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Abstract. Biological individuals in the wild often have a definite size and mass, so simulation of the
real biological swarm behavior should take these factors into account. The article focuses on building
an algorithm to calculate the force acting on each individual robot in the swarm based on their mass
through the “Double integral” model. When the robots are required to perform multi-tasks
simultaneously, the priority order of tasks must be classified, and the task with lower priority will be
projected into the Null space of the higher priority tasks. Each individual robot in the swarm has to
fulfill following three tasks: avoid obstacles, move to the goal, maintain the swarm. In this study, the
author chooses the priority level in the following order: avoiding obstacles, moving to the goal and
finally maintaining the swarm. With an assumption that the obstacles are fixed and known in advance.
Finally, the theoretical studies are simulated and verified by Matlab software.
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1. INTRODUCTION

“Swarm robotics” is the use of a large group of relatively simple robots to perform tasks that a
single robot cannot through the collaboration between individuals that mimics the behavior of species
living in groups. The number of studies on swarm robots is quite a lot, and the number of studies on
the stability of swarm robots is not less with certain successes. Swarm behavior is established based on
the forces of interaction among individuals in the swarm and in the environment. This interaction force
built by the authors [1-4] is usually explicit and precise mathematical functions without a convincing
rationale. In addition, the environment of the swarm robots is relatively complicated and often
changes, so it is difficult to satisfy an explicit mathematical model. Therefore, for natural logic, in [5-
7], we propose a new swarm model, in which robot individuals are considered particles, and the
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interaction force between them is determined based on fuzzy logic. Fuzzy logic is flexible through a
selection of input/output signals, blurring, fuzzy rules, etc., and is used to approximate
attraction/repulsion in order to provide a more general reflection of explicit attraction/repulsion. The
obtained result is that robots have converged at a region with a definite radius around the center of the
swarms after a period of movement. In the study [8], the author used the NSB technique in
combination with fuzzy logic to protect the swarm robots from obstacles and guide them to goals.
However, it is just an assumption that the individual robots were considered the particles without
taking into account the influence of the individual robot’s mass.

For further development of the above studies, the article has built a dynamic model of the swarm
taking into account the mass of each individual, and an algorithm to calculate the forces acting on
robots when they perform multiple tasks simultaneously. Theoretical studies are simulated and tested
for their correctness by Matlab software.

2. MATHEMATICAL MODEL OF THE SWARM ROBOTS

In [5-8], the authors have conducted studies on the movement of individual robots in the form of
particle kinematics, which only describes the motion without taking into account the cause of motion.
Particle kinematics is used to investigate the agents causing motion change. Through observations and
studies on the motion of objects in nature, it can be seen that objects can only move or change their
motion when subject to the impact of other objects. In terms of mechanics, we can divide forces into
two types: the first includes the forces that appear when there is contact between the interacting
objects (elastic force, friction force, etc.), and the second includes the forces that appear when there is
no contact between the interacting objects (attraction, repulsion, etc.). In the field of swarm robots, the
forces acting on each individual robot in the swarm include the following components:
attraction/repulsion between individuals in the swarm, between robots and obstacles in the
environment, and between robots and the goals. These forces are also a vector characterized by four
factors: setpoint, direction, and magnitude. Dynamic models of swarm robots have been presented in
studies [9-11]. Each motion of a robot is characterized by the following system of dynamic equations:

pi :Vi
o F 1)
=

Where: p', v and m' are the position vectors, velocity vectors and mass of robot i in 2D space,
respectively. Control input F' of robot i is designed by the interaction forces between robot i and: the
remaining robots in the swarm, obstacles, and goal. According to Newton's second law, the single
integral of acceleration will give the velocity, and the double integral gives the position, so the swarm
model like formula (1) can also be called the "Integral” model dual” of the swarm robots.

3. MULTI-TASK CONTROL OF SWARM ROBOT WITH DOUBLE INTEGRAL
MODEL

3.1 Determination of force based on Null space

When the swarm robot performs the task of moving to the goal, it must dodge the obstacles on the
way to not be damaged. So each individual robot in the swarm has to fulfill following three tasks:

- First task: avoid obstacles.

- Second task: move to the goal.

