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ABSTRACT

In recent years computational simulation of fire evacuatiaa become an interest of many
scientists and several different simulation models haen lseveloped. Nevertheless, many of
these models do not take into account the social interaxbetween people, which greatly af-
fect their behaviour. The effect of the fire and smoke on pEsplehaviour has also been rarely
discussed. However, these factors are very important thrtakoutcome of an evacuation, and
thus, have to be taken into account in a comprehensive etacismulation model. This pa-
per presents computational methods for modelling the beheal effects of evacuations. The
developed models either are or will be implemented in anwataen simulation program called
FDS+Evac, which is a part of the fire simulation tool Fire Dyries Simulator (FDS). Like the
current version of FDS, also the evacuation module, FDSeHsaublicly available.

INTRODUCTION

The most important objective of a fire safety design is to emthat people can safely escape
from a building in the case of fire. The fire classes and nurakcriteria based fire regulations
may be adequate for normal buildings, but may not take intowaat the special issues of large
and complicated buildings, like shopping centres, assgffalilities, etc. Performance based
fire codes allow the use of numerical simulation of fire anccea#ion processes to be used to
improve fire safety in such buildings. However, the usapditmany current evacuation models
is limited, because they do not take into account the ind&ighroperties and decision-making
processes of people, the dynamics of large crowds and #eation between fire and people.

Many evacuation models assume also that at the start of theuation each person heads
straight to the nearest exit. According to social psychiolagliterature, this assumption is
far from the truth. According to Pahpeople who have come to building togetheg. family
members, also tend to leave together. Thus, if these pempleoaright next to each other, they
will try to get together before exiting the building. Peoplso tend to prefer the familiar exit
routes even if there were faster ways to exit available. Adiog to Proulx? evacuees prefer
familiar alternatives because they feel that unknown aétves increase the threat. In many
cases people also ignore some exits because they are urailaea existence.



FIGURE 1: Definitions of the human dimensions and the concigbed*social force”.

In this paper, a recently developed evacuation programm@HEvac “° is presented. The
movement algorithm of the programme allows modelling ofgested situations, including
'panic’ situations, and allows interaction between evéiomssimulation and the state-of-the-art
fire simulation. A person is treated as autonomous agenteach person makes his/her own
decisions on exit routes, and this decision making proceafected by fire-related conditions.

The various validation and verification cases of FDS+Evaaeported on a VTT publicatioh.
During the development work of FDS+Evac, experiments ondiusgress were performed to
provide validation data. These experiments are reportadsigparate publicatiohFDS+Evac
is implemented as a part of the fire simulation tool Fire DyitanSimulator (FDSY:° FDS

is a computational fluid dynamics software using large eddykation to model turbulence
and is especially designed to simulate fire induced flows.cbinepanion programme of FDS is
Smokeview;® which is used to visualise the results of FDS fire simulatidriss fire simulation
environment is publicly available at a web page.

In this work, a new model is developed for the group behavaouat the existing game-theory-
based model for exit selection is improved by introducing @eraccurate technique for the
queuing time estimation. The presented models have notegst implemented in the publicly
available version of FDS+Evac (FDS version 5.0.0, Evaciear&.10), which is available at
the web pagéttp://www.vtt.fi/fdsevac/

MODEL DESCRIPTION
Human M ovement M odel

The starting point of the human movement algorithm of FDSacHs the method introduced by
Helbing’s group* ****This movement model is generalised to a more realistic sgmtation
of the human body with three circles along the lines givemengaper by Langstoet al.*®* The
basic idea of the model of Helbing’s group is the so callectiadorce”, which is a repulsive
interaction force that describes the psychological teagef two pedestrians, sayandj, to
stay away from each other (or away from walls), see Fig. 1. siimplest form for this force is
an exponential decay, but in FDS+Evac the anisotropic ftamroposed by Helbingt al.* is
used.

FDS+Evac uses the laws of mechanics to follow the trajezsasf the humans during the cal-
culation. The elliptical body shape of the human body is nledeas three circles, see Fig. 1.
These models of humans are moving on two dimensional plavtesh are modelling the ge-

ometry of the building. Inclines, like stairs, are projetiato these two dimensional planes.



TABLE 1: Unimpeded walking velocities and body dimensiong=DS+Evac. The offset of
shoulder circles is given by, = R; — R, for the definition of the other body size variables,
R4, Ry, and Ry, see Fig. 1.

