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EXECUTIVE SUMMARY

With the move toward performance-based design, engineers have been looking to
evacuation computer models to assess a building’s life safety. Many times, the engineer
is tasked with the selection of one evacuation model for a specific project. Currently
there is a wide variety of evacuation models for engineers to choose from. However,
with each model containing its own unique features and simulation capabilities,
confusions may arise as to which model is best for the task at hand.

The results gained from this work emphasize the importance for egress model
users to choose a model for each project with the appropriate input features and
simulation capabilities. This report also gives model users a mechanism for choosing the
appropriate model by providing a detailed egress model review (Chapter 2).

Specifically this report focuses on the ability of two egress models, EXIT89 and
Simulex, to simulate a high-rise hotel building evacuation. This thesis aims to answer
two sets of questions. The first and second sets of questions ask the following:

e How does an engineering egress design of a hotel using EXIT89 or Simulex
account for the four factors of egress? What is missing from these models to
capture major factors of a hotel evacuation?

e Will two specific models, EXIT89 and Simulex, give similar output for the same
design scenario? If not, why?

To answer the first set of questions, a comprehensive model review is completed,
as well as an in-depth study of two specific evacuation models, EXIT89 and Simulex.
The focus of the set of questions is whether or not EXIT89 or Simulex can simulate all of

the factors associated with a hotel evacuation, namely the building configuration,



procedures of the evacuation, environmental conditions, and behaviors. If not, other
models are listed which have the capabilities of simulating certain factors of a hotel
evacuation.

EXIT89 and Simulex are able to simulate certain features of a hotel evacuation,
however, there are features of a hotel evacuation that these models are not able to
simulate. Some of these factors include an accurate representation of the building when
using a coarse network, the simulation of the presence of hotel staff, the simulation of the
effect of previous experience or training on the occupant, the incorporation of both fire
and smoke conditions and the effects on the occupants’ decision making, exhaustion on
the stairs, social affiliation, the simulation of actual pre-evacuation behaviors, elevator
use, the condition of the occupant at the time of alarm (sleep, intoxicated, etc.), the
simulation of carrying items or a baby, and the option of preparing an area of refuge
instead of full evacuation.

From Chapter 2, it is apparent that other models have certain capabilities lacking
in EXIT89 and Simulex to simulate a hotel evacuation. These models and special
features are expanded upon in Chapters 2 and 6 of this thesis.

Along with choosing a model with the appropriate features for a specific design,
the user must make sure there is an understanding of what data the input variables and
features are based on and the limitations of the model. Depending upon the complexity
of the space and the uncertainty of the occupants who will use the space, it is possibly

more accurate to use models with less complexity, such as the movement models.



Now that Chapter 2 has provided the mechanism for choosing the appropriate
model, another question arises. Is using only one model sufficient to evaluate the life
safety of a particular building? The second set of questions discussed in this thesis is the
following:

*  Will two specific models, EXIT89 and Simulex, give similar output for the same
design scenario? If not, why?

Since designers use only one model for a performance-based design, there is a
concern about the difference in output from two similar models given the same design
scenario. EXIT89 and Simulex, both partial behavior models, are used to their full
capacity to model the same evacuation design scenario from a hotel building. To
compare the results from EXIT89 and Simulex, a design simulation (labeled as the
“hotel” design simulation) was run, as well as two additional simulations labeled as
“hotel with 3% disabled” and “all disabled”” simulations. Also, each simulation described
above is run with and without a time delay. Overall, EXIT89’s evacuation times for
these simulations are 25-40% lower than the times produced by Simulex. However, the
usage of exits (the number of people using exits 1 and 2) are equivalent for both models.

The reasons for these differences in model results are due to the differences in
stair configuration input, the movement algorithm used by each model, differences in
unimpeded speeds of the occupants simulated, the differences in density in the stairwell,
and the differences in the method that each model simulates disabled or slower moving
occupants. An in-depth analysis of each difference is presented and explained in Chapter

9 of this thesis.



Overall, it was found that, in the simulations run for this thesis, EXIT89 allows
faster movement of the occupants in the stairwells at increasing density as well as a larger
number of occupants in a stair section (section of stairs between 2 floors of the hotel) at
one time during the evacuation. Also, Simulex simulates slower moving occupants to
cause either slight delays or complete queues behind them in the stairwell, while EXIT89
does not simulate the slower moving occupants to interfere with the able occupants
during the simulation. Lastly, EXIT89 begins occupant movement at higher unimpeded
speeds when compared to the population modeled in Simulex. All of these factors
combined can explain why EXIT89 produces faster evacuation times when compared
with Simulex in this comparison.

Also, in addition to the design scenarios, both models are used in their full
capacity to bound the evacuation results, since this is frequently done in performance-
based design. As mentioned in Chapter 5, Simulex contains a wider range of occupant
characteristic inputs, which is used in the bounding simulations. The ranges of
evacuation time from each model (with and without delays) are also compared. In the
Simulex model, the simulations are varied by occupant speed, occupant type (speed and
body size varied), hotel use, and occupant mobility. In the EXIT89 model, the
simulations are varied by occupant body size and speed and occupant mobility. Results
of the bounding simulations can be seen in Tables 9.11 and 9.12 in Chapter 9.

For the bounding results, the evacuation times of interest are the minimum and
maximum evacuation times for each model (with and without delay times). Simulex still
contains evacuation times larger than EXIT89’s times for each minimum and maximum

value, as shown in Figure 10.3. This is especially seen with Simulex’s maximum value



simulations with and without delay times. Larger evacuation times produced by Simulex
are mainly due to the introduction of the slower populations, a known capability of the
model. EXIT89 produces maximum results in the bounding simulations that are
approximately 40% lower than that of Simulex for no delay. In the case of simulated
delay times, EXIT89 produces maximum results that are approximately 30% lower than
Simulex. In both cases of delay and no delay, EXIT89 produces a faster minimum result,
but only by approximately 10%. The bounding maximum and minimum results are
graphed in Chapter 10, Figure 10.3

The question remains whether or not it is sufficient to use only one evacuation
model for a project in a performance-based design. This is a difficult question to answer
due to other factors, such as time and cost. In many cases, evacuation models may be
second to hand calculations. From the analysis done for this thesis, it is important to
make sure that the model has sufficient capabilities and features to capture the scenario(s)
for the specific building. It is recommended for the designer to fully understand the inner
workings of the models and to assess whether or not the movement algorithm and
methods are realistic. For example, in the case of EXIT89, it may not be a realistic
scenario to model occupants who do not interact with each other during movement.

The models in this comparison produced different evacuation results mainly due
to the capabilities of the model to represent an actual hotel simulation. The simulation of
a variety of speed and body sizes by Simulex produced longer evacuation times.
However, a variety of occupant types are realistically seen in evacuation from buildings.
Therefore, instead of focusing on the number of models to use in a design, the

recommendation is to choose a model that is capable of simulating a multitude of



scenarios for that building type and is conscious of differences in the population’s
movement. And, by providing the information in Chapter 2, the user now has the
mechanism to choose the appropriate model for the specific project. If time is available
and costs are low, the designers may want to check results with another egress model of

similar capabilities and features.



INTRODUCTION TO THESIS

Evacuation calculations are increasingly becoming a part of performance-based
analyses to assess the level of life safety provided in buildings. In some cases, engineers
are using back-of-the-envelope (hand) calculations to assess life safety, and in others,
evacuation models are being used. Hand calculations usually follow the equations given
in the Emergency Movement Chapter of the Society of Fire Protection Engineers (SFPE)
Handbook' to calculate mass flow evacuation from any height of building. The
occupants are assumed to be standing at the doorway to the stair on each floor as soon as
the evacuation begins. The calculation focuses mainly on points of constriction
throughout the building (commonly the door to the outside) and calculates the time for
the occupants to flow past that point and to the outside.

To achieve a more accurate evacuation calculation, engineers have been looking
to evacuation computer models to assess a building’s life safety. Currently, there are
several different evacuation models to choose from, each with unique characteristics and
specialties. One major question is how do the engineers know which model is the best
model for the task at hand? What resources do they have to consult in order to find
detailed information on the current and available egress models? A concern with current
evacuation models is whether or not they can accurately simulate the unique scenarios
that accompany a certain type of building. For instance, a hotel building is occupied by
sleeping individuals and at least equipped with a limited, 24-hour desk clerk (and/or
security guard) that can aid in arousal of the occupants. Are current models equipped to

simulate the unique characteristics of certain types of buildings?



Lastly, it is common for engineers to use only one evacuation model for a
performance-based design of a structure. Several evacuation simulations involving
different scenarios are commonly run and analyzed using that model in order to bound
the evacuation results. These results are then compared with the results from a fire model
in order to understand if occupants have a sufficient amount of time to escape before
encountering life threatening conditions. Is it sufficient to base the acceptability of a
performance-based design on the predictions of a single model? How different are the
results from another possible model? Will two specific models give similar output for the
same design scenario? If the answer is no, what does this mean for current evacuation
models and the design process?

This paper attempts to answer some important questions about current evacuation
models and the performance-based design process. To narrow down the problem and
questions asked above, one type of building is used for this analysis. A high-rise hotel
building residing on the West Coast of the United States is used for this analysis. The
two main questions that are answered are 1) what is missing, if anything, from current
models (specifically two models) in capturing the major factors of a hotel evacuation, and
2) whether or not two specific models will give a similar output for the same hotel design
scenario and if not, why? The two specific evacuation models that are analyzed and used
to simulate the high-rise hotel scenarios are EXIT89 and Simulex. The inputs and unique
characteristics of these two models are described, and explained as to how they relate to
the needs of a hotel evacuation scenario. A list of current models that also address the
characteristics of a hotel evacuation is provided. Also, the simulation results of these two

models are compared and differences between the outputs, if any, are explained. The



results of this paper may challenge the current performance-based design process as well
as the current models that are used by showing that two similar models can give
significantly different output for the same building and design scenario. From such

analysis, future needs in evacuation modeling and the design process are recommended.

Structure of the Paper

This paper consists of several chapters relating evacuation models, the
performance-based design, and the application of the models to a high-rise hotel building.
Chapter one of this paper begins with an introduction to evacuation modeling. This
chapter deals with an overview of the design process, a history of evacuation modeling,
limitations, and an explanation of important characteristics helpful in choosing the correct
evacuation model for a specific task. Chapter two contains an extensive review of 28
past and current evacuation models. Each model is described in detail, highlighting
important characteristics. Chapter three introduces Gwynne’s four factors of any
building evacuation. These factors help to organize the essential elements of a building
evacuation that should be captured in a prediction tool. Chapter four is devoted to the
unique elements of a hotel evacuation. This chapter aims to list and explain the essential
elements of a hotel evacuation as they relate to Gwynne’s four factors of egress.

Chapter five is a description of EXIT89 and Simulex. This chapter aims to discuss their
structure and inputs, and also how these models represent the four factors of egress.
Chapter 6 answers the question of what is missing from EXIT89 and Simulex in
capturing a hotel evacuation scenario. The design process and use of evacuation

modeling are described, and an input matrix is established for both models for a hotel



evacuation. From this input matrix and the information from Chapter four, inputs lacking
from either model which could more effectively capture factors of a hotel evacuation are
apparent. Also in this chapter, information from chapter two is used to check if other
models are available that would more accurately simulate such a scenario.

Chapters seven, eight, and nine aim to answer question two of this paper; whether
or not two specific models will give a similar output for the same hotel scenario, and if
not, why? A fire scenario for the hotel is described in Chapter 7 which is used to develop
the fire scenario simulations for model comparison. Also, the chapter provides
information about the high-rise hotel building. Chapter eight describes the inputs chosen
for each model to simulate the fire scenario as well as reasons why each input is selected.
In addition, bounding simulations are described for each model in order to achieve high
and low evacuation times that are used to bound the evacuation results. Chapter nine
discusses the differences in the results of the fire comparison run and the bounding results
between the two models. Also, explanations on why any differences occurred are also
included. Chapter ten provides a summary of the results and answers to both questions
posed: 1) How does a performance-based design of a hotel using EXIT89 or Simulex
account for the four factors of egress? and 2) Will two specific models give similar

output for the same design scenario? If not, why?

Limitations of the Study

As with any research project, there are limitations to identify with this evacuation
study. Initially, only two models are being used to run the hotel simulations for

comparison. This certainly requires future work with additional models. Secondly, the
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blind simulations of the fire scenario in the hotel are run by the same person, the author
of this study. The purpose of a blind simulation is that two different people run different
models in order to reduce bias in the evacuation results. However, because of the
purpose of this thesis, it is necessary for the author to use both models.

As this section explains, the scope of the thesis is limited only to a specific hotel
building. Similar to the addition of evacuation models, future work into other types of
occupancies and buildings with varied performance-based designs should be studied.

Other limitations include the lack of actual fire data from the hotel building
studied in this report. The reason for not using drill or actual fire data is because the
purpose of this thesis revolved around the comparison of results from the two models
only, instead of identifying which model produced more accurate evacuation results
(providing results closer to the evacuation time from an actual fire). Also, since the hotel
building plans were altered significantly to make comparison of model output possible,
the use of actual evacuation data from the entire building was not a viable option.

The remaining limitations are related to the input chosen for the blind run
simulations using Simulex and Exit89. Occupants with disabilities are not explicitly
modeled; however, the bounding analysis is performed by looking at a variety of
occupant speeds. The reason for not including disabled occupants in the blind run is to
limit the amount of input variables that would affect the comparable results. And, it
seems sensible to include this input variable during the attempt to bound the evacuation
results. Also, counterflow issues are not studied for similar reasons of model
comparison. For all model simulations, no smoke or fire is simulated. This is primarily

due to the fact that Simulex does not have this capability, and many times during a
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performance-based design, the evacuation results are compared with results from a
separate fire model. Lastly, no specific pre-evacuation times were obtained from hotels
with working alarm systems, therefore evacuation data from actual apartment fires has to

be used.
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CHAPTER 1: INTRODUCTION TO EVACUATION MODELING
Researchers have been building models of human behavior in fire evacuations
since the late 1970s. The two main categories of models used to predict human behavior
and movement are known as conceptual models and computer models. Although
conceptual models are described here briefly, the main purpose of this chapter is to
present the history, purpose, categories, and limitations of evacuation computer models.
A diagram, Figure 1.1, is included here to show the organization of current egress

models. Each category is explained in detail throughout this chapter.

Egress Models
Conceptual Models Computer Models
Movement Models Behavioral Models
\ 4

Partial-Behavioral
Models

Figure 1.1: Primary organization of egress models

Conceptual models seek to capture the relationship between concepts and/or
behaviors at a more abstract or theoretical level than computer models. These models

234,56
3436 stress’,

have been constructed as an aid in explaining the decision making process
. . 8
and behavioral responses of occupants in an emergency . The conceptual models, or

decomposition diagrams, produced by Canter, Breaux, and Sime"® are accompanied by

numbers in between each behavior during a certain type of emergency. Figure 1.2 shows
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a decomposition diagram involving behaviors from multiple occupancies. These
numbers indicate the strength of association between the two actions, which serves as a
step toward quantification of human behavior. Although many of the past and present
computer models lack any inclusion of human behaviors during fires, the models that do

attempt to simulate behavior use this kind of conceptual data as a starting point.
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Figure 1.2: Decomposition diagram showing behaviors from multiple occupancies (8, p. 128)
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Computer models, on the other hand, aim to quantify human movement and

behavior during fire emergencies. A model’s main objective, among others, is to predict

an evacuation time for a certain type of building. As technology and knowledge of

human behavior and movement increased, evacuation models have been able to calculate

and provide other important information, such as the following:

Flow rates through certain components of the building

Congestion areas throughout the structure

The risk to occupants (incapacitation and death) during the evacuation due to
hazardous fire conditions in the building

Travel distances and times for one occupant to evacuate from certain spaces

The speed of occupants through all components of the buildings and under various
density situations

The position of individual occupants throughout all time during the simulation
Population flow split of occupants to certain routes, exits, stairs, etc.

Individual movement and routes taken during extreme circumstances such as total

evacuation, counterflow movement, fire conditions, etc.

Purpose of Evacuation Models

There are many reasons for performing evacuation simulations for a building. In

the prescriptive code approach, evacuation models are generally not needed because the

building is designed by following the requirements set by local building codes’.

However, evacuation modeling is increasingly becoming a part of performance-based

analyses to assess the level of life safety provided in buildings. Depending upon when
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the fire protection engineer is brought into the project, evacuation models can be used
during different stages of the design phase of the building. Evacuation models are key in
allowing the engineers and designers to answer “what if” questions about the building at
hand. If the model is used early enough in the design phase, models can aid in
identifying possible solutions to heavy congestion points inside of the building. In many
of the models available, the engineer can easily change building component dimensions,
add exits, extend or shorten corridors, etc. to alleviate identified problems that arise.

It is most likely, however, that an engineer is brought into a project when the
design is near completion and a problem has been identified’. If the project has reached
the detailed design phase, adding new stairs, exits, or extending means of egress may be
an impossibility’. In this case, the models can be used to make small, but important
changes to the building, and assess the results of such changes. Also, visualization
techniques are helpful in assessing problem areas and the affects of such changes to the
building.

For performance based designs, the engineer is also tasked with deciding if the
building is designed with enough protection to allow the occupants to escape before
incapacitation occurs. The engineer can use evacuation models to simulate several
different egress scenarios in order to bound the evacuation results from a certain building.
Input variables for egress scenarios include building characteristics, such as number of
floors and floor layouts, and occupant characteristics, such as number of occupants,
location of the occupants, speed, and body size. Bounding evacuation results is important
because many different fire scenarios can cause different results, and human behavior in

different fire situations are difficult to predict. Through bounding, the designer attempts
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to anticipate different types of emergencies and check if the building and occupants will
reach safety in a reasonable amount of time. The egress results are then compared with
fire modeling results for the building in order to establish whether or not the occupants
have a sufficient amount of time to escape before they are faced with hazardous

conditions, such as toxic products from smoke.

Evacuation Model History

Model developers have been working towards building and improving models
that predict evacuation movement and behavior for almost 30 years now. As more
evacuation data has been gathered, computer technology expanded, and the performance-
based approach is more widely used, evacuation model developers constantly look to
expand previous models to meet current needs. However, it is important to understand
how the modeling effort began and what the current state of the art is.

Evacuation modeling aids in understanding the critical time to safety, which
involves the time from awareness to the time to reach a safe location. During a study of
fire safety in buildings used to house the elderly, fire development and evacuation was

: - 10,11
considered as a time-structured problem

. According to Fahy, this study established
“the variables for the fire on a continuum of a ‘critical time’ and the parameters for the
survival of the occupants on a continuum of a ‘reaction time.” The definitions of both
times are provided here:

* Critical time — time from the start of the fire to the attainment of intolerable levels

* Reaction time — time used by the occupant to react to the fire and reach safety by

either evacuating the area or establishing an area of refuge.
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This very timeline has been studied throughout the past thirty years and aided in
the establishment of several computer models since 1967. One such model developer
used these critical times to create the available safe egress time (ASET) model. This
model focused primarily on calculating the conditions that developed during the critical
time as well as an estimated average evacuation time and total evacuation time for the
building.

Four evacuation models have been identified as the “first wave” of models
developed to quantify egress time from buildings in the U.S. These models are known as
BFIRES-II, EVACNET, Escape and Rescue Model, and the Effective-Width
Model'"'*". Each model is described briefly in the following paragraphs.

BFIRES-II'*'*!>1°_developed by Fred Stahl from the National Bureau of
Standards (NBS, now the National Institute of Standards and Technology), is an
evacuation model that was created to simulate evacuation from smaller facilities. Stahl
places an emphasis on the decision process and corresponding actions in response to fire
stimuli. The program was originally designed to handle health care facilities and
incorporates such special activities as rescuing non-ambulatory patients. BFIRES-II
simulates a fire scenario as a chain of discrete “time frames” and a behavioral response
for each occupant is generated for each frame. According to Nelson'?, the model concept
and structure is based on the suggestion that occupants “act in accordance with their
perceptions of a constantly changing environment.” Throughout the simulation, the
occupant is in essence gathering information, interpreting the information, evaluating
other options, and finally selecting an action to take. The interpretation phase involves

the occupant comparing current conditions with previous conditions, such as distance
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between occupants, distance from fire threat, and distance to exit. And, the action
selection involves comparing the current move criteria with alternatives.

BFIRES provides each occupant with a library of responses or actions from which
to choose. Overall, similar to previous conceptual models?, each occupant is routed
through the processes of perception, interpretation, and behavioral response. Nelson'
gives an example of an application with BFIRES, and Chapter 2 of this thesis also
describes this model in more detail.

