drive facility take a number of forms. An example of

one of these composite functions, (), represents the impact of the time that the
occupant has spent waiting (w;) upon the motivational index. This function 1s

represented by,

li

W,.—7
a. (w,) = min(max(0, ——=), A 61
(W) n(max( 0P 1) ) (61)

where A is an internal coefficient that limits the impact of this factor upon the
motivational index and P; is the patience of occupant i (see Section 3.1, Chapter 3).
Therefore once the occupant has waited beyond a threshold of impatience (arbitrarily

defined as P,/2), the act of waiting starts to impact upon the occupant’s motivation.

Effectively the occupant begins to become concerned over the amount of time that spent
waiting, given that the occupant has responded to the evacuation. This effect will rise
until the threshold (A, equal to half the maximum drive) is reached at which point the

effect is achieved.

The denominator is increased by a factor of ten to control the impact of this factor. The
addition of 1 to the denominator is required to remove a potential division by zero that
will occur if the occupant is deemed to be impatient (i.e. has a patience of 0). The use of
the minimum and maximum functions initially prevents negative values affecting the

occupant’s motivation and then places an upper boundary upon the effect, thus

containing its potential impact.

This function can be compared to the function describing the occupant’s interaction with

smoke

max(p, — J,,0)
¢, (p;)= — Do (62)

where p; is the most severe extinction coefficient encountered to that point of the
evacuation, J, is the threshold at which smoke affects the occupant according to a
coefficient derived from the work of Jin [1,9,11] (approximately representing when the
smoke begins to impair the occupant’s visibility), D; is the occupant’s motivation and
Diax 1s the maximum achievable occupant motivation (arbitrarily set to 20 motivational
units). Once the extinction coefficient of the surrounding environment reaches a

sufficient level, the occupant becomes fully motivated (effectively set to D). This is to
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reflect the importance that an interaction with smoke has upon the occupant’s perception

of the severity of the emergency.

As can be seen from comparing the two functions, the impact of encountering smoke is
far more influential than the amount of time that the occupant has spent waiting, in line
with the available evidence such as that provided by Feinberg et al [207]. He reported the
comments of an occupant during the Beverly Hills Supper Club incident, who recalled
that,

“I immediately alerted (the) ... employees and their wives (or) husbands and I said, ‘I
see smoke, let’s go’”. [207]
implicitly recognising the significance of the perception of a smoke cue. Once an

occupant encounters smoke above a specific threshold, their motivation immediately
increases to a maximum level, rather than incrementally rising according to a prolonged

experience, as in the case of the occupant waiting.
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FIGURE 7-11: FLOWCHART REPRESENTING THE CALCULATION OF THE DYNAMIC DRIVE
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Although seemingly arbitrary, the functions have been analysed for the sensitivity of

their impact upon occupant motivation, as well as examining the appropriate literature
for supporting evidence where appropriate [1]. However, a great deal more work 1is

required to refine and research the nature of these functions.

The motivation of the occupant, as well as impacting upon the behaviour described in

the present model, now influences a number of other proposed occupant behaviours. The

set of behaviours influenced is now greatly extended in comparison to the present model.

The behaviours influenced are now:

— The occupant’s ability to redirect their egress route

— The communication of information between occupants and the perception of this
information.

— The reaction to external cues, will be effected by the behavioural regime

The dynamic individually-based behavioural system now has a larger scope of influence
upon the occupant’s behavioural actions than the static globally defined system presently

In use.

The second aspect of behavioural development addressed in this section is the movement
between the behavioural regimes. At present the capacity for the occupant to alter their
behaviour is determined prior to the simulation. The likelihood of the occupant doing so
is entirely dependent upon the amount of time the occupant has spent waiting in relation

to their patience level (see Section 3.1, Chapter 3).

This present method is replaced by a system where the movement between behavioural
regimes is dependent upon the dynamic drive index. Given that the dynamic drive
facility represents such a wide variety of the occupant experience, it is an ideal choice for

determining the proposed flexible implementation of the behavioural regime.

The proposed behaviour represents the dynamic nature of the behavioural process.
Instead of the behavioural regime being determined by the user prior to the simulation, it
is dependent upon the previous, present and potential conditions surrounding the

occupant. This information is stored within the occupant in the form of the dynamic
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drive index. The eventual actions of the occupant will be dependent upon the conditions,

experiences and the perception of the information supplied by the environment.

Due to the regime-system implemented within the buildingEXODUS model, some
compromises were required during the implementation of the proposed algorithm. One
of the conditions of the proposed behavioural developments was that it should not
remove the present functionality of the model, but instead should co-exist with it.
Therefore instead of a completely continuous system deemed to be the most desirable
representation, the occupant’s behavioural state switches between two distinct positions
[23]. This then maintains the functionality of the present model, allowing the user the

same level of control over the proceedings, if required.

The movement between regimes is now dependent upon the individual experience and
attributes of the occupant, reflected in the motivation. This is calculated according to the
immediate surroundings. The changes in these attributes are then examined to determine
the appropriate behavioural response. This is important as if the present behavioural
mechanism is used, then occupants may never become aroused irrespective of their
individual experiences. The behavioural regime of the occupant signifies their

recognition of the potential hazard provided by the incident.

In the present model the movement between behavioural regimes mainly affected the
ability of occupants to occupy particular nodal locations (see Section 3.1,Chapter 3). In
the proposed model the movement between the behavioural regimes has been aligned to
the achievement of a particular threshold of motivation, reflecting the increased
likelihood of the performance of specific behavioural actions (such as redirection). This
occurs at 75% of the occupant’s maximum motivational score. At this point, the
occupant is_labelled as having changed behavioural regime, identifying them as more
actively seeking evacuation; at this point they become EXTREME. This does not represent
a complete transformation in the occupant’s behaviour. Instead it highlights that the
occupant has received enough environmental cues to support the belief that the
environment poses a threat and that the action chosen should reflect this hypothesis. In a
sense, the transition between behavioural regime is a descriptive representation of the

occupant’s perception of the severity of the situation.

343



Chapter 7
Once the occupant has an elevated motivation and has become EXTREME, having

identified the potential threat to their safety, the next factor that must be addressed is the
length of time that the occupant will stay at this new state. That is, when will the
probability of performing the set of actions available to the occupant return to (or near
to) their initial positions? This will again be affected by the occupant’s drive and the
particular conditions that have been experienced by the occupant as well as by random

processes. This therefore reflects the return to the original condition of the occupant.

In accordance with the available data [52-53] once the occupant has encountered dense
smoke the seriousness with which the incident is perceived increases. Therefore once the
occupant has encountered smoke perceived as posing a significant threat, the occupant
will maintain a heightened state of awareness for the rest of the evacuation. The time

spent in the heightened state, ¢,, is therefore

’
i

t,=¢t, + (x+7r) (63)

max

where ¢ is a Boolean coefficient that is 1 if the occupant has interacted with relatively
severe smoke, O otherwise, t.. represents the addition of an indeterminate period of time,

x is the basic period of behavioural change (10 seconds) and r is a random element

between O and 1.0.

Along with the dynamic drive facility, it is expected that the implementation of a flexible
behavioural system will more accurately reflect the manner and extent of occupant
reactions, as well as making the difference between the two regimes more significant. It
1s also a significant step towards the development of an information-processing

capability, representing the evacuation as an adaptive rather than a deterministic process.

Again, the development of this new feature forces the model to rely upon individual
factors especially the location and therefore the ability to perceive information. If the
occupant is not situated in a position where he can receive specific pieces of information,
he will react differently than if he was privy to it (e.g. the existence and location of

smoke).

7.2.4 VERIFICATION
Given the slightly arbitrary nature of the behavioural dichotomy currently used in the

buildingEXODUS model, the transition between the two regimes is investigated to
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determine that it occurs at appropriate moments and under realistic conditions and that

no anomalous conditions arise. That is, given the conditions, to which the occupants are

subjected, that they react in a manner consistent with available data.

It is only possible here to examine that the behavioural development of the occupant
occurs at realistic and appropriate places during the simulation (see Table 7-5). The real
impact of this behaviour is visible when it enables other behavioural features, which are

examined in Chapter 8. Therefore only a limited number of cases are examined:

— Examines the appropriateness and sensitivity of the movement between the

behavioural regimes.

— Examines the impact of local influences upon the adoption of behavioural regimes.

TABLE 7-5: DESCRIPTION OF VALIDATION CASES.

Scenario Geometry Population Environment
7.2.41 Irregular, single exit (1.5m). 895, instant response. Small section of geometry
Includes several bottlenecks | Patience levels examined involves hazard.
7.2.42 Irregular geometry, 1 exit 300, instant response. Small section of geometry
(1.5m). involves hazard.
CASE 7.2.41

In case 7.2.41 the occupant’s behavioural response is examined, given a changing

environment including a high-density population and a smoke-filled room.

An irregular geometry has been specifically designed to produce bottlenecks, increasing
the population density at certain ‘pinch’ points (see Figure 7-12). Twenty default
occupants begin to evacuate and are then confronted by a high-density crowd of 65
occupants, progressing slowly through a small internal passageway. Once this has been
navigated, the occupants have to pass through a smoke filled room before exiting. The

experiences of these twenty occupants are considered during the simulation.
The occupants are examined with no patience and with a distribution of patience settings

(between 1 and 5 seconds). This is an important factor in the movement between regimes

and is therefore examined in isolation.
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RESULTS-7.2.42

As the proposed behaviour is not tested in unison with a number of the other proposed
behavioural features, the analysis is limited to the evacuation times produced and the
impact of the evacuation conditions on the occupant rather than more complicated

behavioural issues.

From Table 7-8, there is again only a 4% increase in the overall evacuation time through
the introduction of the proposed model. This is because the developments in the
occupant drives seen in scenario 7.2.422 are not global, with local effects differing
throughout the geometry being dependent upon the experiences of the occupants.
Therefore any potential differences caused by the fluctuation of occupant motivation are

reduced, as they are not uniform throughout the geometry.

These findings are maintained when the individual experiences of the occupants are
examined (see Table 7-8). The PERSONAL ELAPSED TIME and CUMULATIVE WAIT TIMES
produced (as well as the extent and nature of the distributions) are consistent between the
models (see Section 3.1, Chapter 3). These results may have been affected by the

extensive queuing that occurred towards the end of the simulation, increasing all of the

occupant’s attribute times.

TABLE 7-8: RESULTS PRODUCED FROM SCENARIO 7.2.42

BEHAVIOURAL MODEL
PRESENT PROPOSED
(SCENARIO 7.2.421) (SCENARIO 7.2.422)
EVACUATION TIME (SECS) 92.7 96.3
[90.6-94.3] [93.3-99.6]
AVG. CWT 51 5.2
[5.0-5.3] [5.0-5.4]
STAN. DEV. CWT 34 34
[3.3-3.6] [3.1-3.6]
AVG. PET 52.5 52.8
[50.8-53.2] [50.2-53.8]

A marked difference is evident in the number of EXTREME occupants found during
Scenario 7.2.421 and 7.2.422. From Figure 7-18 it is apparent that there are large
differences in the numbers of occupants becoming EXTREME according to the model

implemented.

During the implementation of the present model (scenario 7.2.421), the three sections of

the geometry produced similar results throughout the simulations (see Figure 7-18).
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Population 2 exhibits a slightly higher degree of behavioural change, due to the increased

population density being more likely to satisfy the conditions of behavioural
transformation. The results are again completely insensitive to the existence of smoke
other than the additional congestion that may subsequently arise. In this respect the
results produced in Population 1 and Population 3 are very similar, being largely centred

on a low-density population.

When the proposed model is implemented, significant differences appear between the
numbers of occupants becoming EXTREME in the three occupant populations. The
occupants relying upon occupant density to increase their motivation (and therefore to
alter their behavioural regime) have consistently lower rates of behavioural change. In
the high-density population conditions experienced by population 2, a slight increase in
the number of transformations is evident, while the low-density population (population

1) maintains a very low rate of behavioural development.

The rate of behavioural change evident within population 3 is consistently higher than in
the other two areas. This is because the interaction of smoke is dominant, signifying the
occurrence of an emergency, and therefore automatically motivating the occupant
population. As we would expect, once the occupants have interacted with a smoke-filled
environment, they become more motivated to evacuate. Once this interaction takes place,
the occupant remains motivated for the rest of the evacuation. The fall in the number of
occupants in Population 1 who are highly motivated reflects the increase in the number

of occupants who have evacuated.

These findings are specific to this case and may therefore alter significantly given other
conditions. However, a fact is fundamental to the introduction of the new behaviour; that
occupants, through interacting with their surroundings, perceive different levels of
information and this perception will impact upon their psychological state (represented

by their DRIVE and the behavioural regime used).
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7.2.6 CONCLUSION

As expected the introduction of the proposed development, given the limited nature of
the examination, only produces subtle (although still noticeable) differences in the
quantitative results. This is due to the limited impact of this behaviour, in isolation. It is
important that given the dependence of a number of the proposed behaviours upon the
occupant’s behavioural regime and subsequently upon the occupant’s motivation (see
Chapter 8), that the model is sensitive to the experiences and attributes of the occupant,

which are analysed and distilled into an appropriate format.

The system has been shown to be sensitive to the experiences of the occupant, increasing
their dependence upon their perception and their location enabling them access to
information. Although more accurately representing the dynamic nature of occupant
perception and their interpretation of the surroundings, it is expected that the most
important impact of the dynamic behavioural regime, is its provision for new
behavioural features. In conjunction with the dynamic drive facility, it allows the new
features outlined in this dissertation to be introduction in a scenario specific fashion,
according to the information perceived by the individual, rather than necessarily being a
consideration for the user. As well as this, it also provides a means by which these

behaviours are performed at realistic points in time during the evacuation.

7.3 LOCALISED REPRESENTATION OF OCCUPANT FAMILIARITY

7.3.1 EXPECTED OCCUPANT BEHAVIOUR
Occupant familiarity has long been seen as of fundamental importance to the progress of

an evacuation. Instead of occupant’s heading towards the nearest exit — of which they
may have no prior knowledge - as would be assumed by the majority of present building
regulations, they instead move towards other more distant exits with which they have
had previous experience and with which they feel more confident [1,4]. As noted by
Turner and Killian, in an emergency, the familiarity of an occupant may limit the number

of options available to him [210]. Therefore

“When people, attempting to escape from a burning building pile up at a single exit,
their behaviour appears highly irrational to someone who learns after the panic that
other exits were available. To the actor in the situation who does not recognise the
existence of these alternatives, attempting to fight his way to the exit available may seem
a very logical choice as opposed to burning to death” [210]

Pauls [99] identified the importance of examining regular social and physical movement

and behaviour, to predict the actions of occupants in a difficult and possibly unique
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situation. This correlation was seen during the King’s Cross fire, where passengers,

when attempting to evacuate, adopted routes which were closely related to those usually

used [1,97], as well as in a number of other cases [58].

Sime and Kimura identified the significance of occupant familiarity with exit choice
[96]. In contrast to the assumptions of the majority of building regulations, occupants are
not inclined to base their choice of exit solely upon proximity, but instead invoke the
influence of familiarity in their choice. Sime and Kimura, through analysis of the
available literature concluded that it

“indicates that objective travel distance is not necessarily the most important
determinant of the direction of movement.” [96]

In addition, occupants cannot move towards exit with which they have no knowledge or
experience. This knowledge level may fluctuate during an evacuation [211]. Hidden or
isolated exits may be ignored causing inefficient exit usage, contradicting the
assumptions of the building regulations. This can only be overcome during an evacuation
through communication of the exit’s existence in some way (occupant, signage, etc.) [1]
An occupant may therefore become aware of an exit during an evacuation, although this
awareness may not necessarily guarantee usage. This will be dependent upon the level of
confidence that the exit affords the occupant. In Rubes’ examination of crowd flow, he
found that exit choice was not simply dependent upon awareness but was linked to

visibility, allowing the occupant to establish confidence of the exits viability [212].

One of the behavioural features differentiating simulation models from optimisation
models (see Section 3.2, Chapter 3) is their ability to reflect the occupant’s knowledge of
and familiarity with the enclosure. Obviously, the sophistication of the methods used
varies, as does the perspective on which they are based. Traditionally, the occupant
familiarity has tended to be globally imposed upon the occupant population, who have an
identical vision of the enclosure. Recently, models have attempted to reflect some
alternatives in occupant knowledge [8]. None of these models to date represent the
occupant’s awareness of the enclosure at an individual level. Indeed recent research
suggests that the occupant’s awareness of the geometry is far more complex than initially
thought, being based around the connectivity of adjoining spaces, rather than a complete

map of the enclosure [170,201].
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comprehensive and individual representation of an occupant’s familiarity with the

structure.

7.3.3 PROPOSED BEHAVIOURAL ENHANCEMENTS

It is considered vital not only to represent the occupant’s initial target, but also to
represent the extent of the individual occupant’s familiarity with the structure. This is
less important under non-emergency conditions or conditions of low population density,
where the occupant may evacuate unhindered to the target of their choice. However,
during situations involving redirection (such as queuing or confrontation with
environmental barriers, see Section 8.4, Chapter 8), the existence of alternative routes

and the occupant’s awareness of these routes becomes significant.

To represent occupant familiarity the propbsed implementation credits each occupant
with an individual understanding of the exits available, which are stored in a localised
list of exits, termed a DOOR VECTOR. These exits are drawn from the complete list of exits

within the enclosure, defined prior to the simulation.

This produces a shift from a global system of occupant familiarity to one based on
individual and localised considerations. In reality, this local knowledge will be based on
a number of factors including the experiences of the occupant, the role of the occupants,
the daily use of the enclosure and several other factors. These factors would then go to
describe the occupant’s awareness of the enclosure. However, these factors are not
presently included within the buildingEXODUS model. As an interim position the
occupant is attributed with a familiarity index. This can range from 1 to 20 and
represents the occupant’s awareness of the enclosure. This index can be seen as a

composite of the factors influencing occupant familiarity.

At present, the attractiveness of an exit within the buildingEXODUS model is attributed
by assigning an integer to the exit that then globally skews the potential map. In the
proposed model, a similar index is used. However, in this case, although the provision of
a static integer is a compromise due to its global nature, it is interpreted individually
through comparison against the individual’s familiarity index. Therefore, individual

occupants will interpret exit conditions differently.
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Means are required for the user to allocate each occupant with the desired list of exits.

The proposed method provided is automated. Although the user has a significant degree
of control over the occupant’s awareness, the exact extent of the occupant’s awareness
cannot be guaranteed. Ideally the ability to specify exit awareness individually should be
available, as it would be particularly useful if detailed experimental data was available to
the engineer. However, this automated version of exit allocation was felt sufficient to
demonstrate the concept of individual occupant familiarity and its impact upon the

buildingEXODUS model. The necessity for a manual version is noted, but is left for

future work.

The probability of the occupant being familiar with a particular exit is therefore
dependent on a number of factors. These include the exit type (whether the exit is a non-
reversible emergency exit or an exit in constant use), the attractiveness of the exit,
identified by a user-defined index (representing the frequency of its use, as well as a
number of other factors) and occupant attributes (the familiarity index attributed to the
occupant). It is conceded that the ability to define the attractiveness of the exit as an
external feature is a compromise within the model. Ideally, this feature should be derived
completely from the experience of the occupant (e.g. the exit used by the occupant to
gain entrance to the enclosure). Instead, the external representation is seen as being the
culmination of signage, the everyday use of the enclosure, architectural assistance, etc.
Again, although this is acknowledged as a compromise position, it is felt sufficient to

demonstrate the concept of the individual representation of familiarity.

Within the proposed implementation two exit types are represented: EMERGENCY and
CONSTANT USE exits. If the exit is defined as an EMERGENCY exit, calculations will be
made to determine whether the occupant is initially aware of it. Obviously, this may also
to be used to represent exits that are used particularly infrequently. Otherwise, if the exit
1S in CONSTANT USE the occupant is assumed to have knowledge of the exit. All that can

then be manipulated by the engineer is then the attractiveness of the exit.

The occupant’s index of familiarity is assigned prior to the simulation. This is purely an
implementational consideration and as such represents a number of factors that could
eventually be derived directly from the occupant’s internal traits. The likelihood of the

occupant being aware of an emergency exit is therefore determined according to
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4 (). 64
<
A_S\F_ )¢ (64)

where A; and An. represent the attractiveness of exit j and the maximum exit
attractiveness of an exit respectively, F; and F,,, represent the familiarity of the
occupant and the maximum achievable familiarity of an occupant, R represents the role
of occupant i, and € is a random number between O and 0.5. F,,,, is arbitrarily set to 20
and A, 1s set at 20, to enable a bounded scales to be determined. This method provides
the possibility of the occupant familiarity altering between simulation runs. It should be
noted that as the user-defined value, Aj, increases, so the exit becomes less likely to be

familiar to the occupant.

As the occupant’s familiarity index increases, so the likelihood of the occupant being
aware of an emergency exit increases. This function has been formulated to allow
occupants to have the opportunity of being aware of all but the most underused

emergency exits.

Exceptions to this rule are those occupants deemed to be staff (see Section 8.3, Chapter
8). Under these conditions, the occupants are assumed to be completely familiar with the
enclosure. This is represented by the R variable in the function above. This is
automatically set to O for members of staff and to 1 for the rest of the occupant
population. Therefore, through simply flagging individual occupants as members of
staff, their door vector will then be identical to the complete list of exits, crediting them

with a complete awareness of the egress routes available.

Once formed, the exit list (or door vector) is ordered according to the occupant’s
preference. This is based on the occupant distance from the exit (d;), the exit type (T)
and the user-defined exit attractiveness (A;). T; is a numerical representation of the exit
type, such that exits that are in constant use are assigned a value of 5.0 whereas
emergency exits are assigned a value of 1.0. These values reflect the propensity of
occupants to gravitate towards the familiar (through an exits more frequent use). The
original target door approach adopted in the present implementation (see Section 3.1,
Chapter 3) may therefore be considered as a door vector containing only a single

candidate door.
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The exits are ranked according to a preference quota (Q;), derived from the factors

outlined above. The exit that appears most attractive is adopted according to

TR F
= + d +e 65
0} (F,- d,-+A,~R) (65)

with the exit associated with the highest quotient being adopted. The effect of the exit

type provides a significant bias towards the exits that are regularly used over emergency
exits. Therefore the exit type dominates the exit attractiveness. If exits are of the same
type, then the attractiveness of individual exits is still vital in determining their adoption.
This form of biasing of an exit is still important, as given the availability of several exits,
the attractiveness of the exit may still be the determining factor between them. However,
biasing does not form a catchment area as before, but is instead a consideration in exit
familiarity. As before, an increase in the exit attractiveness, A;, reduces the perceived
quality of an exit. In line with the previous inequality, the role of the occupant infringes
upon the equation, so that a member of staff, due to the increased levels of familiarity
and subsequent confidence, is assumed to be oblivious to exit types and to the general
usage of an exit, represented by A;. If an occupant is a member of staff, R equals O
otherwise it is set to 1. This therefore removes the impact of the exit type and the user-
defined attractiveness of the exit. The quotient generated is purely for internal

comparison in the decision of the occupant to select an exit and has no intrinsic value in

itself.

To clarify this equation, a brief example is provided. Consider two occupants. Occupant
A is a regular user of an enclosure and is attributed by the user with a familiarity of 20
(F*=20). Occupant B uses the enclosure far less frequently and is attributed with a
familiarity index of only 5 (F°=5). Both Occupant A and Occupant B are located 10m
(demerg=10) from their nearest emergency exit and 30m (d,.,=30) from their nearest exit
that is in regular use. The emergency exit is seen as less attractive than the exit in regular
use. Therefore the emergency exit is attributed with an attractiveness of 10 (A.per,=10),
whereas the exit in regular use has an attractiveness of 5 (A,,=10, representing the
increased frequency of use of the non-emergency exit). The random factor is ignored to
simplify the calculation.

If we examine the calculation as to the preference quota Q of these exits (assuming the

occupants are aware of both exits although neither are members of staff), Occupant A

: 23 L
attributes a value of o3 to the regular exit, given that
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FIGURE 7-20: FLOW CHART OF PROPOSED REPRESENTATION OF OCCUPANT FAMILIARITY.

Therefore, Occupant A, a regular user of the enclosure, will adopt the emergency exit, as

he is more familiar with the enclosure, allowing him to take advantage of the proximity

of the exit.
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8 . :
Occupant B attributes a preference quota of - to the regular exit calculated according to

5 5 8
5 30+5 7

9
and a value of aﬁto the emergency exit from

1 5 9

57 Q0110 " 20

Therefore, Occupant B will not find the emergency exit attractive and will initially move
towards the exit that is used more regularly. This demonstrates the impact that the

occupant attributes can have upon their interpretation of the layout of the geometry.

Given these calculations, the occupant is attributed with individual exit awareness on a
probabilistic basis, which is significantly influenced by the identity of the occupant. The

occupant awareness of particular exits may therefore alter between different

simulations.

It should be remembered that the knowledge of an exit does not simply describe an
occupant’s final destination, but implicitly defines the occupant’s understanding of the
routes that may be available to him within the structure. Occupant egress, in terms of

both the short-term navigation and the long-term target adoption, will be dependent upon

the occupant’s exit awareness.

This calculation is made prior to the starting of the simulation. Once formed the ordering
of the door vector is maintained, unless an outside influence affects the occupant. This
includes the provision of new information from other occupants, staff or from the
environment. Under these circumstances, an exit may become more attractive according
to instruction, or a new exit may enter the vector that had previously not been familiar to
the occupant. The influence of communication upon the proposed behaviour cannot be
overestimated. However, due to the complexity of this behaviour, it is dealt with in some

detail in Section 8.4, Chapter 8.

The door vector is therefore intended to be dynamic reflecting the changing levels of
occupant awareness during the evacuation. As noted, a number of external factors

directly affect the extent of the occupant’s exit list. According to their path, the occupant
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may also become aware of previously unknown exits through line-of-sight calculations

(see Section 5.4, Chapter 5). The willingness of an occupant to adopt a new exit

according to line-of-sight is now addressed.

Given that the occupant is visually aware of an exit (i.e. they can receive information
from it), it may then be added to their door vector. This will depend on the information
afforded to the occupant by their location, the position of other occupants and the
environmental conditions (see Section 5.4, Chapter 5). The occupant therefore receives
new information that can provide additional awareness of the enclosure. This is achieved
through sporadically examining the occupant’s present position and their ability to
receive new information on his surroundings, according to the occupant’s present
motivation and their ability to perceive the existence of a new exit. Utilising this feature,
the exit list may expand according to new information, allowing for new exits to become

available.

The occupant may be encouraged to adopt a previously unfamiliar exit, especially if it is
perceived as being used by a limited number of other occupants. This is based on the
assumption that an exit being used is perceived as being a more viable means of egress
than one that is not being used as the occupant is more confident that the exit is operable
[52,53,200]. Initially, the occupant is examined to determine whether he becomes aware
of the new exit (according to the factors highlighted in Section 5.4, Chapter 5). The
newly acquired exit is then examined to determine whether it will be adopted as a new
target. Firstly, it has to present an advantage over the present exit, according to travel

distance, such that

IR-sl, >R -Tl, (66)

where R=[Xpresenss Ypresent], S=[Xexi, Yexi] and T=[X.xir,Yexir]. Once this has been
established the motivation of the occupant is examined (D;), as a reflection of the
perceived seriousness of the situation in conjunction with the perceived reliability of the
exit in the form of the number of occupants already using the exit (p;), such that
or=Lms max«l; p)0)

max

(67)

where P is a maximum threshold above which the exit is deemed to be unattractive due

to excessive congestion. The denominator is calculated to contain the influence of the
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existence of a crowd around the target exit. The attractiveness of the newly formed exit

(0;’) is then compared against a random number to determine whether it is adopted as
the new target exit.
0/
Q rax

>r (68)

If this is satisfied, then the occupant will adopt the previously unfamiliar exit as their

new target.

A number of checks have to be implemented to prevent the occupant having no target
exit; effectively having no familiarity with the enclosure. Firstly, if there are only a small
number of exits within a structure (less than 3), then it is assumed that the occupant 1s
aware of all of the exits. Ideally, a search facility might be developed to cater for an

occupant who initially has no exits available to him.

Secondly, if all of the exits are emergency exits (in reality, an unlikely situation), then
due to mechanisms used to calculate the extent of the door vector, an occupant may be
attributed with no exit awareness. Under these circumstances, the occupant will
automatically be attributed with the nearest exit. There is therefore no possibility of an

occupant being without an exit.

If the proposed implementation is compared with the various methods presently
available an obvious increase in the sophistication is apparent. In the present system, if
the potential map system is used, the occupant is assumed to have a complete awareness
of the enclosure. The global exit attractiveness can then be manipulated by the user
through biasing the exits, allowing some influence to be exerted over the exit choice. If
the target exit system is used, the occupant has a restricted understanding of the
enclosure, although under this method, exit biasing has no impact. The proposed method
combines the capability of manipulating occupant awareness (although locally) with the
capacity to influence their exit preferences, both of which exist in a limited form in the

present model, although not simultaneously.

The movement from a globally defined familiarity map to one that is individually
defined is vital to the advance of behavioural sophistication in the buildingEXODUS

model. Obviously, this implementation 1s a starting point given the compromises
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outlined. The possible advances gained from its introduction are outlined later, but the

storage of knowledge as an individual attribute rather than a global one allows a far
greater degree of flexibility in the occupant behaviour in itself. It also more accurately
represents the different levels of information that might exist within the occupant

population, instead of assuming that knowledge is a global commodity.

The introduction of the door vector not only allows the improved representation of
occupant familiarity, but also provides the occupant with information that might be later

communicated.

7.3.4 VERIFICATION
Three separate cases are examined to determine the impact of the proposed behaviour

upon the buildingEXODUS model. These are:

— 7.3.41 Designed to examine the impact of exit adoption given occupant traits
— 7.3.42 Designed to examine the impact of the proposed behaviour given a complex
geometry and a distribution of occupant awareness due to natural occupant variation

— 7.3.43 The impact of the occupant’s ability to become aware of exits during an

evacuation

The results are compared against the present model to demonstrate any subsequent

differences in the results produced, where appropriate.

TABLE 7-9: DESCRIPTION OF THE VALIDATION CASES USED TO EXAMINE THE USE OF THE PROPOSED

MODEL
Scenario Geometry Population Exit
7.3.41 10m x 10m 100, instant response 4 exits (1m), one main 3 fire
Familiarity index =5,10,15, exits (equally biased)
20
7.3.42 Complex geometry 150 default occupants, Biased to represent main exit
instant response (2.5m) and three fire exits
(1.5m)
7.3.43 Irregular geometry 1 occupant, 2 exits (1m), 1 of which is
drive=5,10,15,20, possible unfamiliar
crowd of 12

CASE7.341
To demonstrate the importance of the occupant identity upon the adoption of exits into

their door vector and the flexibility of the system, a simple geometry is produced with
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four exits (see Figure 7-21). Three of these exits are EMERGENCY exits, restricting

occupant awareness, whilst the other is an exit in CONSTANT USE (the main exit),
allowing universal familiarity. These exits each have a width of 1m and are placed at the
four-corners of the geometry. As the occupants are positioned centrally, once unbiased
all of the exits have the same number of occupants initially attracted to them (25

occupants).

The present model is implemented in 7.3.411-3.413. In Scenario 7.3.411, no biasing is
applied to the exits. In Scenario 7.3.412, the biasing is altered so that exits 1,2 and 3 are
simulated as being emergency exits (or at least significantly less attractive). This 1is
achieved by attributing exits 1,2 and 3 with a bias of 2 and exit 4 with a bias of 0. This
‘emergency’ (in this Scenario represented as being the less attractive exits) exit biasing is
increased in Scenario 7.3.413 to 5, increasing the relative attractiveness of the main exit.
All of these simulations use the default population, generated using the Population Panel

System (see Section 3.1, Chapter 3).

In the remaining scenarios, the proposed model is used. In Scenario 7.3.414, no biasing
is applied and the default occupant population is used. This is to allow comparison with
the control case in 7.3.411. In Scenario 7.3.415, three of the exits are defined as
EMERGENCY exits and are biased to simulate the occupants’ possible lack of familiarity
with the emergency exits. Due to the sensitivity of the proposed model to this feature and
the diminutive size of the geometry, the emergency exits are attributed with an

attractiveness of +1 in comparison to the exit in regular use.

To examine the impact of occupant attributes, four separate occupant populations are
examined. The difference between the population is the familiarity index attributed to
them. This is uniformly attributed across the population and is incremented in steps of 5

between 5 and 20 units.
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From Figure 7-22 the catchment area system is clearly reflected in the starting location of

the occupants using each of the exits. The pattern of the biasing system is evident, as the
main, unbiased exit (positioned top left in Figure 7-22) is more popular than the other
exits. The exit use also revolves around proximity to the exit location. Therefore, given
that an occupant is aware of a specific exit and that the occupant falls within the area of

attraction, that exit will automatically be used.

The effect that familiarity can have upon the evacuation times produced is demonstrated
in Table 7-11. In the optimal evacuation settings of scenario 7.3.411, assuming complete
familiarity and equal distribution between the exits, the evacuation times average 14.4
seconds. This is entirely due to the even usage of the available exits (see Table 7-10). In
Scenario 7.3.412, where a moderate bias is applied, exit usage is skewed, increasing the
average evacuation times to 22.1 seconds. This trend is extended as the exit biasing
increases in 7.3.413. This is entirely due to the increased congestion around the main exit
due to the its extended catchment area. The distribution of the evacuation times is due to
the resolution of conflict amongst the population congestion immediately around the

exits and not to any change in the adoption of exits within each of the scenarios.

TABLE 7-11: EVACUATION TIMES PRODUCED IN SCENARIOS 7.3.411-413.

Scenario | Evacuation Times (secs)
7.3.411 14.4
[13.8-14.7
7.3.412 22.1
[21.1-22.9]
7.3.413 39.3
[37.5-40.8]

When the proposed model is used in scenario 7.3.414 to simulate the optimal
information conditions (complete awareness and familiarity), the results produced are
similar to those of scenario 7.3.411 (see Table 7-12 and Table 7-13). The major
difference is the production of a distribution of exit usage. This is entirely due to the
variation that is introduced into the equation that calculates the attractiveness of each
exit. These findings are important, as the proposed model should be able to replicate the
original functionality of the present model. In scenario 7.3.415 the sensitivity of the

proposed model to the familiarity index is examined.

