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SIMULATION OF ACTIVE MOVEMENT OF PEOPLE DURING
EVACUATION FROM BUILDINGS

The following categories of movement are considered: comfortable, calm, active, with high activity.
When the category of human movement becomes active with possible forceful actions, the task of model-
ing their active movement taking into account the natural deformations of human bodies arises. The an-
thropological characteristics of the person from the point of view of physical restrictions on mutual posi-
tion of parts of a body at their active movement with force actions are analyzed. Taking into account the
properties of physical limitations of the human body, a three-component mathematical model of horizontal
projection of a person is proposed, which takes into account the conditions of gluing model components
into a single complex object and restrictions on the angles of rotation of components. The model of the
human body is represented by union of three ellipses: the main and two auxiliary. The main one can rotate
continuously within the framework of maneuverability, and the auxiliary ones - within the angles arising
from the anthropological properties of man. A meaningful formulation of the problem of modeling the
active movement of people taking into account the natural deformations of bodies is proposed and the
modeling algorithm is modified. Modification is to take into account the natural deformations of the hu-
man body by modeling the change in the spatial shape of the three-component model of the human body.
Analytical expressions of the conditions of their non-intersection and placement in areas are obtained for
the considered complex objects, which will allow to present the problem as a classical nonlinear pro-
gramming problem and to use the existing optimization packages. The ability of the proposed algorithm to
model the movement of people and the constraints of the problem, for which are obtained analytical ex-
pressions in the work, is shown by computer modeling. It should be noted that the restrictions considered
in the paper on both the number of components of the object of movement and its shape are not fundamen-
tal. Models and algorithms allow you to make changes in both the number of components of the object and
their spatial forms, which will only increase the complexity of the algorithms for solving the problem.

Keywords: human safety, evacuation, inhomogeneous flows, modeling, optimization, active
movement with possible force actions, natural deformations of the human body

1. Introduction

The Constitution of Ukraine proclaims the highest social value of human security,
life and health. Every citizen of Ukraine has a constitutional right to safe living, work-
ing and leisure conditions. These inalienable constitutional rights and freedoms of man
and society as a whole are objects of national security of Ukraine.

It should be noted that in the last decade there has been a tendency to increase the
number and scales of the consequences of emergencies (EM). Emergencies are accom-
panied not only by material but also human losses, so in emergencies it is very im-
portant to make a quick and correct decision to eliminate the consequences of the emer-
gency and to save people.

Possible forms of protection of the population include the organization of the
managed evacuation of people from places of development of emergency situations, in
particular from buildings for the necessary time which is calculated on the basis of their
design and planning decisions.

To this end, scientifically sound evacuation plans are being developed, the main
components of which are human flow modeling programs. Therefore, an urgent prob-
lem is the imperfection of models and methods for modeling the movement of human
flows during evacuation.
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2. Analysis of recent research and publications

The problem of creating sound plans for the evacuation of people from buildings
has set the task of developing models, methods and software packages for modeling the
movement of human flows. Existing mathematical models of human movement are
built mainly using the following two approaches: continuous and discrete (in time and
space) [1]. The continuous approach [2] is based on the fact that human motion is de-
scribed using differential equations. Human flow parameters are often modeled using
flows of orders or hydroanalogy [3]. It should be noted that the movement of human
flows has its own natural features: the transformation and distribution of parts of the
flow, their merging and transition to neighboring sections of the road. For example, at
transition of a site of smaller section the speed of a stream of the person decreases. The
water flow rate in such cases increases. The disadvantages of this approach include the
inability to model heterogeneous flows.

The discrete model, which reproduces the properties of human movement, has be-
come a real improvement over existing continuous approaches. An example of a dis-
crete model is a cellular model based on the idea of cellular automata (CA) [4]. In dis-
crete approaches, space is divided into cells. As a rule, the share (person) occupies one
cell. Movement is possible only on the cells at each time of movement (step), the direc-
tions of movement are limited [4, 5]. The disadvantage of the spacecraft model is the
inability to take into account changes in the width of corridors, slots, tasks of different
sizes and shapes of particles (people).

