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Abstract:

Quantifying thepre-evacuation time(i.e., the time between first awareness adeéliberate evacuation
movemen), is a key task for evacuation modedersand fire safety engineershe identification and
employment of preevacuation data given an incident scenario is not a simple taskvamuation model
users and fire safety engineersince data is typically saa, partial and often difficult to acceds. this
work, we address this issue by presentimgapandediatabase including prevacuation times collected
from 9 fire incidents and 103 evacuation drills involving5®2 evacuees in 16 countrieBhesecase
studies are groupedccording tothe occupancytype of the structure(s) involvedVe also used cluster
analysis to identify sulgroups andpotential factors that influence performanceJsing thispre-
evacuation data, we calibrate a set of preacuaton distributions that can be uset representpre-
evacuation datain existing building evacuatiomodels. This work provides a useful resource for
evacuation modeusersand fire safety engineer@snd also may provide additional insiglsresearchers
into the factors that influence prevacuation timesFinally, this work can have an impact on future data
collection and analysis by ideriifig the need for new data for specific occupancies.
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1. INTRODUCTION

Evaceebehavior isakey factor in any fire safetyerformance basedesign.As such, nderstanding and
predicting evacuee behavior is fundamental to entiagthe safety of building. To date, several egress
models have been developed to simulate fire evacuatiordetermine whethetthe required safe egress
time is less than thavailable safe egress tinjg,2].

The buildingevacuation process can be dividedoirseveral componentthat form aresponsetimeline

[3,4]. The total evacuation time is generally divided into fgeacuation time and travel time. Thee-
evacuation timds the interval between the time at which a general alarm signal or warning is di@en
other cues receivedand the time at which the first deliberate evacuation movement is mgdeThe

travel timeisthe interval needed foan evacuedo reach a safe place, once movement toward an exit has
begun|[5]. The evacuation performance in these two stages is dependent on the conditions faced by
evacuees and their capacity to respond. As sughceation modelsersand fire safety engineenseed

to identify those conditionghat define the incident scenariothat they wish tosimulat [6].

A key issudor model userss the identification and employment gire-evacuationdata that describes
likely egress performance givepre-determinedfire scenarios. This task might be demandingpes
evacuationdata is typically scarce, partjdifficult to accessandor in a format which is not supported by
evacuation model§6]. Aninitial attempt to simplify thigorocessvasmadeby Gwynneand Boycen the



SFPE Handbod#] who pulled together existing engineering datadrseries of tables a format which
could be easily accessed byacuationmodelers Part of the work done by Gwynrend Boycdocused

on preevacuation data. Theientified 76 case studiei.e., 4 fire incidents and 72 evacuation drlls
which they divided according to occupancy classesl presentedn nine tables The goal othe SFPE
chapteris to providethe user with a characterization of each case study presentthe related pre-
evacuation data using foutlescriptive statistics: mean, standard deviation, minimum and maximum
(depending on the data summary awdile in the original source materialJhe first limitation of this
existing database is thain many instancesone or more of the four statisticds missingMoreover, the
statistics presented in #hexisting database are nintendedto be useddirectly asan input to existing
evacuation modelswhich requireusers to define the parametsof pre-evacuation distributionsThese
summary measures were instead intended to encourage the reader to select between and explore the
original data sources provided

In this paper, waddress this issugresenting an expanded versiontbe database proposed by Gwynne
and Boycd4]. We present an expandeddatabase including preevacuation times collected fror fire
incidents and @3 evacuation drills In contrast tothe work presented in theSFPE chapter, we colledt
raw preevacuation data such asdividual preevacuation data or aggregated peacuation data
through cumulativefrequenciesfrom the original dataets This waschievedby searching the original
references and contacting theriginal researchetslt was possible to collect datiiom the original
references for 91 case studies while the data for the remaining case studies were provided by the authors.
Through this processye colleced 2889 data points, where each data point includepreevacuation
time and its frequencyThe advantage of this new data structuies, combining preevacuation times
and frequenciess thatit allows (1) the calculation of all the statiti proposed in this papewithout
missing valuesand (2) the calibration of presvacuation distributions for single case studiesaor
combination of them.

The case studies includedthis expandediatabase areategorized according tihve occupancynvolved
(e.g, business, residential, mercantile, etc.), in acemcke with the work conducted b§wynneand
Boycein the SFPE Handbop¥. This categorization was originally used to refléet typicalway in which
practitioners would searcfor and select data; i.ethe first decision being the type of occupartging
represented The original occupancy cléfésation has beerexpanded to accommodate the new case
studies identified in this work i.e.Hotel, Road Tunneli.e, R NA JeSadiatidn behavior)and
MiscellaneousThis was done to accommodate the new case studies identified in this &véekv aiginal
occupancy classes such as Industrial, Health Care and Trafispotansportation terminal usersare
not included in this work as they included only a few case studies that are included in the new
Miscellaneous classlere, we go further thanthe original approach by examining variables thather
differentiate the data i.e., we usecluster analysigo identify possible sulsets of data within the
occupancy groupis an attemptto exploreadditional influentiafactors within each occupantype. Such
an analysis allows the identification of possible factbest may influencepre-evacuationtiming with a
view to potentially producing more rational approaches to grouping data in the fufues beyond
occupancy grouping)