TABLE 7-12:EVACUATION TIMES PRODUCED IN SCENARIO 7.3.414

Scenario | Evac. Times (secs)

7.3.414 14.8
[13.1-15.2]
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TABLE 7-13: EXIT USAGE DURING SCENARIO 7.3.14

Scenario Exit 4 Exit 1 Exit 2 Exit 3
(Main exit)
7.3.414 25.7 24.8 25.1 25.5
[23-26] [24-25] | [24-26] | [25-26]

Chapter 7

During the implementation of the proposed behaviour in Scenario 7.3.415, the
occupant’s familiarity index is examined as a variable that influences exit awareness. As
the index is increased so the occupant familiarity with the enclosure rises, with more
exits becoming available. It also impacts upon the manner in which the occupant is
attracted to the exits available. The difference in the evacuation times produced, due to
the changes in occupant familiarity, can be seen from Figure 7-23, where the occupants

become more evenly distributed between the exits.

TABLE 7-14: EVACUATION TIMES GENERATED BY THE PROPOSED MODEL.

Familiarity Index
Scenario 5 10 15 20
7.3.415 42.7 33.9 243 20.1
[40.8-43.1] [31.3-35.6] [21.6-25.6] [18.9-22.8]

An obvious trend is visible; as the occupant familiarity is increased so the exit adoption
changes which impacts upon the overall evacuation times. This is apparent from Figure
7-23. When the occupant has a relatively low familiarity (of 5 or 10), the arrival curves
produced are largely dependent upon the exit conditions around the main exit (exit 4),
generating a smooth and relatively shallow curve. This is particularly the case when the
occupant population has a familiarity of 5, as under these conditions the main exit is
always adopted. Once the adoption of the EMERGENCY exits increases due to an elevated
occupant familiarity, the occupants become more evenly distributed between the exits,
allowing a more complex pattern to emerge. This is reflected in a curve that is obviously

non-linear.

The addition of new exits to the occupant’s door vector will have a progressively muted
impact, once the occupant is aware of their nearest exit. These additional exits would be
significant, if it was coupled with the adaptive behaviour outlined in Chapter 8.
Therefore although the introduction of the door vector has an obvious influence over exit

adoption, this influence will increase in concert with other forms of behaviour.
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the occupant location prior to exit adoption (see Table 7-18). This effect is scenario

specific and therefore would not always be the case, however it does demonstrate that
the effect of a simplistic representation of exit adoption is not limited to the use of exits,

but extends to the evacuation experience of individual occupants.

CASE 7.3.43

The final validation case is used to examine the occupant’s ability to adapt their
knowledge of the enclosure according to their perception of new exits. The purpose of
this validation case is to demonstrate the ability of occupants to add to their door vector
through the perception of new exit information. This is achieved through the occupant

being made aware of unfamiliar exits through visual contact (see Section 5.4, Chapter 5).

An area of approximately 25m” is defined as affording the occupant visual access to the
unfamiliar exit, exit 2. This is highlighted in Figure 7-28. Once the occupant crosses this
area there is the possibility of adopting the new exit, according to the motivation and the

occupant population around the new exit.

As we are interested in the perception process rather than the communication process,
the case has been simplified. Only a single evacuee is placed within the central section of
the geometry, therefore precluding any other influences other than the possible visual
influence. The geometry is specifically designed so that the occupant would eventually
be able to see the unfamiliar exit en route to their present target. The geometry is
described in Figure 7-28. The occupant initially heads toward exit 1 and is unfamiliar

with the other exit, exit 2.
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i new exit can be seen

FIGURE 7-28: GRAPHIC OF THE 7.3.43 GEOMETRY. THE OCCUPANT IS AWARE OF EXIT 1AND
THEREFORE INITIALLY HEADS OFF TOWARDS IT. AS THE OCCUPANT PASSES EXIT 2 HE HAS THE
POSSIBILITY OF ADOPTING IT AS HIS NEW TARGET.

In Scenario 7.3.431, the likelihood of the occupant adopting new information is
compared against changing the occupant’s motivation. This will be achieved by varying

the motivational index between 5 and 20 in increments of 5.
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In Scenario 7.3.432, the adoption of the exit 2 according to its current level of use is
examined. This is achieved through positioning 12 occupants around the unfamiliar exit.
This then allows the determination of the possible increase in the occupant confidence in
the usefulness of the previously unknown exit, due to the use by other members of the

population (see Figure 7-29).

-----

Occupants at exit 2

FIGURE 7-29: LOCATION OF QUEUING OCCUPANTS AROUND EXIT 2.

No comparison is made against the present model, as it is unable to take these factors

into consideration.

In this example, the safety check concerning the total lack of familiarity caused by

reduced exits numbers is disabled to allow this case to be examined more clearly.

RESULTS-CASE 7.3.43
The likelihood of occupants adopting new exit information is examined against the

occupant’s initial motivation level in 7.3.431. From Figure 7-30 an obvious trend is
visible with the occupant becoming increasingly likely to adopt the unfamiliar exit as
their motivation increases. This is based on the assumption that the occupant’s desire to
evacuate as quickly as possible increases according to the severity of the conditions, an
indication of which is provided by the occupant’s motivation. This desire is potentially
facilitated by the adoption of the closer, unfamiliar exit. Through adopting the new exit,
the occupant has reduced the distance that he has to travel. This calculation will have
been made prior to the occupant adopting the exit. Therefore instead of the occupant

continuing toward exit 1, he redirects to exit 2.
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FIGURE 7-30: THE RELATIONSHIP BETWEEN THE OCCUPANT’S MOTIVATION AND THEIR ABILITY TO
RECEIVE NEW INFORMATION IN 7.3.431

Therefore as the occupant is deemed to be more motivated to evacuate, so the occupant

is more likely to accept new information and, in this case, reduced the evacuation time.

A secondary aspect of this behaviour concerns the adoption of the unfamiliar exit
according to its use. In Scenario 7.3.432, 12 occupants are positioned around exit 2, of
which they were initially aware and towards which they move. From Figure 7-31 the
presence of these occupants encourages the single evacuating occupant to change route.
This occupant is initially unaware of exit 2, but adopts it as the confidence level is

increased in the safety and availability of this exit.
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FIGURE 7-31: IMPACT OF OCCUPANTS USING THE SECONDARY EXIT UPON THE ADOPTION RATE IN
7.3.432

In this instance, the occupant is redirecting to an exit that is assumed to be functional and
secure, due to its use by other occupants. The occupant is indirectly guaranteeing safe
evacuation, by moving towards an exit that is assumed to lead to safety as it is in use.
Although the surrounding crowd may slightly increase the occupant’s evacuation time,

the perceived security of the exit is seen as compensating for this factor.

As the verification conditions are somewhat contrived, the evacuation times generated

are only of use in comparison. From Table 7-18 there are two main differences in the
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results. Firstly, there is an obvious difference in the extent of the times due to the

crowding around the exit. Secondly, the slight trends that are evident in both cases are

conflicting.

TABLE 7-18: EVACUATION TIMES GENERATED FROM VALIDATION CASE 7.3.43.

Drive Level

Scenario 5 10 15 20

7.3.431 15.0 14.9 14.8 14.7
[11.6-15.3] | [11.7-15.3] | [11.5-15.3] | [11.6-15.3]

7.3.432 20.0 20.1 20.1 20.4
[19.1-22.1] | [18.6-21.4] | [18.9-20.6] | [18.3-22.1]

In 7.3.431, where only one occupant is involved, redirection reduces the evacuation
times, as the exit presents a closer escape route. On average if the occupants maintains
course and evacuates through exit 1, he takes 15.3 seconds. If he decides to redirect
towards exit 2, he takes 11.6 seconds to evacuate. Therefore, as the proportion of

occupants redirecting increases, so the overall evacuation times decrease.

In 7.3.432, the level of occupant redirection has increased threefold due to the increased
level of occupant confidence (see Figure 7-31). If the occupant maintains course towards
exit 1 the average overall evacuation time is 18.9 seconds. If the occupant redirects
towards exit 2 where the other occupants are situated, the average overall time increases
to 21.6 seconds. An increase in the overall evacuation time is evident, due to excessive
population crowding around the exit (see Table 7-18). Therefore the increase in occupant
redirection due to the presence of occupants already using an exit, does not necessarily
provide an advantage to the occupants involved. This will be determined according to

scenario specific conditions.

This result suggests the inclusion of behaviour that addresses occupant congestion, based
on a more sophisticated mechanism. This is addressed in Sections 8.1 and 8.2 in Chapter

8.

7.3.5 FUTURE WORK
It might be useful for the user to be able to assign the entrance door to particular

occupants [96]. This might be represented implicitly through the biasing system
proposed. However, if the model had the capability of taking the entrance door into

consideration it would make the process simpler for the user.
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The user should be able to determine the exact nature of the occupant’s familiarity. This

would involve a relatively simple programming task, rather than a modelling
development, allowing the occupant to select the exact exits with which the occupant is

familiar from a list of available exits

A proposal for a more sophisticated representation of occupant familiarity includes a
representation of internal exits. This would certainly require an extensive restructuring
of the present model. This would enable occupants to adapt their path according to the
crowding at internal exits in the same manner as external exits (see Sections 8.1 and 8.2
in Chapter 8). It would also allow communication and line-of-sight calculations to treat
internal exits as they treat external exits (see Section 5.4, Chapter 5). Most importantly,
it would allow the occupant’s to adopt egress routes based around their familiarity with

the enclosure and their usual paths, rather than according to a generalised potential map.

This development points to the adoption of a two-tier nodal system; one that describes
localised, small-scale navigation, while the other represents sections of the route that
require goal-oriented movement. This would more accurately reflect the decisions made
by occupants in response to their movement. Given that the occupant has either
sufficient awareness or time to calculate an egress route, the occupant may be able to
make their decisions on long-term goals reflecting their eventual departure from the
enclosure. In contrast, if the conditions are severe or the occupant’s awareness of the
structure is limited, the direction of the occupant’s movement may be based around

short-term goals, such as leaving a room, rather than clearing the building.

7.3.6 CONCLUSION
The introduction of localised knowledge has been demonstrated as being more flexible

than the present methods used in the buildingEXODUS model, in its representation of
the occupant’s awareness of the structure. The vast weight of evidence suggests that not
only do occupants have different levels of exit awareness, but also this awareness will

significantly impact upon the evacuation process.
In the proposed behaviour, the process of including an individual representation of

occupant familiarity has been initiated. Not only is this process localised, but may

develop dynamically according to the experiences of the occupant, during the evacuation

379



Chapter 7
(in the form of their motivation). The method used to indicate individual familiarity 1s

contrived. It requires further development so that it is either based upon realistic factors,
such as upon daily use, or so that it is open to user control. However, the concept of
individual awareness has been demonstrated as having an important effect over the

evacuation, which therefore justifies further and more detailed analysis.

The results from the verification cases demonstrate an increase in the flexibility and
functionality of the representation. This shows a less rigid adherence to a globally
defined navigation system as well as enabling the occupant to adapt to the provision of

new information and fluctuating circumstances.

7.4 THE IMPACT OF THE EVACUATION UPON THE OCCUPANT: CONCLUDING REMARKS
The developments outlined in this chapter represent significant advances in the

development of a behavioural model (see Table 7-19). This is due to the dynamic and
individualised interpretation of the surrounding conditions, as well as the ability for
these perceptions to affect the decision-making process. The more sophisticated
representation of the impact of the environment demonstrates the capacity of the
simulated individual to be affected by the environment, but then attempt to adjust
through a recognised coping mechanism (namely maintaining close proximity to the
enclosure). The perception of external events are now internalised by the occupant, more
accurately reflecting their experiences and allowing decisions not to be made at random
but instead to rely on the passage of the occupant. Most importantly of all, the
knowledge of the occupants everyday life is represented through his individualised
awareness of the enclosure. This experience may be added to throughout the evacuation,

representing the evacuee’s constant search for knowledge to enable him safe passage.

TABLE 7-19: SUMMARY OF THE BEHAVIOURAL DEVELOPMENTS IN THIS CHAPTER

Section Development Description
7.1 Occupant Movement Enables more detailed representation of
Through Smoke occupant movement through smoke-filled
environment
7.2 Dynamic Behavioural Enables more appropriate representation of
Representation the dynamic nature of the occupant’s
motivation during the simulation
7.3 Localised Representation Enables exit selection according to the
Of Occupant Familiarity occupant’s understanding of the enclosure
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CHAPTER 8 THE ADAPTATION OF THE OCCUPANT TO THE
EVACUATION

“Those who cannot remember the past are condemned to repeat it”[213]
The final behavioural developments either introduce a level of information dependency

or accredit the occupant population with the ability of interrogating the surroundings and
adapting their behaviour accordingly. This may involve the occupant analysing the
information in a sophisticated manner or crediting the occupant with the ability to
estimate future possible alternatives. As noted by Feinberg and Johnson, the occupants
do not act without referring to the information available to them. Instead Feinberg and

Johnson

“Suggest...that evacuees make rough calculations of the time available for exit and
adjust their specific responses accordingly...The most important cues in the decision to
exit are warnings from the staff and direct evidence of the severity of the fire, but the
behaviour of others can also be a cue to the threat. Evacuation begins when the evidence
- physical, social or both - leads to a collective definition of the situation as sufficiently
threatening” [187]

These representations include:

— 8.1. ADAPTIVE REASONING IN RESPONSE TO CROWD FORMATIONS
— 8.2. LONG TERM ROUTE ADAPTATION
— 8.3. COMMUNICATION AS AN ADAPTIVE RESPONSE [199]

— 8.4. THE ADAPTIVE OCCUPANT RESPONSE TO APPROACHING A SMOKE-FILLED
ENVIRONMENT

This section requires some reference to the earlier new proposals, to fully test and

demonstrate the impact of the features.

8.1.ADAPTIVE REASONING IN RESPONSE TO CROWD FORMATIONS
For a more detailed analysis of this behaviour please refer to the paper suggested [26].
8.1.1EXPECTED OCCUPANT BEHAVIOUR

The manner in which occupants queue is of fundamental importance to the success of an
evacuation. Their ability to ascertain the likelihood of extensive delays and possibly

alter their exit route accordingly is essential to the navigation process.

The nature of the queue will depend on the physical restrictions imposed upon the

population as well as the severity of the environmental conditions [1,66,106].

Occupants determine their choice of exit through examining a number of factors.
Initially, the occupant must be aware of the existence of an exit. Obviously, inherent in
this knowledge is the geometric layout of the enclosure surrounding that exit. Therefore

the familiarity will extend to the surrounding terrain and geometry of the exit. Occupant
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familiarity has long been seen as of fundamental importance to the progress of an

evacuation. Instead of occupant’s heading towards the nearest exit — of which they may
have no prior knowledge - as would be assumed by the majority of present building
regulations, they are more likely to move towards other more distant exits with which
they have had previous experience [1,4]. Pauls [99] identified the importance of
examining regular social and physical movement and behaviour to predict the actions of
occupants in a difficult and possibly unique situation. This correlation was also seen
during the King’s Cross fire, where passengers, when attempting to evacuate, adopted

routes which were closely related to those usually used [1,4,97].

The impact of familiarity upon the behaviour of the occupant is not limited to exit usage
(see Section 7.3, Chapter 7). Horiuchi recorded the increased levels of confidence which
familiarity bred in occupants, allowing them to perform actions not directly linked with
speedy evacuation [1,98]. Familiarity with the enclosure may generate a level of
confidence that allows the occupant to attempt activities such as fire-fighting, delaying
their response or attempting to follow alternative, less direct routes. Although in the
short term these routes may not be considered optimal, they will have been adopted
through calculation on the occupant’s part to guarantee safe egress and to minimise the

imminent risk and the evacuation time.

Of utmost importance are the perceived queuing conditions evident at the desired exit
[106]. Variables within this consideration will include the perceived extent of the
queuing population, the environmental conditions, as well as the manner in which the
crowd is moving. The movement of the queue will in itself be dependent upon the

geometry (terrain, size of exit, etc.) as well as the make-up of the crowd.

It is unlikely that occupants make decisions concerning redirection in isolation, but
instead weigh up the data available to arrive at a final decision. Of utmost importance are
the perceived queuing conditions evident at the desired exit [106]. Variables within this
consideration will include the perceived extent of the queuing population, the
environmental conditions, as well as the manner in which the crowd is moving. The
movement of the queue will in itself be dependent upon the geometry (terrain, size of
exit, etc.) as well as the make-up of the crowd. As a survivor of the Beverly Hills Supper

Club incident recalls
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“My dad told us that since the exit was so crowded to turn around and climb over the

railing and go out the entrance doors”[52]
In this incident, before the occupant commits to another course of action, he is

considering information concerning the exit configuration and the crowd conditions

around each of the exits.

Except for the occupant’s initial familiarity with the enclosure, all of the factors outlined
require the occupant to be in visual contact to make the relevant determinations.
Therefore, the decision to redirect egress movement is not solely based on factors
determined prior to the evacuation but is likely to be influenced by dynamic factors such

as population size and environmental considerations.

The visibility of the exit determines the level of information that the occupant may use in
any calculation of the tenability of any future use [200]. For a thorough appraisal to take
place, the occupant has to be in visual contact with the exit, to examine the surrounding
population, environmental conditions, etc. If the exit is not within visual range, the
occupant has to rely solely on their recollection of exit details from memory, such as
position and distance, or possibly from information communicated to them from the

surrounding population or from a procedural influence such as an intelligent alarm

systems [1].

Finally, through examining these factors and their own experience, the occupant must
come to a decision on a course of action. This might involve a crude determination of
which route would enable the most ‘efficient’ and safest path of egress. As highlighted
previously, this calculation can only be made in respect to the information available to
the occupant and any previous experience that he might have. This represents the

occupant as being capable of information processing as described in recent psychology

literature [214].

8.1.2PRESENT BUILDINGEXODUS IMPLEMENTATION.

Within the current version of buildingEXODUS (and most other evacuation models) [8],
the implementation of the occupant’s ability to determine their choice of exit,
‘redirective’ behaviour and the factors highlighted above is somewhat limited. The
occupant’s familiarity with the enclosure can, at present, be represented using the

potential map and target doors facility [24].
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A global/default method can be used which defines the attractiveness of each of the exits
within an enclosure according to a potential map system. The occupant is assumed to be
fully aware of the existence of the exits involved, but can be made to be more/less
attracted to the exit using a biasing system. This method allows occupants to (if required)
move to the nearest exit or to a more distant but familiar exit. The manipulation of the
biasing attached to individual exits extends/diminishes the catchment area within which
that exit appears attractive. Once in this area, an occupant will move towards the exit,
unless the user has specifically instructed the occupant to move to another exit through
the identification of a “zarget door”. This identification specifies the exact destination

for the occupant and does not provide for alternative routes.

Through the use of “exit biasing” it is possible to make a biased exit globally more or
less attractive and thus biasing is a representation of global familiarity i.e. all occupants
will be affected equally. Through the use of “farget exits”, it is possible to represent the
familiarity of a particular occupant with a single exit. However, the occupant does not
have the ability to examine the viability of other potential routes to exit. Thus, with the
exception of specifying target exits, it is not possible to provide a comprehensive and

individual representation of an occupant’s familiarity with the structure.

8.1.3PROPOSED BEHAVIOURAL DEVELOPMENTS

The likelihood of the occupant moving between exits is dependent upon a number of
conditions that are examined prior to the occupant's decision (including the distance
from the exit, the distance and availability to alternative exits, the behavioural regime
being used by the occupant). Most importantly, the occupant’s interaction with smoke is
seen as an important consideration. Given that this interaction has occurred and that the
occupant is now queuing in a relatively clean environment, the propensity to remain
queuing is seen to increase relative to the likelthood of moving back into an enclosure
within which smoke was experienced [52,58]. Occupant motivation is also a key factor in

the occupant's decision, although this is also affected by the interaction with smoke.

The other conditions, previously described (proximity of doors and patience (see Section
7.3, Chapter 7) are also represented, with one major difference. The occupant's

awareness of the enclosure is incorporated into the calculation of whether the occupant
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should redirect. This more accurately reflects the changing levels of knowledge within

the population, than the present implementation.

Precautions had to be taken to prevent occupants continuously flipping between nearby
available exits. To prevent this occurrence, occupants were only permitted to alter their
target if they had not done so before. The development of this aspect of the proposed

behaviour is left for further work.

It is considered vital not only to represent the initial occupant target, but also to represent
the individual occupant’s familiarity with the structure. This is less important under non-
emergency conditions or conditions of low population density, where the occupant may
evacuate unhindered to the target of their choice. However, during situations involving
redirection (such as queuing or confrontation with environmental barriers), the existence

of alternative routes and the occupant’s awareness of these routes becomes significant.

The proposed adaptive queuing behaviour is therefore reliant upon the introduction of
the door vector (see Section 7.3, Chapter 7) and the exit line-of-sight feature (see

Section 5.4, Chapter 5).

Initially, the occupant situation is examined to determine whether he desires (i.e.
estimated exit time is reduced) and whether it is possible for them to alter their target.
This involves the examination of a number of factors including

— the extent of time the occupant has spent waiting,

— the distance between the occupant and the exit
— the occupants patience level,

— whether the occupant is completely surrounded by other occupants,
— the estimated time of arrival at the alternative exit,

— the estimated time of arrival at the current exit, etc. This decision making process is
stochastic in nature.

— the distance travelled to the present exit

As an example of how these factors influence occupant’s decisions, consider the
following case. An evacuating occupant has waited in an exit queue for a period of time
greater than his patience level. He is therefore now willing to consider redirection. The
occupant is situated on the periphery of the crowd and is therefore able to contemplate
redirection. Examining the exits available to him, he determines that he can arrive at

another exit more quickly. The occupant therefore, moves off towards his new target.
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This decision making process contains a stochastic element and will therefore alter

between repeated simulation runs. A number of other factors need to be considered.
These are left to future research. These include considering the degree of commitment of

an occupant to the exit and the possibility of occupant’s ignoring underused exits.

Once the decision to redirect has been made, the occupant’s door vector is interrogated.
Initially, those exits that are visible are examined. The visible exit that is seen as most
viable is then stored. This viability is dependent upon the time the occupant estimates it
will take him to arrive at that exit, given its distance and the crowding around the exit.
The non-visible exits are then interrogated. In this case the viability is determined
according to distance and familiarity only, as crowding information is not available. The
introduction of the line-of-sight therefore determines the manner in which exits are
treated. If a visible exit is stored it will be adopted as a new target otherwise the most
viable non-visible exit will be adopted. This is based on the assumption that an occupant
would prefer to reduce their queuing time through movement towards visibly preferable
exits rather than taking the more risky option of moving towards unseen exits. If neither

exists, the occupant will remain queuing.

Examine occupant
motivation, position and
patience

Is occupant in queue
and desires redlrection?,

Has occupant
other available egress
routes?

A 4

Does occupant have
free movement?

Occupant estimates
arrival times and
prioritises results

Option glven highest

priority chosen, Present course
according to arrival time maintained
and visibility

| l

FIGURE 8-1: FLOWCHART REPRESENTING PROPOSED BEHA VIOUR
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The determination as to whether the occupant redirects is calculated according to the

following equations. Initially the situation is examined as to whether the occupant is able
to redirect; that is he is outside of a pre-defined area within which he is assumed to
remain queuing and that the occupant is not completely surrounded by other members of

the population. This is determined according to

>3 per

max(|P - 0|, ~ A,0). max (0, — ﬂn——),O) >0 (69)
where  Pmar is the maximum population density, P and Q are the co-ordinates of the
occupant’s present location and the exit location respectively and A is a constant default
exit catchment area (arbitrarily set to 2.5m). If the occupant is within a threshold distance
from the exit or is completely surrounded then he is not able to redirect. The occupant is
then examined to determine whether he desires to redirect according to

(w,—p;)20 (70)
where w; is the time the occupant has spent waiting, p; is the occupant’s patience

(indicating that the occupant is impatient),

L> (71)
D 2r

max

D; is the occupant’s drive, D, is the maximum possible drive setting and r is a random
number (indicating that the occupant is sufficiently motivated) and

d,
1- : >r
max(|P - 0], +4d;.K)

that determines whether the occupant is not sufficiently committed to the present exit, to

(72)

be able to redirect [4,61]. Here, P and Q are the co-ordinates of the occupant’s present
location and the exit location respectively, d; is the distance travelled so far and K is a

threshold designed to prevent small travel distances distorting the calculation.

Finally the attractiveness of individual exits are examined, to determine which of them

will be adopted, given that the occupant wishes to redirect. If the exit is visible, the time
for the occupant to reach it, ¢,, is calculated according to

P-9 c

;= " ”2 + v

v
vi fv : wv
where v; is the occupant’s maximum velocity, ¢, is the size of the crowd formation

ny: (73)

around the exit, f, is the estimated flow rate through the exit, w, is the exit width and €1is
a random number (0-0.1) introducing noise into the equation. The occupant’s present

target is assumed to be interrogated in this manner.
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Otherwise, if the exit is not visible, the calculated time to arrival, #,, is purely determined

according to the distance required to reach it,

P —
tnzﬂv—Q"zﬂs (74)

4
The arrival times of the exits are then compared, with priority given to the visible exits.
If a visible exit reduces the time required to exit, such that
t, <t (75)

it will be adopted. Otherwise the non-visible exit with the shortest travel distance will be

pres

adopted if it presents an advantage satisfying
t, <t (76)

There is of course no guarantee that recommitting to another exit will produce a better

pres

outcome for the individual (i.e. decrease personal evacuation time). Taking this course
of action may result in a sub-optimal outcome for the individual concerned.
Furthermore, by allowing the occupant to move to an unseen exit, the chances of the
occupant delaying their evacuation are greatly increased. This is due to the fact that the
unseen exit may in-fact not be viable due to the extent of crowding around the exit. As
the exit is unseen, the occupant is deprived of this information and essentially takes a

chance.

Once adopted, the new exit will be adhered to irrespective of the new queuing
considerations with which the occupant is faced. If the new exit is visible, it is assumed
that the conditions are favourable so as to have encouraged redirection. Otherwise, the
occupant, once redirected, is assumed to have committed himself to the new target. This
is to prevent the occupant rebounding continually between target exits. From a
computer-modelling viewpoint, it would be a relatively easy task to modify this
condition and allow the occupant to be redirected a number of times. However, at
present there is insufficient observational data upon which to base a sound rational for

this type of behaviour. The increased sophistication of this and a number of other

features are left for future work.

8.1.4 VERIFICATION
The prototype behavioural features are demonstrated through a series of scenarios based
on the geometries depicted in Figure 8-2 and Figure 8-6. The geometries are relatively

complex and enable the demonstration of the differences introduced through the line-of-
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sight calculation as well as the possibility of the occupants being unaware of certain exits

(see Table 8-1).

TABLE 8-1: SUMMARY OF SCENARIOS INVESTIGATED

Scenario Population Geometry
8.141 234 occupants 4 exits, differing levels of visual access.
responding instantly Simplistic design to demonstrate impact of
redirection
8.1.42 400 occupants, responding instantly 4 exits, differing levels of visual access. More
realistic geometry.

The introduction of an adaptive decision-making capability, where the occupant is able
to redirect according to a crude predictive capacity in response to the information
available, is incrementally compared against the present buildingEXODUS capabilities.
The results will be provided in terms of an average figure and the distribution of results
generated. Those averages without distribution figures indicate static/negligible variation

in the results.

CASE 8.1.41

For the scenarios involving geometry 1 (scenarios 8.1.411-8.1.414), it is assumed that
the evacuation has been underway for some time and has resulted in crowding around
two of the four available exits (see Figure 8-2). The crowd located around exit 3 is
identified as Pop 3 and consists of 108 people, while the crowd located around exit 4 is
identified as Pop 4 and consists of 126 people. The size of these crowds varies in order
to demonstrate the importance of the tenability calculations made by the occupants that
are then used in their decisions to re-commit to another exit. The size of the populations

around exits 1 and 2 (identified as Pop 1 and Pop 2 respectively) are zero initially.

The size of the exits is 1.5m for exits 1 and 2 and 1.0m for exits 3 and 4. In each of the
scenarios, the apparent visibility of each of the exits is changed (see Figure 8-2) in order
to demonstrate the impact of exit visibility. The first scenario is a base case that utilises
the existing software features while the remaining three scenarios involve the prototype

behavioural features.
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‘Non-visible’

line-of-sight (hence occupants have full knowledge of exit status).
indicates that these exits are not within line-of-sight of the other exits. ‘Variable
awareness’ indicates that not all of the occupants will be aware of the location of the
non-visible exits (i.e. these do not appear in their door vector). ‘Variable visibility’
indicates a more complex visual relationship depending on the occupant’s position. The

“bias” is an indication of the exit bias. An exit bias of O indicates that occupants will

move towards their nearest exit.

RESULTS-CASE 8.1.41
Examining the results for Scenarios 8.1.411-4 (see Table 8-3) we note that the
introduction of the new behavioural features significantly impacts upon the evacuation

results. However, these results are complicated due to the introduction of familiarity as a

significant factor.

Scenario 8.1.41 represents the behaviour exhibited in the current buildingEXODUS
implementation. It produces the longest evacuation time (58 seconds), the longest
average evacuation time (25.8 seconds) and the longest average CWT (2.7 seconds). In
this case there is no migration between exits, and therefore the occupants spend the
entire simulation waiting for access to their initial target. This is reflected in the

extensive evacuation times generated and the time spent waiting by each occupant (see

Table 8-3 and Figure 8-3).

TABLE 8-3: EVACUATION TIMES FOR SCENARIOS 8.1.41-4

Scenario | Avg cwt (secs) Evac times(secs) | Avg pet(secs)
8.1.411 2.7 58 25.8
[2.5-3.3] [56-64] [23-27]
8.1.412 1.7 37.7 17.7
[1.5-2.2] [35.3-43] [16-20.8]
8.1.413 1.7 38.5 19.0
[1.5-2.3] [37.5-43] [18.6-22]
8.1.414 1.9 46.9 21.2
[1.7-2.4] [45.6-48.8] [20.1-22.7]

As expected, Scenario 8.1.412, where the population is fully aware of all of the exits and
are able to determine the extent of the queue at each exit, produces the most effective
evacuation (see Figure 8-3 and Table 8-3). This case may be considered somewhat
unrealistic as all the occupants are fully aware of all the exits, even the ones that are not
actually in line-of-sight. It produces the smallest average PET and overall evacuation

times and causes the occupants to wait for the least amount of time. It also more evenly
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distributes the occupants between the exits, reducing possible queuing time (see Table

8-4).

Indeed, the behaviour introduced into Scenario 8.1.412 reduces the evacuation times
generated in Scenario 8.1.411 by 54% (see Table 8-3). In general, occupants chose to
migrate towards the initially underused exits. As the simulation progressed and
congestion appeared at all of the exits, less migration to these exits was evident.
However, the migration that was evident was more evenly distributed between the exits,

as these became equivalently populated.

TABLE 8-4: EXIT USAGE (NUMBER OF OCCUPANTS) FOR SCENARIOS 8.1.41-4

Scenario Exit 1 Exit 2 Exit 3 Exit 4
8.1411 0 0 108 126
8.1412 49 63 58 64

[45-52] [58-65] [56-63] [60-70]
8.1.413 54 42 80 58

[46-57] [40-48] [79-95] [54-67]
8.1.414 26 34 94 80

[24-31] [26-35] [89-97] [79-93]

Scenario 8.1.413, where visibility was introduced as a factor, demonstrates the subtlety
of the occupants’ adaptation to their surroundings. In this case, while occupants are
aware of all the exits they do not have line-of-sight with exits 1 and 2 and so cannot
ascertain the full potential advantage of diverting to these exits. Due to the initial
inequalities in the population distributions, large numbers of occupants migrated towards

the unseen exits.

Due to the queuing at the visible exits, unseen exits become more attractive. This
migration was based upon the distance which had to be covered as no other information
was available to the occupants (see phase 1 migration in Figure 8-4). After this initial

wave of migration, the populations around exit 3 and exit 4 had diminished dramatically.
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FIGURE 8-3: CUMULATIVE EVACUATION TIMES (FIGURE 3A) AND CUMULATIVE WAIT TIMES (FIGURE
3B) FOR SCENARIOS 8.1.411-4.

Due to the slight inequalities in the initial populations around these exits, exit 3
eventually became a viable exit for redirection for some of the occupants queuing at exit
4 (see phase 2 migration in Figure 8-4). Therefore, as priority is given to visible exits,
occupants began to migrate between exit 4 and exit 3. It should be noted that these
occupants were not able to interrogate the two unseen exits, therefore the build up of
occupants around these exits went unnoticed and was not a factor in the movement to the

visible exit.

FIGURE 8-4: SCHEMATIC OF THE TWO PHASES OF MOVEMENT DURING SCENARIO 8.1.413. PHASE 1
SHOWN ON LEFT, PHASE 2 IS SHOWN ON THE RIGHT.

This behaviour is responsible for the eventual discrepancy between the two exit (exit 3
and exit 4) populations (see Table 8-4). The overall evacuation times produced are on

average only 2% slower than those of Scenario 8.1.412.
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The introduction of the prototype behaviour has clearly made a difference to the overall

evacuation efficiency - as measured by CWT and overall evacuation times (see Figure
8-3 and Table 8-3). It is clear that the introduction of the prototype behaviour has
reduced the CWT for all of the occupants (see Figure 8-3), thus reducing the congestion
at the exits resulting is a more efficient evacuation. Indeed, scenario 2 has resulted in a
37% decrease in average CWT (compared with scenario 1) while the more realistic

scenario 8.1.414 has produced a 30% reduction in average CWT.

From examining the average evacuation time for each occupant the individual
experience of occupants differs between the scenarios, according to our expectations,
with significant differences in the time spent in the enclosure, along with the differences

in the occupant waiting times already identified.