Body type Ry R;/R; Rs/Rqy ds/Rq Speed
(m) () ) ) (m/s)
Adult 0.255+0.035 0.5882 0.3725 0.6275 12%.30
Female 0.2460.020 0.5833 0.3750 0.6250 14%.20
Male 0.27@:0.020 0.5926 0.3704 0.6296 1:89.20
Child 0.210£0.015 0.5714 0.3333 0.6667 0:2@.30

Elderly 0.256:0.020 0.6000 0.3600 0.6400 0:8@.30

The different floors and separate parts of the building areneoted using nodes that moves
persons from one plane to the next plane.

Each person follows his/her own equation of motion on a lomtizl plane describing a floor of
a building:

dzxi(t)

e =h() T &) [1]
wherex;(t) is the position of the persaorat timet, f; is the force exerted on the persom, is the
mass, and the last ter#,, is a small random fluctuation force. The velocity of the pers;, is
given bydx;/dt. The rotational degrees of freedom are treated similady the translational
ones,.e., each person has his/her own rotational equation of motica 2D plane:
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wherey;(t) is the body angle of the persomt timet, /7 is the moment of inertia;? is a small
random fluctuation torque, and? is the total torque exerted on the person by its surroundings

The forces acting on humans are both the physical contaceé$oand the psychological, so
called “social forces”. The forcé contains also a “motive force”, which (de)accelerates a
person towards his/her target walking speed. The total®ogntains similar “motive torque”,
which turns a person to head towards the walking directidre default body sizes and walking
speeds of the predefined human types in FDS+Evac are list@dla 1. For the full description

of the movement equations and the values of the parametisnuthe equations, see the papers
by Korhoneret al.*®

The translational and rotational equations of motion ahgesbusing a modified velocity-Verlet
algorithm, where the translational motive force part iwedlusing a self-consistent dissipative
velocity-Verlet algorithnt” and the other parts are solved using the standard veloeitgdal-
gorithm, which can be found in any basic textbooks on mokacdynamics simulations. The
time step used in the algorithm is adjusted during the sitima by the maximum forces ex-
erted on humans. The minimum time step varies between 0@0.801 seconds, by default.

Smoke reduces the walking speeds of humans due to the redisiaiity, its irritating and
asphyxiant effects. Recently, Frantzich and Nilséamade experiments on the effect of



TABLE 2: Preference order of exits used in the model. The coatimns of the last two rows
have no preference. This is because the evacuees are uravilaeeexits that are unfamiliar
and invisible, and thus, can not select these exits.

preference | visible | familiar | disturbing conditions
1 yes yes no
2 no yes no
3 yes no no
4 yes yes yes
5 no yes yes
6 yes no yes
No preference no no no
No preference no no yes

smoke concentration on the walking speeds of humans. They lasger smoke concentra-
tions than Ji’ and they fitted an analytical formula to the experimentali®@al which is used

in FDS+Evac. The toxic effects of gaseous fire products asgdd by using Purser’s Fractional
Effective Dose (FED) concept.The present version of FDS+Evac uses only the concentgation
of the narcotic gases CO, Gand Q to calculate the FED value and the effect of d®only
due to the hyperventilation,e., it is assumed that the GQ@oncentration is such low that it
does not have narcotic effects. An incapacitated persorogeited as a person, who does not
experience any social forces from the other persons andeManget walking speed is set to
zero.

Exit Selection

Game theoretic reaction functions and best response dgsaame applied to model the exit
route selection of evacuees. In the model each evacueesebsbe locations and actions of the
other evacuees and selects the exit through which the eN@icus estimated to be the fastest.
Thus, the exit selection is modelled as an optimisationlprabwhere the evacuee tries to select
the exit that minimises the evacuation tirtie.

The estimated evacuation time consists of the estimatexldfrwalking and the estimated time
of queueing. The walking time is estimated by dividing thstaince to the exit by walking
speed. The estimated time of queueing is a function of therescaind locations of other evac-
uees.

It is also assumed that people change the course of actignifailere is an alternative that
is clearly better than the current choice. This behaviodaken into account by subtracting
a parameter from the estimated evacuation time through xhecarrently chosen. This is
an individual parameter that can have different values ftferént pedestrians. Hence, it is
possible to consider the differences in the patience ofvthelees.

Apart from the locations of exits and actions of other pepffiere are also other factors that
influence the evacuees’ decision making. These factordiareonditions related to the fire, the
evacuees’ familiarity with the exits and the visibility dfet exits. The effect of these factors is
taken into account by adding constraints to the evacuaitio® minimisation problem.