The combination of the advantages of both models (continuous and discrete) char-
acterizes the field discrete-continuous model of evacuation SigMA.DC (Stochastic field
Movement of Artificially People Intelligent discrete-continuous model — stochastic of
field discrete-continuous model of human motion with elements of artificial intelligence).
This model takes into account the dependence of human speed on density, age, emotional
state. It is continuous in space in the chosen direction of movement, but it provides a fi-
nite number of directions where a person can move from the current position [6].

Classification of mathematical models is based on the representation of people: indi-
vidual or global. In the first case, each person is “processed” by the calculation algorithm
separately, individual human characteristics can be taken into account (weight, age, sex,
speed, role in the evacuation process, etc.). In the case of a global representation, only the
movement of a "mass" of people with certain homogeneous characteristics is considered.

Currently, the most common software product is CITIS: "Flowtek ID" for a simplified
analytical and simulation-stochastic model and "Evatek" for an individual-flow model of
human flow [7]. The results of calculations obtained by the model "Flowek ID" give an un-
derestimated value of the time of the last person to pass different sections along the length of
the evacuation route. The processes of reshaping and scattering of human flows, the descrip-
tion of which is not included in this model, also have a significant impact on time.

In the individual-flow of move Evatek model, the speed of a person's motion de-
pends on the flow density, which is calculated for each person individually. To do this,
a rectangle is built around a person, the large side of which is oriented in the direction
of human movement. The constructed area is divided into separate sub-areas (it is im-
possible to move from one sub-area to another without leaving the area). This approach
to motion modeling is explained by the impossibility of an analytical description of the
process of movement of people, part of which is a description of the conditions of their
intersection. The values obtained by the Evatek program during the last person's pas-
sage of different sections of the evacuation routes are near the lower limit of the allow-
able values, taking into account the stochasticity of the evacuation process [6]. But the
results of the analysis of this direction of work carried out in [8] show that there IS no
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model of individual current movement of people, adequate to the real flow. And for
people of mixed composition in a wide range of public buildings of different classes of
functional danger there are no models of flow simulation.

In [9], the problem of modeling the motion of inhomogeneous flows of people (ie
mixed composition) is reduced to the problem of dense motion of people (represented
by ellipses) with different densities. Different densities lead to their placement at each
discrete point in time with different minimum allowable distances between them ac-
cording to a number of additional technological limitations, among which we can dis-
tinguish movement at different speeds, given their maneuverability, comfort, etc. Ac-
cording to [6] during the movement we can distinguish the following categories of
movement of people in the flow are: free, comfortable, active, with high activity. Model
[9] can be used for comfortable and free movement of people.

When the category of motion changes and becomes an active category with possi-
ble force, the flow density increases [6]. Changes in density affect the nature of the
movement of people in the flow, changing it from free, in which a person can choose
the speed and direction of their movement, to compressed motion as a result of further
increase in flow density, in which he feels the growing power of others.

Therefore, the unsolved part of the problem is the lack of models of active move-
ment of people, taking into account the natural deformations of human bodies.

3. The purpose and objectives of the study

The purpose of this work is to develop a model of active movement of people, tak-
ing into account the force contacts during movement.

To achieve the goal of the work it is necessary to solve the following tasks:

—to build a model of the human body taking into account its natural deformations;

— to develop a meaningful model and modify the algorithm for modeling the ac-
tive movement of people taking into account their natural deformations.

4. Construction of a model of the human body taking into account its natural
deformations

To build a model of the current movement of people in the flow, taking into ac-
count their maneuverability and natural deformations, it is necessary to analyze the an-
thropological characteristics of man and build a model of his body taking into account
non-traumatic force.

