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Nonovershooting Bipartite Output Regulation of Linear Multi-Agent
Systems
Hassan Dehghani Aghbolagh1 , Robert Schmid2 , Mohsen Zamani1 , and Zhiyong Chen1
Abstract— We consider the problem of output regulation
for linear multi-agent systems over signed digraphs. A design
method is presented that solves the bipartite output regulation
problem and also ensures that all agents track the desired
reference signal without overshoot in their transient response.
Finally, the results are validated via a numerical example.

I. I NTRODUCTION
The classic output regulation problem is central to modern
control theory. The aim of the problem is to design a
feedback controller which internally stabilizes the system
while rejecting the disturbances and ensuring the output
converges asymptotically to the desired reference signal. The
solvability conditions and extensive compilations of results
are given in [1].
The problem of output regulation of multi-agent systems
has been the subject of a number of papers recently, including
[2], [3] and [4]. As some of the agents cannot access the
exogenous signal, the problem cannot be solved by the
methods of the classical output regulation. [4] proposed a
so-called distributed control scheme and gave conditions
under which their multi-agent cooperative regulation problem
could be solved. They showed that their framework could
accommodate the methods of [2] and [3] as special cases.
To date there has been little consideration given to the
transient response of the regulated outputs of the agents
under these cooperative control schemes. For many control systems, there is a need to avoid undesirable transient phenomena such as high-frequency oscillations and
large magnitudes of the output [5]. Using a state feedback,
[6] implemented a nonovershooting algorithm on a single
LEGO R robot and showed that this algorithm is capable
of driving the robot to the desired point without overshoot.
This example can be generalized for the case of robotic
groups. Consider a multi-robot system performing a task in
a dangerous environment or carrying a highly sensitive load.
In such situations, an overshoot in any of the agents may
cause irreversible damage such as losing the robot itself or
the load.
The design of control laws to achieve a nonovershooting
step response for a single linear time invariant (LTI) plant (N
= 1) was considered in [7]. Several methods were given for
the design of a linear state feedback control law to deliver a
1 Hassan
Dehghani
Aghbolagh,
Mohsen
Zamani,
and
Zhiyong Chen are with the School of Electrical Engineering
and
Computing,
University
of
Newcastle,
Australia,
hassan.dehghaniaghbolagh@uon.edu.au

{mohsen.zamani,zhiyong.chen@newcastle.edu.au}
2 Robert Schmid is with the Department of Electrical and Electronic
Engineering, University of Melbourne, rschmid@unimelb.edu.au

nonovershooting step response for an LTI system, subject to
a known non-zero initial condition. This requires the closedloop system to be stable, and that the tracking error of the
step response converges to zero without changing sign in any
of its components. In [8], the methods were adapted to the
problem of avoiding undershoot in the step response, and in
[9] the methods were used to achieve nonovershooting output
regulation.
In most works in the literature, cooperative interactions
are considered. That is, it is assumed that the agents communicate over graphs with positive signs. However, using
the notion of signed graphs, researchers have been able to
consider negative interactions which have been interpreted as
competition, antagonism, or disagreement [10]. Just to mention a few works available in the literature, one may refer to
[11], which uses a distributed feedback law to achieve output
bipartite consensus for heterogeneous multi-agent systems
with a virtual exosystem. Furthermore, [12] employed output
feedback laws to study bipartite output synchronization of
heterogeneous agents. The work of this paper was further
expanded in [13]. Bipartite output regulation of multi-agent
systems with antagonistic interactions was discussed in a
recent paper by [14].
In [15], the authors provide nonovershooting transient response for a group of agents using dynamic output feedback.
However, this paper only considers cooperative interactions.
As a result, in this paper, we address the nonovershooting
bipartite output regulation problem of multi-agent systems in
such a manner that all agents achieve exact output regulation
with a nonovershooting transient response.
The paper is organized as follows. In Section II, we give
some essential mathematical preliminaries. In Section III, we
introduce the output feedback control architecture introduced
by [14], and define our nonovershooting bipartite output
regulation problem. In Section IV, we briefly discuss the
nonovershooting controller design methods of [7]. The main
result of the paper is presented in Section V, where we show
how these nonovershooting methods can be employed within
the controller architecture of [14] to solve our problem.
Section VI applies the control method to the example system
discussed in [14], and Section VII offers some concluding
thoughts.
Notation. Throughout this paper, the symbol 0n represents
the zero vector of length n, and In is the n-dimensional
identity matrix. For a square matrix A, we use σ(A) to denote
its spectrum. We say that a square matrix A is Hurwitz-stable
if σ(A) lies within the open left-hand complex plane. For any
complex scalar λ, we define Re(λ) to be its real part. We

