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Abstract

In this paper, a self-organizing method, which is based on a simplified virtual-force model,
is proposed for nonholonomic mobile swarm robots hunting in unknown environments. First,
the motion models for the hunted target in unknown cluttered environments are designed.
Next, through the decomposition of hunting behaviors under cluttered environments, a
simplified virtual-force model is formed. Then, based on the virtual-force model, a control
method is designed for swarm robots following motions of barriers and the target. The
method only needs the location information of the target and two nearest neighbors, so it is
easy to be calculated and realized. After that, the stability of the hunting system is analyzed
and the control parameter ranges are achieved. Simulation results for different situations and
comparative analyses demonstrate that the proposed hunting method has good performance
of obstacles avoidance and flexibility.

Keywords: Wheeled robots, nonholonomic motion planning, distributed robot systems,
swarm robots, hunting

1. Introduction

Swarm robotics is an approach to collective robotics, inspired from the self-organized
behaviors of social animals. Through simple rules and local interactions, swarm robotics aims
at designing robust, scalable, and flexible collective behaviors for the coordination of large
numbers of robots [1]. Even if a number of independent single robots that are equipped with a
sophisticated hardware and software configuration may not perform some tasks, which may
be achieved by swarm robots [2-8].

There are many works dealing with cooperative hunting of robots [9-12]. In [13-23],
hunting algorithms are mainly based on artificial physics (AP) [15, 22], behavior-based
(BB)[16], potential functions (PF) [16, 18], and rules based (RB)[17, 19, 21].The discussion
in these references is mainly for systems with few robots, using advanced communication
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among robots, and the control algorithm require the information of all the other robots and
obstacles. Since great communication capacity needed, less fault tolerance, difficult to expand

the robots number, these control methods are not suitable for swarm robots hunting
control.

In recent years, related research has been reported by scholars on a group of robots to
round up [24-29]. There are few strategies to effectively use swarm robots system itself to
hunt, especially in unknown complex environments with all kinds of obstacles. Huang et al.
[30] proposed a self-organizing cooperative hunting approach by swarm robotic systems
based on RB, i.e., a loose-preference rule (LP-rule), which is the most simple and efficient
method of hunting presently. However, the rule is complex and there is no obstacle in the
hunting environment.

To the best of our knowledge, the problem of hunting in moving and deforming obstacles
environments by using a swarm of robots has never been investigated so far. As we know,
robots having their own sensors and effectors can make use of any or partial AP force, which
they can perceive [31]. Since AP bears some similarity with RB approach, can we place the
RB approach in hunting on a firmer physics foundation and to make more in-depth analyses
and understanding of the characteristics of self-organization hunting and the emergent of
swarm intelligence? Furthermore, can we just use the position information of the target and
the two nearest neighbors to accomplish self-organization hunting and get a more systematic
parameters set?

In response to these challenges, according to the characteristics of animal self-organizing
motions in cooperative hunting in unknown environments, a simplified virtual-force model
based on AP methodology is formed, which only requires the positions information of the
target and the two nearest neighbors (including robots, dynamic deforming obstacles, static
non-convex, and convex obstacles). The simulations results under different conditions show
that the hunting method based on the simplified virtual-force model is feasible. Its stability
analyses are advantageous to the system parameter setting and it is prone to obtain oscillation
small and the better trajectory of hunting process.

The remainder of this paper is organized as follows: In section 2, description of swarm
robots motion model and self-organization hunting tasks are introduced. Section 3 presents
the self-organization algorithm for cooperative hunting, followed by stability analysis of the
self-organization algorithm in Section 4. The simulation experiments in various environments
with unknown dynamic deforming obstacles are given in Section 5, followed by contrast
analysis in Section 6. Finally, conclusions are presented in Section 7.

2. Model formation
To realize cooperative hunting, individual kinematics equations, related functions, and
hunting task model are given in this section.

2.1. Robots Motion Model and Related Functions

Considering a swarm of m identical wheeled mobile robots, assume that each robot has a
structure, as shown in Figure 1. The kinematics equations of robot n; with pure rolling and
non-slipping are expressed as follows:
X; (t)=v;(t)cos o, (t)
y; (t)=v;(t)sing; (t) @
0, (t)=a(1)
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where v;(t)and ;(t) are the linear velocity and angle velocity of h,, respectively, and satisfy
vi (] <Vi, |o;(t)<of . Linear acceleration and angle acceleration satisfy |v;(t)<ap, |a; (1)< ok,
where vt and a% are the maximum linear velocity and the maximum linear acceleration,
respectively; of and oy are the maximum angle velocity and the maximum angle

acceleration, respectively.
Y

Driving wheel I~

/

Driving wheel /

/71 Driving wheel

hy (%, %, )

Figure 1. Schematic Model for the Wheeled Mobile Robot n,

The applying force functions of the target and objects (includes robots, static or dynamic
obstacles) during the process of hunting are given as follows:

fi(z)=c.(z—c/)+Co(n. < |):{2E§:z§+cz ::;I (2)
fo(2)=di/[ (21 a5)" (3)

where z represents the distance between two points. n, and1 are the current hunting step
number and the number beginning to move to the effective hunting circle(centered as the
target, c, as the radius of the circle).c,. d,, and d5 are designed to optimize the moving path
of each robot. ¢, c,, and a%, are the effective hunting radius, the approach parameters of
chasing, and the distance beginning to strengthen the collision or the obstacle avoidance,
respectively. k'=1,2,3 represents the specific parameters when the objects are robots, static or
dynamic obstacles.
For the obstacles that are easy to avoid, i.e., the conditions of following barriers are not
satisfied, the mapping function is given as following:
¢(a){0.75+(00.5)2,2 0O<o<l (@)
-0.75—(c+05)", -1<05<0
where & is the real value of cos¢) function. The robots can avoid obstacles in advance through

the mapping function producing bigger repulsion. Thus it effectively achieves the bionic
characteristics of obstacle avoidance.
Assume the direction angles of directed lines l;and |; are and »,, respectively. In order to

determine the angle between the two directed lines, », from l;to I;can be computed according
to the following formula [32] :

Vi =dag|(yi —J’j) (5)
where dagl(-) is given as following:

i)~

where sign() is sign function. n is an integer.

x=2(n-zsign(x), 2(n-Yz<|x|<2nz-rx
X—2nz sign(x), 2nz — z<|x|<2nz
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2.2. Hunting Task Model

Wolves’ hunting behavior has inspired the hunting research by the multi-robot systems[17,
33] or swarm robotic systems [30]. This paper focuses on hunting behavior after wolves
finding the target or the prey, which mainly includes four stages: target lock, confrontation,
chasing, and hunting success. The task mathematical model under an unknown complex
environment is as follows.