Thus, to build a model of the human body, it is proposed to present its projection, tak-
ing into account [10], in the form of a non-rigid connection of three ellipses: E_ with the

dimensions of the half-axes A and B, and E, and E, with the sizes a and b (see Fig. 1).
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Fig. 1. Three components of the human body model: (a) the trunk, (b) the right shoulder,
(c) the left shoulder

A e eeesesmeeessssseeeessessesessesseeesssssessessssmesessesneseesssssesessssnesesssssesessssssesesssssesessssssesesssseesessessesessssseessssssnesessen
P06 i © v. Komyak, K. Kyazimov, 0. Danilin



ISSN 2524-0226. NMpobnemu Haa3BuMYanHUX cuTyauin. 2020. N 2(32)

Each object E is associated with placement parameters v = (t, j), where t=(X,y)
Is the object’s E translation vector relative to the fixed coordinate system, and j is the
angle of its rotation.

We denote by E(v) an object E=E(0) that ¢ is the angle of rotation and t is a
vector of translation.

The pairs of points G,, g, and G,, g, marked in the first figure, are used to

"glue” the components of the model into a single object H (see Fig. 2 a).

v
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Fig. 2. Three-component model of the human body with constraints providing: (a)
conditions for gluing the components of the model into a single object, (b) restriction on the
mobility of the ellipse modeling the human shoulder

In addition to bonding conditions, the relative position of objects is subject to re-
strictions on the ratio of rotation angles arising from physical constraints on the relative
position of parts of the human body (see Fig. 2), Thus, the angle of rotation j, of an el-

lipse E, cannot be greater than the angle j. + o, and less than j, —o,, where j. — the
angle of rotation of the object E_ (see Fig. 2b).Accordingly, the angle of rotation j, of
an ellipse E, cannot be greater than the angle j, + o, and less than j, —a;.

Thus, it is proposed to use an object with the following constraints on the place-
ment parameters as a model of human body projection:

91 (v)) =G, (vo), 1)
9,(v,) =G, (vo), )
Jo—op S <o+, @)
Jo—o < <+, (4)

It should be noted that in conditions of high density of placing people in the number of
variable parameters of the model may be included values and with restrictions of the form

Og <o, <0y, 0y <o, <oy, (5)
.....................................................................................................................................................
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allowing the model to account for the vertical rotation of the shoulder joint, which are
also determined by physical limitations on the relative position of parts of the human
body. It should be noted that all object sizes and constants in the simulation are gener-
ated for each object H at random with normal distribution.

3anuInemMo yMOBY He TTepeTHHAHHS IBOX 00’ €KTIB

We write the condition of non-intersection of two objects

Hi (Ve Vi Vi) = Eg (Vci)UEIi (V)i )UEri (Vi)
and H;j (Ve vy Vi) =By (ch)UEu (Vlj)UErj (Vi)

in the form of a function ®"" ‘(vc,, ir Vi Ve Vi Vi Tyy) 2 0,

where a function @' ‘(vc,, i Vi Vi Vi Vi T) can be represented as in [10]:
; J(Vcw rlivliivcp rj’V|J’T) mln{CD wE (Vcnvcj’Tijl)
ECIEU Eq rJ EiE ci
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rj?

EE, ELE,
D (Vi Vv T @ (Vs Vi Tio)s

ri?
where T; — vector of auxiliary variables.

As can be seen from (6), the conditions for describing the non-intersection of con-
structed objects are based on the description of the conditions for non-intersection of
ellipses.

As follows from [9, 11], the conditions for the mutual non-intersection of ellipses

are described by the inequality " (v T.)>0, where the quasi-phi-function

iV
" (vi,v;,T;) can be written as:

As follows from [9, 11], the condition of mutual intersection of ellipses are
described by an inequality @ (vi,v;, T;) =0, where the quasi-phi-function

=" (v;,Vv;, T;) can be written as

v,V ,,) (X, —X;)€osT, +(y; —y;)sinT; ~R; —/b? + (% ~b?)cos’ (j, - T;) -

\/bz (a5 -b)cos’(j, - T;).

5. Developing a meaningful model of modeling the active movement of people
taking into account natural deformations of the body

Then the model of movement of people taking into account the natural deformations
of the human body and maneuverability in their movement will take the following form.