EVACNET'*" is an optimization model that is used to evaluate the evacuation of
a homogeneous mass of occupants. Work on this model was initially performed by R.L.
Francis and P.B. Saunders at NBS, and then continued with Francis and Kisko at the
University of Florida. EVACNET is described as a network model that represents the
building as a series of nodes and arcs. The user prescribes the flow and speed by which
the occupants move throughout the space during each time period. Since the model is
used to solve for the minimum time for all of the occupants to evacuate the building, the
model distributes occupants to certain exits to achieve this goal. EVACNET also
identifies bottlenecks, or areas of congestion, throughout the space. This model is also
described in more detail in Chapter 2.

The Escape and Rescue Model (ERM)'*"® is a network model that was designed
at NBS to simulate evacuation from Board and Care Homes by D. Alvord. The model
can simulate both able occupants and those in need of assistance in order to evacuate.
This model also represents the structure using a series of nodes and arcs (network) by
which the occupants must travel. ERM asks the user to specify the impact of residents’

disabilities, the length of pre-evacuation times, the speeds of the residents and staff, and
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rescue priority for each resident. The model includes the following special activities that

may occur in a Board and Care Home evacuation:

+ Staff members can alert residents to evacuate

+ Staff members can gather people to evacuate if they are already on the member’s
route of travel

* A resident requires help up or down the stairs only

* Once a wanderer has left the building, a staff member stays outside with that person.

During movement, the occupants take the shortest route to their desired location in the

building. Also, movement on the stairs is decreased by half of the walking speed on

horizontal components. The model includes several different resident types that attempt

to match those mentioned in the Fire Safety Evaluation System for Board and Care

Homes'. Each type is accompanied by a movement speed and response time.

Lastly, the Effective-Width Model for Evacuation Flow'>"? consists of a formula
for determining the evacuation capacity of stairwells. This formula was developed by
J.L. Pauls at the National Research Council of Canada. The model was created from two
types of empirical studies from Canada. The first type of study, from film and video
records, contained observations of where crowds of people walk in relation to each other
and the boundaries of the stair. The other type consisted of graphs of mean egress flow
vs. stair width. According to Pauls'", the model shows the following three phenomena:

» There is an edge effect at both sides of the stairwell, meaning that occupants leave a
certain amount of space between the wall and themselves while walking down the

stairs. The edge effect is also known as “effective width.” Also, people are more
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likely to walk in a staggered pattern on the stair, rather than shoulder-to-shoulder in
single-file lanes.

* Mean evacuation flow vs. stair width is a linear function instead of a step function, as
previously assumed.

* Mean evacuation flow is influenced non-linearly by the total population per effective
width of stair.

Pauls’ model provides simple formulas that can be used to predict evacuation
flows and select total effective stair widths in order to meet a certain performance
criteria. Like many other models, this model takes the “hydraulic model” approach. This
approach assumes that the occupants flow as a mass of water molecules throughout the
structure. Much more detail listing the formulas and corresponding graphs can be found
in Nelson or Pauls work"'>',

Even as early as 1982 with the first publications from the four previously
described models, it can be seen that two types of models had begun to emerge. Two
models (EVACNET and Effective-Width) view the occupants as similar to hydraulic
flow through pipes to the exits. These models primarily focus on the movement of the
occupants to a specific goal. The other two evacuation models featured above (BFIRES
and ERM) concentrate on understanding occupant types and individual characteristics
that would be affected during a fire emergency. These models attempt to incorporate
behaviors and thoughts associated with certain evacuation conditions. Also, with the
exception of BFIRES, the early models represent the building as a network of nodes and

arcs through which the occupants would travel.
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Another way of categorizing early models was done by Watts'’ in 1987. He
introduced early network algorithm models, queuing models, and “simulation” models in
his extensive model review. The label of network algorithm models was used to describe
those that would search all combinations of node/arc paths in order to find the minimum
evacuation time for the occupants of the space'’. An example of this type of model is
EVACNET, which was described in the paragraphs above. Queuing models, on the other
hand, use queuing theory which describes the formation of lines when the current demand
for service exceeds the capacity to provide such service’. An example of such a model
is the Queuing network model developed by Smith at the University of Massachusetts,
Ambherst. This model examines the overall suitability of the building design as well as
the overall safety of the evacuation population by estimating the worst case exit time,
average queue lengths along routes, potential bottlenecks, and overall probability of a
safe exit®’. Simulation models, a more dynamic technique, represent “item-by-item” or
“step-by-step” the features of the evacuation process/system'>. An example of this type
of model is the EMBER model developed by Berlin at Modeling Systems, Inc., which is
now Computer Technology International, in Atlanta, GA*'. This model performs a
comprehensive fire development and evacuation simulation of the situation. EMBER
incorporates certain features for the building evacuation, such as different types of
occupant characteristics; rescue personnel capabilities; multiple route selections (shortest,
quickest, myopic, and specified routes); user input of preparation times and speeds;
simulation of fire, combustion products, and fire protection systems (detectors and

sprinklers); and a graphical display of the simulation.

22



Lastly, an additional way of categorizing models is by labeling them either
deterministic or probabilistic (stochastic). Deterministic is used to describe those models
that assume that the evacuation situation is determined based on a well-defined physical
situation, while probabilistic models attempt to capture the randomness of the evacuation
situation (movement and behaviors)*>. BFIRES could be labeled as the first probabilistic
human behavior model developed in the United States. According to Nelson™, the
EXITT model developed my Bud Levin was the first deterministic evacuation model that
included human behavior.

These different types of categories describing the model type still pertain to
current evacuation models. The method of categorization is dependent upon preference,
since many others have categorized models in completely different Waysz4’25’33 83
Examples of other categories used in describing egress models are the following: discrete
or continuous, stochastic or deterministic, quantitative or qualitative, and macroscopic or
microscopic. In Chapter 2, an attempt has been made to categorize past and current
evacuation models in various ways. Most of these are microscopic (simulating to the
level of the individual occupant), however a few can be labeled as macroscopic (focus is
on the larger scale of evacuation). As an introduction, the following section will attempt

to describe all major model categories and the techniques used to choose the evacuation

model best suited for a future performance-based design.

Categorization of Evacuation Models

The following categorization is developed to present an organization of the past
and current models. The categorization is also developed to identify the important

characteristics of evacuation models. These characteristics may serve as a checklist for
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model users when choosing the best model for the design structure. It is beneficial to
understand the differences in characteristics between relevant models before making a
decision.

Modeling method
All past and current evacuation models have been categorized using a primary

category labeled Modeling method. This category describes the method that each model
uses to calculate evacuation times for certain types of building. Under the Modeling
method category, models are assigned one of the following three labels:

1. Behavioral models

2. Movement models

3. Partial behavior models

Behavioral models are those models that incorporate occupants performing

actions, in addition to movement toward a specified goal (exit). These models can also
incorporate decision-making by occupants and/or actions that are performed due to
conditions in the building. Movement models are those that move occupants from one
point in the building to another (usually the exit or a position of safety). These models
are key in showing congestion areas, queuing, or bottlenecks within the simulated
building. And, lastly, partial behavior models are those that primarily calculate occupant
movement, but begin to simulate behaviors. Possible behaviors could be implicitly
represented by pre-movement time distributions among the occupants, unique occupant
characteristics, overtaking behavior, and the introduction of smoke or smoke effects to

the occupant. These are models capable of simulating an entire building, and occupants’
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movements throughout the model are based on research of observed human behavior
data.

Beyond the primary categorization of Modeling method, several subcategories
have been identified as important characteristics. The subcategories are listed below and
explained in the section to follow:

*  Purpose

* Availability to the public for use

» Structure of the model

» Perspective of the model
o Method of how the model views the occupants
o Method of how the occupant views the building

* Use of fire data

* Import CAD drawings

* Visualization capability

» Validation studies

*  Occupant movement

*  Occupant behavior

*  Output

» Special features of the model

e Limitations of the model

Purpose of the model:
This subcategory describes the use of the model, as it pertains to certain building

types. Some of the models in this organization focus on a specific type of building and
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others can be used for all building types. The main purpose in using this as a category is
to understand if the model can simulate the design building, for example the World Trade
Center Towers.

The current model categories for purpose involve 1) models that can simulate any
type of building, 2) models that specialize in residences, 3) models that specialize in
public transport stations, 4) models that are capable of simulating low-rise buildings
(under 75 feet) only, and 5) models that only simulate 1-route/exit of the building.

Availability to the public for use:
This subcategory becomes important if the user is interested in modeling the

building in-house or hiring the developing company to provide evacuation results. In this
subcategory, some models are available to the public for free or a fee. Others are not
available due to the following circumstances; the model has either not yet been released,
the model is no longer in use, or the company uses the model for the client on a
consultancy basis.

Structure of model:
This subcategory is used to assess the accuracy of occupant movement throughout

the building. A fine network model divides a floor plan into a number of grid cells that
the occupants move in and out of. The coarse network models divide the floor plan into
rooms, corridors, stair sections, etc. and the occupants move from one room to another,
instead of one grid cell to another. The advantage of fine network structures over coarse
is that fine networks have the ability to simulate the presence of obstacles and barriers in
building spaces that influence individual path route choice, whereas the coarse networks

“move” occupants only from one portion of a building to another.
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Perspective of model:
This subcategory explains how 1) the model views the occupants and 2) how the

occupants view the building.
How the model views the occupants:

There are two ways that a model can view the occupant; globally and
individually. An individual perspective of the model is where the model tracks the
movement of individuals throughout the simulation and can give information about those
individuals (ex. their positions at points in time throughout the evacuation). When the
model has a global view of the occupants, the model sees its occupants as a mass and
homogeneous group of people moving to the exits. It is clear to see that an individual
perspective of the occupants is more accurate, but it depends on the purpose of the
simulation as to which alternative is best. If the user is not interested in knowing the
position of each occupant throughout the simulation or assigning individual
characteristics to the population, than a global view is sufficient.

How the occupant views the building:

Again, the occupant can view the building in either a global or individual way.
An occupant’s individual view of the building is one where the occupants are NOT all
knowing of the building’s exit paths and decide their route based on information of the
floor, personal experience, and in some models, the information from the occupants
around them. A global perspective of the occupants would be one where they
automatically know their best exit path and seem to have an “all knowing” view of the

building.
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Fire data:
This subcategory explains whether or not the model allows the user to incorporate

fire data with the evacuation simulation. However, the models incorporate fire data in a
variety of ways and it is important for the user to understand the complexity of the
coupling. The model can incorporate fire data in the following ways: Importing fire data
from another model, allowing the user to input specific fire data at certain times
throughout evacuation, or the model has its own simultaneous fire model. If the model
cannot incorporate fire data, it simply runs all simulations in “drill” mode. “Drill” mode
is the equivalent of a fire drill taking place in a building, without the presence of a fire.

The purpose for evacuation models to include such data is ultimately to assess the
safety of the occupants that are traveling through such conditions. Purser has developed
a model to calculate a fractional incapacitating dose for individuals exposed to CO, HCN,
CO», and reduced 0,”**". Many models that incorporate a fire’s toxic products
throughout the building spaces, use Purser’s model to calculate time to incapacitation of
the individual occupants. Purser also developed mechanisms for models to calculate
certain effects due to heat and irritant gases.

Some models also go as far as to use data collected by Jin in Japan®®. His work
claims to address the physical and physiological effects of fire smoke on evacuees. Jin
performed experiments with members of his staff, undergraduates, and housewives
subjected to smoke consisting of certain levels of density and irritation. He tested
visibility and walking speed through irritant smoke in 1985”* and correct answer rate and
emotional stability through heated, thick, irritant smoke-filled corridors in the late

1980s”®. This data is used in certain models to slow occupant movement through smoke
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and also to change occupant positioning in certain spaces to a crawl position, instead of

upright.

Bryan and Wood data® concentrated on the correlation between visibility distance
in the smoke and the percentage of occupants within that smoke that would move through
it. This work was done in the United States (Bryan) and the UK (Wood) and was
obtained by occupant self-reporting. This data is used by current models to assess when
certain occupants will turn back, instead of move forward into the smoke-filled space.

Lastly, a few models use the technique for turn back behavior developed by
Levin® for the EXITT model. Occupant decision-making and movement is based on the
optical density of the smoke in the upper layer using the equation for psychological
impact of smoke, S. More about the calculation is found in Chapter 2. The following
decision rules are incorporated into the model using this technique:

*  Occupants do not move to a node where S>0.5 (or into a room where S>0.4) unless
the difference between the height of the room and the depth of the upper layer is at
least 1.2 meters (the occupant can crawl)

* Occupants increase their travel speed by 30% after they encounter smoke of S>0.1

*  Occupants stop investigating if they are in a room where S>0.05. They will stop
investigating before entering a room where S>0.1

+ If'the occupant is in a room where S>0.1, he/she will respond more quickly and
believe the fire is more serious.

* Penalties and demerits are assigned to a route where S>0.4

There is a limited amount of information or data available on the validity of these optical

density and occupant behavior requirements.
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Import CAD drawings:
It is important to note whether or not the model allows the user to import DXF

files from a CAD program into the model. In many instances, this method is time saving
and more accurate. If a user can rely on the CAD drawings (that can come straight from
the architect) instead of laying out the building by hand, there is less room for input error
of the building. In some instances, the model developer is in the process of upgrading
their model to include this capability.

Visualization of the evacuation:
Many times it is important for the client to see where the bottlenecks and points of

congestion are inside the space. Many of the models allow for at least 2-D visualization,
and recently more have released versions or collaborate with other virtual programs that
will present results in 3-D. Other models do not have any visualization capabilities.

Validation studies:
The importance of validation studies is to show whether or not the model can

simulate accurate movement and (if possible) behavioral actions of the occupants.
Usually, this is done by comparing model results to real life scenarios (mainly fire drills).
Although this method is widely used by model developers, it should be applied
conservatively because this type of validation may not indicate that a model can actually
simulate occupant behavior in a real fire situation.

The current ways of validating evacuation models are included here: validation
against codes, validation against fire drills, validation against literature on past
experiments (flow rates, etc), and validation against other models. For some models, no

indication of validation of the model is provided.
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As an aside, some of the behavioral models will perform a qualitative analysis on
the behaviors of the population. Although this is problematic since occupant behaviors
are difficult to catch in fire drills, past drill survey data is sometimes used to compare
with model results.

Occupant behavior:
Behavior of occupants is represented in many different ways by current

evacuation models. The organization associated with this sub category is the following:
No behavior, Implicit behavior, Rules or Conditional Behavior, Functional Analogy, or
Artificial Intelligence. Also, some models have the capability of assigning probabilities
of performing certain behaviors to specific occupant groups. Many of the partial
behavioral models allow for a probabilistic distribution of the pre-evacuation times, travel
speeds, and/or FED or smoke susceptibility. In addition to these models, rules or
conditional based models are stochastic, allowing for the variations in outcome by

repeating certain simulations.

The following bullets are explanations of each type of behavior listed above:

» No behavior denotes that only the movement aspect of the evacuation is simulated

» Implicit behavior represents those models that attempt to model behavior implicitly
by assigning certain response delays or occupant characteristics that affect movement
throughout the evacuation

» Conditional (or rule) behavior reflects models that assign individual actions to a
person or group of occupants that are affected by structural or environmental

conditions of the evacuation (as an “if, then” behavioral method)
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* Functional Analogy resembles models that apply a set of equations to the entire
population. Usually the equations are taken from another field of study, such as
Physics, to represent occupant movement.

+ Artificial Intelligence resembles the models that attempt to simulate human

intelligence throughout the evacuation.

As expressed in the fire data characteristic, several models use the data from

228 t0 develop rules for occupants faced with fire conditions. These

Bryan, Wood, and Jin
behaviors involve turn back behavior, slowing of occupant movement, and the physical
movement of crawling.

Occupant movement:
This subcategory organizes how the models move occupants throughout the

building. For most models, occupants are usually assigned a specific unimpeded (low
density) velocity by the user or modeling program. The differences in the models occur
when the occupants become close in a high density situation, resulting in queuing and
congestion within the building. The different ways that models represent occupant
movement and restricted flow throughout the building are listed here:
1) Density correlation: The model assigns a speed and flow to individuals or

populations based on the density of the space.

When calculating movement dependent on the density of the space, three key
players come to mind from which the data originated that is used in current evacuation
models. These three sources of occupant movement for evacuation models are John

Fruin®’, Jake Pauls'”, and Predtechenskii and Milinskii®'.
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John Fruin®, from observations of evacuations from several types of buildings,
developed a Level of Service concept for assessing flow and speeds under specific
density for horizontal and vertical building components. Level of Service A (20
ft*/person) for stairwells, for instance, describes a highly unrestricted movement area
with flows and speeds near optimal. On the other hand, Level of Service F (4 ft*/person)
for stairwells describes completely restricted flow with speeds below 85 ft/min. This
Level of Service concept is used in current models for occupant movement.

Jake Pauls®”? performed many studies in Canada on high-rise office buildings.
Pauls work focused on the relationship between the flow rate of people throughout
different components of the building and the width of the components (stairs) they used
to exit the building as well as the total evacuation time of the buildings. From this work,
Pauls was able to develop empirical relationships: mean flow data plotted against stair
width and total evacuation time against the evacuation population (per meter of effective
width). Also, as mentioned earlier, Pauls developed the Effective-Width Model based on

his empirical data.

Some regard Predtechenskii and Milinskii’s book, Planning for Foot Traffic Flow
in Buildings®', as a stand-alone model for people movement™. From the late 1930 to the
1940s, they observed crowd movement in public buildings, including theaters, industrial,
educational, and transportation buildings. From their observations, they were able to
establish a relationship between speed and density for different kinds of
situations/circumstances. They developed density/speed data tables for different building
components (horizontal paths, through openings, down stairs, and up stairs) for three

movement types; emergency, normal, and comfortable. Emergency movement is known

33



as movement with increased tension, which was observed as nervous excitement of the

occupants. Normal flow is uniform flow without serious complications®'. People in

these scenarios were usually familiar with their destination and how long it would take

them to get there. Lastly, comfortable movement is defined as no need to hurry. An

example of this is the lobby of a theater during intermission.

2)

3)

4)

5)

User’s choice: The user assigns speed, flow, and density calculations to certain
spaces of the building

Inter-person distance: Each individual is surrounded by a 360° “bubble” that
allows them only a certain minimum distance from other occupants, obstacles,
and components of the building (walls, corners, handrails, etc.)

Potential: Each grid cell in the space is given a certain number value, or
potential, from a particular point in the building that will move occupants
throughout the space in a certain direction. Occupants follow a potential map that
lists the exits with a “0” potential and branch out from the exit with higher grid
values, the farther away from the exit. The occupants look to lower their potential
with every step or grid cell they travel to. Potential of the route can be altered by
such variables as patience of the occupant, attractiveness of the exit, familiarity of
the occupant with the building, etc. (which are usually specified by the user).
Emptiness of next grid cell: Potential and emptiness of a grid cell usually apply
to the same model. The occupant will most likely not move into a grid cell that is
already occupied by another occupant. buildingEXODUS??, for instance,
incorporates a stochastic conflict resolution (assigned a certain time period) if two

occupants want the same grid cell. In this case, variables such as the drive factor,
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6)

7)

8)

9)

determine which occupant will occupy that cell and which one will either wait or
travel to another cell (possibly with equivalent or more potential). When potential
and emptiness are used by the model, the user can specify the flow rate at the
exits of the building, and sometimes even at intermediate doors throughout the
space, so that occupants are moving with accurate flow through the building.
Conditional: With conditional models, movement throughout the building is
dependent upon the conditions of the environment and fire situation. Not much
emphasis is placed on congestion inside the space.

Functional analogy: The occupants follow the movement equations specified by
the topic area, such as fluid movement or magnetism. In some cases, the
equations (such as fluids) depend on the density of the space.

Other model link: The movement of the occupants is handled by a link to
another model, such as Pauls’ movement model discussed above'”.

Acquiring knowledge: Movement is based solely on the amount of knowledge
acquired throughout the evacuation. For this model, there is no real movement
algorithm because evacuation time is not calculated — only areas of congestion,

bottlenecks, etc.

10) Unimpeded flow: For this model, only the unimpeded movement of the

occupants is calculated. From that evacuation time, delays and improvement
times are added or subtracted to produce a final evacuation time result.
ALLSAFE, the model that uses this method, recommends use of another

movement model for complicated spaces.
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Output:
The subcategory of output is important to understand if the model is producing

the kinds of information that the user is interested in knowing for the building scenario.
Types of output include the following: total evacuation time, time for the occupants to
clear each floor, time spent using specific exits, occupant flow split to exits, etc.

