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ABSTRACT

To investigate the mechanism of the movement law of sheep and theoretically support the study on the herd
effect, a herd effect model based on the agent and cellular automata technology is built. The law of the herd
effect is defined with the use of PyCharm for simulation, based on the characteristics of the flock tending to
the top sheep. The flock activity area falls into several two-dimensional cell space structures, and the grid with
the cell state of "sheep"” in the cell space structure is considered a type of agent. The model assumed that
there are five behaviours, including standing, walking slowly, looking for the leader, random and avoiding
collisions in four scenarios. A herd effect model is built, the herd behaviour is simulated, and the simulation
results are compared with the actual herd behaviour trajectory. The mean square error between the calculation
model and the reality is 1.025. As revealed by the results, the model exhibits effective applicability, so it can
better describe the trajectory of real herd behaviour and provide theoretical guidance for the study on the herd
effect.
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INTRODUCTION

Group movement refers to a biological activity in nature (Lu et al., 2021). As intelligent technology of
animal husbandry has been continuously updated, the simulation of the herd effect has become a research
hotspot. The herd effect represents cattle, sheep and other livestock moving and foraging in groups, following
the actions of the leader blindly, and following the respective other in the process. It is also referred to as group
psychology, i.e., a phenomenon to consciously imitate the leader. Collective behaviour originates from the
interaction between members, sheep show orderly movement in the process of flocking, and the flock naturally
tends to follow the leader and walk cooperatively (Biro D. et al., 2016). Wang et al., (2019), investigated the
feasibility of using animal escape experiments to assist the verification of group simulation models. They
provided some references for in-depth research on group behaviour models. Wang et al., (2021), built an agent
model for simulating fish behaviour. The model assumes three scenarios and eight corresponding fish
movement behaviours, thus laying a vital basic of data for fish activity simulation research. Chang et al., (2011),
built a grid-based Agent group model, dividing the crowd aggregation model into exploration activities,
decision-making behaviours, and actions. The Agent group model is capable of accurately simulating crowd
behaviour and further studying the law of crowd aggregation. Based on the theory of cellular automata, Toyama
M.C. et al., (2006), built an Agent-based model, explaining the negative effects of various behavioural
characteristics (e.g., gender, speed, perception, herd behaviour, as well as obstacle avoidance behaviour).
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Liu et al., (2022), provided more insights into herd behaviour on crowd evacuation, which contributes to
crowd accident management. (Wagner et al., 1997), used cellular automata as the research engine of GIS
(geographic information systems) to enhance the dynamic spatial modelling ability. According to the
advantages of cellular automata simulation in studying more complex systems, it is introduced to the herd
effect simulation. The herd effect is clarified by the simulation rules of the herd effect model, and the application
of the herd effect in numerous aspects is explored. Through the processing and analysis of the process of the
herd effect, the group movement mechanism of sheep is revealed, which lays a theoretical foundation for the
study on the herd effect.

MATERIALS AND METHODS
Cellular Automata

Cellular automata (CA), proposed by von Neumann, refers to a method for simulating partial laws and
partial associations. A typical cellular automaton is defined on a grid, and the grid at the respective point
represents a certain cell and a finite state of motion. The change rules should be suitable for the respective
cell and can be performed simultaneously, and finally form the overall evolution trend (Chang et al., 2011). In
the CA mode, the respective cell distributed in the regular grid takes a finite discrete state, and according to
the same functional law, the same changes are made according to the known local law. The evolution of a
dynamic system is formed by interactions between a large number of cells.

Agent-based cellular automata modelling theory

Based on a knowledge-based system that interacts with a dynamic environment to perform tasks, an
agent is capable of learning and making reasonable decisions in a dynamic environment, and automatically
select actions based on task characteristics (Safa'a Yousef Abu et al, 2021). Similar to the human brain, Agent
can not only perceive environmental information, but also make decisions. The agent can autonomously decide
whether to respond to the information from other agents, i.e., the agent system can encapsulate the behaviour.