1 An evacuation drill is dmed as a preplanned simulation of an emergency evacuation for a figpeci
incident scenarig26]. In this work, evacuatn drills refer to both unannounced and announced evacuations
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2.BACKGROUND

To date,numerousstudies haveshownthat pre-evacuation timecan represent gignificant portion ofin

S @ O dafale¥aduation timg7¢9], which carhave serious consequences depending on the nature of
the incident[8]. Conceptual models have been developed to show the types, and even the segaknce
evacuee behaviors that are performed during feseacuation. One of the first of these models was
proposed by CanterBreaux, and SimgLO] who charted processes for all the possible actions and
responses thatauld be taken by evacueds different types of occupanci¢$l]. More recent conceptual
models have been proposed [ih2¢14] which were inspired by thgeneral Protective Action Model by
Lindell and Perry15]. Other studies have been performed to investigate and quantify the internal and
external factors that might influence p®vacuation behavior{11,16,17] Notwithstanding pre-
evacuation behaviors are generally less documented, quantified and modelled than movement behaviors
[8,18,19]

At a conceptual level, three main modelling approaches have been proposed to repesseneepre-
evacuation timen building evacuation mode[43]. The first approach relies on the user assignment of a
pre-defined time to individuals or groups (i.& deterministic approach) or a pseuwdandom number
obtained from a distribution (i.e.a stochastic approach). The second approach \eglthe user
assignment of sequences of pegacuation actions. Thegentsmove to different parts of the simulated
building to perform their activities. Each action has a-gefined specific duration for eachgent
assigned by the uselhe last approdtis the predictivédbased approach. In this case, agents perform
protective actions in accordance with different internal and external factors. Exanopl¢his last
approachare the Evacuation Decision Model proposed[20] and its implementations for different
evacuation studief21¢24].

All three approaches havstrengths and limitationsFor instance,ite main weakness of the first two
approaches is that théehavioris not actually predicted byhe models but it is based on user
FaadzYLWiA2ya oKAES (GKS YIAY fAYAOGFGA2Y 2 FaganksS G KA NJ
react to mrticular cues in similar wayf)3]. Themain advantage of theredictivebased approacfii.e.,

the third approach)s that the evacuee prevacuation behaviois actuallymodelled whist the other two
approache®xpectusers to definesuch behavioas an input by selecting a pexvacuation distributio(s)

or a sequace of preevacuation actionslt isrecognized, howevethat such an approachasonly been

applied to a limited numbeof cases and situations such [24¢24]. Fom an implementation viewpoint

and evacuation modalisers still typically relyon the first approach to simulate prevacuation timing

(particularly the stochastic approach)

The first approachefther deterministicor stochastic) requirethe model usesto supply preevacuation
timing data to implicitly represent the types of behaviors that various people perform during the pre
evacuation time period, and the overall time that it takes to perform thesries of behaviordhis is
done by asking the users to defir@e-evacuation distributions which could represent the timing
uncertainty.Data from evacuation drills and real emergenatas beused to quantify the presvacuation
time and distributionsfor different types of building[25,26] To date,three pre-evacuationdatabase
have been proposetb do just that. The first, produced bghi et al[27], introduced several descriptive
statistics for preevacuation times collected in 69 evacuation ddigding them according ta small set

of occupancy classes. The second databaseluced by Fahy and ProulR8], provided users with
descriptive statistis for several fire drills and fire accidemi¢hich hadoccurred inoffices, residential
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buildings, hotels and store3he most recent databaseasprovided by Gwynne and Boyce in the SFPE
Handbool{4]. They identified 76 case studiand provided descriptive statistics for pexacuation time
dividedaccording tooccupancy kasses. The main similarity and limitation o #xisting works is thaall
provide only descriptive statistics of pezacuation dataAlthough these statistics provide users with the
order of magnitude of the prevacuation time for different scenarig, converting them into a
probabilistic distribution is notraeasy task for evacuation model useideally, evacuation model users
should find those distributions in the original references listed in the existing databases. However, many
times those arenot published as they are out of the scope of those wadrkshisarticle, we aim to fill this
gapexpanding the preevacuation database proposed by Gwyrarel Boycedn the SFPE Handbo§X

and estimating those distributions usitize methodological approach descrith& the following section.

