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Abstract

This paper proposes a solution to controls warm robots in an effort to avoid obstacles, moving to
the goal by the method of Null Space based Behavior (NSB) control of an individual in the swarm.
This paper also provides the stability analysis of the converging process by investigating the rela-
tionship between single agents, and the analysis result is proved by using the Lyapunov theory.
Finally, the simulation results in two-dimensional space have confirmed the obtained theoretical
results.
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1. Introduction

The swarm robots, a new research trend with many promising technologies in the field of robotics, particularly
have high intellect, but do not require the complex manufacturing technology. The swarms are increasingly in-
terested in the study, although each study has given specific research goals. The research of the converging
process plays an important role in swarm robots. V. Gazi, Kevin M. Passino [1] considered the number of indi-
viduals-M in n-dimensional Euclidean space, the assumption of uniformity and visibility between individuals is
not limited. The move of the individuals depends on the attraction/repulsion forces which are explicit mathe-
matical functions. The authors have demonstrated the stability of the swarm: all the individuals will be located
in a certain area after the period of time of moving. [2] and [3] also provided attraction/repulsion functions
which are explicit functions similar to [1], but [2] developed the model based on the interaction from the indi-
vidual to another, or between the individual and the environment. The model designed [2] stands for seeking
food, and the results are simulated in 3D space. [3] analyzed the stability of the swarm, attraction/repulsion
forces between individuals will be O if they do not see each other (apart from the impact of the sensor) and the

How to cite this paper: Nga, L.T.T. and Lan, L.H. (2015) Application of Null Space Based Behavior Control to the Swarm Ro-
bot’s Control. Modern Mechanical Engineering, 5, 97-104. http://dx.doi.org/10.4236/mme.2015.53009



http://www.scirp.org/journal/mme
http://dx.doi.org/10.4236/mme.2015.53009
http://dx.doi.org/10.4236/mme.2015.53009
http://www.scirp.org
mailto:lethuynga77@gmail.com
http://creativecommons.org/licenses/by/4.0/

L. T.T. Nga, L. H. Lan

forces are only equal to g (.) when the individuals are neighboring. Second difference [3] is the limit move of
each individual and the move and has an effect on the convergence of swarm. Therefore, the model [3] stands
for a model of actual biological swarm. When the swarm robots move in an environment with obstacles, they
have to avoid ecollising obstacles. Avoid y obstacles has been studying extensively and many control algorithms
solving this problem have been proposed. However, most of these algorithms are constituted on the basis of a
single robot, the size and mass areas large as [4] [5].

In content of this paper, firstly we proposed a solution to control swarm robots to avoid obstacles and moving
to the goal, then analyzed the stability of the swarm and finally, we conducted the algorithm on Matlab software.

2. Model Swarm Robot by the Method of Null Space Based Behavior Control
2.1. The Swarm Robots Perform a Task

Pis

Consider the swarm robots of N individuals move in two dimensions, given p, ={
i2

:|e R?: is the position and

u ={ 1} e R?: is velocity vector of movement of the i—individual (i = 1 + N), then the mathematical model of
u2

the i-individual is described as follows:

B =u @
Given ois the variables are controlled to complete objectives
o=f ( p) 2
The derivative (2) in time:
5=2 a(pp) p ©)

To combine (1) va (3): 6=J(p)u
where: J(p) is Jacobian matrix, J(p)e R*?
Inferring:

u=36=3"(N") "6 @)
where: J* known as pseudo inverse matrix, J* e R**
Call the disachieveable desired distance, then (4) is rewritten as follows:

u=A"(c-d)=23"¢ ®)

where: A factor is positive, & =(c—-d).
The null projector matrix N, is a projector onto the null space of J: N, =1-J3"J

2.2. The Swarm Robots Perform Multiple Tasks

Consider the case swarm robots perform tasks move to the goal, on moving them to avoid obstacles lie in the way
to avoid being damaged. Now each individual robot must perform three tasks:

-The first task: to avoid obstacles.

-The second task: to move to the goal.

-The third task: to maintain swarm.

To control the robot performs the above tasks, the supervisor can choose the priority level of the task. In this
article, we chose the priority level order: avoid obstacles, moving to goal and maintain swarm. NSB control [6],
which the is technique control was designed to be based on hierarchical priority of the task: by projecting the
lower priority task on the null space of higher priority tasks, a diagram of velocity synthetic of the robot is
shown in Figure 1.

