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Abstract

Fi emer gemroiseesg nitfhreeadi i | add cmwgpawnrtisng evacuati on,
significant eV@eedeatsi bysttamgi ng their route avai
their perception of the environment due to rec
usually asseviemteedi st hand causing significant
complicated and unpr e dDecstpaibt eet tnhamkeihgati iecmmno fd efciirse
cr oenwdacuatmosrn exiesvwd nupaitimwdldadii mgmn model s and too
f arnemp aodt §1 heevaccruati on proeé¢gyenasti mmost i teldlewssu
and si mul altr otnhjseea fii tnehyse v a c u amd dpymhbh reld BEIH gart el sosn

(Fi rResEmmul ddBn@ i r onmgné& & d ev e I[Eosp ematl halgy n ainn fcl uences

of heat, temperatur e, t ox i émdyialsi tayn,d nsanvoikgea t pi aornt
ma k iamgl heal t.h FRREOHdJAdsosmsvaduwuee agents who are
able to assess the fir€«nhazrzmedshaandataonmd&ei
mo dseé lhient er actions bet ween evacuee agents and tl
and the c¢ons eucentde wnfieaton af tFREEgressgis conductedby

comparing its simulation results with two existing simulation to8I8FEgress and FDS+Evac

In addition, a case studising FREEgresis carried outo simulatehe evacuatioin a museum

for 30 different fire emergencyscenarios. The simulation resulise analyzed to assess the

impacts of three importafdctors namelyinitial fire location, evacuation delay time and evacuee

behavior, on the evacuation process and evacuation outcbheesase study demonstrated the

potential value of FREEgress to support bb#safety design of new buildings and maintenance



29 and emergency management of constructed facilities.
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1. Introduction

Fiemer gempiosse tthrietitcsalt o bawdduwpPanptési.and i rleeidepar
across the U.S. attended 499,000 fires in build d
i nj Ull.iDaaging firearmedgemdiitaigognseowccessf ul evac.t
attempt s occacnu peaxnpgcss et o [ )i gwma o U actainan ashisneukifaetcitd nv ei
apprbobache wrcadpewatcsubaethiagmni roirng bui |l ding fiisre emer
fundament al |ad viampooirm deentt $ tf aonodci crugbnaantt icsgdaet cii-osni 0 n

ma k idug i ng earafdodrat @eboapi ng appropriate measur es

proa@bence reduce the riskp4pbccupants may be fe&

There is an increaisn nge vorii th md¢ e dhdadbehsf dematdpeéeng
model s for simul ati rogii dfdioemee regveancuhaet sieo nmodduerlisn gc a
broadly categor ilzaesded nam strhimglearsg poed ptseccche sy st e
model s, cellul ar a tbtacsmeadt dslomdadd el ysp i a&crad a reetkieagnitpel e

system model s is the socil@.l Alotrlteu gno dpa s ¢d olpe s
simul atsooasexsxaafnul pycali mphabhemaerya (sucshelds pani
or ganibzataive rofr assitéers | ower and inmma spse doeeshttrkieapnr dy n a
cannot reproduce subtleties of [i.ndMoriedavadr ,b ethhae
negl eccootnstiaerdédecd sp aoamt smaki ng iarad/i gparea gansnp | i f y
Cellular automata models are widely adopted by
Buil di ng[9EXGCD WP eaxand [LJAlFEs e model s cebreduicee ma
behavisarcdl oagsgi ng )amarseuilmthé mgsgea |l e odnmudiadri ons

but hdoee Iriedltiesdm i n repdcksccingiicmrg makiumpg naad

envir ammadigtor tchams e rneod delbse nit nppeadcetsdtonfij emm s t hat

of Hieglsi t {8l.crAcddheedsted model s consider each evacue
who can perceive surrounding environment s, e X C
infoemaduati gandetmpl ement evacuation strategi
agebnatsed model s for crowflPevHiclhRAC iIMAS SiEgr lesde Vi

SAFEgfldand Patflhfx i mdese models can not only sir
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het erogeneous agents and enyihreamnmemtas (Bwic halaso
congestion) and complex human behaviors (such
herdi ng [bdelhBawemef)or e, these models have been p
Whil e vari ouba xd smaidred r gieangeset iedo imamegsnan behavi c
ansli gni ficant | yc aacdyv aonfc eldu itlhdei negf ffiimoet eeaxc sat ngr
model s have t hussdfarf iirgen olraezda rtchse d rmphaucmma n behayv
the outcomesFioe baacsaghnohi daqrned anpilaeh a soine reavla c |
aspé@c JIFi r st evacuees, by instinct, would choo:¢
and heat; second, heavy smoke can reduce the v
down, while the toxi émodiaitslhe sama nseasnpmjee a becugprac
failure of evacuati on. I nseghi émeaocasement i ret|

|l ead evacuees to make rcawpdddetciacssie @ nand unpredi ct

Despite the signidriceadatc yaftfieost s exif stfiimg buwil di
models and tools do notelhwvemsti mpbifibaddsass mmp
simul ati ©heskrag&lnigst.i ¢ si muil até ome oiMolfdliey & cnigimp ia ©
fire impacthaldemgi cdhegr ii 3¢ utehe fact that fire an
antdhenfl uence dn ghd oyu playmtagni icssapnedcAfpbco.ugh emp v e a &
commewoci alc & dumhnd tci ochna vteo cgltdsstoe mipntc or por at e t he i mp:
evacuat imoh atiined udi ng [Qui FOS flERFEx ¢dPasn d vAll E

2pfire mampabtighly oversimplified anowiunsguatld y u
the particle systbeans eadr sdealulculya oo raodtt tenhiagtsass | tmp d i ¢
gual it abtaisveed rruelaes o nfi hffga i heuarpep Nto@and ad ety f or t he
i mpactl aripeakyentgedi hiede modelon agi gife ci ¢owam loine @ s

and beheweadomgctupbpata prediction of evacuation pi

Motivated by this gap, this study aFimRestko devel

Emul aBned r onmgneésé om Encorporate the various i m
the evaoanuasi mul ati on, by (1) introducing evacue
the fire hazar ds-, nfaommae i glactwia ds ofnisr; e (r2i)skmodel i n

bet ween evacuee agents and the dyreaemaresftire e
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evacuation @mresesisnhda&rRIEEEs maj drhi t seatelards eof v8A
which is proven effective in simelavaocogabboh pu
[ 21]By appropriately accothmtsiemdg mfodalre | fi inrge oif mga a te
FREEegress aims to acygiraeaveecoseé muébahivoigiaof armd a
deci-mdlkinngawaingoaethiaobny oi scor porating dynamic fire
achieve more accurate simulation and prediction

various building fire emergency scenari os.