Special features:
The special features subcategory describes certain options given to the user to

make the evacuation simulation more realistic. Although data may not always be

available for these options, the model allows the user to incorporate these if needed. The

special features highlighted in this section are counterflow, manual exit block, fire
conditions, defining groups, disabled occupants, delays/pre-evacuation time, route
choice, elevator use, toxicity of the occupants, and impatience/drive variables. Each is
described in greater detail below.

* Counterflow: The model has the capability of modeling opposing flows, especially
in the stairwell.

* Manual exit block/obstacles: The model allows the user to manually block exits
from occupants. This is similar to allowing the user to define routes for certain
occupants, however, not the same as simply manually deleting the exit from the
building.

* Fire conditions: The model allows for the inclusion of fire conditions.

* Defining groups: The model allows the user to define groups.

» Disabilities/slow occupants: The model allows the user to enter slower velocities for

certain individuals/groups within the population and/or larger body sizes to account

for wheelchairs, etc.
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* Delays/pre-evacuation time: The model allows the user to enter pre-evacuation
times (value or distribution of values).

* Elevator use: The model incorporates the use of elevators for evacuation.

» Toxicity of the occupants: The model incorporates toxic effects to the occupants.

« Impatience/drive variables: The model incorporates variables of patience, drive,
awareness, etc. as inputs for occupants.

* Route choice: The model allows the user to choose from multiple route choices.
The most common example is that a user can plan out a defined route for certain
occupants in the simulation.

Limitations:
This subcategory specifies the limitations of the model as far as running a
simulation on a desktop PC. Limitations can be placed on the number of occupants,

floors, obstacles, grid cells, nodes/arcs, etc. by the modeling program.

SFPE Guidelines for Choosing a Model

As an aid to users of evacuation models, the SFPE Handbook' established
“Questions a Potential Model User Should Ask About an Evacuation Model.” This guide
focuses on the mode of model organization used by Gwynne and Galea® from the
publication entitled “A Review of the Methodologies and Critical Appraisal of Computer
Models Used in the Simulation of Evacuation from the Built Environment.” Similar to
the above subcategories, this guide focuses on the following categories:

* Evacuation Model Type — such as optimization, risk assessment, etc. (following

Gwynne’s model organization™)
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* Enclosure Representation — how is the building represented?

* Population Perspective — how does the model view the occupants?

» Behavioral Perspective — what type of behavioral modeling mode is used?
* Model Validation — how has the model been validated?

* Model Implementation — what computer platforms will the model support?
* Model Support — is the model currently supported by the developers?

*  Model Cost

* Appropriateness to Task

The SFPE handbook describes each category in greater detail and provides a helpful and
complete list of questions that model users should ask before choosing an evacuation

model.

Evacuation Modeling Limitations

Although evacuation modeling has advanced appreciably since 1980, there are
still many obvious limitations to evacuation modeling and specific types of models.
Some limitations include the data used by the model, the model capacity, simulation of
human response and behavior, uncertainty in the models, and individual model

limitations. Each limitation is explained in further detail.

Data
Currently, many of the people movement algorithms in the models are based on

data from evacuation drills or non-emergency movement observation. It is unclear how
different this type of movement is from actual emergency movement, of which the data is

lacking. Although Pauls® does not assert a significant difference between drill data and
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emergency movement data, other researchers stress the need for further study of
movement during emergencies™. Also, pre-movement or pre-evacuation times from
evacuation drills are being incorporated into models, which also poses a potential
problem with accuracy of results. Like people movement, it is unclear how different drill
and emergency response times are. However, unlike emergency people movement,
emergency pre-evacuation times can possibly be gathered by post-fire interviews.

In some of the more sophisticated models, the user is given input choices upon
which little or no data is available. For instance, some models give the user a choice to
rate the “patience” or “drive” of the occupants in the structure. This seems like an
impossible task for a building in the design phase. It is difficult for the engineer to
predict this kind of information as well as defend choosing one high rating over another.

For behavioral models, a very important set of data missing from current models
is human behavior and decision making under stress and/or fire conditions. It is unclear
how the smoke, heat, and perception of the emergency affects brain activity and decision
making. In current models that incorporate fire conditions, it is most likely that the
model only calculates the risk to the occupant from incapacitation or death. The most
basic attempt is to use data from Purser”® and the Fractional Effective Dose (FED) model
to eliminate occupants from the simulation once they have reached incapacitation. A
more sophisticated modeling technique used involves altering occupant movement under
smoke conditions (i.e., crawling when smoke becomes dense) using data from Japan™®
and/or predicting whether or not occupants will walk through a smoke barrier or redirect
using Bryan and Wood’s data>. However, this data is faulted by age, the choice of lab

participants (Jin used housewives, undergraduate students, and staff of his research
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institute), and the validity of data captured by Bryan and Wood from personal accounts,
particularly on the visibility distances through smoke. Not only do these techniques
simply skim the surface of human behavior under fire conditions, the data sources are
substantially different from real fire scenarios and have not been replicated. It is
recognized that more work and experiments should be done in this area, however, human
subjects testing with fire conditions is an impossibility. Other ways to gather data need to
be explored.

Model capacity
Another limitation of evacuation modeling is the capacity of the specific models

to handle the entire building and contents for a design task. It is not uncommon for the
model and/or visualization software to have a limit on the number of floors, size of the
floor plan, number of occupants, etc. In this case, it is important to understand each
model’s capacity limitations when choosing an appropriate model.

Human response/behavior
A limitation of evacuation modeling pertains to the modeling of human response

and behavior to evacuation cues. Many models, if not all of them, are not equipped for
many of the response scenarios that occur during an emergency. In an emergency,
people’s responses are different depending on a number of factors that aren’t necessarily
captured by evacuation models. These factors are presented by Proulx’ and are explained
below. The first factor that affects an occupant’s response is their perception of the fire.
If they do not feel threatened (or perceive a high sense of risk) by the emergency or the
sound of the alarm (perhaps it provides false alarms frequently), the occupant is less

likely to promptly begin evacuation. This factor lacks sufficient data to model, but
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becomes very important in evacuation movement®®. Another factor that affects
emergency response is the occupant’s location inside the building relative to the fire. If
the occupant is closer to the fire conditions, they are more likely to perceive a higher
threat and evacuate more quickly. This is not simulated by current models. Also, the
presence of other occupants affects the evacuation response of an occupant. A certain
type of person may wait for the others around him/her to evacuate first before doing so”’.
Occupants may also form groups with which they converse and begin the milling
process™® in order to construct an evacuation plan. This allows for the transfer of
information from one occupant to another about fire conditions, evacuation movement,
and thoughts and fears. This is simulated in a few select models in less detail as
described above. Another factor that plays a role in evacuation response is previous
experience in other emergencies, which is difficult to model due to the lack of data.
However, the role of the factor has been proven to be important in response®. As Proulx
states®, the occupant’s role in the building also affects how they respond to an emergency.
For instance, if the occupant is a trained fire warden, they have certain tasks to complete
before beginning their own evacuation. On the other hand, if the occupant is a boss or
superior of the company, they may also take on the role of a fire official to make sure
their employees reach safety before beginning their own evacuation. Familiarity of the
building also plays a role in how the occupant responds to an emergency cue (i.e. alarm).
In the case of delay time, if an occupant is not familiar with the alarm and/or building,
they may wish to seek and consult with other occupants before making a decision on
what to do next. Also, an unfamiliar occupant may unknowingly evacuate via the way

they came in, instead of traveling to a closer fire exit, which would increase their
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evacuation time. Lastly, factors such as alertness and commitment to a particular activity
affect an occupant’s response to a fire emergency. Both factors will cause a delay in
evacuation time. For example, if an occupant is intoxicated, it may take a longer time to
arouse the occupant with an alarm system. Also, if an occupant is committed to a certain
activity (i.e. grocery shopping or gambling) and does not perceive the emergency as
particularly serious, they may take a longer time to react and evacuate.

The models do implicitly attempt to capture some of this behavior by allowing the
user to designate a response delay distribution across the entire population. Or, in more
sophisticated models, the user can suggest certain activities for the occupants to engage in
and assign particular times to those activities. Although, in this later example, the
activities provided for the user to choose from do not capture many of those described
above in the limitations section. Even with these response time distributions or choice of
certain activities, many of the human response factors discussed above do not have
sufficient data to provide such options to current evacuation models. It is important to
realize that such factors exist. The next step is understanding the circumstances that
cause these factors to emerge and then assigning certain time limits and behaviors as

adequate responses.

Uncertainty
Since there is a great deal of uncertainty and variability in the prediction of people

movement and behavior, designers have expressed concerns about a lack of sufficient
understanding of which of the inputs/variables make the most impact on the evacuation
results’. If such information was known, more emphasis in research of past experimental

data could be put into the more influential inputs. This is not to say that the other inputs

42



do not matter, but would be less significant on the evacuation results. The engineers
would be able to focus more on the influential inputs through research and simulation of
a wide variety of potential inputs in order to completely bound the evacuation results.
Work in this area is being performed currently by Arup for a NIST grant.

Model quirks or characteristics
As one may deduce, with current technology, there always seem to exist certain

limitations or problems. This is also true with many of the evacuation models that exist
today. Whether it is with the actual model or visualization software, it is important for
the user to be aware of such limitations and make sure that these problems do not affect
the evacuation results. No examples are given here so as not to single out any one model.

It is true that some models are more user-friendly than others. As technology has
increased, many of the models have resorted to a Windows based input screen, whereas
some models still resort to user input via Dos prompts. It is up to the user to decide
which models they feel comfortable using.

Lastly, in some models, buildings may be represented with less accuracy that
others. For instance, the models that use a network system move occupants from one
node to another node, instead of one section of a node to another section of that same
node. It is up to the user to decide which level of accuracy is needed for the particular
building. It may be a very simple building with segregated rooms where a network
model is quite appropriate. For more complex buildings and spaces, more accuracy may

be needed.

43



This chapter has aimed to serve as an overview of evacuation modeling. The
differences between conceptual and computer modeling has been explained. Also, the
early “players” in evacuation modeling have been introduced to serve as a foreshadowing
of the current modeling technology. It is quite interesting to see how the field of
modeling has begun and how far it has come in the last 30 years. Important modeling
characteristics have been introduced and explained in order to point out significant
difference between the current models. These characteristics are used to describe the
models in more detail in the next chapter. Guidelines presented in the SFPE handbook'
have also been introduced in order to give the model user a checklist of questions to
answer before choosing the appropriate model. Lastly, modeling limitations have been
presented as a caution to model users. These items should be taken into account before

attempting to use and understand modeling results.
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CHAPTER 2: COMPREHENSIVE REVIEW OF PAST AND PRESENT
EVACUATION MODELS

Introduction

After reviewing the human behavior and movement sections in the Society of Fire
Protection Engineers (SFPE) Handbook (Section 3, Chapters 12-14)"%?, the National Fire
Protection Association (NFPA) Handbook (Section 4, Chapter 2)"', and other seminal
works in human behavior in fire, the need for a comprehensive review of past and current
evacuation models was recognized. There are three evacuation model reviews that have
been written, which were significant in the organization and data gathering found in this
chapter. The most substantial review to date was performed by Gwynne and Galea™ at
the University of Greenwich. This report offers a review of 16 evacuation models and is
referenced throughout this chapter. Second, Combustion Science and Engineering
released an article on a review of fire and evacuation models, as well as developed a
website where this information is available and free to the public®®*’. Lastly, Friedman®
also reviewed egress models, much in the same fashion as was performed by Gwynne
and Galea.

However, there is a need for an updated, unbiased, and more detailed review to
aid evacuation model users in choosing the appropriate model for their particular project.
The previous three reviews listed were written before newer models were developed,
showing a need for a more updated review. Also, the most influential review’>, was
written by an establishment that has its own successful egress model. Because of this, it
was suggested that a model review be written by an individual without preference to a
certain model to relieve rumors of bias. Lastly, the previous three model reviews can

certainly be expanded as far as providing additional detailed information for each model.
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Therefore, more explanation was given in this review to the details of interest to model
users, the inner workings of each model, and each model’s validation methods and
limitations.

Another purpose served by this review is to aid current and aspiring model
developers in understanding the latest state-of-the-art in evacuation modeling. Lastly,
this review aims to pinpoint limitations of various input variables due to a lack of data
and limitations on the lack or weakness of validation studies for certain models. These
are two very important areas in evacuation prediction.

There is a process which was followed to conduct this evacuation model review.
First, a list of relevant aspects and features of evacuation models that would be of interest
to any model user was compiled. These features were described in detail in Chapter 1
under the Categorization of Evacuation Models section. A bulleted list is provided here:
*  Purpose
* Availability for public use
* Modeling method; movement, partial-behavioral, behavior
» Structure of model
» Perspective of model and perspective of occupants
*  Occupant behavior
*  Occupant movement
* Use of fire data
*  Output
* Use of CAD drawings

* Visualization capabilities
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* Validation studies
* Special Features

e Limitations

Once the list was deemed exhaustive, articles and previous evacuation model
reviews were gathered for research into each model. Each publication was read in order
to provide data for all relevant features of each evacuation model. In some cases, data
was not available or found, and such is stated in the model review.

This review covers a total of 28 computer models that focus on providing
evacuation data from a specific building. The models are organized in the review by
modeling method; movement models, partial behavioral models, and behavioral models.
A list of the models in the review is provided here, also in the order that they appear in

the review:

Movement models:
FPETool, EVACNET4, Takahashi’s Fluid Model, PathFinder, TIMTEX, WAYOUT,

Magnetic Model, EESCAPE, EgressPro, ENTROPY Model, and STEPs.

Partial Behavioral models:

PEDROUTE/PAXPORT, EXITS89, Simulex, GridFlow, and ALLSAFE.

Behavioral models:
CRISP, ASERI, BFIRES-2, buildingEXODUS, EGRESS, EXITT, VEgAS, E-SCAPE,

BGRAF, EvacSim, Legion, and Myriad (uncategorized).
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For each model, a special feature section is included in this review. These are
included as features of interest for model users who are searching for the appropriate
model to simulate a certain type of building. In the special features section, there are ten
features of interest for each model. It is of interest whether or not the model can simulate
the first nine features listed and lastly, how the model simulates occupant route choice. It
should be stated, however, that some models attempt to simulate these evacuation
features even without adequate data. The specific features are listed here:

* Counterflow

* Manual exit block/obstacles

» Fire conditions affect behavior?

* Defining groups

» Disabilities/slow occupant groups
* Delays/pre-movement times

* Elevator use

» Toxicity of the occupants

* Impatience/drive variables

* Route choice of the occupants/occupant distribution

For each model, the feature is listed and described only if it is apparent that the
model has the capability of simulating it. Also, for each model, the method of simulating
route choice is listed and described.

Sections 2.1 to 2.28 focus on the individual characteristics of each model that are
important for model users to know and understand. The level of detail included is only as

high in quality as could be extracted from publications on the model and communication
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with model developers. Sections 2.28 is included for completeness for this model review,
however because of its uniqueness, the model is not categorized with a particular

movement method (even though it resides in the behavioral models section).

Movement Models

Section 2.1 Egress Section in FPETool>**':

Developer: H.E. Nelson, National Bureau of Standards, U.S.

Purpose of the model: The purpose of FPETool is to estimate the time needed for an

occupant or group of occupants to exit an area.

Availability to the public for use: This model is available on the Fire Research
Information website under the Fire Modeling Programs topic area through NIST:

http://www.bfrl.nist.gov/fris/.

Modeling method: Movement model

Structure of model: N/A. The distance of the route including the distance traveled

over stairwells is input by the user to describe the building.

Perspective of model: The model views the occupants as a mass of people (global)

flowing through doorways with a specified rate. The occupants also have a global view

of the building, since the most efficient exit paths are chosen for egress time calculations.
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Occupant behavior: None.

Occupant movement: The flow rates through doors are assumed to be one
person/second/door leaf. In the case that a door leaf is less than 34 inches wide, the flow
rates may be less. The model also incorporates effective widths into the exit path. The
user of the model inputs the following items into FPETool:

» Travel speed on level routes (m/min)

» Travel speed on stairs (vertical travel)

* Flow rate through doors (people/min/exit door width)

» Flow rate on stairs (people/min/m Wefrective)

* Total number of occupants using the evacuation routes

*  Whether disabled occupants are included in the simulation

» The speed of the slowest evacuee

* The number of exit door leaves available to the occupants

» Total length of the route

» Vertical distance moved on stairwell

* Number of stairways used (total width)

* Stairway width (mm)

» Stairway tread depth

Since the model can handle only one stairway width, if a building contains greater

than one stairway with different widths, the user will need to enter an average width for
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the stairways of the building. This model does not incorporate queuing through various
portions of the building, since the building is only represented by the travel route
distance, the number of stairwells, the exit door width, and the geometry of the stair.
Congestion occurs only at the doors or stairwells. The equations below make up the

calculations made by FPETool to provide egress times (as shown in Figure 2.1).
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O Total horizontal distance traversed by the evacuee (m)

Vol Speed of an able evacuee moving on flat, dry surface (m/s)
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X Speed of the slowesl evacuee as a percentage of able evacuee speed
iz Height of the riser from tread to tread (m)

A Total vertical traverse distance (not distance along a sloped incline) (m)

Figure 2.1: FPETool egress equations (41, p.33)

(D

(4)

(6)

Equations 1, 5, and 6 (together) provide a first-order estimate of area evacuation times.

Use of fire data: None.
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Output: The output for the model is the following in minutes:
1. Horizontal and stair travel time — this includes the time for a person to traverse all
stair and horizontal paths without queuing.
2. Time required to pass all occupants through the building exit doors — the time for
the entire population to pass through the exit doors

3. Time required to pass all occupants through the building stair exit doors.

Import CAD drawings: No. The user enters the capacity of the nodes and the initial

contents. Building data is not necessarily supplied because the dynamic capacity (flow)

and the traversal times specified in the input move people throughout the building at

evacuation time progresses.

Visualization capabilities: None.

Validation studies: None known of at this time.

Special features:

+ Disabilities/slow occupant groups - The user can input the speed of the slowest
evacuee as a percentage of an able evacuee’s speed.

* Route choice of the occupants/occupant distribution — Most efficient
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Limitations: There are many assumptions made by the model. These assumptions are
the following: the most efficient exit paths are chosen, no actions such as investigation,
way-finding, etc. are incorporated, flow is ideal without congestion, and there is no
adjustment to flow speed due to density. Nelson notes that it is reasonable to expect
evacuation times that are two to three times greater than the nominal evacuation time

obtained from FPETool.

Section 2.2 EVACNET4 744

Developers: Kisko, Francis, and Nobel, University of Florida, U.S.

Purpose of the model: EVACNET4 can be used for any type of building, such as office
buildings, hotels, skyscrapers, auditoriums, stadiums, retail establishments, restaurants,
and schools. The purpose of the model is to describe an optimal evacuation from a
building, meaning that the model minimizes the time to evacuate the building.

EVACNET4 replaces the previous version, EVACNET+.

Availability to the public for use: Yes, the model is available for public use. To help

pay for development, a license is $250.00.

Modeling method: Movement model

Structure of model: This is a coarse network model. Figure 2.2 shows the nodes

designations in the rectangles connected by arcs (arrows). Examples of node types are
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WP (workplaces or rooms), HA (hallway), SW (stairwell), LO (lobby), and DS
(destination node or the outside). The numbers assigned to each node and arc are

provided by the user and are explained in the movement section of this review.

10,1 9,1
> wpi220 | (5) = HA1250 l == sw1.250

la,z
- 10,1
9{%@1.1,40 © » or1a0 |[ ]

16,2

Y
DS1.1

Figure 2.2: EVACNET4 building structure - nodes and arcs (42, p. 3)

Perspective of model: The model views the occupants as a mass of people (global), and
the occupants have a global view of the building, since occupants will move in the most
optimal way throughout the space. Even though this movement may not be the shortest
route, occupants are moved in a certain direction only to achieve occupant distributions
that produce minimal evacuation time. In other words, all exits will have a similar time

of use during the evacuation.