In the hunting environment, assume there is a set K <{T,s,u,H} that includes the prey (the
target) T={t;: j=1}, static obstacles s={s;:j=1 2, -, a}, dynamic obstaclesu ={u;:j=12 -, g},
and predators (robots for hunting) H={h;:j=1 2, ---,m!. The coordinates of t;, s;, u;, and h;
in the 2 dimension global coordinate system are (x,, ¥, ), (X, ¥s,)» (X, Yo, ) and (X, Ya,) »
respectively. as and av are the distances for the target beginning to strengthen avoiding the
static and dynamic obstacles, respectively. p7, ¢, sT, and s are the radius of the potential
domain of the prey, the effective hunting radius, the sensing radius of the target and robots,
respectively. Generally, as<aV <pf<c <sT<stt . The potential domain of the target t, is
G, ={(x, V)l (X, y)— (%, ¥y) lI<pr}.The set of all the robots in the potential domain of the
target t, iS Ny ={jeH:h eG}={jeH: |h,-t|< pr}. The static obstacles that the target will avoid
are Ny ={jes:|s;-t|<af} . The dynamic obstacles that the target will avoid are
Ney ={jeU:Ju—t|<a?}.

In order to describe the confrontation between the individuals and the prey and make the

prey effectively avoiding obstacles, we use the concept of "potential” to describe the ability of
the robots and obstacles. Assume the potential set in hunting environment is P={R, R, R, R},

where r ={p,} is the potential of the target; r ={p,} is the potential of the static obstacles;
R ={n,} is the potential of the dynamic obstacles; r, ={p,} is the individual potential of

swarm robots. The potential that t, can sense is p, ={og, pi" :ex e Ny, im & N, exuim e K, Ny e{Nni,
Nrs. N3}, then
maX(on,) < A, <D Phys Py <Pu, S psy pL= D PR

exeNTk

B —angle( 3 ppe + 3 pretee (ls—t/aty + X e uy —t/a¥)%) (6)
N

exeNy exeNrs exeNmy

where pg is called an obvious potential, which is in the potential domain of t, and can be
sensed byt,. o is called an implicit potential, which is out of the potential domain of k and
can be sensed or not. p; is the sum of obvious potential in the potential domain of t,. 4, is
called the potential angle, and its positive direction is called the escaping direction, which
represents the least potential direction of predators, static, and dynamic obstacles sensed by
the prey; conversely, its reverse direction is called confrontation direction, which represents
the most strong potential direction sensed by the prey. o,.., ».., and . are respectively the
direction angles of hunting robots, static, and dynamic obstacles relative to the prey. d,and d,
are designed to optimize 4, . ange() is a function for obtaining angle
and can be found in MATLAB.

From the above description and (6), motion equations of the dynamic target (prey) in an
environment with obstacles are given as follows:

Vy = (VD =V +Vy (08 > o)) < (Vi > ) (7)
0, =05 + (0 £0)- (=6 + Oy, —n+7- (05 > p,))
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where v and v;, are respectively the walking speed and maximum speed of the target.
Generally there is vi <v# <vi,, where v# is the maximum speed of the predator. (v, >v,) is a

speed constraint condition. It is 1 if it is true and the prey accelerates, otherwise it is 0 and the
prey do not accelerate. ¢ is the initial walking direction angle of the target. When (p: »0),

i.e. , the prey finds the hunting robots in its potential domain and it will choose to escape or
confront. And if (p;>p,), the prey will choose to escape, which direction is the positive

direction of the potential angle, otherwise to confront, which direction is the reverse direction
of the potential angle.

The difference of hunting parameters between this paper and [30] is the relative parameters
in the environment with unknown cluttered obstacles are given in this paper. Furthermore, p!
is not equal to s7, and that is more realistic. The hunting process is different from [30].

3. Hunting Algorithm

In this paper, from the perspective of physics, an autonomous motion model based on
simplified virtual-force (called “SVF-model” in short, proposed by the authors) is formed.
This model will make the whole swarm implement self-organizing hunting in an unknown
complex environment.

3.1. SVF-Model

In an unknown complex environment, assume h, can obtain position information of itself,
the target t, and two nearest neighbors a,, b, (maybe static convex or non-convex, and

dynamic deforming obstacles, robots) in the global-coordinate system xOy, shown in Figure
2. In the relative coordinate system x’O’y’, which origin is n;, location vectors p,, py, by

p,, are respectively defined as p;, =t -h;, py=h-a;, ps=h-b;, pso=b-a;. f,;,f,, and f, are
respectively the attraction or repulsion sensed by n, from the target t, and two nearest
neighbors a;, b;, respectively. The direction of p,, is the positive axis of y -axis and the angle
from the positive axis of y’-axis to the positive axis of x-axis is defined as y,.. The direction
angle of the positive axis of x -axis is 5. =y, -n/2. y,; can be determined by:

pu={rEm ®)

