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Head-on collision of flocks

Relevance. The study of the collective behavior of flocks of intelligent agents by using the mathematical and numerical
methods is related to the multi-agent systems and artificial intelligence, which are actively researched nowadays.

Goal. To reveal the patterns of flocks dispersion during their collision and to obtain the analytical ratios of flocks kinematics.
Research methods. The work is based on the methods of mathematical and numerical modeling of multi-agent systems.

The results. The main parameter that determines the flocks behavior during their interaction is the acceleration. When the
impact parameter is increased, the changes in the characteristics of the flocks become less noticeable. The obtained dependence
of the acceleration on the value of the aiming parameter resembles the dependence that is typical for phase transitions.
Conclusions. The main regularities of flocks dispersion are determined, as well as the analytical ratios of flocks kinematics,
which are in good conformity with the simulation data.
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1 Introduction

Currently the collective behavior of self-driven or motile elements is of great interest (see [1] for
example). Such systems include flight of flocks of birds [2-4], movement of schools of fish [5-7], insect
migrations [8, 9] and herds of animals [10]. The patterns of their collective motion and the nature of the
appearance of coordinated motions are intensively studied [11]. However, that interest is not limited to
natural objects. Similar problems arise with the emergence of artificial multi-agent systems capable of
manifesting themselves in collective behavior [12-14]. Even the influence of artificial objects — robots
on the behavior of natural systems is also considered [15, 16]. At the same time, on the one hand, such
systems can be considered as simple models of natural objects, on the other hand, as the emergence of
swarm intelligence in artificial intelligent systems. A new direction in physics has even appeared —
active matter [17, 18].

In nature, the behavior of systems consisting of many interacting moving individuals is extremely
diverse. Despite the widespread occurrence of such phenomena, there have been no systematic studies
of self-propelled interacting objects till recent times. One of the first works [19] is devoted to modeling
the movement of schools of fish using the rules: (a) approach movement to allow aggregation, (b)
parallel orientation movement and (c) cohesion. The speed and direction of individuals were considered
stochastic, and the direction of movement of individuals was determined by the position and direction
of movement of their neighbors. It has been noted that a collective movement can arise even in the
absence of a leader. Much more famous was the later work of Reynolds [20] in which he simulated the
movement of bird-like objects — boyds. A more detailed discussion of the various patterns of
movement of interacting individuals can be found in the review [1].

In this work, the behavior of flocks during their head-on collision is considered. Two flocks have
been simulated by using the flocking algorithm and their behavior after the collision has been studied.
Actually, this type of collision in physics is the beginning of studying the scattering of bodies in a
collision. The features of flocks collisions and the differences between them and the regularities of
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scattering of physical particles are discussed. The main patterns of collisions of such flocks have been
determined.

2 Model
The collective behavior of flocks of agents has been modeled by using the flocking algorithm
proposed by Reynolds [20]. In its basic form, flocking describes the collective movement of agents
according to three simple rules: separation, alignment, cohesion. The process of moving is iterative. At
each iteration, the change in the velocity of each agent is calculated as the sum of the changes in speed
in accordance with the three rules of the flock. The change in the position of the i-th agent is
determined by a simple iterative equation
X (t+1) =X (t)+V,(t+1)- At. (2.1)
The change in the velocity of the i-th agent depends on the neighboring agents marked with the
index j, which falls into the sphere of radius R centered on the i-th particle in accordance with the
equation
Vi (t+1) =V, () + AV, (1), (2.2)
where V, (t) is the velocity vector of the i-th agent at discrete time t. For flocking, the change in speed
is determined by three factors, as noted above
Av(t)l =5-AV, (t) +3- A\_/.alignment,i (t) + A\_/.(:ohesion,i (t)

separation,i
Numeric multipliers determine the weights or significance of the respective contributions to the
velocity change and may vary. To describe the model, we define these terms [21]. So let us start with

the separation
<xi (t)-x (t)>R

<xi (t)-x (t)>R‘

where v, is the magnitude of velocity vector of the agents and v, (t) =|V,(t)| is the magnitude of

