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1 | INTRODUCTION

Considerable attention has been paid to coordination of multiagent systems in the past decades because of its wide appli-
cation in many fields, such as distributed computation, mobile robots formation, and intelligent transportation systems.
Consensus problem, which is a fundamental problem in multiagent systems, aims at making a group of locally interacting
agents reach an agreement upon some quantities of interest. So far, lots of work has been done under different contexts,
such as communication delays,! noise,? quantization,’ states constraints,* and fast consensus.>

In most of the existing literature on the consensus problem, the agents are cooperative to achieve the global goal.
However, some agents may become noncooperative or even malicious when the network is suffering malicious attack or
platform-level failures, which will lead to degradation of system performance and even failure of the global goal. There-
fore, it is of great importance to consider how to improve the algorithms to avoid system performance being influenced by
such compromised agents. Resilient consensus, as a special case of consensus, has long been studied in computer science.
A class of algorithms where each normal agent disregards the most deviated agents in the updates has been extensively
used for resilient consensus and is often called the mean subsequence reduced (MSR) algorithms.® However, this strat-
egy had been studied mostly under complete graphs. In Reference 7, a new concept in graph theory, termed r-robustness,
was introduced to study resilient consensus in noncomplete networks. Afterward, a lot of excellent work emerged in
discrete-time setting by employing the concept of network robustness and MSR-type algorithms. In References 8 and 9,
resilient conditions were obtained for second-order multiagent systems under DP-MSR algorithm, which took an adapted
form of the MSR-type algorithms for second-order multiagent systems. In Reference 10, SW-MSR algorithm, which
extended MSR-type algorithm by introducing a sliding window, was introduced for multiagent systems with time-varying
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network topologies. To reduce the communication burden, E-MSR algorithm, which introduced event-based update rule
to MSR-type algorithms, was proposed in Reference 11 for first-order multiagent systems to reach resilient consensus. In
References 12-16, resilient consensus results were given in continuous-time setting. In Reference 12, ARC-P algorithm,
which is a continuous-time variation of the MSR, was proposed to solve asymptotic consensus under totally bounded
malicious model. In Reference 14, DRSC algorithm, which is an improved ARC-P algorithm, was proposed for nonlin-
ear multiagent systems with communication delays to reach resilient consensus. In Reference 17, resilient consensus
problem was studied for multiagent systems with both continuous-time and discrete-time subsystems.

Heterogeneity is an important feature of multiagent systems. The agents in one group often have different dynamics
due to various restrictions in practical application. There has been a lot of work studying on coordination of heteroge-
neous multiagent systems. In Reference 18, the authors investigated output consensus problem for heterogeneous linear
multiagent systems. In Reference 19, an event-based communication strategy was proposed for heterogeneous linear
multiagent systems to solve leader-follower consensus problem. The authors of Reference 20 investigated containment
control problem for heterogeneous linear multiagent systems. In Reference 21, adaptive algorithms were designed for a
group of agents with nonidentical nonlinear dynamics to reach consensus. The authors of References 22 and 23 studied
the consensus problem for hybrid multiagent systems consisting of continuous-time and discrete-time dynamic agents.
In Reference 24, a game-theoretic approach was adopted to solve the consensus of hybrid multiagent systems. In Refer-
ence 25, multitarget tracking problem was studied for a group of heterogeneous inertial agents using the decomposition
approach. This article focus on resilient consensus of heterogeneous multiagent systems composed of first-order and
second-order integrator dynamics. A power transmission network including generator buses and load buses is a good
example of such heterogeneous multiagent systems.?s In Reference 27, the authors implemented a secondary control for
paralleled inverters using this heterogeneous multiagent model to regulated the frequency. Due to its potential applica-
tions, a lot of work has been done on this type of multiagent systems. In References 28 and 29, the authors obtained some
sufficient conditions for consensus of this type of heterogeneous multiagent systems in continuous-time setting in Ref-
erence 28 and discrete-time setting in Reference 29. The work in Reference 28 was improved to containment control in
Reference 30. In References 31 and 32, group consensus was studied for the heterogeneous multiagent systems.