Yy f,; >0
The repulsion angles of two objects », and », are respectively the directed angles from
f,, f,, 1.., Vectors p,, p,, to the positive axis of x-axis. y., and . are the repulsion
deflection angles of two nearest objects, computed by y;,. =dagl(y1, ~7), 74,0 =dagl(rs, —7) - fa,
is the repulsion at x " axis felt by n,, and it is defined as follows:
= ] (e [ )-foos (1) ©)
where 1, (|ps]) and f, (|py[) are respectively applying force functions of both objects a,, b,
computed by (3). 5, can be determined by:

yexm,  fap <0
7Tam ={7x’r fal:;J 2 0 (10)

f.,; 1S the whole force of nh; constituted by f,; that is the component at the y’ axis and f,,
that is the component at the x” axis. The directed angle from f,,; to the positive axis of the x
axis is the direction angle .., of f,,,.
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From the above description, we can obtain the required velocity of nh; when the target is
static:

Veyj = Feyj =T+ fap =

oy (| P ) €770 +] fa, | €77 (11)
where f,(|p.]) is the applying force function of the target + computed by using (2).
Meanwhile, 1., , f,, can be directly equivalent to v, v,; respectively, which are the velocities
of n, at the directions of the x” axis and the y’ axis, respectively. Then there are relationships
Vij = fa s Vg = Fujy Vg =V 4V, , @S ShOwn in Figure 2.

3.2. Individual Control Inputs Design based on SVF-Model
Assume that robot h, ’s expectation moving direction o, , the required time t,; for n,

A
Yoob(x,y y (X, Y, )
o) ()
) 1. -
Q v bi(xbllyhl)fX’y'/ I//y s
J y’ axis Q Yy vft%J
. .
%Xaj 1 yaj ) \\ 7
- ~ \\\ aj(xaj,yaj)
A;hJ(th’yhi) \VX"O /O
S~ X axis f 4]
X \*yfbjx Ta abJ h (Xh 'yh )
7/f x N/
fbJ .- ]b’ ’ axis
- f
X 0% ~ 5
L
(a) SVF-model, f,; <0 (b) SVF-model, f,; >0

Figure 2. Simplified Virtual-force Model

turning to expectation movement direction ¢, , period of motion r, the actual movement
maximum velocity v; , the movement control inputs of n, in an unknown complex
environment, i.e., the inputs of (1), are as follows:
When r<t,, the robots only have rotation motions,
{a)j ()= (oh >o;(t)),  kr<t<(k+1)T (12)
v (t)=0, kr<t<(k+1)r
When r>t,, the robots can have rotation and translation motions,
@3 (t) = ol (0f > o; (1)), KT<t KT+t
v (t)=0, KI<t <K +ty
vi(t)=af (\v,f\>‘v,(t)), KT +ty<t<(k+1)T
w;(t)=0, KL +tyy<t<(k+1)T
Assume that, in SVF-model |p,|<|ps|, f. denotes the distance between n, and a, when

is following of barriers, which can be robots, dynamic deforming obstacles defined as non-
convex obstacles with rotational and translational movement, static convex or non-convex
obstacles. The whole expectation velocity v, and rotation ¢, are determined by the flow chart

of robots following obstacles algorithms (as shown in Figure 3). Thus the swarm robots can
avoid the nearest object.

(13)
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In Figure 3, the conditions of following barriers are |p,|<|p,|<fs and |p.|<2f,. The end
conditions of following barriers are cos(dagl(y —7,))>0 appearing 3 times (i.e., count>2) or
[P~ <—1 OF [ py|>Fas AND | po] > 2o -

If the robots are not in the process of following barriers and do not satisfy the conditions of
following barriers or have already ended following barriers, then v, , ¢, can be determined
by:

Vi = Vi +Vyy, O =angle(vi ) (14)
where v, is the perceptual velocity of robots to the target. v, is the expectation velocity
vector of robot n, during hunting.

Whether the robots are in the following barriers state or not, t,and v, are computed
according to the following equations:

—mH H
tmjl =0 /mam

tij = |:‘0je - Hjbsf ‘_(ng '(tntl)2 /2j| / (Dm (15)
ty = (tmu +tmj2)(‘€je - gjbef ‘ > ok, '(tn\j1)2 /2)+ \/Z‘Hje - gjbef ‘/wg‘m X(‘Hje - Hjbef ‘<w;‘m '(tntjl)z /2)

thj =I *tntj

Vie = (rmj ~ Ta? —2v,T 7] )arg x(Tg? > 20, T 1@ )+ VE (T2 < 2v, T /) (16)

Vir =Vie (Vie S VR ) +VE (vie > Vi)
In the above equations, the functions without containing time all denote the calculation at
kr and keep the same on during [kr, k+1r), where o, and ¢,, are respectively the movement
direction of the next step and the movement direction of the previous step. t, is the required

time for turning according to the maximum angle acceleration and the maximum angle
velocity. t,, is the required time for accelerating to maximum angle velocity according to the

maximum angle acceleration. t,, is the required time from the moment of reaching the
maximum angle velocity to turning to the expectation movement direction ¢, . v, is the
compensation speed according to expectation speed.

3.3. Hunting Algorithm Steps

According to the constructing hunting environment in section 2.2 and the movement
mathematical equation constructed by (7), the pseudo codes for the hunting algorithm are
shown in Figure 4.
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Conditions of
following barriers

Yes ( (

cos(dagl(yg; — 7,
count = count +

T

— End conditions o? ~_ No

following barriers

Left following No

arrier;

Yes Left following
barriers

stop following
barriers
count=0

Right following
barriers
T

BN
\‘ Yes
<l :»-
0 = ;/, o 7712

Figure 3. The Flow Chart of Robots Following Obstacles Algorithms

Hunting Algorithm

begin

Set the control parameters of the trajectory and avoiding

obstacles parameters and initialize swarm robots

k — 0 // the number of steps

while(not termination in condition )do

begin

k—>k+1;
forj=1tom//1< j<m , mis the number of swarm robots
Compute the corresponding parameters according to
the simplified virtual-force model;
Computev;,. 8, according to the following barriers
algorithm or (14) and t,;, vj. andvj ;
Move a period based on (12) or (13);
end for