AVsepi (t) = (VO _Vi (t))‘

velocity vector of the i -th agent. The factor (v0 -V, (t)) is present in all contributions and it is needed
to return the velocity value to the value of v, . We will also use the notation

o o 18 %(1)=%(1)
(X () =% (1)), ==
©ong |Xi (t)-%, (t)|dij (t)
Here (...); denotes averaging (or summation) of the velocities within a circle of radius R

surrounding agent i. For each rule, the radii of the neighborhood can be chosen separately. Now we
define the value of AV (t) as

separation,i

My©® ] |AV, (1) <0.03
AV, 0.03 if |AV,, (t)| > 0.03

The o factor is called steering force. It is introduced to smooth non-physical sharp turns. The value
o =0.03 is chosen for modeling and may change.
Let us move on to alignment and define

AVyig = (Vo -V (t))

AVseparation i (t) =

Here we again use the natural notation
= 1&
(1), :EZVJ' (1),
J
where (...); - means averaging over the velocities of the agents inside the sphere of radius R
(Vi)r
| \7j R
motion of neighboring agents. This provides alignment. Let us define Av

surrounding the i-th agent. It is obvious that is a unit vector in the direction of the mean

as

alignment
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. o AV (1) 1 if |AV,, (1) <0.03
alignment i =r— 39 o= :
T | Ay, 0] 0.03 if [AV,;,, (t)] > 0.03
Let us proceed to the description of the last contribution of the person responsible for <<cohesion>>
and define
- A% (t)
S (=01 O
where

(%), = ) 3 (0% ()

deviation of the position of the i-th agent from the average position of the neighbors in the sphere of
radius R. Finally
AV (t 1if AV, ,(t)[<0.03
A\_icohesion i (t) = _.CO—M() o, o= | i | .
| AV, ) 0.08 if [AV,,,, (1) > 0.03

When modeling, two flocks of agents are considered to move in a two-dimensional space without
obstacles. When determining the change in the corresponding velocities of the agent, the different radii
of the spheres, over which the averaging is performed, are chosen:

Rseparation = 500 m,
Ralignment = 1000 m,
R =2000 m.

cohesion

The velocity of the agent v in space per iteration is limited by the expression v,,,, <v<v,., and the
rotation angle is limited by the expression AA<AA, .. . The agent’s velocity tends to Vv, , which is taken

into account in the three flocking rules. The magnitude of the velocity of each agent at the initial
moment of time is equal to v, . The listed characteristics are assigned the following values:

Voin =30mM /1,
v, =50m/1,
Vo = 70m/1,

=7
A'A\nax_3o

At the initial moment of time, the agents of each flock are located in space in a "chessboard" order
according to the following rules. In each column, the agents have the same position along the X axis,
and the distance between the neighboring agents along the Y axis is 500 meters. The distance between
adjacent columns along the X axis is 500 meters. There is one less agent in the even columns than in
the odd ones, and the agents are located with a shift along the Y axis by 250 meters (Fig. 1). The cases
with the following number of agents in a flock are considered: 3, 14, 33, 60, 77, 95.

Lo = L
L B -
L - -
L - -
- - -
— - -
= == =
-— - -
- - -
- - L
- - -

Fig.1 An example of the location of a flock of 33 agents at the initial time

In a numerical experiment, two flocks with the same number of agents collide. The centers of two
colliding flocks at the initial moment of time are located at a distance of 10° meters from each other
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along the X axis. The center of a flock is determined as the arithmetic average of the positions of the
agents of flocks separately for each dimension.

The direction of movement at the initial moment of time for the agents of the first flock is equal to 0
radians, and for the agents of the second flock to ~ radians.

The flocks move towards each other. The collection of statistics on the movement of flocks begins
with an iteration when the distance between any two agents of two flocks does not exceed R ie.
agents of different flocks begin to interact with each other.

Flocks collide and fly past each other, after which the agents of different flocks stop interacting with
each other. The interaction of agents of different flocks lasts for t,,, and the collection of flock

movement statistics starts from the moment the interaction of agents of different flocks begins on the
interval 4-t., for flocks of sizes 3, 14, 33 agents and 8-t,, for flocks of 60, 77, 95 agents.

int
The average speed of the flock is equal to the arithmetic mean of the speed of the agents of the flock,
and the average direction of movement of the flock is equal to the arithmetic mean of the direction of
the agents of the flock.
The obtained simulation data are dimensionless. The characteristic scale for nondimensionalization
IS S=R, +R, +Ry.on: Where the flock radius R is equal to the maximum distance among flock

agents from the center of the flock.

cohesion !