Inspired by the work above, we study the resilient consensus problem for heterogeneous multiagent systems in this
article. We aim to make a group of normal agents to reach consensus in presence of malicious agents. The difficulty of
this problem comes from the presence of malicious agents and more complex system dynamics. The main contribution
of this article is threefold. First, the resilient consensus problem is investigated for the heterogeneous multiagent system
composed of first-order and second-order integrator agents. Such system has many applications, but exhibits more com-
plicated dynamics in comparison to the homogeneous systems with identical dynamics agents.” MSR-type algorithm is
proposed and sufficient conditions are obtained for resilient consensus under the f-locally bounded model. When there
are just second-order agents in heterogeneous multiagent systems, the constraint on control gain is looser than that in
Reference 8. Second, considering the agents might not have access to the current data of all neighbors simultaneously in
practice, we extend the results to heterogeneous multiagent systems with communication delays. Moreover, a modified
update algorithm is introduced for resilient consensus with switching topologies. Third, sufficient conditions in terms
of graph robustness are obtained for resilient of heterogeneous multiagent systems with impulsive control input and
quantized relative information.

This article is organized as follows. In Section 2, some mathematical preliminaries are presented. The resilient con-
sensus problem is discussed in Section 3. In Section 4, the simulation results are given to show the effectiveness of the
obtained results. Section 5 is a brief conclusion.

2 | PRELIMINARIES
2.1 | Notation and graph theory

Throughout this article, we denote the set of real numbers by R and the set of nonnegative integers by N. Let |S| be the
cardinality of a set S. The set union and set difference operations of two sets S; and S, are denoted by S; U S, and S; \ S»,
respectively.

A directed graph is denoted by G = (V, £, A), where ¥V = {1,2, ... ,n} is the node set, £ = {¢;} €V x V is the edge
set, and A = [a;j]nxx is the weighted adjacency matrix. The edge (j, i) € £ indicates that node i can receive information
from node j. If (j, i) € £, a; > 0 and a;; =0 otherwise. Note that for directed graph (i,j) € £ does not necessarily imply
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that (j,i) € £. The graph is assumed to be simple, namely, (i,i) ¢ &, Vi € V. For node i, the set of neighbors is given by
Ni={j:(.D)eéE)
Definition1 (7). For r€N, aset S C V is said to be r-reachable if there exists a node i € S such that |N; \ S| > r.

Definition 2 (7). For r €N, a graph G is said to be r-robust if for any pair of nonempty, disjoint subsets of V, at least one
of them is r-reachable.

2.2 | Model description

In this article, we consider a heterogeneous multiagent system composed of first-order and second-order integrator agents.
The dynamics of first-order integrator agents is as follows:

Xi(8) = w(0), €))

and the dynamics of second-order integrator agents is as follows:

X;(8) = vi(0), Vi) = u;(0), (2)

where x;,V; € R are, respectively, the position and velocity states of agent i, u; € R is the input of agent i.

This article considers a partition of the agents. An agent i is called normal if it applies a predefined control input.
Otherwise, it is called malicious and its input can be arbitrary. We assume there are n agents with communication graph
G=(V,¢&, A), and there are at most f malicious agents in the neighborhood of each normal agent. Let 7; = {1, ... ,n1},
L={n+1,..,n+n},and Iz = {n; + n, + 1, ... ,n; + np + n3}, where n; + n, + n; =n denote the sets of normal
agents with first-order dynamics, normal agents with second-order dynamics and malicious agents.

We investigate resilient consensus problems in a sampled-data setting, where the sampling interval is h. First, we
study the case that the control inputs are based on zero-order hold. Thus, the discretized model of normal agents can be
written as:

x;(k) = x;(k) + hu;(k),i € 1, 3)
xi(k) = x;(k) + hvy(k) + h?zui(k),vi(k + 1) = vi(k) + huy(k), i € 1,

where we omit the sampling time interval to simplify the notations.

Definition 3. The heterogeneous multiagent system is said to reach resilient consensus if for any set of malicious agents,
any initial states and any malicious inputs, the following conditions are satisfied:

1. Safety condition: there exists an interval S C R such that x;(k) e Sforalli € 7, U I,k > 0.
2. Agreement condition: there exists ¢ € R such that klim xi(k) =c,Vie I U T, and klim vi(k) =0,Vi € I,.
—+00 —+0oo

3 | MAIN RESULTS

In this section, we first outline the proposed algorithm and then present the conditions in terms of graph robustness for
resilient consensus under the proposed algorithm.