use 1N to denote an N × 1 matrix with unit elements, and
⊗ denotes the Kronecker product of matrices.
II. P RELIMINARIES
A. Signed Graphs
A signed digraph can be represented by Gs = (V, E, A)
where V = {v1 , . . . , vN } is the finite set of N nodes, E ⊆
V × V is the set of directed edges, and A is the interaction
matrix. We assume that aij aji ≥ 0, where aij and aji are
the elements of the interaction matrix. It is worth mentioning
that a signed digraph Gs is said to be structurally balanced if
it admits a bipartition of the sets V1 , V2 such that V1 ∪V2 = V
and V1 ∩ V2 = ∅ also aij ≥ 0 ∀vi , vj ∈ Vα(α∈{1,2}) , aij ≤ 0
∀vi ∈ Vα and vj ∈ Vβ(α6=β and α,β∈{1,2}) . It is structurally
unbalanced otherwise [10].
For a signed digraph Gs , the Laplacian matrix is denoted
as L = C −A,
P where C is the diagonal degree matrix defined
as [C]i = j∈adj(i) |aij | [10], [16].
Consider a structurally balanced signed digraph Ḡs with
nodes V̄ = {0, 1, . . . , N }, where V̄ = V ∪ {0} with 0 being
the index of the leader, and weights aij . Its Laplacian, L̄,
can be partitioned as

 PN
|a0j | [a01 . . . a0N ]
j=1
(1)
L̄ =
−∆1N
H
where ∆ is an N × N diagonal matrix with diagonal entries
of ai0 [14]. Moreover, H = L+∆, where L is the Laplacian
of the signed digraph after removing the leader. It is assumed
that ai0 ≥ 0.
B. Gauge Transformation
A gauge transformation is a change of orthant order in
RN performed by a matrix Φ = diag(φ). Denote M =
{Φ = diag(φ), φ = [φ1 , . . . , φN ], φi ∈ {±1}} the set of all
gauge transformations in RN [10]. A gauge transformation
can render A to be a nonnegative matrix for a structurally
balanced digraph.
C. Exponentially decaying sinusoids.
Our analysis will require some discussion of the properties
of exponentially decaying sinusoids.
Definition 1 ([15]): For any positive integer n, let µi , ωi ,
αi and βi with i ∈ {1, . . . , n} be sets of real numbers such
that for all i ∈ {1, . . . , n} we have µi < 0 and ωi ≥ 0. Let
f : R → R be given by
f (t) =

n
X

eµi t [αi sin(ωi t) + βi cos(ωi t)]

(2)

i=1

Also let µ < 0 be given by
µ = max{µi : i ∈ {1, . . . , n}}

(3)

We say that the scalar function f is the sum of exponentially decaying sinusoidal (SEDS) functions with rate µ.
If v : R → Rm is a vector-valued function with v(t) =
[v1 (t) . . . vm (t)]T , and each component vj is a scalar SEDS
function of rate µj < 0, then we say that v is a SEDS function

with rate µ = max{µj : j ∈ {1, . . . , m}}. If f is such that
ωi = 0 for all i ∈ {1, . . . , n}, then we say that f is the sum
of exponentially decaying (SED) functions.
We note some straightforward properties of SEDS functions.
Lemma 1 ([15]): Let f1 : R → R and f2 : R → R be
SEDS functions with rates µ1 < 0 and µ2 < 0 respectively.
Then f1 + f2 and f1 f2 are SEDS functions with rates µ =
max{µ1 , µ2 }, and µ = µ1 + µ2 , respectively.
Lemma 2 ([15]): Consider the linear system
ẋ(t) = Ax(t) + Bu(t),
y(t) = Cx(t) + Du(t)

x(0) = x0

(4)

where A is Hurwitz. Let λ0 = max{Re(λ) : λ ∈ σ(A)}.
(i) For any x0 , the zero-input solution x and zero-input
response y arising from the input u with u(t) = 0 for
all t ≥ 0 are SEDS functions with rate λ0 . Moreover,
for any x0 , there exists a constant k1 > 0 such that
|y(t)| ≤ k1 |x0 | for all t ≥ 0.
(ii) If the input u is a SEDS function with rate µ, then the
zero-state response y arising from x0 = 0 is a SEDS
function with rate µ. If |u(t)| ≤ k1 for some k1 > 0,
then |y(t)| ≤ k2 k1 for some k2 > 0.
Lemma 3 ([15]): Let f : R → R be a SEDS function of
the form (2) with rate µ, and for some positive integer m,
let g : R → R be a SED function given by
g(t) =