2. Fire Impact on Evacuees

Fi rheaza(edg.eat and mpeght ur e, t oxiimpagds eamdt U & ang
physiol ogicall ydamidnagpnseyricgeenicogiad Spblegi fitclaéed ¢
fire hathuvdsdGamoespeEedaed heiad it dhn nnaavki i geadt iiaaime

i mpor tdetteirimgime out comes of fttdhear | &wvgBeauwseexdi eonnt taa

t horough review of relevant I|iterature, the fir

Heat and higdhurti enmgp ri a aseengenri gficiinaodi metissdohea s t h

condifhentsenabi |l ity 1Qjmi {1 JAdrhitshd isnkiitn ipse od.l% ¢
up 5t ani nut es, whil e above this | i miRurpamd| e may
Mc Al I[1L Batlgsr@i nt ed out t haposabsmahiogh ttheamepdar atoureev a
emergenci es, which can resul 't i n heat stroke, s
temper atur esf carb omien ult2ddls may quickly i mmobilize
l ead to fatalioymeEXxpPpowiurle ¢$loisehvi i bowbumt dmp g
also cause heat st[22dknev.e sSiingnast eadn dd hHei ntkolleeyr anc e
dfefrent temperatures. Theyt peeimptte @ aalilt®dt hat und
peopl e' s twalddr am el tteisme avwa uvelrtl amhd cc hwipteho pfl aet a | roi

tolerance time would quicklywdisopréas&dmioul @8

Toxic gases @aao dsuoc egdr ebayt |fgh eled nt h eRdarcki éocdcombsu.st i o1
gener amaes inxytoxi awdgdaayrelson monoxide (CO), carbo
hydrogen c¢cyanide (HCN), hydr ogen acntdl or o gen ( HC|
di oxi de noM@2 O itiddeo st dleadVhéol @G sios bkd human
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body, i $wictohmbh enmdasg lao priend u bt ood icaeblillsi tlyosteo tthrean
oxygen, whichahéeadsatelr aHy pnoxdied s have been deve
to assessoft hteo xii mp agcats sh aZhkgea dN ma2giEd w enldoayp etdh e

National Institute of Standards and Technol ogy
by the superposition of toxic gacrst fiemnef ftdet €0
ot haeb osviex t oxBiyex tgarsdcdisgphas t MBeadbddl g eits K@ddevel oped t he
FED (fraction efWwhechiaece wtladienft emoadcdile ons bet ween
CO/ 02 to better dMocrca cdwearh teht E[Rapporxoi pca segfufaenctti .t at i v
mat hemati cal model, the Toxito €éasti Masessmentpr B¢
human bodyyadiewlh@imicietnt r ati on of toxic gases in

coefficient.

Thenoktehat spreads at chsirgeniefsiemayretdloguantsicgmdd

[2BThe extinction coefficient i[BVDHnewmghisadl drog
number of Xixmp ean di2efpaontandtae d out t hat t weourhati on s
beeduced as the extinctitonwowad af fbageiirckdndtu chelmde m e & k
exinctioni cort@sée&ddamtder heavy[286mebhertaed, Jperoph
mot spred is | imited to 0. 2m/ $+i0s. iSbd/dési.n eamoek & heeli g
moti onSmplkedcan also significantly impair the \
difficultyErpeevmentsi bave shown t kian iumdleor | o
environments, peopl e woul d moe¢ i isdprtea waluk dalbend o
than that under nor mal condlini@amd2 KePrdandtaeerd admud N
t hat during a buil di ng wfeirffrmemieviaacru avtiitohn ,t hfeo ri npde
mi ni mum visual waseqgai ot ddJdefvlaectueaitsem stucccessful |y,
t h o s ewewheot familiar with the spacewameemiendi.mum \
Yet , RaBchoanssthended t hat a visual range of 10 met

the familiarity with the surroundings.

Apart fadvwertshaatiempaahtesand arhi ofoisrdei haalsadsi mmaact
evacddees si on nnaavkiigdagtriaonnd f i r[@4.Emer gpeasadees e

percepbosounrsr oemdi m@gameénnhesi ghbomaynwgbedakcedes
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their visibilit[8Di swhrcatthradowed dib ¥ f 3 mfwikaedij easc efndr t
navi gat iBvmac pneaegsitbsaec csmer ewlsdru |l f abangr @ swoewhi c h

decrease takihAstp.dgeawumictu e esf omha yow e nhdew iciaocohwd f | ©
sometcdanessebabasneeof exi $tsheantdotianlc ré¢dilasceuvaetni on t i
resuhtcrowdi ng. alnd dardintgilrden,ge mePrugresnealy M Ad e st er
[1Vdef ismd esagp | awleetrtree t e mpseerl aotwu r1€t0h e ihkeeasts ftl huaxn