For the case that there is no malicious agent, that is, f =0, the following distributed protocol is often adopted for
consensus

2 a5k — xi(k)), i€,

wik) = 37 )
Y a;(5k) — xi(k)) — avi(k), i € T,

JeN;



4 Wl LEY ZHU ET AL.

where q;; is the entry of adjacency matrix .A and a > 0 is a control parameter. In Reference 29, the authors showed that by
properly choosing « and h, the heterogeneous multiagent systems can reach stationary consensus if the communication
graph has a spanning tree. However, this distributed protocol cannot solve resilient consensus even if the communication
graph has a spanning tree.

Inspired by the work in References 7 and 8, we propose the heterogeneous position-based mean subsequence reduced
(HP-MSR) algorithm for resilient consensus. The specific steps are as follows:

1. At time step k, each normal agent i receives the relative position values of its neighbors, that is, xj(k) — x;(k), j € Ni
and its velocity value v;(k), and sorts the relative position values from the largest to the smallest.

2. Agentiremoves the f largest values that are larger than zero in this list. If there are less than f such values, all of them
are removed. The similar removal process is applied to the values that are smaller than zero. The set of neighbors
which are removed by agent i at time step k is represented by R;(k).

3. Agent i updates its state by:

2 ay(xk) —x(k), i€,

ui(k) — JEN\R(k) (5)
Y a(gk) = xi(k)) — avi(k), i€ L.
JENA\R(K)

Lets; = min { min x;(0), mm <xi(0) + svi(0)>>,s2 = max ( max Xx;(0), max <xi(0) + %vi(O))> and S={[s1,5,].

i€ v, ie1 VT,
In the following, we will present the resilient consensus conditions and show that the safety condition holds with the
interval S.

Theorem 1. Suppose h < 5 » and 2, /Z]e Njer, i <@ < \/_ . Under the f-locally bounded model, the heteroge-
jeNier; Yij

neous multiagent system using HP-MSR algorithm with control mput (5) can solve the resilient consensus problem if the
communication graph G is (2f + 1)-robust.

Proof. For normal agenti € I, , the discretized model under (5) can be written as:

xk+D)=x+h Y a0k —x(K)). (6)
JEN\R, (k)

For normal agent i € I, define x,,1n+i(k) = xi(k) + %vi(k) and the discretized model under control input (5) can be
written as:

hz
xik+1) =500 + vt + | ¥ ay0gk) —xi(k) - avi(k)
JEN\R; (k)

h
= xi(k) + (h - —a> vi(k) + 3 Y ayoek) - xi(k)

JENAR, (k)
=%+ <h7“ - h—“) Gt =) + 2y ) ~ k), )
JENAR, (k)
and
Soyngnie+ 1) =k + 1)+ 2uie +1)
2,2 2
=) + <% - hT“> Congon, i) =500 + 2D gy —x(k)
JENAR, (k)
2h

+ Vz(k) +— aij(x(k) = x;i(k)) — 2hv;(k)
“ ]e-/‘fi\zki(k) Y
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2 2.2
= Xaganeih) + <% " %) > a0 =500 + (2 + T 050) = i, 14060

JENAR; (k)
h?2  2h
= Xpytn,+i(K) + <? + —) 2 a;j(X(k) — Xp,1n,4+i(K)) + BRI (X (K) = Xy, +i1(K)), ®
&7 jeN R o
h h? 2h
where f(k) = : - _ZjeJ\f\R 0%~ —z,eN\R o %ij-
Fori e Iz,from 24/ Zjen ier, % < it has 2 — 12 T jeN )R,y @ > 0and hza - %Z,eN\R & @ > 0. Hence, (k) > 0.
\/' 1 h2a Ra® | W h
From 0 < a < ,ithas0 < 7 < 7 +T < 1.1t follows that 0 < —" - T <L T -+ S Yenrm @ <5 <1
I
andﬁ(k)+< 2 )ZJEN\R(}() aj == +T <l
LetZy ={n+ 1, ...,n+ny}andx;, i € 1, be the position state of agent i. Thus, there are n; + 2n, normal agents with

dynamics shown in (6), (7), and (8). We use the directed graph ¢’ = (V’, £’, A’) to describe the communication among
agents, where V' = VuUTI,and A’ = [alf].](n+n2)x(n+nz). According to the analysis above, we know the weights in A’ satisfy
that hzje N, a;j < 1fori € I; U I, U 1, which implies that the position value of each normal agentin ¢’ at k + 1 is a convex
combination of values of i and its neighbors in ¢’ at time k. Let y be the minimum nonzero element of ha;j, ieLUuI,Ul,.