The agent model for simulating sheep behaviour

The model divides the sheep farm area under study into 20x20 rectangular grids of equal size, the
respective grid point represents a set of cell space structure, and the grid points connected together constitute
a group of two-dimensional space, that is, the two-dimensional cellular space structure of the sheep farm.

Sheep sensing range
To simulate the sensing range of the sheep agent, it is assumed that in the cell space, the sheep agent

is the centre point, the neighbour cell radius of the sensing range is R, and the square formed by the side

length is 2R, which is the sensing range of the sheep agent, as depicted in Fig.1. The induction radius of sheep
is around the body length range, and the calculation method is expressed in Equation (1).

where:
Ls—size of sheep;

R,,—random influence factor, the value ranges from 0 to 1.

Sheep perception range

(X,Y)

«—— R—>

Fig. 1 — Perception range of sheep
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Movement direction and step distance

The traditional Agent-CA model uses eight directions as illustrated in Fig. 2 to represent the moving
direction of the Agent. Since the above motion method achieves effective results in the simulation of personnel
evacuation, this experiment describes sheep behaviour through individual sheep moving direction.

y
27| 3 | 4

Fig. 2 — Agent movement direction of the traditional model

In this experiment, the movement of sheep in the sheep farm is expressed by combining the movement
mode of sheep with the step length. To be specific, the sheep individual represents the centre point, and the
square with a side length of 2A is the movement range of the sheep agent. The correlation between the
number of motion directions and the step distance is expressed in Equation (2).

2A
n= (Ts) X4 —4 )
where:

n—number of directions of motion;

Ag—step;
a—aqrid side length

Gait refers to the coordination relationship between the limbs of animals in time and space during the
movement process, i.e., the repetitive sequence and manner of the regular movement and stop of the
respective limb. The gait cycle is a complete cycle of a certain foot movement in which the gait movement
participates in the movement (Liu, 2012). As revealed by the result of the experiment, the average gait cycle
of blue sheep walking slowly is 425 ms, the average speed of normal walking on flat ground is 53 cm/s, and
the step distance is nearly 27 cm.

The step distance (A,) of the sheep is obtained by Equation (3).

Ag= 0.2L; ©)

Model assumptions

According to the relevant research results of group movement, the group movement is divided into
four scenarios (Wang et al., 2019), as depicted in Table 1.

In the model, when the Agent is in the above four scenarios, it will simulate the sheep to make the
corresponding movement behaviour. According to the sheep behaviour data, the corresponding sheep
behaviours in the four scenarios assumed by the model are as follows:

(1) Standing behaviour: The behaviour of the sheep's four hooves coming into contact with the ground to
support the body. The sheep agent expressed in the model remains stationary within the sensing range.

(2) Slow walking behaviour: a group of slow rhythmic symmetrical movements of the ewe. The sheep agent
expressed in the model moves to the adjacent grid within the sensing range.

(3) Looking for the leader: The sheep senses the leader's direction and moves toward the leader. The sheep
agent expressed in the model moves to the most attractive grid within the sensing range.

(#) Random behaviour: Since the model does not consider all the influencing factors of the flock activity, it is
possible to move in a random direction during the whole flock activity. The sheep agent expressed in the model
may move in any direction.

(5) Collision avoidance behaviour: sheep keep a distance from obstacles to avoid collision. The sheep agent
expressed in the model no longer moves to the obstacle.
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Table 1
Scenario model assumptions

Scene number(s) Herd behaviour Scenario overview

When the small range of activities of the leading sheep
standing behaviour; and the nearby sheep remains basically unchanged, the
random behaviour behaviour of the sheep is primarily standing behaviour

and random behaviour.

slow walking behaviour: Sensing the movement of the approaching sheep, the

2 . sheep begin to move to the approaching sheep and
random behaviour move with them.

looking for leader behaviour: Sensing the movement of the head sheep, the sheep

3 random behaviour begins to tend to the head sheep, and the behaviour of
the sheep is mostly to find the head sheep.
_ o _ When recognizing that there is an obstacle around, the
4 avoid collision behaviour, sheep will not move in the direction of the obstacle, and
random behaviour the behaviour of the sheep at this time is largely to avoid
collision.