3. METHODOLOGY

3.1 Data Selectionand Representation

Thepre-evacuation data includekin this paper has beeimundin sources typically considered as credible
outlets within the field. Thoseources were identified by Gwynrad Boycen the SFPE Handbo@X,
andinclude

1. Journal publicationsJournal of Fire Protection Engineering, Fire Safety Journal, Fire Technology,
Fire and Meerials, Safety Science, International Journal of PerformaBesed Fire Codes,
Journal of Applied Fire Sciences, Building and Environment, Journal of Transportation Engineering
Transportation Research Record, Physica A:

2. Conference proceedingsinternational Association Fire Safety Science (IAFSS), Interflam,
Pedestrian and Evacuation Dynamics (PED), Human Behavior in Fir@cAaida Association for
Fire and Technology, Mobility and Transport for Elderly and Disabled People;

3. Reports National Institute of Standardsand Techology (NIST)National Fire Protection
Association (NFPA)ational Research Council Canada (NMBTiG3h Standard Institute (BSI),

Fire Protection Research Falation (FPRF), Lund Depadnt of Fire Safety EngineegrandvVTT
Technical Research Cen({Fnland).

The identification of potential referencehas also been assistedby the reviewsprovided inseminal
publicationsin the field of human behavior in fifd,27¢29]. The finalset ofreferenceswhich provided
data for analysis heravere identified and selected accordj to the following criteriawhereby the
sources were

Publidy available;

Written in English (or where translations were availalgben request);

Published after 198@ ensure relevance

Providingat leastfour data points, where each data point inclutla preevacuation time and its
cumulative frequencyi.e. percentileg, in digital or graphical forms

PP

The first three criteriare the same as those adoptég Gwynneand Boycen the SFPE Handbof to

identify papers presentingre-evacuation dataThe reason behind the selection of data published after
1980 is to get evacuation data which is fairly conpamary and thus having evacuation conditions and
responses similar to those present todaye last critewnwas added in this work to select papers having
a specificpre-evacuation data structurel'his has been addegincethe goal here, in contrast to the SFPE



Chapter, is tocollect raw preevacuation data(individual preevacuation data or aggregated pre
evacuation data through frequenciesThis fourth criterion is fundamental tobroadly estimate pre
evacuation distribubns (as explained in Section 3,3hatare more usefulfor computational evacuation
models In fact, having foupercentilesallows the estimation of distributions that represent the pre
evacuation trends observed during an evacuation.

The preevacuationdata (i.e., pre-evacuation times and their frequencieis)generally available in the
published references tlough tables and charts. Wherreferencedid not satisfythe fourth criterion, the
reference authors were contacted and asked if they cqu@vide the raw datalf the datawas available
only in graphic form,t was converted into a digital form by using the open source application called
WebPlotDigitizex This graphic conversion was done far Gse studiesvhich are identified by the *
symbol in the followind@ables2,4,8,12, 14 and 1@he selection and rejection procedure is illustrated in
Figure 1.

Journal publications Conference publications Reports

Are Criteria
1,2and 3
satisfied?

no

Item rejected

Yy

no

yes

Is the data
shared by
the authors?

Contact
authors

Is Criterion
4 satisfied?

yes

+ Item accepted |+

Figure 1¢ Data selection procedure.

The dataset (originating fromevacuation drills pfire incidents)included in theexpandeddatabase are
presentedin this papeiin tabularand graphicalorm. The tablegrovide two statistics regrding the pre
evacuation times: mean and standard deviation. Those statistics were taken from the refevenme
available otherwisethey werecalculatel usingthe frequencieseither provided in the paper or by the
reference authors.

Thetablespresented here alsprovidebackgroundnformation that allows the reader to understand the
context in which the data was collected and thersmgos associated with the datats.

Inthis paper, the tables are presented in standardized formaatording to the structure used in the SFPE
Chapter{4]. The tablestructureincludes the followingtems:

- Retrence ¢Refé in the Tables) indicates one or more references where the ddtam;

2 Certain commercial entities, equipment, or materials may be identified in this document in order to describe an
experimental procedure or concept adequately. Such identification is not ingttal@nply recommendation or
endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the entities,
materials, or equipment are necessarily the best available for the purpose.
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- Building is a description of the type of building where the evacuation took place;

- Country in which the building is locate

- Nature indicatesthe nature of the evacuatio and the understanding of the event by the
population; i.e.,whether the evacuatiorwas a total evacuation or a partial evacuation and
whether it took place duringannounced or unannounced drills/real even{se. total
Unannounced Drill UD, Partial Umnnounced Dril PUD), Announced Drills (AD), Semi
AnnouncedDrills (SAD) dfire IncidentgFl);

- Alarm provides informabn regarding the alarm systesn.e.,sirens, bellsandhorns (AL)T3 fire
alarm systems (T3ljve voice natifications (LVand perecorded voice notifications (PV);

- Floors indicate the number of floors of the building;

- Sample is the number of evacuees whose-@vacuation times arebserved and included in the
study;

- Mean and Standard Deviation (SD) of the-pvacuation time$

The datasets included ithis publicationare also presented in a graphical farire, in two standard
charts a 2D plot showing the prevacuation time on the horizdal axis and the cumulative frequency or
probability on the vertical axiand a 2D plot showing the mean and standard deviation ofgwacuation
times in the horizortal and vertical axis respectivelyhe formerchart form has been selected as
cumulative measurements easily allow the comparison of severaleymeuation datass and
distributions. Moreover, such a format is preferred as the-pvacuation distributions are estimated
using cumulative frequencies as explained in Secti@n Jte secondorm of chartis used to illustrate
where several datasets are located in lsuetwo-dimensionalspace This approach enableduster
analysido be performed(asdescribedn Section 3) to identify potential factors affecting the grouping.