Until a terminate-condition is met

end

Figure 4. Pseudocode for the Hunting Algorithm

where the terminate-condition are all individuals satisfying ||p,,|-c.|<e and ||ps|-|py[ <& -

4. Stability Analysis

We follow the stability analysis method used in [30]. In order to find the convergence
conditions of the hunting algorithm when the conditions of the following barriers are not
meet, system deviation is decomposed into target distance deviation s, =|p;,|—c. [30] and

two nearest-neighboring robots distance deviation & = (sue |+ Swme [Py +dw) /2 , Where
St =SIgN(—

€08 (7)) + St =SigN(— c0s (7)) , sign¢) 1S the sign function. dj, =—suwe | Paoc| — St | Pooc]| » || P @NC
|pac|| @re the distances from the force balance point h, to b, and a; that are the left and right
two nearest neighbors. | p..| and |p..] mMeet the relationship between angles and sides in a
triangle on the effective hunting circle, i.e., the following (17) , and has a unique solution:
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H phjox‘H =20, Cos(yfbjox‘ +r-7xl 2)

| Pajre| = 2¢, €08 (71 2 (71400 + 7))

| P = 26, SIN[A/ 2)[7 = 207 tioe + 7 =701 2) + 7= 2] 2~ (o + )] (17)
[—0.75—(cos(yfaj[,x\)+0.5)z}/ ([l aggs)d5 :|:0.75+(COS(}/fbjOX. )_0,5)2} I (owec] /25 )u;
H pabH = (Xai - ij)+i(Yaj = Vi )H

where ;.. and ., are respectively the direction angles from the repulsion of b, and a,
sensed by h,, to the positive axis of the x” axis origined at n,,. The range of ;. and y.,. are
(-z/2,00and (-, —z/2), respectively. k'=1, 2,3;k"=1, 2,3. When s, =0, 5. =0(j=1,2, ..., m), the
ideal hunting formation is formed. Therefore, to obtain the stability conditions of the self-

organizing hunting systems, there is only need to infer the conditions that the systems should
be satisfied when s, -0, e —>0(j=1,2, ..., m).

Consider the discretized positional deviation as:
Sy (K)=[ Py (k)] -c-. j=L.2, ... m,
5Jabx'(k):(sfajx-(k)H Py (k)H-&Sfij‘(k)H Py (k)H+djo(k))/2, =12, ..m.

where Sfajx‘(k):Sign(_COS(}/fajx‘(k))), Sfbjx-(k):Sign(_COS(}’fbjx'(k))), djo(k):_sfajx'(k)H pajox(k)H—Sfbjx'(k)HpbjOX‘(k)H .
Let dynamic disturbance v, =0, based on SVF-model, without considering the physical

constraints of the robots themselves (such as angular velocity and linear velocity). They move
according to the desired velocity and direction at each step. The discretized forms v, (k) and

vej (k) of v,; and v,; are expressed respectively as follows:
vy (K) = fy (k):cl(Hpjtl(k)H—cr)+cz(nc<l) (18)

et (6) = T (6) = T ([ () () Ty ([ - () (19)
WhEre ;.. (0= ¢{cof 1061} oy (0 ={ess( ;0] - Therefore, we can obtain the individual
deviation equations of the autonomous motion:
Sy (k+1) =8y (k) —vy (k)T (20)
S (K+1) = Sjaper (K) = Vi (K)T (21)
4.1. Theorem 1

Theorem 1. In the obstacles environment without satisfying the conditions of following
barriers, if all the robots satisfy n,>1, o<cr'<2, and (20), then the system origin equilibrium
state, i.e., A, (k)=(8y.0,..n) =0, IS asymptotic stable in the large field.

Proof. Substituting (18) into (20), we obtain:

Sy (k+2) =83y (K) = (ca(|py (k) ¢ ) +z (ne < 1))T (22)
When n.>1, (19) is transformed into:
Siy (k +1) =0y (k)f(cl(Hpih (k)H-C,))F =0y (k)f(clé‘jy' (k))r =0y (k)(lfclr) (23)

M=

Let Lyapunov function v, (a,(k))=> |5, (k) , V,(A,(k)) is positive definite and v, (0)=0 .

N

Furthermore, we obtain:
8V (4 (1) =Ve (3 () =Yy (8 () = S (D)= 2o () = 2o ()10 2 1)
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s-(1_\(1-c1r)\)g\5jy,(k)\
In order that av,(a,(k)) is negative definite, it is sufficient that o<cr<2. Additionally,
when [, (k)| >, V,(a,(k))>= . Therefore, by the Lyapunov stability theorem of a discrete

system, we derive that the system origin equilibrium state a, (k)=0 is asymptotic stability in

the large field and o<cr<2 is a sufficient condition. Theorem 1 is verified.
From Theorem 1, we know that all the robots in the swarm will finally converge to
the circle of radius ¢, centered at the target. Then if we want to obtain the formation of

uniform distribution, we need to consider the convergence of .. (k), i.e., (21), when
[P ()] -c| <z (i=1 2 ...,m). Additionally, the stability analyses results of the system
origin equilibrium state a,(k)=o in Theorem 1 can be applied to a no obstacle

environment without any modification. The reason for that is whether there are
obstacles or not, the attraction or repulsion from the target in SVF-model isn’t affected.
Therefore, the velocity approaching to the effective hunting circle isn’t affected and the
stability analyses in Theorem 1 is the same as in the environment without obstacles.

