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Abstract—This paper presents a sliding mode control (SMC)
method for the bipartite containment control of multi-agent
systems (MASs) under input and output quantization. First, an
observer based on the super-twisting algorithm (STA) is used to
estimate the unmeasured velocities of followers in finite time,
using only quantized position information. Second, an SMC
controller is developed to achieve bipartite containment control
for followers under input and output quantization. The stability
analysis ensures that sliding variables and bipartite containment
position errors converge within specified ranges determined by
the quantization parameters and STA-based observer parame-
ters. Finally, simulation results validate the effectiveness of the
proposed SMC method.

Index Terms—Sliding mode control (SMC), quantization, bi-
partite containment control, multi-agent system (MAS)

I. INTRODUCTION

In recent years, the cooperative control of multi-agent
systems (MASs) has gained significant attention for tasks such
as exploration of resources, marine geodesy and cartography,
and unmanned aerial vehicle swarm show [1]. Studies have
focused on fundamental MAS control mechanisms, including
consensus, formation, and flocking strategies [2]. Among
these, consensus has been a primary focus in cooperative
control research [3]. Consensus problems are typically divided
into three categories: leader-free consensus, single-leader tra-
jectory tracking, and multi-leader containment control [4].
Containment control, where followers move into the convex
hull formed by leaders, is particularly important for addressing
practical issues [5].

Quantization refers to reducing data size by representing
it with fewer bits or levels of precision, thereby conserving
network bandwidth and minimizing communication overhead
[17]. In practical applications, quantization control is widely
employed in network information processing [7]. However,
the discontinuity inherent in output quantization complicates
controller design and stability analysis, receiving considerable
attention [8].
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The super-twisting algorithm (STA) is extensively utilized
in controllers and observers due to its continuous control
signals and finite-time convergence properties [9] [10]. In
[11], an STA-based observer is developed to estimate velocity
and utilize actuator fault information to achieve multi-agent
consensus despite actuator faults. Additionally, [12] introduces
a third-order super-twisted extended state observer to estimate
the position and velocity of a sensorless drive system in inte-
rior permanent magnet synchronous motors. Furthermore, [13]
presents an adaptive STA-based observer with a predetermined
convergence time in discrete time.

SMC is extensively applied across various applications
due to its robust performance in the presence of external
disturbances and uncertainties [14]. A periodic event-triggered
SMC law is designed in [15] to solve the path-following prob-
lem of underactuated surface vehicles. The SMC is received
even more attention under the influence of quantization [16].
Therefore, designing a quantized sliding mode controller in a
MAS can enhance the robustness of the system while saving
communication resources. This approach reduces the need
for frequent updates of actuators, promoting energy efficiency
and minimizing wear. Since quantized SMC of MASs is less
researched, this paper investigates this direction.

The main contributions of this paper are summarized below.

1 In this paper, we address the bipartite containment con-

trol problem for MASs under both input and output
quantization. We propose a sliding mode control (SMC)
law specifically designed to tackle these challenges. The
bipartite containment control strategy exhibits superior
communication resource conservation compared to tra-
ditional strategies that only consider input quantization.

2 Given the availability of only quantized position signals,

we design a super-twisting algorithm (STA)-based ob-
server to use the unmeasured velocities of the followers
within a finite time frame. The observation errors from
this process are uniformly bounded and directly related
to the chosen quantization parameters, ensuring reliable
estimation performance.

3 Utilizing both input and output quantization, we develop

a distributed control scheme that leverages the estimated



velocities. The stability of the MAS, despite external
disturbances, parameter uncertainties, and the constraints
of input and output quantization, is rigorously proven us-
ing the Lyapunov function. Additionally, we analytically
determine the upper bounds of the bipartite containment
position errors, demonstrating their dependence on the
quantization parameters and the parameters of the STA-
based observer.

Notations: R, R™, and R™*" denote the sets of all real
numbers, n X 1 column vectors, and n X n real matrices,
respectively. (-);; represents the element of a matrix in row
i and column j. For a matrix A, AT and A~! denote its
transpose and inverse, respectively. For x € R"™, ||z| and
|z]|lcc denote the Euclidean norm and the infinity norm of
x, respectively.