Finally, it is important to note that considerable variation was achieved through
repetition of the simulations (see Table 8-4). Due to the inherent stochastic nature of
both the buildingEXODUS model and the prototype behavioural rules, if a simulation is
repeated, occupants may not decide to repeat each and every one of their actions. Thus

the outcome will vary with each repeated simulation.

CASE 8.1.42

In scenarios 8.1.421 and 8.1.422, geometry 2 is used. Here, 400 occupants are
distributed throughout a more complex geometry. Scenario 8.1.421 provides the base
case, implementing the present behavioural features, while scenario 8.1.422
demonstrates the prototype behavioural features. In this example, the simulation is run
from the start of the evacuation. The occupants are distributed throughout the building
in what can be considered a typical “starting distribution”. In these scenarios, all
occupants are assumed to have complete familiarity with the structure and hence have

complete knowledge of the location of all exits.

The only factor preventing the information being received concerning the exit conditions
is their visibility from the occupant’s vantage-point (see Table 8-5). It is assumed that
information can be transmitted between Exit 2 and Exit 4, Exit 4 and Exit 1 and Exit 1
and Exit 3. Therefore an occupant queuing at Exit 1 can estimate the extent of the

crowding at Exit 3 and Exit 4.
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TABLE 8-5: DESCRIPTION OF SCENARIOS INVESTIGATED

Scenario | Queuing Behaviour Geometry Exit status Bias
8.1.421 Present 4 exits, irregular, complex N/A 0
8.1.422 Proposed 4 exits, irregular, complex Fully aware 0

Variable visibility

Exit 4

FIGURE 8-6: REPRESENTATION OF GEOMETRY 2 USED IN SCENARIOS 8.1.421-2 SHOWING LOCATION OF
THE FOUR EXITS AND THE STARTING LOCATION OF THE OCCUPANTS.

RESULTS- SCENARIO 8.1.42

In these scenarios the prototype behaviour is demonstrated in a more complex geometry
and a more realistic scenario. Scenario 8.1.421 represents the behaviour exhibited in the
current buildingEXODUS implementation. Scenario 8.1.422 demonstrates the impact of
the introduction of the prototype behaviour. In these scenarios occupants are assumed
to have complete familiarity with the structure. Scenario 8.1.421 has thus been
configured to allow occupants to move to their nearest exit solely under the influence of

the potential map. All of the exits have equal potential.

The qualitative differences in the behaviour are demonstrated through examining Figure
8-8. This figure depicts the situation 30 seconds into the simulation for both scenarios
8.1.421 and 8.1.422. As a result of the initial starting locations of the occupants, large
crowds congregate around most of the available exits. The crowding is a function of the
initial proximity to the exits. As a result, the main exit (exit 1) is underused, while the

peripheral exits experience significant crowding.
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In scenario 8.1.422 crowding still develops around the same exits as in scenario 8.1.421.

This is to be expected, as the starting positions of the occupants are identical in both
cases. However, occupants can be observed redirecting to visibly underused exits.
Failing this, occupants risk redirecting to other exits where information cannot be
perceived, given that they are making little progress at their present congested exit. A
large number of occupants move towards Exit 1 from the other overused exits (this
movement is indicated by the solid arrows in Figure 8-8). The majority of these
occupants will have been able to see the conditions at exit 1 (i.e. those at exits 4 and 3).
However, the occupants redirecting from Exit 2 to Exit 1 have done so without being
aware of the beneficial conditions at Exit 1. A smaller number of occupants move from
Exit 2 to Exit 4 (this movement is indicated by the broken arrow in Figure 8-8). This
relatively small movement of people can be explained by the interaction of Exits 1, 2 and
4. Initially, occupants at Exit 4 are attracted to the greatly under utilised Exit 1 (Exit 1 is
visible from Exit 4). While Exit 4 is congested, it does not present an attractive option
to the occupants at Exit 2 (Exit 4 is visible from Exit 2), thus making Exit 1 the only
viable alternative. At this stage very little if any migration occurs to Exit 4 from Exit 2.
However, as occupants migrate from Exit 4 towards Exit 1, the congestion at Exit 4
decreases, thereby making this exit more attractive to occupants at Exit 2. A small

migration then ensues between Exit 2 and Exit 4.

From Table 8-6 and Table 8-7 the quantitative differences caused by the adaptive
behaviour of the occupants are evident. There is a 19.8% reduction in the overall
evacuation times of scenario 8.1.422 in comparison with scenario 8.1.421. This reflects
the ability of the occupants to redirect according to the information available, rather than
remaining committed to their initial exit selection irrespective of the conditions. The
differences in the individual occupant experience can be determined through
interrogating the average CWT and average PET, where there are reductions of 27% and
20% respectively. This is entirely due to the occupant’s ability to redirect given that there

is significant congestion (see Table 8-6).

TABLE 8-6: EVACUATION TIMES FOR SCENARIOS 8.1.421-2

SCENARIO | AVGCWT (SECS) | EVAC TIMES(SECS) | AVG PET(SECS)
8.1.421 33 67.7 28.0
[3.1-3.5] [64.1-71.9] [26.5-30.2]
8.1.422 2.4 54.3 22.3
[2.3-2.5] [52.4-56.3] [21.6-22.6]
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From Table 8-7 it is clear that a more efficient exit usage has resulted through the

introduction of the prototype behaviour. Not only are the exits used more evenly under
the prototype behaviour, but the adaptive process alters significantly between individual
runs. This can be seen from examining scenario 8.1.422 in Table 8-7, where significant
distributions are evident in the exit usage. It is apparent through examining scenario

8.1.421, that the exit usage is both deterministic and non-adaptive under the present

behavioural model.

TABLE 8-7: EXIT USAGE (NUMBER OF OCCUPANTS) FOR SCENARIOS 8.1.421-2

SCENARIO ExiT1 ExiT 2 ExiT 3 ExiT 4
8.1.421 16 92 179 113
8.1.422 144 83 96 77

[139-151] [80-85] [92-99] [73-83]

Again significant differences are evident in the overall arrival of occupants at the
available exits. From Figure 8-7, both scenarios 8.1.421 and 8.1.422 produce almost
identical outcomes during the first 20 seconds of the simulation. However, as occupant
redirection begins to take effect, we find that the evacuation in scenario 6 becomes more

efficient as occupants make use of under utilised exit capacity.
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FIGURE 8-7: THE AVERAGE CUMULATIVE ARRIVALS FROM SCENARIO 8.1.42.

These results also reflect how the relatively small distances covered during the
redirection process did not compromise the advantages gained through its performance.
This is due to the nature of the geometry and the small distances between the exits. This

will certainly not always be the case.

The introduction of an adaptive capability into the occupant decision-making process has
significantly affected the outcome of all the simulations presented in this paper. It is
important to note that this effect is not uniform across the evacuating population, nor is it
limited to either qualitative or quantitative factors, but is instead localised and specific to
the individual experience. Furthermore, in the simulations presented in this paper, the

introduction of this behaviour has lead to an improvement in the overall efficiency of the
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Finally, through the introduction of the prototype behaviour, occupants are able to adapt

their behaviour according to the information available to them. If circumstances are
changing beyond their scope of awareness, then their decisions may prove to be
unsuitable, leading to a potentially worse situation. The level of individual awareness
incorporated within the model may be extended through the introduction of the concept
of communication. In planned further developments it is proposed to introduce the
capability for occupants to communicate either with other occupants, staff members or

through information provided by intelligent alarm systems.

8.1.5SFUTURE WORK

This behaviour could be extended to include a more advanced representation of the
occupant’s ability to redirect several times. This may be calculated according to internal
attributes, previous locations and linked possibly to a memory of the conditions at those
locations. More evidence would have to be found for this more sophisticated type of
behaviour to be implemented, although it would be a simple matter to allow the occupant

a greater degree of freedom.

Although extensive sensitivity analysis was conducted concerning the influence of the
occupant’s personal attributes upon the evacuation process, significant evidence 1s
required so as to calibrate the behaviour further (be it experimental or based on actual
events). At present, only anecdotal behaviour is available, although this exists in

significant amounts [1,52,53,58,106].

8.1.6CONCLUSION

This section has demonstrated the potential advantages associated with the introduction
of an adaptive behavioural capability within evacuation models. This was demonstrated
through enabling occupants to make decisions concerning the selection of the most
viable available exit during an evacuation. These decisions were based on
considerations such as prior experience, structural familiarity, line-of-sight, and the
extent of the crowding around the available exits. The implementation was shown to
provide a more complex and arguably more realistic representation of this behaviour
than that provided by the existing model. The implementation demonstrated the
significance to both the evacuation as a whole and the occupant as individuals of the

inclusion of such behaviour.
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The occupant analyses the situation according to the conditions and evidence available.

The occupant does not therefore approach a crowd formation irrespective of the
availability of other options, but instead does so in relation to the options available and

his perception of the conditions.

The desire to redirect will be dependent upon a number of factors, similar to those

highlighted in the previous section. These include

— the ability of the occupant to perceive the conditions at his desired target
— the occupant’s awareness of alternative egress routes

— the ability of the occupant to estimate his evacuation time given the surrounding
conditions and his capabilities

— the experiences of the occupant thus far.

Much of the evidence cited in support of the queuing behaviour is also relevant here
[1,4,52,58,211]. Indeed, the two forms of behaviour are, similar except for the exact
position of the occupant. In the previous section the occupant is faced with the
possibility of leaving a queue whereas here the occupant may refuse to join a queue. In
both cases, it is the occupant’s commitment to queue that is in question. The difference

1s in the occupant location relative to the crowd formation.

8.2.2PRESENT BUILDINGEXODUS BEHAVIOUR

At present the existence of other occupants is seen only in terms of the difficulty they
may present in the occupation of floor-space. This treatment is strictly localised, as no
long-term route examination other than the existence of the potential map or a specified

exit target.

There is also no mechanism present for the occupant to make predictive or anticipatory
calculations of his environment, irrespective of the information available. Therefore, no
analysis can take place concerning the possible impediment provided to future egress

movement.

8.2.3PROPOSED BEHAVIOURAL MODIFICATION

As with the representation of the adaptive queuing behaviour described earlier in this
chapter, the occupant must make his decisions in relation to the knowledge available to
him. In this context, the knowledge available to the occupant is:

— The occupant’s motivation (see Section 7.2, Chapter 7)
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— The occupant’s patience (see Section 3.1, Chapter 3)

~ The occupant’s distance to the exits with which he is familiar and the estimated time
it might take to cover this distance (see Section 5.4, Chapter 5 and Section 7.3,
Chapter 7)

— The visibility of these exits (see Section 5.4, Chapter 5)

— The crowding around the visible exits (see Section 5.5, Chapter 5)

— The estimated time that these exits will clear (see Section 5.5,Chapter 5).

— The environmental conditions at the prospective exits (see Section 7.1, Chapter 7)

Each of these components will affect the occupant’s decision to redirect his egress route,
albeit at different stages and to differing degrees. The proposed behaviour is therefore
reliant upon a number of new features outlined previously including the door vector, the

advanced line-of-sight feature and the ability to analyse occupant crowding (see Chapter
5 and 6).

As the occupant approaches an exit, the occupant’s vantage-point will determine the
information available concerning alternative routes (see Chapter 5). Irrespective of this
availability, the occupant has to be in a conducive frame of mind to redirect at this early
phase. The occupant will only consider redirection, i.e. analyse the situation and
proceed through the decision-making process, if in visual contact with the present target
exit (see Figure 8-11). Therefore the occupant has to be convinced that his present target
is significantly congested, before redirection can be considered. As in previous
redirective behaviours, the occupant is limited to a single redirection to prevent

anomalies occurring.

The decision process occurs while the occupant is moving towards the desired exit. This
therefore prevents the simultaneous triggering of this behaviour and that described in the
previous section relating to the occupant analysis of congestion once they are already

queuing.
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FIGURE 8-10: FLOWCHART REPRESENTING PROPOSED BEHA VIOUR

In this instance, the free movement of the occupant is simulated by the occupant still
remaining patient. The occupant would have to be involved in some form of delay to
cause impatience, through the increase of his cumulative wait time (CWT), implicitly

representing in interruption in his movement.
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The occupant’s commitment to a specific exit is taken into account when determining

the likelihood of the occupant redirecting. The distance that the occupant has travelled in
reaching his present target has a negative impact upon the probability of redirection. This
is based on the assumption that an occupant who has committed a substantial amount of
resources to his present target, (time spent travelling and distance covered) will be more
reluctant to redirect than a less committed occupant. This is calculated in an identical

manner to the process described in the previous section, using the formulation

d,
1- : >r
max(|P-Q|, +4;.K)

where, P and Q are the co-ordinates of the occupant’s present location and the exit

(80)

location respectively, d; is the distance travelled so far and K is a threshold designed to
prevent small travel distances distorting the calculation. Therefore as the distance
travelled by the occupant increases, the likelihood of the occupant redirecting away from

his present target reduces, due to the resources committed.

Given that the occupant wishes to redirect, the occupant initially examines the visible
exits to determine whether an improvement exists in comparison to his present route.
This is achieved in an identical manner as that used in the queuing behaviour and uses
the line-of-sight calculations described in Chapter 5. This calculation can therefore be
affected by the existence of smoke and high-density populations that will prevent

information being received by the occupant.

If this appraisal does not provide a viable alternative then non-visible exits are examined,
without the advantage of the occupant being aware of the exit conditions. The occupant
is still able to adopt an exit, given that he is only aware of the distance that must be
covered to reach it. Under these circumstances the occupant’s motivation affects the
likelihood of the occupant adopting the riskier option. These decisions are calculated in
an identical fashion to the calculation evident in equations presented earlier in this

chapter.

8.2.4VERIFICATION
Two cases are examined to demonstrate the proposed behaviour (see Table 8-8). The
cases examined are

— 8.2.41 This examines the impact of occupant attributes on redirective behaviour
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~ 8.2.42 This is designed to examine the ability of occupants to redirect in a complex

geometry in response to the existence of exit congestion

TABLE 8-8: DESCRIPTION OF THE VERIFICATION CASES.

Scenario Population Geometry
8.2.41 45 occupants at exit, 36 approaching. Second exit is T shape 152m”.
_ vacant. 2 exits, width 1m each
8.2.42 Populations of 100,70 and 49 at exit 1,2 and 3. Irregular,318 m”,
Approaching populations 0f 40, 30 and 30. 3 exits of 1.5m width

VERIFICATION CASE 8.2.41

Scenario 8.2.41 examines a simple, two-exit geometry. One of these exits initially has a
crowd present, whilst the other is immediately available for use. The motivation of the
population is altered (ranging between 5,10,15 and 20 amongst the occupant population)

to examine the impact upon the probability of redirection. All of the occupants respond

instantly.

Forty-five occupants are situated at exit 1, with 30 other occupants approaching. Initially,
no occupants are situated at or approaching exit 2. These conditions suggest that

occupants should consider redirection to prevent undue congestion.

All of the occupants are aware of both exits; that is both exits appear in the occupant’s
door vector (see Section 7.3, Chapter 7). Initially, all of the occupants move towards exit
1. Due to the nature of the geometry, both exits are visible once the approaching
occupants turn toward exit 1 (see Figure 8-12). It is only at this stage that the occupants

begin to analyse the situation.
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FIGURE 8-12: SIMPLISTIC GEOMETRY USED TO EXAMINE THE INFLUENCE OF THE DRIVE UPON THE
LONG DISTANCE ANALYSIS OF EXITS
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RESULTS VERIFICATION CASE 8.2.41

The purpose of this scenario is to demonstrate the impact of the occupant’s motivation
upon their likelihood of redirecting and the impact of this redirection upon the overall

evacuation times.

From Figure 8-13 the occupants can be seen to adapt their path of egress, given the
availability of a more viable option. The adaptation is dependent upon the level of
congestion around exit one and the motivation of the occupants involved. Both of these
trends are evident in Figure 8-13. The algorithm therefore successfully reproduces the
assumption that occupants who are highly motivated will be more likely to redirect,

given that the circumstances are conducive for them to do so.
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FIGURE 8-13: COMPARISON BETWEEN EXIT USE AND THE DRIVE SETTING OF THE MOBILE POPULATION
[EXIT 2 IS THE ALTERNATIVE EXIT]

However, it should not be taken for granted that this redirection will automatically
guarantee the minimisation of the overall evacuation time. In Table 8-9 the evacuation
times demonstrate a steady, although small, reduction, until the motivation level of the
population has risen to 20. This is because the crowding around exit 1 is alleviated as

occupants increasingly avoid this route.

TABLE 8-9: RESULTS PRODUCED FROM SCENARIO 8.2.41

Drive | Evacuation times (secs) | CWT(secs)
5 30.2 2.0
[28.4-32.1] [1.8-1.9]
10 29.3 1.8
[28.4-30.9] [1.8-1.9]
15 28.4 1.8
[27.3-30.1] [1.7-1.9]
20 29.5 1.7
[27.8-35.1] [1.6-1.8]

However, once the motivation level has reached 20, the number of occupants redirecting

increases to over 20 (see Figure 8-13). These occupants therefore have to travel across
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the geometry (a distance of approximately 20m) to arrive at their secondary exit. This

will take at least 13 seconds, given the limitations on the occupant travel speed provided
by buildingEXODUS [24]. Their new exit may also be subject to congestion, further
delaying their progress.

Examining the occupant’'s CWT (see Table 8-9), we can see that the occupant’s
experienced progressively smaller wait times as their motivation levels increased. This
reflects the reduced amount of queuing once the level of redirection has increased to

sufficient levels, replaced by either movement between the exits or an early exit.

For comparison, the results produced by the present model are represented in Table 8-10.
The evacuation times produced are consistently greater than those seen previously, as
level of queuing was vastly increased as no redirection occurred. The CWT of the
individual occupants has also seen to increase for the same reason. No differences can be

determined through varying the occupant’s motivation, as no decisions are made on this

basis.

TABLE 8-10: RESULTS PRODUCED FROM THE PRESENT MODEL.

Drive | Evacuation times (secs) | CWT(secs)
5 379 3.1
[35.1-41.1] [3.0-3.3]
10 40.4 3.6
[(41.4-42.4] [3.2-3.8]
15 39.9 3.7
[37.8-41.4] [3.3-3.9]
20 40.1 3.2
[39.3-44.4] [3.1-3.6]

VERIFICATION CASE 8.2.42

A geometry with three exits is produced (see Figure 8-14), providing the evacuating

occupants with a number of alternative routes. Initially these exits are congested, as well

as having three distant populations who are approaching them. This is to demonstrate the

occupant’s capability to adapt to the information available.
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FIGURE 8-14: DIAGRAM OF THE GEOMETRY USED. EXIT 1 (FAR LEFT), EXIT 2 (CENTRAL), EXIT 3 (FAR
RIGHT)

The three exits have identical dimensions of 1.5m and are attributed with free-flow
conditions. Each of the exits initially has different levels of crowding around them.
These populations consist of 100 (at exit 1), 70 (at exit 2) and 49 (at exit 3) occupants.
These numbers, although arbitrary in their extent, generate differences in the tenability
calculations of each of the exits. The approaching populations also have slight
differences in them, consisting of 40 (approaching exit 1), 30 (approaching exit 2) and
30 (approaching exit 3) occupants. This is again an attempt to introduce differences into
the considerations of the occupant decision-making process. The oncoming occupants
have limited visual access to the conditions around the three exits, although the
occupants are familiar with all of the exits available. The level of crowding around the
three exits includes subtle differences to introduce discrepancies in the arrival

calculations of the occupants.

TABLE 8-11: SCENARIOS EXAMINED IN 8.2.2

Scenario | Visual Awareness | Familiarity Behaviour
8.2.421 Complete Complete Long Distance
8.2.422 Complete Complete | Long Distance/ Queuing
8.2.423 Not Applicable N/A Present
8.2.424 Visual Complete Long Distance
8.2.425 Visual Complete | Long Distance/ Queuing

The behavioural model and visual awareness of the occupant population is altered to
examine the impact of these factors upon the eventual outcome. In Scenario 8.2.421-2
the occupant is assumed to be completely aware of the exit conditions; that is the
occupant’s are aware of the existence of the exits and the congestion at each of the exits.
In 8.2.421 the population is capable of redirecting whilst approaching the crowd
formations, whilst in 8.2.422 the occupants can redirect either approaching or once
involved in a static crowd formation. In 8.2.423 the present buildingEXODUS model is

examined. Scenarios 8.2.424-5 mirror 8.2.421-2 except that occupant awareness of the
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exit conditions is now based on their visual perception of the conditions, whilst

maintaining a complete familiarity with the structure.

RESULTS-VERIFICATION CASE 8.2.42

In Scenario 8.2.42, a number of variables have been examined to determine the
sensitivity of the proposed behaviour to variations in the population and to the
behavioural conditions. The ability of the occupant to apply both the queuing behaviour

and the proposed behaviour simultaneously is also examined for anomalies.

The first point of note, is that the use of the present model in Scenario 8.2.423, where
occupants queue blindly at their primary exit and approach exits irrespective of their use,

extends the evacuation times generated (see Table 8-12).

Of the proposed model scenarios the most important variable examined was the visual
awareness of the available exits. Irrespective of the redirective behaviour implemented,
the visual contact of the occupants with the exits provides an important influence over
the results. This reflects the importance associated with the occupant access to

information in Section 5.4, Chapter 5.

TABLE 8-12: RESULTS FROM VALDAITION CASE 8.2.42.

Scenario Evacuation OPS CWT
times (secs) (secs)
82421 35.3 0.06 1.7
[33.3-37.1] [0.03-0.09] [1.6-1.8]
82422 35.3 0.07 1.7
[34.1-36.8] [0.03-0.14] [1.6-1.8]
87423 435 0.34 1.9
[40.1-46.8] [0.26-0.4] [1.8-2.0]
82.424 38.1 0.19 1.6
[36.3-40.3] [0.18-0.24] [1.6-1.7]
82425 36.5 0.12 1.7
[40.3-37.1] [0.1-0.17] [1.6-1.8]

From examining the evacuation times of scenarios 8.2.421-2 and 8.2.424-5, the full
awareness of the occupants decreases the evacuation times by 5.7 % on average, over the

equivalent scenarios implementing partial awareness (scenarios 8.2.424-5).

The quantitative differences between the results produced through the different
redirective options are neglible. This is because once both redirective options are enabled
(in 8.2.422 and 8.2.425) they effectively counteract each other. Once both forms of

redirection are enabled, the crowding around the original exits reduces as the load is
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Other statistics recorded include the overall efficiency of the exit usage, in the form of

the OPS figure and the time spent waiting by each of the occupants (CWT). As expected,
the simulations involving no redirective produce the least efficient use of the exits, in

this case (see Table 8-12).

Very little difference exists between those simulations crediting the occupants with
complete knowledge of the enclosure. When information is dependent upon visibility the
implementation of the use of both long-term and queuing adaptation appears slightly
more efficient. However, the assumption that occupants have complete knowledge is

always more efficient than those simulations assuming knowledge based on visibility.

Examining the occupant’s cumulative waiting time, it can be seen that the occupant’s
individual experience differed between the scenarios. However, here there was little
difference between those simulations adopting the proposed behaviour. This may have
been due to the high density crowding which eventually resulted, irrespective of the level
of occupant awareness. There was an appreciable difference between these and the
simulations implementing the present behaviour, which had significantly longer CWT
times. This is due the vastly uneven distribution of occupants, forcing some to have

extremely long CWT times.

It is an important point to note that the effect of the simultaneous use of two of the
proposed behavioural developmetnts is not simply additive, but has both immediate and
long-term qualitative impacts upon the evacuation. This is demonstrated in the

qualitative differences observed previously, as well as in the subtle quantitative

differences highlighted in Table 8-12.

Fundamental to the introduction of this behaviour is the fact that it is not a global
decision-making process where optimal decisions were calculated for the entire
population. Instead, the occupants make decisions given the information available and
the ability to perform estimations concerning their future behaviour. This therefore,
more accurately reflects the actual methods applied to solving these problems which
would be distributed, fallible and entirely dependent upon the occupant’s faculties and

the information available to them,
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8.2.5 FUTURE WORK

An obvious future development is the unification of this behaviour and the queuing
behaviour identified earlier in the chapter. The two would generally be combined in any
sensible simulation of occupant queuing under the present implementation. The
differences are purely technical and could be represented to the user as a unified
behaviour at present. However, the algorithm should be actually unified with the

occupant able to distinguish their position and act accordingly.

It might also be possible to allow occupants to examine bottlenecks/internal exits for
more ‘optimal’ evacuation routes. This would have to be introduced alongside the
introduction of the internal exit or a more sophisticated analytical mechanism that

allowed the occupants to investigate their possible future conditions.

8.2.6 CONCLUSION

It is important that the behavioural model that is produced relating to the long distance
analysis of crowd congestion is compatible with the other developments proposed in
relation to crowd formations. This was specifically addressed in the verification cases,
where several of the proposed behavioural features were examined in unison. The effect
was not simply an increase in the redirective behaviour, as one would have expected in
simplistic or global behaviour. In these cases the occupant behaviour produced had
qualitative differences, with the occupants adopting different egress paths. However, the
numbers of occupants redirecting or the overall exit usage has far fewer differences, due

to the changing conditions produced by the introduction of the behavioural models.

The proposed behaviour is over-restrictive in that an arbitrary limit is placed upon the
occupant redirection. This is only to prevent the occupant bouncing between exits. This
might be removed in the future. However, it has shown to be a useful and appropriate
improvement to the existing behavioural model, which detracts from the physical

sophistication of the present model.

8.3. COMMUNICATION AS AN ADAPTIVE RESPONSE [199]
8.3.1 EXPECTED OCCUPANT BEHAVIOUR

“People are known to actively seek information during an emergency” [82]
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Prescriptive regulations imposed upon the design of buildings assume that the identity of

occupants involved in an evacuation will have a negligible impact upon the subsequent
events. This is based on the view that the physical impact of the structure’s design will
far out way other influences upon the evacuation [203]. This point of view is implicit in
the building regulations, in the absence of any discussion concerning the impact of

occupant behaviour upon the evacuation [203].

It is certainly the case that the physical restrictions imposed by the structure and the
occupant’s location within it delimit the behavioural options available. However, as
described in Chapter 2, a number of other factors affect the options available to the

individual and the choice eventually made.

In recent history, a number of tragic events (including the Beverly Hills Supper Club, the
Summerland, the World Trade Centre, the Ottawa office fire and the King’s Cross
incident [52, 53, 58, 97, 106, 128]) have borne a surprisingly consistent message; that the
occupant’s identity, the identity of the surrounding population and the subsequent
relationships between them significantly affected the decisions made and the actions
adopted by the occupant population. As one participant in the B-everly Hills Supper

Club incident recalls,

“one of the people in my party said, ‘Let’s go on the stage and there’s got to be a way
backstage.’ And he and I discussed it for a moment whether to do that and I said, ‘No,
we shouldn’t because now we’re just creating another avenue of confusion for a lot of
people. A lot of people might start following us and I don’t think we should do that.” He
said,’ Yeah but there is no other way, you know, look at the people trying to get out
here.’ ...he said,” Come on let’s go this way.’ So we got on the stage and [the stage
performers] told us there was no way out this way...[we] turned around and started to
go toward the way that we came in...” [52]

The party members, who are obviously familiar with each other, discuss and influence
each other’s actions [207]. Not only are these occupants attempting to move their own
group to safety, but are concerned with the well being of other occupants. This form of
action is continued until the group meets an unfamiliar member of the staff who is

perceived to be more knowledgeable in this environment.

In the light of anecdotal evidence of this nature and a large amount of other research

evidence [1,52,53,58,95,97,106,128,163], it 1s apparent that an important variable in
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determining occupant response 1is the presence of other occupants and the relationships

that exist with the surrounding population.

The maintenance of an occupant’s position in the social hierarchy is based on one critical
assumption; that the extraordinary conditions in which they are placed have not damaged
the existing social norms. This destruction of the social norms was the accepted wisdom
for the majority of this century [72-74]. However, the overwhelming weight of evidence
relating to evacuee behaviour suggests that social roles and norms are maintained and
possibly extended in the majority of cases (1,52,53,58,97,106,128,163]. This process of
definition and re-definition was recognised by Feinberg and Johnson in their
examination of the Beverly Hills Supper Club incident, when they stated that

“Research based on reports by employees of their own behaviour showed that employees
continued to comply with, even extended, the relevant role dimensions.”[ 215]

This is a reflection of the ability to maintain a sense of social awareness even when faced
with imminent danger. As noted by Crouch [216], humans do not necessarily become
irrational and selfish when faced with imminent danger (such as in an evacuation). Those
involved may initially be stunned due to the occurrence of the event and obviously
afraid. Given these feelings it would be wholly rational for them to engage in evacuation
as quickly as possible. These actions may be mistakenly defined by a third-party observer
alternately as ‘panic behaviour’, ‘fleeing’, ‘herd instinct’ or as a ‘dog eat dog’ situation
(this was certainly the case in the newspaper reporting of the Beverly Hills Supper Club
incident [52]). This can be noted from the CNN report concerning the Gothenburg
incident of 1998, killing over 60 occupants, where it was claimed that,

“It was chaos. Everybody was trying to get out and people trampled on each other on
the way to the exit. ... Others kicked out the windows and jumped out. ”[217]

The sub-optimal performance of evacuation activities by occupants may well be due to
lack of experience, lack of training, or the occupant being unfamiliar with the situation
as well as difficulties provided by a hazardous environment, rather than being due to the

inability of the occupant to reason rationally.

Therefore occupants perform actions which, given the information available to them, are
rational and appropriate, and do so “under purposive control” [218].

In short, occupants categorised as panicking might be ignoring the pre-existing social

norms rather than breaking them [55]. Occupants tend to control their cognitive
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processes irrespective of their external conditions. A complete breakdown of these

processes is rare [1]. Far more likely is their constructive interaction with either

prominent unfamiliar occupants or familiar group members.

Just as it is a fallacy to assume that the identity and relationship of occupants have no
bearing upon the evacuation, it is equally fallacious to assume that the formation of
collectives is guaranteed and once formed that the motivation of such a group dominates
that of the individual. For a significant time it was believed that groups (or crowds
[72,216,218]) were segregated and suggestible. This implies that the occupants within
the grouping were completely subservient to the wishes of the group and that the
behaviour of group members was qualitatively different to non-members. Further, this
group would be suggestible to the directions of external supervision. Given that
individual members were controlled by the wishes of the group, they were therefore

suggestible to external forces.

There is an obvious logical difficulty in the application of this theory to fire safety; if it
were the case, then the implementation of signage and alarm systems would be far more
effective than they are at present. As MacPhail states in examining the response of a
purposive crowd to external advice,

“If crowd members were uniquely suggestible, authorities would merely propose that the
crowd desist and disperse”[218]

A more dynamic and individually based system seems to be more conducive to the

evidence available.

Given that the majority of occupants do not evacuate in isolation, their behaviour is
conducted, to some degree, in relation to the surrounding crowd. Indeed, the very
presence of other people has been shown to affect the likelihood of performing certain

actions [198].

Given that social norms do not dissolve during the evacuation process [55,128,207], to
‘what extent do they impact upon the process. Hewitt and Jones identified that the social
conditioning of the occupants had a significant affect upon the behaviour exhibited. Even
between complete strangers the level of altruism demonstrated by occupants during an

evacuation is surprisingly high [1,163], but amongst related or socially acquainted
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individuals, behaviour tends to be co-operative, displaying communication and

behavioural adaptation [163] even during life-threatening situations. As noted by
Johnston when reporting the recollections of a survivor of the Beverly Hills Supper Club
disaster at the height of the extreme conditions, that

“Even then...social bonds had not collapsed, for as the wife looked back to see how
many people were behind, she observed that some of the men were helping the elderly
people on the first level to get over the rail” [52]

Therefore, even under extreme conditions, altruistic actions were occurring between

unfamiliar occupants.

However, the appropriateness and effectiveness of altruistic behaviour is not guaranteed,
being dependent upon the surrounding conditions and the accuracy and extent of the
information provided [163]. Therefore, even in situations where altruistic acts have
occurred, the evacuation can be adversely affected in the form of incorrect advice. An
example of such behaviour is the delaying of fast moving occupants in response to a
slower moving relative. As noted by Proulx,
“These group formations likely delayed the speed of movement of the group because
members tended to assume the speed of the slowest person.”[80]

Instead of a natural dichotomy occurring between the reaction to familiar and unfamiliar
occupants, the relationship seems more complex. A significant amount of evidence
suggests that a more continuous refinement exists ranging from the strengthening of the
social bonding down to the removal of these bonds. This scale is not linear. For instance,
the increase in perceived severity of a situation may initially strengthen a social tie, while
the further worsening of this perception may cause both physical and mental impediment

to the maintenance of these social ties [1,52, 207].

The social bonding system is again not a two-state system, but has a number of different
refinements. Some of these position are seemingly impenetrable to external influences
such that

“Primary ties such as within the nuclear family breaking down last, if at all, and the
requirements of the citizen role—the norm of civilised behaviour, even to strangers—
being the first to break down.” [49]

However, as the social bonding decreases in strength, the less formal the altruistic

behaviour and therefore the less reliable. None of this discussion should be seen as
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endorsing the view of unrestrained competition often cited. Here, the maintenance of

social formations and the offering of assistance rather than the retraction of civility are

the main focus.

It should also be remembered that social groupings are not static. As identified by Hewitt
and Jones [58], social roles and social norms can emerge from a population. This is
especially the case in certain circumstances including:

— the lack of a pre-existing social order from which a social hierarchy may be extracted
— the existence of more than one social order

— the dissatisfaction of the population with the existing social hierarchy due to

conflicting ideas or inappropriate actions [52,58].

Therefore, in what may be considered a small amount of time, the adoption of roles due
to an occupant’s position in the social hierarchy may significantly alter (for instance a

complete stranger may assume responsibility for an elderly occupant).

The occupant response to significant others, whether they are members of a social

grouping, a respected figure of authority, or an individual who spontaneously joins a

social group, is important and might be influenced in a number of ways including

— the type of information that might be passed, which include the existence of exits, the
existence of a hazard, etc [58] .

— the seriousness with which that information is treated and the likelihood of utilising
that piece of information [58,97].

