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EXPERIMENTAL RESEARCH SIMULATION ON EVACUATION OF MIXED
FLOWS CONSISTING OF DIFFERENT MOBILITY GROUPS

Research in this area deal with identifying challenges and developing strategies to
improve the protection and support of different mobility groups representatives. They can be
an important tool to create a society with equal opportunities and to reduce risks during
emergency situations.

The authors emphasize the importance of computer simulations for analysis and
improvement of evacuation strategies. These tools allow testing different emergency
scenarios, help to improve infrastructure and planning different structures for providing
maximum safety.

The work is dedicated to the experimental research on evacuation simulation of mixed
flows consisting of different mobility groups (M1, M3, M4) in case of fire. The aim is to
compare the results of simulation with experimental results and to make conclusions about
future use of obtained data in scientific exploration as well as establishing relationships
between the evacuation participants’ movement speed and the flow density.

Analytical and computer modelling methods were used to achieve the goal and
implement the set tasks. Movement simulation results of mixed flows evacuation were
analysed.

Evacuation features of people with different mobility in case of fire were studied. The
results of simulation were compared with experimental results. Conducted work is important
for evaluating the reliability of studies and for confirming the model suitability for father
research. The work is also aimed at creating an empirical database of the movement
parameters of different mobility groups’ representatives during evacuation from a building in
case of fire.

Modelling was carried out in two stages. The first block of models was intended for a
real-life experiment preparation of different mobility groups’ representatives. These modes
were used for obtaining an empirical database of mixed evacuation flows movement
parameters. The initial data for this calculation were used in accordance with [1]. The
second block of models was based on empirical data obtained during the experiments.

The results of this work can be used in further experimental studies. They can help in
determining the speed-density relationships for each flow configuration.

Keywords: simulation, experiment, low-mobility population groups, evacuation flow,
evacuation, flow density, people with disabilities.
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Formulation of the problem. One of the priority tasks of the society is respectful
attitude to the rights and dignity of all people, focusing on the needs of vulnerable and sick
population groups. This task includes providing assistance to all people with reduced mobility
which need support in everyday life. In modern multi-threat world, the evacuation of different
groups of people with all levels of mobility is critical to ensuring safety and minimizing life
losses. Providing effective and safe evacuation for people with limited mobility, children, the
elderly and other vulnerable population groups requires specialized strategies.

Currently, [1] is the main document on the calculation of evacuation time. It does not
consider configurations of people flows with different mobility groups, while in real
situations we deal with various percentages of such people in different buildings. The
document does not contain the necessary recommendations for such situations. In particular,
there is a lack of recommendations for medical institutions and other objects, where people
with disabilities are present.

The article is a part of research which aims to solve the problem of protecting and
supporting people of different mobility groups.

Nowadays emergency situations are unpredictable and risky that’s why it is important
to be prepared to evacuate and ensure the safety of the population. Evacuation experiments
combined with computer simulations are becoming a key tool for understanding, analyzing,
and improving emergency evacuation strategies.

Computer models make it possible to reproduce various emergency scenarios, from
fires and earthquakes to natural disasters, and help to understand how people react in stressful
situations. This contributes to the development of effective and safe evacuation strategies,
taking into account the psychological aspects, behavior and needs of people in these
situations.

Conducting experiments in a virtual environment makes it possible to analyze
different infrastructure options, determining the optimal location of exits, escape routes and
safety zones. This helps to improve the plans of buildings, streets and other structures in order
to ensure maximum safety of evacuation.

One of the main advantages of evacuation experiments is their ability to test different
strategies. This allows identifying gaps in evacuation plans and developing optimal and
effective emergency response methods.

Conducting experiments in a virtual environment also allows improving the training of
personnel and the population. People have the opportunity to train their skills and knowledge
on proper evacuation behavior, which contributes to overall safety.

The use of computer models in combination with experiments in the field of
evacuation enables the development and improvement of strategies and action plans that will
save lives and reduce the risks to the public in case of emergency.