» Determine the speed to avoid obstacles:
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Figure 1. Diagram of velocity synthetic of the i-robot.

Poy

02

Given p, :{ }e R?: the position of static obstacles, o, € R: the distance between the i-robot and ob-

stacle is determined by the formula: o, = p, - p;|= \/( Por = P )’ +(Poz = Pip)” -

The desire of the robot control is to avoid obstacles: if obstacles are on the robot moves to the goal, the robot
must will be far from obstacles a safe distance o, , = d, ; if an obstacle is out of robot’s movement then the ob-
stacle does not affect the speed of movement of the robot. It means that the moving speed of the robot individual
depends on the distance between the robot and obstacle.

Jacobian matrix J, e R"?: performance the moves of robot’s velocity vector avoides obstacles

i
3, = {u} — P (6)
” po - pi "

Pseudo inverse of matrix J: J; = p,,, JJ e R*.
The null projector matrix of J,:

N,=1,-p,Pr, N, eR> ©)
From (5) inferred the velocity vector of the robot to avoid obstacles are identified as follows:
Uy =—4J4 (0, —dy) =—4,35 6, (8)

where: &, =0, —d, the error between the actual distance and the desired distance.
¢ Determine the velocity of moves to the goal:

pgl

Similar to calculate velocity avoid moving to the goal: p, :{p }e R? is the position of the goal to be

92
reached, oy € R the distance between the ith robot and the goal is determined by the formula:

%y =||pg - pi”:\/(Pgl_ pil)zJ”(pg?_ piz)z

The desire control the robot’s move toward the goal is the distance from the robot to the goal o, , =d, =0.
Matrix Jacobian J, e R*:
.
Py — B .
ne| ) - ©

Pseudo inverse of matrix Jg: J. = f,,,J; € R*
The null projector matrix of Jg:

Ny =1,- Py Py, N, eR*? (10)
From (5) inferred the velocity vector of the robot movement to the goal are defined as follows

Uy =43¢ (0, —dy ) = 4,3;6, (11)
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where: &, =o, —d, =o, the error between the actual distance and the desired distance.
» Determine the velocity of move maintain swarm:

In swarm robots, maintain the swarm is a very important task, many of the scientific research on this problem,
but in the [7], we have analyzed the convergence behavior of the swarm based on laws attraction/repulsion fuzzy.
The physical significance of our model is clear. If an individual is close to the others in the swarm, the repulsion
dominates, which ensures the individual far away from them enough to be “safe”. The repulsion increases as any
two individuals get closer because in the real nature the individuals are inclined to be more apart away from
others if they are nearer. If an individual is far away from others in the swarm, the attraction dominates, which
makes the individual get closer to the other members of the swarm. However, as the distance between the indi-
vidual and the others gets bigger, this individual will loss more connection to other members of the swarm, and
thus, the attraction decreases to zero as the distance increases to infinity. The attraction/repulsion function is
built based on fuzzy logic. The distance between the i-robot and the j-robot (j =1 + N, j #i) is:

o, =0, === pu) +(Pro-po)

The purpose of the control is maintains distance between individuals in the swarm always equal a constant:

— N =
o,4=0,€R", &

In [7], the kinetic model of the i-individual is built as follows:

p =u =" e - p.||)|| '||=Z?_1,j¢iu( L (12)

Ipi-vl

where: ,u(as) the interaction forces between the robot pair (i, j), this function is built on the basis of fuzzy
logic:

u(o,)>0, if o, >0,
u(o,)<0, if 0<o, <o, (13)
u(o,)=0, if o, =0,

Matrix Jacobian:

T
=
o= p
‘]sl ﬁ:—l D D T

J AT 2 M
s2 psz I:" pz _ pi ” < RN><2 (14)

. T
[ Py — P, }
lpw = pi|
|:p1_pi:|
o | Uemrd

sl psl p p T
. ‘]s . 2 i y
J+:p :2 p:Z _ |:||p2 p||| ERZN

' T
{ Py — P, }
o =i

J sN E)JN

Pseudo inverse of matrix J:

(15)

J sN ﬁ;rN
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The null projector matrix of Js:

N,=1,-p,pl, N, eR> (16)
From (5) inferred to maintain the velocity vector of the robot swarm is defined as follows:
u, =J;u(6,)eR*™ 7)

* Integrated velocity when the robot perform all three tasks:
The desired control (velocities) are:

U=u, + Ny +Ngu, ==24,3,6, + 4, N, J; 6, + Ny I u(6,),ueR™ (18)

J
where: Jog=[J°]JogeR2*2; Nog =1, = JggJog: Nog € RZZ.

og¥og ' Vol
9

3. Analyzing the Stability of Robot Swarm by the Method of Null Space Based
Behavior Control Lemma

Let A, be asymmetric matrix and x, y are vectors with appropriate dimension. Denote 1,1 the smallest

and largest eigenvalue of matrix A. Then: /_I||x||2 <XTAX < /T||x||2 and |yT Ax| <A|¥lIyl-

Proof.
Let denote 1=4 <4, <---< A, =4 are the eigenvalues of matrix A. There is a set of orthonormal base

{e.,e,,---,e,} such Ae =Ae .Thevector xeR" canbe describedas: x=xge +X,€, +--+X¢€,.
Then: Ax=A(X€ +X,8, +---+ X8, ) = X 1€ + X, 4,8, +---+ X, A€,
So we have:
XTAX = (X8 + X8 +--+ %8, ) (XA + X8+ + X 4,8, ) = X + ApXE 4o X
Therefore: ﬂl(xf+x§+~-+x§)sxTAxs/IH(xf+x22+---+x§) or: Ax| <x"Ax< Z|x[.
On the other side, we have:
Y= Y18+ Vo8 o Y€ O YTAX =AY+ XY, o A X, Y
Then:
R R [ R [ R (A e [ e R K [ R 7

Theorem:

The necessary and sufficient condition of asymptotically stable task error vector 6 =0 is the Jacobians as-
sociated with obstacle avoidance o and reach goal g tasks and the Jacobians associated with separation task and
the augmented task og satisfy the independence condition:

p(37)+p(35)=r([3537])

T T TqT (19)
p(37)+p(35)=p([3795])
where p(.) denotes the rank of the matrix.
Proof.
A possible Lyapunov function candidate V (&): RY — R continuously differentiable is given by V (6—) = %&T& ,

whose time derivative is:

J, A— 2,6,
V=6'6=-6"|J, lu=-6" 23,356, + 2,3 N ;6
J, 203 da 6, + I NI} 6, +JSN09J5/J(&S)
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~2, 0 o |[ &
V=-[6, 6, 6] 4dgds 2 NJ; 0 &,
7330 AN IN I || u(6))
m, 0 0 o
V=-[6, 6, 6] my m, 0 | & (20)
My M;, Mg ﬂ(é's)J

due to the fact that: J N, =0, J,N,, =0, J;N,, =0.
m, 0 O G,
We have to prove that the function: V, = [50 Gy G ] m, m, O Gy is positive definite.
My M My /”(5'5)

Firstly, it is not difficult to claim that a necessary condition of the positive definiteness of V, is that two first
elements on the main diagonal m;, >0,m,, >0 and the function &6/Mu(&,) is positive definite. The ele-
ment m, is obviously positive as along as the gain 4, <0. The element m,, is positive if the obstacle
avoidance and reach goal tasks are independent, i.e., if condition (19) hold and the gain 4, >0. The function

G, My u(6,) is positive definite if the matrix M, is positive definite. To prove it let define the eigenvalues
of the symmetric positive definite matrix M,; as 0< A;; =4 <4, <---< 4, . Then we can rewrite:

6IMyat1(6,) = 46, u(6, )+ WG, u(6, )+ + A6, (6, )
Note that due to the fact that:
k6, <u(6,)<k6,,0<k <ky,i=1,2,,N

S0 we have: kﬁ <Gs|,u( )<k0'

Therefore 6]Myu(6,) is positive definite.

The NxN submatrix Mas is positive definite if the separation task is independent to the augmented Jacobian
obtained by stacking obstacle avoidance and reach goal tasks.

The sufficient conditions of the theorem follow from the following fact.