m
X

βi eλi t

(5)

i=1

where {β1 , . . . , βm } are arbitrary real numbers, and
{λ1 , . . . , λm } are distinct negative real numbers satisfying
µi < λj for all i ∈ {1, . . . , n} and j ∈ {1, . . . , m}. Assume
g(t) 6= 0 for all t ≥ 0. Then there exists a positive real
number δ such that g(t) + δf (t) 6= 0 for all t ≥ 0.
III. P ROBLEM FORMULATION
We assume that the digraph Gs is structurally balanced. As
a result, the set of nodes V can be divided into two disjoint
subsets V1 and V2 . Moreover, without loss of generality, we
consider that V1 = {1, . . . , k} and V2 = {k + 1, . . . , N }. As
a result, we can define a diagonal matrix
Φ = diag(φi )

(6)

where φi = 1 if i ∈ V1 and φi = −1 if i ∈ V2 .
In this paper, we consider the nonovershooting bipartite
output regulation in a group of linear multi-agent systems in
the form

ẋi (t) = Ai xi (t) + B ui (t) + Ei v̄i (t)
Σi :
(7)
ei (t) = Ci xi (t) + Di ui (t) + Fi v̄i (t)
where, for all t ≥ 0, the signal xi (t) ∈ Rni represents the
state, ui (t) ∈ Rmi represents the control input, and ei (t) ∈
Rpi represents the tracking error of the i-th agent, for i ∈
{1, . . . , N }. Note that the exogenous signal is produced by
v̇ = Sv. Defining v̄i = φi v, we get v̄˙ i = φi v̇ = φ2i Sv̄i which
yields
v̄˙ i = Sv̄i
(8)

For more details on this model, one could refer to [14].
Assumption 1: Assume system Σi in (7) and (8) satisfy
the following assumptions:
(A.1) S has no eigenvalues with negative real parts.
(A.2) The pairs (Ai , Bi ) are stabilizable, for i = 1, . . . , N .
(A.3) The linear matrix equations
Xi S

= Ai Xi + Bi Ui + Ei

(9)

0

= Ci Xi + Di Ui + Fi ,

i = 1, . . . , N(10)

have solutions (Xi , Ui ), respectively.
These conditions are standard for the solution of the classical
linear regulator problem [1]. Condition (A.2) ensures the
existence of a feedback matrix K1i such that Ai + Bi K1i is
Hurwitz.
In [14], the authors proposed the following distributed
observer.
η̇i = Sηi + µ0

N
X
(aij ηj − |aij |ηi ) + ai0 (v̄i − ηi )

(11)

j=1

which was incorporated into a feedback law of the form
ui = K1i xi + K2i ηi

(12)

In this paper, we consider an extension of the multi-agent
output regulation problem considered by [4] and [14]. We
aim to show how the control law (12) can be used to
achieve bipartite output regulation without overshoot in all
components of the tracking error, for all agents.
We use eij (t) to denote the tracking error in the jth
component of the ith subsystem. Since overshoot occurs
when the tracking error changes sign, we define our multiagent nonovershooting tracking control problem as follows.
Problem 1: For the system (7)-(8) with signed digraph G s ,
and initial conditions xi (0), ηi (0) with i = 1, . . . , N and
v̄(0), find suitable gain matrices K1i , K2i and parameter
µ0 such that the control law (12) ensures that for each
i ∈ {1, . . . , N }, the tracking error arising from the initial
conditions satisfies ei (t) → 0 without changing sign in any
component, i.e., sgn(eij (t)) is constant for all t ≥ 0.
Our method shows how to choose the gain matrices K1i ,
K2i and parameter µ0 such that the control law (12) solves
Problem 1.
IV. N ONOVERSHOOTING TRACKING CONTROLLER
DESIGN METHODS

In this section, we revisit the state feedback control design
methods of [7] to deliver a nonovershooting step response
for a single LTI plant (N = 1). We consider the nominal
system which arises when the exosystem (8) is excluded from
consideration (S = 0 and v̄(0) = 0). In this case each agent
in (7), for i ∈ {1, . . . , N } simplifies to a system

x̃˙ i (t) = Ai x̃i (t) + Bi ũi (t), x̃i (0) = x̃i0
Σi,nom :
ẽi (t) = Ci x̃i (t) + Di ũi (t),
(13)
The reference [7] gave several methods for the design of
a linear state feedback control law ũi = K1i x̃i to deliver a
nonovershooting tracking response for a system in the form