2.®ja and the oxygednigdhreae nAsaant i ok®%.hazards dev
spread during fire emergencies, the boundari es
evacomaes$ gsattriaotnema feecr aendt hem t o fi ndt @dyot esntrmati ve

within the safe areas

3. FREEgress

3.1 System architecture

FREEgr egoavidacaat i omode hmudixattld modhs it sSAREdJriess ver
[LBby i ncodypwoaiaipiancgt s of f i r e oh aazodvirdesv eoaa leivatciue e
accur at e si musbbaethiaovn oafs eawalc uenedoor emergency ev
illTustheabeerall systemTar ekmkdegatrGr eb olf FREEDa e
Crowd Si mulanAlgemtEmBgihrneri or.T Me d eblslsed aitaradi lawwke s

suppor tmondgu |l isbc8iutdii atgi on Dat@eolmeyutEER®MiEN €

Reco,fPdoeprul ati onan@eneaenbthe@eee modnolsdidnyherre t ed fr on
SAFEgr eas snubmbter of them (as il lustr anoaed fwietdh da
functlinonssd BREEgngegss can i nftZEd&wacthgwi ashhiPcyarlosu aner
int er f afcier ef orazar ds nroi dreel | bygn asmoi fctswaf@Bi@mwmildat or (
Vi sualsiof a 8vima ke BiBew o0 enabl e exchanges of fire d
new function is illustrated witrho dualsense da nmd rtolwe

functions are further explained in the remainde



171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

Pyrosim FREEgress

™ fE— ﬂ
FDS a Ere_Dm_a _’: Situation Data : - Global - Population
| Input Engine | "| Database Generator
I
b e e e e - =
Geometry
Engine
Trajectory : I } Crowd |
Smokeview |[¢f — — — —|EventRecorder|l<—1 Simulation ————» Visualizer
I | \ Engine |
L — - — — —_—— —_——
| Agent Behavior Models Database |
r— T T T T T T
' Individual I Group Behavioral }
| Behavioral Models | Models |
] | ___ !
.~ @ v J
Figure & Architecture of FREEgress
I n addition, an overal/l phase | i st of FREEgTr e
FREEgress wor ks. First, for any given building

the Geometry Engine to genéimatesamul atiuah esavir
heat release rate (HRR) ,arfd rdcefgirmevd hi m aRyr casnidm
data generated by the FDS model [ 33] are i mpor:
a-@® grid of dnsdwaméyceaslilze is cast over the vir
map is generated by the Geometry Engine based
objects such as an alarm and fire or tshagobe |
Situation Data I nput Engine. Meanwhi |l e, the nu
type and delay time are also defined by wusers
Behavior Models Database, r esstpoercetdi vien yGl| drthael a:
Then, evacuation simulations are carried out by
number of simul ati onbevwatcpuwattd oni nmdélmedi nsgp eegentt
conditions, fataltyie¥Thaesnd ooupet avari eabtbred
illustrated to users by thebeViagwaltii oer .t rRij reaclt I

i mported into Bgvasuamti amdprageasses ama synchi
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201

202
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204

205

206

ani matwhigd Smokevi ew [ 33]

Spatial environment setting Phase Input

S . / [
Floor plan }—(FREEgrcss Virtual cn\-lmmncnt/ Tool / ‘// Output

v A4

Fire simulation ‘ Evacuation simulation Visualization ‘
Fire settings Type & | |Behavior type| | Number & _ Fire data Lvnlcuanou
. . e Grid cells trajectory
location | | & delay time location g

<Pyrosim (FDS )\‘

( Pyrosim (Smokeview)
¥

[ ‘ Evacuation process

N

Cue objects Navigation map

i

‘ Populations

/
/' Fire data . L h .
/ / . . . visualization & animation
Fire data Virtual environment
A
Y
FREEgress

Evacuation time Evacuation speed

Number of fatalities Evacuation trajectory

A
B 4

y S
\ 4

Health conditions Route availability

Figure 2o0of PRREEgLt €ss$

3.2 Representation of thepatialenvironment

Building | ayout and buiclachimgagi f eabot by 6( stithemc
evacuatictmwidouasitneg f i r B Le menm gESR, EskE@masteisad ft me d e |

i ndepopvir csrehenbty users i s used ,towliegploiems @tnhe t he
Geomet r yT heen ghiuniel d ah@ pdragjoaudt iiesn osfu cbhuidsdiwagl losb sa
furniture)t dlh olthhee algcernitzsomr qui pped with simul at e
the obstacles and avoid colliding with them. H «

obst.acl es

In fire emergenci es, occupants of teexn tussda ghnwi)l di
gui de t heiTrheswa d reaattiuaore.s are representadhas nav
objiextdefined by bt & eatstyy pvegljli dr heggbsni foono mbt appl i cabl e
(eeqg. t) Tshiegsiear actami dDtei lkedse fuibmad- REEgr es s, t hree
navigation obj eadneiltgr edaderd i ardl exi amwmauitdret Bdch
the building. S#htemx ish, eavigaecnuta saiororsiiviea s k.df heomp | et e

agenatn move from one room.t Anamrextitersilgm dmds €ia
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234

evacuatdgoorhi rressittiedi arswanfd ur  Elxe ft ts doors and ex
which do not represent al |l postsishbilgenibfuiicladnitn gf es
pertaining to egress desighm awnac bhatvigbllm thedgiogi o

addi,tioadrher types of navigation objects can al s
3.3 Simulation offire hazardsand emergency cues

Fire hazardgahi dmct e gpmeorgieethupraer,t i cl es acnadn vbaer i ous
produced idnucriidnegniisct hawdiymdnigs Bmetviacmeegeed and h
condi[¥T7 ph& assess thehdeeel dmmantd soifarmd aacccsou nt
t hfeol | dwivreg tsyppaetsi oddaramaer aldIrldeaicgtientui | at i ons i n Py
temperature, heat flux, fractional effective dc
extincti on Tchoeesfef idcaitean tc o rnmrpeasapt os;e vda ¢ w e ief@ufr ft enree n t

di scussedd 4m FREEgorss s ©Ohecfloorzed!l antio a gri
ofl . 5yl . 52 4( equi val eTihte & O adkfb sesagcfbte)preé ¢ ¢ mteed by
five types of fpioricefetadah @oelmed her e eamncdrt beord th
abofviewar amet ers in theirdilPyatsihdmumoamtoidopdreppgpasess
phase a@reiplkaced at tthoe odbdiretitcyipvosS @K cfaedpteat I vel
These data are mem,s uwheidc hati sh dtidgdythatZ@rlfaondg analt lee
and fdAlesecor di nogf itnhteesrnaad e v édcneete@w olmel over t he ent
simulati oRypo®itensdatian generated by Pyrosim are
format that can beda cradd& REDyd ap & REEd) e addtbgama t
eachi wped aktveed y second, consistent wiTthlempbett i me

of f i riempdaetmaesnitdege Si t uati on Data | nput Engine.