— the possibility of refraining from or engaging in specific actions due to the identity of
the population around you (these actions might include a change in direction,

waiting, the maintenance of the present course of action, etc.)[52, 128]

The picture outlined is not compatible with the one generally applied that consists of
selfish, socially isolated competitors, struggling for their safety at any costs. Instead, a
dynamic, interrelated mesh of social actors exists, coping with a generally unfamiliar and
hazardous environment, without discarding the social norms by which they shape their

regular existence until catastrophic circumstances arise.
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In summary, occupants exist in a social framework. This does not dissolve under the

presence of an emergency, but may sustain through horrific conditions. The reaction of
occupants towards each other will be affected by the social organisation in which they
are immersed, but will also be affected by a more general social awareness.
Responsibilities, which might manifest themselves as the provision of assistance are
dependent upon the occup.ant’s role within the immediate social grouping (e.g. family,
etc.) as well as a wider social position, based on a general respect for other occupants.
This is a departure from the competitive, individualistic model originally put forward as

describing evacuee behaviour.

8.3.2 PRESENT BUILDINGEXODUS IMPLEMENTATION

At present no recognition of social relationships exists in the buildingEXODUS model
and none of the above factors are considered. In this respect buildingEXODUS
represents the occupant population as automatons lacking an identity, who treat each
other as mobile obstacles. The surrounding population has no bearing upon the
behavioural choices of an occupant other than a physical one, providing barriers to

maintaining their present route.

8.3.3 PROPOSED BEHAVIOURAL MODIFICATION

The proposed behaviour is an attempt at representing social structures and subsequent
occupant behaviour that is generated. To simplify this description of the behavioural
developments, the proposed behaviour is separated into three sections:

— Formation- describing the initial stages of collective behaviour

— Communication- describing the content of the information passed between

occupants and the context in which it is passed

— Adaptation- the occupant’s response to the provision of new information

These definitions are not mutually exclusive as a number of factors fall into more than
one category. However, they should provide some assistance in comprehending these

complex behavioural developments.

FORMATION: THE EXISTENCE OF A COLLECTIVE
In the proposed behaviour, two distinct forms of collective behaviour are addressed.

These are
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— Imposed Social Hierarchies-Those occupants that are associated with members of

the occupant’s social grouping prior to the evacuation; an occupant with whom the

individual is familiar and would therefore implicitly recognise that occupants ‘role’.
— Emergent Social Hierarchies-The interaction between non-familiar occupants, where

the social relationship is either negotiated or emerges.
This difference between these two social structures is one simply of pre-existing or
emerging social norms. As such, much of the behaviour that may arise under their
influence is very similar (Indeed the behavioural systems will co-exist and overlap
within populations). The differences that are represented are based on anecdotal
recollections of actual evacuees, as well as behavioural features derived from theoretical
work [1,4,49,58,80,106, 207]. These differences tend to be based on the extent of behaviour

change rather than the content of the behaviour itself.

The representation of the familiar is dependent upon the formation of social groupings
prior to the simulation, representing pre-existing social ties. This is based on the
assumption that occupants are aware of each other’s identity prior to the occurrence of
the evacuation. Given this social identity, the occupant has an implied position within
the group’s social hierarchy. Therefore occupants are attributed with information that is
not primarily for use in an evacuation but which impacts upon the incident once it

occurs.

Once the occupant population has been appropriately attributed with their social
relationships, using the ‘gene’ method described in Chapter 5, the population is
interrogated to determine those occupants who share a common gene and are therefore
socially connected. These then go on to form social groupings (e.g. familial/work mates
etc.), which are stored within those individuals who are members of these groupings.
Therefore each member of the population who has been identified as being a member of
a social group will contain an internal representation of the structure of this social group

prior to the evacuation (see Figure 8-17).
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Chapter 5). This work identifies that the level of influence exerted by an occupant is

dependent upon their identity and the perception of this identity by the surrounding
occupants. In reality, communication may arrive in a number of forms, including the
reception of visual, aural, olfactory cues. These influences will have different strengths
of perception and may be perceived in different areas of perception. For instance, visual
cues may be limited to a cone, positioned in front of the occupant although stretching for
some distance. This should be compared with aural cues, that may arrive from any
direction, although may have a more limited range. Given the limited representation of

these cues within the buildingEXODUS model, a number of compromises were

necessary.

The zone of influence is described by a circle surrounding the occupant. The radius of
this zone is dependent upon occupant attributes (see Figure 8-18). The potency and
therefore the extent of this zone of influence will be dependent upon the seniority,
identity and motivation of the individual involved such that,

oD, s; + fBD;s

Z=z4( max.) (81)

S

max — max

where z’ is the calculated radius, z is the initial value of the radius. After analysing the
sensitivity of the model to a range of values for z, it was eventually decided that the
default value of 4m would generate reasonable results. Obviously the means by which
this figure was arrived at was not based upon empirical evidence, which would ideally
form the basis of any simulated behaviour. However, in the absence of such data,
approximations and assumptions have to be made that produce consistent and reasonable
results. This initial value should ideally be available to user control. D, and D;
represent the maximum motivation and the actual motivation of occupant i, Sy, and s;
are the maximum seniority and the actual seniority of occupant i and « and [ are
coefficients that set the seniority of the occupant as being twice as influential as the

motivation of the occupant. The range of z therefore approximately extends between 4.0

and 6.0m.

The extent of the zone is a compromise in the implementation of this algorithm within
the buildingEXODUS model, being a mechanism to represent communication, rather
than individual sensorial cues. Ideally the impact of aural and visual awareness should
be dependent upon the enclosure and the environment, although little data is available on

this topic [36].
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The physical impact of the surrounding population is implemented in a crude manner,

assuming that if the occupant is surrounded by other occupants, then the occupant will
not be visible. More complex geometrical calculations would require a three dimensional

representation and a significant increase in the data available.

To introduce a stochastic and individual element into the calculation, the occupant’s
motivation is taken into consideration. Therefore, if both of the occupants are highly
motivated, they are assumed to be actively seeking other members of their group and will
therefore be more likely to be receptive to their presence. It might be argued that highly
motivated occupants would be less likely to be interested in the existence of group
members, given the perceived seriousness of the situation. However, given the existence
of substantial evidence that social ties are not removed once occupants become
motivated [1,4,85,58,207], the assumption is made that the position of the occupants
within the group members is sufficiently important to encourage the reception of
information, especially under conditions when this safety is most at risk. It is accepted
that if the occupant is isolated within the enclosure then their receptiveness to the
information relating to the location of other individuals may not be as elevated. Even
under these conditions, a substantial amount of evidence exists suggesting the occupants
still do not act in ignorance of the surrounding population. This representation of the

occupant’s ability to see the surrounding population requires a great deal more data.

For collective behaviour to occur, the method is therefore dependent upon the engineer
to position the occupants in such a way that it is possible that they may influence each
other’s behaviour. In the current work, there is no means of actively ‘searching’ for

absent or distant relatives. This development is left for future work.
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Within the algorithm, the information that can be communicated between familiar and

unfamiliar occupants (see Figure 8-20) involves

— The existence and the extent of smoke, according to the occupant’s experience.

— The motivation of the occupant. This effect will be dependent upon the seniority of
the individuals involved, so that more ‘respected’ members of the population will
have a greater influence.

— The existence and use of otherwise unfamiliar exits, through the transmission of the

door vector.

— The requirement to evacuate in response to the existence of a hazard, through the

adoption of response times.

Although other information may in reality be communicated these were considered the
most important in their impact upon occupant behaviour [199,218]. Communication is
achieved through the transmission and reception of the above pieces of information.
Once the occupants are deemed to influence each other (either by being adjacent or being
within each other’s zone of influence), their internal attributes are compared. If
omissions appear in their knowledge of the incident, they may be corrected through the
addition of new information. This is literally achieved through the copying of the details
(be they numerical or logical) from one occupant to another. This might include the
awareness of a new exit, the reduction of a lower response time, the recognition that

there 1s a smoke hazard, etc.

Once communication has occurred, the occupant must decide upon the significance and
accuracy of the information and select an appropriate response. That is once an omission
is identified in an occupant’s awareness, the source of this information is examined for
both reliability and priority in comparison to other sources. The adoption of received
information is strictly defined according to the occupant’s position within the social
hierarchy of the surrounding population. This is implemented using the seniority system
described in Section 5.3, Chapter 5. In the familiar, this hierarchy will be shaped through
day-to-day activities, such as in family life. In emergent social structures, these may be
based around general social principles (such the assumptions based on gender and age)
or through assumptions based on the location (the relationship towards staff, for

instance). This method shares a number of common features with the examinations of
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Johnson, Feinberg and Johnson [49,50,207] ,Klein [199], Fruin [220] , Hewitt and Jones

[58], and Bales[219].

s occupant a
member of a social
group?

Examine group member
location and estimated
arrival at target

Are there any
adjacent
occupants?

Does
communication
occur?

—No

s speed adaptaion
required?

Examine context of
information and possible
response

Adapt occupant speed
accordingly

v

FIGURE 8-20: FLOWCHART REPRESENTING PROPOSED BEHA VIOUR

Although a simplification, the following hierarchical system is used to determine an
occupant’s reaction to new information (see Table 8-13). Rejected information is not
discarded, but is stored. This allows information to be reinforced by the cumulative
arrival of similar pieces of information from other sources. This point of view is
reinforced by Feinberg and Johnson claim that,

“The time required for a decision is clearly a function of the clarity of the cues
provided” [207]

If this is the case and if the cumulative arrival of information implicitly clarifies the
situation, then the representation of the occupant reaction as a cumulative process is not

unsupported.

Each arrival of new ‘packets’ of information increases the probability of the occupant
accepting it as being accurate [1,4,57,58,93,218,219]. The influence of the subsequent

sources of information will be dependent upon the perceived priority of the source.
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The weight (perceived importance) of the information supplied by each occupant (w;) 1s

dependent upon their seniority (s;, see Section 5.3, Chapter 5) and the seniority of the
subject occupant (Sspjec;), motivation (D;) and the motivation of the subject occupant
(Dsubjec:) and their relationship with the subject occupant (r;, ), such that

w; = . max(s; - s

0) + B.max(D, - D 0)+r, (82)

subject subject

where « and f are scaling coefficients, reflecting the relative importance of seniority.
The relationship between the occupants is given highest priority. Therefore if the
occupants are socially related and there is an appropriate discrepancy in the seniority

levels, then the passing of information is guaranteed.

The priorities described in Table 8-13, are reflected in the figures produced by this
equation, so that the eventual figure weights the likelihood of a piece of information
being adopted according to the identity of the occupants involed. The probability of
accepting a piece of information, given that it has been reinforced through continued
levels of communication, at time interval ¢+ is therefore

Pu=p+ Zwie (83)

i=1
where 8 is the default coefficient introduced to represent each packet of information (set
to 0.01). This was derived through sensitivity analysis and is a purely internal

coefficient. This probability, p,.;, will then be compared against a random number

generator at each time interval to determine whether the information has been adopted.

An example is provided to clarify this system. Two occupants are unaware of the
existence of an emergency. One of the occupants (occupant A) is a junior member of a
group (a child, for instance). The other occupant (occupant B) is not a member of a
collective. A number of the members of occupant A’s group pass the stationary
occupants. Due to their proximity, occupant A is able to receive information from them.

That 1s
d < max(z;) (84)

where d is distance between the occupants and z; is the radius of the zone of influence of

the occupants involved (see equation (81)).
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Given that the group members are senior to him, he accepts the information as being

reliable and of a high priority. He therefore responds to the emergency and also adopts
the same target. Occupant B however has a different reaction. He does not receive the
information until the group members are adjacent to him. At this stage, the information
imparted is stored but is given a low priority and does not engender a response. The
continued reception of this information from the group members convinces occupant B
of the seriousness of the incident (the probability of responding becomes sufficiently
high) and he then responds. The information that is transferred in this manner can relate
to the existence of the incident and the target of the occupants involved. This calculation
is made according to

Dy > X (85)

where x is a random number. That is not to say that this process is entirely random, as,
on the contrary, it is dependent upon the identities and experiences of the occupants
involved, as represented in equations (82) and (83). However, to generate a stochastic
element to the algorithm, random number generators had to be involved in the

calculation over which the engineer has no control.

Therefore as an occupant interacts with an increasing number of other individuals, who
are aware of relevant information, the likelihood of adopting that information (and

therefore acting upon it) increases cumulatively due to social reinforcement of the

information.
TABLE 8-13: PRECEDENCE OF INFORMATION ADOPTION.
Probability of Accepting
Status of Provider Status of Receiver Information

Pre-existing Emergent

Y Guaranteed High
Senior Junior/ Equivalent Probability
Equivalent Equivalent Moderate Moderate
Probability Probability

y t Low Low
Junior Senior/ Equivalent Probability Probability

The relationship between occupants that are defined as sharing a gene will, due to the
existence of an established relationship, be more influential than the other occupants [49-
50,207,218]. An exception to this rule is the staff in sifu. Staff members can be identified
separately and are effectively related to the entire occupant population. The information

that they impart is seen as more credible than that of the rest of the occupant population,

430



Chapter 8
due to their assumed local knowledge and expertise. However, the algorithm is flexible

enough to represent the differing levels of assertiveness exhibited by members of staff,
so that their motivation can provide an additional incentive to adhere to their advice [97].
The information that these occupants hold will therefore be likely to be imparted, and

more likely to be adopted once received.

The motivation of the surrounding population has a different type of impact upon the
individual, as it is not used by the subject occupant, but instead affects the subject
occupant. The impact is again dependent upon the seniority of the occupants involved.
Maintaining the logic discussed previously, senior occupants will have a greater
influence than their more junior counterparts. The effect is calculated according to a
weighted average of the drive figure of those occupants influencing the subject occupant.
The final drive figure will be a composite of this weighted average and the occupant’s

original drive figure (see Figure 8-21).
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FIGURE 8-21: THE MOTIVATION OF THE SURROUNDING OCCUPANTS CAN INFLUENCE THAT OF
OCCUPANT D,.

The calculation of the weighted motivation of central occupant, given the existence of

other occupants, is made according to

(U —n)s,D, + nz s;D,
=1

D, = i (86)
SoM

where u represents the maximum number of occupants, D; represents the drive of

occupant i and s; represents the seniority of occupant .

The system is information dependent. However, information is not distributed evenly
throughout the population. Information location is dependent on the location of
individual occupants in relation to the information sources in the environment. This

disparity causes communication between occupants (familiar or unfamiliar).
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The representation of the communication process within the buildingEXODUS model is
a compromise in that physical restrictions are imposed upon what is essentially a social
device. This is due entirely to the attempted representation of the priority given to the

information received and the likelihood of initially receiving the information.

ADAPTATION: THE PERFORMANCE OF AN ACTIVE RESPONSE

The similarity of the information that can be passed between familiar and unfamiliar
occupants is based upon the assumption that occupants do not become anti-social when
faced with extreme circumstances. Instead the occupants maintain their social roles and
general civility [51,55]. This extends to the initially unfamiliar population, but the extent

of information passed may differ, depending upon the circumstances (both proximity and

priority).

Once the occupant relationships have been processed and the relevant information has
been communicated, the subsequent occupant actions can be determined. All occupants
may
1. Communicate the information available to them
ii. Redirect their movement in response to new information
iii. Respond to the provision of information denoting the existence of an
emergency
iv. Modify their motivation according to the perceived motivation of the
surrounding population
v. Adapt their travel speed to maintain the group formation.
To maintain the integrity of the group, joint decisions have to be agreed upon, which
generally converge to those of the most senior members of the group [51,52,207]. This is
achieved through the adoption of the information from the most senior/motivated
occupant available. Once faced with unexpected events, the group therefore reaches a
consensus concerning their immediate choice of action, allowing the group formation to
be maintained [51,52]. This information would then be disseminated throughout the
group by its members in the manner described previously. This is important in relation to
occupant redirection and the reaction of the occupant to the existence of a smoke barrier,
or crowd formations (see earlier in this chapter). Although in emergent social

relationships a unified approach may evolve due to the dissemination of relevant
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information, there is no responsibility initially on the senior members of the population

to align their behaviour or maintain their proximity to less senior members.

The primary means by which the group formation is maintained is through the alignment
of an action, e.g. adoption of the same target, responding at the same time, etc. To
consolidate this, group maintenance is assisted through occupant travel speed adaptation.
As noted by Feinberg and Johnson,
“Families move as units and remain together” [207]

The proposed development is based on two assumptions. Firstly, the senior members of
a group will generally maintain their role within the group and will continue a level of
responsibility throughout the evacuation. This is supported by a large amount of
secondary data [51,52,57,58). Secondly, a significant manifestation of this responsibility
is the continued close proximity of the group. Therefore familiar occupants have an
additional alternative open to them, namely that of adapting their travel speed to

maintain the group formation.

The five behavioural actions highlighted are consistent with the developments in the
response to the environment, familiarity and the response of the occupants to excessive
crowding around exits, described in other sections. These activities are all reliant upon
the communication of information, either from the environment or, from other members

of the population.

The manifestation of these abilities within the buildingEXODUS model is now briefly
addressed. The ability to transfer information was addressed at length in the previous
section. It involves the copying of pieces of data between occupants. This data resides in
the occupant’s memory until it is confirmed through analysing the gravity of the situation
and the seniority of the communicator or though cumulative reinforcement over a period

of time.

The ability of the occupant to redirect is based around the reception of a new target, in
this case the target is an exit. This process may be instant or through cumulative
reinforcement, according to the identity of the occupants involved and their previous
social relationship [57,58]. This might be accepted immediately or be calculated

cumulatively according to equations (82) and (83). Once the decision to accept the
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information is made, this exit will be stored. Any future movement will then be made in

respect of this goal. This is fundamental to the occupant reaction to crowd formations

and environmental barriers, described elsewhere in this chapter.

The adaptation of the occupant’s response time reflects two subtly different behaviours.
Firstly, if an occupant is static and is passed by occupants reacting to the evacuation, the
occupant may adopt a response time of zero. At the next simulated ‘tick’ (1/ 12" of a
second), the occupant will then begin to evacuate. Again this process may be instant or
through cumulative reinforcement. The adoption of another occupant’s response time is
also a secondary device to maintain group integrity. If a number of group members are
not responding to the emergency and are able to influence each other, their response
times will converge to that of the most senior member, therefore aligning these actions,

allowing them to respond after an equivalent time.

Finally, the occupant’s motivation is affected by the surrounding occupants [218]. This
effect is calculated according to the attributes of the surrounding population. This can
have an important impact especially when coupled with the dynamic behavioural regime

described in Chapter 7.

The adaptation of the occupant to other members of their group (specifically relating to
the alteration of their travel speed) is dependent upon the provision of new information
concerning group members. Therefore in pre-existing relationships, occupants are also
able to receive and transmit:

— the existence and position of those group members within the zone of influence.

— the estimated time of arrival of the other group members.

The location of other group members is examined at each 1/12" of a second to determine
whether the group members can be involved in an information transaction. The ability to
estimate the arrival time of themselves and of others enables adaptation to occur. In this
case the occupants can adapt their speed to maintain their proximity with the other group
members. Those occupants who are not familiar with each other are not compelied to
maintain their proximity to the other members of the population, as are the senior
members of the collective. Their altruism extends to the relaying of important

information that is itself vital for the outcome of an evacuation.
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The maintenance of the group formation occurs though the self-regulation of the
occupant’s travel speed allowing them to communicate and interact with the other
members of the group. This process is represented in Figure 8-22. Here the senior
occupant is positioned closer to the shared exit target of the group (this unified goal may
have been due to the communication of the door vector of a senior occupant, or through
coincidence). The senior occupant estimates their arrival time at the exit, given their
present speed and the distance that is to be covered. Other considerations may also be
analysed, which are addressed later in this chapter. The occupant then performs this
action for the rest of the members of the group from whom information can be received.
The senior occupant then adapts their travel speed to enable the delayed members of the
group to reform. As this calculation is performed frequently, other possible delaying
mechanisms, such as the resolution of conflicts, are accounted for. This process is fuzzy,

in that the estimations are not perfect, causing a slightly inaccurate response.

The estimated time of arrival of an occupant is calculated according to

di
t, =—+¢€ (87)

i,
where d; is the remaining distance to the occupant’s target, s; is the occupant’s present
travel speed and € is a random number (0-0.1) reflecting the necessary inaccuracies of
the calculation. The occupant then examines the estimated time of arrival of the
occupants in the group from whom information can be received. The slowest of these

times, f;ow, are stored such that

max(t,,1,,.2,) =1, (88)

i=l.i#j

This calculation is not made independently of the occupant’s identity. Therefore, an
occupant’s arrival time will only be stored if the occupant is less senior than the
observing occupant. This represents the more senior occupants taking responsibility for
the more junior occupants. The occupant’s new calculated speed is therefore

d,

’r _ J
iTE re (89)

Although this appears to endorse the social dichotomy so criticised previously, the

slow

algorithm subtly caters for social adaptation. Those members of the population to whom
social significance is attributed can be adopted into the group. These are then equal

members of the group and are involved in the calculations described previously. This is
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8.3.4 VERIFICATION

Due to the complexity of the proposed behaviour, it is impractical to examine all of the
facets outlined in a single example (see Table 8-14). It is important to demonstrate the
effectiveness and the appropriateness of the different forms of behaviour where possible.
The following cases are therefore designed to deal with a number of the most significant
aspects of the behaviour described:

— 8.3.41 The ability of groups to maintain proximity given difficult circumstances

— 8.3.42 The extent to which occupants communicate given their social relationships

and the introduction of occupant location as a factor in this process

— 8.3.43 The impact of relatedness and seniority upon the acceptance and perception of

information
— 8.3.44 The ability of occupants to control the travel speed to reform the collective
— 8.3.45 The ability of separated occupants to perceive each other through line-of-sight

and react accordingly.

TABLE 8-14: VERIFICATION CASES.

Case Population Geometry
8.3.41 44 occupants (8 group members) Irregular, 1 exit
8.3.42 13 occupants Irregular, 2 exits
8.3.43 24 occupants 20m x 5m, 1 exit
8.3.44 7 occupants (related/unrelated) 20m x Sm
8.3.45 81 /2 occupants 20m x Sm

CASE 8.3.41

The ability of a pre-existing social group to maintain its formation during an evacuation
is examined in verification case 8.3.41. The social structures present during the
simulation are established prior to the simulation through the occupants being attributed
with an identical gene. A complex asymmetric geometry has been designed expressly to

provide difficulties for the group members to maintain their proximity with each other

(see Figure 8-23).

An unfamiliar population of 36 default occupants is simulated. These are positioned
centrally, approximately 25m from the exit. A small group of related occupants is
positioned at the most distant location from the exit (approximately 30m from the exit)
to ensure that they encounter this high-density group of unfamiliar occupants. This

situation therefore produces another hindrance to the maintenance of the group.
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seen from the 15% increase in the evacuation times of Scenario 8.3.412 over Scenario

8.3.411 (see Table 8-15).

TABLE 8-15: EVACUATION TIMES PRODUCED IN CASE 8.3.41.

Validation case Evacuation
times(secs)
Scenario 116
8.3.411 [115-119)
Scenario 133
8.3.412  [124-138]

In scenario 8.3.411, communication is not included, so that the former group members
do not communicate and make no attempt to reform into a group. This is reflected in the
final positions of the group members (see Table 8-16), demonstrating an increase in the
distribution of finishing positions. The result is relatively modest due to the congestion
preventing the senior occupants progressing further. However not only is the discrepancy
increased, but the senior occupants, due to their faster travel speeds, finish ahead of the
slower junior occupants. The evacuation times of the object occupants (latterly group
members) have also altered reflecting the ability of the senior group members to

maintain their optimal speed (see Table 8-17).

In Scenario 8.3.412, where the proposed behaviour is included, the group members do
maintain a closer proximity than if no collective behaviour is included, even though they
encounter a large degree of disruption to their egress route. This can be seen from
examining Table 8-16 and Table 8-17. Here, the ability the group members to maintain
their proximity is evident through the similarity in their finishing positions and in their
evacuation times. These are far closer than under the present model where substantially

larger discrepancies exist.

Also apparent is the fact that the senior members of the group consistently finish after
the junior members of the group; effectively shepherding the junior occupants to safety
(see Table 8-16). Initially, the senior occupants begin to evacuate. The movement of the
senior group members and therefore the existence of a potential hazard is transmitted to
the junior members of their group who in turn become mobile, responding to this

information.
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Once the junior occupants fall within the zone of influence of the senior occupants

(approximately 6.0m, according to equation (81)), information concerning the need to
respond is related. The likelihood of this information being adopted is increased due to
the significant differences between the seniority levels of the group members. Given
these factors and the small initial distance between occupant members, the junior
members of the group are made aware of the evacuation within 5 seconds. Without this

prompting they would have remained stationary for a further 15 seconds.

Therefore, all of the group members move off almost in unison. It is at the first
‘bottleneck’ (see Figure 8-23) that the occupants interact with the rest of the population.
This initially causes the group to separate through the increase in the population density

and the resolution of conflicts.

TABLE 8-16: AVERAGE FINISHING POSITIONS OF THE GROUP MEMBERS OUT OF A POPULATION OF 44

Status of Group Member Behavioural Model
Present (8.3.411) | Proposed (8.3.412)
Junior 38.7 39.9
[35-41] [39-41]
Senior 35.8 41.8
[31-42] [39-43]
TABLE 8-17: AVERAGE EVACUATION TIMES OF THE GROUP MEMBERS
Status of Group Member Behavioural Model
Present (8.3.411) | Proposed (8.3.412)
Junior 105 128
[98-109] [120-130]
Senior 100 131
[92-111] [118-135]

Once through the bottlenecks any disparity between the distances of the occupant from
other members is corrected through the adaptation of the occupant’s travel speed
(according to equation (81)). This correction produces the relatively small discrepancies
in the final positions of the group members (see Table 8-16) and the recorded evacuation
times of the group members (see Table 8-17). This close proximity of the group
members is all the more convincing as the junior members of the group are attributed

with significantly slower travel speeds than the senior group members.
The comparison between the evacuation times suggests an important observation; the

imposition of group behaviour does not necessarily provide an advantage to all of the

members of the group.
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non-evacuating occupants. The relationship and identity of all of the occupants involved

is examined to demonstrate the sensitivity of the algorithm to these factors and their

impact upon the communication process and therefore upon the overall evacuation.

TABLE 8-19: DESCRIPTION OF THE DIFFERENT SCENARIOS EXAMINED IN 8.3.43

Description
Scenario Social Identity of Behavioural

Relationship occupants model
8.3.431 N/A 4 senior/20 junior Present
8.3.432 N/A 24 junior Present
8.3.433 Related 4 senior, 20 junior Proposed
8.3.434 Related 24 junior Proposed
8.3.435 Unrelated 4 senior, 20 junior Proposed
8.3.436 Unrelated 24 junior Proposed

From Table 8-19 the main variables examined are the existence of relationships between

the occupants and the occupant position in the particular social hierarchy.

RESULTS- CASE 8.3.43

When no group behaviour is implemented in cases 8.3.431 and 8.3.432, no information
is communicated. Therefore the identity and relationship of the population is irrelevant
to the resultant behaviour as can be seen in Figure 8-28, providing no significant
differences in the results of the two scenarios. The occupants react immediately to the
call to evacuate (the four furthest from the exit), evacuate and pass through the
remaining occupants causing the critical step in the arrival curve. After 20 seconds the

static occupants then respond causing more conflicts to occur around the exit.

These results should be contrasted with the results produced once the proposed
behaviour is enabled. If four related ‘senior’ occupants pass through a non-
evacuating/related junior population who are unaware of the evacuation (case 8.3.433),
efficient and immediate communication occurs, with the junior occupants moving off
prior to the arrival of the senior occupants. Communication is guaranteed once the
junior occupant falls inside the zone of influence surrounding the senior occupants. It
should be remembered that once mobile, the junior members could also convey
information, although the success of this communication is not guaranteed. They may
therefore alert each other before receiving information from the senior occupant. The
‘junior’ occupants are effectively collected and shepherded to the exit, producing the

shortest evacuation times, averaging 24.6 seconds (see Figure 8-28 and Table 8-20).
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Although this collective action causes some congestion at the single available exit due to

the close proximity of the group members, the disadvantage caused by the delaying
effect induced is more than compensated for by the avoidance of the junior occupant’s
response times. This congestion is affected further by the faster moving occupants (in
this case the senior occupants) delaying their movement, in order to shepherd the slower

moving occupants.

If the same population is simulated, except that they are now unrelated (case 8.3.435,
where the occupants do not share a gene), the occupants have to be closer together to
allow communication to occur, due to the dynamic representation of non-collective
altruism (see Figure 8-28). This produces an uneven evacuation arrival curve, as there is
no guarantee that information will be acted upon or perceived, or indeed that the
occupants will achieve adjacency, allowing communication. This therefore increases the

overall evacuation time by 21.1% in comparison to the evacuation times of 8.3.433.

In 8.3.434 the population consists entirely of related junior occupants, a far less efficient
evacuation is evident with a 47.5% increase in the evacuation time over 8.3.433. This is
due to the increased time it takes for the information to be passed between occupants

caused by the credibility gap of receiving information from a junior occupant [199].

TABLE 8-20: EVACUATION TIMES PRODUCED DURING THE SCENARIOS OF 8.3.43.

Scenario Evacuation times (secs)
Case 8.3.431 34.8
[33.8-36.1]
Case 8.3.432 34.2
[33.3-35.3]
Case 8.3.433 24.6
[23.8-26.1]
Case 8.3.434 36.3
[34.4-37.8]
Case 8.3.435 29.8
[29.3-31.3]
Case 8.3.436 31.7
[31.2-32.8]

If the junior occupant population is now unfamiliar with each other (8.3.436) the
communication is still further reduced. This causes the generation of a disjointed
cumulative arrival curve. This curve is not dependent upon the exit attributes, as the
occupants are even more dispersed in their arrival (see Figure 8-28). This also lessens
the congestion evident at the exit and eventually slightly reduces the evacuation time in

comparison to 8.3.434, although still 28.9% higher than 8.3.433.
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It should also be noted that the present model does not produce a distribution of results

under any of the circumstances described (see Table 8-21).

TABLE 8-21: EVACUATION TIMES PRODUCED BY THE PRESENT AND PROPOSED MODELS.

Evacuation Time (secs)

Present Model | Proposed Model
8.3.441 8.3.442
1* occupant out 7.3 17.6
[17.1-18]
Last occupant out 19.6 21.5
[21.1-22.0]

This is due to the deterministic nature of the model, as well as the limited/non-existent

occupant interaction.

We now contrast these findings with the results produced through the use of the

proposed model in 8.3.442. From Table 8-21 a consistent set of times is produced

demonstrating that although the process is stochastic, the distribution is limited

demonstrating no anomalies are present in the results.

Importantly the occupant arrivals are grouped into a small period of time, spanning only

3.9 seconds on average. This demonstrates the close proximity of the occupants to each

other whilst they are exiting, reflecting the alteration of the faster occupant speeds to

maintain their proximity and the ability of occupant to perceive other group members

within their zone of influence.
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FIGURE 8-32: ARRIVAL CURVES PRODUCED IN SCENARIO 8.3.442.

This is more clearly demonstrated in Figure 8-32, where the gradient of the arrival curves

are steeper, reflecting the rapid arrival rate of the occupants who do so almost

simultaneously.
1.8 16
1.6 —&— Senior Occupants 14
1.4 ~3¢— Junior Occupants 121
g 1.2 1 » IR ) S L e < S S A AN+ a4
E g
§ 0.8 { 'g 08
3. 0.6 & 06 ~—— Senior Occupants
0.4 1 0.4 4 —— Junior Occupants
0.2 1 0.2 4
0 T \ 0 : . .
[} 5 10 15 20 0 5 10 15 20
Evacuation time(secs) Evscuation time(secs)

FIGURE 8-33: COMPARISON OF A SENIOR AND JUNIOR OCCUPANT TRAVEL SPEED IN THE SCENARIO
8.3.442 (LEFT) AND 8.3.441 (RIGHT).

From Figure 8-33 the ability of the occupants to adapt their speed is demonstrated. The
senior occupant, who is located nearer to an exit, is constantly adjusting his speed in
accordance with the approaching population under the proposed model (see Figure 8-33).
The junior occupants, who are more distant, maintain their speed at 1.0m/s and only
overtake the senior occupant at or very near the exit. This is more apparent once

compared to the occupant behaviour under the present model.

CASE 8.3.45

The ability of occupants perceiving members of their group is examined in conjunction
with a high population density and a smoke-filled environment in validation case 8.3.45.
The simple 20m x 5m geometry is used again to prevent unnecessary complexity. In
Scenario 8.3.451-2 two ‘related’ occupants are positioned inside the geometry. The
senior occupant, who is attributed with a travel speed of 1.5m/s, is positioned 4.5 m from
the exit. The junior occupant, who travels at a speed of 0.6 m/s, is positioned 15 m
further away. However, 80 non-related occupants who initially completely shield the

related occupants from each other surround the junior occupant. The distance between
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the related occupants is great enough for the junior occupant to fall outside of the senior

occupant’s zone of influence. The only method which can cause group-related behaviour
is therefore observation. This is based on the same calculations described in Chapter 5,

concerning the line-of-sight calculations.

TABLE 8-22: SCENARIOS EXAMINED IN CASE 8.3.45

Scenario | Geometry Behavioural Population Environment
Model

8.3.451 20m x Sm Present 80 junior, 1 senior N/A

8.3.452 | 20m x Sm Proposed 80 junior, 1 senior N/A

8.3.453 | 20m x Sm Present 1 junior,1 senior 0.3/m

8.3.454 | 20m x 5m Proposed 1 junior, 1 senior 0.3 /m

In Scenario 8.3.453-4, the 80 non-related occupants are removed and are replaced by a
smoke-filled environment, with an extinction coefficient of 0.3 I/m. This then impacts

upon the level of observation between the occupants.

In all of the cases, the simulations are each run 5 times. The present model is used as a

control case in Scenarios 8.3.451 and 8.3.453.

RESULTS- CASE 8.3.45

Case 8.3.45 is designed to examine the ability of simulated occupants to observe related
occupants who lie outside of the occupants’ immediate range of influence. This is chiefly
influenced by the existence of a high-density population around either of the two
occupants involved, or the presence of smoke in the environment. Initially, the presence

of other occupants is examined in Scenario 8.3.451-2.