4.2. Theorem 2
Theorem 2. In the obstacles environment without satisfying the conditions of following
barriers, if all the robots satisfy o<rd,.<2 and (21), then the system origin equilibrium state,
1.8, Aue (K) = (Grames Sraver 1 e ) =0, 1S @Symiptotic stable in the large field, where u=max; (k) ,
445 (K) =[9(c08(y1, e (kM) (| P (k)] / @) )+ leos(rs, e (KN / (] Py ()] / @8) )1/ S (K) >0 (=1, .., m; n>1,
k=0,1,...,nk'=123 k"=123) .

Proof. Substituting (19) into (21), we obtain:
Sjape (K+1) = Sy (K) = fay (K)T = Sy (K) ~ [ Foy (| P (K)[) - #0810 (KD)) + i, (| Py (K)) - #e08(s,, e (RONIT
= S (K) —[p(c0S(7 1, (K))) / (| Py (K)|/ @5)% ) + B(COS (1, (KN / (| Py (K) |/ @85)% )]k
Since each of robot only has one kind of equilibrium point when the robots are on the
effective hunting circle and f, (k)=0 (j=1 2 ..,m) . Especially, when the two nearest

neighbors of every individual are respectively its left and right sides robots, f., (k) always
eliminates the existence of s, (k) such that all the robots reach the balance of force. And
therefore the sign of f, (k) and s, (k) are the same. Since d,>0 and r>o, the sign of
[6(c0s(r, e (N ([ P ()] 1 25)% ) +6(c0s(rs,e () N/ (] 725)%)] @A S (k) are the same. Thus, the
above equation can be written as:

Siane (K+1) = Fjne () =Tzt (K) S (K) = G (k) (1= Tt (K)) (24)

where, 4 (k) is computed as follows:
15 (K) =908 (1, (kD) / ([ s (K] /85 )* ) + B(00S(r 1, (k) / (| P (K)[[/ @8) ™)1/ Sy (k) >0
Construct Lyapunov function va,,x.(Aabx,(k))=i\5,abx.(k)\. When Au.(k)#0, Va (Awe(k))>0 and

Ve (A (K)) 1S poOsitive definite. Furthermore, we obtain:

AVabX‘(Aabx-(k)):Vabx(Aabx.(k+1))—Vabx.(AabX‘(k)):ji5J-abx.(k+1)—iéjahx-(k)
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.[\43

N

=

§jabx-(k)(1—rd1 maX/JJ (k))‘_z‘éjabx‘ (k)‘ < Zl‘é‘jabx'(k)Hl—FdLu‘—zl‘(Sjabx‘ (k)‘
j= i=

= ~(1- [ Tuad) 3 e ()|
=

where assume  appears the maximum value at n, step, i.e., g=maxy (k) (j=1 2, ---,m k=0, 1,
-.,m). If at n, step, » doesn’t reach the maximum value, then »appears the maximum value
at the latest n +q step. Let n=n,+q, there is y=maxz; (k) (j=1 2, ---,m; k=0, 1, ---,n) . In order that
AVar (A (k)) 1S negative definite, it is sufficient that o<rau<2 . Additionally, when
A (k)| =90, Va (Aac (K)) >0 . According to the Lyapunov stability theorem of discrete system,
we derive that the system origin equilibrium state a,,.(k)=0 is asymptotic stability in the large
field and o<rd,.<2 is a sufficient condition for that. Theorem 2 is verified.

When the target is static in the obstacles environment without satisfying the conditions of
following barriers, the hunting systems are stable as long as they satisfies Theorem 1 and
Theorem 2, i.e., 0<I<min(2/c,2/(dw)). Although the constraints of actual physical systems

(such as the velocity and accelerate of robots) may let the convergence of the hunting systems
become slow, all robots will converge to an expected force-balance formation on the effective
hunting circle at a certain precision in finite time. Usually, the formation is not evenly
distributed, but the systems are stable.

Generally speaking, the parameters of avoiding static obstacles and dynamic
obstacles a3, a%, d3, and d; are bigger than the parameters of avoiding robots a;, and
¢ . The reason for that is it is beneficial for robots keeping away from obstacles, which
cannot coordinate with robots, and try to avoid collision damage. Particularly,
parameters adjustment method is given here when the systems are unstable, i.e.,
decreasing c,, d, or r, et al. For the actual hunting experimental physics systems, the
parameters can also be changed self-adaptively according to this condition to make the
oscillation systems become stable.

4.3. Theorem 3

Theorem 3. In the obstacles environment without satisfying the conditions of following
barriers and aj,=az,=a3, , di=d3=d} Or in the no obstacles environment without satisfying the

conditions of following barriers, if all the robots satisfy 0<I'd;(a%)* 4 <2 and (21), then the
system origin equilibrium state, i.€., Auw(K)=(Gupe:Ges dme) =0, i asymptotic stable in the

large field, where 4 —max (k) , 4 (K)=[#(C05(r,c () / (| P (]*) + $(008(71, () / (| Py (K[ S (K) >0
(j=1 ....m;n>1 k=01, ..,n).

Because the derivation process of the Theorem 3 is similar toTheorem 2, it is omitted here.
From the Theorem 3, we know that it is the special case of Theorem 2.

The above stability analysis is for a static target. For a dynamic target, there is a sufficient
condition for swarm robots to form the hunting formation of force balance as shown below.
4.4. Theorem 4

Theorem 4. For a dynamic target, to form the hunting formation of force balance, a lower
limit of r is given: 1 >max(twtw ), Where t,and t., are the minimum of r satisfying r,:-
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avir/ag >0 and the actual movement velocity of swarm robots for hunting the target with
walking speed to escape, respectively. t, and ., are calculated by t, =, +v;/a%)+
J2vite /al + (VD /aR)? and o, = tVE + (V)2 7ak) 1 (2(vi -Vv1) , respectively.