During fire emergencies, occupamwvacaoahigat paoce
[2 1 I n FREEQgr ess, audi o cue objects such as an
objects such as fire or strobe Itihglytpear es oma ctel
|l ocation, effective range, active period during
refers to thag rvegeawmrced ptaintoei ves tthiee coec u ma mthe

takes evacuation actions, assuming t hTahte t he oc
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triggering
triggering

and the

obst ac

l'ine of sight between t hél agbk&ye da nayn d

es.

3.4 Agent representation of evacuees

condidarnenthatf wdathleianye tstueail 8 fcfueect i v e

t

conditi omgaernt wheé hamditthhecweéTretli vat r;

r e

h

Occupants that evacuate from fir&EEmeeregsenc¥ashb:

agent is configured based on a set of static ar
the individual and group |l evel s, as summari zed
Table 1: Attributes oévacuee agents in FREEgress
Attributes Individual level Grouplevel
) A Groupcompliancg39,4
A Physical profilg34] , pcompliance 39,40
' . _ A Group influencg39,4
S::‘_tlljc . A Known exits[35-3§] . P ¢ d
attributes § A Group separation toleranc
A Cue awareness factdr35-39 P P
[39,4Q
A Visible navigation objectf41]
A Emergency cuet2-43]
A Fire hazardperceptior[17]
A Urge level[44] )
- < . : . A Visible rou member:
Dynamic A Physiological profilg17] 49,50 group
atiributes 4 gelected behavidr4-46] ] ) .
i A Neighboring agentg19,5Q
A Navigation goa[47,49
A Navigation poin{47,49
A Spatial positiorj47,49
A Spatial knowledg§47,49
Note that each attribute has its own range, and
di fferent valuds tForthesatanciebut de [val ue of cue a
(indicating highedthecsdebwgstdneney Hheonc2 0 (indic
awar enestbe hlkdelgaeys tt i me) . For brevity, detands of
are not further .el aborated in this paper
At the individual l evel, an agent is defined b\
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as age, gender nabof#f.asTelze faardi Ipiearsioty wi th t he
is defined by [@338etTlhhds kagmeaung eenxciyt sexperi ence i ¢
cue awar eBe&sg Anctbesgroup | evel, a social gr ovu
[3940. The agent adopts group behavior only when
influence det@rimnhlesende @amgeot her [3Bembld&rhse i n t
group separation tolerance, whifcahr ifsr ouns etdh et og rdc

described ahkbowgbht maxi mum di stance BwWay from

40

Occupaeayfibdhagi ors during fire emecag@gmictiiese ar
proesg$EsBased on t he i nveayf gadtihay i of s hdwmainng
emer geamciaesnumber [T, p4 4]dhrel Sa queirbtd’'sn bFeRBEJgrogs s i
model ed wittdhgedna fioamra mupyecylcee-p nt e n p-detc a-d kogn

executtbnat supports structured represAstation
il lustraBaagiédtyFiagnirce attri butes are updated du
t he percetphbegent spageceiivrefsorftmbvtet dayrpee sf modnd t o be
for their wayfinding (dle)ciwiiintsl @ nnagwviigat irer eabl jc
and exiH; siYgnsvi si bl PpogbouP) mmeenbgelidot50( gt ) agent

emergency asuead asumc hanfi?2gtah@lbe Ifiighkt shazards suc

temperature, s[no7tkldtamnthet oxtergaetati on stage, |
cue objects and urges of its sociat sgviosipbialnidt y
motion speed, health conditions and internal ur

P

0O (low urge) to 1 (high @Grgepency daomaeaser emé&et
evacuati ¢dl. atThé ons soinbidpdegd anmwdi health conditdi
physi ol ogical [slt7atAus t hfmakiregageéngechebhls ageat
individual b e hdaevti eornvmhi anttetsre ir Ip & 0 € g@bpabspatbdn b e havi or , w
means the agent perceives the surrounding envir
or knowdeedgebehavior, which means the agent i s
the | ocat[A®A elfh,heexintgsaabns through tlhfe igrsougpr ohu

compliance attribute is configured to have a
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foll dwiagr ,wkihawi means t hkeeademtidol hewgroup t
regarmdl|l eds indivibbolvéeh deipardeg bdameldor ed i n the Ac
Behavior Model s Dat abamaki Mg dthaege,ndt hd ddentdew
behavior, navigation goal andthavifdatailont ap gien t
evacyatclmamaxsand might no&k beneMddflh8mmepiegat i on

pointt drsgagtheepboei i meendemodvemeni bhrddd .8 BTeheagent

navigati on poiamgtésnthdtesmrdreidnensottitoen directi on. At
agentndue¢emoti on to update its sspiatt ialls opowsddato
spati al knowl edge, which keeps track of the are
Perception Tnterpretation / Decision-making \ 4 Execution )
Visible
navigation e e Selecled
objects Urge level Tndivi behavior Spatial
ndividual L
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Figure3: Decisiornmaking process of agents during fire emergencies
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3561 Fire impacts on motion speed
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3562 Fire impacts on health
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Combining the effect of heat and t oxHecalgtahs(ets),) t

in FREEgress can be calculated based on Equatic

Health(t) =1 FED(t) FED_heat(t) (20)
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3.7 Synchronous visualization of fire spread and evacuation