From Table 8-23 and Table 8-24, the present model (in Scenarios 8.3.451 and 8.3.453) 1s
shown to be insensitive to the influences examined, other than their physical impacts
described in Section 3.1, Chapter 3. This is not the case in the scenarios involving the
proposed model (Scenarios 8.3.452 and Scenarios 8.3.454). From Figure 8-34 and Table
8-23 the ability of the senior occupant to adapt to the presence of a junior occupant some
distance away is clear. As the junior occupant lies outside of his immediate zone of
influence the likelihood of the occupant seeing his group member is dependent upon the
environmental conditions. In Scenario 8.3.452, the presence of some 80 other occupants

hinders this likelihood.
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These qualitative observations are consolidated by the quantitative findings seen in Table

8-23.

TABLE 8-23; EVACUATION TIMES GENERATED IN CASE 8.3.451-2.

Evacuation times(sec) | Scenario 8.3.451 | Scenario 8.3.452
1* Occupant out 10.9 14.4
[10.9-16.7]
Last Occupant Out 54.1 549
[52.1-56.9] [51.2-57.9]

Again it is evident that adaptive communication behaviour is not necessarily beneficial

to the individual occupant or to the overall evacuation time.

The second examination (in Scenarios 8.3.453-4) involves placing the junior occupant in
a smoke-filled environment of an arbitrary extinction coefficient (0.3 I/m) to examine the
impact upon communication levels. The difference in the resultant behaviour when the
faster occupant perceives his slower group member is apparent from examining Table
8-24. Once the senior occupant is aware of the other’s existence in a number of the cases
in Scenario 8.3.454, he drastically reduces his speed, prolonging his overall evacuation
by on average approximately 370%. Interestingly, no quantitative benefit is apparent to
the junior occupant, other than that a senior and more mobile group member
accompanies him. Once the senior occupant has observed his junior partner in Scenario
8.3.454, the evacuation time of the first occupant out is 46.6 seconds, while the
evacuation time of the final occupant out is on average 48.3 seconds. In those runs of
Scenario 8.3.454 where no observation takes place the behaviour approximates the
present model, with the first occupant out arriving in 9.9 seconds and the final occupant
arrives in 48.3 seconds. In these cases and in the present model (Scenario 8.3.453), no
distribution appears in the results as no resolution of conflicts occurs due to the lack of

occupant interaction.

TABLE 8-24: EVACUATION TIMES GENERATED IN CASE 8.3.453-4.

Evacuation Scenario 8.3.453 | Scenario 8.3.454
times(sec)
1* Occupant 9.9 39.3
out [9.9-47.1]
Last Occupant 48.3 48.3
Out [48.2-48.3]

* no distribution is provided here as the occupants do not interact with other members of

the population.
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This scenario has demonstrated the ability of the occupants to perceive group members
at some distance given the appropriateness of the surrounding area and the disadvantages

that this perception can pose to the individuals involved.

8.3.5 FUTURE WORK
A substantial amount of work has been done concerning the exact size and dispersion of
groups [1,163]. The results of this research might be represented within the model by

relating the proximity of group members with their identities.

Most important, is the development of a search facility, where occupants attempt to find
their less senior family members. This would significantly enhance the feature and would
make it less dependent upon the user. It would also more effectively represent search and
rescue behaviour that would enable the more effective modelling of the fire service

during emergencies.

8.3.6 CONCLUSION

The introduction of social behaviour within the buildingEXODUS model reflects a
significant advance in the capabilities of the model. As addressed in Chapters 2 and 3, no
area of the evacuation process has been misunderstood more than that of the identity of
and the relationship maintained by the occupant population. Occupants do not resort to
barbaric selfishness when confronted with danger. Instead they attempt to maintain the

social roles into which they normally fit, at least while still physically possible.

The features that denote this social position, are the quality, extent and credibility of the
communication and the adaptation of behaviour in accordance with this information. In
close social relationships, the condition of significant others is an additional factor in the
possible success of a behavioural action. Unlike the accepted wisdom of the first half of
this century, those that lie outside of the immediate social grouping are not irrelevant
individuals. Instead they may have an impact upon the activities of unfamiliar occupants.
However, their information may not be as high a priority as that of the immediate group
members. It is therefore a question of prioritisation rather than behavioural

transformation.
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The cases examined demonstrate a number of the behavioural additions of the proposed

model. These have outlined the complexity and consistency of the proposed features.
Also, they have provided evidence for the individuality of the proposed behaviour. It is
therefore dependent upon the occupant and their particular circumstances (social role,

attributes, etc.) rather than some definition of collective behaviour.

8.4. THE ADAPTIVE RESPONSE TO APPROACHING A SMOKE-FILLED ENVIRONMENT

8.4.1 EXPECTED OCCUPANT BEHAVIOUR

As indicated previously, there are two distinct forms of behaviour that need to be
addressed in relation to the environmental conditions. In Chapter 7, the occupant
movement and decision-making process when engulfed in smoke was addressed.
However, this did not account for the occupant’s approach to the smoke-filled
environment and the options available to the occupant. Ideally, these two behaviours

would be combined. For clarity and for ease of verification this combination is left for

future work.

A great deal of investigative work has been conducted concerning the occupant decision-
making process in relation to smoke (52,54,57,58,64,6591,106,107). It has identified that a
number of factors influence occupant behaviour in such circumstances. These factors
include the occupant’s gender, age, familiarity with the enclosure, the extent and toxicity

of smoke, the occupant’s relationship to the structure, the time of day, as well as several

others.

These factors interact in a complex manner, and are not equally important in their

influence over the subsequent occupant behaviour. Irrespective of this, the occupant is

faced with a limited number of strategic options once faced by an environmental barrier
of this type. These strategies can be broadly categorised as;

— Maintaining the present course of egress and passing through the smoke-filled
environment. This might be forced upon the occupant if no other exit is available, or
that the occupant has calculated that a safe passage still exists in this direction
[60,163].

— Delaying further movement and maintaining their present position. This might be

due to occupant curiosity/investigative actions, panic-based ‘inaction’ (described in
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Section 2.1, Chapter 2 [52,60]), the occupant waiting for the conditions to improve

or the occupant requires time to decide upon future actions.

— Redirecting their egress path away from the potential danger and heading toward
another target. This movement may take the occupant back towards their initial
position, cause the occupant to circumnavigate the problem or head towards an
entirely new target. This action is based on the assumption that other routes exist and
that the occupant is either capable of wayfinding or is aware of these other egress
routes. It also assumes that the occupant has made the estimation for themselves or
for a significant other, that the continuation of their present course would prove to be

a significant risk to the well-being of those involved.

Obviously, these actions may be performed in a number of different contexts, each of
which will influence their interpretation by an observer. Other forms of behaviour may
be available to the occupant. However these are assumed to be either constructed through
a combination of the three actions described, or are not significant enough, in egress

terms, to be included in the model [24].

This form of decision process was clearly demonstrated by occupants in several cases. In

Proulx’s work concerning an incident in a 25 storey high rise, she found that,

“the response when encountering smoke ... was to ‘kept going down’ for 34%, another
31% ‘reversed direction, and went up stairs’, 11% indicated ‘sought refuge’ and 10%
‘changed stairs, and reached outside by alternate exit stair’ ”. [221]

This clearly indicates the three basic choices that occupants are faced with during the

evacuation process when confronted with smoke, with additional sub-categorisation.

In Proulx and Fahy’s examination of the New York Trade Centre evacuation [106], it
was seen that 94% of one of the towers involved and 70% of the other tower, attempted
to move through smoke. Nearly 50% of the respondents to their investigation claimed
not only to have encountered smoke, but also to have moved through smoke all the way
to their final exit. Of those attempting to move through smoke, 75% redirected due to the

difficulty in breathing, lack of visibility, fear and other considerations.

In the Beverly Hills Supper Club [51-52] incident, similar evidence is available. As one

occupant described,
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“We came out of the entrance to the Viennese room which we entered through and tried
to turn left because that was the only exit we knew of to the front but as soon as we
turned left we saw smoke in that direction so we had no option but to turn right as the
moment we came out.”’[52]

These decisions are not generally made with perfect knowledge and as demonstrated by
the Beverly Hills Supper Club incident they will therefore be susceptible to the
adaptability of the occupant, the information available to the occupant and the ability of

the occupant to carry out the desired actions.

This example demonstrates a group of occupants retreating immediately from the
presence of smoke. However, in a number of cases, such as in the World Trade Centre
incident [106] and the cases examined by Bryan, occupants were prepared to pass
through a significant amount of high-density smoke. Obviously these behaviours can be
combined, as described by an occupant involved in a fire in Ottawa, Canada who
explained that,

“Many of the people from the upper floors who had evacuated at the first sign of smoke,
were already coming back up the stairs, having found that the smoke in the stairwells
too dense or too irritating to continue.” [106]

Here, the occupants initially moved through smoke, but once they encountered more
severe conditions on a stairwell they were forced to retreat and look for a more tenable

exit route.

This example also highlights that the environment poses a physical barrier that might
override the desires of the occupant. The occupant may wish to continue their present
egress path, but due to the severity of the conditions, are unable to do so and are forced

to redirect.

Finally, the individual history of the occupants will impact upon their egress paths. In the
Ottawa example [106], occupants passed through a series of smoke-filled environments
that eventually took their toll upon the occupants’ health and prevented them from
continuing. This process might be both psychological and physiological. In contrast,
occupants may have previously experienced high levels of smoke and chose to avoid it.
The existence of this smoke may encourage the occupant to move through less severe

conditions at a later time [54,58].
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8.4.2 PRESENT BUILDINGEXODUS IMPLEMENTATION.

At present, the effects of the environment upon the occupant are physiological rather
than psychological. The occupants intake of toxins might reduce the occupants mobility
but will not interrupt the passage to their chosen target. This representation is no doubt
accurate for a proportion of occupants who are faced with the possibility of moving in
smoke; that is under certain conditions, occupants will progress towards a desired target
irrespective of the environmental conditions [1,9,11,57,58,60,106]. However, as highlighted,
the decision to move through a smoke-filled environment is affected by a number of
considerations including the perceived severity of the situation, the experience of the
occupant, the actions of others, the physical condition of the occupant, the gender and
age of the occupant, the availability of other exits and many more. It can therefore not be
assumed automatically that an occupant will move through a smoke-filled environment

irrespective of these conditions.

8.4.3PROPOSED BEHAVIOURAL ENHANCEMENTS

The proposed behaviour is very complex simply because of the numerous factors that
influence the occupant behaviour and the flexibility required to cope with the occupant
response. It was not felt sufficient to simplistically and arbitrarily enforce probabilities
upon the occupant population reflecting secondary data. Although secondary data is
utilised, it is combined with a variety of other data sources to make the algorithm as

sensitive to the exact identity of the occupant as possible.

Several factors have been demonstrated in reality to affect the occupant’s reaction to

smoke. The simulated behavioural response to the environmental conditions could

therefore be dependent upon these factors, given that they are already represented within
the buildingEXODUS model. These options are dependent upon the following factors,
currently represented within the model:

— The severity of the environmental conditions. For instance, are the conditions severe
enough for the given individual to turn away?

— The identity of the occupant involved (including seniority/drive/gender/patience). A
large amount of evidence exists [1,199,219] that suggests that the identity of the
occupant can have important implications upon their confrontation with a hostile
environment. The influence of these factors is dependent upon a number of new

features, described in Section 5.2, Chapter 5, as well as existing occupant attributes.
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The actions of significant others, be they a staff member, a respected/senior

occupant, or a related occupant, supplying information or otherwise can impact upon
an occupants behaviour [9,11,54,58,97,] The influence of this factor is dealt with
elsewhere in this chapter.

The existence and availability of other targets. As demonstrated by Sime [4,101-
102,118,200], occupants tend to move to the familiar. If this principle is extended
logically, under conditions that force the occupant to redirect, they will move
towards routes with which they are familiar or with which they have become familiar
due to signage, information, etc. [101-102], given that these routes exist. The
influence of this factor is dealt with in Section 7.3, Chapter 7. These options may
also have included moving back towards a previously occupied area of refuge.
Although this behaviour is acknowledged as being viable, it is left for future work to
limit the complexity of the proposed behaviour.

The previous actions of the occupant. The previous actions of the occupant,
including previous interaction with hazardous environmental conditions, are an
important consideration in the consistency of this behaviour [58,106,221]. The
occupant history within the evacuation will influence the present and future
decisions.

The expected distance that the occupant has to travel to their target. This, in
conjunction with the severity of the conditions, will form the basis for any estimation
of the possible hazard provided by the environment. Although acknowledged as an
important influence, this is left for future work.

The ability of the occupant to estimate the seriousness of the environmental
conditions. This calculation is made concerning the visible impact of the
environment rather than the toxic or irritant impact of the smoke. This process is

described in some detail.

It would have been possible to include a number of the other influences outlined in the

relevant research [54,57,60]. The majority of these influential factors, such as the

enclosure type, the time of day, etc., have been omitted, as they are not explicitly

represented within the current buildingEXODUS model, although might be taken into

consideration implicitly. As well as these omissions, a number of restrictions have been

placed upon the algorithm to enable analysis. These are
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1. The number of re-directive decisions available to the occupant has been limited, to

guarantee that the occupant eventually commits to an exit (similar to the restrictions
placed on the occupant when analysing congestion). Therefore, to prevent occupants
rebounding between events, the re-directive capabilities are limited to a single
instance.

2. The severity of the environmental conditions can only be examined if the occupant 1s
in close proximity (adjacent) to the potential hazard. This is a compromise required
for the implementation into the buildingEXODUS nodal system. Therefore, no long-

term analysis exists at present.

The complexity of this behaviour might be improved in overcoming these compromises
(for instance, removing the limitation on redirection). However, this would have meant
the introduction of a number of new factors, not at present represented in
buildingEXODUS, further complicating the initial analysis. It is therefore left for future
work. The proposed algorithm, although including compromises, was felt sufficient to
demonstrate the concept of behavioural adaptation in response to a worsening

environment.

The factors outlined are therefore taken into consideration when the occupant is faced
with a smoke-filled environment. They influence the decision-making process, given that
the occupant is afforded with several options, when confronted with a barrier of smoke
(see Figure 8-35). A means had to be derived to enable the occupant to perceive that a
barrier of smoke exists. A barrier is deemed to exist if all of the potential locations that
are closer to the occupant’s target have a smoke-filled environment. (Obviously other
environmental factors may influence the occupants decision, including heat, toxins, etc.
However, smoke is initially chosen to represent this process, due to its visibility and the
relative scarcity of relevant data-sets). Once detected, the behavioural response is
triggered. The behavioural responses are based around the principles of maintenance,

delay and adaptation.

Initially, as indicated by the relevant literature [106], the occupant can maintain their
present course and move through the smoke, possibly triggering the behaviour
highlighted in Chapter 7. This will cause the possible ingestion of significant levels of

toxic products.
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Secondly, the occupant can maintain their current position, delaying future activity for
a period of time. This may put the occupant at risk; the smoke possibly engulfing the
occupant’s present position or preventing passage through already worsening conditions,
or it may allow the calculation of the best available option [221]. This action might be
perceived as calculating future actions, examining the conditions, seeking refuge, etc.
Irrespective of the interpretation, the occupant will be faced with a similar decision once

the delay period has elapsed.

Finally, the occupant may redirect to another exit in an attempt to avoid interacting with
a potentially toxic environment. This is dependent on the occupant being aware of other
exits and that these exits do not also entail the occupant immediately moving through an

equivalent smoke barrier.

If distant smoke barriers exist that are not immediately visible from the occupant’s
position, it is possible that they may provide an unanticipated hindrance [221]. The
occupant will not reflect upon this possibility in their analysis. This movement may take
the occupant back towards their initial position, although no searching algorithm is

included for the occupant to intentionally seek refuge in a previously safe area.

The likelihood of the occupants performing these actions is extracted from several pieces
of research [9,11,57,60,107]. Ideally, the algorithm should not be reliant upon
probabilities derived from secondary data, with the obvious difficulties that this reliance
brings (dependence upon unknown researchers, different motives for the collection of
data, the necessity of adapting the data, etc.). All of the data described, including that of
Wood, Brennan, Jin and Bryan [9,11,57,60,107] required manipulation to make it
useable within the algorithm. Primarily this is because the original research was never
intended for use in the modelling procedure and therefore either lacked the precision or

the scope required.
Another important factor that should be considered is that the information derived from

these data-sets tends to describe an entire evacuation. The algorithm addresses

behavioural actions on a much smaller time interval (usually 1/12™ of a second).
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Therefore the data extracted from the literature had to be restructured so as to be useful

in a more continuous environment.

Most importantly, the data extracted is not used in isolation. It is either combined with
other data sources, or interacts with buildingEXODUS occupant attributes, within the
equations used in the algorithm. This is to make the algorithm sensitive to a number of
occupant-based factors that might not be considered in the data-sets provided. It would
therefore be unrealistic to expect an exact replication of the original results. For the
model to be expected to accurately emulate the data-sets used, more significant
adjustment to the buildingEXODUS model would be required, as well as some
simplification of the methods used. Indeed, given that the original results tend to be
averages across a variety of circumstances (e.g. domestic, experimental, industrial
incidents), it is probably not desirable to replicate them exactly. The results produced by
any verification cases should instead fall within the expected boundaries set by the
original data. The simulated results should therefore approximate the trends distilled

from the original data, rather than emulate the data precisely.

Eventually, sophisticated occupant behaviour should be produced according to the
individual, the environment and the options available, without the requirement of
detailed data extraction. This would represent a truly bottom-up behavioural system that
was generating occupant behaviour according to individual traits and not according to
imposed probabilities. However, even in this situation, secondary data may provide an
initial position from which the occupant behaviour may emerge. This type of behaviour
would require a vast amount of development and would also need to be shown to
produce stable and consistent results. Therefore, the algorithm discussed is a provisional
rather than definitive measure designed to improve the representation of occupant

behaviour and demonstrate the concepts described.

The proposed algorithm will now be discussed with brief descriptions of the data-sets

used and their specific limitations (see Figure 8-35).
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Is the occupant
confronted with a smoke
filled environment?

No
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potential threat?

Examine visibility
conditions
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desire to delay?

Does the occupant
desire to redirect?

Has the occupant
already delayed?

Has the occupant
already redirected?
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FIGURE 8-35: FLOWCHART OF THE PROPOSED BEHA VIOUR

As it is in the present model, the occupant’s physical reaction to the extinction
coefficient of the surrounding environment is extracted from the work of Jin [9,11], and
then related to the possible visibility levels of the environment. Another less familiar
aspect of Jin’s work concerns his approximations of the tenability of the environmental
conditions given the familiarity of the occupant with the enclosure. This therefore
reflects upon the potential psychological influence that familiarity may bring over the
occupant’s interpretation of the hazard. These also have an impact upon the occupant’s

decision-making process (see Table 8-25). Jin (through his analysis of the wide array of
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available literature) explicitly links the occupant’s familiarity with the perceived

tenability of the environmental conditions [9,11]. This literature included the work of
Kingman [222], Rasbash [223], Kawagoe [224], Togowa [11] and the Los Angeles Fire

Department [225] and involved a variety of situations and incidents.

The inclusion of this data is done with some caution, as this factor is also partially
addressed in the occupant’s general familiarity with the building. Therefore, the occupant
familiarity with the enclosure may already indirectly influence the possible exit choices
of the occupant, irrespective of whether they are faced with smoke-filled environments.
Given this fact, the occupant familiarity with the enclosure is an influential factor within

the decision-making process, rather than being a determining factor.

Some supportive evidence is provided for the observations of Jin by Wood [57]. Wood
investigated 952 fires in the United Kingdom, interviewing 2,193 occupants who were
involved in residential and industrial incidents (see Table 8-26 and Section 2.5.1,

Chapter 2).

TABLE 8-25: MINIMUM VISIBILITY REQUIRED FOR SAFE-KEEPING AS CALCULATED BY JIN[57].

Degree of familiarity | Visibility Smoke Density
with building (Extinction Coefficient)
Familiar 3-5m 0.4 -0.7 /m
Unfamiliar 15-20m 0.1/m

Several problems are apparent in the use of the Wood data in conjunction with the Jin
data. Firstly, difficulties exist in the categorisation of the familiarity levels (what exactly
constitutes less than complete familiarity?). Secondly, differences exist in the results
produced due to the majority of the cases in Wood’s sample being drawn from

residential incidences [57].

TABLE 8-26: IMPACT OF FAMILIARITY AS CALCULATED BY WOOD [57].

Familiarity with [ Percentage Moving Proportion of sample
Building Through Smoke(%)
Complete 61 988 out of 1618 deemed
completely familiar
Less so 51 145 out of 282 deemed less
familiar

For either Wood’s or Jin’s work to be used in this context, a working definition of
‘familiar’ and ‘unfamiliar’ is required within the proposed algorithm. In this instance, an

occupant is considered familiar if they are aware of all of the exits (i.e. theirs door vector
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is equivalent to that of the global list of exits, (see Section 7.3, Chapter 7)). An occupant

who is aware of all the exits is assumed to be familiar with the entire structure.

Otherwise the occupant is not considered to be completely familiar with the enclosure

(termed ‘less familiar’ by Wood [57]).

The influence of the occupant’s age upon the occupant’s reaction, is taken from the work
of Brennan (see Table 8-27 ) while the influence of gender is taken from both the work

of Brennan and Wood (see Table 8-28 and Table 8-29) [57,107].

Brennan examined the accounts of 29 occupants who were forced to move through
smoke during an evacuation from an office building in Australia (see Chapter 2).
Although a cross-section of the population existed within the Brennan data-set, the work
of Brennan is on a small-scale and may be considered unrepresentative. At present

however, it provides some of the only data available.

TABLE 8-27: LIKELIHOOD OF REDIRECTION ACCORDING TO THE INFLUENCE OF AGE AS CALCULATED

BY BRENNAN [107].
Age | Percentage(%)
20-39 50
40-59 40
60-79 53
TABLE 8-28: LIKELIHOOD OF REDIRECTION ACCORDING TO GENDER. CALCULATED BY BRENNAN
[107].
Gender | Percentage(%)
Male 40
Female 53
TABLE 8-29: LIKELIHOOD OF TRAVELLING THROUGH SMOKE ACCORDING TO GENDER, CALCULATED
BY WOOD [57].
Gender | Percentage(%) | Proportion of sample
Male 64 684 out of 1064 male
occupants
Female 54 448 out of 836 female
occupants

As can be seen from Table 8-29, although the sample sizes are quite large in the Wood
data-set, they suffer from similar inequalities in the constituent sample sizes that were

evident in Table 8-26, which might bias the eventual results.
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A degree of similarity exists between the two sets of results displayed in Table 8-28 and

Table 8-29, with male occupants in both samples appearing more likely to interact with

the smoke hazard.

Again these factors have proven influential over the occupant reaction to the smoke
hazard. Therefore, they will also be included as influences rather than determining
factors. As with all of the secondary data included, the consistent portrayal of the trends

evident in the data is considered far more important than the precise repetition of the

figures.

The likelihood of the occupant moving through smoke as well as the distance that the
occupant is willing to travel through the environment is extracted from the work of
Bryan and again from Wood [57] (described earlier). Bryan analysed data from 335
incidents, involving 584 occupant interviews originally conducted by fire personnel. The

incidents examined by Bryan all occurred in residential enclosures (see Chapter 2).

Bryan’s analysis of occupant behaviour confronted with a smoke-filled environment
produced probabilities relating to the likelihood of redirection, given the perceived
smoke density and the expected travel distance (see Table 8-30 and Table 8-31). The
occupant here is making decisions according to the estimated time that the occupant will
be subjected to a potentially injurious environment. Bryan’s work is supported by similar
findings in the Wood investigation. Differences between the two data-sets are due to
discrepancies in the sample sizes, as well as differences in the occupancies of the

incidents examined.

TABLE 8-30: INFLUENCE OF VISIBILITY (AS AN INFLUENCE OVER AN ENTIRE POPULATION) ON MOVING

THROUGH SMOKE [57,60].
Visibility Distance | Visibility Distance Wood Bryan Avg.
(feet) (m) (%) (%) (%)
0-2 0-0.76 12 10.2 11.1
3-6 -1.98 25 17.2 21.1
7-12 -3.81 27 20.2 23.6
>13 >3.81 37 52.4 44.7
TABLE 8-31: INFLUENCE OF VISIBILITY UPON OCCUPANT REDIRECTION [57,60].
Visibility Visibility Wood Bryan Avg.
Distance (feet) | Distance(m) (%) (%) (%)
0-2 0-0.76 29 31.8 30.4
3-6 -1.98 37 22.3 29.7
7-12 -3.81 25 22.3 23.7
>13 >3.81 9.0 23.6 16.3
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The final category in these data-sets (namely ‘>13m’) has been formed from combining

several categories from the original data-sets. This was initially to overcome problems
concerning inequalities in the class sizes used, as well as attempting to overcome the
sparseness of the data-set. It also simplified the calculation process somewhat, so that the
functions generated were less complex than might have otherwise been the case. This
process would have had no impact upon the results, as the categories combined refer to

relatively moderate conditions. These data-sets are described in more detail in Chapter 2.

A number of valid criticisms exist concerning Wood and Bryan’s techniques, especially
in the context in which they are being used. Specifically, the nature of the categorisation
and the division of behavioural actions without reference to their cause and context are
debatable. However, this data, albeit imperfect, still provides a test-bed upon which to
examine the concept of representing occupant behaviour in relation to smoke. It should
be borne in mind that the concept of this behaviour and the development of the algorithm
overall is of utmost importance. The replacement of this data, although tiresome and
requiring sensitivity analysis, is a matter of simplicity; developing a consistent and
coherent algorithm that is able to generate acceptable results given the identity of the

occupants concerned, is less trivial.

Having analysed these pieces of research it is necessary to adapt and interpret the work
so as to make it consistent within the model. For instance, a number of the pieces of
research used are in the form of sparse or scattered data-points, with large gaps in the
data-set. Therefore the original categorisation used in the work cited (especially that of
Wood and Bryan), required adaptation to be of use in the algorithm. To be of use, the
data-sets referring to behavioural probabilities have been converted into functions that
can then be easily used within the overall algorithm. These functions are intentionally
simplistic allowing a greater understanding of their impact and enabling the
identification of particularly influential factors. The influential factors have been adapted

so that they can exert their influence over these functions.

It is apparent from Table 8-30 and Table 8-31 that although general similarities are
evident, there are some differences in the data-sets provided. To ‘smooth’ the data-sets
removing what might be considered extreme data-points, a function representing the

average of the Bryan and Wood data-sets is calculated. This is only intended to simplify
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the modelling process and is not meant as a criticism of the original data. However, the

original data-sets (see Chapter 2) do suggest some counter-intuitive behaviour that may
have been due to the recording procedures used, rather than the first-hand interpretation
of the behaviour by the occupant. These anomalies are removed during the truncation

and averaging of the data.

Briefly then, the implementation is described. The occupant is faced with the three
choices outlined (namely to maintain their position, to maintain their course or to
redirect). The calculation as to the choice of action will initially be dependent upon the
information available to the occupant. In the proposed algorithm, if the occupant is
unfamiliar with any other routes (that is no other options are available), the algorithm
will be ended and the occupant will not attempt to redirect irrespective of the density of
the smoke in the environment. It is understood that this is a compromise and that in
actuality occupants may well redirect into the unfamiliar or to an alternative form of

refuge. This is left for future research.

Given that the occupant has a number of routes available (see Chapter 7), the density of
the smoke barrier encountered is approximated, as is the expected travel distance. If the
distance expected to travel is less than the visibility afforded by the conditions, then the
occupant automatically attempts to continue. This is based on the assumption that if the
occupant can see the exit through the smoke, then he will continue on towards it.
Therefore if the occupant is within a small distance of the target exit (or if the smoke is
sparse) and the environment allows visibility of the target exit, the occupant will
continue on through the smoke. Otherwise, these variables are compared using functions
derived from the experimental work highlighted to determine their next course of action

(see Figure 8-36).

It is assumed that the occupant has no ability to determine how much of the future egress
route will be through the smoke, unless the target exit is visible. If the occupant is faced
with a dense smoke ‘barrier’, 20 m from their exit, calculations are made on the basis
that the smoke will continue at the perceived level until the exit. The assumption
therefore forced upon the occupant is that given that they are faced with a smoke-filled
environment, that this potential barrier will continue until reaching the target exit. The

occupant therefore assumes the worse possible scenario.
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continue. The familiarity of the occupant (F;) is also an influence upon this calculation,

biasing the required level of visibility. If the exit is deemed visible from the occupant’s
vantage-point (the inequality in (90) is satisfied), then no further examination is made
and the algorithm is ended. Therefore if the occupant is afforded visibility that is greater
than the remaining distance to the exit, the occupant then continues. This prevents
occupants from redirecting when particularly close to their target exit. An occupant who
is familiar with the structure is more likely to satisfy this equation, given the influence
outlined in Table 8-25 and Table 8-26 and has a greater probability of passing through

the smoke in accordance with the data provided in the available literature [11,57,98].

If this inequality is not satisfied, it must then be determined whether the occupant

perceives the smoke barrier as a threat. A calculation is made according to

AG—2 5, 91)
Dmax

where r is a random number [0.0-1.0], A; is the occupant’s age, G; is the occupant’s
gender and D; and D,,,, represents the occupant’s present motivation and the maximum
occupant motivation achievable, respectively. According to the influence of the occupant
attributes, from Table 8-32, men who are motivated and are aged between 20 and 60 will
be less likely to perceive the smoke as a threat, and will be more likely to pursue their
present course of action, than other occupants. If the inequality is satisfied then the
occupant does not perceive the smoke as a threat and continues the movement towards

the exit. The calculation may then be halted at this point.

It is recognised that this initial stage does implicitly influence redirection, in that if the
occupant does not recognise the smoke barrier as a threat, they will not be eligible to
redirect. However, it is considered separately as occupants distinguish between not
recognising the environment as a threat and considering the environment as a threat, but

still moving through it [52,106].

Once the occupant acknowledges the existence of the threat, the situation is analysed, as
described previously. The occupant may redirect (see Table 8-31), delay or maintain the

route, irrespective of the perceived threat.

The occupant is faced with what is perceived as being a threatening situation. Initially he

determines whether the conditions, although deemed hazardous, permit passage.
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This is calculated according to a number of factors.
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FIGURE 8-37: DERIVED TREND-LINE REPRESENTING LIKELIHOOD OF THE OCCUPANT MAINTAINING
COURSE ACCORDING TO THE DATA OF WOOD AND BRYAN [57,60]. ONLY VISIBILITY LEVELS EXAMINED
ARE SHOWN.

The data of Wood and Bryan in Table 8-30 is averaged, to produce a single function (see
Figure 8-37) formed from a line of best fit. Again, it is acknowledged that this process is
questionable. However, in this instance it is the behavioural concept based around noted
pieces of research, rather than the precise accuracy of the implementation that is felt to
be important. (In a complete implementation of this behaviour, the user might be able to
switch between appropriate data-sets according to the simulated circumstances, or indeed
the calculation may be influenced by the type of enclosure in which the evacuation
occurs, switching between the data-sets automatically). Given that a number of other
factors outside of the Bryan and Wood data-set are included and that the data-sets
themselves cover a variety of situations, it was felt that the use of a general trend derived

from their work, instead of strictly adhering to the exact data-points, was sufficient.

The influence of the occupant attributes of drive (D;) and seniority (S;j) are included in
the function. This is another reason why the exact accuracy of the probabilities derived
from the work of Wood and Bryan are not considered essential. Instead they are used as
a trend that influence occupant behaviour rather than a determining factor, with the
experience and identity of the occupant being introduced as a factor. Through seniority, a
number of the occupant’s other attributes (including Age and Gender) are represented in

a numerical form (see Chapter 7). These factors are then combined to produce (92).

2
~033() +6.82v+1193 S, D+ DS, )
100 5.8 0 Do

where v represents the visibility afforded by the environmental conditions D ., and S,

r<(

are the maximum drive and seniority, D; and S; is the present occupant drive and
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seniority, and r is a random number between 0 and 1.0. The denominator of the fraction

relating to seniority and motivation is increased to control the impact of this aspect of the

equation.

This equation is intentionally simplistic. This is to simplify the process of analysis, the
maintenance of control over the results and the eventual sensitivity analysis. It also

derives from the lack of a basis on which to justify more complex composite functions.

According to this function, the more senior and the more motivated the occupant is,
coupled with better levels of visibility afforded them, the greater the likelihood of the
occupant moving through the smoke-filled environment. If this inequality is satisfied

then the occupant will pass through the smoke and the algorithm is exited.

This process, although involving a random number generator forming a probabilistic
representation, is not arbitrary. It involves a number of factors derived from secondary
data [57,60,107], concerning the likelihood of occupant actions, as well as assumptions
based on the exact identity of the occupant. These trends are adhered to through the
establishment of probability levels of performing specific action that are then compared
against a random number, producing a general likelihood of sections of the population

performing particular actions, although still being sensitive to the individual.
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FIGURE 8-38: TREND-LINE DERIVED FROM TABLE 8-31 IN ORDER TO REPRESENT THE OCCUPANT
REDIRECTION (ACCORDING TO THE DATA OF WOOD AND BRYAN [57,60]).

Given that the occupant fails this condition in equation (92) and is deemed to require an
alternative route, it is then determined whether the occupant is able (i.e. other routes are

available) and willing to redirect (see Table 8-31). The ability of the occupant to redirect
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is largely based on whether alternative routes exist (see Section 7.3, Chapter 7). The

willingness to redirect is calculated in a similar manner as the perception of the threat.

Again, the data derived from the work of Wood and Bryan (see Table 8-31) produces a
function (see Figure 8-38). In a similar manner to the previous function, this is combined

with the occupant attributes of drive (D;) and seniority (S;) in (93).

_ 2 . .
0.02()’ ~0.84v+30.5, | SupyD; + DS, 93)
100 35 tmax ‘Dinax

If the inequality in (93) is satisfied then the occupant does not consider redirection. The

r<(

motivation and seniority of the occupant is a negative influence upon the likelihood of
redirection, as is an increasing level of visibility. Therefore an adult male occupant who
is faced with smoke that affords him with 10m visibility has a relatively low probability
of redirection, in comparison with a female child who is faced with smoke that affords

her with Sm visibility.