Analysis of recent research and publications. In previous works existing programs
for calculating the evacuation time in case of fire have been studied. A comparative analysis
of available software complexes that perform calculations in this area has been conducted. In
[2] description of the mathematical models of evacuation flows movement in case of fire has
been also done. The conclusions regarding the functionality of the considered software
complexes have been summarized. In study [3] the limitations in the computer simulation of
people’s with disabilities behavior have been analyzed. Within that research six building
evacuation scenarios have been regarded. Three different software complexes (SIMULEX,
STEPS, and Pathfinder) have been used. Modeling of different variations of people with
impaired mobility and comparison of the methodologies of using these programs has been
carried out. The results of the study have showed significant differences in the use of these
three programs, even with the same initial data. The difference in the total evacuation time
reached 8%.
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Scientists from China, within the mixed evacuation flows research have conducted a
series of simulations performed on pedestrian routes. In particular, people in wheelchairs have
passed through narrow funnel-shaped places with an angle range from 0° to 90°. The
simulations have been carried out using the software "Pathfinder". The results of these
simulations have been compared to previous experiments for studying the effect of angles on
the evacuation process. Simulations have shown that at an angle of 45° there is greater
efficiency and less congestion. However, compared to the previous experimental results, the
average moving speed of the wheelchairs is has been 0.224 + 0.028 m/s less, the evacuation
time has increased, and the traffic efficiency and congestion at 0° and 45° angles have showed a
difference in the simulations with large number of wheelchairs. The problems of frequent
overtaking and shorter edge distances within the simulations also have been regarded. These
findings indicate the possibility of improving the traffic efficiency and the pedestrian movement
modeling accuracy, in particular for wheelchair users [4].

Korean scientists have conducted a study using the Fire Dynamics Simulator (FDS).
Available Safe Egress Time (ASET) has been calculated for patients of hospitals for the elderly.
Within the research the situation in which evacuation became impossible due to the onset of fire
has been regarded. Required Safe Egress Time (RSET, the duration of time required for the safe
evacuation of the building occupants after the fire alarm) was also calculated using Pathfinder
software. In the article various escape routes such as stairs, elevators and ramps were
considered, in conjunction with the deployment of the traffic pattern. According to the
assessment of evacuation efficiency and the choice of evacuation route and traffic pattern have
an impact on the number of victims among different groups of patients. Due to the research the
use of escape ramps allows reducing the number of deaths in comparison to the use of stairs or
elevators. Such a choice of evacuation route during a fire in a hospital for the elderly has been
proved to be safer for vulnerable persons [5].

A group of Chinese scientists has carried out calculations and simulations of indoor
evacuation due to 15 scenarios involving different numbers of people (20, 40 and 60).
Trajectories and coordinates of agents have been obtained in real time. It has been established
that with the increase in the share of pedestrians with disabilities, the individual evacuation
time of the agents increases. This trend has been consistent with the results of a previous
controlled experiment. The fundamental diagrams obtained by simulation have been similar to
the experimental results. The presence of people with disabilities in the scenario has been
found to result in higher crowd density compared to scenarios without disabilities. As the
proportion of pedestrians with disabilities has increased, the danger of a stampede in the
crowd has also increased. These conclusions are useful for computer simulations for
preventing crowding during the evacuation in case of fire [6].

Ukrainian scientists R.I. Maiboroda, Yu.A. Otrosh, N.V. Rashkevich, R.S. Melezhik
in their work have investigated the current state of the problem of low-mobility population
groups evacuation from high-rise residential buildings during a fire. The possibility of safe
self-evacuation of these population groups using fire elevators has been substantiated.
Mathematical and graphical calculations of the evacuation time using the Pathfinder software
complex with and without the use of fire elevators have been carried out and proposals
dealing with the evacuation of low-mobility population groups from high-rise residential
buildings have been made [7].