We check the robustness of the graph ¢'. For any pair of nonempty, disjoint subsets S; and S, of V’, we consider the
following two cases.

(i) The first case is that S; C I, for some i € {1,2}. In the graph ¢, we know from (7) and (8) that each agent i,i € 1,
keeps all its neighbors in G, which are also the neighbors of agent n, + n; +i. By (2f + 1)-robustness, it is easy to
know that each agent i,i € V has at least 2f + 1 neighbors from V in G. Thus, agent n, + n; +i also has at least 2f + 1
neighbors from V in ¢'. It follows that S; is (2f + 1)-reachable.

(ii) The second case is that S; ¢ I, for all i € {1,2}. It implies that the disjoint sets S; NV and S, NV are nonempty.
Therefore, by (2f + 1)-robustness of G, there exists an agent i, i € S; NV for some i € {1,2}, having at least 2f + 1
neighbors from the set V \ S;. Note each agent i,i € V in ¢’ keeps all its neighbors in G and ¥ C V. Thus, the agent
i has at least 2f + 1 neighbors from the set V' \ S; in ¢/, that is, S; is (2f + 1)-reachable.

Thus, we can conclude that the graph ¢’ is (2f + 1)-robust.

We next show that the interval S satisfies the safety condition. Define xy;(k) = max x;(k)andx,(k) = min x;(k).
ie1,uT,uI, ieT,uL,VI,

Thus, S =[x,,(0),x(0)]. According to HP-MSR algorithm, if agent i has some malicious neighbors with values outside
[xm(k), xp (k)] at time k, they will be removed. Thus, it holds that x;(k + 1) € [x,(k), xa(k)], which implies that x,(k)
is nonincreasing and x,,(k) is nondecreasing. Hence, it has x;(k) € [x,(0), xp/(0)] for k >0, which means S is the safety
interval.

In the rest of proof, we establish the agreement condition. Let V(k) =xp(k) — X, (k). Take £9 = nV(0) with # € (0, %]

and g1 = yé&x, k > 1. Define sets
Hi(k,ex) ={j € Ti1UI, U1, : xj(k) > xp(0) — £x},
and
Hyk,er) ={j € LLUI, U1y @ x5(k) < xn(0) + &1 ).
Itis obvious that the sets H;(0, £9) and H,(0, £¢) are nonempty and the sets H;(k, €x) and H,(k, ;) are disjoint by ¢ 1 < €.
If the disjoint sets H;(k,ex) and H,(k,e;) are nonempty, considering a normal agent j¢& H;(k,ex), that is,

xj(k) <xm(0) — €, it has

Xtk +1) < (1 = y)xp(k) + y(xp(0) — 1)
<A = y)xp(0) + y(xp(0) — £1)
= xm(0) — yex,

= xM(O) — Ek+1,
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where we have used the fact each normal agent in ¢’ updates its position value by a convex combination of its own value
and the values of its neighbors with coefficients bounded below by y. Thus, j & H;(k + 1,6 +1). Similarly, we can show
that if j & Hy(k, i), then j& Hy(k+ 1, eg+1).

Since graph ¢ is (2f + 1)-robust, there exists an agent j, j € H;(k, £x) for some i € {1, 2}, having at least 2f + 1 neighbors
outside of its set. Suppose j € Hy(k, £x). Note there are at most f malicious agents in the neighborhood ofj. Therefore, agent
Jj has at least f + 1 normal neighbors outside H;(k, €¢). According to HP-MSR algorithm, at least one normal neighbor
outside H,(k, ex) will be used by agent j to update its state. Hence, we have

Xi(k+1) < (1 = y)xp(k) + y(xm(0) — 1)
< xm(0) — yex,

= xM(O) — Ek+1,

which implies that j& Hi(k+ 1,6x.1). Likewise, if j€ H,(k,ex) has at least 2f +1 neighbors outside of its set, then
Jj & Ha(k+ 1,er+1). Since there are n; + 2n, normal agents in the network, by following the steps above, we can obtain that
there exists T < (n; + 2n,) such that for some i € {1,2}, the set H;(T,e7) becomes empty .