FREEQgress can visualitiee spreading dire hazardsandthe evacuatiorof agents synchronously
by linking to Smokeview.Specifically, FREEgress recosdthe trajectory ofevery agentand
outpus a text file (txt), whichcontainsagent IDand timestamped 2Doordinate. A Matlab
programis developed t@onvertthetrajectory fileinto aspecified format file (txt), which contains
agent ID,the timestamp number of agenta n d cddrinats. A Fortran progranis developed
to readand extracthese datand generatan unformattedile (*.prt5), which can be loaded to
the Smokeview twisualizethe spreading dire hazardge.g. fire and heat) and th@ovement of
the agentsynchronouslyas illustrated in Figurés(showing spreading of smokafd6 (showing

temperature change)

Figure5: Synchronous visualization spreading omoke andnovement of agents
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4. Model Verification Methodology

4.1 Verification rules

The general rule adopted for verifyitlie proposed FREEgress model is thdtenFREEgress

and existing verified tools are used to simulate the same set of fire emergency scenarios,

FREEgress can be considered as verifiedf hp significant differencesexist between their
respectiveevacuatbn outcomes;or 2) if significant differencesin their respectiveevacuation
outcomesare observed, anthe differencesare reasonable owing to the inherent differences

between FREEgress and other tools.

Specifically, b verify the efficacy of FREEgresde following two hypotheses were made and
tested in thistudy Hypothesis |: Since FREEgress was developed by extending SAFEgress with
new functions that incorporated fire impacts, it was hypothesized that the simulation results

reported by FREEgress walibe largely consistent with those reported by SAFEgress when the

scale of fire was small, but the discrepancies would increase as the scale of fire increased and the

fire impacts became significant. Additionally, FDS+Evac is a typical commercial solatitre

evacuation simulation. It is one of the few existing tools that can partially account for the

physiological impacts of fire hazards on the evacuees, mainly restricted to the effects of smoke

density on evacueebs mo tke toxitity snpheie ebalth doreditioasn d

Hypothesis Il'sinceFREEgress considers relatively more comprehensive fire impacts compared

ef f e



422 to FDS+Evac, the simulation results reported by FREEgnesdd reflect more significant
423 influence of fire hazards on evalotestthsabovb ehavi o1
424  hypotheses and verify FREEgress, a series of simulation experiments were conducted, as reported

425  below.
426 4.2 Scenariodescriptiors andsimulation settings

427  The indoor space of a museli2i] generated byAutoCAD [51] (version 2018Wwas used in the

428  simulation. The floor plan of the museum is shown in Figure 6. In the simulation, theefiia

429 Pyrosim( ver si on 2nitidlly brake odthatIdrtpin locations inside the museum, and then
430 began to spread within the entire indoor space. The growth of fire was simulated using the T
431 square fire modelR], for which the heat release rate (HRIgs set to increase over time until

432 it reached the maximum value that was set to be 800®BB}\/TThe spread of fire and smoke was

433 simulated using=DS model (version 6.5.3)ith Pyrosim (version 2017.1.0131)Fire data

434  (temperature, heat flux, FED, FIC daextinction coefficient) were recorded at a -@@eond

435 interval and transferred to FREEgress as explained in Section 4.3. In the simulation, a total of 48
436  occupants were modeled as intelligent agents in four exhibition areas, which represented a typical
437  peakhour density of visitors in museums [21]. These exhibition areas are illustrated with red
438 boxes in Figure 7. The agentsd initial |l ocati ol

439 location of each agent within its designated area was ragdgankrated in the simulation.

l'"' l Designated area to

= =, : 1--__. generate agents
i I]
|
=.__.
Cafc = ==t | Door1 Door?2 Right
B Galdcn atrium exit

Door 3 Door 4 ] —| exit
1 [
Left wm ! E
atrium exit b
je=}
|

Main |
entrance

441 Figure7: Floor plan of the museum and agéitdtial locatiors for simulation

440
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Three key factors were introduced in the simulations, the variations of which resulted in a number
of different simulation scenarios. The first factor was initial fire location. The fire could break out
near room entrances, blocking critical evacuationgatr inside rooms, blocking n@vacuation

critical paths, as illustrated in FiguBe The second factor was delay time. Prior research pointed

out that in many cases noticeable delay was observed between when the fire broke out and when

evacuees begap escapé¢b4, 55]. A longer delay time would mean that the evacuees would be
faced with larger fire hazards duration evacuation. In the simulation, different delay time of
evacuation (i.e., 0 second or 90 secondskeveet for all agents. The third factor was behavior
type. Prior research pointed out that crowds had different behavioral patterns during fire

evacuation[4]. Two behavior types were modeled in FREEgress, including percéysed

behavior, which assumed that agentsd navigati ol

the surrounding environment such as perception with navigation objects, amigdgebased
behavior, which assumed that agentsod navi

knowledge about the space such as the familiarity with the location of exits.
iNEAL Fllt"’i
6 | — —
o 1o
3 —

l—'—-l_h_,

Fire blocked critical Fire did not block critical
evacuation paths evacuation paths

Figure8: Two sets of fire locations

5. Model Verification Results

5.1 Comparisonbetween FREEgress and SAFEgress

For comparison between FREEgress and SAFEgmsasstenarios were simulated in FREEgress
enumerating all possible combinationgrufial fire location and behavior typand wo scenarios

were simulated in SAFEgress erenaiting all possible values of behavior typelay time was

gat.i
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set to be zero in all scenaridBusin FREEgresshe agentsbegan to escapss soon athe fire

broke out so as to be consistent with the settings in SAFEgresse$benarios are numbered

from 1 to 6, and their settings are summarized in TablEd&h scenario was simulated 10 times

and the convergence of the results from these simulations was checked. In terms of the median
and average evacuation times, the ratio of standard deviatioa teathe average value did not
exceed 8.0% for all scenarios, indicatingtableconvergence of the simulation resulfthe

results werehenaveraged to avoidossibleémpact of randomesso f  a gniial lbcatidns on

the simulation results

FREEgres$ased and SAFEgrebssed simulation results were compared, in termsagimum,

median and average/acuation timg as well asspeed, route availability, number of fatalities,
evacuation process and trajectory, whicbkey behavioracomponents for the verification of
evacuation model$p]. The route availability referred to the routes available to evacueest[56]