During the scientific explorations, O. Khlevnoi and V. Kovalyshyn have carried out an
analysis of the methods of calculating the evacuation time, described in the current
legislation. They made the conclusion that regulatory documents and scientific literature did
not contain data on evacuation parameters of the school-age children with different levels of
mobility mixed flows. In their works [8—11], the authors have focused on taking into account
different mobility groups of children of different ages in the planning and organization of the
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evacuation process. The necessity to create an empirical database of the evacuation flows
movement parameters in schools with inclusive education has been substantiated. Such
parameters can be used for updating requirements for evacuation routes and exits in modern
school institutions. However, these studies have not paid enough attention to modelling the
evacuation of mixed flows containing people of different mobility groups (M1, M3, M4).

Setting the problem and solving it. The purpose of this article is to study and reveal
the aspects of evacuation flows consisting of representatives of different mobility groups (M1,
M3, M4) in case of fire. The main goal is comparative analysis of the simulation results and
the results of real experiments to confirm the adequacy of modelling results and their
suitability for further use in scientific work. The research consists in creating a basis of
empirical data describing the movement parameters of different groups of people during
evacuation from buildings in case of fire and obtaining this data for establishing dependencies
between the evacuation speed and the density of the flow. These dependencies will be used to
calculate the duration of evacuation from different types of buildings and structures, to create
heat maps reflecting the density of human flow on different sections of evacuation routes. In
addition, they will help to determine the duration of delays and accumulations at the doors
and local obstacles, as well as the average speed of movement of the evacuation participants.

Methods. The simulation is performed with the software that implements an individual
flow model of the movement during evacuation. The program has a graphical interface for
specifying the output data, as well as tools for 2D and 3D visualization of the results.

The environment of people’s movement is presented as a three-dimensional grid that
coincides with the real dimensions of the building model. The grid is automatically generated
according to the imported FDS geometry data and due to the drawings of the building sections
where the experiment is conducted.

Walls and other impassable areas are shown as gaps in the navigation grid. Such
objects are not modelled directly in the program. They are expressed implicitly, since people
cannot move where there is no navigation grid.

Doors are presented as special boundaries of the navigation grid. In all calculations,
they provide a mechanism for connecting spaces and tracking human flow. Doors are also
used to explicitly control human flows.

Stairs are also presented as special boundaries of the navigation grid and triangles. The
movement speed of people decreases by a factor that depends on the slope of the stairs. Each
stair has two doors that work just like any other door in the model, but are editable in the stair
properties.

Each agent (the human in the model) has a location, a profile (specified size, speed,
etc.) and a behaviour (the agent’s goal) that allow creating scenarios. The agent is modelled as
a vertical cylinder moving on the grid using inverse controlled motion. The movement of each
agent is calculated independently.

Results and Discussion. In this work modelling was carried out in accordance with
[12]. In order to obtain more data for comparison and assessment of the calculated models
adequacy, the simulation of experimental studies consists of two blocks. In the first block the
initial data are taken according to [1]. The second block is built on the basis of empirical data
obtained during a real-life experiment investigating the evacuation of a mixed flow of people
with the presence of persons of different mobility groups.

Within each series of simulation experiments, all participants were combined into one
flow, the total number of which was 30 agents. The percentage ratio of M3 and M4 agents in
groups varied from 3.33% to 10% of the total number of participants in the group. The ratios
were chosen according to the conducted experiment scenarios and [12] (Fig. 1 a).
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Place of conditional fire

Experiment participants

Artificial barrier Evacuation exit

a) b)
Figure 1. Estimated model of the experimental section of the evacuation route

It is assumed that the conditional fire is located on the floor area, where the fire can be
detected simultaneously by all agents according to [1] and [12], and the value of the
evacuation start time is taken to be zero.

The length of the simulated experimental area is 49.91 m, the width is 3.07 m.

The flow of participants moves to a relatively safe zone, which is considered safe from
the moment a person passes through the evacuation exit (Fig. 1 b). An artificial barrier is
located on the traffic path. It limits the width of the corridor to 1.2 meters on a certain section
of the 5-meter-long evacuation route.

Visualization of the evacuation simulation process makes it possible to observe the
agents’ movement in time and to record the flow density value at each section of the route
(Fig. 2-5).

