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A Dynamic Output Feedback Controller for Practical Coordinated
Tracking of Second Order Uncertain Heterogeneous Agents

Jung-Su Kim'! and Juhoon Back?

Abstract— This paper presents an output feedback controller
for practical coordinated tracking of multi-agent systems. It
is assumed that the agents under consideration have large
parameter uncertainties, that they are affected by external
disturbance, and that the agent dynamics can be different from
one another. To handle the uncertainty, external disturbance,
and heterogeneity effectively, a reduced-order version of dis-
turbance observer has been employed. Compared to the recent
result which relies on the conventional disturbance observer,
the proposed controller has the following advantages. Firstly,
the order of controller is reduced. Secondly, the stability proof
as well as the design procedure becomes simpler. Simulation
results are included to demonstrate that the proposed controller
achieves practical coordinated tracking successfully.

Index Terms— Multi-agent systems, disturbance observer, out-
put feedback control.

I. INTRODUCTION

Due to increasing demand on multi-agent systems (MAS),
e.g., multiple vehicles and robots, and satellites to name a
few, coordinated control has received much attention in the
literature. In particular, since synchronization and consensus
unify many coordinated control problems, much research
effort has been directed to them [4], [13], [15], [16], [17],
[21], [18]. These results have focused mainly on reaching
information agreement among agents for the case where
there is no leader. Besides, those previous results are usually
concerned with an identical and nominal model for the agent.

However, for practical applications, it is necessary to be
able to assign a desired group behavior to the MAS, which
can be formulated as a coordinated tracking problem [5], [6],
[7], [11]. There can be several problem settings regarding the
coordinated tracking. If the leader has no input, the problem
is almost the same as the leaderless case. In addition, if the
follower agents are aware of the model which is used for
generating the input to the leader, the internal model principle
based approaches provide controller design methods [20],
[10]. Note that the input to the leader can be used for the
purpose of giving the MAS a specific mission. When the
follower agents do not know anything about the input to
the leader, the problem becomes more difficult. Recently, an
adaptive control is devised for this case in [11] but models
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of follower agents are identical and there is no external
disturbances.

In this paper, we consider the coordinated tracking prob-
lem of MAS which is composed of second order liner
systems. It is assumed that the parameters of this systems
are uncertain but bounded and they can be different from one
agent to another. Moreover, each agent is affected by external
disturbances. These assumptions are realistic since many
dynamic systems are involved is the MAS. For instance,
for two vehicles with identical structure, it is much more
realistic to suppose that their parameters can be different but
the parameters of the agents belong to known compact sets.

The main tool to solve the problem is the disturbance
observer (DOB) [8], [12], [19], which is known to be a very
effective tool to deal with plant uncertainties and external
disturbances. It is noted that many types of disturbance
observers are available in the literature; see [14], and the one
used in this paper is a reduced-order disturbance observer
introduced in [3]. Since the DOB is a dynamic output
feedback controller which approximately (rather than asymp-
totically) cancels the effect of disturbances and parameter
uncertainties, the controller developed in this paper ensures
practical tracking in the sense that any prescribed level of
steady state error can be achieved by tuning the controller
parameters.

The contribution of the paper is twofold: 1) a relative
output measurement based dynamic controller for practical
coordinated tracking of MAS consisting of uncertain hetero-
geneous second order agents is proposed when the input to
the leader is unknown to the followers. 2) The controller
structure, the procedure to obtain the controller parameter,
and the stability proof are simpler than those of [1]. They are
mainly from the fact that the order of the proposed controller
is two, while that of [1] is four.

The remainder of the paper is organized as follows. In
Section II, preliminaries and the problem setup are described.
Section III proposes a reduced-order disturbance observer
based dynamic control for multi-agent systems consisting of
uncertain heterogeneous second order agents. In Section 1V,
the simulation results show that the proposed controller suc-
cessfully results in coordinated tracking in spite of parameter
uncertainties and external disturbances in the agents.