Suppose there are N, people in the evacuation area Q , with the location parame-
ters vV, =(X,Yi, i), 1=12,...N,where (X;,y;) — the coordinates of the location of the
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beginning of the local coordinate system (current point), and j, — the angle of rotation
(maneuverability) of the i-th basic ellipse E; , which is a three-component model of the
i-th person. For each current point with coordinatesd;(x;,Y;), the velocity vector

:/)i =(X;,Y;,]J;) Is determined. Thus, the object is assigned the characteristics of speed

(in meters per second), maneuverability (in radians), as well as set limits on the ratio of
the angles of rotation of parts of the human body, depending on their deformations dur-
ing movement.

Then the mathematical model of the subtask at each k-th iteration can be formu-
lated in the form of finding the maximum displacement of people in the evacuation ar-
ea, taking into account the conditions of their non-intersection, the conditions of their
placement in the area, displacement, taking into account their maneuverability, and
within the limits, which occur during natural deformations of the human body.

This article proposes an algorithm for moving people based on power contacts,
which is presented in the sequence of next steps.

Algorithm.

Step 1. The evacuation area is presented in the form of a graph. Ribs - segments of
corridors, vertices - intersections and points of "gluing” of segments.

Step 2. It is calculated distance from each point of the segment to the exit and the
direction of the predominant movement.

Step 3. A grid with a sufficient number to determine the flow density is formed in
the evacuation area.

Step 4. People representing the three-component model are sorted to increase the
distance to the exit.

Step 5. For each of the humans for coordinates the positions of the center and the
angular of rotations are determined local density of flows and the preferred directions of
movement.

Step 6. It is adjusted the speed according to the local density.

Step 7. Rational parameters are found in the area of admissible solutions, which is
determined by the conditions of non-intersection of complex objects, the conditions of
their placement in the segment and restrictions on the angles of rotation of each of the
constituent objects. Rational parameters allow at the selected unit of time to make the
maximum total movement of people.

Fig. 3 shows a fragment of modeling the movement of people, represented by a
three-component model, at a random moment in time

R
) T,

— - direction of movement
Fig. 3. The position of the people represented by the three-component model at a random
moment of the time
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The result obtained in Fig. 3 is the configuration of humans placement on the k-th
iteration of optimization of active humans motion modeling, which demonstrates the
validity of the proposed algorithm and is an experimental test of the task constraints for
which analytical expressions are obtained.

6. Discussion of the results of modeling the active movement of people taking
into account their natural deformations

When people move in the flow, the following categories of movements are distin-
guished: calm, comfortable, active, with high activity. As a rule, the category of move-
ment determines the density of the flow of people. When the category of movement of
people passes into the category of active movement with possible forceful actions, the
problem of modeling their active movement with forceful contacts between them arises.
This task is relevant in addressing the evacuation from buildings.

The anthropological characteristics of man are analyzed and the three-component
model of man is offered (fig. 1-3). Formalized constraints (1-4), (5), which take into
account the natural deformation of the human body. For the constructed model of the
human body, the conditions of their mutual non-intersection and placement in the area
are written in the form of analytical expressions (6), (7), which is the basis for con-
structing a model of the problem of modeling active human movement.

A computational experiment was performed [10], which consisted in determin-
ing the local density of people, which represented by a one-component models (ellip-
ses) and a three-component models. It was shown that the local density of one-
component objects corresponds to the experimental upper density estimates obtained in
[6] for the free motion of human flows. The placement density for the three-component
model is on average 21.4% higher. The latter estimate corresponds to experimental es-
timates of density (0.9-1.0 m2 / m2), which is observed in the movement of people
with natural deformations of human bodies for active movement [6].

A contectful model of modeling the movement of inhomogeneous flows of people
in the network, consisting of corridors on each floor of the house and stairS is build.
Modified algorithm for modeling the movement of people in the flow. Modification is
to take into account the natural deformations of the human body [6].