Proof. For a dynamic target, to form the hunting formation of force balance, a lower limit
of ris that the movement time of each step is enough to make individuals rotate for 180° and
can reach the velocities in excess of equivalent to the prey’s walking speed to move a time
step (but do not exceed the maximum speed of the robots vt ), i.e., satisfying the conditions in
(15) and (16):

L =th + oo

t = of / ok

tuz =[m— 0k - tw? / 2]/ off
T =T -1y
I'm2—2viI'/all >0

(rtnt _\jrtmz - 2VJer /af )am <vh

Through solving, we can obtain 1> max (tu, tw ) , WHEIE ty = (ty +V1 /a) +J2vit. /all +(vi, /af)? ,
o = (2taVH + (VH)? /al) 7 (2( Vi —V1)) . Theorem 4 is verified.

Considering the above Theorem 1, Theorem 2, and Theorem 4, when the dynamic target is

escaping at walking speed, a sufficient condition for swarm robots hunting success is as
follows:

(25)

MaX (tie, trane ) < T < Min(2/c;, 2/ (dyz)) (26)
Considering the above Theorem 1, Theorem 3, and Theorem 4, we can obtain a sufficient
condition for swarm robots hunting success for another special case, when the dynamic target
is escaping at walking speed, is as follows:
MaX(tyi, ) < T < MiN(2/cy, 2/(0h (@)% 1)) (27)
Since the target doesn’t rotate 180° at each step when it is escaping, robots do not need to
rotate 180° at each step neither. Therefore, for most instances the swarm robots can also hunt
successfully when r is less than the lower limit given by (26) or (27).

4.5. Special Case 1

For the static non-convex and convex obstacles environment with satisfying the conditions
of following barriers, the following barriers robots can avoid non-convex and convex
obstacles safely as long as the following barriers robots can keep the latest positional
information of the target (by the sense of themselves or communicating with others to get the
latest positional information of the target), then as long as time step length r of the following
barriers robots satisfies (26) or (27), and the hunting systems are stable.

If the following barriers robots lost the sense to the target and the communication with
others and lost, and if the number of lost robots is less, since the number of swarm robots is
more, it doesn’t affect the stability of the hunting systems. This also reflects good robustness
of the swarm robotic systems.

4.6. Special Case 2

For dynamic deforming obstacles environment with satisfying the conditions of following
barriers, the robots need to avoid deforming obstacles. It is necessary to analyze the
movements’ characteristics between robots and deforming obstacles. There are two most
extreme cases of movement between robots and deforming obstacles: one is that both of them
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move with the same direction, and the other one is that both of them move with the opposite
direction.

The most demanding situations for robots in the first case are that robots and obstacles are
very close, and the robots need to rotate 180°, then the robots depart the obstacles at the angle
of 45° with the maximum velocity. And the obstacles move with the maximum speed at the
same direction with the robots. In this situation to make obstacle avoidance, we can determine
the constraint for the maximum velocity of the deforming obstacles.

The most demanding situations for robots in the second case are that the distance between
robots and deforming obstacles approximate f,,, and the robots do not need to rotate but
rapidly accelerate to maximum speed to move oppositely with the deforming obstacles. And
the deforming obstacles move with the maximum speed. In this situation to make obstacle
avoidance, we can determine another constraint for the maximum velocity of the deforming
obstacles.

Therefore, as long as the deforming obstacles satisfy the maximum speed allowed in the
above two cases (take smaller value in two cases as the maximum speed of deforming
obstacles), and as long as the linear velocity of any part of the obstacles is not greater than
this value, but regardless of what kind of sports of the deforming obstacles, due to the robots
have the velocity components at the perpendicular direction to the line from the robots to a,

in the deforming obstacles and always keep the target location updating, the robots all can
follow barriers successfully and join in the hunting formation finally. Thus, the whole hunting
systems are stable.

To determine the maximum velocity of the deforming obstacles v¢, according to the value

of r, there are three situations to discuss. Define ty=of/of 5 tw=[r—ok tu?/2] lof,
ty =tw +1yo, T ==t . When @ 1, <0, since there is no time for following robots to translate
except for rotating, v =0. When @ o<r,, <vii/a%, v can be determined by v¥ =min (v, Vop ) »
where v, and v, represent, when o<r, <vk/a%, the allowed maximum velocity of the
dynamic deforming obstacles without collision with robots when they move at same direction
and at opposite direction, respectively. v,, and v,, can be calculated by v, =alT cos(z/4)/(2r)
and v, = ((Fgs — aRT2/2)IT)T <V /a%)+ ((Fas — (@5 (V5 /ak)? 1 24+ V(T Vi /ak)) /T)(T > vh 7ak) , respectively.
When @) r,, >vii/a%, v can be determined by ¥ =min (v, vy ), Where v, and v,, represent,
when 1, >v# /7a%, the allowed maximum velocity of the dynamic deforming obstacles without
collision with robots when they move at same direction and at opposite direction,
respectively. v,, and v,, can be calculated by vy, = (@ (v§ 7a%)? 7 2+ Vi (T — V3 /at)) cos(z/4) /T and
Vopo = (Fais —

(@5 (VE /al)?2 1 2+VH(T—VH /af)) /T .

If the following barriers robots lost the sense to the target and the communication with
others and lost, or the robots are damaged by the deforming obstacles when the robots are
following barriers since the actual velocity of deforming obstacles are greater than the given
speed in this section, and if the number of lost robots or damaged robots is less, since the

number of swarm robots is more, it doesn’t affect the stability of the hunting systems. This
also reflects good robustness of the swarm robotic systems.