According to the three factors mentioned, one can dividextk to seven groups, each of the
exits belonging to one group. The groups are given an ordpreférence. In the model, the
preference order of exit groups shown in Table 2 is assunreebich evacuee.

This exit selection algorithm consists of the above descritwo phases. First the exits are
divided to the preference groups according to Table 2. Taemxit is selected from the most
preferred nonempty preference group by minimising therested evacuation time.

The exit selection model has been implemented to the FDS:+&nf@ware. However, the cur-
rent, publicly available version does not include all of features presented. Currently the
estimated evacuation time is calculated only accordinbéadistance to the exit and the possi-
ble queue formed by other people is not taken into account.nghkeulating the distances to
exits, the current version uses a straight line from the tigethe exit and does not consider the
possible walls that may block this straight route.

Groups

An evacuating crowd consists of individuals that interagthveach other. These interactions
may affect the evacuation largely and should be taken intowtt in simulation models. The
interactions are strongest between people that have cothe gathering together, as they also
tend to leave togethérThese interactions between familiar people are called emifgeffect”

in this work. The actions of a group are divided into the faflog two stages:

1. The gathering stagerhe group members walk towards each other to gather thgpgrou

2. The egress stagd he group moves together along the chosen exit route.

The group model has also been tested in the FDS+Evac softdrné is not publicly available
in the current version FDS+Evac. The group behaviour iseselul by altering the direction of
the motive force of Helbing’s model. In the gathering stage motive force of each person
belonging to a group points to the centre of the group. Thisem#he group gather together. In
the egress stage the direction of the motive faitfe) is calculated by

e} (t) = aeg,(t) + (1 — a)ep,(t), 3)

whereef, ;(t) is a unit vector pointing to the centre of the group afid(t) is a unit vector
pointing to the direction where the person would go if he/sloeld behave as an individual,
i.e., towards the exit route direction. The parametef [0, 1] is called as group effect param-
eter. The larger the group effect parameter is, the morerlgape group members try to keep
the group together during egress.

RESULTSAND DISCUSSION

The effect of the group effect parametewas studied with test simulations. The test geometry
was a wide and open corridor through which the evacuees wéte svalk. The results of the
test simulations are shown in Fig. 2. It can be seen that winewndlue ofx is less than 0.28,
the average speeds of groups is just a little slower thanpgheds of independent evacuees.
But whena is increased to 0.29 or above, the average walking speedlyagecreases. By
observing the test simulations it can be noticed that asdhes\of the group effect parameter
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FIGURE 2: The average walking speeds in a wide corridor fougsoof 3 and 6 persons and
for 3 and 6 autonomous agents.

increases above 0.28, the directions of the motive forcesrhe unrealistic. As a conclusion
one can set an upper limit of 0.28 for the proper value of thrampater.

Public Library

The evacuation of the main library of Helsinki Universityl#chnology (HUT) was carried out
as part of the safety training program of the library staff)/Hs located in the city of Espoo in
Southern Finland and the evacuation took place in earlng@d06, when snow still covered
the landscape. The staff was informed that the evacuatiandaake place in the given day.
The library visitors were notified on the evacuation exerdiyg printed notes on the entrance
doors. Exact time was not specified, nor were the detailsegtlacuation. The floor plan is
shown in Fig. 3. Shown are only the part of the second floor¢hwvig open to public. The main
exit staircases lead to a main entrance lobby at the first flddT was able to participate this
evacuation exercise as an observer. Immediately befoeytwmiation, VTT researchers entered
the building to make observations on crowd behaviour andidetthe building to observe all
doors. Also different technical observation methods, lildeeo recorders, RFID technology,
and a stereo camera, were used to monitor some of the dodranluckily there were no
technical observation method implemented on the emergexitgoor, which the most of the
building occupants used. Thus, the technical observatiethods are not presented in this
paper. An interested reader is suggested to read the VTTcptibh on the experimental part
of the development work of FDS+Evdc.

A smoke generator was put in operation in the lobby, thuseung the use of the main stair-
cases. A fire alarm went off 37 seconds after the smoke gemevas started, and evacuation
began. The alarm signal was a loud bell sound. In 5 minuteg&a@sls after the fire alarm, all
189 people that had been in the building had evacuated.