3 Collision of flocks

Let us consider a head-on collision between two flocks. The geometry of their scattering is shown in
Fig. 2. This is the simplest and in some sense the canonical case of scattering. Initially, the agents of the
respective flocks occupy certain areas. When modeling, they have been distributed over areas close to a
circle. The initial distance between flocks across the direction of movement corresponds to the impact
parameter p . During the simulation, the impact parameter changes from 0 to |.. . For large values of

p , there is no interaction between flocks and, accordingly, their scattering.

int *

Fig.2 The top image shows the directions of movement of flocks, their velocity and sizes at the moment of the
beginning of the interaction of agents of flocks. It is convenient to skip the free movement stage. Possible a priori
changes in flock parameters and their movement after interaction are shown below. So, the directions of their
movement can change, which are characterized by the scattering angles A&, the indices indicate the flocks, the
velocity of their movements and the characteristic sizes and even the shape of the flocks. The circles show the
areas occupied by the agents of the respective flocks

There are specific features of the interaction of flocks. First, their interaction occurs at a finite
distance not exceeding |, , and, accordingly, takes a finite time interval from O to t,,. The flock
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characteristics may change during interaction, and even after interaction, some changes may persist.
These features distinguish flock scattering from such a well-studied process as the scattering of
interacting particles. In this sense, the stage of asymptotic return to free motion with new parameters
may not occur. Therefore, it makes sense for flocks to determine scattering data starting from the end of
scattering, and to track their change in the future at the moments of relaxation to some steady state, if it
occurs.

Another a priori difference may lie in the dependence of the scattering pattern on the shape of the
colliding flocks. For different forms with the same exposure parameters, different proportions of agents
can participate in the interaction and, accordingly, affect their flocks in different ways.

The nature of the interaction between agents, based on the information they receive, complicates the
analytical construction of the theory of flock dispersion. Therefore, in the future, we will use the
simulation results to establish the main patterns of flock dispersion.

4 Flocks collision simulation results

Let us start with an analysis of the change in the distance between the centers of the flocks during
interaction. Typical examples of distance changes obtained as a result of flock collision simulation are
shown in Fig. 3. The behavior of distances is universal and most stable, in the sense of the absence of
noticeable fluctuations.

(a)

i

F(t) F(t)

(- v T T T T
0 100 200 300 50 11H) 150

t t
Fig.3 Typical changes in the distance between flocks over time, obtained as a result of numerical simulation. Red
line is the distance between non-interacting (phantom) flocks, blue line is the distance between interacting flocks.
(a) — impact parameter p =0.014, characteristic interaction scale I, =0.82608 , and minimum position

t.., = 47. (b) — impact parameter p =0.0693. With the same number of agents in the flock N, = N, =33

W0 250 100

We can note an important consequence of comparing the change in distances between interacting
and non-interacting flocks. For all the initial parameters and the number of agents in the flocks, there is
a close location of the minima and a good conformity between the minimum distance and the impact
parameter. Noticeable differences can be observed in the asymptotic change of distances with time at
times t >>t,, or at distances r >>1., (see Fig. 3). The difference in the slope angles of the asymptotics

int
means the difference in the velocities of these flocks. In other words, when flocks interact, it reduces
their movement speed. In a certain sense, the differences between these dependences determine the
degree of influence of the interaction of flocks on the impact parameter. So, for large values of the
parameter, only a small part of the agents of both flocks interact, and this does not have a noticeable
effect on the behavior of the flocks as a whole. Therefore, the interaction of agents does not always lead
to the interaction of flocks.

Another important observation is related to the value of the minimum distance between flocks. For
example, Fig. 4 shows the change in the minimum distance of approach of flocks from the impact
parameter. The number of flocks is the same and equal to 95 individuals. In fact, it can be seen that the
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minimum distance of approach of interacting flocks coincides with the value of the impact parameter
r, = p . This dependence is retained for all considered numbers of flocks.