was represented by the accessibility of doeds(Figure 7) in this study. A door could become
inaccessible owing to svke, heat and high temperature in its surroundifi¢ie evacuation
process was depicted by the number of agents navigating to exits, which was changing
dynamically over time from when the fire broke out to when all agents reached the exits or lost
escapeapability. Three scenarios (1, 2 and 5) assumed evacuee agents followed their knowledge
to evacuateAs thesimulationresults failed the normality testhe KruskalWallis H testwas
conductedo compare thenaximum, median and average evacuation times, average speed and
the number of fatalities between these three scenariosPanaé r s o-scuared @$ivas
conducted to compare the route availahilithe statistical analysis results, as summarized in
Table3, indicated that at the 95% significance level there was no significant difference between
scenario 1, 2 and 5 in terms of maximum, median and average evacuation times, route availability
and number of fatalities. The only exception was the average,swbath was found to be
significantly different between the three scenaridse statistical significance of this difference

was mainly owing to the small standard deviation (0.01 m/s), while the magnitude of the

difference was rather small and negligiiess than 1.5%)

In addition,one simulation was randomly selected facle scenaricandtheresults fronthese

simulationsare plotted in Figure® and 10 for further comparisanFigure 9 illustrates the
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evacuation process in the three simulations. Hingdidean relative difference (ERD), Euclidean

projection coefficient (EPC) and Secant cosine (SC), three widely used metrics that represented

the overall agreement between two cun&s p7], were calculated to measure the agreement

between each pair ofirves in the figure. Thengeof ERD, EPCandS@ei n [ 0O, +B), [ 0,
and 1, 1], respectively. Two curves could be considered identical if ERD = 0, EP&heSIC

= 1. The acceptance critetisatshould be satisfied for considering two curves@sparable, as
recommend in prior research7l5, are: ERD O @. 45d, 0SE O BPG6, Owl
0.05, where s represents the period of noise in the data and n is the number of occupants. As it

was necessary to keep the ratio s/n as low ashpe$s?], the value o was chosen to bk In

Figure 9, the maximum ERD value and the minimum EPC and SC values between any two curves

were 0.13, 0.93 and, 0.63 (s = 1, n =48, s/n = 0.02), respectively, which satisfied the acceptance
criteria, indicatingthat the trend of the evacuation pro@sssas generally consistent between

scenarios 1, 2 and bigure10 shows he trajectories of all agents in the three simulatiagch

alsoindicated high consistency betweéhe three differenécenarioslt needs to be noted that the

initial positions of the agents were randomly generated within the designated areas and hence not
exactly the same for each simulation. Since multiple simulations were run for each simulation,

the impact of randomse of the initial agent positions could be avoided.
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510 Figure9: Evacuation processin scenarios 1, 2 and 5

EINREn

v 5 o~

(b) Scenario 2

(c) Scenario 5

511

512 FigurelQ: Egresstajectores of agents in scenrais2 and5

513  Similarly, the results fronscenarios3, 4 and6, which all assumed thavacuee®snly relied on

514 their perception of the surrounding environment when makiagigation decisions, were

515 comparedAs the simulation results failed the normality test, the Kru$kallis H test was

516 conducted to compare the maximum, median and average evacuation times, average speed and
517 the number of fatalities between these three scenariosPand r s o-sghared @&thvas

518 conducted to compare the route availahilifye statistical analysis results are summarized in

519 Table 4. The evacuation times shown in the table were calculated after excluding agents that failed
520 to escape, as these agents got lost at the emergmemmys and spent prolonged time that was very

521 different than that of successfully escaped agents. The results indicated that at the 95%
522  significance level there was no significant difference between scenarios 3, 4 and 6 in terms of

523 maximum, median and aage evacuation times, route availability and number of fatalities. The
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only exception was the average speed, whichfawsdto be significantly different between the

three scenariosThe statistical significance of this difference was mainly owing tosthell

standard deviation (0.01 m/s), while the magnitude of the difference was rather small and
negligible (less than 1.5%lk needs to be noted that a few FREEgressased simulationgne

agent (2.1% of all agents) spent prolonged time looking fiis end taking detours, and
eventually was not able to egress the musdura.above resulisdicatedthat, wheronly agents

that successfully evacuated were counted, all performance indices were highly consistent between
the three scenariol.alsoneedgo be noted that the initial positions of the agents were randomly
generated within the designated areas and hence not exactly the same for each simulation. Since
multiple simulations were run for each simulation, the impact of randomness of the getial a
positions could be avoide#ligure 11 illustrates the evacuation process in the three simulations.

As shown in Figure 11, the maximum ERD value and minimum EPC and SC values between any
two curves were 0.13, 0.96 and 0.65 (s = 1, n = 48, s/n = @e8Pgctively, which satisfied the
acceptance criterjandicatingthat the trend of the evacuation procesgasgenerally consistent
between scenarios 3, 4 and 6, despite that one agent (2.1% of all agents) in scenarios 3 and 4 spent
prolonged time lookig for exits and taking detours and eventually was not able to egress the
museum, while all agents successfully evacuated in scendriesédemonstrated that the whole

evacuation process existed reasonable differences between scenarios 3, 4 and 6.
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543 Figurell: Evacuation processin scenarios 3, 4 and 6

544  In conclusion the doveresultsshowedhat the simulation results of FREEgress and SAFEgress
545  were consistent whette scale of fire was smailvhich supportedHypothesis landsuggested

546 thatFREEgress had appropriatéhheritedthe efficacy of SAFEgress.
547 5.2 Comparison between FREEgress and FDS+Evac

548  For comparison between FREEgress and FDS+Ewaccenarios were simulated in FREEgress

549 and FDS+Evac enumeratiat) combinations ofnitial fire locatiors. Delay time was set to be 90

550 seconds in all scenarios to mode¢ situation that the fire had significantly grown and spread
551  when evacuees begangeacuateTo make the simulations comparable, agents in FREEgress and
552  FDS+Evac were assigned witletsame physical profile, such as body size, gender and movement
553  speed[34], as summarized in Table 5. In addition, in FDS+Evac each agent was assigned to
554  evacuate from a specific exivhilst in FREEgressach agent was configured to adopt the
555 knowledgebased behavior, which made the agent to also evacuate from a specific ad=da.