II. PRELIMINARIES AND PROBLEM FORMULATION

A. Overview of Disturbance Observer

This section briefly introduces a disturbance observer for
second order linear systems. Figure 1 describes the basic
structure of a control system with a DOB. In Figure 1, P(s)
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Fig. 1. Reduced-order disturbance observer based control system..

represents an uncertain plant and C'(s) denotes the controller
designed for the nominal model P, (s) given by

T1= X2,
P(S) To= p121 + P2x2 + g(u + d)
Y=,
Iy = T,
P,(s) To= @171 + P2T2 + Gu,
y=1a1

where ¢1, ¢o are uncertain parameters in the plant while
¢1, o are nominal values of ¢; and ¢, respectively. y,
denotes the reference, u, the control input generated by
C(s), u the control input, d the external disturbance, y the
plant output, and d the estimate of the disturbance. The
component Q(s) known as Q-filter is designed such that the
DOB estimates the disturbance as well as the uncertainties
in the system and compensates its effect on the closed-loop
system on top of the controller output u, designed for the
nominal model P,(s). The Q-filter used in this paper has
the following form

o

Qs) = (15)2 + a1(18) + g’

where g, a1, and 7 are positive design parameters. From
Fig. 1, we have

(s) = ~Qs)uls) + Qs P (9)y(s)
-0 -Qeren| 5 |.
from which one has

1 1
u(s) = ———up(s) — ———
1-Q(s) 1-Q(s)
Based on this relation, a reduced-order state space realization
of DOB is introduced in [3], which is shown below.

. (651 Qo - Qa7
%Z—“*%+@r+7;(@+~*)y
T Tg T

. Qg apP1
q2 = 72“7“ + 5=
T T g

Qo
U=q +u — =Y.
)

It is noted that the inner-loop consisting of the uncertain
plant P(s), the Q-filter, and the inverse of the nominal model
behaves like the nominal model P, (s) in the low frequency
region in terms of the input-output relation. Therefore, the

DOB can compensate not only the external disturbances d but
also the model uncertainty in the plant in order to enhance
robustness of the existing controller C(s) designed for the
nominal model. The systematic DOB design methods in [3],
[2] are adopted for the coordinated tracking controller in this

paper.
B. Problem Formulation

The MAS under consideration consists of /N uncertain
second order linear systems given by

Ty = 1oy + ¢yrh +g' (u' +d') (1)
y' =3
where ¢, ¢ = 1,..., N, denotes the agent index, o

[zt x5]T € R? the state vector, u’ € R the control input,

y" € R the output, and d’ € R the disturbance entering into
the ith agent. The constants ¢%, ¢%, and g° represent system
parameters which are uncertain and maybe different from
one another. In what follows the agents with index 1,..., N
are called followers.

For the uncertain parameters and disturbances in this
MAS, the following assumption is made.

Assumption 1: The system parameters ¢!, 5, g* belong
to known compact sets. Precisely, ¢§- € [(éj_,(é;r] where
¢; <¢f,j=1,2,and g' € [g7,g"] where 0 < g~ <g".
The disturbance is continuously differentiable and d*(t) as
well as di(t) is uniformly bounded with a known bound. ¢

We assume that our MAS contains a leader, with index
N + 1, given by

8-
Il
I

1 2

= G171 + PaZa + GU 2)

1-

I
8l

Ty

Yy
where Z = [T; T2]T € R? represents the state of the leader,
@ € R the input, ¥ € R the output, ¢; and ¢ negative
constants, and g~ < g < g*. The parameters ¢y, ¢, and g
are assumed to be known and they are used when we design
the controller.

For the leader, it is assumed that @(¢) is continuously
differentiable, and that u(t) as well as (t) is uniformly
bounded. Note that the trajectories of (2) are bounded since
the system is asymptotically stable and «(t) is uniformly
bounded. We assume that only a limited number (but at least
one) of followers exchange information (relative output in
this paper) with the leader, while no followers can access
the input « applied to the leader.

In order to consider the interaction among N + 1 agents,
a weighted directed graph G is used.! Besides, we consider
a subgraph of G, denoted by GF, which represents the
interaction among followers. The weighted adjacency matrix
and its Laplacian associated with G are denoted by A €
RWHDX(N+1) and I € RIVHDX(N+D) - regpectively. It is

'In this paper, standard notions of graph theory are used. See, e.g., [15]
for more details.
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assumed that the leader does not get any information from
followers and that at least one follower gets information from
the leader, which is stated in the following assumption.