Occupant behavior: None.
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Occupant movement: For each node, the user specifies its capacity and initial contents,
in number of people. For each arc, the user supplies an arc traversal time and arc flow
capacity. The traversal time is the number of time periods it takes to traverse the
passageway (represented by the arc), which is calculated by using the distance of the arc
and the speed of the occupants. The arc flow capacity is the upper limit on the number of
people that can traverse the passageway per time period, which is calculated using the
width of the arc and the flow (persons/foot-minute) of the occupants through that space.
The data (speed and flow) is provided by the user, meaning that the source of the
movement data is left up to the user to decide. And, once specified for the occupants of

the simulation, the data (speed and flow) remain constant.

Use of fire data: None.

Output: The output is organized and explained in Table 2.1.
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Table 2.1: EVACNET4 Output

Parameter

Description

General overview

Time to evacuate the building, time of uncongested
evacuation, the congestion factor (building evacuation time
divided by uncongested evacuation time), the average time for
an evacuee to egress the building, the average number of
evacuees per specified time period, the number of successful
evacuees

Destination node distribution

Number of evacuees that passed through that exit to safety

Total arc movement

List of arcs and the number of people traveling through each
one

Identification of bottlenecks

List of arcs that had bottlenecks (queues) and the
corresponding time periods that the arc was a bottleneck

Floor clearing time

Time period that the last evacuee left that floor

Node clearing time

Time period that the last evacuee left the node

Uncongested evacuation time
by node

Number of time periods that the node was uncongested

Building evacuation profile

Number of evacuees per time period

Destination evacuation profile

Number of evacuees per exit per time period

Node contents profile

Number of people waiting at the end of a time period for a
specified node

Arc movement profile

Number of people moving at the end of a time period for a
specific arc, respectively

Bottleneck information for a
specific arc

Number of people waiting at a specific node

Node contents snapshot

Number of people at a specific node at a specified time period

Non-evacuee allocation

Number of people not evacuated by a particular time period

Use of fire data: None.

Import CAD drawings: No. The user enters capacity of the nodes and the initial

contents. Building data is not necessarily supplied because the dynamic capacity (flow)

and the traversal times specified in the input move people throughout the building as

evacuation time progresses.

Visualization capabilities: None.
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Validation studies: Johnson et al** provides validation for EVACNET+ (a previous
version of EVACNET4) from an unsuspected evacuation from the National Gallery of
Victoria involving 1014 people. Gwynne™ explains the biases in the write-up due to the
fact that information which would not have been known before the evacuation was
entered into the model, such as the information that one exit was not used, the under-use
of another exit, etc). Gwynne also notes that because EVACNET optimizes an

evacuation, any overestimation by the model is a large error. The results are shown

below in Table 2.2:

Table 2.2: Results of validation study for EVACNET+

Exit Evacuation Time (s) EVACNET+ time (s)
A 420 424
B 420 424
C 480 521
D 480 512
Total time 480 521

Special features:

» Elevator use — Yes. The inputs required includes the "down" travel time, the "up"
travel time, the time of the first "down" departure, and the elevator capacity. Given
this information, EVACNET4 runs the elevator on the defined schedule for the
duration of the evacuation. Passengers are carried only on "down" trips. This is

shown in Figure 2.3.
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Figure 2.3: EVACNET diagram incorporating elevator use (42, p. 66)

» Route choice of the occupants/occupant distribution — Optimal route only

Limitations: The model’s array sizes can be accustomed to fit needs of building. This

simply requires a larger memory. The text input files are arduous to assemble for a

complex building.

Section 2.3 Takahashi’s Fluid Model***:

Developers: Takahashi, Tanaka, and Kose, Ministry of Construction, Japan

Purpose of the model: The purpose of this model is to predict and evaluate the

evacuation time of people in a fire, mainly from a low level hazard. The assumption of

this model is that people move like a fluid.
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Availability to the public for use: An email was received from one of the authors of the
model, Takeyoshi Tanaka. He stated that the model was published for general use about
15 years ago from the Building Center of Japan and was used for a while in research and
practical fire safety design of actual buildings. However, because hand calculation
methods have been widely used among building designers for the estimation of

evacuation time lately, the model has not become as popular in use.

Modeling method: Movement model

Structure of model: This is a coarse network system. The 6 space elements are room,
path, stair, vestibule, hall, and refuge area. The two “imaginary spaces” are link and

crowding.

Perspective of model: The model views the occupants globally as a homogeneous group
with the ability to move like a fluid with a constant speed in each space element. The
occupants view the building globally as well, since they are moved throughout the

building through the most optimal route.

Occupant behavior: No behavior.

Occupant movement: Occupants are uniformly distributed in rooms and given delay

times by the user. Takahashi’s fluid program models the movement of the occupants

throughout the room using two different approaches, depending on the obstacles in a
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room. The L-shape approach is used for rooms where obstacles are present, which allows
the occupants to approach the exit in an L-shaped or indirect manner. For rooms without
obstacles, the occupants approach the exit directly using the centripetal approach, as

shown in Figure 2.4.

38—

| S —

Figure 2.4: Occupant movement in a room following the centripetal approach (44, p. 554)

For both methods, the number of evacuees arriving to the exit after a time (t) is
affected by the length and width of the room, the user specified walking speed, and the
density of the evacuees in the room. Any crowding at the exits from rooms is
redistributed to achieve the minimum or optimal evacuation time from each space. The
fluid movement equations used for the simulation are applied to the entire population.
The assignment of equations to the entire population of a model from another field of
study that can be related to human behavior in a fire, in this case fluid flow, has been
referred to as a functional analogy”. The movement method of this model will be
referred to as the functional analogy of fluid flow, with the underlying method of
assessing the density of the space elements.

When moving from one space to another in the building (through a link), the
movement is dependent upon the number of evacuees ready to move, the availability
capacity of the space they would like to move into, the width of the opening, and the

number of space elements combining in that link. The model incorporates all of this into
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overriding equations for the entire population to follow. When the evacuees reach the
hall, they use the exits that would minimize egress time, taking into account crowding of
the exits, the number of evacuees reaching the exits, the distance to the exits, and the rate

of egress (persons/second) at each exit.

Output: The output from the model is the total evacuation time and a visualization
presentation. The visualization shows the number of evacuees in each space element
with five levels of density. When crowding forms at the doors of each space element, for

example, blackened arcs can be seen surrounding the doorway to signify higher density.

Use of fire data: None.

Import CAD drawings: No. The user inputs the length and width of space elements.

Not much more information is provided.

Visualization capabilities: 2-D visualization of the levels of density on the floor plan, as

explained in the output section.

Validation studies: Validation studies of the fluid model were performed using
measured evacuation times from the seven pavilions of the Tukuba International Expo in
1985. The egress times of the occupants in each pavilion were calculated using two

different cases, 1) the L-shape approach is considered in the theater area, and 2) the
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theater spaces consists of space units connected by paths (rooms and paths). The results

are shown below in Table 2.3:

Table 2.3: Validation results from the Tukuba International Expo

Pavilion # Egress Times (s) Average (s) Calculation 1) | Calculation 2)
1 61,71,75, 60, 64 66.2 52 62
2 174, 154 164 137 275
3 71,80,77,78,79 77 50 76
4 94,111, 102 102.3 72 89
5 70, 123, 84, 77 88.5 34 59
6 160, 152, 166, 157 158.8 100 107
7 148, 118, 130, 121, 131 129.6 70 88

Special features:

» Delays/pre-movement time — Yes, the delay time is input into the model.

* Route choice of the occupants/occupant distribution — The optimal route.

Limitations: The model only provides estimates of the general movement pattern of the

occupants.

Section 2.4 PathFinder*®*"*%:

Developer: RJA Group, U.S.

Purpose of the model: The purpose of developing this model is to provide an analytical
egress simulation tool that could be coupled with an external fire model to form a portion
of hazard analysis. The model is used to find bottlenecks and queues in a design. There

is no specific building type specialty.
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Availability to the public for use: The model is a proprietary software program

developed and used by the RJA Group.

Modeling method: Movement model

Structure of model: This is a fine network system. The model provides a simulation of

the evacuation to visually present the location of the occupants as a function of time.

Perspective of model and occupant: The model views the occupants as individuals.
The model has the capability of tracking individuals’ movements and positions
throughout the simulation. The model views the population through a global view only
to assess the density of certain areas of the building. The occupants, on the other hand,
have a global view of the building because of their route choices. They can choose the

shortest route to the exit or the shortest cue route.

Occupant behavior: No behavior.

Occupant movement: The occupants move toward the exits under the constraints of the
SFPE Handbook', which incorporates speed reductions based on the density of the space
and the capacity of the doors and stairways. The primary areas of analysis focus on
movement in open spaces, on stairways, and through doorways. The user specifies initial
occupant loading by specifying the density in certain areas (by noting the occupancy of

the room) or by giving discrete number of occupants.
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Output: Examples of the output are the number of people that have used an exit;

minimum, maximum, and average time for people to exit from a given room (monitoring

the first and last person to leave); the times a room, hall, or stair becomes empty; the time

a floor becomes empty; and total evacuation time.

Use of fire data: None.

Import CAD drawings: Yes, CAD drawings can be imported into the model or the user

can use PathFinder to layout a floor plan.

Visualization capabilities: 2-D visualization

Validation studies: No publications on validation studies were found.

Special features:

* Route choice of the occupants/occupant distribution — 2 choices: shortest distance or

shortest cue

Limitations: None specified as to limitations on model capacity.
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Section 2.5 TIMTEX?:

Developer: S.S. Harrington, University of Maryland, U.S.

Purpose of the model: The TIMTEX model was developed to model evacuation from
buildings 4 to 15 stories high with consideration of certain human factors, such as

occupant decision on stair use.

Availability to the public for use: Since it was released as a Master’s thesis, this model

is inherently available to the public.

Modeling method: This is a movement model.

Structure of model: This is a coarse network system. Instead of acknowledging the
entire floor plan, TIMTEX concentrates on movement from the corridor on the floor to
the stairs and then to the exits. The model mainly focuses on the corridor and stair

sections of the building.

Perspective of model: The model views the occupants globally as a certain number of
occupants per floor moving as a homogeneous mass to the exits. The model sees all
occupants as alert and able bodied. The occupants view the building with an individual
perspective because the user can choose the flow split of occupants to the stairs. The
occupants will not necessarily move to the closest stair. Instead, the user can either claim

that a stair is frequently used and TIMTEX will use the default percentage use of the
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popular stair, which is a 64% increase, or the user can enter any kind of flow split they
want for the floor plans. In this case, it would be possible for the user to model a certain

percentage of the population using the main exit, which may be the most familiar.

Occupant behavior: None.

Occupant movement: TIMTEX uses the equations specified in the SFPE Handbook' to
move occupants throughout the corridors and stair systems. The speed and flow are
dependent upon density through each component. Also, the model uses the Handbook’s
rules to handle all transition points (i.e., merging streams, where egress elements
dimensions change, etc.). Flow up stairs is 10% slower than down stairs, as specified by
Pauls®. If queuing occurs in the stairs, the model assumes that the upper floors dominate
the flow. There are no variations in the speed, dependent upon the conditions or types of
occupants. Instead, flow and density calculations are based on values from the Handbook
(which have been averaged among occupant types).

The user enters in either the building population per floor or the area of each
floor, and the model will enter in the number of occupants for that occupancy type
(building occupancy uses 212 ft*/person, as an example). Again, it is up to the user to

accept the flow split generated by TIMTEX or enter a new split.

Output: Total evacuation time and individual floor clearing times are included in the

output and are shown in Figure 2.5.
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Output Screen

EVACUATION TIMES FOR BUILDING: Test Bld. 11 +

Below are results for Stair #1 | Name: Stair #1 ]

Floors below the Level of Exit Discharge ———
Time to evacuate floor # -1: 36min.  Cumulative Time: 3.6 min,

Floors above the Level of Exit Discharge

Time to evacuate floor # 6: 32min.  Cumulative Time: 3.2 min.
Time to evacuate floor # 4 1.3 min.  Cumulative Time: 4.6 min.
Time to evacuate floor # 3: 1.3 min.  Cumulative Time: 5.8 min,
Time to evacuate floor # 2 1.2 min Cumulative Time: 6.9 min,
Time to evacuate floor # 1 1.2 min. Cumulative Time: 8.1 min.

TOTAL EVACUATION TIME: 8.1 minutes

Below are results for Stair #2 ( Name: Stair #2 }

Floors below the Level of Exlt Discharge ——
Time to evacuate fioor # -1: 29 min.  Cumulative Time: 2.9 min.

Floors above the Level of Exit Discharge ———

Time to evacuate floor # 5: 26 min.  Cumulative Time: 2.6 min.
Time to evacuate floor #  4: 08 min. Cumulative Time: 3.4 min.
Time to evacuate loor # 3: 08min. Cumulative Time: 4.3 min,

«]

Figure 2.5: Window from output of TIMTEX (32, p. 55)

Use of fire data: None.

Import CAD drawings: No. The user supplies the following data to the model: the
corridor length and width, the stair width, the stair door width, the landing length and
width, the floor to floor height, and the riser/tread dimensions. Boundary layers are
automatically subtracted from the building components. The user also supplies the

number of stories and if a stair is frequently used.

Visualization capabilities: None.

Validation studies: The model has been validated for buildings under 15 stories by

comparing results to the work done by Pauls'~.
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Special features:

» Route choice of the occupants/occupant distribution — User chooses the flow split of

occupants on the floor.

Limitations: The model should be used for buildings 4-15 stories in height only, since
the model developer has compared her results/output to Pauls’ Canadian fire drill
evacuation data and GSA fire drill evacuation data. The developer has found enough
consistency at those building heights. Also, this model does not actually move people

throughout the floor plan.

Section 2.6 WAYOUT>":

Developer: V.O. Shestopal, Fire Modelling & Computing, AU

Purpose of the model: WAYOUT has been created to compute traffic flow in

emergency situations from a multi-room or multi-story building. In this model, only

merging flows are considered.

Availability to the public for use: The model is available from Fire Modelling &

Computing in Australia as part of FireWind (18 programs) and the price is negotiable.

Modeling method: Movement model
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Structure of model: This is a coarse network system. The model labels each
compartment of constant width with a number and refers to this compartment as a “twig.’
If the compartment has a variable width, it is divided into multiple twigs. For a building
evacuation with multiple exits, it is up to the user to draw “watersheds” to divide the
flows (on the basis of psychological or other considerations) and compute the route

separately. The method of labeling nodes in WAYOUT is shown in Figure 2.6.
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FIGURE 2. Two-storey building used in the example calculation.
Twig numbers marked.

Figure 2.6: Example of how nodes are labeled in EVACNET4 (50, p. 628)

Perspective of model: The model views the occupants globally as “packs.” And, since

the occupants have only one route to choose from, the occupants’ perspective will be

labeled as global, also.

Occupant behavior: None.
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Occupant movement: The movement of the occupants is based on density vs. speed
data collected by Predtechenskii and Milinskii’'. Density is defined as D=Nf/wL, where
N is the number of people in the stream, f is the area of horizontal projection of a person,
w is the width of the stream, and L is the length of the stream of people. The maximum
density of their results is 0.92 m*/m?, and WAYOUT uses the adult in mid-season dress
(0.113 m®) to calculate f. Density is monitored on each building section (Predtechenskii
and Milinskii data distinguishes between travel on horizontal components, through
doorways, down stairs and up stairs). WAYOUT considers flows throughout the route

from door to door of each compartment.

Output: The output from this model is the complete movement time and individual

times when each twig is evacuated.

Use of fire data: None.

Import CAD drawings: No. The user inputs geometrical configuration, including the

length and width of twigs, width of doors, and the population numbers in each twig.

Visualization capabilities: 2-D visualization of the evacuation tree is provided.

Validation studies: An evacuation study was performed on the Milburn House in

Newcastle, UK as a fire drill. The results are provided in Table 2.4. The number of
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evacuees was monitored at each exit. The fire drill and simulation results are provided

below for this 7-story building:

Table 2.4: Milburn House validation results for EVACNET4

# of Evacuees Time of the gap in flow (s) Time of evacuation (s)
Tested Computed Tested Computed
Exit 4 40 - - 60 40-99
Exit 8 48 - - 156 164
Exit 10 248 220 168 266 243

The calculations shown in the table were made for those exits that housed a large number
of occupants. The developers note that the occupants may not be moving as fast as they
may in an actual evacuation because of the fact that their movement was a drill. This
may be an explanation for the computed values providing a shorter evacuation time in
most cases. Some difficulties in this validation work were the incomplete response of all
occupants involved, and minor discrepancies in the records of occupants passing through
certain stairs and exit doors. The developers note, though, that this comparison “seems to

be satisfactory.”

Special features:

» Delays/pre-movement time — Yes, user enters start time for evacuation if the twig is a

blind end. This is so the user can incorporate time delays in receiving the alarm cue.

* Route choice of the occupants/occupant distribution — Only 1-route

Limitations: Only merging flows are considered. The model allows for up to 400

“twigs.”
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Section 2.7 Magnetic Model’':

Developers: S. Okazaki & S. Matsushita, Fukui University, Japan

Purpose of the model: The purpose of this model is to visualize the movement of each
pedestrian in a floor plan as an animation so that architects and designers can easily find
and understand the problems of their design projects. This model uses the functional

analogy of the motion of a magnetic object in a magnetic field.

Availability to the public for use: Unknown

Modeling method: This is considered to be a movement model because of the use of
magnetism to move occupants throughout the simulation. Queuing “behavior” can be
simulated on the basis of occupants in airports, railway stations, department stores, and
office buildings, however, this is just a piece of the overall model. The model can
simulate groups, yet, it is unclear whether this is used to model affiliation or reduce
computer calculation time®®. This model is on the borderline of movement and partial

behavioral categorizations

Structure of model: This is a fine network system. Each occupant is displayed at each

0.1 second time frame at the appropriate location in the plan on the computer display.

Perspective of model: The model views the occupants individually, as noted above,

during visual simulation. Also, the occupants have three different methods of walking
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throughout the building (showing an individual or local perspective of the building,

depending upon the option chosen). These options are:

+ Indicated route — a sequence of corner numbers (vertexes on the walls) is given by the
user and the occupants walk along them

* Shortest route

* Wayfinding — an occupant does not know the route and he/she walks seeking the goal

Occupant behavior: Mainly functional analogy, with an implicit classification for the

incorporation of observed queuing behaviors mentioned in the movement section.

Occupant movement: The initial input given for each occupant includes the following:
the location of the starting point, the maximum walking velocity, time to start walking,
orientation to walk, method to walk, and the destination. If there is a large number of
occupants, groups can be formed and the group will have a common destination,
orientation, start time, and method to walk. The velocity of each occupant in the group is
decided by random values which are normally distributed and the positions of the
occupants are decided by uniform random variables in specific areas set to the group.
The movement of the occupants is analogous to the movement of a magnetized object in
a magnetic field. A positive magnetic pole is given to the occupants, obstacles (walls,
columns, etc.), and handrails. A negative magnetic pole is located at the goal or exit. In
the magnetic field of the building, the occupants move toward the goal and avoid

collisions. A maximum velocity is provided by the user, because if the occupant moved
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to the goal simply by the force of the magnetic field, his/her velocity could increase
without limit by acceleration, according to Coulomb’s law.

The magnetic force that acts on the occupant from a magnetic pole is calculated by
Coulomb’s Law, shown by Equation 2.1:

F=(k*q*qu/r’)*r (2.1)

Where F is the magnetic force vector, k is a constant value, q; is the intensity of
the magnetic load of the occupant, q; is the intensity of the magnetic pole, r is the vector
from an occupant to a magnetic pole, and r is the length of r.

Another force is used in the evacuation calculation, known as Acceleration, a.
This force acts on an occupant to avoid collision with another occupant. The total of all
forces from the goals, walls, and other occupants on each occupant decides the velocity
of each evacuee at each time. If large values are given to the parameters of intensity of
the magnetic loads of elements and the occupants, the intensities of the repulsive forces
increase. As a result, the evacuees maintain longer distances from each other and from
obstacles, decreasing the density and the flow of the evacuation. All individuals respond
in the same way to the magnetic equations, as a functional analogy would.

The Magnetic model also incorporates a complex queuing system for specialized
spaces. Three types of queuing behavior are used in the model, originating from
observations made on the movement of occupants in airports, railway stations,
department stores, and office building. These three types of queuing systems are 1)
queues in front of a counter, 2) queues in front of gates, and 3) queues in front of doors of

vehicles.
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Output: The output includes total evacuation time and a visualization presentation.

Use of fire data: None.

Import CAD drawings: No. The user supplies data on the walls and openings in the
floor plan. The walls are given as xy-coordinates on the plan of a building. Data on the
walls also includes handrails and other objects (obstacles). Information is also given to
the model on doors, exits, windows, counters, gates, and exits of vehicles (such as

elevators and trains).