Movement rules of individual sheep

The movement rule built by the literature (Goodwin et al., 2006) is that the agent moves to the grid with
the strongest attraction in the vicinity, and randomness is considered when the sheep behaviour rule is being
established. In accordance with the response relationship of the sheep agent to the adjacent factors, the
probability of the sheep agent moving to the motion area is calculated. On that basis, the final result of the
movement of the sheep agent is determined.

The agent movement probability is obtained by Equation (4).
pTOb_diT(D) = Pcson(D) (4)
where:
prob_dir py—the possibility of the agent moving in the direction D;
P . (D)—attraction probability to D direction in different scenarios.

In the four hypothetical scenarios, when S=1, the agent is in the scene of maintaining a small range;
when S=2, the agent is in following the adjacent scene; when S=3, the agent is in the scene of following the
leader; when S=4, the agent is in a collision avoidance scenario.

The calculation of the agent's perceived attractiveness probability is shown in Equation (5).

T &l (D
Pipn (D) = 2=

®)

Where A% is sum of mesh attraction weight factors in different scenarios; «7 (D) is the mesh attraction
weight factor for the | behaviour in the D-th direction in the s scene, | is the behaviour, which ranges from 1 to
5, and is represented as standing behaviour, slow walking behaviour, looking for the leader, random behaviour
and collision avoidance behaviour. s=1, a3(D), a}(D), ai(D) are all equal to 0; =2, a?(D), oZ(D), o(D) are all
equal to 0; s=3, a3(D), o3(D), ai(D) are all equal to 0; s=4, a}(D), a3(D), a3(D) are all equal to 0.
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The sheep agent exhibits different behaviours in four scenarios, and the calculation formula is as follows:
(1) The effect arising from standing behaviour on the weight factor for grid attraction in all directions.

The standing behaviour is expressed in the model as when there is no movement in the agent's
perception area, the sheep agent does not move to other areas.

The calculation formula is Equation (6).
S — —
a; (Dstand) = Ustand (S - 1) (6)
where:
Dgiana—Standing direction;
aqrqna—Attraction weighting factor for the sheep agent to move in situ due to standing behaviour in s-
scenario.

(2) Effect of slow walking behaviour on the weight factor for grid attraction in all directions

The slow walking behaviour is expressed in the model as Agent moving to the adjacent grid within its
perception range, and its expression is Equation (7).

a;(Dnear) = Apear(s = 2) )

where:

D,.or—Approaching the direction of movement of adjacent sheep;

anear—ALttraction weighting factor for walking slowly to nearby sheep;

a5 (Dheqr)—The attraction weighting factor that makes the agent move in the D, direction when
walking slowly in the s scene.

(3) The effect of the behaviour of looking for the leader on the attractiveness weight factor for the grid in all
directions

The behaviour of finding the leader is that Agent moves to the location of the leader in its perception
area. The calculation formula is Equation (8).

ag(Dmain) = Umain(s = 3) (8)

where:

Dqin—The direction of movement to the leader position;

amain—T he attractive weight factor for the agent's search for the behaviour of the leader;

a3 (Dnain)—IN the s scene, look for the attractive weight factor that makes the agent move in the direction
Of Dnain-

(#) Effect of random behaviour on the weight factor for grid attraction in all directions

Random behaviour is expressed as the agent may move in any direction, and its calculation formula is
Equation (9).

az(1) = a;(2) = a3(3) = az(4) = - = az(n) = @ran(s = 1,2,3,4) ©)

where:

n—The number of moving directions of the sheep agent;

a,,,—Attraction weight factor for random behaviour;

a; (1) ~a; (n)—Attraction weight factor for the agent to move in the direction 1 ~ n.