4.7. Special Case 3

There are several situations to analyze the stability of the hunting systems for the robots
satisfying the conditions of following barriers when the barriers are robots. Theoretically,

there are m=|2xc, /f, | robots, where || represents down rounding, on the effective hunting
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circle. That has the relationship with the condition |p,|>f. and |p.|>2f. for robots to stop
following barriers. But in fact, more robots, more coordinative difficulties to increase overall.
There are less m=|2zc. /fy | robots on the effective hunting circle since the difficulties
increasing for robots from following barriers state into hunting state and to reach the effective
hunting circle. When (1) 0<m<[2zc, /(2f4)], where [] represents up rounding, it is easy for all

the robots to get to the effective hunting circle since when 0<m<| 2zc, /(2fs) |, there are enough
space for one more robot to join in to get to the effective hunting circle.
When (2)|2rc, /(2fs) [<m<| 27, /T4 |, the more robots, the more difficulties from following

barriers state into hunting state to get to the effective hunting circle. In addition to the special
circumstances, all follow barriers robots will turn into hunting state so as to get to the
effective hunting circle. In most cases, majority of the robots are on the effective hunting
circle and small parts of the robots are following barriers out of the effective hunting circle,
where “barriers” are robots. When (3) m>| ¢, /fs |, there are some robots are on the effective

hunting circle and some are always following barriers, where “barriers” are also robots. From
the analyses of the above, we know that the systems can achieve hunting success for different
m, and the swarm robotics systems are stable and have high scalability.

According to the Theorems 1 to 4, and above analyses, we can conclude that the whole
swarm robotic systems for hunting are stable and have good scalability in an unknown
complex environment.

5. Simulations

According to the model of hunting task in section 2.2, in this section, we will discuss
swarm robots for hunting in both a no obstacles environment and an unknown complex
environment with dynamic deforming obstacles. System parameters of the simulations are
listed in Table 1. The avoiding collisions parameters of the hunting robots for different
neighbors are listed in Table 2, and the avoiding collisions parameters of the target are listed
in Table 3.

Table 1. The Hunting Systems Parameters

Parameters ¢ ¢ di I G pl st ST pop gy o5 VD VR VR Al ol ob

Values 08 32 51 12 9 6.4 50 105 35 8 0.02 0.6 0.25 0.9 0.9 40 8.0 180

5.1. Simulations and Analyses in a No Obstacles Environment

In the first simulation, there is no obstacle considered in the environment. The initial
position of swarm robots are shown in Table 4 that are given arbitrarily. In this simulation,
the value of r is 0.45 and is less than the lower limit 0.59 of r computed according to the
systems parameters listed in Table 1 and (27). However, the prey does not turn at each step,
so it can also be hunted successfully. Since f., =25, ¢ =9, 27c, /(2f4)=11.3097 , m=12=
[27c./(2f4)] . According to the stability analyses in section 4.7, all the robots can reach the

effective hunting circle and form a uniform distribution hunting formation.
5.1.1. Simulation Results: The hunting simulation trajectories of swarm robots according to

SVF-model are shown in Figure 5, where a dotted-line circle represents the effective hunting
circle, and the inter of the solid-line circle represents the potential domain of the prey. From
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Table 3. Avoiding Collisions

Parameters of the Target

Parameters  &ms @ 8%

dy d

2
2

3 Parameters  aj
d 2 fdls

ay

dz dy  ps Pu

Values 1.1 1.8 35

12 2.

2

52 25 Values 1.8

35 23 32 85 85

Table 4. Initial Coordinate Values of Swarm Robots in Simulation 1

t hy h, hs hs he hy he hy hyo hy, by,
-3. 1 7.75 -8.5 -4.1 2 9.3 -8.1 -2.2 -2.4 -6.0 -0.5 -5.3 -6.5
Y 2.1 -5.25 -1.9 -5.9 -4.2 -6.3 -3.1 -4.9 -7.2 -2.0 -3.8 -4.8 -4.1

Figure 5, similar to the hunting method based on LP-rule, the hunting algorithm based on
SVF-model can emerge Leaders such as n, and n, in Figure 5(e), and the whole swarm
emerge a uniform hunting formation in macro level finally. In Figs. 5(d) and 5(f), the
movement direction changing of the prey is the results of its random selection.

ng?s .
Ji2g | el 4
/{.3_; N\

5 10

o B
(a) Initial position (0 step)

10 B

[ 5 10
(e) Outflanking (51 steps)

/ / ,,\\
N ? ) "

0 5 = 0 5
(c) Pursuing(14 steps)

10

-10 5 0 5
() Hunting success (88 steps)

-10 -5 0 5 10
(g) The production of ideal formation (111 steps)

Figure 5. Swarm Robots Self-organizing Hunting in a No Obstacle

Environment

5.1.2. Deviation Convergence Explanation: a) Analyses for the target distance deviation. In
Figure 6, hunting robots move in and out of the effective hunting circle, which conforms to
the actual situation. However, in [30], the hunting robots only move out of the convergence
circle domain. Therefore, the convergence process in this paper is superior to that in [30].

15

lIpjuafl/m

[hs

20 40 60 80 100

k/steps

Figure 6. The Distance Deviation of Robots Toward Target
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b) Analyses for the resultant deviation of neighboring objects. We employ «, to analyze

the characteristics in the process of swarm robots achieving an ideal hunting formation. From
Figure 7, we can see that, after about 101 steps, «, of all individuals is close to zero. And the
shock of Leaders nh, and h, is minimal, which originally emerge in the process of outflanking.
h, and n, have the most violent oscillation, which are the furthest relative to Leaders. This
characteristic is consistent with that in [30]. Figure 7 shows that the conditions of robots
d e c i d e
whether themselves are Leaders or not are deviation appearing approximate monotonic decay
gradually after a larger value (This is opposite with the law in [30] about determining
Leaders) such as n, and n, in Figure 7. So the oscillation is small when Leaders are
emerging.