556 needed to be noted that the average speed was not reporégdeascuation outcome in

557 FDS+Evac.Thesescenarios are numiesl from 7 to 10, and their settings are summarized in

558 Table6. Each scenario was simulated 10 timasd the convergence of the results from these
559 simulations was checked. In terms of the median and average evacuation times, the ratio of
560 standard deviation value to the average value did not exceed 3.2% for all scenarios, indicating
561 notableconvergencefahe simulation resultsThe results were then averaged to aymidsible

562 impact of randomesso f  a gnitial locatidns on the simulation results

563 FREEgressdased and FDS+Evdmmsed simulation results were compared, in termsotod

564 evacuation timespeed, route availabilitjyumber of fatalitiesevacuation procesmd trajectory.

565 Taking wo scenarios®and9), both of whichassumed that tHée blocked critical evacuation

566 pathsand the delay time wadd%econds as an exampléAs the simulationresultsfailed the

567 normality testthe ManaWhitney U test was conducted to compare the maximum, median and

568 average evacuation times, average speed and the number of fatalities between these two scenarios,
569 andP e ar s o-sgfased t€divas conducted to oapare the route availabilityrhe statistical

570 analysis resultsummarizedn Table 6 indicated that at the 95% significance level scenarios 7



571  and 9 were significantly different in terms of maximum, median and average evacuation times
572  and route availabilityThe main reason was that FDS+Evac only considered the effects of smoke
573 density on evacueesO6O motion speed and smoke to
574 FREEgress also considered various other impacts of fire on health, such as heat eaidteat

575 convection. Therefore, the motion speed of agents in FREEgress was slower than that in
576  FDS+Evac under the same smoke density, and thus the evacuation time in FREEgress was longer
577  than that in FDS+EvadVith respect to the difference in route asaility, it was caused by the

578 fact thatunlike FREEgress, FDS+Evac did not consider that flame and smoke could&ltzik

579 routes and force evacuees to take det@ms.simulation was randomly selected for each scenario,

580 andthe results fronthese simulationare plotted in Figure$2 and13 for further comparisorin

581  Figure 12, the ERD, EPC and SC values between the two curves were 0.21, 0.97 and 0.37 (s = 1,
582 n =48, s/n=0.02), respectively, which did not satisfy the acceptance critéidatiimg that there

583  wassignificantdifference between the evacuation processes of scenarios 7 Bhd®g e nt s 6
584  evacuation performance was generally consistent between tlsedwariobefore 19 seconds

585 after whichsomeagents inscenario/ had noticeably lower performance, mainly due to higher

586 fire impacts imposed on thetiat led toslower motion speedrigurel3 shows he trajectories of

587 all agents in the two simulationEhere was significardifference between the two plotghich

588 wasmainly caused byhe fact thatunlike FREEgres$:DS+Evac did not consider that flame and

589 smokecould block some routes and force evacuees to take detore N computi ng age
590 evacuation routessuch impaacouldbe significant when the fire was withinitical evacuation

591 routes (i.e.location I).It needs to be noted that the initial positions of the agents were randomly
592  generated within the designated areas and hence not exactly the same for each simulation. Since
593  multiple simulations were run for each simulation, the impact of randomness aftidleaigent

594  positions could be avoidetlastly, similar findings were obtainddom comparisons between

595 scenario and10. For the sake of brevity, the simulation results from scenarios 8 and 10 are not
596 analyzed and discussed in detail. All results frivese two scenarios can be found in the

597 supplemental materia{¥ables SiS2andFigures 3-S2) of this paper.
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Figure1l2: Evacuation processin scenarios 7 and

(a) Scenario 7 (b) Scenario 9

Figurel3: Egress trajectories of agents in scenraios 7and

In conclusion, the above results show that the FREEgress had generally comparable simulation
performance to FDS+Evac, both of which incorporatedke density and smotaxicity impacts

on evacu e eicalbconditionss Thedsultgy also showethat FREEgressvas more
advantageous in thatatsoaccounted fothephysiological impactsf heat andthe impact of fire
hazardsoe vacuee6s r out andsnetibrespecdvhcmsuppdrteddypetigesisells

As a resultFREEgressvas able t@void underestimating the fire impacts on crowd evacuation



608 Table 2: Settings for simulation scenaries 1

Si mul at Il ni ti al fire

Simul at scenar (blocking critica Del ay tin Behavior ty

1 Yes 0 Knowledgebased

FREEg" e 2 No 0 Knowledgebased

3 Yes 0 Perceptiorbased

4 No 0 Perceptiorbased

SAFEgT e 5 o) 0 Knowledgebased

6 o} 0 Perceptiorbased

609 Table 3: Comparison of simulation results from scenarios 1, 2 and 5
Si mul Si mul ¢ Evacuation ti me Average Rout e Number o
scena Ma x i mu Medi at Averacg speed (nm avail abi fataliti
FREEgQT 77.6@1 50.5@2 50.4?1 1.30@o.c Door 2&A4 o.o@o.o
76. 3NOC 50. 3N2 49. 4NO 1. 32NO0O. C Door 2&1 0. 0NO.O
SAFEgr 5 76.5N1 49.5K2 49.3N1 1.32KN0.¢C Door 2&4 0.0Ro0.0
Pval u 0.068 0. 736 0.1614 0.017 1.000 1.000

610 Note: The values in the table are basedhemesults of 10 simulationg.he KruskalWallis H test was conducted to analyze tésults of maximum, median
611 and average evacuation times, average speed and nunfiblités.P e a r s o-sgbased t€dvas conducted to analyze the results of route availability.