0.0 02 03 04 05 06 0.7
b
Fig.4 The dependence of the minimum distance of approach of flocks on the impact parameter is shown. Black

line is for interacting flocks, red line is for phantom flocks, and green line is for r, = p . One can see the complete
coincidence of these dependencies for flocks N, = N, =95. The same coincidence is observed for flocks of
different numbers

The coincidence of the minimum distance with the impact parameter means the absence of
transverse displacements as a result of interaction. Therefore, a small scattering angle for any values of
the impact parameter can be observed. Fig. 5 shows flock scattering angles N, = N, =60 obtained by
modeling flock collisions. Similar dependences are also observed for flocks with a different number of
agents in flocks. It can be assumed that during a head-on collision, flocks retain their direction of
movement after the collision due to symmetry considerations.

(.5 1.3

e o T 4R 0

-0.51 - {157
0.1 02 0.3 U-.;l b5 06 07 01 02 03 [3}.34 03 06 0.7
I

Fig.5 The dependence of the scattering angles of the first flock is shown in red, the second flock in black. Data
about flocks with N, = N, =33 agents are presented on the left, and flocks with N, = N, =60 on the right. In
fact, the deviation of the directions of movement is small and does not have a systematic character

It is important to remember that flocks interact at a finite distance |, , after which the interaction
stops and flocks continue to move freely with new parameters. In fact, if the direction of movement is
preserved, then one of the important parameters is the speed of movement of flocks after interaction.

Let us now discuss in more detail how the speed of interacting flocks changes. The nature of the
interaction depends on the impact parameter. Thus, at small values, the nature of flock speed changes is
clearly expressed and has a typical form, shown in Fig. 6 with noticeable sharp decrease in the speed of
the flock and a slower return to the initial speed of the flock. The characteristic velocity relaxation time
for these parameters is t., =~ 647, and the interaction time is t,, =143 . Thus, the minimum is reached at
the stage of interaction, and the increase in speed continues after the interaction of flocks. The ratio of
times for this case is easy to establish. So for the first flock, the beginning of the decrease in speed is
t,,, =10, the time to reach the minimum is t ., =123 and t.,, =657 (t, =t —t5,), flock interaction

starts at t=0 and lasts t,, ~143. For the second flock, similar values tg, ~10, t,.,~125, and
t-,, = 641 are realized. Thus, the relaxation times are much longer than the interaction time.

rel
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For large impact parameters, when a small part of agents from different flocks interact, the behavior
of the velocities is significantly different (see Fig. 6). In fact, there are no noticeable changes in the
speed of the flock. In such cases, the change in distances between interacting flocks and phantom flocks

is indistinguishable.
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Fig.6 The change in the velocity of the first flock is shown on the left, the second on the right. The number of

agentsis N, =N, =95, p=0.050

This behavior is observed with a different number of agents in flocks. Fig. 7 shows the dependence
of the jump in velocity and relaxation time on the impact parameter. One can see the disappearance of
the jump in speed even at the stage of interaction of a certain proportion of the agents of the flocks.
Similar dependences are observed for other numbers of flocks.
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Fig.7 The change in the velocity of the first flock is on the left, the second is on the right. Number of agents is
N, =N, =95, p=0.687 .The magnitude of the jump in velocity is shown below on the left and the relaxation

time on the right, depending on the impact parameter. The circles are for the first flock, the squares for the second
one.

Some important changes are also observed in the forms of flocks during interaction. The average
radius of the flock has been chosen as a parameter characterizing the shape of the flock. The
characteristic differences have been observed again depending on the values of the impact parameter.
Fig. 8 shows characteristic changes in the average radii of interacting flocks for different values of the
impact parameter. A sharp change in the average radius is noticeable at small values of the impact
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parameter (see the bottom row of Fig. 8). The change starts at the stage of interaction and continues
even in the absence of interaction. At times of the order of the velocity relaxation time, the stage of a
slow decrease of the average radius begins. At large values of the impact parameter (see the top row of
Fig. 8), a slow monotonous increase in the average radius is observed.

01,424 0,421
i1 H2]
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T —— s —
100200 300400500 600 TO0E00 900 100200 300400500600 700800900
t t
0.5 0,55
0.504
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0404
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200 400 600 SO0 1000 1200 200 400 600 800 1000 1200
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Fig.8 The changes in the average radius of the first flock is on the left, the second is on the right. The number of
agents in flocks is N, = N, = 95. For the top row p =0.687, for the bottom row p = 0.050

It is interesting to consider the change in flock density over time for similar flocks and parameters.
Fig. 9 shows the corresponding dependencies. It is easy to see the correlation with the behavior of the
mean radius. In addition, an increase in the density of flocks during the interaction and a subsequent
sharp decrease in density after the end of the interaction is noticeable.