3.2 Distribution Estimation

Starting fromcollectedpre-evacuation datgoints, it is possible to calibrate continuous distributions. Let
f(x| &fc) be a continwus probabilistic distribution dfined by two parameters (i.eand ¢y andF(x|¢hd)

its cumulative distributionLet 6 ,0 ) be a data pointrepresentingthe i pre-evacuation tims (0 ) and
the cumulative frequeries (0 ) of the d dataset(A I' m ¥ an&kREI' M. ). fX&h be5calibrated with the
existing daha using Least Squares Meth@D] by solving the optimization problem iBquationl.

AQCET © 0 OO Equationl
i

3 Those statistics were taken fromdtoriginal references (when available) or calculated using the available
frequency data:
B oO

aQwe e

Bo 4Qne0

i &0 o)

where O is the number of evacuees havingas preevacuation time.
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where0 are the weights associatewith each dataset. Considering that eattlataset is made df data
points accounting fof) evacues, we assume thab is the ratio betweer2 andO (i.e., 0 Q 70).

In such a way, each dataset contributes in the fitting afr@eaccording to the size of treample Further
details regarding such an approach (i.e., weighted nonlinear regression) and its chadiermeslable in
[31,32]

In this paper, we consider four possible geacuation distribubns defined by two parametergamma
(Equation2), lognormal(Equation3), loglogistic(Equation4), and Weibull distributions (Equation5).
These are fitted againghe various dataet groupings.Those distribution were selected as they are
defined onlyfor positive valus of the x random variable (i.enegative value of prevacuation time are

not allowed). Those distributioalsohave a skewed shape which is typical for-pwacuation datd7].
Moreover, those distributions are implemented in many wealbwn evacuation models such as FDS+Evac
[33], Pathfindef{34] and EXODU[35].

AT QDo —— 6 O Qo6 Equation2

0 A@EIIO, W

, I CT I m[‘ﬂ'"ﬂf‘] - ‘C(A) 'Qb EquatI0n3
dmcn O

Ui Cl T COREE A{# Equations

7 A E ADOdgifo ay 6 AgDPa Qo Equation5

The fitting of those four distributions &ssessednd comparedising the Rparametef. The results of all
four distributions are always presentdih Section % as someevacuation moded might not have the
capacity to represent eadfistribution. As such, the users can select an alternative distribution between
the remainingones.

The proposed approach can be used to estimate more complex distribution having more than two
parameters. However, those distributions have noebeised in the literature or implemented in well
known evacuation models.

The methodologyproposed in this section is usedSection 4o calibrate preevacuation distributions by
combining the data points from different data sets.

4 There is some debatever the general applicability of the? fhdicator, especially to nefinear distributions.
Multiple fitting indicators can be used when Likelihood methods are used to fit models as indicg88H kowever,

in this work we adopted a weighted Least Squares method where the weights accotiné feemple size of each
dataset (see Equation 1). As such, for the purpose of this paper, readers should reféndiz#&ors as well as to

the regression charts (i.e. the scatter plots including the lines representing regression models) to have a
comprehensive understanding of advantages and limitations of the proposed regression models.
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3.3 Clustering Analysis

In this work, a clustering solutiomas usedo group the case studies identifiedtime expanded database.

To achievehis, the kmean cluster analysiwas used36]. Such a mathematical solution allows us to
investigate whether it is possible to subdivide the case studies included in our database into clusters and
thus identify candidate faors that may segregate the daets in addition to omistead of the occuparnc

types already identified.

The average and standard deviation of the-r@acuation times of each dataset belonging to the same
occupancy group are the input for the cluster analysiseLet 0 RY be atwo-dimensional real sctor

defined by the mean(( ) and standard deviatioi'Y) of thei O} & S & (i dzZR& nieBmclsteX = Y 0 @
analysis is a technique that allows the partition of theectors intok (<n) clusterr 6 B hd by

minimizing the withincluster sum of squard86]. This is done by solvitigis optimization problem:

ACEIT o H- Equation 2
F ot
where H=is the mean of thes:-points belonging to thé cluster.A fundamental input requirement of
this clustering approach is the number of clusteékls This number can be identified using the Elbow
method [37], which focuses onhe reduction ofthe within-cluster sum of squaras a function of the
number of clusterss illustrated in Figure.As such, the resulting clusters includes case studies sharing
WAAYAETFNR YSIYy I yR-e@mdulttignRINNR RSGAF A2y 2F LINB

25

Within-cluster sum-of-squares

0.5 )
Elbow point

by E— = i i i
1 2 3 4 5 6 7 8 9 10
Number of clusters

Figure 2¢ An example of Elbow chart.