A great majority of people decided to evacuate through thhrmor, which was in the opposite
end of the building to the ’fire’. The staff members tried tegginstructions and distribute



FIGURE 3: A snapshot from a FDS+Evac simulation shows the g&gnof the model for the
second floor of the public library (the dimension of the maded4x 36 n?). Shown are also
the random initial positions of the visitors in one of the m&DS+Evac simulations.

people evenly to the two available stairways, the north aestwoors, but many evacuees did
not pay much attention to these instructions. The north @@ the only door with observed
crowding. The north door leads to an exit path that was medals a 1.0 m wide door leading to
a 1.2 m wide staircase leading down to a 0.75 m wide emergetitogaor on the first floor (the
ground level). The north door and the staircase are knowintos all visitors of the library,
because this route is routinely used to access the coltectin the first floor of the library, but
it might not be commonly known that there also exits an em@geloor which leads directly
to outside.

The evacuation trial of the HUT main library was modelledhgsFDS+Evac. The simulation
geometry and the initial positions of the persons are shovig. 3. As the majority of persons
in the building used the north exit door, the main resultsfareghis door. The persons were
allocated for the north and west doors according to the @tgerved in the experiment by
setting the preference of the north door as a “known doorafmut 60 % of the evacuees, see
Table 2 for the preference order of the doors used in the ebatgon algorithm of FDS+Evac.
The smoke on the main entrance lobby was modelled by blodkiagnain exit stairs after
30 s from the start of the simulation, which refers to the tinteen the alarm went off in the
evacuation trial.

The simulations were performed using the default value®&+Evac for the human properties
except for the anisotropy parameter of the social force aevaf 0.3 was used. The stairs were
modelled as an incline, whose height was 4.0 m and lengthedbéise was 5.0 m. FDS+Evac
models the movement of humans in stairs by reducing thekingilspeed along the stairs (or
incline). The walking speed of persons along the inclindhefdtairs is obtained by multiplying
the horizontal walking speed by a reduction factor. Goingha@pstairs is modelled similarly, but
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FIGURE 4: The calculated and experimental results for thehnemergency exit door. The
FDS+Evac cases A, B, and C correspond to calculations, whadkéng speed reduction factors
for the stairs were 0.55, 0.65, and 0.75, respectively.

a different speed reduction factor is used. Previous egpee has shown that a speed reduction
factors of the order 0.6—0.8 give nice human flows in stairs.

The premovement times were generated from a symmetrigulandistribution with mean of
31 s and lower and upper limits of 11 s and 71 s, respectivdiis i§ a crude estimate based on
the video recordings taken inside the building during thecemation trial. For the north door, the
simulations are relevant even though the premovement 8raemewhat arbitrary, because the
flow rate is mainly determined by the geometry and the crowthdyics during the queueing
process.

The cumulative number of evacuated people for the north doshown in Fig. 4. The flow
of people out of the north door was quite steady from about #® 200 s from the alarm,
and probably controlled by the width of the stairway and therd leading to the staircase and
outside. The flow rate was found to be about 0.7 persons pendeé&lowever, the flow rate is
based on the manual bookkeeping, and the uncertainty otthaldlow rate is quite high. Also
the simulation results of various FDS+Evac runs are shovign4. The FDS+Evac cases A,
B, and C corresponds to simulations, where speed reductoréafor stairs were 0.55, 0.65,
and 0.75, respectively. Each case was run three times, e€dS+Evac uses random initial
properties and positions for the modelled persons. It is $kat when the speed reduction
factor has a value 0.55 the stairs start to control the floe. rebr a faster movement in stairs
the exit door at the bottom of the stairs controls the flow.rdteis is probably the case seen
in the actual evacuation experiment, and thus, the speerttied factor about 0.7 might be a
good choice to be used in the simulation of the stairs. Ther@eney exit door opened to a
small landing outside of the building where only a very narpath tampered in snow left away
and evacuating persons were walking along this path as enmeking the exit effectively one
person wide.



CONCLUSIONS

This paper presents a recently developed evacuation nmgiplogramme FDS+Evac that al-
lows the simulation of fire and evacuation at the same time SHEvac can be applied to
buildings where the floors are mainly horizontal. FDS+Ewamade public on the web page
http://lwww.vtt.fi/fdsevacind its executable and source code are included in the FDSidue
5) distribution In this paper, FDS+Evac is applied to simulate an evacuatiahin a public
library. FDS+Evac was found to run satisfactorily for thase.

This paper also presents the social interaction models aodidn making algorithms which

are planned to be included in the FDS+Evac. The presentedlsugate to exit route selection
and evacuees’ tendency to act in groups. Parts of these shnadehlready implemented in a
test version of FDS+Evac. This paper presents the resuligedt related to the proper value
of a parameter in the group model. Boundaries for a realistizevof the parameter were found.
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