Ry i)
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Fig.9 The change in the average denS|ty of the first flock is on the left, the second is on the right. The number of

agents in flocks is N, = N, = 95. For the top row p =0.687, for the bottom row p = 0.050
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We can say that there is a jump in the Ac density. After times of the order of velocity relaxation, a
slow stage of density increase begins. The presence or absence of that jump, as well as the magnitude of
the jump, determines the degree of influence of the interaction of flocks on their movement and
behavior.

5 Flocks kinematics

Let us consider the kinematics of the flocks” movement. In this case, we consider two cases of flock
movement with the same initial data. This is the movement of flocks without interaction and in the
presence of interaction between flocks. Flocks without interaction are phantom flocks. Agents of this
flock cannot see agents of another flock and pass through them unharmed. Let us start with this case.
Let the centers of the flocks move without interaction, then the positions of the flocks change with time
as

Xl = XOl +Vlt’ yl = yOl;

Xy = Xp2 _Vzt; Yo = Yoo
Here, the number of the flock is marked by the index, and the speeds of the flock movement are
oppositely directed along the X axis. Let us assume that the beginning of the flocks’ movement starts
with the distance between them coinciding with the characteristic scale of interaction [, . In other

words, X,, = X,, + /12, — p* . Then the distance between the centers of the flocks changes according to

()= \/(x1 =X )2 +(Y1 - y2)2 = \/((Vl +V2)t_\/|iit -p )2 +p°, (5.1)

where r,(t) is the distance between freely moving flocks without interaction. The minimum r,(t) is

2 2

Iint —-pP
AV
magnitude to r,(t,,) = o . When comparing with experimental data, it is convenient to use an equivalent

form, but depending on other parameters

rs(t)=\/[[ti—1] lfm—sz +p°. (5.2)

In this relation, the time of the closest approach t, appears as the main parameter. We also give the
initial speed of approach

reached at time t=t = where the approach velocity is Av=v, +v, and is equal in

2 2

dr (t I -
%lt:o int : 1% ) (53)
It

int *m

Comparing this expression with a similar form obtained from the relation (5.1), we recieve the initial
approach velocity through the main parameters
|_2 _ A2
v, +V, :%p. (5.4)

m

This relation can be used for an a priori estimate of t, from the initial data.

Now let us calculate how the distance between the interacting flocks will change. Suppose that the
interaction leads to the acceleration of the movement of the flock. We will assume that the acceleration
at the moments of interaction is constant and oppositely directed for the first and second flocks. In fact,
this assumption is related to the hypothesis of the fulfillment of Newton’s third law (the force of action
is equal to the force of reaction) and is based on simulation data. Then

2 t2

t
X = X01+V1t_ax1?; Y = y01+ay15;
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t? t?
X, = X _Vzt"'asz; Yo = Yoz _ayzz-

It remains to calculate the distance between the interacting flocks

2 2
rim(t)z\/[(v1+v2)t—AaxtE— ifn_pzj +p2; OStStint’ (5-5)

where Aa, =a, +a, and for reasons of symmetry and simulation data, we neglect the lateral
acceleration a, =0. This relation is satisfied when the flocks t<t;, interact, where r, <I . This

int — Vint *
dependence of the distance between flocks contains natural parameters. Minimum convergence is
achieved at times that are easy to find

int

2

_ V1+V2_\/(V1+V2)2 —20a\ly - p

m i

Aa,
2 2 2
_vl+v2+\/(v1+v2) —2Aa .\l —p
2m Aa '

X

It is easy to see that

t, <t,, if a >0,

m — “2m
t,<0, t,>0 if a, <O
Therefore, t,, is important for us if Aa, >0, and t,, if Aa, <0. Further, we will be interested in

the case Aa, > 0. The choice of this case is justified by the data obtained in the simulation of collisions.
The condition that these times are real gives an a priori constraint on the acceleration

(v, +V,)°
2\/|i$1t _p2

Assuming the acceleration being small, we can obtain a more convenient expression for the time to
reach the minimum distance between flocks

0<Aa <

|_2 A2 _2 2
,~ Y2 pq twp (5.6)
v, +V, 2(v, +V,)