II. PRELIMINARIES AND PROBLEM FORMULATION

A. Algebraic Graph Theory

This paper discusses MASs consisting of M leaders and
N followers. The communication network topology is rep-
resented by a directed graph G = {V,€}, where V =
{v1,va,...,un+n} denotes the set of nodes, and & C
{V x V} denotes the set of edges. (v;,r;) € & indicates
that the information of the jth agent can be used for the
ith agent and the opposite is false. Self-edges are not al-
lowed in the graph, i.e., (v;,v;) ¢ £. In a signed graph,
the nodes set consists of two subgroups V; and Vs, where
ViUV, = V and V; NV, = (. Consider the adjacency
matrix A = [a;;] € RNHMIXIN+M) of 3 directed graph
G = {V,&}, if there exists an edge (v;,v;) € &, then
a;; =1 (v;,v; € Vg, ¢ = 1,2), which denotes the cooperative
interaction, and a;; = —1 (v; € Vp,v; € Vg,p,q =
1,2,p # q), which denotes the antagonistic interaction, and
a;; = 0 otherwise. Then the in-degree matrix D is rewritten
as D = diag{dy,ds,...,dn+n}, Where d; = Z;VZJEM |ai;
and the Laplace matrix L is rewritten as L = D — A with
liz = dy and l;; = —ay; for © # j. By using (1), the Laplace
matrix is normalized to obtain /.

By normalizing the Laplace matrix L of the directed graph
G={V,E&}, we get

)

;= TJ v € L, (1)

0, otherwise

Then the normalized directed Laplacian matrix ¢ can be
rewritten as

12 ly

E =
OmxnN  Omxm

2

RNXN, 62 c
_£f1€21kfx1 = 1nx1.

N xM
R s

where ¢; € and satisfied

B. Quantizer

For saving communication resources, we consider the com-
munication signals among leader and followers are quantized.
We use the uniform quantizer which is defined as

4(¢) = round (Z) 3)

where ¢ € R is the input of the quantizer, ¢(¢) is the quantized
value and p > 0 is the quantization parameter. Define the
quantization error as e; = ¢(¢)—¢. It follows that |e¢| < 0.54.

C. Problem Formulation

The dynamics of the ith follower are described by (¢ =
1,...,N):

i'i = V4,
. “)
Vi = Uu; + f (miavht) + dZ

where z; € R", v; € R" represent position and velocity of
the +th follower, respectively, u; € R™ is control input of the
ith follower. And f (x;,v;,t) is a nonlinear function, d; is an
external disturbance.

Definition 1. Let there exist a set Cy, C R". For any Z, § €
Ch, and 0 € [0, 1], C}, is said to be a convex set if the point
0z + (1—0y) is in Cy. Given the convex hull Co(x) which is
the minimal convex set containing all points in y using a set
of points x = {x1,Xx2,---,Xxn~}, and is defined as Co(x) =

{Zi]\il Oixilxi € x,0; > O,ZL 0; =1}.

Assumption 1. Given a se(j‘luence of positive constants
K1, K2, ..., k) satisfying Zzil k; = 1, for any vy, z, vy,
zi € R, i =1,2,... M there exist two constants 1,72 > 0

satisfying

M
||f (ya th) - Z Hif (y7.7 Ziat) ||oo
i=1
M M %)
<mlly - Z Kililloo +72ll2 — Z KiZill oo
i=1 i=1

The control objective of this paper is to design STA-
based state observers and distributed bipartite containment
controllers for MASs in the presence of unmeasured velocities
and input and output quantization to make the position of each
follower satisfy

{anoo In1; — h(t)|| < d,i € ©

lim; o0 HT]M + h(t)” < (5,Z € Vo

where h(t) € Co{ni(n+1),-- - (N+)} denotes the convex
hull formed by leaders, and § > 0 is a constant.



III. BIPARTITE CONTAINMENT CONTROL WITH OUTPUT
AND INPUT QUANTIZATION

Define the error functions as

N+M

Z ai; (sign (asj) x; — x;)

=1 .
NJ+M i=1,2,...,
Eyi = Z a;; (sign (a;j) vi — vj)

Jj=1

€xi =

N (D

We can get é,; = e,;, and according to (7), we obtain
N+M

byi = Z |aij| (f
j=1
Zau Z aUIJ
Jj=N+1
®)

where gi(t) = 32305 lais|di(£) = 3251 ajd; (1) with (1) <
2dma:v~
The sliding mode variable s; is designed as

(i, vi, t) +u; (t))

N+M

+ gi(t (xj,v5,t) +uy (t

Si = Ceqi + €y; &)
From (8)-(9), the derivative of s; becomes

572 =C€y; + f (xiv (%7 t) + u; (t) + gl(t)
N

- Z Qg (f(
j=1

By using the SMC technology and from (10), the control
input of the :th follower can be taken as

N+M

= gy 1O

Jj=N+1

xj?”]? +uj

u;(t) = — ceyi — f (5,0, t) — Ksign(s;)
N N+M
+Zaij (f ($j7’()]7 ) + uj Z a’l]xj
j=1 j=N4+1

(11)
where K > 2d,,44-
Substituting the quantized control input into (3), we obtain

J"’L ,UZ’
where 4;(t) = ¢ (u;(t)). Let the quantization error of control
inputs be e,;(t) = u;(t) — w;(t), which satisfies ||ey;||co <
0.5.t.