Suppose Hi(T,er) is empty, which implies that xp(T)<xp(0)—er. By xp(k+1)<xp(k) and er,1 <gy, it
has xpy(T + p) <xm(T) <xp(0) — e <xp(0) —€74p,p>1. It follows that xy(n; + 2n3) < xp(0) — €4,420,- Note that
Xm(n1 + 2n,) > X, (0). Thus, it has

V(n + 2ny) = xp(ng + 2n3) — Xpu(ng + 2ny)
< xm(0) — €n,+2n, — Xm(0)
=1 —ny" ")V (0).

Similarly, the inequality above holds if H,(T,er) is empty. Follow the steps above and we have for se N, V(s(n; +
2ny)) < (1 = ny™*#=)°v(0).

Similar to the analysis above, it can be obtained that V(s(n; + 2n,) + 1) < (1 — gy ™22V (D),1=1,2 ... ,ny + 21, —
1. Thus, it has SEIJEOV(S(nl +2n)+0)=0,1=1,2 ... ,n; + 2n, — 1. It follows that klim V(k) = 0, that is kl_i)rJrnoo(xM(k) -

—+0c0

Xm(k)) = 0. Since x;(k) and x,,,(k) are monotone functions and bounded by the interval [xs;(0), x,,(0)], they have limits.
Thus, it has klim xp(k) = klim Xm(k) = ¢, which implies that klim xi(k) = c,i € I; UI, U 14. Note for i € T, Xp,4n,+i(k) =
—+00 —+00 —+0c0

x;(k) + 2v;(k). Thus, it has klim vi(k) = 0, i € I,. This completes the proof. n
a —+00

Remark 1. We can modify the control input (5) as w;(k) = ZjeM\R[(k)aij((xj(k) - 1) — (k) —r)),i € I; and u;(f) =
Zje N_\R_(k)aij((xj(k) — 1j) — (xi(k) — 1)) — avi(k), i € I,, where r; represents the desired relative position of agent i in a for-
mation. Thus, the normal agents in heterogeneous multiagent will converge to the desired formation under (2f + 1)-robust

network.

Remark 2. 1t is worth noting the model transformation technique used in this article is not applicable for the case
that the control inputs of normal agents are continuous, that is, u;(t) = Zje M\Ri(k)aij(xj(t) —x(t),i € I; and u;(t) =
Zje M\R'(k)aij(xj(t) —x;(t)) — avi(t),i € I,. This is because the network topology does not maintain (2f + 1)-robust after

transformation.

Communication delay is an important issue in information exchange for multiagent systems. In practical appli-
cations, the interference of communication delays is inevitable, which may cause the divergence or oscillation of the
network system. Hence, we will study the resilient consensus with communication delays in the following. Considering
the communication delay, control input (5) can be modified as:

2 a0tk — (k) —xi(k), i€ T,

Mi(k) — JENA\R; (k) (9)
Y axi(k — (k) — x(k)) — avi(k), i€ I,
JENA\R; (k)

where the communication delay 7;i(k) € N and 0 < 7;i(k) < Tyax.
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. . . 2
Let s; = min min Xi(—7), min (xi(—'r) + —vi(—1)> , S; =max max x;(—7), max
i€ UT,,7€[0,7,,,,] i€1,,7€[0,7,,,,] a €T UT,,7€[0,7,,0, ] i€T1,,7€[0,7,,,]

(xi(—r) + fvi(—r)) ), and S=s1,s,].
In the following, we will extend the results in Theorem 1 to the multiagent systems with time-varying communication
delays and show the safety condition holds with the interval S.

1 V5-1
Theorem 2. Suppose h < S and 4 /Zje Nyier,@j <@ < —. Under the f-locally bounded model, the heterogeneous
system using DH-MSR algorithm with control input (9) can solve resilient consensus problem if the communication graph G

is (2f + 1)-robust.