The data obtained during the experiments in real conditions were used as the initial
parameters for the simulations as well as the values given in legislative documents [1].
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a) b)
Figure 2. Visualization of the movement simulation process for the evacuation flow

including mobility groups M1 (90%), M3 (3.33%) and M4 (6.67%) in accordance with [1]:
a) movement trajectories at the time mark 16 s, b) density of agents at the time mark 16.2 s.

93



«Haossuuatini cumyayii: nonepedcenns ma nixgioayisy, Tom 7 Ne 2 (2023)

——— TR

a) | b)
Figure 3. Visualization of the movement simulation process for the evacuation flow
including mobility groups M1 (90%), M3 (6.67%) and M4 (3.33%) in accordance with [1]: a)
movement trajectories at the time mark 19 s, b) density of agents at the time mark 18 s.
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a) b)

Figure 4. Visualization of the movement simulation process for the evacuation flow
including mobility groups M1 (90%), M3 (3.3%) and M4 (6.67%) in accordance with
experimental data: a) movement trajectories at the time mark 22 s, b) density of agents at the
time mark 22.2 s.
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a) b)

Figure 5. Visualization of the movement simulation process for the evacuation flow
including mobility groups M1 (90%), M3 (6.67%) and M4 (3.33%) in accordance with
experimental data: a) movement trajectories at the time mark 16.7 s, b) density of agents at
the time mark 17.4 s.

The dynamics of the mixed flows movement through the evacuation exit are shown in

the fig. 6. Results obtained in accordance with [1] (red colour) and in accordance with
experimental data are compared.
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Figure 6. Dynamics of agents evacuation to the safe zone: a) M1 (90%), M3 (3.33%)
and M4 (6.67%), b) M1 (90%), M3 (6 .67%) and M4 (3.33%).

Table 1 shows average speed values of different mobility groups (M1, M3, M4),
which were obtained during the simulation according to [1] and similar speed values obtained
during the experiment. Table 2 shows the exit time of different mobility groups obtained
during the simulation according to [1] and similar exit time obtained during the experiment.

Table 1. Speeds of mobility groups used during the simulation of the experiment

Simulation according to [1] Simulation according to
" Percentage ratio of agents in 4 £ experimental data
the experiment
Vavg M) Vavg M3) Vavg (M4) Vavg M) Vavg M3) Vavg M4)
(m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
1. | M1 (30) 100% 1,67 - - 1,85 - -
M1 (29) 96,67 %+ M3 (1)
2. 3.33 % 1,67 1,17 - 1,6 1,51 -
M1 (28) 93,33 % + M3 (2)
3. 6.67 % 1,67 1,17 - 1,43 1,33 -
4.1 M1(27)90 % + M3 (3) 10 % 1,67 1,17 - 1,37 1,39 -
o
5 10\//11 (29) 96,67 % + M4 (1) 3,33 1,67 i 1 121 i 112
0
M1 (28) 93,33 % + M4 (2)
6. 6.67 % 1,67 - 1 1,43 - 1,33
7. M1(27)90 % +M4 (3) 10 % 1,67 - 1 1,47 - 1,4
M1 (27) 90 % + M3 (1) 3,33%
8. M4 (2) 6.67 % 1,67 1,17 1 1,35 1,29 1,63
M1 (27) 90 % + M3 (2) 6,67 %
9. M4 (1) 333 % 1,67 1,17 1 1,56 1,31 1,65
M1 (28) 93,33 % + M3 (1)
10 3.335 % + M4 (1) 3335 % 1,67 1,17 1 1,42 1,17 1,5
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Table 2. Agents’ time of evacuation to safe zone

Difference o
) between o
Evacuation to the safe . . =y
. simulation and
zone time (seconds) .
experiment

results (%)

Percentage ratio of agents in
the experiment

(o)

Simulation according to [1]
Simulation according to
experimental data
Results of experiment
Simulation according to [1]
Simulation according to
experimental data
experimental results and experiment results

— |Difference between simulation accordin

1. | M1 (30) 100% 497 | 44 | 3675 | 26,05 | 16.48 1,47
1)

). 24313(3/09) 96,67 %ot M3 (1) 513 | 506 | 4972 | 3,08 | 174 136
1)