If both of these options are rejected (continuing and redirecting), the occupant is
assumed to delay the decision [106] for between 0.0-10.0 seconds according to equation
(94).
D.
! delay =5.0*(1+r—D —) (94)

max

Here, f4eiay 1s the delay time and r is a random number between O and 1.0. The default
position of 5 seconds was calculated after a degree of sensitivity analysis, although it is
open to user control and is otherwise not based on empirical evidence. To prevent
anomalies, the occupant is only allowed to delay this decision once. This is an

implementational compromise that requires further development.

Once the occupant has completed the delaying procedure, if still appropriate (i.e. the
occupant is not now engulfed in smoke), the occupant will pass through the decision
process again, without the availability of the delay option. The relevant probabilities will

therefore be normalised to accommodate this change.

As highlighted earlier, much of the incident/experimental data available concerns
isolated cases or is based upon a single factor, such as the type of occupancy. Therefore
the comparison and the use of the experimental data is less than ideal. For instance, it

was necessary in the case of the Bryan and Wood data, to combine several of the original
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data-points to form a consistent data series. As well as this, the categories provide an

incomplete set of information and therefore some interpolation was required.

In addition, other occupant attributes are also examined and are considered important,
such as the occupant’s motivation. Although much anecdotal evidence exists for such a
consideration [52,93,98] it is rarely quantitatively examined. Therefore the exact
replication of the data-sets provided is not attempted. Indeed given the diversity of the
research available this would appear inappropriate. Instead these factors are included as
influences upon the occupant behaviour, rather than determining occupant behaviour and

are examined accordingly.

The development or replacement of these probabilities would be a trivial matter. For
instance, the user may wish to use the U.S. data described by Bryan rather than the U.K.
data. This would simply be a matter of replacing one data set by another. The model
would then require some sensitivity analysis and verification to determine the
effectiveness of the introduction of the new data. Indeed, It might also be of some
experimental use for a user to be able to influence the data used in such a situation. This

1s left for future work.

The proposed developments are not an attempt to reflect the exact findings of individual
instances or even individual data-sets, but instead to allow the simulated occupants to
react according to general expectations, given the existence of environmental difficulties,
their particular attributes and their individual cognitive abilities. The proposed behaviour
is therefore an initial step towards a more complete and more accurate description of
occupant behaviour in relation to a smoke-filled environment. It is crude in that it is
overly restrictive and might be criticised for the manipulation of the secondary data.
However, this is due to the lack of consistent data and the restrictions of the existing
buildingEXODUS model. All that can be achieved under the present circumstances is
that the proposed behaviour produces trends that are consistent with the data
available and that given this fact, it does so without producing anomalies. This would
be seen as providing an improvement over the existing methods available, legitimising

the introduction of the proposed behaviour, even in this limited form.
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8.4.4 VERIFICATION

It is important to demonstrate the appropriateness of the committal of the actions
outlined in the previous section (see Table 8-33). The verification cases are therefore
designed to examine whether the behaviour is performed consistently given the data
available. It is impossible to examine all of the aspects of the behaviour, due to its
complexity, therefore the cases are designed to represent the main features of the
algorithm. These include

— 8.4.41: A simple geometry of 3 exits, used to demonstrate the probability of
performing the actions outlined, when confronted with a smoke barrier, as well as
investigating certain behavioural influences upon these actions.

— 8.4.42: The conditions are maintained from 8.4.1, except that the occupant is now
only credited with a limited familiarity of the enclosure, affecting their awareness of
individual exits and therefore the eventual behavioural choice, and, to a lesser extent,
their understanding of the threat posed.

— 8.4.43: The algorithm is tested for anomalies in the adoption of new targets.

— 8.4.44: The algorithm is applied to a complex geometry, producing a more realistic

example.

TABLE 8-33: VALIDATION CASES DEMONSTRATING THE PROPOSED BEHAVIOUR

Scenario Population Environment Geometry
8.4.41 50, varied make-up, instant response 0.3-0.9/m 2 exits, full awareness
8.4.42 50, varied make-up, instant response 0.3-0.9/m 2 exits, partial awareness
8.4.43 30, default, instant response 0.7 3 exits
8.4.44 150, varied make-up, instant response 1.0+ Irregular
CASE 8.4.41

In 8.4.41, a simple geometry is examined with two 1.5m exits. The geometry is
populated with fifty occupants who are completely familiar with the enclosure. These are
positioned so as to prefer the exit blocked by the smoke barrier. This is necessary to
provide a consistent comparison for the occurrence of occupant redirection between the

scenarios examined (see Figure 8-39).

A number of variables are examined to determine their impact upon the simulation.
These include the gender, age and motivation of the occupants and the density of the
smoke barrier. These factors are examined independently. For instance, a population may
contain male occupants who are 25 years old, highly motivated and are faced with a

smoke hazard of 0.9 I/m. the next population will contain different factors.
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The examination of this behaviour is reliant upon the introduction of the Seniority and

Door Vector attributes (see Section 7.3, Chapter 7), with no other proposed behaviour
influencing the results produced. This then allows us to examine whether the results are

consistent with the experimental work.

RESULTS- CASE 8.4.41

The impact of the environment upon the occupant behaviour was examined whilst
implementing the present model (in Scenario 8.4.411). From Table 8-34 no obvious
trends or differences can be discerned from the numerous variables examined. All that
can be said is that in this case the evacuation times generally increase in accordance with
the physical effect of the environment and due to the complete absence of redirection.

This then promotes excessive crowding around the primary exit, as all of the occupants,

somewhat unrealistically, head for the same exit.

From the experimental and real-life data analysed, the factors examined should influence
the likelihood of passing through smoke. From Table 8-35 these factors have a
significant impact over the occurrence of redirection, once the proposed model has been
implemented (in Scenario 8.4.412). As the occupants were completely familiar with the
exit positioning in this scenario, this was not a factor in exit adoption or in the

occupant’s perception of the hazard.

The occupants are simulated as having variable levels of motivation. It would be unlikely
that occupants confronted with difficult environmental conditions would be relatively
unmotivated. However, the assumption of these conditions provides a useful

comparison.

TABLE 8-34: EVACUATION TIMES (IN SECONDS) GENERATED FROM THE PRESENT MODEL (SCENARIO

8.4.411).
Male Occupants Female Occupants
Ext. Age Age
Ext.
C(l(;?xg 25 years 12 years Co);ff. 25 years 12 years
Motivation (Vm) Motivation
5 20 5 20 S 20 5 20
03 76.8 71.8 81.9 7.7 03 73.2 74.1 81.2 80.1
[70.1-81.3] | [70.1-73.9] | [72.2-87.8] | [65.6-78.2] [68.1-75.1 | [70.3-78.6] | [77.6-83.2] | [75.6-82.6]
0.6 74.3 79.5 76.4 79.8 0.6 74.2 77.6 77.8 76.8
[70.8-86.2] | [70.8-86.3] | [71.4-82.1] | [78.4-81.9] [75-2-77.6] | [75.6-80.2] | [75.6-82.0] | [72.6-79.6]
0.9 82.2 79.5 77 74.5 0.9 789 81.0 76.2 78.3
[80.9-84.1] | [77.9-82.1] | [63.3-85.4] | [71.3-77.6 [75.6-81.1] | [75.6-82.6]) | [72.9-78.9) | [75.3-79.6]
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The evacuation times generated provide a complex pattern (see Table 8-36). This is due
to the number of different factors impacting upon the times generated. In this example,
due to the possibility of occupant delay and the physical impediment of the environment,

the redirective behaviour seems to reduce the evacuation times (see Figure 8-40).

This will certainly not always be the case, as the evacuation times will be dependent
upon the distance to the exit that is the object of the redirective behaviour. Even in this
example, the general level of redirection impacts significantly upon the success of the
individual occupant’s redirection. This is due to distant congestion at the secondary exit,

delaying the occupant’s progress (i.e. once the occupant has redirected they find that

their secondary choice is congested).

TABLE 8-36: EVACUATION TIMES (IN SECONDS), PRODUCED FROM VALIDATION CASE 8.4.412.

Male Occupants Female Occupants
Ext. Age Age
Coeff. Ext.
(Vm) 25 years 12 years Coeff. 25 years 12 years
Motivation (Vm) Motivation
5 20 5 20 5 20 5 20
03 61.0 67.5 59.3 614 0.3 57.7 584 62.5 52.1
58.8-66.41 | [63.1-71.8] [56.4-61] | [59.3-63.9] [53.8-60.1] [52.8-62.1] | [59.1-64.6] [44.9-57.1]
0.6 67.7 69.1 61.6 60.5 0.6 73.3 59.2 68.9 50.1
[66.1-70.1] | [65.4-74.6] [59.3-64.1] | [53.8-65.9] [66.9-81.6] [47.9-66.6] | [62.1-78.3] | [46.9-56.3]
0.9 67.4 635 723 56.2 0.9 723 57.9 75.1 58.7
[61.9-73.31| [57.9-71.8] [66.6-76.9] | [46.8-67.1] [65.3-85.4) [48.8-64.6] | [66.6-81.4] [52.8-65.6]

Similar to the behaviour cited in Hewitt and Jones [58], occupants can make incorrect

decisions. Here, in a simplistic geometry, occupants could easily have passed through the

smoke without serious danger but instead redirected. This behaviour was replicated in

the Hewitt and Jones examination, where several occupants refused to pass through

smoke and instead redirected, encountering far more difficulties than if they had

continued [58].
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TABLE 8-38: DESCRIPTION OF THE SCENARIOS EXAMINED IN 8.4.44

Scenario | Behavioural Model | Communication Population
8.4.441 Present N/A Default
8.4.442 Proposed None Default
8.4.443 Proposed Emergent Default
8.4.444 Proposed None Young/Female/Unmotivated
8.4.445 Proposed None Adult/Male/Motivated

In the final cases, the population is made up of either unmotivated, young, female
occupants (Scenario 8.4.444) or motivated, adult, male occupants (Scenario 8.4.445).
This provides two extreme populations whose reaction to the smoke barrier should differ

accordingly. Neither of these cases includes the communication behaviour.

Although the results produced are expected to be complex and scenario specific, they
will allow us to examine the impact of the redirective behaviour upon a more realistic
scenario. It also demonstrates the manner in which some of the more complex proposed

behavioural developments interact with each other.

RESULTS-8.4.44

To provide a simple control case, the present version of buildingEXODUS is used to
simulate the evacuation (see Table 8-39). Here the occupants initially head towards the
main exit and encounter the smoke barrier. However no redirection occurred, increasing

both the evacuation times and the time spent waiting by the occupants Table 8-39.

TABLE 8-39: RESULTS GENERATED THROUGH USE OF PRESENT MODEL IN REPRESENTING 8.4.441

Scenario | Percentage of occupants Evacuation Avg.
redirecting times(secs) CWT(Secs)
8.4.441 0 125.9 4.1
[0-0] [124.3-129.1] [3.9-4.2]

In Scenario 8.4.442, where the proposed behaviour is implemented upon a default
population, (see Table 8-40), 23.5% of the population are seen to redirect away from the
smoke-filled area. Given the severity of the conditions, this is a relatively small
proportion of the population redirecting away from the hazard. It should be remembered
that the smoke is in close proximity to an exit. This would have affected the occupant’s
tenability calculations. In reality the occupant decision to redirect will be influenced by
the actions and communication of others. Therefore a reduced figure should be expected.
This level of redirection increases significantly (to 62.7%) once the occupants are
allowed to communicate in Scenario 8.4.443. Even though there are no social
relationships explicitly defined, due to the innate diversity of the population, significant

communication occurs (described earlier in this chapter).
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TABLE 8-40: RESULTS GENERATED IN VALIDATION CASE 8.4.444

Scenario Percentage of Overall Evacuation | Avg. CWT
occupants redirecting times(secs) (secs)
8.4.442 24 105 1.7
[20-29] [104-105] [1.63-1.76]
8.4.443 63 75 2.3
[61-66] [72-80] [1.74-2.53]
8.4.444 13 119 2.9
[12-16] [117-119] [2.86-3.14]
8.4.445 19 96 2.3
[17-20] [95-97] [2.2-2.4]

The low CWT figure generated by Scenario 8.4.442 may be partially explained by the
reduced level of conflict resolution, due to the greater distribution of drive levels within

the population.

8.4.5 FUTURE WORK

It is important for the simulated occupants to decide the number of redirective activities
performed. In this incarnation, the proposed behaviour only allows one redirection in an
attempt to control the existence of anomalies within the algorithm. This is obviously an
over-simplified view of the occupant behaviour seen in reality [57,60]. However, more
research is required concerning the relationship between occupant motivation and the

number of times the occupant is prepared to redirect before it is introduced into the

model.

The method could also involve the impact of heat and of toxins upon the occupant
decision making process. The impact of this effect would be more subtle, relating to
either specialist knowledge of the materials involved in the fire, or to physiological

effects.

As highlighted previously, it might be useful to have occupants turning away from
smoke filled environment even if no other alternative targets exist. This may involve a
more complex wayfinding algorithm to be implemented, but would provide a useful
asset that might be used in other behavioural features. This type of algorithm should also
be capable of allowing the occupant to move back towards areas previously occupied.
This requires storing previous locations and the environment at those locations,
reflecting the tenability of that position. It should also be possible to redirect to another
route rather than to another exit. Here the occupant may still head towards the same
external exit, but may adopt a more circuitous route to get there, avoiding the

environmental difficulties.
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Instead of imposing probabilities upon the occupant that influence the performance of
individual actions, these actions should be entirely dependent upon calculations
involving internal occupant attributes. Initial conditions may be dependent (although not
entirely) upon acquired probabilities, but would not determine the eventual behaviour.
The likelihood of redirection would therefore be influenced far more by the individual
history of the occupant as well as the context of the decision, rather than the general
expectations of the entire population. Therefore, the decision-making process in response
to the environment might be based around similar considerations as those used in the

response to congestion.

The algorithm highlighted is only able to obtain information concerning the environment
once the occupant is adjacent to a node affected by smoke. The ability of occupants to
determine the density of smoke at a distance, would be a significant improvement. This
might be based around the line-of-sight calculations in Section 5.4, Chapter 5, but would

involve either the seat of the fire or of the smoke environment being described and

recorded.

The distance that the occupant has travelled to reach the smoke-filled environment [106]
should influence the occupant’s decision. If the occupant has committed a large amount
of resources into attaining a particular goal (e.g. travelled a large distance to reach an
exit), then it is assumed that they are more likely to maintain their present direction
rather than recommit to a new target [4,101-102,200]. Due to the present complexity of

the behaviour, this is left for future development.

8.4.6 CONCLUSION

It is conceded that the proposed behaviour is an initial step in representing the occupant
reaction to a potential smoke hazard. It certainly requires a number of advances similar
to those relating to collective behaviour and queuing behaviour (refer to earlier in this
chapter). However, the validation cases have demonstrated that the proposed behaviour
does significantly increase the functionality of the model. It does this inline with the

existing experimental and real-life data-sets.

The proposed behaviour also credits the simulated occupants with the ability to analyse

their surrounds and adapt their egress accordingly. This is not a precursor to optimal
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evacuation, as the occupant is in possession of a limited knowledge set. It is, however,

dependent upon the information levels of the occupant who may then evacuate according

to local knowledge, rather than evacuating rationally according to global knowledge.

It should be reiterated that the appropriateness of the proposed behaviour is dependent
upon the secondary data on which the behaviour is based. As new and more
sophisticated evidence arises, so the proposed behaviour can evolve. The behaviour
should not be expected to reflect the research findings exactly. This is due to both the
differences in the mechanisms used in producing the behaviour and the inevitable
differences in the scenarios examined. All that can be expected is that if dominant trends
and influences exist within the research then they should also be reflected in the

proposed behaviour.

8.5 THE ADAPTATION OF THE OCCUPANT TO THE EVACUATION: CONCLUDING
REMARKS

The adaptive process described in this chapter marks a qualitative shift in the
representation of the occupant and the subsequent behaviour (see Table 8-41). Instead of
seeing the occupant as passively responding to the events around him, he is represented
as anticipating and producing a response that is suitable to the conditions perceived. The
ability of the occupant to perform such a task is obviously not represented as being
uniform, but instead takes into account the heterogeneous quality of the population. Not
only is the occupant now credited with the ability to proactively shape their immediate
future, but is now seen in context with the social structures around them. These
structures and the relationships that they represent influence the levels of
communication, the perception of the information and the subsequent decisions of the
occupant. Instead of the occupant reacting to the physical environment, they now
perceives, interprets and engages in an environment shaped by sociological,

psychological and physical influences that surround him.

TABLE 8-41:SUMMARY OF THE BEHAVIOURAL DEVELOPMENTS IN THIS CHAPTER

Section Development Description
8.1 Adaptive Response to Crowd | Enables occupants to select egress route according to
Formation exit congestion
8.2 Adaptive Response to Crowd | Enables occupants to select egress route according to
Formation From Afar exit congestion prior to reaching the exit
8.3 Adaptive Response to Enables the occupants to be sensitive to the provision
Information of information via communication
8.4 Adaptive Response to the Enables occupants to adapt their egress route
Environment according to the environmental conditions
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CHAPTER 9 THE BEVERLY HILLS SUPPER CLUB CASE
Until now the cases used for verification of the new behavioural features have generally

been hypothetical, specifically designed to investigate the developments individually, or
have involved simplistic real-life incidents that were used to demonstrate a single
behavioural feature. Only in isolated cases was more than one behavioural feature
examined simultaneously. This was largely due to the more complex behavioural
developments requiring the less sophisticated behavioural features described in Chapter

5 to function pfoperly and therefore to be investigated thoroughly.

In this chapter, a real-life incident has been selected to examine all of the new
behavioural features simultaneously. The case selected is the Beverly Hills Supper Club
incident of 1975. Information concerning this incident is based on several sources,
primarily the post incident report, “Reconstruction of a Tragedy”[52] and a number of
relevant papers by Feinberg and Johnson, as well as several newspaper articles on the
subject [49-52,187,207,226]. This case has been selected because of the relatively
exhaustive analysis that was conducted concerning the development and outcome of the
incident. The existence of a relatively complete data-set allows a detailed analysis of the
new behavioural features and, due to the complexity and scale of the incident, will
require the use of the majority of the behavioural features in order to replicate the
observed behaviour. However, even in this case, it is unlikely that all of the new
behavioural features will be activated simultaneously. Indeed, part of the verification
process is to demonstrate that the behavioural algorithms are activated at appropriate

times.

The main purpose behind this chapter is to demonstrate that the developments outlined
in this dissertation maintain or improve upon the ability of the model to simulate actual
evacuation behaviour. Due to the nature of the data-set, a thorough quantitative
comparison is prevented. However, the behavioural developments are expected to
improve upon the qualitative aspects of the behavioural activities of the simulated
occupants. Clearly the ability of the model to qualitatively represent the occupant
behaviour will have an impact upon its quantitative capability. Most importantly, the
model is examined to determine its sensitivity to the changing conditions within a
simulation and the decision-making process that is utilised in response to the changing
environment. The behavioural actions of the occupants are therefore investigated, as a

reflection of these processes, examining the context in which actions are performed, the
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processes through which the occupant passes, the decisions made and the effects of these

decisions on the decision-maker and upon those around him. The ability of the
behavioural developments to be utilised simultaneously is also examined for anomalies

and for unforeseen eventualities.

9.1 THE INCIDENT
On the 28" of May 1975, in the early evening, an electrical fire started in the ‘Zebra

Room’ of the Beverly Hills Supper Club [52] (see Figure 9-1) . The two-storey
enclosure was a well-known night-spot (known as the ‘the Showplace of the Nation’)
and was a popular destination for famous cabaret entertainers [52]. The club was a large,
complex structure (covering approximately 65,500ft®), being formed from numerous
dining rooms, cabaret rooms, function rooms and lounges. Although it was designed to
be occupied by approximately 1500 occupants (being classified as a place of assembly),

at the time of the incident between 2400-2800 patrons were located on the premises.

On the evening of the 28", the fire and smoke spread rapidly throughout the building,
eventually leading to 164 fatalities. Of these fatalities, 162 were situated in the Cabaret
room, where between 1200 and 1300 patrons were awaiting the evening’s entertainment
(see Figure 9-1). These fatalities were situated around two previously unfamiliar exits
(see Figure 9-2), the use of which was forced upon the patrons by the conditions (see
Figure 9-3). The Zebra room, which was the seat of the fire, was an unoccupied ‘cubby
hole’ [52], allowing the fire to develop for an extended period of time prior to the fires
discovery. Due to the rapid evolution of the incident, the two fire exits in the Cabaret
room (exit A and exit B, see Figure 9-3) proved incapable of coping with the huge
occupant load placed upon them (between 1200-1300 occupants) in the short passage of
time permitted. Extensive congestion arose around these exits, especially the northern
exit (exit A in Figure 9-3) due to the difficulties presented by the structure’s geometry.
These occupants were overcome by the arrival of smoke and toxic gases causing
incapacitation. The other fatalities in the building were situated on the second floor,

caused by the isolation of the position and a complete lack of egress routes at that stage.
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those involved were obtained. Most notably lacking in this data was the exact path

adopted by the majority of occupants (e.g. the exits used), the exact starting locations of
the evacuees involved and the evacuation times, especially relating to individual exits.
However, the detailed qualitative understanding of the behaviour somewhat compensates

for these omissions (see Figure 9-3, Figure 9-4, Figure 9-6, Figure 9-8 and Figure 9-9).

The omissions in the data collected prevent a detailed quantitative analysis. As described
in Section 9.2.1 these omissions were not limited to the collection of data from the
occupant population, but extended to the data available concerning the environmental
conditions. The omissions concerning the environmental conditions were largely caused
by technical practicalities such as the difficulty in recording environmental data without
specialist equipment. The omissions concerning the data extracted from the evacuees
was influenced by the design of the questionnaire but was also hindered by less

avoidable problems such as the impossibility of a complete evacuee record where

fatalities are involved.

The detailed responses to both the interviews and the questionnaires, as well as the
experimental findings concerning the environment, enable a detailed qualitative
examination of both the model currently used and the new behavioural features. It is still
possible to perform modelling with the information provided but the quantitative
accuracy of the results cannot be demonstrated, as relatively few comparisons can be

made to determine the accuracy of the results.

In the remainder of this section, details are supplied concerning the three main areas
examined during the simulation process. These are the Cabaret room, the Garden room
and the Main bar and Dining room area. The original report should be examined for
details on the other areas of the structure [52].The following information was gleaned

from the response to occupant survey, as well as other sources [49-52,187,207,226].

9.2.1 THE FIRE
The progression of the smoke throughout the structure was rapid (see Figure 9-7). The

rapidity of the environmental decline caught both the staff and the patrons unaware.
Most significant was the limited time it took for the arrival of the fire after the smoke
had first been spotted (see Figure 9-9). The arrival of smoke, especially in the areas
some distance from the seat of the fire, denoted the imminent arrival of fire and the

consequent increase in fatalities. The progression of the smoke and fire had reduced the
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number of viable (i.e. not encountering a deteriorating environmental conditions) egress

routes from 43 prior to the fire, to 5 by 9p.m., and zero after 9.05p.m (see Figure 9-5 and
Figure 9-9). After this time, the evacuees would experience declining environmental

conditions. The occupant response in each of these areas will now be detailed.

Post-incident experiments were conducted to determine the possible intensity and
toxicity of the smoke generated. Obviously these experiments did not describe the
conditions that specific locations experienced or at which time-frame this might have
occurred. This would have been an extremely difficult task, except under controlled
conditions, with the necessary equipment in place prior to the incident. The post-incident
experimental results do however, present some information concerning typical
concentrations of toxins that may have been present during the latter time-frames of the
incident. From this, an approximation of the environmental conditions can be
ascertained. These conditions derived from the experiments are a corrected optical
density of between 95-580/m, a HCl concentration of between O and 12 ppm, a HCN
concentration of 2-31 ppm and a CO concentration of 1000-1500 ppm. Again, the
experimental results do not adequately describe the conditions to which the patrons
would have been exposed. The original report describes the type of impact that the
smoke may have had upon the patrons,

“This smoke would have appeared to be dark-almost black- to the occupant. In addition,
it would have been extremely irritating, causing tearing to the eyes and a burning
sensation to the nose”.[52]

This effect may have been more immediate and important to the egress of evacuees than
the other aspects of the deteriorating environment. The experimental results therefore
can only be seen as providing guidelines as to the toxicological effluent of specific
materials, rather than providing an adequate description as to the tenability or the

psychological impact of the environmental in general.

9.2.2 THE GARDEN ROOM
The Garden room was adjacent to the Cabaret room at the north end of the structure,

some distance from the seat of the fire (see Figure 9-1, Figure 9-3 and Figure 9-11).
Approximately 200-300 patrons were already located in the room, by the time the
incident occurred. These patrons were seated, having already started or awaiting dinner.
Several patrons were queuing outside of the Garden room, in the North-south corridor,
waiting to be seated within. The occupants in the Garden room would have entered the

enclosure via exit D at the southern end of the enclosure, moved along the main corridor
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(the North-south corridor) and into the Garden room at the eastern side of the room (see

Figure 9-3).

Members of staff were originally moving towards the Main bar but returned due to the
presence of smoke to notify the patrons within the Garden room of the incident (see
Figure 9-1 and Figure 9-4) [52]. The patrons in the Garden room were previously
unaware of the incident and were relatively inexperienced with the use of the fire exits
available to them (see Figure 9-1 and Figure 9-4). These were then evacuated through
exits H, F and G and out through the kitchen to Exit E (see Figure 9-3 and Figure 9-11).
To the majority of the patrons these would not have been familiar routes, prior to their
communication with the member of staff. Normally, they would have used the internal
exit leading to the North-south corridor to move around the enclosure. Although
potentially obscured by drapery and other obstacles, Exits F,G and H may have been
visible to the patrons in the room. However, the exit reached by travelling through the
kitchen was not visible to the patrons (see Figure 9-3). No data is available concerning
the exact numbers of occupants using the exits available. All that can be noted is that
during questioning of those involved, all of these exits were reported as being used by

the patrons as escape routes.

Due to the prompt action of the staff, the patrons in the Garden Room evacuated without
significant interaction with the environmental conditions (see Figure 9-6) and prior to
the loss of all of the potential egress routes (see Figure 9-5). Therefore the main events
affecting the outcome of the evacuation of the Garden room was the interaction between
the staff and the environment, a decision by the staff members to return to the patrons,
their notification of the event, the patrons accepting the authority and advice of the staff

and the potential evacuation routes and their eventual usage.
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9.2.4 THE CABARET ROOM
The Cabaret room was a complex enclosure, containing many tables, chairs, a raised

stage area, railings that separated portions of the room and different levels. The exits
available from the Cabaret room were exits A and B (that lead directly to the outside of
the enclosure) and the internal exit into the North-south corridor, of which only the
internal exit would have normally been used by the patrons (see Figure 9-3). To arrive at
the Cabaret room, the patrons would have normally entered via exit D at the southern

end of the structure, and moved allow the North-south corridor until they reached the

Cabaret room.

The Cabaret room had approximately 1200-1300 patrons occupying the room when the
incident occurred. This room was situated at the northern end of the structure, some
distance from the fire source (see Figure 9-1). Due to its relative distance and isolation,
the patrons in the Cabaret room were dependent upon the employees for information
concerning the incident prior to it becoming a serious threat (see Figure 9-4). Without
this information, the patrons would only perceive the incident through personal contact,
at which stage the fire would have been fully developed and would have posed a
significant threat to their well being. Even with the early warning provided by the
member of staff, the large occupant load caused significant delays to the evacuation of

the patrons in the Cabaret room.

The patrons were initially notified by a member of staff (the busboy Walter Bailey
[52,226]), whose intelligent reaction undoubtedly saved hundreds of lives. He climbed
onto the stage in the centre of the room and informed the crowd of the incident (see
Figure 9-4). This information was not immediately accepted as being important by the
patrons who had previously been enjoying dinner and entertainment. Patrons either
believed that it was part of a drill, that the incident was not particularly serious or (worst
of all) that Walter Bailey was part of the comedy act that had been interrupted [52]. One
patron estimated that only between 30-40% of the patrons perceived the information as
being serious enough to evacuate immediately [52].However, after further prompting,

the patrons began to move off.
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Each of the cases are repeated ten times to generate a distribution of results. The

randomisation procedure is conducted such that the numbers of occupants within each of

the specified areas remain the same. The cases are now described.

In each of the cases the current release version of the buildingEXODUS evacuation
model is initially used to simulate the occupant response. This is followed by the

analysis of the results provided by the new behavioural model.

In all of the cases (see Table 9-1), a default occupant population is used (unless
otherwise stated), taken from the population panel facility within the buildingEXODUS
model (see Chapter 3 and 4). The response times implemented varied according to the
behavioural features used and the assumptions upon which the specific verification case
was based. Due to the lack of a detailed information set concerning the make-up of the
occupant population, no grounds were identified upon which a more refined
representation of the population could be made. The release version of
buildingEXODUS is not able to take into account the passing of information between
evacuees. However, given that the patron response to this information is broadly
available, the approximate response times of the patrons can be attributed, indicating the
arrival of new information. Where possible the exits are biased in order to approximate
the exit usage and the passage of the occupants. Where the actions of the members of
staff can be represented, whilst using the new behavioural features, they are represented,
otherwise the members of staff are represented as evacuees allowing the maintenance of

a similar congestion levels.

In all of the scenarios using the new behavioural model, rough ‘social’ clusters were
generated to crudely account for the existence of social groups (see Chapter 8). The size
of these clusters ranged form 5-20 occupants depending on the exact nature of the
population and their position within the structure. It was not possible to extract the exact
nature of the original population, nor their precise starting position. However, by crudely
implementing social groupings (using the gene mechanism outlined in Chapter 5) the

behaviour of the occupants involved may more closely represent the original occupants.
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TABLE 9-1: BRIEF DESCRIPTION OF THE SCENARIOS EXAMINED

Scenario Area Population Environmental Conditions
941 Garden 200, 1 member of | North-south corridor filled
staff with smoke. This
encroaches upon room after
120 seconds
9.42 Main bar/ 125, 1 member of | Environmental conditions
dining room staff worsen after 30 seconds
9.43 Cabaret 1200 occupants, | Deteriorates after 120
member of staff seconds

During the use of the new behavioural features, nearly all of the new behavioural

features are utilised. Specifically

— Communication

— Group behaviour

— Adaptive behaviour (to congestion and smoke)

— Route inefficiency due to smoke

— Familiarity

— Dynamic motivation

— Population and wall proximity*

*One of the new behavioural developments, that of the delay area, was not implemented,
as no appropriate use for it could be found within the scenarios described. Therefore

although the behaviour was enabled, as no delay nodes were included, it had no effect

upon the outcome.

The evacuee behaviour represented by the majority of these features is referred to
specifically in the original report [52]. Those that are not (namely those concerning the
correction of the egress route according to wall and occupant proximity) might not have
been deemed noteworthy by those questioned and are assumed to have occurred,
according to the weight of evidence available in general evacuation literature (see
Chapter 2). All of the new features will be enabled throughout the simulations, allowing
the sensitivity of the entire model to be examined, rather than requiring the user having

to switch behavioural features on and off according to the needs of the situation.

Two types of simulations are generally possible when modelling evacuation behaviour.
In the first simulation method, all of the known behavioural actions of the main
protagonists are imposed upon the scenario and the repercussions of these actions are

examined (specifically relating to evacuation times and exit usage). For example, the
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return of a staff member to the patron population once smoke has been encountered

might be assumed and an egress route imposed upon the simulated members of staff.

A second type of simulation would allow the modelled individual to react to the
conditions and select their own course of actions, according to local conditions and
according to a simulated decision-making process. For example, staff may or may not
choose to return and warn patrons of the incident on interacting with smoke; a decision
made according to the perception of the simulated patron rather than being imposed by

the engineer. This decision is therefore made locally rather than being imposed by the

engineer.

The second option requires a sophisticated behavioural model that is capable of
producing a rich variety of behaviours. This method is particularly useful as it can be
used to investigate potential results from a particular set of initial conditions. The latter
is the strategy adopted when examining the performance of the new behavioural features
whilst the former strategy is adopted when using the release model. It should be
emphasised that both of these options are valid engineering practices. Indeed, in reality
a user would produce results based around both strategies (where possible), enabling
comparison and detailed analysis. It would not therefore be true to say that the
introduction of a more sophisticated behavioural model greatly simplifies the process of
evacuation modelling. Using the first method, the user would require expertise in the
construction of relevant scenarios. In contrast, when using the second strategy, expertise
would be required concerning the assumptions behind the model and the process
involved in the more sophisticated behavioural model, and an ability to interpret the

richer qualitative results produced.

During the implementation of the new behavioural features, an attempt is made to
reproduce the behavioural actions of the protagonists involved (hence following the
second method outlined above). Due to the probabilistic nature of a number of the
behaviours, a distribution of outcomes will be produced. All that can be expected of the
new algorithms is that similarities may be observed within the distribution of results
produced and the actual events; i.e. that the behavioural actions produced during the
actual events are included in the distribution of outcomes described in the simulated

event
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It must also be acknowledged that a number of simplifications and composite characters

have been made. For instance, the actions of a group of staff members may have been
condensed into a single member of staff, or the time-frames of events may have been
condensed to aid simulation. This has been both due to gaps in the data-set available (the
exact direction that an occupant was moving, the precise environmental conditions, etc.)
and to better analyse the results generated. The three cases examined do not occur at
exactly the same time-frame. Time-frames were selected for their importance to the
outcome of the evacuation. Therefore the scenarios involving the Main bar area (due to
its proximity to the incident) start at a relatively early time-frame, approximately 8.50-
8.55p.m. The simulation of the Garden room and the Cabaret room start at the slightly

later time-frame of approximately 8.55-9.00p.m.