In the following sectionghe pre-evacuation distributions in SectionZ3are calibrated for each individual
cluster. It is worth highlighting thdlhe R parametersgiven belowmust not be used as a criterion to select
betweenclusters but need to be only used to choose between distributions estimated within the same
cluster.

4. RESULTS

The database presented in this paperan expanded version of the database proposed by Gwgnde
Boyce[4]. It includes preevacuation times collecteffom 112 case studiesncluding9 fire incidents and
103 evacuation drills93 of those drillsvere urannouncedwhile the remaining 10 drillswere announcel
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or semi announcedlhe data included in this datasatiginatesfrom 16 countries. The percentage of case
studies belonging to each country is illustrated in Figueelt isevident thatSwedenandthe USaccount
for almost 40%f the total case studies.

The case studies are divided here depending on their occupancy, in accordance with the original work
conducted by Gwynne and Boyce in the SFPE Handpdlhe original occupancy classification has been
partially extended in this work by the introduction of 3 new categories, i.e., Hotel, Road Turthel a
Miscellaneous. The list of occupancy groups and the percentage of case studies belonging to each group
is depicted in Figure 3.b. From Figure 3.b it is evidentahhird of the case studies consist of evacuations

that took place in educational builalys.

A comparison of the expanded database with the databases proposed by Gwynne anf4Rdyaiey and
Proux [28] and Shi et al27] is presented in Figure’4

From Figure 4, itis possible to observe some overlapping between the expanded database and the existing
databases. 68% of case studies from the Gwynne and Boyce dafdbase included in the expanded
database. Moreover, all the case studies from the Fahy and Ha&]land 9% from Shi et dR7] are also
included in the expanded database. The case studies that were excluded did not meetdfien 4 (See
Section 3.1).

Swe?j}g 18% 21% Educational 32%
Netﬁgﬁﬂg 90/100% Assembly 19%
Cani&a 7%9% Business 12%
gﬁiarlwig :2;2 Residential 10%
CzelirL:SRSiei) 302% Miscellaneous 9%
Finllt:r!{i gzjz Road Tunnel 7%
AUTSera;!:;, 1050% Mercantile 7%
D:nor:wa;rdk i;ﬁ Hotel 4%
0% 5% 10% 15% 20% 25% 0% 10% 20% 30% 40%
(@) (b)

Figure X Percentages of the case studies for each (a) country and (b) occupancy

5Such a comparison can be only carried out using the mean values of each case study as the standard deviations
are not reported by Fahy and Pro(i28] and Shi et a[27].
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Mean Pre-evacuation Time (min)

102

[ * Expanded database
i Gwynne and Boyce
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F * < Shietal.
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Business Residential Mercantile Assembly Hotel Educational Tunnel Others

Occupancy
Figure 4c Comparison betweethe proposed database with the database proposgddwynne and Boydd],
Fahy ad Proul{28] and Shi et al[27]

Using the mean and the standard deviation of the -px@cuation time of those evacuations,vitas
possible to identify three clusterssing the kmean cluster analysis (Section 3a8)illustrated in Figureé.
FromFigure?, it is possible to observe that Clust@&and 3 representfour extreme case studies having
the greatest preevacuation times. Those case studigsall fireincidentswhichtook place imahighrise
hotel and office buildingdisted inTable 1
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Figure7¢ Pre-evacuation data divided by clusters: (a) means and standevéations (b) data poins.

Table 1¢ Preevacuation data for théour case studies having the greateseanpre-evacuation timeand
standard deviations

Ref. Building Country Nature Alarm | Floors | Sample Mgan S.D Cluster
[min] [min]

[28] Highvrise office us FI No AL 110 85 11.300 | 58.489 2

[28] Highvrise office us FI No AL 110 46 28.400 | 43.490 2

[38] Highrise hotel us Fl NoAL | 13 47 21.125 | 55.510 2

[39] Highrise hotel us FI No AL 26 536 73.613 | 73.370 3

In the following subsections, the pevacuation datas analyzedccording to each occupancy typeor
each occupanctype, the case studies and characteristio®ted in Section 3.1 above) are provided in
tabular format These case studies amdustered, when possible, using the approach introduced in Section
3.3. For each occupancy an attemgan bemade to explain/interpret the clustering. In some casbis

may be obvious given the characteristics of the case studies preseritesltables; in otherthe clustering
may be rather difficult to explaiwith the reasons being much more complex.