Proof. Fori € 1, define X, 4, +i(k) = xi(k) + fvi(k). Thus, the discretized model of normal agents under input (9) can be
written as:

xl-(k + 1) = xi(k) +h Z alj(xj(k - Ty(k)) - xi(k)),i (S Il,

JEN\R (k)
e+ 1) =300 + (2 = 22) (o n, k) = xk) + 5 3 ayy(k - 7y(k) — 30, € I,
3 JENAR (k) (10)

Xy ny+i(K + 1) = X, 1n,4i (k) + PROOGKR) = Xy en,+i(K))

F(B+2) T ayyk - k) — X ani0),i € Lo,

JENA\R(k)
ha h2a? n? 2h
where k) = T + == = S Xievr,to®i ~ 5 ZjeN AR (0%
LetT,={n+1, ... ,n+ny}andx;,i € I, be the position state of agent i. Thus, we get a multiagent systems of n; + 2n,

normal agents with communication graph ¢’ = (V', &', A’), where V' = VU I4,and A’ = [a;j]. Take the parameters h and
«a satisfying the condition in Theorem 2. It has been proved in Theorem 1 that ¢ is (2f + 1)-robust and Zje N_agj < 1 for
ieLuI,Uul,.

We next show that the interval S satisfies the safety condition. Define xp(k) = . n%ax o ]xi(k — 1) and x,,(k) =
1€l,Ul,ul,,7€|0,7,,,,

1ot rrllin o ]xi(k — 7). Then, S =[x,,(0),x)(0)]. Note x;(k + 1) is a convex combination of values of i and its neighbors
1e,UL,ul,,7€(0,7,,,,

from time k to k — 7,4y If the values of agent i received from some malicious neighbors at time k are outside [x,, (k) xa(k)],
they will be moved by HP-MSR. Thus, it holds that x;(k + 1) € [x,,(k),xp(k)], which implies that x);(k) is nonincreasing
and x,,(k) is nondecreasing. Hence, it has x;(k) € [x;,(0),xp/(0)] for k > 0, which means S is the safety interval.

In the rest of proof, we establish the agreement condition. Let V (k) =xp (k) — X, (k). Take g9 = nV(0) with € (0, %]
and g1 = yé&; for k> 0. Define sets

Hi(k,er) ={j € iU I, U 14 : xi(k) > xpm(0) — €x}
and
Hyk,er) ={j € LLUIL, U1y @ x5(k) < xn(0) + €1 ).

It is obvious that the sets H;(0,e0) and H,(0,&,) are nonempty and H; (k,ex) and H,(k,ex) are disjoint by ex41 < &.
If the disjoint sets Hj(k,ex) and Hj(k.,er) are nonempty, considering a normal agent j¢& H;(k.er), that is
xj(k) <xm(0) — €, it has

xi(k+1) < (1 = y)xam(k) + y(xm(0) — k)

< xm(0) = exy1,

that is, j & Hy(k + 1, +1). Similarly, we can show that if j & H,(k,ex), then j & Hy(k+ 1,65 +1).

Since graph ¢’ is (2f + 1)-robust, there exists an agent j, j € H;(k,e) for some i € {1,2}, having at least 2f + 1 neighbors
outside of its set. Suppose j € H; (k,ex). Since there are at most f malicious agents in the neighborhood, agent j has at least
f+1 normal neighbors outside H;(k,e). By HP-MSR algorithm, at least one normal neighbor outside H;(k,ex) will be



8 Wl LEY ZHU ET AL.

used by agent j to update its state. Hence, we have

Xk +1) < (A = y)xp(k) + v (xm(0) — k)

< xp(0) — €gq1.