5.2. Simulation and Analyses for an Unknown Complex Environment with Dynamic
Deforming Obstacles

In this simulation, the environment includes four point static obstacles, a rotating cross,
three static convex polygon obstacles, and three static non-convex obstacles. The scalability,
robustness, flexibility, and performance of obstacle avoidance of the proposed algorithm will
be tested in this section. The initial coordinates of the swarm robots are listed in Table 5. T is
0.6, which is bigger than the lower limit 0.59 obtained according to the systems parameters
and (26). There is a cross rotating about a moving pivot. The rotational direction of the
obstacle is counterclockwise, and the translational direction of the obstacle is the lower left.
Its rotational angle velocity is 0.0462, its translational linear velocity is 0.05, and its radius is
6. Therefore, its biggest linear velocity is 0.3272. w =0.3350, which can be calculated by
section 4.6. Because ¢ >0.3272, as long as the following barriers robots can keep the update of
the location of the target all the time and they can follow barriers successfully, and join in the
hunting formation finally. The target will avoid obstacles when it meets static and/or dynamic
obstacles. Since m=8<[2xc, /(2f4)]=12, according to the stability analyses in section 4.7, all

the robots can reach the effective hunting circle and form the evenly distributed formation.

gE B1 g ho
5 -5 —
o) 50 100 0 50 100
g - . hs ] g Pm— ha 1
pl . \ = \
o 50 100 o 50 100
5 5
h5 he
z o Pm-.” ‘T z o h-—u ‘T
& -5 F -5
o 50 100 < 7o 50 100
5 5
h7 h
o 0 ™o 8 |
5 -5 ° |
o) 50 100 o) 50 100
5 5
"o R10
o Eﬁw— ; o Fm t ;
5 ‘ -5 ‘
o) 50 100 o) 50 100
gr_ * e - - hll% g E Ri2]
5 ° -5 b ‘
o 50 100 o) 50 100
k/steps k/steps

Figure 7. The Resultant Deviation of Neighboring Objects
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Table 5. Initial Coordinate Values of Swarm Robots in Simulation 2

Simulation trajectories are shown in Figure 8. In the simulation, the following barriers
algorithm based on SVF-model successfully makes n, avoid the dynamic deforming obstacle,
as shown in Figure 8(e). It can also be employed to avoid the static non-convex obstacles and
convex obstacles successfully, as shown in Figure 8(h). For convex obstacles, non-convex
obstacles, and dynamic convex obstacles easy to avoid, equation (4) is mainly used for
obstacle avoidance.

The entire swarm robots can avoid obstacles and accomplish the hunting task smoothly
with the number of robots decreasing 1/3 in an unknown complex environment. That reflects
the algorithm not only has better scalability than the method based on LP-rule, but also has
better performance of collision avoidance/obstacle avoidance, robustness, and flexibility, but

N
M

ol
o
3

ol

O 0

-10 o 10 -20 -10 0 10 -20 -10 0 10 -20 -10 o 10
(b)Pursuing(14 steps) (c)Outflanking with deforming (d) Hunting success with deforming (e)Hunting success with static
obstacles(66 steps) obstacles (99 steps) obstacles (240 steps)

(f) Hunting success with static (g) The third time for hunting success (h) Hunting success only with swarm (i) The production of ideal
obstacles again(295 steps) with static obstacles(402steps) robots (522 steps) formation (538steps)

Figure 8. Swarm Robots Hunting in Unknown Cluttered Environments

LP - Rule doesn’t consider how to make obstacle avoidance.

6. The Comparative Analyses between SVF-Model and LP-Rule

The advantages of the hunting algorithm based on SVF-model comparing with the method
based on LP-rule in [30] are as follows:

6.1. Simple Model

In the SVF-Model, not only are calculation formulas simple, but also the physical meaning
is clear. However, after determining the direction of loose space for 16 different hunting
movement cases, a unified rule is established, i.e., LP-rule.
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6.2. Hunting Success in Special Situations

The special cases of two nearest neighbors on the direction to the target and so on are dealt
with in SVF-model. For example, n, h,, and n, are on the same direction to the target, as
shown in Figure 6(a) . But those special cases aren’t dealt with in LP-rule. Therefore,
collisions maybe happen in some situations and the robots cannot encircle the target.

6.3. No Theoretical Defects

Even the number of robots are fewer, the robots can evenly distribute around the target in
SVF-model. Whereas for LP-rule when the number of robots is three or four, there isn’t
evenly distributed hunting formation, and it has to do with LP—Rule.

6.4. Good Capacity of Obstacle Avoidance

From the simulations in section 5, the hunting algorithm based on SVF-model has the good
capacity of avoiding static convex obstacles, non-convex obstacles, and dynamic deforming
obstacles. Whereas there is no consideration how to make obstacle avoidance in LP-rule.

6.5. Reasonable Speed Setting

In LP-rule, when two nearest neighbors are all at the s- or s+, as shown in Figure 4 of
[30], the further the distance from h; to the two nearest neighbors, the greater the speed of h,

far away from the two nearest neighbors, and that makes the oscillation is larger when the
Leaders emerge; the nearer the distance, the smaller the speed far away from the two nearest
neighbors, and that makes hard for robots to avoid obstacles. However, the speed setting in
SVF-model is precisely opposite to it in LP-rule. That is reason why the emerging laws of
Leaders in SVF-model and LP-rule are just the opposite.

6.6. Considering the Actual Physics Size of Robots

The proposed algorithm considered the size of the actual robots constraints: the number of
robots on the effective hunting circle, and that accords with the actual situations. However,
there is no consideration about constraining the number of robots on the effective hunting
circle in LP-rule.

6.7. System Stability Theorems are Beneficial for the System Parameters Settings

The sufficient conditions of system stability theorems are beneficial for system parameters
settings. Thus the hunting processes are prone to oscillation of smaller and have more optimal
trajectories. But the stability analysis for LP - rule has no guidance for system parameter
settings.

7. Conclusion

In this paper, a hunting method based on a simplified virtual-force model is proposed for
nonholonomic mobile swarm robots. The sufficient conditions for the system stability are
given. Furthermore, the method based on SVF-model can make the group of robots emerge
the expected collective behaviors, which is beneficial for the research of emergence control.
Additionally, there is no local minimum problem for individuals’ movement based on SVF-
model. Finally, the advantages of the proposed method compared with LP-rule are discussed.
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