In practice, the agent’s actual position can be accurately
obtained by GPS, but the velocity cannot [17]. Therefore,
this paper considers a situation where the velocity is not
measurable. Then, the STA-based observer is used to observe
the velocity. The input signal of the STA-based observer is Z;,
i=1,...,N, k=1,...,n. Let T;; and v;; be the estimates
of signals z;; and v, respectively. The STA-based observer
equation is described as follows

{fik = Ui — k| T — 2| 2 sign(Zap, — Zar.) (13)

Uik = frie(Ti, Vi, t) — kosign(Zi, — Zik)

where f1;5 is the kth element of f1;, k1 and k5 are the observer
parameters, and f1,(Z;, U;,t) = f(Z;, Ui, t) + ;.

Define the observation error variables Z;, = Z;r — T;% and
Vi = Uik — Vik. According to (12)-(13), the observation error
equation is described as follows

L ~ _ A 1. _ ~
Ty, = Uik — k1|Zik — Tix| 28ign(Tin — Ti) (14)
Uik = Frin(xq, T4, 3, 0;) — kosign(Zi, — Ti)

where  Fy(x;, Ti,v;,0;) is  the kth  element of

Fii(wi, T, 0;,0;) and Fy (4, 4, v, 0;) J1i(Ts, 03, 1) —
fri(xi,vi,t) — 4; — d;(¢) is the aggregate uncertainty of the
system.

Assumption 2. [18] The aggregate uncertainty term Fiy; is
bounded and the upper bound is known, i.e. there exists a
known positive constant L such that | Fy (25, Z;, v;, 0;)| < L.

Theorem 1. Consider the MAS (12) and the STA-based ob-
server (13) with only uniformly quantized values of x;; are
available. Under Assumption 2, if the observer pa.rameters

satisfy the conditions &k > p and ko > 3L + kz , the
observation error converges in finite time to
Gl < xa (15)

where ¢; = [Cui, Cai]T =

Amax{P}= =
Amin{P} ™ —

T
[|53ik\1/2 sign (iik),ﬁik] s Xi =

(CATES TN i R gy

(1-F)Amin{Q}

0, = p%2+1, and & € (0,1) is a constant. Matrices
Q = gi1  qi12 and P — P11 P12 are sym-
qi2 422 P12 P22

metric matrices with ¢11 = K (2ky + ki —2L) /2, qu2 =
—k1 (k1 4+ 2L/k1) /2, g2 = k1/2, p11 = 2ko + k}/2,
p12 = —k1/2, and paz = 1. And settling time of convergence
Tsi is

oNE

max 1 ~ 1

2 (VR (14(0)) = Maa { PYE]
Ty [V H(0) = Nuas (P)
Detailed proof can be found in reference [10].

With only the quantized information being available, the
tracking error e;; and e,; as defined in (7) become

Ty = (16)

N+M
ém‘ = Z Qi (sign (aij) .’IA?@ - .’ITJ)

j=1 _

Y i=1,2,...,N (17)
€pi = Z Q5 (sign (aij) V; — @j)

j=1
Due to quantization, the control input of the ¢th follower as
defined in (11) become

ul(t) =—céy; — f (QAZ‘Z, V;, t) — Kisign(éi)
N N+M
+ Zaij (f (&5,95,1) +0;(t Z a”xj
j=1 J=N+1

(18)



where
(19)

We present the analysis to show the sliding variable s; can
converge to a bounded region in finite time.

Theorem 2. Consider the MAS (12) with the sliding variable
(19) and the SMC strategy (18) by using the quantized outputs
and inputs information. If control parameters satisfy

K, =2(c+v)xi+ 1 +7)p+2dnae +€ (20)

where € > 0 is a small constant, then the sliding variable
s; can converge to the region ||s;||c < cp + 2x; and the
overall bipartite containment position errors of each follower
can converge to the region

éi(t) = €y + €yi-

Ny e0 ||71s — h(1)]| < Y24 o )y
{hmw i+ Q)] < LR ey D
where ¢t =1,2,...,N.
Proof: Define the Lyapunov function as V; = ésszl.