Analogously, it has that xj(k+p) <xy(0) —€r4p, p>1. From g 1 <egy, it is obtained that j & Hi(k+ Tyax +
1, €yr,, +1)- Likewise, if agent j € H,(k,gx) has at least 2f + 1 neighbors outside of its set, we can obtain that j ¢ H,(k +
Tmax + 1, 5k+rmax+1)~

Follow the steps above and we can conclude that there exists a time T < (Tpq + 1)(n1 + 21,) such that for some
i€ {1,2}, the set H;(T,e7) becomes empty. We assume H;(T,er) is empty, that is xp(T) <xp(0) — 7. Since T < (Tyax +
1)(n; + 2n,), it follows that xp((tymax + 1)1 + 212)) < xp(T) < xp(0) — e7 < x01(0) — E(T et 1), +21,) - Thus, we have

V((Tmax + D1 + 2n2)) = Xy ((Tmax + V(M1 + 212)) — X ((Timax + V(11 + 213))
< xm(0) — &z, +1)(n,+21,) — Xm(0)
— (1 _ ny(fmax+l)(n1+2n2)—l)V(O)-

Similarly, the inequality above holds if H,(T,er) is empty. Follow the steps above and we have for s € N, V(s(tqx +
1(ny + 2n3)) < (1 — gy FnatDm+2m))sy(Q),

Similar to the analysis above, we can obtain the inequalities V(S(zpmax + 1)(n1 +2n3) +1) <
(1 = gyt D2 () 1 =1,2 ..., (Tmax + 1)(n1 + 213) — 1. Thus, we have SEEEOV(S(M + 2n,) + 1) = 0. It follows that

klim V(k) = 0. Similar to the deduce in Theorem 1, we can get the resilient consensus is achieved. This completes the
—+00

proof. n

Remark 3. In fact, the results we have gotten can be extended to heterogeneous system with time delays under switching
topology by making a modification to the proposed algorithm. Different from step 1 of HP-MSR algorithm, at time k,
each normal agent i receives full relative position information from its neighbors during time interval [k — q,k], k > q.
In the case that normal agent i may receives more than one values from the same neighbor, agent i just stores the most

recent received value from its neighbor for later use. Then follow the step 2 and step 3 in HP-SMR. Take h < 5 1 ,
jGN‘I-jeI] ij

and /Zje Njer, @ < @ < % Similar to the proofs above, we can get the heterogeneous multiagent system using the

q
modified HP-MSR algorithm can solve the resilient consensus problem if the union of the switching topologies UQ((k -

=0
7)h) are (2f + 1)-robust for k > gq.

Impulsive control strategy enjoys many advantages, such as fast transient, less energy, and more flexible design. In
Step 3 of HP-MSR, normal agent i can update its state using the following impulsive protocol with sampled information:

Y | ¥ a0-x@)|st-n), iel,
JENAR (1)

W) =1 7 (11)
> g —xi(®) | 6t —tr) —avi(t), i€y,
k=0 jeM\Ri(t)
where §(-) is the Dirac function, the impulsive instants satisfy 0 =ty < t; < ... <f < ... ,klim ly =400, tgr1—tk=h
—>+0c0

and hy, @ > 0 are control parameters.

It should be noted that the system is running without any control when ¢ # ;. This is quite different from the control
inputs based on zero-order hold, where the control inputs are applied continuously through each sampling period. Let
51 = min < in x;(0), min (x;(0) + vi(O))>,sz = max < max x;(0), max (x;(0) + vi(O))> and S=[s1,5,].

i€1,ul, €1, i 1 iel,

i€, ie1,u1,
1 1
Theorem 3. Suppose h; < — and hY e ez, @ij + 5 < a < 1. Under the f-locally bounded model, the heterogeneous
system using DH-MSR algorithm with control input (11) can solve resilient consensus problem if the communication graph
Gis (2f + 1)-robust.
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Proof. Fori € I, define X, 1n+i(k) = xi(k) + vi(k). Thus, the discretized model of normal agents under input (11) can be
written as:

P

xik+ ) =xk)+h Y a0k —xk),i€ L,
JENA\R; (k)
L +1) = %00 + (1 = 00 n i = xN+h % a0 —x(k)).i € I, 12)
JEN\R(K)
xn2+n3+i(k +1)= xn2+n3+i(k) + Bk (k) — xnz+n3+i(k)) +2h Y a;(x;(k) — xn2+n3+i(k))’ e,
JEN\R; (k)

L

where X, 1n,+i(k) = xi(k) + hvi(k) and p(k) = 2a — 1 - Zthe NAR, (o i Following a similar proof to that of Theorem 1, we
can get that the heterogeneous multiagent system with input (11) can reach resilient consensus with safety interval S if
the communication graph G is (2f + 1)-robust. m

Remark 4. Considering the restriction of network bandwidth, the agents sometimes cannot acquire the precise relative
position information, but the information in its quantized form. Thus, the Step 3 in HP-MSR, agent i updates its state
using the following predefined control input:

mY | ¥ a0 —x)| st—n), i€,
=0 [JEN\Ry()

ui(t) = (13)

k
2[ > al-,-q<x,-(t>—xl-<t)>] 8(t— 1) — avi(t), i€ Iy,

k=0 [JEN AR

where g(-) is a quantizer.