Several factors can explain the clustering resufisme factors are reported in the following tables
allowing the reader to infer any relationshipsowever, other influential factors may exist but are not
included as they were not reported in the original referenced material. Any relationships drawn should
then be considered provisiondlhe factors reported in the following tables are those seleatetié SFPE
Chapter{4] while the remaining are from the existing literature on freacuationbehavior As such, we
provide a comprehensive list of factors that readers can use to assess the diffaranogclusters

1) The presence of an alarm, the type of alarm system and its perfornjdhce
2) Country and evacuee cultufé];

3) Nature of the event, i.efire accidents vs drill[gl];

4) Type of building structure, e,qaumber of floors geometry, etc[4];

5) Evacuation procedurg];

6) Length of voice message andture of the provided messagd0,41}

7) Time of the day42,43}

8) Weather conditiong44¢46];
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9) Differencein the methodology to colledbehavioraldata, such aslosedcircuit televisionvideo
analysis, questionnaires and intervi¢id,26}
10) Percentage of disabilitieslderly and motion impaired occupants [47].

Given the inconsistencies and omissions in the original 112 datasets, itotvasssible for the authors

to definitively establish the underlying factors that generated the clusters identified. As such, we suggest
evacuation model users select the occupancy and the cluster that have the most similarities with their
own case studgepending on the list of those ten factors. The clusters might then act as a means by which
to narrow the search of the data available. The readers should refer to the original references in case of
uncertainty regarding the best cluster to select.

In Setions 4.1¢ 4.8, we estimate four prevacuation distributions (i.egamma, lognormalloglogistic

and Weibull distributions) for each clustén. choosing the mosepresentative distribution, evacuation
model users should consider both thé farametersas well as the regression charts within the same
cluster. In fact, the Rparameters provide an overall assessment of the fitting while the regression charts
help identify distributions which fit better across the range of interdsthere users cannot usa
particular distribution (e.g.where their evacuation model cannot represent a distribution), they can
select an alternative distribution between the remaining ones. In both instances, the user will have an
idea of how representative the curve is of thederlying data given the associated R2 value.

4.1 Business Occupancy

Therewere 13 case studiedelonging to tke busines®ccupancy group. Those evacuations took place in
buildingscontaining4 to 110 floordocated mostly irthe USand Canada (38). Using the mean and the
standard deviation of the prevacuation time of those evacuationswias possible to identiffwo clusters

as illustrated in Tabl@. Figure8.a illustrates the location 0i3 case studies on the meass. standard
definition plane whilethe data points of those case studies are displayed in Figjore

Table2 ¢ Preevacuation data for business occupancy

Ref ;333 Building Country Nature Alarm Hoors | Sample mﬁ? [n?ig] Cluster
[44,45] 1 Office us P-UD PV 11 72 2.355 1.060 1
[44,45] 2 Mixed Office us ubD T3 4 348 1.693 0.841 1
[44,45] 3 Mixed Office us P-UD PV 12 132 1.233 0.562 1

[48] 4 Office Canada ub AL 13 458 1.398 1.436 1

[49] 5 Office Canada ub AL 6 92 0.573 0.385 1

[49] 6 Office Canada ubD AL 7 161 1.196 0.827 1

[50] 7 Office* Finland AD AL 7 33 2,722 1.151 1

[50] 8 Office* Finland AD AL 4 9 2.017 0.850 1

[51] 9 Office UK ubD AL 6 19 0.467 0.183 1

[52] 10 Office Denmark ub PV 12 70 0.961 0.600 1

[42] 11 Office Australia Fl No AL 14 106 5.415 1.547 1

[28] 12 Officet* us Fl No AL 110 85 11.300 | 58.489 2

[28] 13 Officer* us FI No AL 110 46 28.400 | 43.490 2

* Data converted from graphical to digital form
** World Trade Center
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Figure8 ¢ Preevacuation data for business occupancy by clusters: (a) means and standard divisions of the case

studies; (bdata point of the case studies.

Four preevacuation distributions are estimaddor each cluster. The estimate parameters and thare
displayed in Tabl8. Those distributions and the related data points are illustrated in Figure

Table3 ¢ Estimatal parameters of the pe-evacuation distributiosfor the business clusters

Cluger Distribution Distribution in seconds Distribution in minutes Data points g
I ¥ I ¥

Gamma 1.291 103.901 1.291 1.732 0.564

1 Lognormal 381.651 0.967 40.919 0.967 2597 0.548
Loglogistic 4.592 0.587 0.498 0.587 0.548

Weibull 139.285 1.195 2.321 1.195 0.566

Gamma 0.557 1419.096 0.557 23.651 0.942

2 Lognormal 36.131 1.613 11.104 1.613 10 0.949
Loglogistic 5.905 0.958 1.811 0.958 0.950

Weibull 672.010 0.664 11.200 0.664 0.944

It is worth highlighting that Cluster 2 referstite evacuation that took place in the World Trade Center
in 1993. For this evacuation, it was possible to find tarypercentilegsee Figure 8.Hjom the literature.
This small number of data points explains the high value? af Rable 3. Regardless the limitation of
this case study, the proposed distributida capable of representng the pre-evacuation event as

illustrated in Figure 9.
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Figure9 ¢ Regression charfer the business clusters