Considering R (1;) ~ R(1};) and substituting (18) into (10),

we have

f(xzavzv ) + Cui + CEypi — Cém’
N
+Zaij (f(l'j,’l}j,t) f(mjavjat))
j=1
N+M N
+ Qij (% — ) + ) ag (i(t) — d; (t))
j=N+1 Jj=1
— K;sign(38;) + gi( ))
(22)
From (3), we have
€2:(8) = €xi ()|
‘ N+M N+M
s DIRTCERED SEMCEEAY
= = (23
N+M
=||€1i — Z Qa;je1;
j=1 o0
From el < 0.5p Jle1jlle < 0.5u, and

1205 aijerslloo < 051, we have [[épi(t) — exi(t)]|oo < po.
Slmllarly, we get ||€yi(t) —eyi(t)|loo < 2x;. From Assumption
1, it follows that

IS (i, vi,t) = f (&, 0i, 1) [|oo
<nllzi = &illoo + y2llvi — Tilloo (24)
% + Y2 Xi-
After applying (23)-(24) to (22) yields
V; SZ |sik| (2(c+v2) xi + (1 +71) )
s (25)

+ 5] (—Ksign (3;) + gi(t))

Noting the term sgn (3; (t)) € R? in (25), we now establish
the set Y, where it is possible sgn (3;x(t)) # sgn (s (t)),
k=1,....n

The difference between the sliding variable §;, which is
affected by quantization, and the sliding variable s; staisfy

13i=silloc = llc (éxi — €ai)+(Evi —

For (ezi,evi) ¢ Yix, k = 1,2,3, we have sgn(§;) =
sgn(s;). According to the condition (20), (25) becomes

V<> Jsul (2
k=1

ST (- Ksign 5) + 0.(1)

(c+v)xi+X+m)p)

27)
< —€ Z |sikl
k=1
< —\/iaVi%
The settling time can be calculated as
1
Ti:TsiJr%,i:l,Q,“.,N (28)

which means that the sliding variable s; of the ¢th follower
must enter the quasi-sliding mode bound when ¢ > T;.

Next, we show the actual position of followers and the
farthest distance at corresponding the convex hull. According
to (9) and (26), we obtain

lexs(Oll = lexs(0)e~ + /

t

< lexi(0)]le™" + v/n (cu + 2Xi)/ e=ct="dr
0

v (cp + 2x:)

t

eic(tiT)S(T)dTH

—ct
- (1—e™).
(29)
Since ¢ > 0, we have |le,;(t)|| < M as t — oo.
Therefore, the distance between the position of the ¢th follower
and ideal position should satisfy

= Jleai(0)fle™" +

. n(cu + 2x;
tim s — At < YLt 200)
t—o00 C
This ends the proof. [ ]

IV. SIMULATION RESULTS

In this section, we give a simulation to demon-
strate the bipartite containment control for MASs. Con-
sider the MAS consisting of three leader agents and
four followers. The trajectories of each leaders are
x5 = [0.1¢, 255111( + 10, arctan(2 cos(go))]T, xg =
[0.1¢,2.58in(55) — 10 arctan( COS(SO))] and x7 = [0.1t +
3,2. 5$1n(30 +1) 2, arctan(3 cos(30 +1))] . The initial po—
sitions of the followers are given as x; = [—5.625,9.325,0]%,
zy = [-3.75,-3.75, 317, x5 = [0,3.75,37])7, and 4 =
[—3.75,—9.375, %’T]T. The initial velocities of all followers
are [0,0,0]7. The external disturbance to the followers is
di(t) = [sin(0.2t 4 £ ) +2rand() — 1, cos(t — %) + 2rand() —
1,0.1 cos(t)+2rand()—1]7, where rand() is a random number

30)
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Fig. 1. Trajectories of all agents.
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Fig. 2. Velocity observation errors of followers.
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Fig. 3. The sliding variables of the followers.

ranging from zero to one. The parameters of the sliding mode
controllers are selected as ¢ = 1 and x = 0.1. The quantization
parameter is p = 0.01.
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Fig. 4. Bipartite containment errors of followers.
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Fig. 5. Control inputs of the first follower agent.

Fig. 1 shows the trajectories of all agents during the interval
from O to 300 seconds. The figure highlights four specific
moments: t = 75s, 150s, 225s, and 300s. At these times, the
follower agents are seen entering the convex hull formed by the
leaders and the symmetric convex hull. Fig. 2 indicates that
the velocity observation errors for the STA-based observers
can converge to a bounded region in a finite time, as given
in Theorem 1. Fig. 3 illustrates the sliding variables s; of the
four follower agents. It is evident that the sliding variables
sik With k = 1,... n converge to a bound. The bounds Y;;
and the settling time of the sliding variables are provided in
Theorem 2. Fig. 4 presents the containment position errors of
three follower agents under input and output quantization. To
save space, only the control inputs of the first follower agent
are shown in Fig. 5.

V. CONCLUSION

In this paper, we studied sliding mode bipartite containment
control for MASs under input and output quantization. We
addressed the challenge of unmeasurable follower velocities by
designing an STA-based observer to estimate these velocities



within a finite time. Using quantized position and observed
velocity information, we developed a distributed bipartite
containment control law that enables the followers to converge
near the convex hull formed by the leaders and the symmetric
convex hull. Our analysis shows that the sliding variable and
bipartite containment position errors converge to a bounded
region determined by the quantization parameters and the
upper bound of observation errors. Simulation results support
our theoretical findings.
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