Visualization capabilities: 2-D visualization of occupant movement and areas of

crowding is provided.

Validation studies: None specified

Special features:

* Defining groups — Yes, groups can be defined if a large number of occupants are

included in the simulation. Occupants are then entered as groups and occupant data is

given for each group.

» Disabilities/slow occupant groups — Yes, the user can adjust the maximum walking

velocity of the group.

» Delays/pre-movement time — Yes, the user can input the time to start the evacuation.
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* Route choice of the occupants/occupant distribution — There are three choices,

indicated route, shortest route, and wayfinding.

Limitations: None provided in documentation.

Section 2.8 EESCAPE (Emergency Escape)’” 2.

Developer: E. Kendik, Cobau Ltd. Argentinierstr. Austria

Purpose of the model: The purpose of this model is to address the time sequence from
the time at which people begin evacuation from the floors until they reach the outside or
approved area of refuge in the building. The program allows the user to change the
dimensions of the building’s means of egress and the occupant load easily to assess the

influence of the variations in the system.

Availability to the public for use: The model is operated by the organization (Cobau

Ltd.) for the outside user.

Modeling method: This is a movement model.

Structure of model: This is a coarse network system. The model seems to

acknowledge only a corridor, stair, and exit arrangement.
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Perspective of model: The model views the occupants globally as a single group of
occupants per floor moving as a homogeneous mass to the exit. The occupants also view

the building with a global perspective because there is only one exit to travel to.

Occupant behavior: No behavior is modeled.

Occupant movement: As mentioned earlier, the model considers the population to be a
single group of a certain mean density on each section of the escape route. The
calculated density on each component of the escape route is used to calculate the speed of
the occupant through the escape route (Kendik references the work of Pauls and
Predtechenskii and Milinskii). The partial flows from the floor, which are equivalent in
number on each story of the building, evacuate and enter the staircase at the same time.

If the partial flows from each floor interact with each other in the staircase, the model
then uses calculation methods for occupant flow under (stair width is still adequate to
handle merging flow) and above (congestion occurs) maximum flow on stairs. The user

inputs the number of persons using the escape route.

Output: The output from this model is the total evacuation time.

Use of fire data: None.

Import CAD drawings: No. The user supplies the escape route configuration to the

model, which is assumed to be identical on each floor of the building. Also, the number
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of floors is specified by the user. The user enters the length and width of the corridor
leading to the stairs and door width, the length and width of the stairway, and the greatest

travel distance along the corridor.

Visualization capabilities: None.

Validation studies: The model is calibrated against data from evacuation tests carried out

at the University of Karlsruhe. No further information is supplied.

Special features:

* Route choice of the occupants/occupant distribution — Only one choice is given to the

occupants.

Limitations: Seems to be a simple 1-route configuration.

Section 2.9 EgressPro”’5 3

Developer: P. Simenko, SimCo Consulting, AU

Purpose of the model: The purpose of this model is to predict egress times from a
deterministic time-line analysis for a single user-selected room, corridor, and stair
arrangement. The model is a tool for assessing egress conditions during fire emergencies

in buildings.
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Availability to the public for use: The model was available through SimCo Consulting,
although the developer has said that the model is over 6 years old and he is no longer

selling it.

Modeling method: This is a movement model.

Structure of model: This is a coarse network system. The model acknowledges only a

room, corridor, and stair arrangement.

Perspective of model: The model views the occupants globally as a certain number of
occupants per floor moving as a homogeneous mass to the exit. The occupants also view

the building with a global perspective because there is only one exit to travel to.

Occupant behavior: No behavior is modeled.

Occupant movement: EgressPro models the process of egress movement by following
the general concepts of traffic flow. The flow of groups is based on the relationship
between speed of movement and the population density in the space. The occupant
density (dependent upon the use of the space) can be chosen by the user from an input
table and the program will multiply the density value by the room area, which determines
the initial number of people in the room. Or, the user may simply choose the number of

occupant in the space.
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Output: “Stair/Corridor Egress Time” is calculated as the output. This is the time
interval from the time when the first occupant enters the stair to the time when the last

occupant exits the final exit door.

Use of fire data: User input of a specific fire.

Import CAD drawings: No. The user supplies data to the model, such as each

room/space geometry and egress door size. Also, the travel distance along the line of

travel on the stair slope and the riser/tread geometry are entered by the user.

Visualization capabilities: None.

Validation studies: The model’s Help file provides a case study that verifies EgressPro

results. Access to the help file was not available.

Special features:

» Fire conditions affect behavior? Yes, the program calculates the time to alarm by

calculating the time to detection of a t-squared fire. The detector is assumed to be
located in an area so that it is exposed to the maximum ceiling jet velocity and
temperature.

» Delays/pre-movement time — Yes, the pre-movement time is dependent upon the use

of the building and the type of alarm present in the building. Delay values are

obtained from DD-240 guide. From the write-up on the model, it seems that only 1
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delay time is given for the entire population, instead of distributing a range
throughout the population.

* Route choice of the occupants/occupant distribution — Only one choice is given to the

occupants.

Limitations: The model produces only a “time-line” calculation of movement

throughout the room, corridor, and stair arrangement.

Section 2.10 ENTROPY>*™°:

Developer: H.A. Donegan, University of Ulster, UK

Purpose of the model: The purpose of this model is to encompass egress uncertainty
related to the building and provide a measure of complexity of the building structure.
This is not a traditional egress model in that it does not calculate egress times for a
certain population, but instead uses an entropy probability to simulate the expected
information content, and in turn, the complexity of the floor plan. This model is
considered to be a macroscopic model, which focuses on evacuation routes and the

population as a whole, instead of individual elements (microscopic).

Availability to the public for use: Unknown.

Modeling method: This is a movement model/partial behavioral model
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Structure of model: This is a coarse network system. Each compartment (room,
stairwell, or area that can be occupied) is labeled as a node. Arcs are then drawn between

the nodes on the floor plan.

Perspective of model and occupant: This model is not a traditional evacuation model
with occupants traveling throughout the building from initial starting points in order to
calculate an evacuation time. This model uses the probabilities of acquiring knowledge
(or not) to calculate the complexity of the space. The model views the occupants (if at
all) in more of a global manner. There are not individual characteristics given to each
person that would make them unique in an evacuation.

The occupants have a semi-individual view of the building because of the fact that
they can backtrack due to a lack of acquiring information. They are simulated as having
an unfamiliar view of the building. On the other hand, in the basic model, the occupants

only have one exit to choose from (all networks are trees).

Occupant behavior: The model is labeled as not simulating behavior.

Occupant movement: The concept of entropy is used in thermodynamics to describe a

measure of disorganization of a physical system. In 1948, the name or label of entropy

was adopted by Shannon as a measure of uncertainty. Shannon entropy is expressed by

the following equation:
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H(p(x) | x € X)=-2 p(x) logop(x) where the summation is over x and p(x) is the
probability distribution on a finite set X. The Shannon entropy (the expected information
content) which is used by this Entropy model, is the highlighted equation above given
that 2 p(x) = 1.

This model focuses on the concept of “acquiring knowledge with respect to
egress.” Throughout the simulation, knowledge is gained by achieving positive
movement along an arc from one node to another. This type of movement is used to
simulate acquiring one packet of knowledge on one information step and is labeled as a
positive instance. If an arc is backtracked, knowledge is not gained, and this is labeled as
a negative instance. The probabilities of acquiring or not acquiring information are

shown here as Equations (2.2):

N n' _ n
=— — P =— — (2.2)
n"+n n"+n

In these equations, n" is the number of positive instances and n refers to the

negative instances. The total entropy of the system is given by Equation (2.3):

H=—(p")log, p* —(p)log, p (2.3)
Assumptions used in the model are the following:
» Evacuees do not have previous knowledge of the building
» Each evacuee is treated as the only occupant in the building, ignoring influence of
other occupants
*  Multiple exits from any compartment are equally likely
» No signage is used throughout the building
* Evacuees do not experience panic

» All evacuees are able-bodied
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* All networks are trees

* A backtrack path is equivalent to one positive and one negative instance
+ A forward path resembles a positive instance.

» Each evacuee has a path memory.

An example of the steps taken for the most basic model is shown here. This
example involves a single floor, single exit and the steps that the model takes to reach an
output of entropy and complexity are listed:

1. Selection of a node on the network which is not an exit

2. For the arcs on the path that lead directly from the node to the exit, a single-headed
arrow is drawn in the direction of the exit =

3. On all other remaining arcs, a double headed arrow is drawn.

4. Count the number of double-headed arrows and this is the value for n°

5. Count the number of single-headed arrows and this is the value for n”

6. Substitute the values in for n" and n" to calculate the entropy value for that node

7. Repeat steps 1-6 for each non-exit node

8. Average all nodal entropy values together

9. This results in the average entropy value for each node or the overall complexity
value.

The suggested improvements to the model, such as occupants with disabilities,
buildings with greater than one exit, simulation of locked doors, etc. were listed but not

explained as to how these would alter the simulation and results.
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Output: The output from the model is an average entropy value for each node, which is

the overall complexity value for each floor.

Use of fire data: None.

Import CAD drawings: No. Nodes and arcs are input into Entropy.

Visualization capabilities: None.

Validation studies: A validation study was performed which compared ENTROPY
results of complexity to EVACNET+ results. The study used a network of nodes and
arcs to represent a building with one fixed exit and one exit which would vary positions.
The comparison consisted of improvements shown by each model (ENTROPY would
show a reduction in complexity and EVACNET+ would show a decrease in time period
and an increase in flow of occupants to exits) with varying placement of the second exit.
Differences in improvements were found for certain positions of the second exit between

the two models.

Special features:

« Manual exit block/obstacles — No, but this was an area of improvement. It is not clear

if this feature has been added (by simulating locked doors).

» Disabilities/slow occupant groups — No, all evacuees are able-bodied, but this topic

was listed as an area of improvement that the model can be extended to cater for.
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» Route choice of the occupants/occupant distribution — An assumption used is that the

building contains only one exit, but an improvement listed to the model was to
increase the buildings to more than one exit (which gives multiple routes to the

occupants).

Limitations: One limitation is the assumptions made by the model. This is not a
traditional evacuation model, but instead a model used to measure the complexity of the

structure from an evacuation point of view.

Section 2.11 STEPs %7->859-60.61.62.

Developer: Mott MacDonald, UK

Purpose of the model: The purpose of this model is to simulate occupants in a normal or

emergency situation within different types of buildings, such as stadia or office buildings.

Availability to the public for use: The model is available for use from Mott McDonald.

Modeling method: This is a movement/partial behavioral model. It contains pre-

movement abilities, occupant characteristics, patience factor, and family behavior.

Structure of model: This is a fine network system made up of a series of grid cells, in

which only one occupant can occupy each cell. The common grid cell size is 0.5m by 0.5
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m. Another “fine grid” option is available where more than one person can occupy a grid

cell, but this option is still in test mode.

Perspective of model: The model views the occupants individually and allows the user
to give individual traits to each person or groups of people in the simulation. The
occupants also have an individual view of the building, because the user can specify each
occupant’s (or group’s) “target” or checkpoint (exit), allowing for the user to aid in the
mapping of a defined route for certain groups of people. Also, for each target, each
occupant group is assigned an awareness factor between 0 and 1, specifying the fraction
of that group which knows about the exit. If a 0 is specified for the occupant group and
target, that denotes that no one in the group knows about the target or exit, and the label
of 1 would specify that everyone in the group knows about the target or exit. The
occupants choose the exit that they travel to according to the score assigned to each exit.
This score is based on the following four factors: 1) the shortest distance to the exit, 2)
familiarity with the exit, 3) the number of occupants around the exit, and 4) the number

of exit lanes.

Occupant behavior: This type of behavior will be labeled as functional analogy, since
the entire population is subjected to the same set of movement equations. Also, decision-
making in the model is not dependent upon certain cues or circumstances of the
evacuation, but rather movement and speed is mainly affected by the availability of the
“next” grid cell. This is the main reason why this model is not labeled as “implicit”

behavior, but rather a functional analogy.
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Occupant movement: In high density situations or queuing, the movement speed is
affected by the availability of the next grid cell. In a grid cell, the individual has 8
possible decisions surrounding the grid cell and the decision of where to go is based on
which of the adjacent grid cells has the lowest potential. When specifying an exit in
STEPs, the program will calculate the Potential Table which will provide the shortest
distance from each grid cell to the target. A recursive algorithm will be used by the
program to find the distance from each grid cell to the exit. The potential for exit cells is
0, and the program then jumps to each adjacent cell to calculate its potential. If the
program jumps to a cell using a diagonal move, STEPs will add (Grid Size value*(Sqrt.
2)) to the cell’s current potential, and if the program jumps to a cell using a horizontal or
vertical move, STEPS will add the Grid Size value to the cell’s current potential.

When occupants are deciding which route to take and exit to use, they choose the
path with the lowest score. If multiple paths have the same score, the occupants
randomly chose between them. STEPs uses an algorithm to score each Target for each
individual, and this algorithm is divided into 8 stages:

e Time needed to reach the Target.

e Time needed to queue at the Target.

¢ Adjustment of the walking time to take into account the time that is not actually
walked to reach the end of the queue.

e Calculation of the real time needed to reach the end of the queue.

e Adjustment of the queuing time to take into account the people that will get out while

the person is walking.
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e (alculation of the real time to queue.
e Incorporate patience levels.
e Calculation of the final score

To calculate the time needed to reach the target, Ty, the distance to the target
(D, obtained from the potential table described above) is divided by the person’s walking
speed (W, entered by the user). This is shown in Equation (2.4).

Twaik = D/W (2.4)

The time needed to queue at the target (Tqueue) divides the number of people that
will reach the target before the current person (N, by comparing the “time needed to
reach the target” of the current person with all others in the same plane) by the flow rate
of the target (F, also specified by the user in p/s). This is shown in Equation (2.5)

. Tqueue = N/F (2.5)

All occupants with a lower Ty, are considered to be in front of the current
person. Since Ty gives the total time to walk to the target if there was no queuing, the
additional of Tyaix and Tqueue Would give a larger evacuation time than needed for the
occupant to reach the exit. The program makes adjustments to these values, naming them
“real time to walk” and “real time to queue.” The “real time to walk” is found by
subtracting off the time to walk through the area where the queue has formed, resulting in
the time to walk until reaching the end of the queue for that current person. The queue
time also has to be adjusted because while the person is walking to the queue, others are
leaving through the exit, reducing the queue. The “real time to queue” is calculated by
subtracting the time it takes for those occupants to leave through the exit before the

current person joins the queue. Patience coefficients are also factored into the score and
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influence how long the occupant will wait in the queue. There are also walking and
queuing coefficients that are not quite explained in the users manual that also play a role
in the score for route choice.

The user specifies many different attributes for the people, such as body width,
depth, and height, patience, walking speed, and their people type/group. Occupants can
also be introduced into the simulation at a certain time and place, after the evacuation has
begun. When family groups are specified in STEPS, the family moves throughout the

simulation to meet at a certain position in the building before evacuating.

Output: STEPs output includes the total evacuation time, numbers of occupants in

certain areas, planes, paths, and the entire simulation and the number of people that have

left these different fields vs. time.

Use of fire data: None.

Import CAD drawings: Yes, CAD drawings are input in DXF file format.

Visualization capabilities: 3-D

Validation studies®: The case studies written about for STEPs involve a comparison of

its simulations to the method of evacuation calculations outlined by NFPA 130. This

report outlines two examples that demonstrate STEPs’ applicability to station geometries.

The first case, shown in Figure 2.7, involves a center-platform station in which the
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Figure 2.7: Case Study 1 (63, p. 130-30)

and the total time to evacuate

the station is 239.9 seconds. When the identical model of this station is simulated with

STEPs, the mean time to clear the platform is 212.4 seconds and the mean evacuation

time 1s 257.4 seconds. This case shows a difference of 7.3 to 11.4% between NFPA 130

and STEPs. Also, STEPS is
able to model the natural
imbalance of exit use, while
NFPA 130 calculations
assumes that all exits are used

optimally.

Case 2 involves a more
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Figure 2.8: Case Study 2 (63, p. 130-32)

complex station with a side-platform. As shown in Figure 2.8, the concourse is below

grade level and the platform is below the level of the concourse. Using NFPA 130, the

total time to clear the platform is 179.8 seconds and the total evacuation of the station is

369.8 seconds. Also, when recalculating NFPA evacuation times using a different, more

realistic split, the result is found to be 306.3 seconds. When modeled in STEPS, a mean
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platform clearing time of 181.4 seconds is achieved and a mean total evacuation time was
313.2 seconds. This shows a 0.9 —2.3 % difference between STEPS and NFPA 130
calculation methods.

In both cases, STEPs has given the more conservative result. This comparison
has that STEPs can reproduce similar evacuation times when compared with NFPA 130.
It is not clear what this type of validation exercise shows. This comparison also more
importantly shows that the optimal hand calculations may not always give the most

accurate and realistic evacuation time for the building.

Special features:

» Manual exit block/obstacles — Yes, the user can enter blockages at specific points

throughout the floor plan.

e Defining groups — Yes.

» Disabilities/slow occupant groups — Yes.

» Delays/pre-movement time — Yes, this is specified by the user.

» Flevator use — Yes.

» Impatience/drive variables — There is an impatience factor of 0 to 1 and represents

how prepared the occupants are to queue at the target. The patient people will wait
longer before moving to another target. This coefficient affects the queuing time
calculation for the occupant.

o 0.5 =unbiased level of patience

o >0.5 = patient

o <0.5 = impatient
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* Route choice of the occupants/occupant distribution — The route choice is varied by

the score of target or is user-defined.

Limitations: One of the limitations of this model is the fact that occupants move only
according to availability of next grid cell. There is no limit on the number of floors to
use. However, the real strain on the computer comes from the number of grid cells and
the number of people specified in the model. If the user has a particularly fast computer,

there is no limit.

Partial Behavioral Models

Section 2.12 PEDROUTE and PAXPQRT®*6°:66:67:68.69.70.

Developer: Halcrow Fox Associates, UK

Purpose of the model: The purpose of this model is to simulate the passage of travelers
through public transport stations. PEDROUTE has been used to model approximately
100 underground stations in London. PAXPORT, which can model airports or railway
terminals, has the capability of incorporating the movement of passengers in shopping
and waiting areas in the stations. PAXPORT can model aircraft, train, bus, and passenger
movements. The models can be used to show where capacity problems are likely within

the stations, and test improvements.
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Availability to the public for use: PEDROUTE can be purchased from Halcrow Fox
Associates, as well as yearly maintenance. Or, Halcrow Fox will build a model for the

client directly and test changes in-house. PAXPORT is not commercially available.

Modeling method: This is a partial behavioral model. It relies on speed/flow curves
which have been established from past observations of stations in normal use. Also,

attention is paid to usage of facilities, which is modeled in the form of occupant delays.

Structure of model: This is a coarse network system. The station plans are broken
down into different “blocks” which represent stairs, escalators, platforms, ticket halls, etc.
Each block has a different speed/flow curve associated with it to describe the movement
of the passengers. These speed/flow curves have been established from past surveys at

underground stations.

Perspective of model: The model views the occupants globally because instead of
individually recognizing each occupant, the occupant becomes one of 16 different group
types. Each group type is categorized by flight type (domestic flight, long haul, etc.)
and purpose (business and leisure) and is assumed to have particular characteristics. The
occupants view the building with a global perspective because passengers either travel
through the station on the basis of the quickest journey time (Stochastic assignment) or
the passenger flows are balanced on all routes in order to minimize the total time for all

routes (optimization or equilibrium assignment). The developers suggest that occupants
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can be forced to follow exit signs as well, which may be considered as an individual

perspective.

Occupant behavior: Implicit behavior is modeled.

Occupant movement: Occupant movement is described by speed/flow curves of each

block obtained by previously observed movement in stations. Also, the model attempts

to represent the delays caused by behaviors of usage of certain facilities in the station.

Each group type is categorized by the flight type and purpose of the trip. The user

identifies initial walking speeds and group size as input.

Each group type requires the user to supply data such as the following:

Arrival times

Processes followed by the passenger (i.e., check-in/security and passport control) for
both departing and arriving passengers

The possibility of escorts (with departing passengers) and greeters (with arriving
passengers)

The proportion of free time of the passenger spent in lounges, seating areas,
refreshment areas, leisure, etc.