612 Table 4: Comparison of simulation results from scenarios 3, 4 and 6
Si mul Si mul ¢ Evacuation ti me Average Rout e Number o
scena Ma x i mu Medi at Aver acg speed (nm availabi fatalitdi
77.0K1 35.3N2 38.8N2 1.33N0. ¢C Doo# 1 0. 4NO0. 5
FREEGQgTr

72.5N1 35.0N2 36. 7N1 1.35N0. C Do d# 0. 2No0. 4




SAFEgTr 6 69. 3N1 34.0N2 36.0NKN1 1.34N0. C Doo# 1 0.0Ro0.0
Pval u 0.179 0.384 0.063 0.011 1.000 0.089

613 Note: The values in the table are basedhemesults of 10 simulationg.he KruskalWallis H test was conducted to analyze the results of maximum, median
614 and average evacuation times, average speeduanbler of fatalitiesP e a r s o-sgbased t€svas conducted to analyze the results of route availability.

615 Table Hphwngienals profiles in both FREEgress and FDS+Eva
Popul ati o Radius of whol Radius of to Radius of shao Movemeni{ msép:
Adul t mal 0. 27 0.16 0.10 1. 35
616 Table 6: Settings fasimulation scenarios in-X0
) Simul at Il nitial fire | _ .
Simul at . . : Delay tinm Behavior t\
scenar (bl ocking critica )
FREEaQr e 7 Yes 90 Knowledgebased
g 8 No 90 Knowledgebased
9 Yes 90 -
FDS+Eva
10 No 90 -
617 Table 7:Comparison of simulation results from scenarios 7 and 9
Si mul Si mul ¢ Evacuation ti me Average Rout e Number o
scena Ma x i mu Medi at Averacg speed (nm avail abi fatalitdi
FREEgT 7 369. 8N: 148. 0K 176. 7N 1.11R0. 0 Do dr&4 0.0Ro0.0
FDS+E\v 9 206N2. 144.9N 150. 1N - Doo#4 2 0.0NO0. O
Pval u 0.001 0.003 0.001 - 0.4 1. 00O

618 Note: The values in the table drased ortheresults of 10 simulation§.he ManaWhitney U test was conducted to analyze the results of maximum, median
619 and average evacuation times, average speeduanier of fatalitiesP e a r s o-sgdased t€dvas conducted to analyze the results of routdavility.
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6. CaseStudy

In this sectionFREEgressvas usedn a case studyo conduct a series of simulatioaadto
investigate how the aforementioned thfaetors namely initialfire location, delay time and
behaviortype might affect crowd evacuatioim building fire emergencie§ he goalof this case
study was to demonstrate the functionabfyFREEgressand its potential valugn simulating

variousbuilding evacuation scenarios and supporsofpsequerdanalyes.

All simulations in the case study ugbkd same environmeadtand agent settingss those in the

model verification A total of 30 scenarios were simulatéthese scenariognumerated all

possible combinations dfitial fire location (vherefire blockedcritical evacuation paths not),

delay time 0 s 30 § 60 s 90 s or 120 9 and behavior typeperceptiodbased behavior
knowledgebased behavioror following-leader behavigr The followingleader behavior
assumed that an agentds navigation decision wa
with the surrounding environment and adopted knowldmged behavior, and the crowd

followed the group leader to evacuatdl5]. The naming convention of

v 14y r7r 1 "y was applied to all scenari o.s to cl
Specifically, tBrefehianmdacittadr sf iLr,e TIl @aaat i on,, del ay 1
respectively, and their subscri.parexamptedscenaio ed t he
, 4" refed scenariforwheérd eoctklead cr,ihtei adeaell agzvedraamaet iwars
and the agent s abdaospda de dbldiheeyvigesara, e4st' i roenf era ed t o
scenar i of ivdhedrbeh ottitkiet i ¢ a | evacuation paths, the del
agents akbpptwkldagerde bAlHirdingsofthe case studgre reported and

discussed amllows.
6.1 The impact ofinitial fire location

Based on analysis of the simulation results, the ingaaEfdhe initial fire locationon maximum
evacuation timgtrajectoryandhealth conditions wergependent othe settings of the scenarios

Specificaly



646 1) Whenthe delay time 30sand the agents adopted knowledgesed behavior or following

647 leader behaviortheinitial fire location barelyaffectedthe evacuation outcoraelTakingthe
648 comparison betweegtenarios, 4" and, 4" asanexample. Inboth these scenarios,
649 the delay timewas zerpand the agents adopted the knowleddgsed behaviorThe fire
650 blocked critical evacuation patis scenario, 4 " anddid notin scenario, 4" .The
651 simulation results, as summarized in TaBJeshowed thathe difference fot he agent s 6
652 maximumevacuation timén the two scenarios were within 3.8%dall agents successfully
653 evacuatedAs shown in Figure4, the ERD, EP@nd SCvalues between scenarios 4 "
654 and, 4" were0.09,1.01andTb(s=1, n=48, s/n=0.02espectively, whickatisfied
655 the acceptance criterimdicatingthe evacuation processwvere generally consistebetween
656 these two scenario$ he above resulsuggested that different initial fire locations had little
657 i mpact on the agent sd efurdersugportedbyrigupesls-f60r manc e .
658 which show thattha gent s 6 &nd thg healtitonditionef $he agentsvere hghly
659 comparable between thetwo scenariosSimilar conclusions could also be derived from
660 comparisonsbetween scenarios, 4 " vs. , 4 " , , 4" wvs. , 4" and
661 , 4 " vs., 4 " . Forthe sake of brevity, the simulation results from these comparisons
662 are not analyzed and discussed in detail. All reqflthese scenarios can be found in the
663 supplemental materia{3able S3)of this paper.
664 Table8: Comparisoin of snulation resultdfrom scenarios, 4" and, 4"
Si mul a I nitrell dc .
scenat (bl ocking MaXI.mquumber of
evacuati on e Vv ac utaitniec
, 4" Yes 76 0

, 4 No 79 0




665

666 Figurel4: Evacuation processin scenarios, 4" and, 4"

667

668 Figurel5: Egress trajectories of agents in scenatios " and, 4"