Assumption 2: The graph G is fixed and contains a
directed spanning tree, and the graph G is undirected and
connected. o

This assumption implies that the leader gives information
to at least one follower and thus the last column of A is
not zero. Moreover, it ensures that L has one simple zero
eigenvalue with associated eigenvector 1. As a result, it
follows that L is of the form

*
L= [ Lo L52 } L* e RV*N L1, e RV,

Note that L* is a symmetric positive definite matrix.

The ¢th agent receives the weighted sum of relative mea-
surements 3/ — y%, 7 € N, where N represents the set of
the neighbors of agent ¢, namely

N+1
Zz = Z aij(yj — yy) (3)

j=1
With this problem setup in mind, this paper aims at

designing a dynamic controller, parametrized by 7, of the
form
i =F(d,), ¢ e R? "
u' = H,.(¢", 2").
Note that the order of the controller is the same as that of
the agent.

We say that the practical coordinated tracking problem is
solved if for any given € > 0 there exists 7* > 0 such that
the controller guarantees that the states are bounded for all
t > 0 and that for any 0 < 7 < 7%, it holds that

limsup ||z°(t) — 2(t)|| < e,i=1,...,N. &)
t—00

IIT. MAIN RESULT

Based on the reduced-order disturbance observer intro-
duced in [3], the proposed controller is given by

i Y, i @0 (— 041) i
=——qit g — = (2t —) 2
q1 L T 25 P2 -

_ﬁ$y (6)
i i, Q0 i
u —q1+7_2gz

Gy =

where ¢* € R" is the state of the controller for the ith agent
and org > 0, a3 > 0, and 7 > 0 are design parameters.

In what follows, we investigate the stability of the closed-
loop system involving the controller (6). We start by defining
new coordinates 7%, 7% which represent the error between the
followers and the leader, and 7%, 7% representing the output
of the controller (6) and its time derivative. After rewriting
the system in new coordinates, we show that the states of
the followers will converge to the vicinity of the leader’s
trajectory and stay there. Moreover, it is shown that the
parameters of the controller can be tuned so that the steady

state error is maintained within a prescribed bound which
can be arbitrarily small.

Firstly, define the tracking error of the ith follower 5611 =
2l — ¥, 74 = 24 — T, and compute their dynamics as

S (7a)
Ty = G T + $hFh + g'u’ + w’ (7b)
where ¢ = 1,..., N and
O = ¢t — ¢, = dh — do,
w' = $171 + Gy7a +g'd' —gi.
Now we consider the coordinate transform
. . [
n=q + 7_7@21
3

i -0 Qo .4
= + =),
Up) T (‘h ngz)

Note that the control input of the ith agent is written as

ut =nt. )
Lemma 1: The dynamics of 77;i is obtained as
i Ly (10a)
= 7_772
- oy aol oo
772:—*1772—*0:(%2 + o' — 3). (10b)
T T g
O

Proof. The relation (10a) follows from the definition (8). In
order to derive (10b), we compute qi first. From (6), we have

T
a1 .3 (&%) 3 73 Qg ~ .q

=—— (gl + =" ) + ¢ — =22
- <q1 ng > q2 T2§¢2
ay (7))

1
2?7 723

(¢12" + $22") .

Using this result, the relation (10b) is derived from

Mo =T (Ch + ngz )

o ;o ; 0 .
= ——n) — —= (12" + ¢a') + —%
T Tg
This completes the proof. ]
Before proceeding, we define
~ - 1T - - N1T
fi=[F o T E=[E - 2]
T T
m= [ﬂ% n{V] y M2 = [77% ﬁé\[]

Oy = diag {¢],..., 87 }, O =diag{¢},..., ¢ }
o :diag{(ﬁ,...,qﬂv}, igzdiag{dg,...mgév}
G=diag{g",....g"}.

Similarly, we define u, d, w, and z by N dimensional vectors

by stacking N components related to the followers. It is
noted that z*, 2%, z, and Z can be written as

(1)

i __ * 5, 2h *
2t ==L, %' =-Ljxs
z

z = —L*[i'l, 2 = —L*.’fz.
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where L} denotes the ith row of L*.
With these variables and the relation (11), we compactly
rewrite the whole closed-loop system as

T1 =12y

iy = ®171 + PaZs + Gy + 0
. 1
M= —"N2
T
. (e} ap 1 * (& A~ b 7
flp = ——1pp — — =L (<I>1x1 + a2y + Gm er) ’
T T g

12)

Now, the main result of the paper is presented.