The proportion of passengers carrying baggage or using baggage carts

The possibility of using certain facilities, even those who visit the terminal for
shopping reasons only

Passengers can be forced to follow signage as an option

These traits are distributed throughout the group type.
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Output: Different output forms are available to the user. The user can view the Fruin
“Level of Service” for any of the blocks in the station. Other output available are details
of peak occupancy and average delay per passenger. The model can produce journey

time savings from improvements made to the station plans.

Use of fire data: None.

Import CAD drawings: Both models require a graphical input of the station layout, and
this layout can be imported from CAD plans. Also, all 1-way movement areas need to be
input. The user identifies the block types on a floor plan, such as passageways, moving
walkways, stairs, escalator, platforms, service desks, lifts, and concourses, and also
defines the coverage of the blocks by tracing over the CAD layout within the program.

This defines their area (length and width) and their connections to each other.

Visualization capabilities: 2-D or 3-D simulation. Data of flow, service levels,

occupancy and delay can be displayed for the entire terminal or sections.

Validation studies: For the PAXPORT model, simulations were run as representations

of North Terminal at London’s Gatwick Airport. However, the results of this study were

not found.
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Special features:

Defining groups — Yes.

Disabilities/slow occupant groups — Yes.

Delays/pre-movement time — Yes.

Route choice of the occupants/occupant distribution — Quickest route, Optimization,

or follow exit signs.

Limitations: No individual consideration.

Section 2.13 EXITS897!:72:73.74.75.76.

Developer: R.F. Fahy, NFPA, U.S.

Purpose of the model: EXIT89 was originally developed as the evacuation model for

Hazard I to simulate large populations in buildings (high-rises). The developer claims

that the model is capable of the following things:

Handle large populations
Recalculate exit paths after nodes become blocked by smoke
Track individual occupants as they move throughout the building

Vary travel speed as a function of population density.

Availability to the public for use: The program has not been released as of yet by

NFPA. The model can be obtained through special arrangement with Rita Fahy.

Currently, the model is not publicly for sale.
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Modeling method: This is a partial behavior model. It relies on the density vs. speed
data from Predtechenskii and Milinskii for different building components, such as
horizontal components, doorways, up stairs, and down stairs. It also uses conditional

movement, depending upon the presence and density of smoke in the evacuation path.

Structure of model: This is a coarse network system. The floor plan is divided up into
nodes and arcs, specified by the user of the program. The nodes require the following
input from the user: the node name, the usable floor area, the height of the ceiling,
maximum capacity of the node (number of people), number of people at the node when
evacuation begins, the number of people at the node who are disabled, an ID that notes
whether the node leads to the outside or is part of the stairway, amount of time the people
at that node will delay before evacuating, and the node that occupants at that room will
travel to if the user is defining the exit route. For each arc, the input required is the
distance from the first node to the opening/restriction between the two nodes, the width

of the opening, and the rest of the distance from the opening to the second node.

Perspective of model: The model views the occupants individually because the output
of the model tracks the individuals’ positions throughout the evacuation. Also, the
occupants have an individual view of the building because the route choice can consist of
either the shortest route or a user-defined route for certain nodes. There is a fine line here
because the individual occupants are not given a route, instead all occupants located

initially at a certain node will travel the user-defined route. On the other hand, if an exit
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is blocked manually or by smoke conditions, the occupant then chooses an alternate route
based on the floor they are on, not a global view of the building. This way, the occupant

may take a longer way out’’,

Occupant behavior: Implicit behavior is modeled.

Occupant movement: The model emulates the “shortest route” algorithm that identifies
the exit of the network and then fans out from the exit in an attempt to identify the
shortest routes to all other nodes. EXIT89 calculates the shortest routes on each floor to
the stairs or outside. This is done so that if a node on the floor is blocked by smoke, only
the routes on that floor and the floor above will need to be recalculated. It also allows the
occupants to maintain an individual perspective of the building.

Walking speed throughout the model is a function of density, based on the
observations of Predtechenskii and Milinskii*'. EXIT89 allows the user to choose
between three different body sizes labeled American (0.0906 m?), Soviet (0.1130 m?),
and Austrian (0.1458 m?). The calculations used in EXIT89 use the specific body size to
solve for the density of a stream of occupants. This equation is shown here:

D=Nf/wL (m*/m?) where N is the number of people in the stream, f is the area of
horizontal projection of a person, w is the width of the stream, and L is the length of the
stream. Predtechenskii and Milinskii report a maximum density of 0.92 m*/m?. The user
can also specify whether the occupants will move in emergency or normal conditions,

and the difference in calculation is shown below.
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EXIT89 uses the velocity correlations for horizontal paths, down stairs and
upstairs, depending upon the density calculated in each movement situation, as given by
Predtechenskii and Milinskii’'.
Horizontal Paths:
V =112D" —=380D° + 434D* 217D +57 (m/min) (2.6)
for density: 0< D <0.92
Down Stairs (]):
V, =Vm, (m/min) (2.7)
where my =0.775+0.44e "+ -sin(5.61D, —0.224)
Up Stairs (1):

Vy =Vm, (m/min) (2.8)

where m, =0.785 + 0.09¢> "1 -sinl5.7D, for 0 < D, <0.6;
where m, =0.785-0.10sin(7.85D, +1.57) for 0.6 <D, <0.92

For emergency movement, equations (2.6) to (2.7) are adjusted by equation (2.9):

Ve = HeV (2.9)

Where pe=1.49—-0.36D  for horizontal paths and through openings

pe = 1.21 for descending stairs
pe = 1.26 for ascending stairs

EXIT89 uses tables of velocities (based on occupant densities) for normal,

emergency, and comfortable movement along horizontal paths, openings, and stairways.
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Output: The output consists of a complex occupant movement table that tracks the
position and node movement of each occupant throughout the entire simulation. Also,
the total evacuation time and the number of occupants trapped are provided in the output.

Stair and floor clearing times are also included.

Use of fire data: Importing fire data from CFAST’’

Import CAD drawings: No. Building data is specified through the node and arc inputs.

Visualization capabilities: No visualization

Validation studies: A validation study involves comparing results from a fire drill
involving 100 occupants from a 9-story building. Both the emergency and normal
evacuation speeds were used in two different simulations of the building. An error of
20% was noted from the emergency run (5.6 minutes from EXIT89 and 7 minutes actual
evacuation time), and the normal run overestimated the evacuation time by 43%.

The second validation study was performed using a 7-story office building in
Newcastle-on-Tyne in the UK. The fire brigade captured this data, and during the fire
drill, challenged the occupants by blocking access to one of the stairways. The fire
brigade captured information from different exits as well as surveyed occupants on their
initial location, exit used, and delay times before beginning evacuation. During the fire
drill, the occupants used the most direct route possible out of the building, sometimes

ignoring closer exits and/or climbing stairs to get there. Fahy used EXITS89 to first send
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all occupants to the closest exit, and second to use the user-defined route option to mimic

the occupant paths during the drill. The results are found in Table 2.5 below.

Table 2.5: EXITS89 validation study results from the 7-story office building

Observed Predicted — Shortest Route | Predicted — User Defined
People Last Exit People Last Exit People Last Exit
Exit 1 2 459 s 2 35.0 2 35.0
2 6 48.0 6 26.0 6 26.0
3 6 90.0 107 148.0 6 36.0
4 40 105.0 124 153.0 51 104.0
5 0 - 7 72.0 7 103.0
6 23 115.0 27 109.0 26 95.0
7 0 - 0 - - -
8 48 190.0 6 60.0 30 120.0
9 8 90.0 11 54.0 11 54.0
10 248 220.0 91 107.0 242 162.0
Total Exited 381 286.0 381 153.0 381 162.0

The predicted results from the shortest route simulation provided a shorter

evacuation and much different flow split than the actual/observed data. Fahy states that

this is due to the unusual use of exits and the overwhelming use of Exit 10 by the

occupants of the building. After running a user-defined simulation, the flow distributions

seemed more reasonable, but the overall evacuation time of the prediction still provided

results of approximately 2 minutes under the observed time. Fahy suggests that the

reason for this discrepancy is that EXIT89 was not equipped with pre-movement or delay
time capabilities at the time of this validation work.

Lastly, Fahy simulated a fire drill conducted in a major department store by the
University of Ulster in the UK. 495 occupants were involved, many of whom were video
taped and interviewed about their evacuation. Fahy used the travel speed that would
provide the longest and most conservative evacuation times (normal evacuation speed),

due to the lack of cues indicated an emergency. Also, the shortest route option was
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selected for the occupants because of the presence of staff during the evacuation. The

model simulation incorporated delay times for occupants recorded on videotape, as well

as mean delays times for each department and additional random delays for each

occupant. Table 2.6 below shows the results for the observed and simulated evacuations

from the department store:

Table 2.6: EXITS89 validation study results from the department store

Observed Predicted

Exit # People First (s) Last (s) # People First (s) Last (s)
1 33 23 83 45 28 64
2 52 31 165 85 43 71
3 32 36 100 16 22 49
4 49 1 104 80 33 83
5 77 17 95 36 39 52
6 41 21 153 26 37 49
7 2 - - - - -
8 23 33 78 23 47 85
9 23 26 119 27 42 111
10 7 50 78 27 37 106
11 6 46 60 5 45 54
12 58 32 119 13 49 83
13 45 14 85 49 31 104
14 29 34 102 63 37 74

Total 495 495

As shown, the observed evacuation ended in 2 minutes, 45 seconds and the

simulation ended in 1 minute 51 seconds. Fahy states that there was good agreement

between the observed and EXIT89 results, and also noted large discrepancies for Exits 2

and 6. Fahy explained these discrepancies as delays prompted by the staff involving the

deactivation of the door alarm, checking shopping baskets of evacuees, and performing

final sweeps of the area for stray occupants.
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Special features:

Counterflow — Yes, the user specifies what percentage of the stairwell is blocked and
at what time within the simulation that this occurs. If the obstruction or counterflow
disappears after some time, the user can set the node back to its original area.

Manual exit block/obstacles — Yes, the user enters the name of the blocked node and

the time from the start of the evacuation that the blockage occurs (in seconds).
Multiple nodes can be blocked at one time.

Fire conditions affect behavior? Yes, the user can enter the output from CFAST.

EXIT89 uses the smoke densities and depth of the smoke layer from CFAST to
calculate the “psychological impact of smoke, S.” This is done with the following
equation:

S =2*0OD*(D/H) where OD is the optical density of the smoke layer, D is the depth
of the upper layer, and H is the height of the ceiling. This is the same method as is
used in EXITT to calculate S. If S > 0.5, the occupant is stopped and if S > 0.4, the
occupant is prevented from entering the room. Both cases allow for enough clear air
in the lower layer to crawl. EXIT89 does not handle crawling, so a value of S > 0.5 is
used to block the node, which traps everyone currently at that node as a result.

The smoke alarm will operate at S=0.0015 and the depth of the upper layer > 0.5 feet.
EXIT89 assumes that the notification of all occupants occurs when the level for
smoke alarm activation is reached at any node. At this time, movement will begin

after pre-movement delays have passed.
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» Disabilities/slow occupant groups — Yes, the user specifies the number of disabled

occupants per node and then the percentage of “able-bodied” speed at which they will
walk.

» Delays/pre-movement time — Yes, the user can either specify a delay time per node or

an overall distribution of pre-movement times. In the latter case, the user inputs the
percentage of occupants who will be assigned additional delays, and the minimum
and maximum value for delay (seconds) for the uniform distribution.

» Route choice of the occupants/occupant distribution — Shortest distance or a user-

defined route

Limitations: The limitation of the model is 89 nodes per floor and up to 10 stairways for
the building. The size of the building and the number of occupants is limited by the
storage capacity of the computer used. Once a person enters a stairwell, they will remain
in that stairwell throughout the entire evacuation (unless stairway is blocked). EXITS89 is
set to allow 1000 5-second time steps, 10,000 links, 20,000 occupants and 10,000

building locations. This is hard-wired into the program, but is easily adjusted.

. . 78,79,80,81,82,83,84,85
Section 2.14 Simulex ™' """ =% :

Developer: P.Thompson, IES, UK

Purpose of the model: Simulex is an evacuation model with the capability of simulating

a large amount of people from geometrically complex buildings.
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Availability to the public for use: The program is available from IES, Integrated
Environmental Solutions, Ltd in the UK. Academic licenses are also available for a

lower fee.

Modeling method: This is a partial behavior model. It relies on inter-person distances
to specify walking speed of the occupants. Also, the model allows for overtaking, body

rotation, sideways stepping, and small degrees of back-stepping.

Structure of model: This is a fine network system. The floor plan and staircase are
divided up into a grid of 0.2 by 0.2 m blocks (grid cells). The model contains an
algorithm that will calculate the distance from each block to the nearest exit, and labels

this information on a distance map. This distance map is shown in Figure 2.9 for the

floor plan and staircase.
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Figure 2.9: Example of visualization of the distance map in Simulex

107



Perspective of model: The model views the occupants individually. The output of the
model tracks the individuals’ positions throughout the evacuation, as shown during the
visualization. Also, the occupants have an individual view of the building because the
route choice can consist of either the shortest route calculated by the default distance map
or a user-defined route obtained by assigning an alternate distance map to an individual
or group of occupants. The alternate distance map can block certain exits in order to

force or guide an occupant to take a certain route throughout the building.

Occupant behavior: Implicit behavior is modeled.

Occupant movement: From the Simulex website®®: “The algorithms in Simulex which
model fluctuations in walking speed, side-stepping, body-twisting, overtaking etc. are
based on a combination of the results of many video-based analyses of individual
movement and the additional results of a number of academic researchers. It is the only
computer program to both accurately model the co-ordinate position of each person to a
fraction of a millimetre and also the relationship between inter-person distance and

changes in walking speed.”

As mentioned earlier, the distance maps are used to direct occupants to the closest
available exit, where each person moves toward an exit by taking the direction that is at
right angles to the constant-distance contours from the exit. The user can create up to 10

different distance maps in the simulation.
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The occupants walking speed is a function of inter-person distance. An example

of the data used for this movement is shown in Figure 2.10.

4 'Normal' Walking Velocity

1.2
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Figure 2.10: Example of the velocity vs. inter-person distance used for the movement algorithm in

Simulex (79, p. 3)

The walking speed of an occupant is dependent upon the proximity (or distance
away) from the people ahead. The inter-person distance is defined as the distance
between the centers of the bodies of two individuals. The best-fit equation (2.10) for the

graph above is shown here:

d-b

V=Vu><sin{90x(t bj} where b<d <t (2.10)
d

v=V, where d>t,

Where: v is the impeded walking velocity (m/s), V, is the unimpeded (normal) walking
velocity (m/s), d is the inter-person distance (m), t4 is the threshold distance (1.6 m), and

b is the body depth (torso radius).
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The walking velocity on stairs is restricted to 0.6 times the normal unimpeded velocity

assigned to each occupant characteristic/type.

In order to calculate the velocity of the occupants (or groups of occupants) on

certain building components, the occupant type must be selected by the user from the

following list. The occupant type/characteristics then correspond to a particular body

size (or distribution of body sizes) and unimpeded walking speed, which is used in the

velocity equation 2.10. The velocities shown in Table 2.7 are frequently followed by a

(+/-) value. This indicates that a range of velocities are distributed to that specific

occupant type. For instance, for an “all male” group, velocities can range from 1.15 to

1.55 m/s. The chart of occupant characteristics is shown in Table 2.7.

Table 2.7: Corresponding body sizes and initial velocity for various occupant types in Simulex

Occupant % % % % % Body Size | **Initial
Characteristic/ | Median | Male | Female | Child | Elderly (m2) Velocity

Population m/s

All Elderly 0 0 0 0 100 0.113 0.8
+- 0.3

All Male 0 100 0 0 0 0.130 1.35
+ 0.2

All Female 0 0 100 0 0 0.101 1.15
+- 0.2

All Children 0 0 0 100 0 0.070 0.9
+ 0.3

All 1.0 m/s 100 0 0 0 0 0.118 1.0

All 1.2 m/s 100 0 0 0 0 0.130 1.2

All 1.3 m/s 100 0 0 0 0 0.118 1.3

All 1.4 m/s 100 0 0 0 0 0.118 1.4
Office Staff 0 60 40 0 0 Multiple Range
Commuters 0 50 40 10 0 Multiple Range
Shoppers 0 35 40 15 10 Multiple Range
School 0 3 7 90 0 Multiple Range

Population

The body sizes, shown in Table 2.8 and labeled in Figure 2.11, are calculated

using an elliptical body size and the equation for the area of an ellipse. The length of the
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ellipse (the torso diameter added to 2 shoulder radii) is multiplied time the width of the
ellipse (the torso diameter) which is then multiplied by Pi/4. This gives the specified
body size in m”. The table below also reiterates that each body type is assigned an
unimpeded walking speed, and some of these vary during distribution among the group.
For instance, the adult male body type has an unimpeded velocity of 1.35 m/s which can

vary by +/- 0.2 m/s when distributed among the population group.

Table 2.8: Body sizes for various occupant types in Simulex

Body Type Torso | Shoulder Unimpeded Variation in
Radius Radius mean velocity velocity
Rt(m) Rs(m) Vm(m/s) +/-(m/s)
Median 0.15 0.10 1.3 0.0
Adult Male 0.16 0.10 1.35 0.2
Adult Female 0.14 0.09 1.15 0.2
Child 0.12 0.07 0.9 0.3
Elderly 0.15 0.09 0.8 0.3
NFPA-1 m/s 0.15 0.10 1.0 0.0
SFPE-1.4 m/s 0.15 0.10 1.4 0.0
SFV-1.2m/s 0.16 0.10 1.2 0.0
SFV-1.2m/s 0.235 0.10 1.2 0.0
(+jacket)

Body
slightly
/ e
Shoulder
Circle

Figure 2.11: Diagram of bodies used in the Simulex model

Simulex also attempts to simulate overtaking, body rotation, side-stepping, and

small degrees of back-stepping as it moves occupants throughout the building.
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Output: The output consists of a 2-D visualization of the evacuation. Also, the

following is provided as output by Simulex:

General overview of the building input: including number of floors in the building,
number of created staircases, number of exits in the building, number of created links,
and the number of occupants evacuating from the building.

Floor input: initial number of occupants placed on that floor, link positions on the
floor plan and connections to the corresponding staircases, and positions of the exits
on that floor (if any).

Stair input: number of occupants initially located in the stair and the link positions
and corresponding connections to the floor plans.

Overall evacuation time of all occupants reaching the exits

Number of people passing through all exits over 5-second intervals

Number of people through each exit (1 and 2) over 5-second intervals

Number of people through each link created over 5-second time intervals

Total number of occupants through each exit, based on the listing of the movement of
each individual per time period.

Exit clearing times (obtained from analysis of output)

Use of fire data: No.

Import CAD drawings: Yes, CAD drawings can be imported into the program. The

program does not, however, read stair information. This must be provided by the user,
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such as distance and width. Also, links are specified in the program to link the floor plan

with the stair section, as well as the floor plan to the exit to the outside (or area of safety).

Visualization capabilities: 2-D visualization.

Validation studies: A validation study has been completed from a supermarket as well
as an examination of the flow rates through exits generated by Simulex®. Although the
model developers did not have actual data from the supermarket, they compared Simulex
results to that of simple hand calculations (with a velocity of 1.19 m/s) of optimal
movement for populations of 1097 and 1919 people. These occupant population values
resembled an occupant density of 7.0 m*/person and 4.0 m*/person respectively. Simulex
produced evacuation times, 58.1 seconds for 7.0 m*/person and 105.1 seconds for 4.0
m®/person, that were significantly longer than the hand calculations, which produced
values of 35 seconds and 51.3 seconds. It is unclear as to what this shows as to the
accuracy of the model. For the simulation of flow rates, Simulex used a distribution of
exit widths ranging from 0.7 to 3.0 m for a population of 100 and an occupant density of
4 persons/m>. “The model was found to produce flow rates which were in good

3 The model also showed that the exits

agreement with previously published data
became jammed with widths smaller than 1.1 m.