- Third task: maintain the swarm so that the individuals in the swarm do not hit each other
provided that the groups are not separated.
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In order to control the robots to perform the tasks mentioned above, the supervisor can choose the
priority level of these tasks. In this study, the author chooses the priority level in the following order:
avoiding obstacles, moving to the goal and finally maintaining the swarm. With an assumption that the
obstacles are fixed and known in advance, together with the control technique based on Null spatial
behavior, the force vectors acting on each robot by tasks are synthesized according to the diagrams of
Figures 1 and 2.

Avoiding obstacles| Fo ® ® Fi

*) *)
Sensor ) F
Moving to the goal| "¢

No

F
Maintaining the : Nog

swarm

Figure 1. The block diagram of the force vector of the robot i.

The force acting on robot i is determined as follows:
F'=F°+NOF9+NOQFS (2

where: F°, F8 and F* are the interaction force vectors, respectively, performing the tasks of
avoiding obstacles, moving to the goal, and maintaining the swarm; N_, NOg are orthogonal

projection matrices, also known as Null matrices, defined based on the priority level of tasks.

Fo+ N, F9

Y
v

No
- “AE9
N, F9

// FI:FO+ No Fg +NogFS
Robot i

Figure 2. Diagram of forces by NSB method when robot i performs three tasks.

e Determination of the force for the robot to avoid obstacles:

It is an assumption that, there are M obstacles in the environment of the swarm robot, call

P _ iy . .
por :[ . }e R??: is the position of the m'™ obstacle (m=1+M) in 2D Eclied space, do € R: so the
Py

actual distance between robot i and obstacle m is:
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=P = (= pL) +(pir =)

The desire of controlling the robot to avoid obstacles: if the obstacle is on the way the robot

d, =|

moves to the goal, the robot must keep a safe distance away from the obstacle. d; ( also called the

desired distance) d, = ds; If the obstacle is outside the moving range of the robot, the obstacle will

not affect its moving velocity, meaning that the moving force of the robot depends on the distance
between the robot and the obstacle:

Jacobi matrix J, € RM*? represent the force for the robot to avoid obstacles:

r T

p“—pf
o> p|
- T
L=|]e" o] | |=(F*) )

_ =
p™ —p' ]
> e

Pseudo-inverse matrix of Jo:

Ji=F"J; eR™™
Orthogonal projection matrix of Jo:
A A N\T
N, =1,-F°(F*®) ,N, eR*? 4)
where: I, is the unit matrix.

The force for robot to avoid obstacles is determined as follows:

F°=—k,J; (d,-d;) ()

0

where: ko is a negative coefficient.

¢ Determination of the force for the robot to move to the goal:
P

Call: p®=
Py

} e R*? the location of the goal, dy € R the actual distance between robot i to the

goal, so dgq is calculated according to the following formula:

d, =[p° o= (p2 0"+ (0 -}

The desire of controlling the robot to move to the goal is that the robot touches the goal, i.e. the

desired distance d; is equal to 0.

Jacobi matrix J, € R>? .
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T
9 _ i A AT
3y =| oo | =(F*) ©
[pe =P
Pseudo-inverse matrix of Jg: J; = F'9 Jj e R4
Orthogonal projection matrix of Jg:
A A \T
Ny =1,—F°(F9) N, eR* (7)

The force for robot i to move to the goal is rewritten as:

Fo=k,J;(d,—d;) ©)
where: kqis a positive coefficient.

e Determination of the force vector to maintain the swarm:

The actual distance between the robots i and j (j=1+N, j#i) is ds:

d, ="~ o] = (P! —0L)"+(p} 0} )

The control is to keep the distance between the two robots at a constant value d_ in order to

maintain the swarm. This is one of the very important tasks in controlling the swarm robots. In the
study [5-7], the author designed a formula to calculate attraction/repulsion between robots based on
fuzzy logic provided that it satisfies the following requirements: the farther the distance between the
robots is, the greater the attraction between the robots is, and the closer distance between the robots is,
the greater the repulsion between the robots is. Specifically, as follows:

- Step 1:

> The input signal is u=d, —d_, assuming that u has the range of [as, Bs] R, dividing u into
2N¢+1 intervals of B as shown in figure 3.
> The output signal is A= f (u) with a domain within [oa, Ba], dividing A into 2N¢+1 intervals
of Akwith k=1, 2, ..., 2N#+1 (figure 4) and the centroid a* of A the fuzzy interval is as so:
<0,k=12,..N;
a“{=0,k=N, +1 9)
>0,k=N; +2,N; +3,..2N, +1

- Step 2: Establish 2N¢+1 luat IF... THEN... rules with the following form: IF u=B* THEN a=Ak
- Step 3: Choose the association rule, defuzzify by the weighted average method, we get the control
rule (10):

2N, +1

kZ:; ak'uE;k (u)

; He (u)
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With the solution for the establishing of fuzzy function as shown above, we have yielded the
result which is the relationship between input signal being the distance and the output signal being the

interactive force between individuals (i,j) with the following properties (11):

>0,d, >d;

f(u);=0,d, =d; (11)
<0,d, <d;

Mgk (1)

Bl BNf BNf+1 BNf+2 BZNf+1

p

b
Ng+1 2Np+1

u u

Figure 3. Fuzzyfying the input signal of the fuzzy control function.

Miak(A)

Al ANf ANf+1 ANf+2 AZNf+1

A

o o aNet1 82Nf+1Ba

Figure 4. Fuzzyfying the output signal of the fuzzy control function.

The fuzzy function f(u) is a continuous function satisfying the conditions:
- Upper and lower limit:
‘Amingf(u) SAmax (12)

. . 2N +1
inwhich:  Amin=-a%, Amax=a" '

- Piecewise linearization equation:
ki k+l — k+l 0k

(ak*l—a")u+au a“u

f(u)= 0 (13)

in which: u e[ u*,u*" |, voi k e{1,2,..2N, }

The Jacobi matrix represents the process of maintaining the swarm:
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- -
pl—pf
_ _ I pl_pl‘

s1 T
A io\T pz_p'
JS:(IES)T _ .Jsz _ (F 2) _ pzpi‘] c RV (14)

EV
=il

Pseudo-inverse matrix of Js:

T 1 i T
pP—-p
e ] ]
sl g B pz—pl T
R R =
J, aqn\T :
HpN—p‘H]

Orthogonal projection matrix of Js:
N, =1,~F*(F*) N, eR*? (16)
The force for robot i to maintain the swarm is determined as follows:

F*=J;f(d,—d;)eR™ (17)

* Synthesize force vectors by 3 tasks to be performed by each individual robot in the swarm
according to NSB method as shown in Figure 2:

P = F NN B =0 (00 kN (0, 05+ Ny (0, -00) (a9

ogVYs

. J
where: F' e R** Jog =[J°}ER(M”)X2, N =1 —-J"] eR*?,

og n og Y og
g

3.2. Algorithm of controlling swarm robots for multi-tasks

In order to control the swarm robots to perform three tasks including avoiding obstacles, moving
to the goal and maintaining the swarm, the following steps must be taken::

» Step 1:
- Enter the number of robots in the swarm: N.
- Enter the number of obstacles in the motion space of the swarm robots: M.
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- Set initial positions for robots in 2D space: p' = l: pI] p" = { P }
y

- Set the location of M obstacle and the destination g in 2D space: pq:[p

..
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py

. M Py
p M e . , pg — g
v Py

Enter the mass of each individual robot: m!

o
X

0
y

- Enter a safe distance between individual robots and obstacles d_, and the distance between

individual robots with each other d. .

(5).

Enter the coefficients ko and k.
Enter the number of steps K.

» Step 2:
Calculate the distance between robot i (i=1+N) with each obstacle d,, between robot i and the
goal dg and between robots i and j =1+N, j#i) ds.

Calculate the attraction/repulsion f according to (13).

» Step 3:

v Compare the actual distance and safe distance from robot i to obstacle m (m=1+M). If:

- d, >d,: robot i does not need to avoid obstacle o, i.e. J, =[0].

d, <d.: robot i needs to avoid obstacle o, now we need to calculate J, according to formula

Calculate: J,, No, F°.

v" Compare the actual distance and the desired distance from robot i to the goal. If:

d, =0 robot i has reached its the goal g, J, =[0].

d, >0 robot i does not reach the goal g, calculate J, according to formula (8).