Theorem 1: Suppose that Assumptions 1 and 2 hold true
and let ap, a1 be any positive numbers. Then, the controller
(6) parameterized by 7 solves the practical coordinated track-
ing problem. Precisely, for a given € > 0, there exists 7% > 0
such that for any 7 € (0, 7*), the controller (6) parameterized
by 7 ensures that limsup, . ||z°(t) — Z(t)|| < €i =
1,...,N. ]
Proof. In order to analyze the closed-loop dynamics (12), we
first note that it exhibits a two-time scale behavior [9] for
sufficiently small 7; the variables 71, 2 will rapidly converge
to their quasi-steady states parameterized by z1, Z2. Based on
this observation, we compute the (quasi) equilibrium points
of 11,12, which are denoted by 77, 15, respectively, regarding
other variables as fixed parameters. Simple computation
yields

ny=-G! (‘5151 + Doy + w>a 15 = 0. 13)

We define 71 = n1 — 1], 72 = M2 — 15 and rewrite
the dynamics of the closed-loop system in the coordinates
(Z1,Z2,71,72) as follows.

I = iy
To = 131 + paFa + G
. ~ 1
PSP
m 2 + Tnz (14)
F G B0y 4G (&>1+<i>2¢32) 2+ Gl
. ap 1 5 ay .
iy = ——=L*Giji — — 7.
T g T

The dynamics (14) is compactly rewritten as

T A11 A12 T 0 1 .
- = ~ - G 15
M [Am 1A22+A2J M " [BJ v

where 7 := [T 217, 7= [5f; 77,
B '7() Iy _Jo o N
All__¢1IN ¢21N:|3A12_|:G O:|7BZ_|:O:|
[T ~—14 -1 (& T
A9 = NG Ry G ((I)l + ¢2(I)2>
L O 0
[ o Iy i [® 0
A22 == _—%L*G _allN:| ) A22 - |:0 O:| .

The matrix A;; is Hurwitz since ¢; and ¢, are negative.
Furthermore, it can be proved that the matrix Aso is also

Hurwitz. To show the claim, we first note that Ays is similar

to
0 Iy

1 1
—%G§L*G§ —0{1[]\[ ’

where G2 = diag{\/g",...,/¢gV}. The claim is proved
since the eigenvalues of A,y are computed from s + a5+
%Ui = 0 where ¢; denotes the ith eigenvalue of G2 L*G?
and o; > 0.

Now, we take the Lyapunov function candidate

V =i"Pz+ 7" P

A22 =

where P, and P, are obtained from
PA, + AT P =T
PyAss + Agng =—].

Recall that P; and P» are symmetric positive definite since

A1 and Aoy are Hurwitz. Let k1 > 0 and bk > 0 be

constants, independent of uncertain parameters, such that
k(@8 + 7)) SV < ko (FT7+070).

Meanwhile, Assumption 1 guarantees that there exists a
positive constant @™ such that ||u| < w™.
We compute

V=-iTz—- %ﬁTﬁ + 287 Py Ao
+ 28T AL Pyii + 207 Py Ago + 277 P, By G~
=: %sz—%ﬁTﬁ%Tﬁlﬁ+ﬁTﬁzﬁ+2ﬁTPQBQG—1w
< g FTE LT M ()i e ()
where A~2 = nglgg + fngPg, w* is an arbitrary positive
constant, and

Laps = 1
M(p*) = 5A’{Al + Ag + EPQBQG*G*%TPQ.

Note that M (u*) depends on uncertain parameters. From the
fact that all parameters belong to known compact sets, we
can find m(p*) such that M (p*) < m(p*)I for all uncertain
parameters. We take 7* > 0 such that — X +m(p*) < —1.
Then, it follows for 0 < 7 < 7* that
. 1 1
V< —ing:z — iﬁTﬁ + p(wh)?
1
< ——V4urwh)?
< gV T @)
Using the comparison lemma, we obtain

V(t) < e T3V (0) + 2p k()2
which implies

limsup V(t) < 2u* ko (1w ™).

t—o00

Since p* is an arbitrary constant, it follows for a given e that
there exists 7* such that for 0 < 7 < 7%,

limsup ||z°(t) — z(t)|| < €
t—oo
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Fig. 2. Network topology among agents.