Computer modeling of the placement of objects represented by three-component
and one-component models, which was carried out in [10], showed the effectiveness of
the three-component model. The flow density is increased by an average of 21.4% and a
density value of 9-10 people / m2 (0.9-1.0 m2 / m2 with an average area of horizontal
human projection of 0.1 m2) is achieved, which meets the movement of people with
natural deformation of their bodies. Thus, the three-component model of the human
body allowed to model the movement of people taking into account their forceful ac-
tions, which corresponds to the densities of human placement, which are obtained from
many numerous field experiments [6].

The article considers the restriction on both the number of components of the
moving object and its shape (in the form of an ellipse, a set of ellipses), which meets the
appropriate subject area. This restriction is not fundamental. Models and algorithms al-
low you to make changes in both the number of components of objects and their spatial
forms, which will only increase the complexity of algorithms for solving the task.

The advantage of this approach is its flexibility. It is now possible to model the
movement of people with non-standard physical parameters (for example, sumo wrestlers),
people with loads, wheelchairs, etc. - just need to add to the model of inequality, which de-
scribing the conditions of non-intersection of new objects with ellipses and each other.
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7. Conclusions

1. Analyzed anthropological characteristics of man and proposed a three-
component model of man, which takes into account the conditions of bonding compo-
nents of the model into a single complex object and the ratio of angles of rotation of
model components arising from physical constraints on the relative position of body
parts. The efficiency of the three-component model (it is increase flow density by an
average of 21.4%) is shown in comparison with the one-component model and, as a re-
sult, the flow density of 9-10 people / m2 is obtained (0.9-1.0 m2 / m2 at the area of the
horizontal projection of a person in 0.1 m2), which corresponds to the movement of
people with force action within the natural deformation of their bodies. It should be
noted that the convergence with experimental estimates can be increased by selecting
parameters that determine the ratio of the size of the components of the model of the
human body. The model can also serve as a top estimate in obtaining occupancy of are-
as such as temporary accommodation, mobile evacuation vehicles. Thus, computer
modeling of the movement of people, which represented by the three-component model
and analysis of literature sources allowed us to conclude that the results are consistent
with experimental estimates.

2. The meaningful model and the algorithm of modeling of active movement of
people taking into account natural deformations of bodies are offered. Modification is
to take into account the natural deformations of the human body by building a three-
component model of man. Analytical expressions of the conditions of their non-
intersection and placement in areas are obtained for the considered complex objects,
which will allow to present the problem as a classical nonlinear programming problem
and to use the existing optimization packages. The ability of the proposed algorithm to
model the movement of people and the constraints of the problem, for which analytical
expressions are obtained, is shown by computer simulation.

It should be noted that restrictions on both the number of components of object
of movement and its shape are not fundamental. Models and algorithms allow you to
make changes in both the number of components of the object and their spatial forms,
which will only increase the complexity of the algorithms for solving the task.

The proposed approach to modeling the movement of people increases the range
of tasks to be solved today, and allows you to model the active movement of people
with contact force. A further direction can also be considered the development of new
approaches to modeling the movement of people with non-standard physical parameters
(eg, sumo wrestlers), people with loads, wheelchairs, robots, etc.
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MOJIEJTIOBAHHSI AKTUBHOI'O PYXY JIOJEN INPU EBAKYAIIII 3 BY IIBEJIb