Evacuation times and occupant movement were also observed in three university
buildings and the modeled in Simulex to compare results. Human behavior and

movement of the occupants were recorded with video cameras and the total evacuation

time, pre-movement times, and other evacuation behavior were noted. The three
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buildings consisted of a 1-story central lecture theater, an 8-story commerce building
(with lecture halls, seminar rooms, computer labs, offices, etc.), and a 5-story law
building (equipped with the same type rooms as the commerce building) on the
University of Canterbury, Christchurch campus in New Zealand. Each of the observed
evacuations took place between 10 a.m. and 2 p.m. when most of the occupants were
present. The buildings were equipped with different levels of alarm, such as pre-recorded
PA, live directive PA, or a siren alarm. The total evacuation times, presented in Table
2.9, specified in the table below were measured from initiation of alarm until no

occupants were detected in the buildings:

Table 2.9: Validation study results for the Simulex model

Building Observed Total Predicted Travel Predicted Total
Evacuation Time (s) Time (s) Evacuation Time (s)
Lecture Theater 90 93 131
Law 170 161 188
Commerce 220 178 202

The predicted total evacuation times were obtained by adding the predicted travel times
(since Simulex did not model pre-movement delays) to the observed pre-movement
delays. Simulex used the following assumptions to model the three buildings:

» The occupant type used for the simulations were “office type” which specifies the
walking speed and body size to be 40% male, 30% female, and 30% average (this
distribution was used by Simulex at the time of the validation study)

* The default distance map was used, which assumes the shortest path chosen by
occupants

* Pre-movement times were not simulated by Simulex and were dealt with separately to

the computer modeling.
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This report®’ also discusses simulations run by Simulex using an estimated
(instead of observed) occupant load derived from the Life Safety Code Handbook™ for
assembly space as well as pre-movement delays as suggested by the Fire Safety
Engineering in Buildings® in order to compare with observed results. The validation
paper also goes on to comment on the conservative values presented in the literature,
however that discussion goes beyond the scope of this review®'.

The results of the study show that the simulated evacuation times were similar to
the observed results (as shown in Table 2.9) when Simulex used the observed pre-

movement times and occupant loads. Even though it seemed that Simulex provided a

conservative time for the lecture theater, it underestimated the evacuation time for the law

and commerce buildings. Olssen and Regan stated that Simulex can be used “with

confidence to simulate travel times for buildings” discussed previously®’.

Special features:

« Manual exit block/obstacles — Yes, the user can create an alternate distance map for

an individual, group, or several groups in which certain exits are blocked from the

population using the distance map.

» Fire conditions affect behavior? No, the developers are currently working on

importing CFAST data into their evacuation model.

* Defining groups — Yes, groups can be defined and assigned to have a certain occupant
characteristic, distance map, and distribution of pre-movement times.

» Disabilities/slow occupant groups — Yes, the user can assign lower velocities to

individuals or groups in a simulation.
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» Delays/pre-movement time — Yes, the user can choose either a triangular, random, or

normal distribution for each group of occupants.

* Route choice of the occupants/occupant distribution — Shortest distance or user-

defined route.

Limitations: The only limit to the model is the capacity of the computer used to run the
simulations. However, occupants get “stuck” in the links of the buildings during certain

simulations. The user manual offers solutions to this problem.

Section 2.15 GridFlow’ "'

Developer: D. Purser & M. Bensilum, BRE, UK

Purpose of the model: The purpose of this model is to represent individual occupants in
building spaces on a grid network. Pre-movement time and pre-movement-travel
interactions are considered central to the evacuation using GridFlow. Purser considers
this model to be as informative as other sophisticated models, but uses “simple,
transparent, and easily verifiable behavioral inputs, derived from empirical data or

specified and justified by the user™”.

Availability to the public for use: This model was developed by David Purser at BRE

in the UK because of the need for an in-house model that can handle pre-movement and

movement times and the interaction between them. Purser claims that it has been
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developed so that it can now be publicly available (because its ease in use), and is

currently sold as part of a modeling package through BRE.

Modeling method: GridFlow is a

partial behavior model because it
relies on the density of the population
to control the movement of the

population and uses pre-movement

time distributions observed by Purser.

Occupants are also labeled with FED S

Figure 2.12: GridFlow visualization of the distance

susceptibility and their travel speeds mapping (90)

are affected according to the FIC due to irritant smoke — as defined by the user.

Structure of model: This is a fine network system. The model overlays a grid of 0.5
by 0.5 m over the floor plan as shown in Figure 2.12. A distance map is also issued to
the floor plan to map the distance from every cell on the floor to all exits. This distance
map is generated using a series of recursive algorithms to determine the direct distance to
the exit from any point on the floor plan, while also working around obstacles present on

the floor.

Perspective of model and occupant: The model views the occupants as individuals by

giving each occupant certain characteristics, such as an xy position in the scenario as the

evacuation progresses, a starting position in the simulation, a destination or exit goal, pre-
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movement time, unimpeded walking speed, and FED susceptibility. The occupants also
have an individual view of the building during the evacuation because the occupants can
either move to their nearest exit, be randomly distributed to an exit, or follow a user-

defined route.

Occupant behavior: Implicit behavior.

Occupant movement: The occupants move toward the exits under the constraints of the
Nelson and Mowrer chapter of the SFPE handbook', which incorporates speed reductions
based on the density of the space and the capacity of the doors and stairways. The
unimpeded walking speed for each occupant can be specified as a single number or a
distribution can be specified for the population. The default mean, taken from Nelson
and Mowrer, is 1.19 m/s with a S.D. of 0.2 m/s and a minimum value of 0.3 m/s. Any
specific number or distribution can be input by the user.

Any amount of occupant groups or individuals can be defined by the user. Each
individual or occupant group can have a set of characteristics. The characteristics were
laid out in the Perspective section above. To reiterate, the characteristics of the occupant
are:

* xy coordinates of each occupant in time with the simulation
+ Starting position in the simulation

* Destination/exit

* Pre-movement time

* Unimpeded walking speed
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* FED susceptibility (discrete value or distribution)

Under smoke conditions, the occupants’ movement speed can vary according to
their FIC for the irritant smoke. Also, depending upon their susceptibility, the occupants
will be given a graphical hatched pattern in the scenario when their FED reaches 0.75.
When they become incapacitated, FED=1, their 2-D image will turn black and they will
stop movement.

Also, overtaking of occupants can occur.

GridFlow offers multiple options for how merging flows are simulated'. The first
option is the “free-flow” option, where flows are determined by the personal movement
algorithms alone. When several inlets compete, the physical arrangement of the routes,
widths of the links, and the crowd densities at the inlet and outlet decide the precedence.
In the “controlled” flow option, additional rules are imposed on the competition. For
example, when a stair with two inlets (flow from staircase above and current floor) is
near or at maximum capacity, the outlet flow would balance to half from each inlet.
Lastly, there is an option for assigning weights to certain links manually, so the user can

control the dominance factor.

Output: Output data can be exported from the model into an Excel spreadsheet. The
range of output include a details about the population in every space at every logging
interval after each run and summarized data from a series of batched runs. The output
also provides detailed aspects of the building and occupants (distributions of pre-

movement, exit time, etc.).
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Use of fire data: No, but the model allows the user to come close to this. A spreadsheet
can be established for every space in the building with 3 columns; time, speed factor, and
FED dose. The time column is equivalent to the time monitored in the evacuation. The
speed factor gives the ability of the user to decrease the speed by a fraction as the
evacuation time increases, to simulate the influence of irritant smoke. If a 0.9 factor is
input by the use at t=60 seconds, the occupants in the specific space will decrease their
individual speed by 10%. The last column, the FED dose, allows the user to input
specific FED doses at different time intervals in the simulation. For instance, if 0.05 is
input at 60 seconds and another 0.05 is input after 80 seconds, the individuals in that
space will obtain an FED of 0.1 by 80 seconds. Within the model, the user then adjusts
the FED susceptibility of each occupant or occupant group, which affects whether the

person become incapacitated or can escape the building space without problem.

Import CAD drawings: Yes, CAD drawings can be imported into the model via
another BRE program, Josephine. Or, the floor plan can be drawn using a graphical
user interface (GUI) within GridFlow. The user specifies links on the floor plan that lead
to the outside or another space in the building. The user is prompted to input the link

width and maximum flow (persons/second) through the link.

Visualization capabilities: 2-D and 3-D capabilities (with Josephine).

Validation studies: The model developer states that GridFlow has undergone many runs

of simple buildings and multi-enclosure spaces for the purpose of four aspects of
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validation: Component testing (routine checking of major software), functional
validation (checking model capabilities and that these are compatible with intentions),
qualitative testing (comparing predicted human behavior with expectations), and
quantitative verification (comparison of model predictions with experimental data). The
developers have performed component testing and quantitative verification, which
involved simulations from simple and complex building compared against empirical data
from the SFPE Handbook' and other sources. Functional validation has also been
performed and limitations of the model have been identified (but not included in the
Purser report). Also, human behavior has been validated by using actual pre-movement
data to simulate a scenario and by comparing the model’s evacuation behavior and time
to the observed evacuation and Handbook data.

Purser discusses simulations used to examine the effects of delay time, travel
time, and exit flow capacity for various occupancies and layouts. He outlines the results
of a hypothetical building with 3 different numbers of occupants. In this work, Purser
could understand graphically whether the evacuation was driven by pre-movement time,
travel distributions, or exit flow capacity, depending upon the number of occupants in the
building.

Lastly, a GridFlow simulation was described that was similar to an actual
evacuation incident, the “Sprucefield” evacuation. This included 190 occupants
evacuating from a food hall. GridFlow modeled that 99% of the occupants would
evacuate in 130 seconds with their similar case, when the actual time was 140 seconds.
Purser notes that GridFlow provided reasonable results and they plan to perform direct

simulations on the Sprucefield case, among others.
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Special features:
» Counterflow — Yes.

» Manual exit block/obstacles — Yes, because the user can specify the destination or

exit choices for each individual or occupant group, certain exits can be “hidden” (or
not given as a choice) from an occupant group as if it does not exist.

+ Fire conditions affect behavior? Fire conditions are implicitly incorporated. The user

imports a spreadsheet (created by the user) with speed factors and FED doses with
time for each building space.

e Defining groups — Yes.

» Disabilities/slow occupant groups — Yes. Groups can be defined in which the user

can enter a specific unimpeded walking speed and distribution of pre-movement
times.

» Delays/pre-movement time — Yes, pre-movement times can be specified as a discrete

value or in the form of distributions that have been obtained from direct measurement
during “monitored evacuations” or fire drills. These monitored evacuations have
taken place over a span of 10 years and were taken from a range of different building
occupancies.

» Toxicity of the occupants — Yes.

» Route choice of the occupants/occupant distribution — There are three choices;

shortest distance, random, or user-defined
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Limitations: Supports occupant populations up to 5000 (as of year 2000) and more

behavioral capabilities are under development.

Section 2.16 ALLSAFE*?9%%34.

InterConsult Group ASA, Norway

Purpose of the model: The purpose of this model is to determine whether or not
occupants are at risk depending upon input data for the building, the building use, the

occupants, and the design fire scenario.

Availability to the public for use: This model is available through in-house consultancy

from InterConsult.

Modeling method: This is considered as a partial behavioral model.

Structure of model: This is a coarse network system. The building is input into the
model through a series of nodes. For each node, the user specifies the minimum
clearance width, walking distance to the next node, initial number of occupants at node,
and the area of the node. The model simulates only one exit per node structure, but can
simulate multiple node structures in parallel. Because of this, the occupants in each node

structure head to only one exit.
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Perspective of model and occupant: The model seems to view the occupants globally
because of the statement saying that ALLSAFE assigns the behavioral characteristics to
groups of occupants or the worst-case scenario group. Also, the times presented in the
output are assigned to the entire population, instead of each individual.

The occupants’ perspective of the floor plan and building is also global since they

only have one exit to choose from.

Occupant behavior: Implicit. ALLSAFE assigns behavioural characteristics to groups
of the population considered to be the worst-case of the evacuation scenario. The model
includes such input data as background noise, social and economic barriers among the
occupants, language, the fire protection system measures, and the fire scenarios. These
input data affect the evacuation time by adding or subtracting times (as obtained from the
database within the model). The model also incorporates time delays and time
improvements due to voice alarm systems, sprinklers, compartmentation, etc. The model
calculates these from tables of data. An example of suggested time effects from different
variables is included in Table 2.10. These effects were gathered from literatures and/or

by using Delphi-panels.
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Table 2.10: Building/Occupant characteristics and the corresponding time effects (94, p. 676)

Building/Occupant Characteristics AT et AT e AT, AT yove
(min) (min) (min) (min)
Only one available exit 2.5
Bad layout/geometry of occupancy area 5
Bad layout/geometry of escape routes 2
Unfamiliarity to building 5 5
Not alert (sleeping and/or drunk) 5 5
Social affiliation (family) 2
Social role (customer, visitors, worker, etc.) 5
Unclear visual access of exits from occupancy area 1

*Where “det” refers to detection, “rec” refers to recognition, and “res” refers to response.

Occupant movement: ALLSAFE has been developed to calculate evacuation scenarios
where the occupants are not aware of the fire until later in the situation. The main
calculation is estimating delay time of the occupants during the evacuation. The model
also includes a function of estimating the walking time of the occupants. ALLSAFE
defines the “minimum time of movement” or “unimpeded time” (no behavioral delays)
and this time is subject to flow calculations. The developer admits that these calculations
are simplified and also recommends the use of more advanced flow models to determine
the minimum movement time whenever movement is critical. After determining the
minimum movement time, an ALLSAFE database is used to add delays and subtract
reduction in evacuation times due to different kinds of safety measures, such as alarm
systems, staff guidance, unfamiliarity, immobility, social affiliation, signage, etc. The
final result obtained from the model is the “necessary time to evacuate.”

The model developers state that the input data affects all aspects of the evacuation
process, based on the study of recognized literature on the interaction of behaviour of
evacuation and the fire in actual fire incidents. The developers also state that assigned

delay or pre-movement times are based on real life evacuation experience. From the
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write-up on ALLSAFE, it seems that the functions of the model based on actual incidents
were determined through studies made by SINTEF on large fire incidents. No further
information is given as to the kinds of incidents studied or the evacuation knowledge

gained from these studies.

Output: The data obtained from the output is the following (for the entire population):
» Time to fire detection

» Time to react to the fire detection by the occupants

» Time to interpret the situation by the occupants

» Time to decide where to escape by the occupants

» Time to evacuate a room or corridor

» Time to evacuate the building

Use of fire data: The fire scenario can be calculated by fire models, such as FAST
(listed by the ALLSAFE write-up) or default values for the scenario can be chosen from

ALLSAFE.

Import CAD drawings: No, this building is input by specifying nodes within the node

structure with the following information: minimum clearance width, walking distance to

next node, initial number of occupants in node, and the area of the node.
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Visualization capabilities: Visualization of the evacuation can be accomplished by
using AllsafePC. However, since the model considers the population as global, the

developer referred to other advanced flow models in order to visualize evacuation.

Validation studies: Attempts have been made to compare ALLSAFE with other models,
such as Simulex. The model developers consider the model to be better validated by the
use of expert judgments which are used in tabulated values (based on accepted literature

on behavior and evacuation times).

Special features:

» Fire conditions affect behavior? Fire scenarios are input into the evacuation from

either a fire model or from default values in ALLSAFE.

* Defining groups — Yes, the model only recognizes groups.

» Disabilities/slow occupant groups — This does not seem like an option.

» Delays/pre-movement time — Yes, delays such as time to fire detection, time to react

to the detection, time to interpret the situation, and time to decide where to escape are
modeled.

» Route choice of the occupants/occupant distribution — Only one route is available to

the occupants for each node structure.

Limitations: Only one exit per node structure.
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Behavioral Models

Section 2.17 CRISP3*9%96:97:9%8.

Developer: J. Fraser-Mitchell, BRE, UK

The stand-alone evacuation model is the focus of this write-up.

Purpose of the model: The purpose of this model is to simulate entire fire scenarios
incorporating a Monte Carlo technique. There is also an option to simulate an evacuation
using the external or “stand-alone” evacuation model, which does not incorporate the
zone fire model effects or the toxicity effects to the occupants. In this mode, the model

will run in fire drill mode, but the Monte Carlo technique can still be used.

Availability to the public for use: CRISP is used only by BRE for in-house

consultancy.

Modeling method: This is a behavioral model.

Structure of model: This is a fine network system. The model uses a 0.5 by 0.5 m grid
over the entire floor plan that is used to move occupants around the building. This grid
size can be larger, but the developers warn that the larger the grid size, the lower the
accuracy of the evacuation results. The occupants follow a contour map that is spread

throughout the floor plan.

Perspective of model and occupant: The model views the occupants as individuals by

giving the occupants certain behavioral roles, and in turn, certain behavioral activities
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that will take place during the evacuation, in a probabilistic fashion. The user also
specifies the occupant’s walking speed and height (distributions), as well as probabilities
for being asleep and located in certain places throughout the building.

The occupants’ view of the building is also individual because although the model
defaults to move the occupants to the nearest exit, the user can alter the shortest route by
indicating a high “door difficulty” for a certain exit. Also, door difficulties change and

increase with the presence of smoke.

Occupant behavior: Rule-based or conditional behavior. The population is assigned
occupational and role data, on the basis of probabilities. The occupation data determines
the location probabilities, sleeping probabilities, head height, and movement speed of
each group. The role data dictates actions (behaviors of the group) and associated
probabilities of each behavior. Behavior is performed in the model in the form of
actions, which are each associated with a delay time, degree of difficulty, and urgency
level. Actions do not have to continue until they are complete, but may be interrupted by
conditions within the model. In this case, another action will take place. Some example
actions to choose from in the model are search rooms, rescue, investigate, escape,
complete work, trapped, unconscious, asleep, etc. An example of simulated behavior of a

fire fighter is explained here.

Depending upon the conditions — the fire fighters will start off ‘safe’ which

will prompt them to investigate (which has a 100% chance of occurring).

This will lead them to go begin traveling to the room of origin. Under the
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investigation action, there are three different conditions that will prompt
another action (and order of the conditions matters). If there is a target to
rescue (injured/disabled occupant), they will rescue them. The model will
take the fire fighter to the disabled person and have them escape together.
If the target has been assisted during the rescue, the fire fighter will
continue investigation to the fire floor. (As you can see, these actions can
go back and forth.) If the fire fighter has seen fire or has completed
investigation to the fire floor (reaching the fire floor and remaining there

for the delay time), then the fire fighter will escape’.

Occupant movement: The movement of the occupants throughout the building is based
on local crowd density. Only one occupant can occupy a grid cell at the same time,
which is comprised of a 0.25 m” area (or a cell sized 0.5 by 0.5 m). When the occupant
approaches a crowded area, he/she makes the decision on which grid cell to move to
based on the simple algorithm “collision avoidance” or local density. The process is

shown in Figure 2.13.
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Figure 2.13: Graphic of collision avoidance in CRISP (96)

This is a slide taken from a BRE presentation made by Jeremy Fraser-Mitchell*°.
The solid blue line shows the preferred direction of the green occupant, but that cell
already contains the maximum allowable number of people (3 people in a 0.75 m” space
or 3 -0.5x 0.5 m spaces). Two other options are those at 45 degree angles to the green
occupant’s position and are scored according to the speed of the occupant, which is a
result of the density of his cell and the next potential cell. A score is calculated for each
of the three possible cells. The preferred solid blue line has a score equal to the
calculated speed of the occupant, and the dotted lines have a score equal to 0.7 * speed of
the occupant. An example calculation is performed for the scenario above giving an
example maximum unimpeded speed of the green occupant as 1.0 m/s. For the cell
following the solid blue line, the green occupant will have a speed 20% (1-(4/5)) of the
maximum speed because there are a total of 4 other occupants (5 including the green
occupant) occupying the current and potential cells. If the green occupant had 2 other

occupants in his cell, his speed toward the solid blue line would equal 0, because both
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current and potential cells would be at maximum density. As a result, the score for a
move along the blue solid line would be calculated by: 1.0 m/s * 0.2 =0.2. In order to
move to the upper diagonal, the score would be 0.7 * (1.0 m/s * 0.6) = 0.42. In the upper
diagonal case, there were 2 others in both the current and potential cell, other than the
green man, causing the speed be 60% (1 — (2/5)) of the maximum value. Lastly, the
lower diagonal score is 0.7 * (1.0 m/s * 0.8) = 0.56. In the lower diagonal case, there is
only one other occupant in the current and potential cells, other than the green occupant,
so the speed is decreased to 80% of its maximum value. The highest score of 0.56 is
given to the lower diagonal, so the bottom diagonal cell is chosen.

The choice of an occupant’s route is influenced by both distance and the degree of
difficulty specified for the doors and windows by the user. Occupants can, however,
stray from the minimum distance path to avoid high crowded areas. Also, a specified
behavior may lead the occupants to a specific part of the building before evacuation will

begin.

Output: The output consists of detailed information about each person in the simulation
at every time step. Also included is route information, fire conditions in certain rooms in
the building, summary of every Monte Carlo run, evacuation time, and a pictorial output

(at any time throughout the simulation).