TABLE I
SYSTEM PARAMETERS AND DISTURBANCE INPUTS.
Agent # 4 5 g* d*
1 —5.0 1.3 ] 1.6 0.3 sin 5¢
2 —13 | —12 | 1.3 | —0.4sinl0t
3 0.8 | —1.1 | 1.4 | —0.17sin 15¢
4 —13 | —1.8 | 2.0 0.35 sin 20t
which completes the proof. (|

Remark 1: It is noted that the same problem has been
studied in [1]. The main difference between the current work
and [1] is that the controller of the current work is based on
the reduced-order disturbance observer, while a disturbance
observer with two (-filters are used in [1]. The use of sim-
pler controller results in not only a simpler stability analysis,
but also a simpler computation to determine 7. These can be
seen from the fact that Aoy in (15) is the only component
that is multiplied by % while other components are constant
matrices independent of 7. Note that the controller given
in [1] has three components which are multiplied by %
and contains some components which are polynomials of
7, which will make the computation more complicated.

IV. SIMULATION

This section presents simulation results of the proposed
controller. For that, interconnection topology depicted in Fig.
2 is used. We consider the case where only agent 3 gets
information from the leader. The corresponding Laplacian
matrix is given by

2 -1 -1 0 0

-1 2 -1 0 0

L= 1 -1 4 -1 -1
0 0 -1 1 0

0 0 0 0 0

Table I shows the parameters of the follower agents and
the disturbances acting on them. Note that follower agents
1 and 3 have unstable open loop dynamics. The parameters
for the leader (2) are

¢1 = _157 éZ = _257 g = 17

and the input for the leader is @(t) = 2sin¢. The parameters
of the controller (6) are chosen as g =2, ay =1 and 7 =

0.001. In order to show that the performance of the controller
is independent of the initial conditions of the follower agents,
the initial conditions are randomly selected, while that of the
leader is set to zero. As shown in Figs 3 and 4, the practical

74 1 15 O S S R OO Ag;nt 1
2 Agent 2
Vo —— Agent 3
o W S A S R R Agent 4 8
s b \ Virtual Leader
; |
2 2
20Ntk T T T T N O O T O I
II 7‘\”7 o 'U €005 GOl 0015 10.02 C.02 03700 004 0o Gos 1 1 T
[ |
PN / 7\ \ N\
v\ [N [\
Wi\ e N
F o\
A4 \ A4 \/
AL . il
| | o
0 5 10 15 20 25 30

Fig. 3. Response of m’l using the controller (6).

Agent 1
! L Agent 2
i Agent 3
Agent 4
Virtual Leader |[]

3 -ooffi L

o5 ot dors ot o s oo dor 00 cos

Fig. 4. Response of J:ZQ using the controller (6).

tracking is achieved by the proposed controller as time goes
by. However, as shown in the sub-panels in Figs 3 and 4, big
overshoots occur in the transient response since the controller
state ¢* exhibits a peak as 7 gets smaller, which is known as
a peaking phenomenon [9]. Since such peaking phenomena
can deteriorate system performance and even can destabilize
the system, it is necessary to cope with the problem properly.
As suggested in [9], the malicious effect of the peaking can
be suppressed using the saturation function in the controller
output. That is to say, we use u' = sat, (qi + %(%zz))
where the function sat,,, with ¢ > 0, is defined by sat, (z) =
x if |z| < o and sat, (x) = reyo if if |z| > o. The saturation
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level o is selected as 15 in this simulation. Figs. 5 and 6
demonstrate that not only the proposed controller solves the
practical coordinated tracking problem but also the saturation
function in the controller output successfully restrains the
peaking.

3 —7 T
I R S Agent 1
““““ Agent 2
5 o *| = Agent 3
e BornlhorSion fr wiios B ir o3 — Agent 4
ot — Virtual Leader

0 5 10 15 20 25 30
Time (sec)

Fig. 5. Response of a:ll using the controller (6) with saturation.

3 T
Agent 1
Agent 2
o Agent 3
Agent 4
— Virtual Leader

Time (sec)

Fig. 6. Response of x% using the controller (6) with saturation.

V. CONCLUSIONS

This paper presented a dynamic controller for practical
coordinated tracking of multi-agent systems comprised of
uncertain heterogeneous second-order agents on the basis of
reduced-order disturbance observer theory. Since the con-
troller is based on the relative measurements, the amount of
information that agents will exchange will not increase even
if the order of agent dynamics increases. Future research
topics include extensions to the cases where the network is
switching and nonlinear agents are involved.