Calculate: J;, Ng, Fe.

Calculate: J_, J_., Nog.

og’ Yog’

v" Compare the actual distance and the desired distance from robots i to robot j. If:

- d, >d,: Robots i and j move towards each other by attraction function f >0.

- d, <d;: Robots i and j move away from each other by repulsion function f <0.
- d, =d,: Robots i remain the same route of travel f =0.

Calculate: J5, J. , .

» Step 4:

Force to move individual i at step k (k=0+K-1) is determined by the formula (18):
F'[k]=F°[k]+ N, [K]F®[k]+ Ny [k]F°*[K]
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- Movement acceleration of robot i:

I[k

Avi[k—l]zFTi_l]At

- Movement velocity of robot i:
V'[k]=V'[k—1]+Av' [k —1]At
- The distance that robot i can move:
S'[k+1]=S'[k]+V' [K]At
- New coordinates of individual i after (k+1) moves:
p'[k+1]=p'[k]+S'[k+1]
The loop from step 2 to step 4 is executed until the end of K step.

4. SIMULATION RESULT

For each simulation, the search space is set up on a two-dimensional coordinate system [500,
500]. With an assumption that N=15, M=4, safe distance between robot and obstacle: d: =5, safe

distance among robots in the swarm: d_ =30 . The simulation results of the movement process when

performing the tasks of the swarm robots with different simulation intervals, the mass of each
individual robot in each simulation is different as shown in Figures 5 and 6.

500 500 —5

G- ) W
\ Obstacle, ¥ \ GObstacle; ¥
LY Y !
400 @ 400
\ \ il
Ny oo
300 VW ,— 300
Myl I'"’ . *,A)
J /ﬁ' {_ -
200 @(-:103%- -w---" 200
r’f',‘j \ ~
cr - il » i SN
100 ¢ ‘o = '\ 100
! - ~
0 d © 0 ) ®
0 100 200 300 400 500 0 100 200 300 400 500
a) b)

Figure 5. The movement of swarm robots in the interval t= 30s when the mass changes.
ay m=[151118 1,41012111,71,1181,719151,11,8].
b) m=[6,96,45,6 5,2 13,6 13,0 9,8 13,05,16,08,37,512,011,3 13,4].

Figure 5 shows that with the same conditions, the robot's mass change will affect the movement
of that individual.
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Figure 6. The movement of swarm robots in the interval t=10s when the mass changes.
ay m=[151118 141012111,711181,719151,11,8].
b) m=[6,9 6,4 5,6 5,2 13,6 13,0 9,813,05,16,08,37,512,011,3134].
Figure 6 shows that the larger the mass of robot is, the higher the inertia is, and the robot’s lower
movement speed results in a longer interval for the whole swarm to converge at the goal.

With the same initial coordinates, each robot in the swarm has constant mass: when the
coefficient ko<0 va kg>0 then the individual robots found the goal and avoided the obstacles (figure
7a), when k>0 and ks>0 then the individual robots found the goal but cannot avoid the obstacles
(figure 7b), when k,>0 and ky<0 then the individual robots did not find the goal (figure 7c).

500 Y] — ) 500 &Y, — [ 500 [N
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s 300 NI Goal G-
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200 € i S}‘\ 200 G i ﬁ{\ ' < 200 o ‘
Pl ‘,I NS Pid ‘ ;"" Vs ) - Q
1001 & ‘o ‘M v 100 @ ; (ri ‘k‘ A 100 L~ 0] Q o N
lﬁ; - i\ Ay . i i\ N\, "l 1 \ QN
@ & o) b))
0 &
0 100 200 300 400 500 00 100 200 300 400 500 0 100 200 300 400 500
a) b) C)

Figure 7. Movement of the swarm robots while the coefficients k, and kg change.
a) ko<0, kg>0.
b) ko>0, kg>0.
) ko>0, k<O
5. CONCLUSION
This article proposes a method to control the swarm robots to perform multi-tasks by
using Null space-based behavioral control techniques and combining fuzzy logic taking into

account the robot's mass. Matlab simulation results have confirmed the correctness of the
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proposed algorithm which is suitable for the control of swarm robots to avoid obstacles,
search for the goal and maintain swarms in environments with many obstacles.
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