Actually, this ratio explains the closeness of the minimum distances of approach for the phantom
and interacting flocks (see the ratio (5.4)). Using the equation (5.6) it is easy to set the acceleration
value from the simulation data. Similarly, we can estimate the interaction time r,, (t;,,) = L.,

_ (Vl +V2)_\/(V1 +V2)2 _4Aax iit _pz

: 5.7
int ra, (5.7)
Assuming the acceleration being small, we also obtain an approximate value
I-Z A2 |-2 2
t v 2Ym 2 opg i TP (5.8)
Vv, +V, (v, +v,)

The minimum approach distance is still r,,,(t,,) = o, as well as the initial approach velocity

2 2

dr, ©), _ 2 li—p

praml S Ji
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Thus, the dependence (5.5) agrees well with the experimental data. It includes a single unknown
parameter Aa,.

Actually, in a certain sense, it is the parameter which determines the <<force>> of the interaction of
flocks. Naturally, we use simulation data to determine it. So, for example, the acceleration of flocks
approach Aa, can be determined by comparing the t, time to reach the minimum distance with the

value t, obtained in the simulation

a = 2((v, +V2)tet2_\]|iit _pz). (5.9)

X

Using this ratio, it is easy to set the acceleration values from the simulation data.
Finally, after the interaction, the distance changes, as in non-interacting flocks, but with different

. Co Aa A
velocities. These new speeds are the same as v, +V, =V, +V, — 2* t... Thus, the change in distance

with time t._. <t occurs as

int —

r(t)= \/((v'l +V)t— (12, = p%))* + p° + \/((vl + V)t —%tﬁn —(12, = PN+ p* +1. (5.10)

This equation is used below for comparison with the simulation data.

6 Results and conclusions

Let us start by comparing the simulation data on the change in the distance between flocks with the
obtained dependencies. Fig. 10 shows the simulation data and the corresponding dependencies for the
set value of approach acceleration Aa, . For the chosen initial conditions Aa, =0.134-10* according to

the relation (5.9). There is a noticeable good conformity between the dependence (5.5) and the
simulation data during the interaction. The conformity of the minimum distance with the impact
parameter and the achievement of |, at time t=t,, has been shown as well. At times t>t,,, the

int int 7
dependency (5.10) is shown in green against the simulation data (Fig. 10). The differences between
these dependencies are hard to notice. Thus, the hypothesis of uniformly accelerated deceleration of the
flocks at the moments of interaction conforms with the simulation data. Such a good match is observed
for a different number of agents in flocks and impact parameters. In this sense, acceleration is actually
the only parameter that determines the interaction of flocks in a head-on collision. It is natural to
assume that it is the acceleration that determines the <<force>> of the interaction of flocks. Therefore, it
is of interest to establish its dependence on the impact parameter and on the number of agents.

0.8 3

4
1.6
R R3
.49
by
0.2

T ¥ T T a T T T ¥ T I T ¥ T T T ¥
020 40 o er] o0 120 140 i L] 200 . R 400 S0
Fig.10 Changing the distance between interacting flocks. The blue color shows the simulation data for flocks
N, =N, =95 and p=0.115. The red line corresponds to the dependency (5.5). On the left, at times of flock
interaction 0 <t <t , onthe right, at times t > t,, . The two horizontal lines on the left side correspond to |, and

£ - On the right, the dependence (5.10) of the distance change after the end of the interaction of flocks is shown in
green

int int
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The characteristic change in the approach acceleration Aa, as a function of the impact parameter is
shown in Fig. 11.
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Fig.11 On the left the dependence of acceleration on impact parameter p for N, = N, = 95is shown. Circles are
simulation data, blue line is root-mean-square approximation in the region of decline, black line is a constant
value corresponding to the absence of acceleration. On the right the dependence of acceleration on the impact
parameter for different numbers of flocks is shown. Blue line — N, = N, =95, black line — N, = N, =33, green

line— N, =N, =77,and red line— N, =N, =60

This behavior is typical of the order parameter in phase transitions. This means the disappearance of
the interaction of flocks at a certain value of the impact parameter, despite the presence of a certain
proportion of interacting agents in the flocks. If we use a linear approximation of the given data in
Fig. 11, then the value of the impact parameter at which Aa, =0 for all numbers of flocks is p, =0.7.
This value is less than |, and, accordingly, part of the agents continues to interact with this value of the
impact parameter. In other words, the interaction of agents does not mean the interaction of flocks.