[1]

[2]

[3

=

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

1723

REFERENCES

J. Back, J.-S. Kim, and K.-H. Ryu. Practical distributed coordinated
tracking of second order heterogeneous linear agents: Relative mea-
surement feedback. In 13th International Conference on Control,
Automation and Systems (ICCAS 2013), Gwangju, Korea, Oct. 20-23,
pages 1646— 1650, 2013.

J. Back and H. Shim. Adding robustness to nominal output-feedback
controllers for uncertain nonlinear systems: A nonlinear version of
disturbance observer. Automatica, 44:2528-2537, 2008.

J. Back, H. Shim, N. H. Jo, and J.-S. Kim. Robust tracking by
reduced-order disturbance observer: Linear case. In Proc. of 50th
IEEE Conference on Decision and Control and European Control
Conference, Orlando, FL, USA, Dec. 12-15, pages 3514-3519, 2011.
J. A. Fax and R. M. Murray. Information flow and cooperative control
of vehicle formations. IEEE Trans. Autom. Control, 49(9):1465-1476,
2004.

Y. Hong, J. Hu, and L. Gao. Tracking control for multi-agent
consensus with an active leader and variable topology. Automatica,
42:1177-1182, 2006.

G. Hu. Robust consensus tracking for an integrator-type multi-agent
system with disturbances and unmodeled dynamics. International
Journal of Control, 84(1):1-8, 2011.

J. Hu and G. Feng. Distributed tracking control of leader-follower mul-
tiagent systems under noisy measurement. Automatica, 46(8):1382—
1387, 2010.

C. D. Johnson. Accommodation of external disturbances in linear
regulator and servomechanism problems. [EEE Trans. on Automatic
Control, 16(6):635-644, 1971.

H. K. Khalil. Nonlinear Systems, Third Ed. Prentice-Hall, Upper
Saddle River, NJ, 2002.

H. Kim, H. Shim, and J. H. Seo. Output consensus of heterogeneous
uncertain linear multi-agent systems. [EEE Trans. Autom. Control,
56(1):200-206, 2011.

Z. Li, X. Liu, W. Ren, and L. Xie. Distributed tracking cobntrol for
linear multiagent systems with a leader of bounded unknown input.
IEEE Trans. Autom. Control, 58(2):518-523, 2013.

K. Ohnishi. A new servo method in mechatronics. Transactions of
Japanese Society of Electrical Engineers (in Japanese), 107-D:83-86,
1987.

R. Olfati-Saber, J. A. Fax, and R. M. Murray. Consensus and coopera-
tion in networked multi-agent systems. Proc. of IEEE, 95(1):215-233,
2007.

A. Radke and Z. Gao. A survey of state and disturbance observers
for practitioners. In Proc. of American Control Conference, pages
5183-5188, 2006.

W. Ren, R. W. Beard, and E. M. Atkins. Information consensus in
multivehicle cooperative control: collective group behavior through
local interaction. IEEE Control Syst. Mag., 27(2):2007, 2007.

L. Scardovi and R. Sepulchre. Synchronization in networks of identical
linear systems. Automatica, 45(11):2557-2562, 2009.

J. H. Seo, H. Shim, and J. Back. Consensus of high-order linear sys-
tems using dynamic output feedback compensator: low gain approach.
Automatica, 11:2659-2664, 2009.

H. L. Trentelman, K. Takaba, and N. Monshizadeh. Robust synchro-
nization of uncertain linear multi-agent systems. /EEE Trans. Autom.
Control, 58(6):1511 — 1522, 2013.

T. Umeno and Y. Hori. Robust speed control of dc servomotors using
modern two degrees-of-freedom controller design. /EEE Transactions
on Industrial Electronics, 38:363-368, 1991.

P. Wieland, R. Sepulchre, and F. Allgéwer. An internal model
principle is necessary and sufficient for linear output synchronization.
Automatica, 47:1068-1074, 2011.

D. Zelazo and M. Mesbahi. Edge agreement: Graph-theoretic perfor-
mance bounds and passivity analysis. IEEE Trans. Autom. Control,
56(3):554-555, 2011.