4.2 Residential Occupancy
Therewere 11residentialoccupancycase studiesThose evacuations took place in buildingsatainingd

to 30 floors located mostly in Canada (63%9t this occupancy, we exclude the sleep data presented in
[4] as they focus on the effectiveness of different notification systems to wake sleeping participants and
on arousal time rathethan preevacuation timelUsing the mean and the standard deviation of the-pre
evacuation time of those evacuations, it is possible to idemtify clusters as illustrated in Table Bigure
10.a illustrates the location of 11 case studies on the mearstasidard definition plane while the data
points of those case studies are displayed in Figorb.

Table4 ¢ Preevacuation data foresidentialoccupancy

Ref. ;333 Building Country Nature Alarm Floors | Sample ?/rlr?iﬁ]n [rﬁia] Cluster
[45] 1 Univ. Residence us ubD T3 4 40 0.995 0.346 1
[45] 2 Univ. Residence us ubD T3 4 33 0.600 0.245 1
[53] 3 Apartment Canada uD AL 7 42 2.673 2.727 1
[53] 4 Apartment Canada uD AL 7 80 3.313 2.961 1
[54] 5 Apartment Canada U] AL 14 31 1.637 1.225 1
[54] 6 Apartment Canada U] AL 14 94 1.455 1.169 1
[47] 7 Residential Care UK ubD AL 3 13 1.462 1.887 1
[43] 8 Apartment* Canada Fl Alab 30 103 13.239 | 9.127 2
[42] 9 Apartment Australia FI Al2 18 26 10.731 | 4.670 2
[53] 10 Apartment Canada uD ALP 6 55 8.332 7.344 2
[53] 11 Apartment Canada uD ALP 7 79 10.190 | 8.182 2
* Data converted from graphical to digital form
aEarly morning® Poor performancef the alarm system
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Figurel0 ¢ Preevacuation data for residential occupancy divided by clusters: (a) means and staredmiibdsof
the case studies; (b) data pogf the case studies.

Four preevacuation distributions are estimaddor each cluster. The estimate parameters and thare
displayed in Tablé. Those distributiosand the related data poistare illustrated in Figuré1l.
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Table5 ¢ Estimate parameters of the prevacuation distributions for theesidentialclusters

Cluster Distribution Distribution in seconds Distribution in minutes Data points =|
+ 1t + 1t

Gamma 0.650 178.024 0.650 2.967 0.601

1 Lognormal 54.879 1.432 -0.119 1.432 149 0.589
Loglogistic 4,087 0.873 -0.007 0.873 0.586

Weibull 102.475 0.767 1.708 0.767 0.599

Gamma 0.911 812.708 0.911 13.545 0.820

> Lognormal 98.986 1.268 32.821 1.268 78 0.785
Loglogistic 6.143 0.763 2.049 0.763 0.784

Weibull 724.617 0.978 12.077 0.978 0.819
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Figurell ¢ Regression charfer the residential clusters

The results In Table 5 and Figure 11 show a reasonably good agreement between existing data and
proposed distributions. In this casthe lower values of Rfor Cluster 1 can be explained by the high
disperson of the data points of this cluster as shown in FigureHdwever, given the regression charts

in Figure 11 the proposed distributions seem to provide a good representation of the trends shown by the
data points

4.3 Mercantile Occupancy

Therewere 8 case studies belonging to this occupancy group. Those evacuations took place in buildings
containingl to 3 floors located mostly ithe UK and Swede(88%). Using the mean and the standard
deviation of the preevacuation time of those evacuations,i#t possible to identifyywo clusters as
illustrated in Table 6Figurel2.a illustrates the location ahe 8 case studies on the mean vs. standard
deviationplane while the data points of those case studies are displayed in Higure
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Table6 ¢ Pre-evacuation data fomercantileoccupancy

Case - Mean SD
Ref. Study Building Country Nature Alarm Floors | Sample [min] [min] Cluster
Marks & Spencer
[55] 1 (Sprucefield Centre UK ub AL 1 95 0.417 | 0.233 1
Marks & Spencer
[56] 2 (Culverhouse Crops UK ubD AL 1 71 0.417 | 0.217 1
[57] 3 JKEA Sweden uD VA 1 16 0.703 | 0.217 1
(Orebro)
[57] 4 .I.KEAQ Sweden ubD VA 1 12 0.610 | 0.222 1
(Vasteras)
[57] 5 IKEA Sweden ubD VA 3 17 0.713 | 0.445 1
(Almhult) ) )
[56] 6 NS & SEmEen UK uD AL 3 122 | 0617 | 0317 1
(Royal Ave)
[56] 7 LSS UK uD AL 3 122 | 0517 | 0.300 1
(Queen St)
[58] 8 Xin Lian Xin Store China AD AL 1 294 1.450 | 0.921 2
1 1 +
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Figurel2 ¢ Pre-evacuation data fomercantileoccupancy divided by clusters: (a) means and standavihtionsof
the case studies; (b) data pogf the case studies.