(13) subject to a non-zero initial condition x̃i (0) 6= 0. This
is equivalent to solving Problem 1 for the case N = 1 and
S = 0 and involves finding a state feedback gain matrix K1i
to ensure that Ai + Bi K1i is Hurwitz and that the tracking
error ẽi (t) → 0 without changing sign in any component.
The design method of [7] assumes the nominal system (13)
is at a known initial equilibrium (ũ0 , x̃0 ), and that the closed
loop poles are to be selected from within a user-specified
interval [a, b] of the negative real line. The algorithm selects
candidate sets L of distinct closed-loop eigenvalues within
the specified interval and then associates them with candidate
sets of eigenvectors in such a way that only a small number
(generally one or two, or at most three) of the closedloop modes contribute to each output component. The error
signal e is then formulated in terms of the candidate set of
eigenvectors and a test is used to determine if the system
response is nonovershooting in all components. If the test is
not successful, then a new candidate set L is chosen, and the
process is repeated. If it succeeds, then the desired matrix
K can be obtained by applying Moore’s algorithm [18]. The
tests are analytic in nature, and do not require simulating the
system response to test for overshoot. Recently the design
method was incorporated into a public domain MATLAB R
toolbox, known as NOUS [19].
The NOUS controller design method can be applied to
multiple-input multiple-output systems, and these may be of
non-minimum phase. The designer has considerable freedom
to select the desired closed-loop eigenvalues, in order to
accommodate requirements on the convergence rate, or to
avoid actuator saturation. The algorithm involves a search
for suitable feedback matrices to deliver a nonovershooting
response, and a successful search cannot be guaranteed
for any given system, for any given initial condition. The
reference [7] gave some discussions about the circumstances
in which a successful search is likely. The condition was that
n − 3p ≥ z
where n is the number of states, p is the number of
inputs/outputs, and z is the number of minimum-phase zeros.
Some further discussion on this question was given in [9].
To address Problem 1, we shall assume the existence of
feedback matrices that yield a nonovershooting response for
the nominal system of each agent:
Assumption 2: Assume that for each system Σi,nom in
(13), a feedback gain matrix K1i exists such that
(A.4) the eigenvalues of Ai + Bi K1i are real, distinct and
negative, and
(A.5) applying the control law ũi = K1i x̃i to Σi,nom yields
nonovershooting outputs ẽi from the initial condition
x̃i0 = xi0 − Xi v̄i0 .
V. P ROBLEM S OLUTION
In this section, we present the main result of our paper,
providing a solution for Problem 1. We adopt all of Assumptions (A.1)-(A.5). Thus for all i ∈ {1, . . . , N }, we have, for
any initial condition xi (0) and v̄i (0) of (7)-(8), gain matrices
K1i such that applying the control law ũi = K1i x̃i to the

i-th nominal system (13) yields a nonovershooting response,
from the initial condition x̃i,0 = xi,0 − Xi v̄i,0 . Our first task
is to obtain suitable gain matrices K2i and parameter µ0 so
that the control laws (12) will solve Problem 1. Thus we
introduce
K2i = Ui − K1i Xi ,

for i ∈ {1, . . . , N }

(14)

We define

Theorem 1: Consider the multi-agent system (7) with exosystem (8). For i = 1 . . . , N , let xi0 and v̄i (0) be their
initial conditions. Assume that (A.1)-(A.5) hold and further
assume that the signed digraph G s is structurally balanced
and its Laplacian matrix can be partitioned as (1). For each
i = 1, . . . , N , let K1i be gain matrices such that Ai + Bi K1i
is Hurwitz stable, and that when the control law ũi = K1i x̃i
is applied to the homogeneous system

λ0 = min{λ : λ ∈ σ(Ai + Bi K1i ), i ∈ {1, . . . , N }} (15)
According to [17], the eigenvalues of H in (1) are non-zero
with positive real part, so we may choose µ0 > 0 such that
Re(λi (S) − µ0 λj (H)) < λ0

(16)

for all i ∈ {1, . . . , q} and j ∈ {1, . . . , N }, where λi (S) and
λj (H) denote the eigenvalues of S and H, respectively. To
compactly represent the closed-loop system of (7)-(8) under
the control law (12), we use the coordinate change
ξi