3. 10\/1” (28)93.33 %+ M3 (2)6.67 | 543 | 57 | 5036 | 726 | 11.64 | 474

4. M1 (27)90% +M3(3)10% | 553 | 598 | 5512 | 033 | 7.81 7,52
M1 (29) 96,67 % + M4 (1)

5| 3335, 579 | 68,5 | 51.61 | 10.86 | 24.65 | 1547
1)
6. 24617(3/5) 93,33 % + M4 (2) 623 | 652 | 59.03 | 525 | 947 4,45

7. M1 (27)90 % + M4 (3)10% | 69,1 | 65,1 | 62,58 | 944 | 387 5,79
MI (27) 90 % + M3 (1) 3,33%

81 L M4 (2) 6.67 % 63,3 | 72,1 | 5521 | 12,78 | 2343 | 12,19
M1 (27) 90 % + M3 (2) 6,67 %
9| ¥ M4 (1)3.33 % 60,7 | 57,5 | 51,62 | 14,95 | 10,23 5,28
0
1o M 23933350+ M3 (1) 59,8 | 61,9 | 56,94 | 4,78 | 8,01 3,4

3,335 % + M4 (1) 3,335 %

Conclusions and directions for further research. In the article modelling has been
carried out in two blocks. The first block of models has been developed in order to prepare for
conducting a real-life experiment aimed to research the evacuation of mixed flows consisting
of different mobility groups (M1, M3, M4). The main goal of such experiment is to obtain the
empirical databases of mixed evacuation flows movement parameters. The initial data for the
simulation have been accepted in accordance with [1]. The second block of models has been
developed on the basis of empirical data obtained during the experiment.

The difference in the results of the simulation and the natural experiment has not
exceed the significant values of the difference in time, which indicates the adequacy of the
constructed models. This, in turn, have made it possible to assess the correctness of the
conducted experiment and expand the limits of experimental research on the reproduction of
mixed human flows evacuation processes without involving additional material and human
resources.
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The information obtained will be used in future experiments aimed at studying the
evacuation of representatives of different mobility groups. This data will help to determine the
relationship between movement speed and density for each flow configuration. In addition, in
the future, the adaptation coefficient of the human flow to the change in density during
movement with different percentage ratios between the participants of mobility groups M1,
M3 and M4 will be calculated.
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U Ivsiecokuii depoicasnuil ynisepcumem 6e3neKu HcummeoisibHoCHi,
2Inemumym 0epacasrozo ynpasuinms ma HayKoBux 00CIiONCeHb 3 YUBLIbHO20 3aXUCITY,
3Yepracoruil incmumym nosiceacnoi 6esnexu imeni I'epoie Yoprobuas
Hayionanvnozo ynisepcumemy yuginbnoeo 3axucmy Ykpainu

MOJIEJIOBAHHA EKCIEPUMEHTAJIBHUX JOCJIIIKEHDb EBAKYAIIIT
3MIIIAHMX MOTOKIB JIOJEN PI3HUX I'PYII MOBLJIBHOCTI

Hocniooicennss 6 yiti obaacmi 0ONOMONCYMb GUASUMU NPOOIeMU mMa po3podoumu
cmpameeii 051 NOKPAWEHHs 3aXucmy Ut niOmpumKu jarooetl pisHux epyn modinvHocmi. LJi
PO36IOKU CMAHYMb  BANCIUBUM [THCIMPYMEHMOM Ol CMEOPEHHS. CYCRIIbCMBA 3 PIGHUMU
MONCTUBOCAMU MA CRPUAMUMYMb 3MEHUEHHIO PUSUKIE Ni0 YaC HAO38UYALIHUX CUMYAYIL.

Aeémopu Ha2onouwyI0Ms HA 8AXHCIUBOCMI eKCNEPUMEHMIB Y GIDMYAILHOMY CePedo8ULlyi
Mma KOMN 10MepHO20 MOOeNo8anHs O aHani3zy ma NOKpaweHHs cmpameeii esaxyayii. Li
IHCmpyMeHmu 0aroms 3M02y MeCcmy8amu pIi3Hi CYeHapii HA036UYAUHUX CUMYayill, uo
CHpUAIOMb NOKPAWEHHIO IHQPACMPYKMYPU Ma HIAAHYEAHHIO CNOPYO 3 Memolo 3a6e3nedents
MAaKCUManbHOi 6e3nexu.