In the formula:

~2 ~2 ~T ~ ~T ~ AT ~ AT ~

V) =6emyy +65My, + 6 Myy1a(6 )+ 64,y 6, + 6 My G, + 6, My, 6, (21)
. R S ~2.
directly we have: &,m,; =—1,6;;

~2 _ + ~2.
GyMy, = A, J Ny J Gy

—|4,d,3,

o¥gYo

0' m,,c, = ~g||6'0|
and (see Lemma): 6{M;,6, = -1, 4, |6, |5,

G, M320' A 2,32 ||0' |||O' |

0, Msa/‘ >&3k "O' "
where: A, -the largest singular value of the matrix J.J;, 4, -the largest singular value of the matrix
JN,Jg .
So V; can be underestimated as:

V, 22,62 + 2, N 362 + Ak |6 — 2,9,35 |6

P AR LA (AR LA LA

It is convenient to rewrite the relation above to the matrix formalism:
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Vi 2||6,|| P|ls,
1] Llel
where the matrix P e R*? is defined as:
I, 0 0
P=|-43,9; 4,3,NJ; 0 (22)

/Io /131 _)“g Zsz kl&s

Order to V, is positive definite then P is positive definite, which means that that, having the scalar di-
agonal elements positive, is always positive definite according to Sylvester theorem:

2y <0 (23)
Ay >0 and J;N,J; >0 (24)
k,>0 and JN,JJ >0 (25)
T T
From (7): J,N,J; =1-J % Y _ <J9JZ)(J9J°) =1- |Jg' °L__ according to Cauchy-
"1, || T s, A

Schwarz theorem: KJg : JOT>

< ||J0|| ||Jg|| therefore J N J; >0, equal sign occurs if and only if J, and J, are

two vectors to linear dependence, J N,J; >0 if and only if J, and Jq are two linearly independent vectors. In
other words, (24) correct then the first equation of (19) is also true. Similarly, J NOQJ; >0 if and only if Jog

and J, are two linearly independent vectors, it is means (25) correct then the second equation of (19) is also true.
The theorem has been proved.

4. Simulation

In this section, we will give some simulation results for illustrating the analytical results. For each simulation,
the search space is set [500, 500]. The initial positions for the robots, obstacles, goal are randomly generated.
For the NSB search in this paper, N robots are used to search a single goal.

Figure 2(a) and Figure 2(b) shows the paths taken by the individual robots to converge at the goal using me-
thod of Null Space based Behavior control when the gains 4, is always negative definite and A4 is always positive
definite. It’s sure that the control algorithm following three goal tacks is:

1) Firtly: to avoid obstacles,
2) Secondly: to move to the goal,
3) Thirdly: to maintain swarm.

When /4, is positive definite or A4 are negative definite, apparently through Figure 2(c)) we can observer that

a few robots unavoidable obstacle or swarm not converged at the goal (Figure 2(d)).

500 I f / 500 Obstacle 500 500
400 5% k{«} '/ -1 400 o\\e\ Jeosailf /] 400 400
\ : o
300 -t é s0all 300 @ Goall 300 300
o} o

200 o= ci] 200 | - s 200 200
100 oot «i» NN 100 - B 100 R TR 100 B/

0 0 : : 0 i i ; 4 0 iR e @

0 100 200 300 400 500 0 100 200 300 400 500 O 100 200 300 400 500 “0 100 200 300 400 500

(@) (b) © (d)

Figure 2. Simulation results the process of moving of the swarm robots to the goal. (a) N = 21, 4, =-1.5, 4, = 0.05; (b) N =
41, A,=-0.5, 4, =0.05; (c) N =21, 4, =0.5, 44 = 0.05; (d) N = 13, 4, =—1.5, 44 = —0.05.
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Simulation results have confirmed the correctness of the algorithm and stable conditions of the implementa-

tion process of the mission objectives.

5. Conclusion

This paper proposed a control solution to the swarm robot by constituting the method of NSB control and built the
control law, simultaneously proved the convergence of algorithm based on Lyapunov theory. Simulation results
show that: the swarm robots avoided obstacles and found the goal after moving in a determined time. The results
of this paper show that applying of NSB to solve collective search problem in the obstacle environment is very
practical and efficient. In the future, we are going to consider the swarm robots operate in an environment with
more rugged terrain, can be utilized for hazardous tasks such as landmine detection, fire fighting, military sur-

veillance.
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