= xi − Xi v̄i

εi

= ηi − v̄i

and then define variables and matrices

T
x = xT1 , . . . , xTN


T T
η = η1T , . . . , ηN


T T
v̄ = v̄1T , . . . , v̄N

(17)

(18)

x̃˙ i (t) = Ai x̃i (t) + Bi ũi (t),
ẽi (t) = Ci x̃i (t) + Di ũi (t),

(38)

yields ẽi → 0 without overshoot from initial condition x̃i0 =
xi0 − Xi vi,0 . Let K2i = Ui − K1i Xi , and let µ0 satisfy (16).
Then the distributed dynamic state feedback control law (12),
with these K1i , K2i and µ0 , solves Problem 1, provided the
initial exosystem observer error ε(0) is sufficiently small.
Proof: The closed-loop system of the whole network
can be written as
ẋ

=

(A + BK1 )x + BK2 η + Ev̄

η̇

=

((IN ⊗ S) − µ0 (H ⊗ Iq ))η + µ0 (∆Φ ⊗ Iq )v̂

ei

=

(Ci + Di K1i )xi + Di K2i ηi + Fi v̄

(39)

By (8) and (9),

(19)
(20)

ξ

=

T T
[ξ1T , . . . , ξN
]

(21)

ε

=

[ε1 , . . . , εTN ]T

(22)

e

=

[eT1 , . . . , eTN ]T

(23)

v̂

= 1N ⊗ v

(24)

ξ˙ =

ẋ − X(IN ⊗ S)v̄

=

(A + BK1 )x + BK2 η + (E − X(IN ⊗ S))v̄

=

(A + BK1 )x + B(U − K1 X)(ε + v̄) − (AX + BU )v̄

=

(A + BK1 )(x − X v̄) + B(U − K1 X)ε

=

(A + BK1 )ξ + BK2 ε

(40)

A

=

blkdiag(A1 , . . . , AN )

(25)

B

=

blkdiag(B1 , . . . , BN )

(26)

C

=

blkdiag(C1 , . . . , CN )

(27)

D

=

blkdiag(D1 , . . . , DN )

(28)

= ((IN ⊗ S) − µ0 (H ⊗ Iq ))η + µ0 (∆Φ ⊗ Iq )v̂ − (IN ⊗ S)v̄

E

=

blkdiag(E1 , . . . , EN )

(29)

= ((IN ⊗ S) − µ0 (H ⊗ Iq ))η + (H ⊗ Iq )v̄ − (IN ⊗ S)v̄

F

=

blkdiag(F1 , . . . , FN )

(30)

= ((IN ⊗ S) − µ0 (H ⊗ Iq ))ε

X

=

blkdiag(X1 , . . . , XN )

(31)

U

=

blkdiag(U1 , . . . , UN )

(32)

K1

=

blkdiag(K11 , . . . , K1N )

(33)

K2

=

blkdiag(K21 , . . . , K2N )

(34)

Noting Lemma 4, we can write
ε̇ = η̇ − v̄˙

(41)

Using (10),
e

=

(C + DK1 )x + DK2 η + F v̄

=

(C + DK1 )x + D(U − K1 X)(ε + v̄)
−(CX + DU )v̄

Then we have

= C(x − Xv) + DK1 x + DU ε − DK1 Xε
ξ

= x − X v̄

(35)

ε

= η − v̄

(36)

=

(C + DK1 )(x − Xv) + D(U − K1 X)ε

Before we state our theorem, we need the following lemma
from [14].
Lemma 4: The following equality holds given the matrices H, ∆ from (1), and Φ from (6).

=

(C + DK1 )ξ + DK2 ε

(H ⊗ Iq )v̄ = (∆Φ ⊗ Iq )v̂
where v̂ = (Φ ⊗ Iq )v̄.

(37)

−DK1 X v̄
(42)

The overall closed-loop system can be put into the form
ξ˙ =

(A + BK1 )ξ + BK2 ε

(43)

ε̇ =

((IN ⊗ S) − µ0 (H ⊗ Iq ))ε

(44)

e =

(C + DK1 )ξ + DK2 ε

(45)

For i = 1, . . . , 6, consider the following parameters for
the agents shown in Fig. 1,

For brevity we define

Ac
Cc

(IN ⊗ S) − µ0 (H ⊗ Iq )


A + BK1 BK2
=
0
Acc


= C + DK1 DK2

=



and introduce coordinates xc = [ξ T , εT ]T . Then we can write
(43)-(45) as
ẋc

= Ac x c

e = C c xc

(46)