PosrnsmaroThest Taki kareropii pyxiB: KOM(OPTHI, CIIOKiiHI, aKTHBHi, 3 BUCOKOI aKTHBHICTIO.
Koun kateropis pyxy Jrojieli cTae akTHBHOIO 3 MOXKJIMBHMHU CHIIOBHMH JisIMH, TIOCTA€E 3a/1a4a MOJIEITIO-
BaHHS IX aKTUBHOTO PyXy i3 ypaxyBaHHSM NpUpoOAHHX nedopmariii moacekux Tin. [IpoanamizoBani
AHTPOIIOJIOTIYHI XapaKTEPUCTHUKHU JIFOJANHH 3 TOYKH 30py (Pi3HYHMX OOMEXEHb Ha B3a€EMHE IOJIOKCHHS
YaCTUH Tija MpH iX aKTHBHOMY PYCi 3 CHJIOBUMH JisiMH. BpaxoByrounm BiacTHBOCTI Pi3MUHHX OOMe-
KEHb TiJla JIIOJIMHY, 3alIPOIMIOHOBaHa TPUKOMIIOHEHTHA MaTeMaTHYHa MOJIEIb TOPU3OHTAILHOI MPOEKIIii
JIIO/IMHY, sIKa BPaXxOBY€ YMOBH CKIICIOBAaHHS KOMIIOHEHT MOJIENI B €IMHHUN CKJIQJIHUHU 00'€KT Ta oOMe-
’KEHHsI Ha CIIBBIJIHOLICHHS KyTiB OOEpTaHHS KOMIIOHEHT. MoJenb Tija JIOJUHU TNPENCTAaBICHO
00’ €JHaHHM TPHOX EJIICIB: OCHOBHOTO 1 JBOX JOMOMIXHHUX. OCHOBHHMI MOXe HENEepepBHO 00epTaTHCh
B pPaMKax MaHEBPEHOCTI PyXy, a JOMOMiXHi — B paMKax KYTiB, III0 BUTIKaIOTh i3 aHTPOIOJIOTIYHUX Bia-
CTHBOCTEH JIIOJJMHU. 3alporOHOBaHI 3MICTOBHA MOCTAaHOBKA 3a/1a4l MOJICIIOBAHHS aKTHBHOTO PYXY
JFOJIEH 3 ypaxyBaHHSAM NPHPOAHUX JeopMaliii Til Ta MOIU(IKOBAHO aITOPUTM MOETIOBaHHA. Mo-
nudikallis moisirae B ypaxyBaHHI IPUPOJHUX AeopMaIliid Tijia JTIOAWHA NUTSIXOM MOJIEITIOBAHHS 3MiHU
MPOCTOPOBOI (POPMH  TPUKOMIIOHEHTHOT MOJEI Tiia JIIoauHU. JIJis pO3IISHYTUX CKJIaJHUX 00’ €KTIB
OTpPHMaHi aHaJITUYHI BUPa3UW yMOB iX HE MEPETHHAHHS Ta PO3MIIEHHs B 00JacTAX, IO J03BOJIUTH B
MOJIANILIIOMY MPEJCTABUTH 3a/1a4y, SIK KIIACHYHY 3aJ[ady HEJIIHIHHOTO MPOrpaMyBaHHS Ta BUKOPUCTATH
icHytouM makeTu onrtumizauii. [IInsgxoM KOMIT'IOTEpHOrO MOJENIOBAHHS MOKa3aHa A€ CIPOMOXHICTh
3allPONIOHOBAHOTO aJiTOPUTMY MOJICJIIOBaHHS PYXY JIoed Ta 0OMEXEHb 3a/1adi, Ul SKUX OTPUMAHO B
po6oTi ananiTiaHi Bupazu. Ciiji 3a3HaYHUTH, 10 PO3TIITHYTI B POOOTI 0OMEKEHHS K Ha KiIBKICTh KOM-
MOHEHT 00’ €KTy MepeMillieHHs], TaK i Ha Horo GopMy He € IPUHIMITIOBUMHU. MoOJIeNi 1 allTOPUTM JI03BO-
JISIFOTH BHECTH 3MiHU SIK B KUIBKICTh KOMITOHEHT 00’€KTa, TaK i B X MPOCTOPOBI OpMH, IO MPHUBENIS
TIABKH 70 MiJIBUILEHHS TPYIOMIiCTKOCT] alrTOPUTMIB PO3B’sI3aHHA 3a7aui.

KurouoBi cjioBa: Oe3neka JIOMHH, €BaKyallis, HCOIHOPIIHI TIOTOKH, MOJICIIOBAHHS, ONTHMi3a-
11isl, AKTUBHUH PyX 3 MOXKITMIBHMH CHJIOBUMH JIISIMH, TIPUPOJIHI JedopMaliii JIFoACEKOro Tija
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