Fourpre-evacuation distributions are estimaddor each cluster. The estimategparameters and the R
valuesare displayed in Tablé Those distributioaand the related data poistare illustrated in Figuré3.
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Table7 ¢ Estimate parameters of the prevaciation distributions for themercantileclusters
Distribution in seconds Distribution in minutes

Cluster Distribution + ) _H_ B + (min) _H_ (min) Data points =|
Gamma 3.005 14.564 3.005 0.243 0.901
1 Lognormal 62.874 0.574 -7.764 0.574 4 0.895
Loglogistic 3.660 0.334 -0.434 0.334 0.893
Weibull 48.453 1.957 0.808 1.957 0.905
Gamma 2.535 34.561 2.535 0.576 0.996
2 Lognormal 150.491 0.610 7.704 0.610 63 0.996
Loglogistic 4.309 0.362 0.215 0.362 0.993
Weibull 96.470 1.642 1.608 1.642 0.994

0.8 0.8
2 2
% o * data % o * data
o e
09_ 0.4 Gamma R?=0.996 E 0.4 Gamma R?=0.901
Lognormal R?=0.996 Lognormal R?=0.895
0.2 — Loglogistic R?=0.993 0.2 .| Loglogistic R?=0.893
Weibull R%=0.994 T |/ Weibull R?=0.905
00 1 2 3 4 5 00 0.5 1 1.5 2
Time (min) Time (min)
Cluster 1 Cluster 2

Figurel3 ¢ Regression chartfer the mercantileclusters

It is worth highlighting that Cluster 2 refers to the evacuation that took place in the Xin Lian Xin Store in
China. For this evacuation, it was possibldinal only four data poirg from the literature. This small
number of data points explains the high value éfrRTable 7. Regardless of the limitation of this case
study, the proposed distribution is capable of representing the-gwacuation event as illustrated in
Figure 13

4.4 Assembly Occupancy

Therewere 21 case studies belonging tograssemblyccupancygroup. Those evacuations took place in
buildingscontainingl to 3 floors located ithe UK Sweden and ChinaQuster analysisvas conducted

for the cinemaand theatrecase studiesonly. Using the mean and the standard deviation of the-pre
evacuation time of thoseinemaevacuations, it is possible to identify four clusters as illustrated in Table
8. Figurel4.a illustrates the location d?1 case studies on the mean vs. standard definitmane while

the data points of those case studies are displayed in Figiuie Considering the differences between
buildings types within this specific occupancy category, we manually defined independent clusters for the
restaurant/bar case studies. Bhoccupancy contains a broader range of building types that may require
different pre-evacuation data, e.grestaurants/basvs. cinema theaters. Since it is likely that engineers
will search for data related to building type (even within the same occoyparthis approach simplifies

iKS dzaSNEQ OK2AO0S 08 YihydzZdttea aSLINIGAyd GK2a$ O :

theaters into separate clusters.
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Table8 ¢ Preevacuation data foassemblyoccupancy

Ref. ;333 Building Country Nature Alarm Floors | Sample mﬁ]n [rrs1ig] Cluster
[59] 1 Theatre UK ubD PV 3 338 0.357 | 0.128 1
[60] 2 CinemaTheatre Sweden U] AL 1 87 0.299 | 0.094 1
[60] 3 CinemaTheatre Sweden uD AL 1 98 0.457 | 0.086 2
[60] 4 CinemaTheatre Sweden ubD PV 1 108 0.539 | 0.102 2
[60] 5 CinemaTheatre Sweden ubD PV 1 128 0.516 | 0.083 2
[60] 6 CinemaTheatre Sweden uD PV 1 129 0.551 | 0.119 2
[61] 7,8,9 Cinema Sweden ubD PV 1 126 0.607 | 0.166 2
[61] 10,11,12 Cinema Sweden ubD PV 1 297 0.567 | 0.173 2
[61] 13,14,15 Cinemd Sweden uD PV 1 39 0.725| 0.178 3
[61] 16,17,18 Cinemd Sweden uD PV 1 178 0.668 | 0.200 g
[7] 19 Theatre UK uD LV+PV 3 115 0.927 | 0.418 4
* Data converted from graphical wigital form
(a) (b)

Figurel4 ¢ Preevacuation data foassemblyoccupancy divided by clusters: (a) means and standavibtonsof
the case studies; (b) data point of the case studies.

Four preevacuation distributions are estimalefor each cluster. The estimalegparameters and the R
are displayed in Tabk
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