The stability of A+BK1 follows from Assumption (A.4),
and the stability of Acc follows from the choice of µ0 in (16).
Due to its diagonal structure, Ac is also Hurwitz stable, so
e(t) → 0 as t → ∞.
To observe that the response is nonovershooting, we decompose the state vector ξ of (43) according to ξ = ξA + ξB
where ξA and ξB are the zero-input solution and zerostate solutions, respectively. Similarly we can decompose the
output e into e = eA + eB , the zero-input response and zerostate responses, respectively. By Assumption (A.4)-(A.5),
for each agent, Ai + Bi K1i is Hurwitz with real, negative
and distinct eigenvalues, and the output ei of the nominal
system Σi,nom in (13) from initial condition xi,0 − Xi v̄i,0
is nonovershooting. Since eA is composed of the zero-input
responses from all the informed agents, we conclude that ξA
and eA are SED functions and eA (t) → 0 as t → ∞ without
changing sign in any component.
Considering the dynamics for ε in (44), we know by
(16) that Acc is Hurwitz and satisfies max{Re(λ) : λ ∈
σ(Acc )} ≤ λ0 . By Lemma 2(i), ε is a SEDS function with
rate λ0 , and |ε(t)| ≤ k1 |ε0 |, for some k1 > 0. As ε is
the input for (43), by Lemma 2(ii), we conclude that ξB
and eB are both SEDS functions with rate at most λ0 , and
|eB (t)| ≤ k2 k1 |ε0 |, for some k2 > 0. We may now apply
Lemma 3 with g = eA and f = eB . Provided |ε0 | is
sufficiently small, we have e(t) → 0 as t → ∞ without
changing sign in any component, and hence Problem 1 is
also solved.
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where i = 1, . . . , 6. We shall assume initial conditions of
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for the six agent systems and the exosystem.
Fig. 2 shows the tracking error of the agents under the
control scheme proposed by [14] using the “place” command
of MATLAB. We observe that the system response achieves
the desired reference tracking, but exhibits overshoot in all
six outputs.
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VI. E XAMPLE
In this section we compare the performance of our method
with that of [14]. This example involves six agents whose
dynamic connections are shown in the network of Fig. 1.
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Fig. 1. Network of agents with agent 0 as the leader. Note that red links
represent negative interactions.
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Fig. 2.

Tracking error of agents using the scheme proposed in [14]

To address Problem 1 for this multi-agent system, we
used the NOUS MATLAB R toolbox [19] to obtain gain
matrices K1i that achieved a nonovershooting response for
each system (38), from the specified initial conditions x̃i0 =
xi0 − Xi v̄i,0 . We refer the reader to [19] for the details on
how to use the toolbox, and to [7] for a detailed discussion
of the algorithm itself. We obtained


K11 = −11.60 −1.00 K12 = −5.50 −1.00


K13 = −3.35 −1.00 K14 = −3.23 −1.00

of the initial state of the exosystem is available.
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VII. C ONCLUSION
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We have combined the methods of [4], [9], and [14] to
obtain a design methodology for the problem of nonovershooting bipartite output regulation of linear multi-agent
systems. Using the proposed scheme, it was shown that
proper gain matrices can be found to avoid overshoot while
achieving bipartite output regulation. Finally, the results were
validated by a numerical example.
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Tracking error of agents using Theorem 1
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Fig. 4. The outputs of the agents. Note that the solid lines represent the
reference signal with positive and negative sign to be tracked.



K15 = −2.52 −1.00 K16 = −1.76 −1.00
Using Xi and Ui , we can obtain K2i = Ui − K1i Xi for
i = 1, . . . , 6. Computing (15) gives λ0 = −6.53; we found
that choosing µ0 = 35 satisfies (16). The error from the six
multi-agent systems are presented in Fig. 3. We observe that
all the errors converge to zero without overshoot, and hence
Problem 1 is solved. In addition, the outputs of the agents
are depicted in Fig. 4, which clearly shows the bipartition.
It should be noted that the NOUS algorithm involves a
search for suitable feedback matrices to deliver a nonovershooting response, and a successful search cannot be guaranteed for any given system, for any given initial condition.
The reference [7] gives some discussion of the circumstances
in which a successful search is likely.
The successful avoidance of overshoot indicates that initial
value of exosystem observer error ε(0) is sufficiently small,
as required by Theorem 1. If this initial error is too large, then
the nonovershooting performance may not be observed, for
some or all of the agents. Thus, successful application of the
design method requires that a reasonably accurate estimate
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