9.3.1 DESCRIPTION OF THE SIMULATED ENVIRONMENTAL CONDITIONS
Some general reference will now be made concerning the environmental conditions

imposed during the scenarios examined. The smoke hazard used in several of the
scenarios is not intended to be an exact replication of the conditions experienced during
the original event, due to the limitations in our understanding of these conditions.
Although some experimental results are available, these alone are insufficient to describe
the entire event. Instead, while reflecting the experimental results, the hazardous
conditions used are intended to be a simplistic representation of those evident during a
large-scale incident, rather than simply being based on the limited experimental data

available.

The hazard is represented within the buildingEXODUS model to reflect the details that
are provided within the report (location, time-frame, etc.). However, some extrapolation
had to be made concerning other facets of the environmental conditions as they were not
fully described in the original report. Given the lack of specific details provided
concerning specific localised conditions, the hazard used during all of the scenarios
examined will be identical. Only the location and duration of the environmental

conditions will alter, according to the time-frame simulated.

In these scenarios the following fire hazards will be used: temperature (C), smoke (K),
CO; (%), HCN (ppm) and CO (ppm). The irritant gases are not included in this analysis.
These hazards will operate over pre-defined regions of space or zones (see Chapters 3

and 4) and will evolve over time.
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The temperature of the smoke hazard is represented by the linear function

T (°C)=20+0.2t,

where T is the temperature is in degrees centigrade and ¢ is the time in seconds.

The smoke is represented by

Smoke level (K, 1/m) =0.7+0.2t

where smoke is measured in terms if its extinction coefficient.

The carbon dioxide content is represented as

CO5(%)=0.004t
All of these functions are conservative estimates of what might have been expected. The
representation of the other facets of the environment (HCN and CO), broadly reflect the
original findings of the report (see Section 9.3.4 and Table 9-2). This hazard will come
into effect within the scenarios, according to the description in the original report. It
should be emphasised that the representation of the environmental conditions in this case

is specifically to determine their impact upon the patron behaviour rather than to make

toxicological comparisons.

TABLE 9-2: SIMULATED ENVIRONMENTAL CONDITIONS

Case Zone Time
9.41 Garden Room 1 0 seconds
3 120 seconds
9.42 Main bar area 4 30 seconds
5 60 seconds
9.43 Cabaret Room 2 120 seconds
9.3.1.1 THE SIMULATED ENVIRONMENTAL CONDITIONS IN THE GARDEN ROOM

During the representation of the Garden room, environmental deterioration along the
north-south corridor (Zone 1, see Figure 9-10) is assumed to be evident from the
beginning of the simulation. Any evacuee moving south along the North-South corridor
would then eventually be confronted with smoke. After 120 seconds the smoke is
assumed to have become serious in the Garden room (Zone 3, see Figure 9-10) reducing
the likelihood of survival. Anyone situated in this area would then be subject to the

environmental conditions.

9.3.1.2 THE SIMULATED ENVIRONMENTAL CONDITIONS IN THE MAIN BAR, DINING ROOM
AND KITCHEN AREA
During the representation of the Main Bar area, the Main Bar (Zone 4, see Figure 9-10)

was simulated as having a deteriorating environment after approximately 30 seconds.
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During the simulations using the new behavioural features, the patrons situated in the
Garden room are attributed with response times of 1000 seconds (i.e. an arbitrarily
extended period of time), denoting their initial ignorance of the situation and desire to
stay within the enclosure. They also have a limited awareness of the exits available to
them, initially only being aware of the main entrance available through the north-south
corridor. In the original incident, several patrons may have had more extensive
familiarity. However, to better demonstrate the concept of communication and to
simplify the simulation process, the patrons are assumed to only be aware of the exit at
the end of the north-south corridor. The staff members are assumed to have a complete
awareness of the structure. However, the increased awareness of the patrons and
therefore their future actions are dependent upon either the provision of information by
the member of staff or the worsening environmental conditions forcing them to evacuate

through the worsening conditions.

In Scenario 9.413, the member of staff is assumed absent and is replaced by an informed
member of the public, positioned within the Garden room. This patron is a motivated
adult male who is aware of the seriousness and existence of the incident (see Chapter 5,7
and 8), but has only a limited familiarity with the enclosure, not being familiar with the
fire exits. Hence, the evacuees cannot be made aware of all possible exits through the
actions of this individual. The evacuees have the capacity to learn of the new exits
through line-of-sight calculations. However the likelihood of this diminishes with the

arrival of smoke and increasing population densities.

The transmission and the perception of the information provided will be different,
according to the impact of the presence/absence of a staff member. Although a
hypothetical example, this is intended to demonstrate the impact that the absence of a
staff member might have had and the ability of the new behavioural model to cater for

this absence.

9.3.3 DESCRIPTION OF THE MAIN BAR, DINING ROOM AND KITCHEN AREA
SIMULATIONS
In Scenario 9.42 the Main bar and Dining room area is examined (see Figure 9-12).

Using the present model in Scenario 9.421, the patrons in the main bar are attributed
with a response time of zero, representing their immediate evacuation of the main bar, at

the time-frame simulated. This is not intended to demonstrate a weakness in the present
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staff located in the Main bar area, who reacts instantly to the situation. Due to the

differential in the information levels, the member of staff then attempts to inform the
patrons to evacuate immediately. Again, the staff member has a greater familiarity with
the available exits. This can be transferred to the patron population. These patrons are
again initially attributed with extended response times of 1000 seconds. They are
therefore dependent upon the actions of the member of staff positioned in the main foyer
to alert them of the incident prior to its arrival. However, in reality the proximity of the
patrons to the seat of the fire, in the Zebra room, would have enabled another means of
access to the incident prior to its substantial development or its widespread progression

through out building, limiting the number of available exit routes [52].

The patrons situated in the Dining room area are similarly (if not more so) dependent
upon the provision of information, again having a response time of 1000 seconds, but
being further away from the original incident. A second staff member is positioned in
the doorway between the main bar and the dining hall. This member of staff responds
after 30 seconds, reflecting the movement towards the worsening environmental
conditions [52]. This response time is arbitrary, although is designed to guarantee the
interaction of the staff member with the smoke within the simulation. This is a
concession, as the response time could and should have been randomly attributed (as
should the exact location of the staff member). This figure remained constant to limit the

size of the result distribution for the purpose of this analysis.

The second staff member’s actions and his awareness of the situation determine the
outcome of the simulation. The member of staff initially moves towards the Main bar
where he encounters smoke. He has the option of either passing though the smoke or
redirecting away from it. The patrons situated in the Dining room will have entered by
the main exit to the south and will certainly not have initially been familiar with the exit
available through the kitchen area. Their paths out of the enclosure will therefore be

dependent on the provision of information

Information relating to the internal complexity of the Main bar, Dining room and
Kitchen area were not provided in the original report [52] in sufficient detail. Therefore
no obstructions (such as furniture, etc.) could be included in any of the geometric
modelling of the structure. No mention was made during the post-incident investigation

relating to the presence of obstacles as a significant delaying factor. Therefore the
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the previous scenarios. A member of staff is positioned on the stage. He is aware of the

evacuation, therefore replicating the knowledge levels and location of the busboy in the
original incident [49-52]. This is an attempt to simulate (rather than predict) the
conditions of the original event. The member of staff also has a complete awareness of
the structure (simulating the knowledge and actions of the busboy [52]) Once the patrons

have become aware of the situation, their response and their subsequent actions are

examined in detail.

In scenario 9.435, the member of staff is absent, again attempting to demonstrate the
importance of the staff presence/absence to the outcome of the evacuation. Instead five
patrons are assumed to be present, each of whom have become aware of the incident.
This awareness is simulated by their instant response. These then attempt to alert the
remaining patrons of the incident, through communication. Due to the relative lack of
familiarity and lack of social standing of the information providers (as compared to a
member of staff, see Section 5.2, Chapter 5 and Section 8.3, Chapter 8), the
communication process will therefore be less efficient and will be largely based on the
observations of the patrons themselves. Although this was not the case during the
original event, it is artificially generated as a hypothetical scenario to allow analysis of
the potential outcome of the changing events and also further examination of the

sensitivity of the behavioural developments in representing these factors.

These simulations are intentionally designed to approximate the actual events. Although
the process, uses information that might not normally be available to the fire safety
engineer, this is to enable a more detailed understanding of the advances made, by the
new behavioural algorithms. These examinations can not have been said to be conducted
‘blind’. The intention of this analysis was not to predict the outcome of the event without
access to the any of the original information. Although a feat in itself, this might only
have demonstrated the comprehensive nature of the model rather than its sophistication.
Indeed this case was originally chosen because a significant level of information that
was available. Instead, it is hoped that the new algorithms can be shown to more
appropriately represent the decisions and actions of the protagonists involved given the
surrounding conditions and that it is more sensitive to these changing conditions. This
process enables a degree of forensic analysis, the outline of which is provided. This is
intended to demonstrate the capability of the new model to investigate the outcome,

given certain actions were not taken. This process should enable a greater degree of
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confidence to be achieved concerning future predictions made by the new model, due to

its increase in sophistication.

Although some additional detail is provided that might not normally be available (such
as specific staff actions), significantly less information is engineered within the new
behavioural model, than in the present model. For instance, the patrons are not expected
to respond without reason and have a limited familiarity with the enclosure. An attempt
has been made to credit patrons and staff members alike with appropriate information
levels and position them in locations and conditions. It is noted that the exact positioning
of the staff members is a convenience. This is purely to guarantee the analysis of all of
the behavioural features. Given the situations, the new model can then be examined to
see if the behavioural outcome arrive at by the simulated evacuees are appropriate for
the situation. The sophistication and accuracy of the behaviour produced is therefore

examined whilst simulating the information levels of the patrons and staff members.

9.4 RESULTS
CASE 9.41 THE GARDEN RoOM
In Scenario 9.411, where the present model is implemented, a relatively simplistic set of

results is produced with the outcome of the simulation largely dependent upon the
starting position of the evacuees. The variation evident in the evacuation results prior to
the randomisation of each population is entirely due to the resolution of conflicts. Due to
the distribution of response times evident in the population, even this variation is
limited. More extensive differences are evident once the patron population has been
randomised within their original rooms. This process enables the patrons to fall within
different exit catchment areas, therefore affecting the exit usage and producing

distributions within the results (see Table 9-3).

Due to the restricted nature of the response times allocated to the patron population, the
majority of patrons evacuated prior to the arrival of significant levels of smoke or toxins
(see Table 9-4). Despite the eventual environmental deterioration, the limited congestion
and the limited distances involved enabled the patrons to successfully evacuate. This
reflects the original outcome of the patron movement (see Figure 9-6). The accuracy of
this behaviour in relation to the original response is entirely due to the imposition of the
appropriate response times rather than any sensitivity of the simulated evacuees to the

provision of information.
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The present buildingEXODUS model is able to accurately capture the outcome of the

patron behaviour given that the initial conditions are supplied in sufficient detail,
although still does not reflect the real causes of the patron response. The information
provided includes the provision of a latent evacuation response, through the use of the
response time mechanism. For engineering purposes, the modelling of the exact cause of
individual behaviour may not be considered essential. However, the ability to do so
enables a more flexible occupant response as well as aiding the qualitative understanding

of the simulation.

Therefore, the outcome of the simulations might be similar to the original event, but the
process and the experience of the simulated patrons are different. The evacuation times
produced reflect the different levels of exit usage, i.e. fluctuations in the levels of

congestion, as well as the resolution of congestion (see Table 9-3).

TABLE 9-3: EXIT USAGE DURING SCENARIO 9.411

Exit Exit Usage
E 7
[0-16]
F 156
[149-169]
G 94
[87-105]
H 35
[28-46]
north-south 0
corridor [0]

Due to the initial position of the patrons, the present model was able to capture the
original exit usage (with exits E, F, G and H being the most popular) without using exit
biasing or the imposition of target doors (see Table 9-3 and Chapter 3). This is largely
due to the distances between the exits and the shape of the geometry. In essence, an
interpretation of these results would need to assume that the patrons have full knowledge
of all the exits; or they reacted to the signage (and that sufficient signage was provided)

or they were given appropriate information by a staff member.

TABLE 9-4: EVACUATION TIMES DURING SCENARIO 9.411

Evacuation times(secs)
9411 137
(Present model) [130-139 secs]

In contrast to this in Scenario 9.412, where the new behavioural features are used, the

patrons are attributed with an extended response time (of 1000 seconds) identifying their
normal propensity to stay within the enclosure. They are therefore entirely dependent
upon the provision of information by either the member of staff or from the

environment.
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The staff member initially positioned in the north-south corridor, as he was in the

original incident, was responsible for the provision of this information during the actual
event. The patrons are also shown to be dependent upon this staff member during the
simulated event (It should be noted that this is simulating rather than predicting
investigative behaviour). The staff member initially moved south along the corridor,
simulating the original investigation of the conditions. This behaviour is extracted
directly from the original data-set [52], although his decision once confronted with the
smoke is not imposed by the engineer but is instead calculated by the model (see Section
8.4, Chapter 8). Once confronted with the relatively dense smoke, the employee can
either continue on through the smoke moving towards the Main Bar area, or return back
into the Garden room. In the ten repeat simulations performed, the staff member elected
to continue on through the smoke 3 times, thereby not warning the Garden room patrons

and on 7 occasions chose to return, enabling communication to occur.

In the 30% of cases where the staff member elects to continue through the smoke, the
staff member leaves the simulation (through an exit) and is assumed not to interact with
the patrons in the Garden Room again. Although the staff member was subsequently
subjected to moderate hazard levels, he was always able to reach the exit (which
simulated the North-south corridor). This activity fundamentally determined the eventual
actions of the patrons and the results produced. This decision would have been
influenced by the relatively close proximity of the external exit, representing access to
the main bar area, as well as the identity of the staff member. However, at this early
stage, the smoke hazard was relatively light, enabling the staff member the possibility of
passage. The member of staff therefore left the simulation without further interaction

with other evacuees.

In this scenario, the patrons in the Garden room were only alerted of the incident once
the smoke arrived within the Garden room. Once the smoke density exceeded a specified
threshold after approximately 90 seconds (of 0.1 1/m, a feature currently available in the
buildingEXODUS model [24]) the influx of smoke alerted the patrons to the existence
and extent of the incident that they perceived as relatively serious. At this stage, all of
the patrons responded. These patrons were initially unaware of all but the ‘internal’ exit
leading towards the north-south corridor. Some of the patrons became aware of
additional exits through line-of-sight observations (see Section 5.4, Chapter 5).
Therefore their location was deemed to afford them the opportunity of receiving

information concerning the exit. Given that their familiarity may have expanded through
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the simulated exit here actually lead to another part of the building; an area which had

become untenable at this time-frame. However, patrons actually began to perish in the
corridor after 90 seconds, even before they progressed out through the simulated end of

the north-south corridor.

No redirection due to the environmental conditions was apparent, as the patrons were
largely unaware of alternative routes. If other routes had been available, the patrons
would have adopted these exits as their original targets, rather than moving to the more
distant main entrance. The progress of the smoke eventually overtook these evacuees
removing the option of redirection and making their movement increasingly erratic (see
Section 7.1, Chapter 7). Under these conditions the last patron evacuated alive after

approximately 65 seconds, with fatality rates ranging from 42-73 patrons.

In 70% of the simulations, the staff member chose to return to warn the patrons in the
Garden room. Once the employee redirected back into the Garden room (see Chapter 8),
he was able to inform the patron population of the situation and allow them to respond.
On entering the Garden room, the staff member had visual access to the patrons situated
within it. He was confronted with the patron population that was entirely unaware of the
situation. This discrepancy in the information levels caused the staff member to
‘communicate’ with them. (Again, it should be noted that the member of staff was not
attributed with the potential task of collecting the patrons who were situated in the
Garden room, but redirected away from the smoke according to the potential risk that it
posed to him). The necessity of an evacuation was relayed to the patrons, as well as
information concerning the existence and use of their nearest available exits. This
awareness was lacking prior to the arrival of the staff member, as until this point the
patrons were only aware of the north-south corridor leading to the main entrance. None
of the patrons were advised by the staff member to head towards the north-south corridor
due to the presence of smoke. Therefore all of the patrons evacuated using the exits

available in the Garden room (see Figure 9-11 and Figure 9-15).

The communication process was not optimal. Although the information imparted by the
staff member was treated more seriously than might otherwise have been the case, the
patrons did not necessarily move off instantaneously. However, the patron response was
relatively efficient, due to the role of the informer, being established as a member of

staff and the visual access that he had to the majority of the structure due to its relatively

518









Chapter 9
instead a senior patron. Under these circumstances the reception of the information was

less efficient (reflected in the average overall evacuation time of 109 seconds, ranging
from 95-131 seconds). This was entirely due to the seniority and communication

structures outlined in Chapter 5 and Chapter 8.

TABLE 9-6: RESULTS PRODUCED DURING SCENARIO 9.412 AND 9.413

Scenario Evacuation Fatalities
times (secs)
9.412 95 0
(staff redirection) [90-99]
9412 71 59
(no staff redirection) [65-74] [42-73]
9.413 109 29
[95-131] [20-31]

Due to the informer’s lack of familiarity with the structure, the adoption of information
and the subsequent exit usage was notably different from when the provider of
information was a staff member, with significantly more people moving into the north-
south corridor (averaging approximately 31 patrons, see Table 9-7). This also affected
the efficiency of the overall evacuation. The advanced, although inefficient, warning
provided by the ‘informed’ patrons enabled more of the remaining patron population to
survive than if the patrons relied upon the development of the environmental conditions.
Here the fatality rate of patrons ranged from 20-31. It is apparent that these figures fall
between the results produced when a member of staff informed the patrons and the

patrons being alerted by the environmental conditions, as might be expected (see Table

9-6).

As indicated previously the dependence of the patron population is clearly demonstrated
by the fatality rates in Table 9-6. In Scenario 9.411, no fatality rates are recorded.
Therefore given that the engineer has made appropriate assumptions concerning the
provision of information, then the current buildingEXODUS model is able to accurately
reflect the original fatality levels. In Scenario 9.412, the information levels are more
accurately represented within the population. The patrons are therefore dependent upon
the action taken by the member of staff once confronted by deteriorating environmental
conditions. If he returns to the Garden room, then he is able to relay the existence of the
incident and the existence of previously unfamiliar exits. This enables the patrons to
evacuate without loss of life. If the member of staff does not redirect, then the patrons
only become aware of the incident on the arrival of smoke, making their evacuation
more hazardous and causing a number of fatalities (averaging 59 fatalities). Finally, in

Scenario 9.413, a patron is assumed to be aware of the incident and attempts to alert the
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other patrons within the Garden room. The patron’s relative lack of social standing and

lack of familiarity both contribute to the consistent fatalities that occur during this
scenario (averaging 29 fatalities). These scenarios demonstrate a number of points.
Firstly, the patrons required information as early as possible. Secondly, the more
information that was provided the better their chance of survival. Finally, the more
respected the provider of this information, the greater the likelihood of the patrons

adopting the information. These factors concur with the findings of the original report
[52].

TABLE 9-7: EXIT USAGE DURING SCENARIO 9.413

Exit Usage
E 20 [8-22]
F 54[31-65]
G 59[41-65]
H 35[20-37]
north-south corridor 31[24-45]

The main achievement of the use of the new behavioural model in these scenarios has
been a vast increase in the variety of the results produced, whilst more accurately
reflecting the potential outcomes of the performance of specific actions by significant
members of the population. According to the decision of the staff member, the simulated
outcome was similar to the original outcome (if a similar decision was made by the main
protagonist) or a vastly different outcome was produced (if the staff member had come
to a different conclusion). Also the reported conditions of the original incident were
replicated in the majority of the scenarios; namely a general lack of congestion, the
receipt of instruction from a member of staff and the evacuation of the patrons prior to

the extensive arrival of smoke.

CASE 9.42 THE MAIN BAR
To examine the potential of the present model to represent the information available to

the evacuees, two separate scenarios are examined. Initially (in Scenario 9.421) a
member of staff was assumed to have informed the patrons of the incident. To represent
this case, the exits are not biased, reflecting the distribution of the original evacuees
between the exits and also that the staff members are assumed to have informed the

patrons to react to the incident.

The information levels assumed during this scenario are based around the assumption
that communication has taken place. The patrons that were situated in the Main bar
responded immediately (avoiding the environmental difficulties altogether), simulated as

being able to see the oncoming smoke (as in the original event [52]) or as having been
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still able to analyse the potential impact of information levels upon the evacuation

results.
TABLE 9-8: RESULTS FROM CASE 9.42
Scenario Exit usage Evac. time(secs) No. of Fatalities
Kitchen Exit D
9421 101 101 126 0
[122-130]
9422 0 183 185 18
[180-188] [17-20]
9423 97 104 81 0
(staff in Main bar [95-102] [120-105] [74-94]
redirected)
9.423 30 143 135 31
(no staff redirection in [28-35] [138-146] [120-131] [27-34]
Main bar)

Once the new model was implemented in Scenario 9.423, similar levels of evacuee
congestion to those in Scenarios 9.421-2 were evident around the main exit. This was
due to the early response of the patrons situated in the Main bar area. This response was
enabled by the provision of information by the instantly responding member of staff
situated at the extreme eastern end of the Main Bar area. The process of communication
in this instance was relatively efficient due to the small and simple nature of the Main
bar. Although the patron response is identical in Scenario 9.421 and 9.423, the reason for
their speedy response is entirely different. The behaviour exhibited during the imposition
of the present model (Scenario 9.421) was due to the provision of information by the
engineer, while during the implementation of the new behavioural features (in Scenario
9.423), the response was due to the provision of information by a simulated member of
staff. This difference does not necessarily affect the validity of the results. Indeed in a
practical engineering sense, the difference is largely academic. However, this does
increase the ability to generate and analyse a variety of occupant behaviours; a capacity
that would be of particular use to the fire safety engineer attempting to understand (or

predict) the behaviour of the evacuees.

After these patrons began to evacuate form the Main Bar, the smoke worsened due to its
close proximity to the Zebra room. As in the original evacuation, none of the patrons
originally situated in the Main bar perished due to their prompt response. (Although the
arrival/non-arrival of this staff member is acknowledged as being a significant factor, it
is not addressed, as a similar scenario is investigated using the patrons situated in the

Dining room).
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incident with appropriate assumptions (Scenario 9.421 and 9.423) produce results that

are comparable to the original observations, in terms of exit use and the absence of
fatalities; that is the entrance to the kitchen was utilised and no fatalities were recorded.
However, during the introduction of the new behavioural features (Scenario 9.423), the
variety of results produced increased, again being entirely dependent upon the actions of
the members of staff. For this level of variety to be introduced whilst using the model
currently available, required the intervention of the engineer (i.e. generating new
conditions in Scenario 9.422). Again, this is a perfectly valid engineering practice and
one that should be conducted in an attempt to replicate all of the potential outcomes of
an incident. The introduction of a more sophisticated behavioural model enabled the
simulated evacuees to be sensitive to the changing conditions around them and act
accordingly, removing the necessity of the engineer to intervene at such a low level. The
production of a greater variety of behavioural actions in itself is not necessarily
advantageous. However, in this instance, the new behavioural model reflected the

importance of the staff behaviour as a determinant in the outcome of the incident [52].

The impact of the new model during this scenario is dominated by the transfer of
information, allowing the closer simulation of the actions of the staff members. By
accurately modelling the initial familiarity of those involved, the importance of the
communication process was all the more clear. The new model enabled the
demonstration of the importance of the staff actions, whilst reflecting the performance of
these actions upon the patron population. By forensically examining the consequences of
the staff decisions, their loyalty to the patron population was demonstrated as being vital
to their safe egress. It was also able to reflect the congestion evident around the main
entrance, the gradually encroaching environmental difficulties and the evacuee response

to these difficulties.

CASE 9.43 THE CABARET ROOM
The Cabaret room was the scene of the highest levels of congestion and the most

extensive environmental problems leading to the highest level of patron fatalities. The
different models are examined to determine whether they are able to represent these

conditions and for the impact of the simulated conditions upon the behaviour observed.

Initially, in Scenario 9.431, the present model was used with no exit biasing, no evacuee
response time and no environmental conditions. This provides a useful benchmark

against which the more sophisticated representations may be compared. It also reflects
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what might be considered the initial step if a complete analysis of this situation was

being performed.

As the exits had no biasing attached to them, they appeared equally attractive to the
patrons within the geometry. Therefore the adoption of exits was entirely dependent
upon the patron’s starting location. This leads to the inappropriate representation of exit
usage demonstrated in Table 9-9, where the exit leading to north-south corridor was
particularly overused in comparison with the actual exit usage (where Exit A and Exit B
were used by the vast majority of the population [52,226]). The evacuation times
produced reflect the balanced use of the exits (see Table 9-9), where the evacuation is

completed relatively quickly, averaging 251.9 seconds.

This situation was partially remedied in scenario 9.432, where the exit leading to the
north-south corridor was biased to make it less attractive to the patrons. This more
realistically represents the perceived attractiveness of the exit A and exit B, due to their
identification by a member of staff during the actual event. The patrons also now had a
distribution of response times, more realistically representing their response to the
provision of information. These changes in the exit usage (see Table 9-9) and patron
response are reflected in the extended evacuation times generated (see Table 9-10),
which averaged approximately six minutes. (It should be noted that the introduction of a
distribution of response times does not necessarily increase the evacuation times, as it

might alleviate some of the exit congestion)

In Scenario 9.433, the decreasing tenability of the environment was introduced in
addition to the conditions of Scenario 9.432. As a result, a number of fatalities are
produced, which are reflected in the reduced evacuation times evident in Table 9-10.
The evacuation times were reduced as the evacuation times generated by the
buildingEXODUS model (present and new) reflect the last recorded time for an evacuee
to leave a structure rather than representing the last evacuee alive. Scenario 9.433
predicted that, on average, 141 fatalities would occur during the simulations (ranging
from 136-143 fatalities, see Table 9-10). These patrons died prior to exiting and were
therefore not recorded as having evacuated, consequently reducing the overall
evacuation time. The simulated level of fatalities compares favourably with the actual
results. These fatalities also tended to occur around exit A and exit B, as was the case in
the original event (see Figure 9-20). This was due to the biasing applied to the exits in an

attempt to generate appropriate results. It should be remembered that the definition of
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the hazard is relatively arbitrary. More important than the level of the fatalities (and in

this case the perceived accuracy of the fatality level) is the existence of fatalities and

their location (i.e. around the exits).

However, the present model is not able to replicate the transfer of information between
the evacuees; the cause behind their response. Instead the response is imposed upon the
patron population through the use of the response times. These response times represent
the ‘what if’ scenarios defined by the engineer [7]. In this case, the engineer has asked
“what if the patrons move off in x seconds?”. This would then implicitly represent the
communication process. The model is therefore able to represent the outcome of the
evacuation rather than accurately representing the causes behind it or processes involved
in it.
TABLE 9-9: EXIT USAGE IN CASE 9.43

Exit Scenario 9.431 Scenario 9.432
north-south corridor 282 [260-293] 13 [8-16]

Northern exit (Exit A) 471 [461-496] 631 [619-637]

Southern exit (Exit B) 449 [421-461] 558 [541-563]

Scenario 9.433
17 [15-19]
568 [561-573]
473 [461-482]

Given the quality of the data available the results generated in Scenario 9.433 are

expected to be some of the most accurate produced given the limitations of the present

model.

TABLE 9-10: EVACUATION TIMES AND FATALITY LEVELS ACCORDING TO DIFFERENT

SCENARIOS IN CASE 9.43
Exit Evacuation times Fatalities
(secs)
Scenario 9.431 252[250-254] 0
Scenario 9.432 363[360-364] 0
Scenario 9.433 247[242-248%*] 141 [136-143]

*this time is reduced due to the fatalities of the patrons

During Scenario 9.434, the new behavioural developments are used. Initially, a member
of staff was positioned on the stage located towards the centre of the room, simulating
the position of the busboy during the original event [49-52,226]. Again this is
information to which we would not normally have access. However, given that it does
exist, it can now be represented within the new behavioural model, enabling the model
to cope with a wider variety of situations and simulate the variety of information levels

that existed within the population. This was therefore an attempt at generating both
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This form of behaviour closely reflects that reported in the actual event. Indeed, after the

patron cited as an example in Figure 9-22 had staggered through the dense smoke
conditions and had exited, the majority of the patrons remaining in the room became
fatalities. This form of inefficient movement was referred to in the original report [52].

As noted by one patron,

“..the smoke was right on us. I got up to the double door...and I jumped down in the
crowd and ...we surged backwards and forwards.”[52 ]
or as reported by the authors of the original report,

“Where exiting difficulties occurred, they related principally to the crowded conditions
aggravated by the heavy smoke” [52]
Therefore the chain of events originally reported-namely congestion, erratic movement

and fatalities-is closely reproduced.

The number of fatalities in the Cabaret Room during Scenario 9.434 ranged from 80-
279, averaging approximately 150 patrons (see Table 9-12). This was again significantly
affected by the exit usage. Once a disproportionate number of patrons moved toward exit
B, large-scale congestion formed, delaying the patron evacuation and therefore making
them more susceptible to the environmental conditions. Once the load was more evenly
spread between the northern (Exit A) and southern (Exit B) exits, the prevailing
conditions allowed a closer representation of the fatalities in comparison with the
original event (see Figure 9-23). Again it should be noted that the relatively accurate
replication of the fatality levels are somewhat fortuitous as the toxicity levels imposed
involved simplifications and extrapolations. The existence and location of the fatalities is

more important than their extent, in this instance.

The randomisation procedure was also vital during these simulations, as the exact
starting position of the patrons was unknown. This procedure is not only used in concert
with the new behavioural features, but one that should be universally applied to any

modelling process.

No long-term adaptation of egress routes between the exits occurred in the Cabaret room
during scenario 9.434. This was due to the complexity of the room, the extensive
congestion around the exits and the large distance between the available exits reducing
the attractiveness of redirection. In the actual event, a limited amount of redirection
occurred in the Cabaret room, due to existence of congestion delaying further progress

[52]. During these instances, patrons were redirecting towards what may have been an
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unfamiliar area of the structure-a behaviour that is not represented in the new

developments. The absence of this behaviour during the simulation may point to the

necessity for the increased sophistication of the algorithm to account for complexity.

FIGURE 9-23: EXAMPLE FATALITY LOCATIONS IN SCENARIO IN 9.434, DENOTED BY
DASHED CIRCLE. HERE 43 PATRONS DIED AROUND EXIT A AND 47 DIED AROUND EXIT B.

However, short-term adaptation was evident around the Main bar area, due to the
implementation of the population density function, as well as, to a lesser degree, the wall
proximity function (see Section 6.1 and 6.2, Chapter 6). Due to the highly motivated
nature of the patrons, they were also able to move away from the exit of their choice (see
Chapter 3). Once implemented, the extensive congestion evident in the bar area was
dissipated so that both sides of the bar were used, as in the actual event [52]. Therefore
the simulated evacuees were effectively making short-term adaptation by avoiding

localised congestion (see Figure 9-24).
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FIGURE 9-24: POTENTIAL PATRONS REDIRECTING AROUND THE BAR AREA
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To investigate the sensitivity of the patrons to the seniority structure and its effect upon

the communication process, a hypothetical situation was also examined. In scenario
9.435, instead of a staff member communicating the information to the patrons, several
patrons were assumed to have become aware of the incident and to have then passed on
the information. These five patrons were positioned throughout the geometry to
maximise the communication potential, in an attempt to limit the differences between

this scenario and scenario 9.434.

FIGURE 9-25: MORE LOCALISED RIPPLE EFFECT, DUE TO LESS SUCCESSFUL
TRANSMISSION OF INFORMATION.

More fundamental than their reduced social standing was the limited familiarity that
these patrons had with the structure. Once these ‘informed’ patrons responded (which,
given the time-frame, they were assumed to do instantly) a ‘ripple’ effect was evident
throughout the population, as those patrons that were located adjacent to the providers of
the information slowly responded (see Figure 9-25). This was an inefficient process,
taking between 60-90 seconds to spread throughout the population. This time may have
been significantly increased if social groups were not included or if the initial providers
of information were less senior than they were (see Section 5.2, Chapter 5 and Section

8.3, Chapter 8).

In comparison to the effect noticed in Scenario 9.434, the rippling effect of the evacuee
response was far more dependent on the newly informed patrons subsequently
propagating the information throughout the rest of the population. This was entirely due
to the fact that the initial provision of information was not made by a member of staff,

who would have affected more people and would have been taken more seriously.,

Once the population had responded, they generally moved towards the exit leading to the
north-south corridor. This was due to the reduced levels of familiarity that existed in the
providers of the information. Therefore, no additional exits were communicated to the
patron population. This effect was slightly reduced, through the performance of line-of-

sight calculations upon the other available exits, allowing the evacuees to become aware
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of new exits during the evacuation. The line-of-sight was hindered by the high-density

population and the differing levels of visibility afforded by the geometry. Although
unintentional, the probabilistic methods used to simulate line-of-sight calculations
closely reflected the difficulties reported in perceiving the existence of the alternative

exits caused by the nature of the structure and the ineffectual signage [52].
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FIGURE 9-26: POSITION OF FATALITIES (APPROXIMATELY 315) DURING THE
SCENARIOS WITHOUT STAFF MEMBERS

It should be noted that the provision of information, concerning the existence of the
incident, although vital in instigating the response of the patrons, was a fundamental
cause of the congestion around the internal exit to the North-south corridor. If not
accompanied by the additional information concerning the existence of alternative
means of exit (as in Scenario 9.434), then the benefits of communication in this instance
are tempered. This further supports the findings of the report authors pointing to the

importance of the informers being staff members [52].

Some redirective behaviour was evident between the exit leading to the north-south
corridor and the southern exit (Exit B). This included both short-term and long-term
adaptation to congestion. This was due to the evacuees becoming aware of the existence
of the southern exit, but initially still being more attracted towards the exit leading
towards the north-south corridor. Patrons therefore queued at the entrance to the north-
south corridor, whilst being aware of the existence of exit B. This provided an
alternative egress route once the conditions became appropriate. This behaviour was
limited by the substantial distance between the exits, the significant levels of congestion

at all of the exits and the existence of social groups.
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The extensive use of the exit leading to the north-south corridor caused massive amounts

of congestion. Once the environmental conditions began to decline, further reducing the
evacuation efficiency, an increased number of patrons were susceptible to the
conditions, leading to a notable increase in the fatality levels (ranging from 396-597
fatalities). This is demonstrated in Figure 9-26 where the extent and location of the

patron fatalities is evident around the exit leading to the north-south corridor.