Poboma npucesuena docniodcennto npoyecy egakyayii ocié piznux epyn mMooiibHocmi
(M1, M3, M4) nio uac noscesici. OcHO8HOIO MemOI0 € NOPIGHAHHS PEe3YIbMamie MOOeN08aAHHs.
Ma peanrbHux excnepumenmie Ol GU3HAYEHHS HAOIIHOCMI Mma iX 6UKOPUCMAHHA HAOANT Y
Haykosux po3eiokax. OmpumaHi Oaui HAOAIOMb 3MO2Y BCMAHOBUMU B3AEMO38 SA3KU MIdHC
WEUOKICMIO PYXY YUACHUKIE e6aKyayii ma winbHiCmo nOmMoK).

Jna 0ocsaenenns memu ma peanizayii nOCmagieHux 3a0ay 3acmoco8ano aHATiMuYHUY
ma memoo Komn romeproeo mooeniosants. I[lpoananizoeano pesyibmamu MOOen08AHHI PYXY
3MIUWAHUX NOMOKIG Ntodell pisHux epyn mobinenocmi M1, M3 ma MA4.

Hocnioaceno acnexmu esakyayii ooeti 3 pisHUM pigHeM MOOIbHOCIE Ni0 Y4AC NOHCENCI.
Ilopienano pezyntomamu  MOOeNOBAHHA MA pealbHux exkcnepumenmie. Lle O0onomodice
NEePeKOHAMUCsL V HAOTHOCMI 00CTIOJHCeHb Ma NPOCHO3I8, OMPUMAHUX 3d OONOMO20K0 MOOe, |
niomeepoumuy ixHiwo NPUOAMHICMy 0N NOOATLULOZO BUKOPUCTNANHS 8 HAYKOBUX OO0CTIOHNCEHHSX.
Haykoea po3sioka cnpsamosana Ha cmeopeHHs 6a3u eMnipudHUX OaHux, wo ONUCye napamempu
PYXY J00etl PI3HUX 2PYN MOOLIbHOCHI Ni0 Yac esaxyayii 3 0y0iei nio Y4ac NOAHCeuC.

Mooentwsanns npogedeno 6 osa emanu. Ilepwuti 610k MoOenell npusHavenuti Os
ni020mosKu 00 HAMYPHO20 eKCnepumermy wooo esaxyayii ocib pizHoi mobitbHocmi 3
Memor CmeopeHHs 6a3u eMRIPUYHUX OAHUX WOO0O0 NApAMEempie pyxy V 3MIUAHUX NOMOKAX
egakyayii. Buxioni Oawni 0711 yb020 PO3PAXYHKY BUKOPUCMOBYBANUCH BION08IOHO 00 [1].
Hpyauti 610k moleneu 6a3y68a6cia HA eMNIPUYHUX OAHUX, OMPUMAHUX 3d pe3yabmamamu
HAMYPHO2O eKCNEPUMEHNT).

Ompumani oaui 6y0ymsv 3acmoco8aHi HAOANl 6 eKCnepuMeHmax, CHpAMOSAHUX HA
BUBUEHHS esaKyayii 0ocib pI3HUX 2pyn MOOIIbHOCMI. 3as3HaueHe 00NOMOJice ) BU3HAYUEHHI
3ANeHCHOCIEN MIJNC WBUOKICMIO PYX)Y MA WITbHICMIO 0151 KOJCHOI KOH@DIeypayii nomoxy.

Knwuoei cnoea: moodenioéanHs, eKcnepumeHnm, MAaloMOOINIbHI 2pynu  HAcCeNleHHs,
e8aKyayiiHull NOMIK, e8axKyayis, WilbHiCMb NOMOKY, TH0OU 3 THEAIOHICMIO.
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