Thus, in a head-on collision at the stage flock interactions, the main parameter acceleration Aa, is
determined by the relation (5.9) and determines the main characteristics of their behavior.
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JloOoBe 3iTKHeHHsI 3rpai

AxTyanbHicTh. JOCHIIDKEHHS KOJICKTUBHOI IIOBEIIHKM 3rpall IHTENIEKTyalbHMX areHTiB 3 BHKOPHCTaHHSM METOJIB
MaTeMaTHYHOTO Ta YHCEIBHOTO MOJIEIIOBAaHHS OB’ sI3aHe 3 BUPILICHHSAM 3a/1ad y aKTHBHO JOCII/PKYBAaHHX Y Hall 4ac cdepax
6araToareHTHUX CUCTEM Ta IITYYHOTO iHTEIEKTY.

Meta. BUSBUTH 3aKOHOMIPHOCTI PO3CISTHHS 3rpail IHTENEKTyalbHUX areHTiB IIPU IXHBOMY 3iTKHEHHI Ta OTPUMATH aHAIITHYHI
CHIBBITHOIICHHS KIHEMAaTHUKH 3Tpai.

Metoau jpociaigkennsi. B ocHOBI po0OTH JekaTh NMPUHIMIN Ta METOAM MAaTEMAaTHYHOTO Ta YHMCEIBHOTO MOJICIFOBAHHS
GaratoareHTHHX cucTeM. KOJeKTHBHA IOBEIiHKAa arcHTiB 3MOJEIbOBaHA 3 BHKOPHCTAHHAM alrOpUTMy (JIOKYBaHHS, IO
HAJICSKUTh 10 METONIB MOJEIIOBaHHSA pyXy, 3aCHOBaHMX Ha BEKTOpaX CHJI. BUKOPHCTAHO AHAITHYHI METOAU OIHUCY
KiHEMaTHKH MMOBEIIHKH CTal, AKi J0Ope y3rOKYIOTHCS 3 pe3yIbTaTaMU MOJICITIOBAHHS.

Pesyabratn. OTprMaHO JaHi, sKi BH3HAYAlOTh TOJOBHI 3MiHM, IO BiIOYBAaIOTHCS 31 3rpasMU B HACIIJOK iX 3iTKHCHHS.
BusHaueHO 0coOmMMBOCTI, sIKi BiOYBAIOTHCS IPU B3a€MOIT 3rpail Mpy 3MiHi KITBKOCTI areHTiB y 3rpasx. BusHaueno, mo npu
30UIBIICHH] NMPUIIJIBHOTO MapaMeTpy 3MIHH B XapaKTepPHCTHKaX 3rpail CTalOTh MEHII MOMITHHMHY, HE3Ba)KAIOUM Ha iCHYIOUY
B3a€MOJIII0 areHTiB JBOX 3rpail. Bu3HaueHo, 110 TOJOBHMI mapameTp, SIKMH BU3HAYa€e IOBEHIHKY 3rpail, € BelnunHa

MIPUCKOPEHHS Ha cTafii X B3aemomii. OTpuMaHa 3aeXHICTh MPUCKOPEHHS BiJ 3HAYCHHS MPUIIFHOTO MapameTpy Haramaye
3aJIeKHICTB, SIKa € TUIIOBOIO 71 ()a30BHX MEPEXOIiB.

BucnoBku. B po0oTi oTpuMaHO HOBI HAayKOBi pe3yJbTaTH, IO MOJNATAIOTH Y BHSBJICHHI TOJOBHHX 3aKOHOMIpHOCTEH
PO3CISIHHS 3Tpail iHTENeKTyalbHUX areHTIB MPH IXHHOMY 3ITKHEHHI Ta OTPUMAaHHI aHANITHYHHUX CITiBBiTHOMIEHh KIHEMATHKH
3rpai, sKi J00pe y3roKYIOTHCS 3 TAaHUMH MOJICITFOBAHHS.

Knrwwuoei cnosa: xonexmuena nogedinka, 6a2amoazenmua CUCMeMa, 32pasl, iHMeLeKmyaibHull a2eHm, QIOKY8AHHS, 8EKMOP
CUNU, KIHeMAMUKA, NPUCKOPEHHS, NPUYIILbHUL NApamemp.
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