Again the evacuation times for Scenario 9.435 are foreshortened simply because a large
number of the patrons were overcome by the conditions and therefore were not recorded

as having evacuated.

The importance of the arrival of the employees and their ability to relay detailed
information to the patrons is evident in the increased number of fatalities and the
location of these fatalities in Scenario 9.435. Even if the simulated patrons exited the
simulation into the north-south corridor, they would have in reality been situated in even
worse conditions, reducing the likelihood of their survival. The importance of this action
was also noted in the original report [52]. Therefore through designing appropriate
scenarios and implementing the behavioural developments, the same conclusions are
reached concerning the importance of specific behavioural actions as those identified in
the actual report. This demonstrates adequately the sensitivity of the new model to the
communication process and its potential in assisting in the design of evacuation
procedures, as well as perhaps indicating its usefulness as a means to interrogate the

outcome of an historical event.

The new behavioural developments were also able to represent the difficulties provided
by the environment and the consequent behavioural response. This was reflected in their
motivation, their incompetent movement and the number of fatalities (especially in
Scenario 9.434). The patrons were also seen to experience significant levels of
congestion, due to the occupant load and the lack of exit capacity, as was noted in the

original report [52].

It would be incorrect to say that the present version of buildingEXODUS was unable to
model the occupant behaviour exhibited in the Cabaret room. Indeed from Scenario
9.433, it is apparent that the fatality level and the general exit selection appears similar
to that exhibited during the original event [52]. The present model requires the engineer

to pose the correct question, and design the simulation to correctly reflect these
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questions, in order for the results to be of use. This is a reasonable expectation.

Admittedly engineering decisions were required to a limited degree in the new
behavioural model as well, e.g. location of the staff member. However, once the initial
conditions had been determined whilst using the new behavioural developments, the
model enabled the patrons to react appropriately rather than restrict their behaviour
through the imposition of a deterministic or limited set of behavioural actions. Through
limiting the level of engineering required on the scenario, the impact of individual

factors, such as the provision and use of information become more apparent.

9.5 CONCLUSION
A number of points should be noted when examining the results generated in the

previous sections. Firstly, information, especially concerning the precise actions and
locations of the members of staff, was available that would not normally have been.
This was used to better illustrate any potential differences between the two models, as
well as providing a better basis for analysis of the results produced. It also enabled the
demonstration of the sensitivity of the models to the provision of this new information.
The validation process, especially when interested in the qualitative aspects of the
results, should take advantage of as much of the available information as possible,
increasing the rigour and transparency of the analysis. Despite the differences that were
evident in the results produced, the present model generated acceptable quantitative
results given the data available and the limited areas for comparison (namely the exit
usage, the location and extent of the fatalities and the overall evacuation times). The
scenarios used to generate these results were slightly more contrived, relying upon

artificial levels of patron awareness and understanding.

Once the new model was implemented, the occupants were credited with information
levels that were as close to the original events as possible. That is, their familiarity with
the structure and their awareness of the event closely mimicked that of the original
patrons. Therefore, unlike the present model, extraneous information was not generally
necessary to enable the accurate simulation of the incident (such as the imposition of

response times).

It may be argued that certain pieces of information such as the location of staff members
at particular time-frames would not have normally been available. Of course this is true.
However, given that a detailed data-set was available it provided a useful means of

comparison for the behavioural development of the model. Given the time-frames in
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which the scenarios are set, they represent the reported actions of the members of staff

rather than compromises necessitated through shortfalls in the model. Also, given that
the occupants are appropriately positioned and are attributed with accurate levels of
information, the introduction of the new model afforded them with a more sophisticated
means by which to structure their egress behaviour. It is fair to say that the similarity
between the results produced and the original results are slightly artificial due to the
provision of this additional information. However, irrespective of this, the new model
was able to better utilise the information provided and better reflect the actions of the
original evacuees once the information was supplied. In effect, the new model
implemented more sophisticated means for the patrons to decide upon their actions and
consequently more accurately simulated the events of May 1975. It was not necessary

for the user to engineer the scenarios to the same extent, as was required during the use

of the present model.

The absence of a detailed understanding of exit usage and the overall (or exit-based)
evacuation times prevents us from making the claim that the introduction of the
behavioural developments was responsible for quantitative improvements in the results.
Indeed a number of the results produced by the models examined are quantitatively

similar.

The new developments were shown to increase the sensitivity of the buildingEXODUS
model to the conditions that arose during the simulation. As events changed and the
patrons were forced to take behavioural decisions in response, different actions were
adopted affecting the overall outcome of the evacuation. These decisions not only had
implications for the outcome of the immediate decision-maker, but also had implications
for the surrounding occupants who perceived this decision. This was especially the case
if the occupant was perceived as having specialist knowledge or was a senior member of
the patron community. The provision of information allowed the simulated evacuees to
react in a more rational and sophisticated manner, taking decisions based on local
conditions as well as on prior knowledge. For instance, the arrival of difficult
environmental conditions might have forced an occupant to redirect. However, the
capacity of the occupant to do so was dependent upon their prior familiarity with the

structure.

The present model is able to analyse changes in the conditions during a simulation. This

is largely achieved through parametric analysis. This analysis is improved through the
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behavioural developments, allowing the forensic analysis of evacuation behaviour and

the design and implementation of specific procedures. This is of particular benefit when
analysing the impact of individual evacuees or the performance of specific actions upon
the overall outcome of the incident. In this instance, this might be how important the
diligence of staff members was to the safe evacuation of the patron population, or, more
specifically, the importance of Walter Bailey’s actions in the context of the safety of the
occupants of the Cabaret room. From even these calculations, the actions of the staff
members can certainly be said to have been very important. The new model can not only
therefore better predict occupant actions but can also assist in understanding the

reasoning behind the decisions, aiding forensic analysis.

The new model was demonstrated as being sensitive to the non-uniform and evolving
nature of the conditions. Therefore the capacity of the simulated evacuee to receive and
process information was dependent upon their location and perception of the
surrounding events. Instead of either a global representation or the manipulation of the
scenario by the engineer, the model automatically reacted and accounted for the

developing information landscape.

What was known and recorded about the original event-namely the fatalities and the
areas of congestion-was represented during the use of the new behavioural
developments. More accurately, these findings fell within the distribution of the results
produced. It would not have been satisfactory for the model to generate a ‘stock’
response to a particular event. This would give the impression that only one rational or
appropriate response existed to a particular situation. Obviously this is not the case, as
any decision will be largely dependent upon the information available, the exact
surrounding conditions and the individual that is making the decision. An example of
this could be seen during Scenario 9.412. Here, a staff member made a decision
concerning their path of egress, according to the surrounding environment and the exits
available. This in turn affected the decisions of the patrons who were previously not

aware of the incident.

These are the main variables that influenced the distribution of results produced. The
behavioural distributions produced were not wide enough to invalidate them, but were
still varied enough to represent the impact that behavioural actions can have upon the

overall results.
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Obviously it should be emphasised that a large number of the behavioural actions

evident in the original incident were not and could not be represented by the behavioural
developments. Indeed, a number of the developments have been shown to require further
work to increase their sophistication. In several circumstances they were shown to be
insensitive to the complications of the conditions, while in others they did not have the
scope of representation. However, the new model was able to generate appropriate
evacuee responses, without necessarily requiring extensive engineering of the data

available or the scenario.

The original purpose for this examination should also be borne in mind; to demonstrate
the ability of the behavioural developments to function simultaneously and to generate
appropriate outcomes. Part of this process must also implicitly be aimed at
demonstrating that the developments are not enabled irrespective of the environment, but
are instead responsive to the surrounding conditions. The simultaneity of their inclusion
should not interfere with this process. During the cases examined the behavioural
developments were seen to interact appropriately and by doing so generated results that
better reflected the original results. No anomalous results were produced, although the
combination of the behavioural features did occasionally produce unforeseen outcomes
due to the complexity of the algorithms and the cases examined. These were generally
for the better. Indeed if the outcome of a simulation is entirely predictable, it denotes an
innate simplicity in the underlying model. Obviously, this unpredictability should be

bounded, so that totally unprecedented and potentially irrational behaviour is limited.

Although areas for further development have been highlighted the comparison against
the Beverly Hills Supper Club incident has demonstrated the robustness of the new
developments, as well as better outlining the behavioural sophistication of which it is
capable. The results produced have been satisfactory and have increased our confidence
in the overall usefulness of the behavioural developments. Obviously more validation
involving the simultaneous analysis all of the behavioural algorithms is required.

However, these cases have provided a useful initial step in this process.
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CHAPTER 10 CONCLUSION
10.1 CONCLUSION: THE IMPLICATIONS OF THE WORK

Of all of the factors that influence the outcome of an evacuation, that of occupant
behaviour is the most difficult to predict, the most easily misinterpreted and the least
understood. The approach taken by the majority of methods used to simulate the
outcome of an evacuation is to ignore the influence of occupant behaviour. This
dissertation has assumed as its primary task the analysis, composition and eventual
distillation of evacuation behaviour into a form that enables the development of a

comprehensive model.

Previous attempts at representing occupant behaviour have tended to be fop-down
implementations (see Chapter 3), i.e. the behavioural systems are globally defined and
are uniform throughout the geometry (e.g. the release version of the buildingEXODUS
model [5-7,21-28]). Instead of this simplistic viewpoint, the representation of occupant
behaviour during this dissertation has been based around viewing behavioural activities
from the bottom-up; the occupant behaviour being affected by local considerations,
rather than having them imposed by system-wide considerations. Occupant attributes and
awareness of the surrounding situation determine the decisions made rather than an
external, global rule-base. Therefore the simulated evacuee is credited with

approximately the same relationship to the environment as an actual evacuee.

This dissertation has demonstrated that it is possible to implement a variety of
behavioural developments, taken from numerous fields of study and distil them into a
functioning behavioural model. The rigour and candour with which this has been treated
is an attempt at following as empirical a methodology as possible. This has been both to
demonstrate the depth of understanding of the author as well as to establish a level of
confidence in the methods developed. A criticism often levelled against the evacuation
modelling community is that the modelling of human behaviour is too difficult to
attempt and too contentious to include in any complete evacuation model that might then
be used in establishing the ‘egressibility’ [13,80,106,118,160,221] of an enclosure. To ignore
what is effectively the most significant variable of a calculation due to its difficulty
diminishes the use and accuracy of an otherwise valuable evacuation model. As already
noted, the inconsistency with which the factors influencing the outcome of an evacuation
are dealt with is a significant problem. It is accepted that human modelling is difficult

and that the process requires close scrutiny. In an attempt to scrutinise the problem this
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dissertation has been included a detailed analysis not only of the results produced by the

introduction of behavioural algorithms but the mechanisms used to generate these

results.

Until now, several evacuation models have demonstrated a capacity to replicate the
physical aspects of evacuation behaviour (see Chapter 3). This has been mainly due to
the availability of data concerning occupant movement rates in a variety of
circumstances and a general bias of the modelling community towards the physical
sciences. In situations where this influence dominates, these models may prove to be
sufficient, although these situations would be rare and may fluctuate preventing
confidence in the eventual results. As the complexity of modern multi-use structure’s
increase, so the likelihood of influential factors being limited to physical concerns alone
diminishes. The old lie that an increase in the size of the population reduces the impact
of any individual act has been repeatedly refuted through real-life events, especially

from the perspective of the individuals involved.

For modelling to prove a significant advantage over alternative means of determining the
performance of a structure (e.g. by conducting a controlled drill or by using a formulaic
method), it must be of use in numerous scenarios and cope with configurational,
procedural and behavioural aspects of an evacuation, in appropriate detail and to an
equal level of expertise. By not doing so they yield the greatest advantage that they
possess over more formulaic methods; namely the ability to simulate variability in the
outcome of an evacuation due to the occupant decision-making process and yet still be
able to make realistic predictions. Through the work in this dissertation, these areas have

all been addressed more thoroughly.

Evacuation models must simulate both the factors that influence occupant behaviour and
the potential consequences of the behaviour that would be expected in an actual
emergency. These considerations not only include the physical aspects of the event, such
as the restrictions produced by the enclosure and the abilities of the population, but
should also consider the sociological and psychological influences of the population
involved. 1t is undoubtedly the case that these factors have not, until recently, been
represented in sufficient detail by the majority of evacuation models. This dissertation

has been an attempt at highlighting this problem through the more detailed
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understanding of the social significance of occupants and the mechanisms that they use

to arrive at decisions.

For these advances to be attempted a rigorous analysis of the problem had to be
conducted. Modelling is a complex task that by its nature requires an interdisciplinary
approach. To develop and test the behavioural model thoroughly it was essential to
understand the limitations of the modelling process and therefore the sensitivity of the
model to the inclusion of new developments. An already complex task therefore requires
the most efficient means of representation possible, whilst not sacrificing the flexibility

and accuracy required.

Three separate and distinct subjects have been examined prior to the development of the
behavioural model in an attempt to broaden the sophistication and potential accuracy of
the model. Firstly, the subject matter being modelled had to be analysed (see Chapter 2).
This was essential to determine the factors that might influence occupant behaviour, the
processes that the occupants used to arrive at a decision, and finally the decision
eventually taken by the occupant. A conceptual framework was therefore developed
according to which a model might be developed. A finite list was produced of the most
significant environmental influences, occupant attributes and behavioural responses that
would be evident during an evacuation. These included the occupant’s location,
evacuation experience, identity, the social significance of the surrounding population, the
occupant’s previous actions, the ability to estimate the effect of actions, knowledge of
the surroundings, the physical condition of the occupant, the ability to perceive
information and the occupant’s social position. Most importantly, these factors could
develop according to the localised events of the evacuation and to occupant’s perception
of these events. In effect, the decision-making process linked all of these factors

together.

Once the expected occupant behaviour had been examined, the manner in which it might
be represented within an evacuation model was established (see Chapters 3 and 4).
Through investigating the limitations of the existing models, an understanding was
developed concerning the ability of the available modelling techniques to represent
occupant behaviour. The existing models were found to be lacking in both detail and in
scope in their representation of occupant behaviour. These omissions existed in the
physical aspects of occupant behaviour (tending largely to be static representations), but
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more evidently in psychological and sociological aspects of evacuation modelling. Here,

very little attempt was made to represent the process by which occupants made
decisions, their sensitivity to their surroundings, their identity and the social significance

of those around them.

This analysis highlighted the developments required and the technical shortfalls that
might be encountered. Novel approaches were required to resolve the deficiencies
identified in the existing evacuation models. The developments can be broadly
categorised into physical factors (the proximity of other occupants and the structure, the
more sophisticated representation of the impact of the environment, line of sight
calculations and occupant delays), psychological and knowledge-based factors (including
the dynamic representation of occupant motivation according to experience, the occupant
familiarity with the structure and the ability of occupants to adapt their behaviour to their
surroundings) and sociological factors (including group behaviour, the ability to
communicate and the existence of social hierarchies). It also highlighted the need to
avoid imposing rigid, deterministic behavioural structures upon the occupant population,
but instead develop more flexible localised analytical tools, allowing the simulated
occupants the capacity to make decisions according to their own experiences and levels
of information. By implementing a decision-making process, sensitive to the occupant
and the occupant’s surroundings, rather than strictly adhering to a deterministic rule-
base, the occupant is afforded with the capacity to determine the events of the evacuation

rather than having his evacuation determined externally.

Finally, the algorithms representing occupant behaviour had to be implemented into the
existing buildingEXODUS model (see Chapters 5-8). Therefore, the representation of
occupant behaviour and the subsequent evacuation results outlined in this dissertation
are based upon behavioural analysis, modelling design and computational

implementation.

All of the proposed behavioural developments represent an attempt to increase the
behavioural representation of the model. This was engineered through the introduction of
a more localised and individualised means of decision-making, based around the
simulated occupant rather than the user. This had to be achieved in conjunction with the
occupant’s ability to interpret and store these factors. These developments were moving

towards seeing the occupant as an information-processing system [206]. This created
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more variation in the results produced, through considering an increased number of

behavioural factors.

The development of the algorithms alone is not sufficient to claim an advance in
evacuation modelling. For this claim to be appropriate the new features had to be tested
and verified (see Chapter 9). This was achieved through the comparison of the results
produced introduced through the developments against the data-sets available. Where
these did not exist, hypothetical cases were designed specifically to scrutinise the
effectiveness of the developments. For thoroughness, the developments were initially
examined individually and then in unison (see Chapters 5-9). This process not only more
convincingly demonstrated the integration of the developments, but provided evidence

essential for the acceptance of any claimed advances.

Each of the new behavioural features provided new occupant capabilities and affected
the outcome of the buildingEXODUS simulations. The differences may have been
centred on qualitative and/or quantitative aspects of the evacuation, depending on the
proposed behaviour in question. However, all of the behavioural features examined
produced notable results that enhanced the performance of the model in some
manner. The differences produced were consistent with the expectations of the
proposed behaviour, as well as interacting with the existing behaviour in an appropriate

way.

The inclusion of advanced behavioural features such as the ability of the occupant to
adapt to the surroundings and the existence of communication and other collective
behaviour cannot be introduced at the expense of the quantitative accuracy of the model.
On the contrary, these features should only be included if the sensitivity of the model is
receptive to them and an improvement is detected in the overall quantitative and
qualitative aspects of the results produced. The existence of computational overheads
precludes such an unnecessary luxury. However, it is contended that the inclusion of
appropriately (and transparently) tested behavioural features increases the flexibility
and functionality of the model through the more accurate modelling of occupant
behaviour. This allows the model to simulate a greater variety of occupant behaviour,
which are sensitive to the context in which the occupant is found. Not only do the
occupants have a richer behavioural repertoire but also the performance of these actions

is more sensitive to the events around them.
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As noted earlier, the development of a more comprehensive and detailed evacuation
model does not provide an overarching solution to the determination of enclosure safety.
It does provide a computational tool that, if used expertly and appropriately, will assist
the user (who might be a fire safety engineer, a regulator or a member of the fire service)
in the analysis of safety. It is intended to be sensitive to the information provided to it, in
the form of data-sets and scenario specific information. The algorithms may then react
and interpret the data provided. However, the provision and analysis of the results is not

a task that could or should be left to an inexperienced user.

The evacuation process is significantly affected by the nature of the occupant population,
the information available to them, the manner in which they perceive this information
and the manner in which the occupants adapt their behaviour in response to these
conditions. For the user to understand and simulate the evacuation process, it would be a
fundamental error to view egress as an optimal response, with evacuations unfolding
deterministically, according to expectation. Instead the evacuation process should be
seen as the culmination of a number of factors, the most important of which does not
respond deterministically to events, but weighs up the situation according to the
occupant’s understanding of the situation, preferences and abilities. It is therefore more
fruitful to view egress as a result of reflective analysis. This dissertation has therefore

been an attempt at implementing behavioural developments according to this principle.

10.2 FUTURE WORK: EGRESS AS REFLECTIVE ANALYSIS
The modelling process does not provide a natural conclusion to a piece of research.

Instead, it produces a model or development that receives continual scrutiny through its
use, extending the verification/validation of the model. This highlights the need for
constant revisions of the model to take place. Indeed, every new set of results produced
by the model should add to the verification process. Given that the model must be
continually updated, a suggestion is now made for future work involving the
development of a more coherent model. This was achieved through the analysis of the
psychological, sociological and mathematical fields to provide a method that was

consistent and supportable. Only a brief reference to this analysis is made.

It was necessary for the model to be able to reproduce the proposed behavioural features

previously outlined, as well as enabling the simulated occupant the capability of
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creatively responding to the environment around him. Indeed, in a number of respects

the results eventually produced by the model suggested should be very similar to those
seen in Chapters 5-8, given the success of some of the developments outlined. The
system extends the idea that behaviour is governed by local considerations and that the
occupant is not a passive actor within the incident but rather an intelligent problem-

solving entity that attempts to control the outcome of the unfolding events.

The most significant advance of this system over the behavioural advancements
described previously is the fact that it is a single system rather than a composite of a
number of smaller systems. The proposed unified system describes the occupant as a
problem-solving entity, who is able to analyse the system in a complete and consistent
fashion, rather than in the piecemeal manner highlighted in the previous chapters
(although this method was justified due to the requirements of verification). Having
identified that occupants should be considered as being individual entities, it is then
equally important to represent the interaction and coalition of these individuals into
group formations, through the occurrence of collective behaviour. The mechanism
derived should be (and is) able to represent the internal processes implemented by the
individual to adjudicate and perform actions, but must also represent the pooling of
occupant resources in a coherent fashion. This must be capable of representing the

emergent and imposed social structure identified in Chapter 2.

Developments in the fields of psychology and sociology have influenced the design of
the proposed model. These include perception control theory [206] and socio-cybernetics
[227]. These provide the adaptive mechanisms required to model the distributed learning

processes identified in evacuation behaviour.

Perception Control Theory [206] sees the individual as processing information to
achieve purposive actions. It connects the goals of purposive occupants with their
experiences prior to the evacuation, their perceptions of their surroundings during the
evacuation and the performance of specific actions. These are then stored internally and
can be retrieved to form criteria against which subsequent experiences and actions can be
compared. Given that there are external influences out of the occupant’s control, the
individual must adjust their actions according to the perceived success of their

performance.
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Socio-cybernetics is the logical social extension of Perception Control Theory that

allows the collaboration of independent adaptive units to share resources and to affect
distant and independent individuals. It sees the relationship between the individual and
society as a bottom-up relationship. For a collection of individuals to perform these
purposive actions in a unified manner the occupants must have a similar goal with which
to compare the surroundings to allow them to arrive at a joint decision. The alignment
of these goals between the population members is achieved through various forms of
communication. Collective behaviour is therefore formed from a common purpose. In
effect, the first theory sees the individual as retrieving information from and affecting
their environment, while the second sees significant others as being part of that

environment, with whom interaction can occur.

Once the theoretical requirements have been defined, their application to evacuation
modelling and specifically buildingEXODUS was investigated. To represent the
occupant, given the theoretical framework outlined, individuals are represented as
Learning Automata, [208-209]. This representation implies that the occupant is involved
in a constant interaction with their environment (that might include other occupants).
Here, the occupant receives information from the environment in the form of a feedback
loop. This information received directly affects the likelihood of performing a finite
number of actions available to the occupant. Once selected, the success or failure of the
action can be determined through any alteration in the external conditions. The occupant
(‘automaton’) is then seen as learning as it passes through an environment, according to

the outcome of its previous activities [208-209].

These automata are then able to interact with each other and analyse future actions
through the use of Game Theory [228], which examines the resolution of conflicts and
the possible development of co-operation within a population. It describes the interaction
between players in a game situation and provides a mathematical means of codifying
these interactions. Each player involved makes decisions in relation to the other players
(including the environment). The outcome of this decision is known to the players, or at
least can eventually be estimated by them. The uncertainty faced by a player is assumed
to be due to the unknown actions of the other players (e.g. environmental uncertainties).
These decisions are formed on the rational basis that the success of an outcome is to be
maximised. These decisions are made and analysed on the assumption that the

differences in the outcome matter to the individuals concerned. In evacuation modelling
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the survival of the individual occupants (and possibly other members of the occupant

population) provides an ideal index of in determining the success of the performance of

an action.

It is not claimed that the proposed model strictly adheres to either the sociological,
psychological or mathematical principles briefly discussed above. It is, however, an
attempt to apply the principles not simply in an analogous fashion, but in as coherent and
consistent a manner as possible. Developments are made not only through the inclusion
of the concepts of reinforcement learning, information-processing and collaborative
activities, but to extend them through the use of creative and novel responses to the
problems encountered. The model is based on the occupant being an information-
processing agent within a dynamic environment. The agent is capable of both receiving
and emitting information, the perception of which is dependent upon the context in

which it is relayed and the identity of the agents involved.

In Chapters 5-8, occupant behaviour was selected from a finite set of options. These
options were derived directly form the research literature. Therefore the behavioural
response was limited to the few that are represented within the model. This would then
represent the occupant’s entire response to an event. A restriction upon occupant choice
is still maintained in the model suggested, except at a much more basic behavioural
level. Occupant behaviour will be formed from the reconstitution of a number of
behavioural sub-components. These smaller behaviours will form the building blocks of

the occupant’s overall behaviour.

The model is based on the assumption that only a small of number of sub-components is
initially required, which may then be reconstituted to form a large number of more
complex long-term behaviours. Each of the sub-components identified exists in the form
of the proposed behaviours described in Chapters 5-8. Therefore the model proposed
requires the developments of a means of reconstitution, rather than the complete
generation of new behavioural actions. As an initial attempt at identifying these sub-
components, four basic behaviours are identified: the movement to a new location,
delaying making a decision, the redirection to a new goal and the transferral of new
information. (This is not a definitive list, but a provisional description that requires a

great deal of development).
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The form of reconstitution applied will be dependent upon the experiences of the

occupant. The overall behaviour is formed from a chain of sub-behaviours, in response
to sub-goals, which provide the occupant with distinctive decision points. These might
include avoiding a high-density population, navigating around a complex geometry,
reaching an internal exit, etc. The completion of these sub-tasks contribute to the overall

accomplishment of a long-term goal [229].

This modular format provides a large degree of flexibility in the adaptivity of the
decision-maker, far more than could be achieved through the provision of complete
behavioural responses. Instead of the long-term behaviour being internally defined, the
behaviour of the occupant is constructed according to his needs. This allows the

simulated occupant to creatively solve the problems faced, at a relatively low level of

representation.

An important part of this system is the ability of the occupant to communicate with
themselves, as well as others [218]. This would allow the occupant to estimate the effect
of performing several of the available options, upon him and upon other members of the
population. This may include the calculation of egress routes, as examined in Chapter 8
or the interaction with other occupants, which might be addressed through utilising the
mechanisms of game theory to weigh up the consequences of potential actions. The
behavioural actions will not be taken in isolation. Instead, they will occur simultaneously
with a number of other environmental considerations, the most important of which will
be the surrounding occupant population. Their actions and identities will act as

environmental responses that will have a variety of influences over the subject occupant.

Adjacent occupants may communicate and align their actions, according to the influence
that they exert over each others actions through their social position (see Chapters 2 and
8). This may be achieved through accidental alignment, interactive communication or
instruction [227]. Communication, be it environmental, procedural or individual, will be
judged according to its origin, its perceived trustworthiness and severity of the imparted
information. This judgement will occur prior to any action performance or behavioural
decision. The perception involved in the communication process will again involve
prediction and estimation. This analysis will be biased according to pre-existing social
relationships, as examined in Chapter 8. Therefore through the analysis or the
maintenance of social expectation, collective behaviour can arise.
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The population does not arrive at the evacuation without previously engaging in some
form of social growth and emergence. Therefore occupant goals and reference
structures will exist prior to the evacuation according to occupant experience. This type
of system has already been examined in Chapters 8 and is well suited to the

implementation within the buildingEXODUS model.

The system outlined is incomplete and its development is left for future work. However,
it does describe the culmination of an extensive development in the modelling process.
Given these provisions, the system should be capable of generating the types of
behaviour discussed in Chapter 3. It does this through maintaining the influence of
external conditions upon the occupant whilst allowing the occupant to decide upon his
actions according to analysis, estimation and social responsibility. In effect it moves from
the imposition of expected occupant behaviour, to the generation of novel, adaptive
occupant response that has been refined according to expectation. Through a consistent
and coherent mechanism, the occupant will determine their response according to their
ability to reflect upon the circumstances, analyse the consequences of their actions and

adapt their behaviour accordingly.
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TO CROWD FORMATIONS IN buildingEXODUS*

S. GWYNNE M. OWEN
E. R. GALEA L. FILIPPIDIS
P. J. LAWRENCE

University of Greenwich, London

ABSTRACT

Given the importance of occupant behavior on evacuation efficiency, a
new behavioral feature has been developed and implemented into
buildingEXODUS. This feature concemns the response of occupants to exit
selection and re-direction. This behavior is not simply pre-determined by the
user as part of the initialization process, but involves the occupant taking
decisions based on their previous experiences and the information available
to them. This information concerns the occupants prior knowledge of the
enclosure and line-of-sight information concerning queues at neighboring
exits. This new feature is demonstrated and reviewed through several

cxamples.

INTRODUCTION

Computer-based evacuation models offer the potential of overcoming the
shortfalls inherent in determining the safety of individual premises [1]. In doing
80, they not only address the needs of the designer but also of the legislator in the
emerging era of performance-based building codes.

In order to fully assess the potential evacuation efficiency of an enclosure, it is
essential to address the following factors:
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1.0 ABSTRACT.

Computer based analysis of evacuation can be performed using one of three different approaches,
namely optimiisation, simulation and risk assessment. Furthermore, within each approach different
means of representing the enclosure, the population and the behaviour of the population are
possible. The myriad of approaches which are available has led to the development of some 22
different evacuation models. This review attempts to describe each of the modelling approaches
adopted and critically review the inherent capabilities of each approach. The review is based on
available published literature.

2.0 INTRODUCTION.

As architects continue to implement novel concepts in building design, they are increasingly faced
with the dilemma of demonstrating in some manner that their concepts are safe and that the
occupants will be able to efficiently evacuate in the event of an emergency. Increasingly, computer
based evacuation models [1-31) are being used to address the needs not only of the designers but
also the legislators in the emerging era of performance based building codes.

Research into quantifying and modelling human movement and behaviour has been underway for at
least 30 years. This work has progressed along two routes. The first is concened with the
movement of people under normal non-emergency conditions. The second is concemned with the
development of a capability to predict the movement of people under emergency conditions such as
may resuit from the evacuation of a building subjected to a fire threat.

Some of the earliest work concemed with quantifying the movement of people under non-
emergency conditions is that of Predtechenskii and Milinksii [32] and Fruin [33]. This research into
movement capabilities of people in crowded areas and on stairs eventually lead to the development
of movement models such as PEDROUTE [22-24].

Evacuation research is somewhat more recent, one of the earliest published papers appeared in 1982
and concemns the modelling of emergency egress during fires {34]. Attempts to simulate evacuation
essentially fall into two categories of model, those which only consider human movement and those

which attempt to link movement with behaviour.

The first category of model concentrates solely on the carrying capacity of the structure and its
various components. This type of model is often referred to as a “ball-bearing” model (also referred
to as environmental determinism {35)) as individuals are treated as unthinking objects which
automatically respond to external stimuli. In such a model, people are assumed to evacuate the
structure, immediately ceasing any other activity. Furthermore, the direction and speed of egress is
determined by physical considerations only (e.g. population densities, exit capacity, etc.). An
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MODEL WITH EXPERIMENTAL DATA.

Galea, E.R., Gwynne, S., Owen, M., Lawrence, P.J., and Filippidis, L.
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1.0 ABSTRACT

In this paper, the buildingEXODUS (V1.1) evacuation model is briefly described and an attempt
at quantitative model validation presented. The data set used for validation is the Stapelfeldt
evacuation data. An important consideration highlighted by this work is that any validation
exercise must be scrutinised to identify both the results generated and the considerations and
assumptions on which they are based. During the course of the validation exercise, the data set
was found to be less than ideal for the purpose of validating complex evacuation models.
However, the buildingEXODUS evacuation model was found to be able to produce good
quantitative agreement with the experimental data.

2.0 INTRODUCTION

Validation is an essential step in the continual development and acceptance of evacuation modelling.
While no degree of successful validation will prove an evacuation model correct, confidence in the
technique is established the more frequently it is shown to be successful in as wide a range of
applications as possible.

While the term “validation” is often used its meaning is often misinterpreted. In this paper we
will take validation to mean the systematic comparison of model predictions with reliable
information. The information used for validation purposes may comprise experimental data,
numerical data, or experiential insight or a combination of these sources. Depending on the
nature of the data, the validation may comprise, (i) component testing — routine checking of
major software sub-components, (ii) functional validation — check model capabilities and
inherent assumptions are compatible with intended use, (iii) qualitative verification — compare
predicted human behaviour with informed expectations and (iv) quantitative verification —
detailed comparison of model predictions with reliable experimental data [1}.

In a recently produced report, some 22 evacuation models were identified and reviewed [2]. One of
the features common to all the models identified was a lack of convincing validation data. As the
number and variety of evacuation models increase it becomes essential to provide a discriminating
basis of comparison. Success at a wide range of standard 'validation’ exercises provides one means
to this end. However, to date, litde effort has been invested in the systematic comparison of various
evacuation models with common experimental data.

The lack of a convincing quahtitative validation history is due for the most part to the scarcity of
suitable experimental benchmark evacuation data. The majority of evacuation trials are not
conducted for model] validation purposes but to demonstrate the suitability of a building design/staff
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ABSTRACT

Given the importance of occupant behaviour on evacuation efficiency, a new behavioural
feature has been implemented into buildingEXODUS. This feature concerns the response of
occupants to exit selection and re-direction, given that the occupant is queuing at an external
exit. This behaviour is not simply pre-determined by the user as part of the initialisation
process, but involves the occupant taking decisions based on their previous experiences with the
enclosure and the information available to them. This information concerns the occupant’s prior
knowledge of the enclosure and line-of-sight information concerning queues at neighbouring
exits. This new feature is demonstrated and reviewed through several examples.

KEYWORDS: evacuation, fire safety, queuing, adaptive behaviour, familiarity, line-of-sight.

INTRODUCTION

Computer based evacuation models [1] offer the potential of overcoming the shortfalls inherent

in determining the safety of individual premises. In doing so, they not only address the needs of

the designer but also of the legislator in the emerging era of performance based building codes.

In order to fully assess the potential evacuation efficiency of an enclosure, it is essential to

address the following factors:

> the configuration of the enclosure, which encompasses the impact of the geography of the
structure,

> the procedures implemented within the structure, which would entail the configuration
knowledge of the occupants and the training and activities of the staff,

> the atmospheric environment within the structure through which the evacuation takes place,
describing the effect of heat, toxins and smoke upon the occupant’s ability to navigate and
make decisions,

Submitted and presented at the 6th IAFSS Symposium, Poitiers, 1999 and to appear in the subsequent Proceedings.