Use of fire data: CRISP3 has its own zone model.
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Import CAD drawings: Yes, CAD drawings can be imported into the model. The user
must specify the heights of the floor plan and ceilings at different points on each floor
plan. If CAD plans are not used, the user must create a build file which specifies the
building geometry by inputting:

* x,y coordinates of the building layout, such as rooms, stairs, vents

» Height of ceiling and vents

+ Connections between rooms and between stairs

The user also specifies the type and location of detection system (in the detection input
file) and if the stand-alone evacuation model in used, the occupants are alerted at the start
of the simulation if no delay time is added. Also, the X,y coordinates of any obstacles on

each floor must be listed in a separate obstacle input file.

Visualization capabilities: 2-D and 3-D capabilities (Josephine)

Validation studies: CRISP’s use has been frequently documented by BRE in such
projects as office buildings, a large exhibition hall, and an airport terminal. These were
done in order to conclude ASET vs. RSET conditions, main factors in the evacuation
(exit routes, width of doors, etc.), and worst scenarios, to name a few.

An evacuation of a 3-story office building’, housing 202 civil service staff, was
performed in 1996, and subsequently modeled in CRISP to develop and improve the
model for use in office buildings. Similar to WAYOUT, questionnaires were
administered to the staff after the drill to obtain information on workplace, location at

time of alarm, and any emergency roles and actions taken when responding to alarm.
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Respondents consisted of 22 designated emergency staff, one wheelchair user, and 118
staff with no emergency responsibility. In the actual evacuation of the building, all staff,
except the wheelchair user and two assistors, evacuated the building in 90 seconds. From
this and the use of action sequences from the questionnaire, CRISP was used to model the
scenario. At 90 seconds, all but approximately 25 occupants had evacuated the building.
Differences in evacuation times (the total time given by CRISP was 240 seconds) may
result from differences in the “investigate” action in the simulation. The responsible
officers in a real situation may have worked together in a more time efficient manner to
search all rooms, instead of following the CRISP algorithm ensuring that all rooms are
searched. In this scenario, it was the actions of the investigation team that prolonged the
evacuation time and prompted CRISP developers to take another look at action

algorithms.

Special features:
» Counterflow — Yes, this feature was recently incorporated.

» Manual exit block/obstacles — Yes, by inputting an increase in the door difficulty.

» Fire conditions affect behavior? Yes, CRISP has its own zone fire model, but if the

model is used as an external fire model (in fire drill mode), there is not fire or smoke
for the occupants to respond to. In fire drill mode, fire is extinguished immediately
and the alarms sound at t=0.

e Defining groups — Yes.
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» Disabilities/slow occupant groups — Yes, and the user can specify to have them

“rescued” by another group of occupants (emergency personnel with a defined
“rescue” action).

* Delays/pre-movement time — Yes, these can be input by specifying a mean and

standard deviation for occupant activity. For instance, if the action of “reacting” is
given a 60 second delay with a specific standard deviation, the occupants will “react”
for approximately 60 seconds, which results in the occupants remaining in place.
Once the “reacting” time delay is completed, they will follow their next user-defined
action, which is usually “escape.”

» Elevator use — No, however, this feature is currently being worked on.

» Toxicity of the occupants — Yes, if the model is NOT simulating in fire drill mode (in

the external evacuation model). When FED=1, the occupant is assumed to be dead.

* Route choice of the occupants/occupant distribution — Globally, the potential leads to

shortest route. This can be overridden by local information and events.

Limitations: Complex input files and all behavioral activities must be input by the user.
Limitations of the program involve up to 1000 rooms, up to 20 floors, and 15,000

occupants maximum. Also, the maximum grid network is 0.5 x 0.5 m grid.
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Section 2.18 ASER]?*-100-101.102.

Developer: V. Schneider, I.S.T. Integrierte Sicherheits-Technik GmbH, Germany

Purpose of the model: The purpose of the model is to simulate egress movement in
complex geometrical environments, such as railway and underground stations, airports,

theatres, sports arenas, trade fairs, etc.

Availability to the public for use: This model is available through I.S.T. Integrierte

Sicherheits-Technik GmbH. Company.

Modeling method: This is a behavioral model.

Structure of model: This is a fine network system. The floor plan defines rooms,
corridors, stairs, and refuge areas by the size and position of the doors and passageways.
The model defines the instantaneous positions of every person by the coordinates which
are related to a point on the floor plan or staircase. This a method allows for a 3-D

representation of the building and the local modeling of people movement throughout.

Perspective of model and occupant: The model views occupants as individuals by
characterizing them by a set of parameters (both fixed and conditional to the fire
environment). These parameters are age, sex, fitness, incapability, social

interdependencies, former experience, special knowledge about the building, response to
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smoke and toxic products, and the amount of information available during the evacuation
(location of fire, availability of egress routes).

The occupant’s perspective of the building is also individual. Each person has a
goal/exit, which is either the nearest exit or is prescribed by the user. The route choice is
then influenced by the external impact from conditions of the building or the behavior of
the other evacuees around them. Because of this, occupants can alter their behavior away
from the original route (nearest or user-defined) in avoidance of smoke conditions or

occupant congestion.

Occupant behavior: Rule-based or conditional behavior. First actions and perceiving
cues can be modeled by either assigning individual alarm and reaction times or by
incorporating intermediate stop positions. These positions are areas of the building that
the occupant move to, wait, and then begin egress after a certain time interval. ASERI
uses a matrix of estimated delay times that depends on the initial activity shown in the
first column and on the corresponding action or behavior in the first row. Table 2.11 is

shown below.

Table 2.11: Matrix of ASERI delay times (99)

Awareness Response Time | Prepare (Dress) | Information
Watching TV 0-30s 4-8s 5-120s 0-30s
Showering 60-TSs 4-10s 30-300s 0-60s
Social activity 0-TSs 4-10s 5-240s 0-60s
Sleeping 10-TSs 6-14s 20—-300s 0-60s
Reading/Writing 0-TSs 4-8s 5-120s 0-45s
Smoking 0-300s 4-8s 10-120s 0-45s

The purpose of this matrix is to model the sequence of first actions. “TS” is the

time for the staff to check certain areas/rooms of the building, which depends on the
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communication or information events. Each corresponding behaviour/action is explained

below:

» “Awareness” is the time interval beginning with the perception of the first cue to the
time that the person becomes aware of the evacuation situation

» “Response Time” is the average time interval to respond to the corresponding cue.
The model uses average times used by Levin which are 6 seconds for awake
individuals and 10 seconds for sleeping occupants.

* “Prepare” is the time interval allowing the occupant to dress and look for valuables.
This action depends on the weather and the geographical location.

* “Information” represents the time delay for occupants to seek for information and
“inform others” of the event.

Individual responses to hazards in the building (actual or suspected) depend on
individual specified parameters, external conditions, available information, and social
relations among the occupants. Most of these parameters vary with the changing
environment of the evacuation. ASERI uses Monte Carlo simulation techniques to
analyze the outcome of a building evacuation by stochastically altering individual
responses while leaving the initial and boundary conditions identical. By performing this
type of simulation, mean egress times as well as corresponding variances and confidence
limits can be obtained. Such stochastic variables include individual egress route choice
and movement, the initial distribution of occupants throughout the building, and

individual parameters (size, walking speed, and reaction times).
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Occupant movement: The movement of the occupants is defined by an individual
walking speed and the orientation of the corresponding velocity vector, resulting from the
person’s current position and intended exit/goal. Also, obstacles and other occupants
affect movement. ASERI takes note of individual body size by incorporating shoulder
and chest width into the model. From this, minimum inter-person distance and boundary
layer from walls and obstacles are used to move people throughout the building.
Shoulder and chest width, certain behavioral conditions, and walking speeds are entered
as distributions or individual input, which affect the mobility of the occupants. Different
groups can be generated from these inputs, including those occupants who are disabled
(require lower walking speed or require a larger body size to account for a wheelchair).
ASERI allows the user to input persons with increased space requirement, such as
occupants carrying children, briefcases, or wheelchair mobile. Because of these
calculations, ASERI can model congestion, queuing, clustering, and merging of flows of
occupants.

Individual movement of the occupants is driven by their global (exit or refuge
area) and local (room exits, corners, etc.) goals. The local goals of the occupant change
dynamically with the environment and crowd conditions. There is no grid in the model
upon which the occupants move through. Instead the individual local goals of the
occupants trigger movement, depending upon the geometry of the building (interior
doors, obstacles, corners, etc.). The developer has explained the movement model as a
sequential one with appropriate priority rules for movement.

Toxic effects of the smoke components slow walking speed, alter behavioral

responses, and change designated route plans. Individual incapacitation of the occupants
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is calculated by using the FED model by Purser. This includes monitoring the dose of
CO, HCN, CO3, low O,, and high temperature. Any obscuring effects of smoke are

described by the visibility of particular spaces in the building and affect walking speed
based on data from Jin®®, and turn back behavior probability based on data from Bryan

and Wood>.

Output: The output involves evacuation times plus detailed information on the structure
and bottleneck/congestion situations that lead to egress delays. Because of the use of the
Monte Carlo technique in specifying behavioral responses of the occupants, mean egress
times along with their corresponding variances and confidence limits are obtained.

Etoge #7111 s 20U0: 1. Toed

Use of fire data: ASERI is used 7 o |

in conjunction with the field model
KOBRA-3D that simulates the fire
and smoke spread throughout the

space. Individual incapacitation

can be calculated based on the

FED model by Purser. ASERI Figure 2.14: ASERI visualization of a
simulation (99, p. 45)

includes dose-effect relations for CO, HCN,

COg, low O, and heat. Also modeled are the effects of smoke movement on visibility,

speed, and exit route choice. Or, it seems like the user can enter time-dependent

temperatures and concentrations of smoke, CO, CO2, 02, and HCN for each unit in the

building. The smoke concentrations are expressed in terms of visibility.
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Import CAD drawings: A pre-processor will be available for licensees by the end of

the year that converts standard CAD formats into ASERI input.
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Figure 2.15: ASERI visualization of the theater
simulation (101, p. 7)

City of Tampere in 1995, as shown
in Figure 2.15. The theater
contained over 600 occupants. The data from this evacuation was used to assess
evacuation models as well as to understand the sensitivity of the basic input parameters of
the model. The simulation of the 3™ floor auditorium was restricted to half of the
building due to the symmetry of the space, as shown in the ASERI diagram shown in
Figure 2.15. The actual pre-movement time of the theater occupants was used in the
simulation as a random delay time. Also, a distribution of the individual mobility of the

occupants was incorporated to produce a range of walking speeds from 0.7 to 1.5 m/s and
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a body size range of 0.12 to 0.22 m®. It was known from the original evacuation that
persons with restricted mobility were present.

Figure 2.16 shows the results from the actual evacuation and the simulation from

ASERI.
total egress time | egress time first person at
auditorinm ground floor

evacuation drill 5:20 3:37 1:10
simulation of drill 5:32 £0:06 4:02 £0:06 1:15 £0:03
danger mode 4:35 £ 0:09 3:07 £0:08 1:14 £0:03
homogeneous group 3:27 £0:03 2:25 £0:05 1:17 £ 0:02
100 % occupation 6:17 £0:13 A8 £ 0:11 1:21 £0:06

Figure 2.16: Results from the ASERI validation studies of the theater (101, p. 6)

The first row shows the actual results from the evacuation drill of the theater building,
including the evacuation time from the auditorium only (2" column). The second row
shows the results for the simulation of the drill as observed for the theater, and the third,
fourth, and fifth rows are changes to the model’s inputs as part of a sensitivity analysis of
the model itself. The second and third rows show the effect of inputting different egress
behavior (normal vs. danger). The second and fourth rows show the effects of inputting
different individual mobility (inhomogeneous group vs. homogeneous group with
unrestricted mobility — able occupants). And lastly the second and fifth rows show the
difference in inputting the number of occupants into the simulation (82% of the
occupancy which was present at the time of the drill vs. 100% occupancy). The
developer notes that the strongest effects on the egress time produced by the model were

due to a change in mobility of the occupants. Also, the first two rows which contained

142



the observed and simulated evacuation from the theater show very close results in all
three evacuation times.

Monitored evacuation drills were conducted for three high-rise and three school
buildings by the German Federal Office of Construction for the Forschungsstelle fur
Brandschutztechnik in cooperation with the local fire brigades. These evacuation drills
were used to validate ASERI as well as used to calibrate with the Predtechenskii and
Milinskii method®'. After performing a range of simulations which involved changing of
mobility parameters and the presence of smoke barriers in the building and comparing
these to the observed evacuation drills, the developers stated that, “performing the
numerical simulation with an appropriate distribution of mobility parameters yields
realistic results, as already demonstrated by the investigation of other evacuation drills.”
For the tallest building, a 21-story office building with 1400 occupants, the calculated
total evacuation times ranged between 616 and 648 s, with a mean value of 627 s, while
the measured evacuation time for the structure was 629 s. More information on this
validation case study is provided in ASERI references.

The final case study to be discussed in this section involved the evacuation from a
hotel conducted by the Norwegian SINTEF organization. The input information
provided to the model for this case study involved the building layout, means of egress,
geometrical staircase information, location and the sequence of the fire incident, and the
communication events put in place by the evacuation plan. The evacuation case that
follows the evacuation plan is called the “schedule case” and actual observation of the
drill is referred to as the “actual case.” Also, information about the occupants was

available such as the gender, age, room number, and activity engaged in before
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evacuation began. The staff was not included in the egress movement during the
simulation, but was modeled to perform actions during the alarming sequence. Also,
delay and response times associated with certain occupant actions were included in the
simulation. The occupant total was 104, and since the available egress routes were many,
the evacuation was not influenced by crowding. As mentioned earlier, runs were
performed in ASERI to resemble 1) immediate evacuation of all occupants at the start of
the fire alarm, 2) the scheduled case, and 3) the actual case. According to the developers,
the actual case was very much in agreement with the observation of the monitored hotel
drill. The only difference is that “the number of occupants not leaving the guest rooms or
returning into the room was much larger than predicted by the simulation.” The
developers relate this discrepancy to the fact that the information available was
ambiguous in the drill, resulting in guests ignoring the alarm.

Other validation studies can be found in the referenced ASERI publications.

Special features:

» Manual exit block/obstacles — Yes, if smoke is very heavy.

+ Fire conditions affect behavior? Yes, the output of KOBRA-3D can be transferred to

ASERI through a cut and paste method.

» Defining groups — Yes, because of the ability to assign each individual certain
mobility parameters (body size, walking speed, and behavioral conditions) as well as
providing a distribution of these for a specified group.

» Disabilities/slow occupant groups — Yes, walking speed and increased body size can

be specified.
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* Delays/pre-movement time — Delays are achieved either by assigning alarm and

reaction times or introducing intermediate stop positions.

» Toxicity of the occupants — Yes.

» Route choice of the occupants/occupant distribution — Route choice is either shortest

distance or user-defined. Routes then become altered due to the building

environment and the occupants’ behavior during the evacuation (conditional).

Limitations: The number of specified levels (floors), units, passages, and obstacles is

limited by computer memory.

Section 2.19 BFIRES-2'%1%:

Developer: F. Stahl, NBS, U.S.

Purpose of the model: The purpose of this model is to simulate an occupant moving
throughout a building as a result of decisions he makes during a period of time. The
computer program is described by the developer as “modular” in form. To explain, each
subroutine has a specific function as its purpose, and these functions fall into the
categories of perception, cognition, and action (all relative to the environment). The
subroutines are linked through the main program.

BFIRES simulates a building fire as a chain of “time frames” and for each time

frame, the model generates a behavioral response for every occupant in the building.

Availability to the public for use: Unknown.

145



Modeling method: This is a behavioral model.

Structure of model: This is a fine network system. The floor plan is overlaid with an
orthogonal grid. The spatial plan (walls, boundaries, etc) are laid out on the grid, and
occupants are only permitted to occupy grid points (the intersection of the two grid lines

is identified by an x,y point).

Perspective of model and occupant: This model recognizes individuals. The following
information is provided by the user for each individual:
* Interruption limit
* Bystander limit
» Familiarity with the exits in the building
* Initial mobility status
* Probability of opening a closed door
» Probability of closing a door
* Initial location within the floor plan.
The model also keeps track of the position (x,y coordinates) of the occupants throughout
the simulation.

The occupants also have an individual view of the building because the occupant
travels a particular route resulting from a “chain” of movement decisions made by the
occupant. Each decision is a result of the occupant interpreting gathered information

from the environment.
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Occupant behavior: The model attempts conditional behavior. As mentioned earlier,

BFIRES simulates a building fire event as a chain of “time frames,” and during each time

frame, a behavioral response is generated for each occupant in the building. As shown in

the diagram, the generated responses for each individual are based upon their information

processing. Also, building occupants act in compliance with their perceptions of the

changing environment. At t;, an occupant prepares a behavioral response by gathering

information on the state of the environment at that specific point in time (perception of

the situation). Secondly in the process, the occupant interprets the information by

relating it to his/her egress goals which guide the overall behavior. This interpretation is

accomplished in the following way:

» Comparing current with previous distances between the occupant, fire threat, and exit
goal

* Comparing knowledge about the threat and goal locations of the current occupant
with the nearby occupants.

« Taking into account locations of physical barriers (walls and doors) and other
occupants

Lastly, the occupant evaluates alternative responses from the “response library” and

selects an action as the response for t;. An example of a behavioral response is to move

in a direction that would minimize distance to the exit, resulting from knowledge of both

the fire threat and the location of the safe exit. This is noted in Figure 2.17.
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Figure 2.17: Behavioral cycle for each occupant in the BFIRES model (16, p. 51)

Each of the processes; perception, interpretation, and response processes, call

upon computer subroutines. Each subroutine produces an aspect of the human behavior.
The two types of subroutines consist of those which simulate perception and information

gathering and subroutines which simulate information processing and decision-making.

An explanation of each type is provided below:

1) Subroutines GROUP, OTHERS, AGREE

This subroutine consists of programs that establish the social environment as the event

progresses. GROUP uses the subroutines OTHERS and AGREE to inform the occupant
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whether any other occupants occupy the same space as the current occupant, whether any
others in the space have information unknown to the current occupant, whether others in
the space are injured, and whether all occupants can agree on an effective exit route.
Route choice depends upon an occupant’s perception of the situation, familiarity with the
building, lack of information about fire incident, etc.

2) Subroutine BYSTND
This subroutine will be called if an occupant is occupying a space with an injured or
disabled occupant. BYSTND determines probabilistically if the occupant ignores,
approaches, or stays to assist the disabled occupant.

3) Subroutine JAMMED
This subroutine enables the occupant to assess the degree of crowding of the
area/location he/she wishes to enter. If the occupant looks ahead to the next space, he/she
counts the number of occupants already there. If this number is larger than the pre-set
crowding tolerance, this route is rejected from the choices of movement.

4) Subroutine KPOSS
This subroutine allows the occupant to “see” or scan each potential move and determine
if it is physically possible to pass through. This allows the occupant to avoid paths
constrained by walls or other physical barriers.

5) Subroutine INTRPT
This subroutine probabilistically determines whether an occupant’s behavior will be
interrupted during a time frame, either by remaining in place or backtracking.

6) Subroutine BACKUP
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This allows the occupant to retrace his/her steps back toward the initial starting position.
Once at this point, the occupant resumes the decision-making process.

7) Subroutines ASSIGN, DOORS1, and DOORS2
This model can assign a bias to the occupant’s decision-making behavior. This is meant
to assign probabilities to decisions made throughout the simulation, which may be more
likely than others. DOORSI1 controls the probability of the occupant opening a closed
door during the evacuation. DOORS?2 controls the behavior of whether or not the
occupant will close the door behind him/her once passing through.

8) Subroutine EQUALZ
This is used to satisfy the condition of “no bias” or equalizing the probability values of
available alternative moves.

9) Subroutine TBIAS
This routine establishes probabilities for moves which favor maximizing an occupant’s
distance from threat, such as fire or smoke.

10) Subroutine EBIAS
This subroutine uses probabilities that favor moves that minimize an occupant’s distance
from an exit.

11) Subroutine HBIAS
This subroutine biases an occupant’s moves toward helping disabled or injured
occupants.

12) Subroutine EVAL
This subroutine offers two alternative methods for an occupant to evacuate his/her current

safety status. Previously, an occupant achieves a positive evaluation of this situation if an
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occupant perceives his/her safety status to improve. The two alternate methods involve
1) evaluation is constructed on the basis of the strai