(5) The effect of collision avoidance behaviour on the mesh attraction weight factor in all directions

There are attraction and repulsion effects in the interaction. When there is an obstacle in the perception
range of the Agent, it will avoid collision and no longer move in the direction of the obstacle, thus revealing the
repulsion effect.

The specific expression is Equation (10).

aFS;(Davoid) = Z?:l ais (Dayoia) = 0(s = 4) (10)
where:
D...iq—he direction of the obstacle location;
oz (D,.0iq)—Attraction weighting factor for the sheep agent to move in the direction of D,,q-
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RESULTS
System accuracy test

Herding behaviour refers to one of the characteristic behaviours of crowd evacuation. The cellular
automata model has been extensively used in group evacuation, and the proposed discretization concept
provides an effective entry point for the simulation of real herd behaviour on the computer.

The purpose of this experiment is to study the movement state of flock in a limited space. The shooting
location is a breeding farm in Baotou, Inner Mongolia, China, with an entity of 20mx20m sheep farms, 15
domesticated sheep in the sheep farm were selected as the experimental objects, and the camera is used to
take pictures and videos, and observe in the experiment. In the process from disorder to order, when the flock
is in a disordered and mixed state at rest, the leading sheep start to act first, then the number of groups that
join the order process increases. Finally, the disordered rest phase gradually turned into an orderly feeding
and exercise phase.

The aggregation process is presented in Fig. 3.

Fig. 3 - The flock gathering process

PyCharm is a Python IDE that comes with a set of tools to help users improve their productivity while
developing in the Python language. The experiment was simulated using PyCharm, with the environment
configured as Python=3.8. A 20mx20m sheep farm area is set, twenty sheep in the area were selected as
experimental samples. The coordinates of the position point in the area are (x, y) are set, and the parameter
values of the model are given: random behaviour is not the main behaviour, so the attraction weight is small,
and a,,, = 5 is defined. The main behaviours of the flock comprise standing, walking slowly, looking for the
leader, and avoiding collision. The attraction weight factor for standing behaviour is set as o,,4 = 20, and the
attraction weight factor for other behaviours is defined as 25. Each cell represents a solid sheep. The total
length of each experiment was 40 s, and the sheep gradually converged to the head through 100 training times.
The trajectory results obtained by the model simulation are presented in Fig. 4.

a) b) c)

Fig. 4 — Simulation process of the herd effect
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The flock reality and simulation

Realistic movement of the flock
——— The flock model movement

,,,G‘Bgalistic movement of the flock
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Fig. 5 — Herding reality and model simulation

The distance between the flock and the head sheep is employed as the basis for fitting the model and
reality. Through the simulation of the flock model and reality as illustrated in Fig. 5, the mean square error
(MSE) between the model and the reality data is obtained as 1.025. Combining the model simulation
trajectories in Fig. 3 and 4 with the actual trajectories of the herd effect, the trajectories of the herds tend to be
discrete to the leading sheep, and there is a low error. As revealed by the above analysis results, the behaviour
of the agent-based herd imitating each other strategy is one of the internal reasons for the formation of herd
behaviour.

CONCLUSIONS

In this paper, the agent and the cellular machine are automatically integrated, and a herd effect
simulation model is built. The model assumes four scenarios, which consist of keeping a small range, following
the approach, following the leader, as well as surrounding obstacles. There are five corresponding behaviours
in different scenarios, including standing, walking slowly, looking for a leader, random and avoiding collision.
The effect arising from five behaviours on grid attractiveness is analysed, and its moving rules are established
by means of random process.

The simulation is performed within the range of sheep activity, and the built Agent model can directly
simulate the behaviour pattern of following the leader sheep and the state of the neighbouring cells. The
simulation results can reveal the movement law of the herd effect, which confirm that the built Agent model is
capable of describing the movement trajectory of the herd behaviour more accurately.

This paper provides a frame of reference for studying the law of movement of biological groups through
the herd effect model, which contributes to follow-up research and theoretically guides the study on the herd
effect.
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