Logarithmic quantizer is one of the commonly used quantizers. Define the set of quantization levelsas U = {+u;, u; =
plug,i=+1,+2, ... } U {+up} U {0}, where uy > 0 and accuracy parameter 0 < p < 1. A logarithmic quantizer g: R — R is
a map defined as: for a > 0, g(a) =u;, H%ui <a< 1i—éui, fora=0, g(a)=0and for a <0, g(a)=—q(— a), where § = ;—Z

From the definition, it can be derived that Va €RR, a — q(a) = Aa, where |A| < 6. Thus, the heterogeneous multiagent
systems with quantized relative information can be seen as a multiagent systems with time-varying weights. Suppose h; <

— 1 andh(+ 8) Y ien icr. dij + 1 < a < 1.Similar to the proofs above, it can be obtained that the heterogeneous
(1+5)2jeﬂi.i€llaij jeN,IET, 2

multiagent system with control input (13) can solve the resilient consensus problem if the communication graph G is
(2f + 1)-robust.

4 | SIMULATIONS

In this section, we will provide three examples to demonstrate the effectiveness of the theoretical results.

Example 1. Let us consider a heterogeneous multiagent system with a 3-robust interaction graph G shown in Figure 1,
in which 1 and 3 are normal agents with first-order dynamics, 5-7 are the normal agents with second-order dynamics,
and 2 and 4 are malicious agents with dynamics x,(k + 1) = —0.2k and x4(k + 1) = 0.2k. For simplification, we assume each
edge weight is 1. According to Theorem 1, set sampling interval h =0.1 and control gain @ = 3. We can see from Figure 2
that the consensus is not attained without using HP-MSR algorithm. Figure 3 shows the position trajectory of the system
using the HP-MSR algorithm. We can see that normal agents reach consensus as expected.

Example 2. For the case that there are communication delays between agents, we assume, for simplification reasons,
that each agent i has the same communication delays with their neighbors, that is, 7;;, = 7;;,.j1.j> € M. Specifically, the
communication delays are 7i; = 7, 73; = 2, 75; = 3, 7¢; = 7, 777 = 0. The simulation result is shown in Figure 4. We can see
that the resilient consensus is achieved, but the communication delays leads to slower convergence speed.

Example 3. For the case that the normal agents update their states via impulsive input, we take sampling interval h =0.05
and control gains h; = 0.1, « = 0.8 according to Theorem 3. We can see from Figure 5 that normal agents reach consensus
as expected.
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FIGURE 1 A 3-robustgraph
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5 | CONCLUSIONS

In this article, the resilient consensus was considered for a group agents with heterogeneous dynamics under directed
communication graph. HP-MSR algorithm was employed to mitigate the effects of malicious agents. We proved that
the resilient consensus can be achieved if the communication graph is (2f + 1)-robust. We further dealt the case with
communication delays. We showed that if the time-varying delays are bounded, the same conclusion can be drawn as
in the case without communication delays. Moreover, sufficient topological condition in terms of graph robustness was
obtained for resilient consensus with impulsive control techniques. For future research, it is interesting to consider the
resilient consensus of heterogeneous multiagent system with event-based control techniques. The other extensions of the
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FIGURE 4 Position trajectories of agents with
HP-MSR algorithm and communication delays [Colour

—-—-first-order agent
—— second-order agent | -
— — macious agent— — 1

figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Position trajectories of agents with HP-MSR 15 T T T T T

——first-order agent

algorithm and impulsive input [Colour figure can be viewed at 10 —— second-order agent | -

- = macious agent

wileyonlinelibrary.com]

results presented in this article is to further study this problem for heterogeneous multiagent system with general linear
dynamics.
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