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Abstract

This paper analyzes two classes of consensus algorithms in presence of bounded measure-
ment errors. The considered protocols adopt an updating rule based either on constant or
vanishing weights. Under the assumption of bounded error, the consensus problem is cast
in a set-membership framework, and the agreement of the team is studied by analyzing the
evolution of the feasible state set. Bounds on the asymptotic difference between the states
of the agents are explicitly derived, in terms of the bounds on the measurement noise and
the values of the weight matrix.
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1. Introduction

In recent years consensus algorithms have received increasing interest within the context
of multi-agent systems. The ability of a team of interacting agents to reach an agreement
on some quantity of interest is often a key issue for the solution of many problems in dif-
ferent application domains, like distributed sensing [1], cooperative control of autonomous
vehicles [2], rendezvous algorithms for autonomous agents [3], coordination of robotic net-
works [4]. The reader is referred to [5] for an exhaustive presentation of possible applications
of consensus algorithms. A number of solutions to the consensus problem have been pro-
posed by now, and nice theoretical results are available for both stationary and time-varying
communication networks (e.g., see [6, 7, 8] and the survey [9])

Compared to the large amount of papers analyzing how the topology of the communica-
tion graph affects the convergence properties of the consensus protocols, relatively few ones
have addressed the behavior of consensus algorithms in presence of noisy measurements. In
[10] classical consensus algorithms are shown to be input-to-state stable. This property is
exploited in [11] to devise a consensus algorithm for tracking the average of time-varying
signals. A consensus protocol with vanishing weights, mimicking stochastic approximation
algorithms with a decreasing step size, has been proposed in [12]. The authors show that in

Email address: {garulli,giannitrapani}@dii.unisi.it (Andrea Garulli and Antonio
Giannitrapani)

Preprint submitted to Systems and Control Letters October 18, 2010



case of measurements affected by stochastic noise, the adoption of vanishing weights guar-
antees the convergence in probability of the agents’ states to the same value. A different
description of the uncertainty is adopted in [13] and [14], where the measurement noise is
only assumed to be bounded. In [13], the authors propose a nonlinear consensus protocol
that ensures the convergence of the states in a tube whose radius depends on the maximum
amplitude of the measurement noise. In [14] a consensus-based rendezvous algorithm, ensur-
ing the convergence of the system towards a ball with a finite radius in presence of bounded
noise, is presented.

In this paper we analyze two classes of consensus algorithms in a set-theoretic framework.
Under the assumption of unknown but bounded measurement errors, the feasible state set
(i.e., the set of all states compatible with the bounds on the noise) is explicitly derived. This
kind of sets naturally arise in the context of set-membership estimation theory, which was
originally developed for dynamic system identification and filtering problems, to guarantee
a worst-case bound in the estimation of the model parameters or of the state vector [15, 16].
The evolution of the feasible state set is used to evaluate the agreement of the team. Linear
consensus protocols adopting both constant weights and vanishing weights are considered, in
the case of undirected and stationary communication graph. It is shown that for both types
of protocols, asymptotic consensus cannot be guaranteed with respect to all possible noise
realizations, and bounds on the asymptotic difference of the agents’ states are explicitly
derived, as a function of the bounds on the measurement errors and the weight matrix. This
work extends previous results presented in [17], where the weight matrix was supposed to
be symmetric.

The paper is organized as follows. Section 2 provides an overview of the consensus pro-
tocols to be analyzed. In Section 3 the consensus problem is formulated in a set-membership
framework, under the assumption of bounded measurement errors. The main contributions
of the paper are presented in Section 4, where the asymptotic difference among the agents’
states is related to the bounds on the measurement noise and to the weights used in the
consensus protocol. A numerical example, illustrating the obtained results, is reported in
Section 5. Finally, in Section 6 some conclusions are drawn and future directions of research
are outlined.

1.1. Notation

The ith component of a vector x € R" is denoted by x;. The symbol 1 denotes the
vector whose components are all equal to 1, 1 = [1 ... 1]. Given a real matrix A € R"*",
A; is the 7th column of A and A;; is the ijth element of A. The eigenvalues of A are
denoted by A;(A), and if A is symmetric they are conventionally labeled in decreasing order,
A(A) > -+ > A\ (A) (unless otherwise specified). The singular value decomposition (SVD)
of a matrix A is denoted by YALAUA' where ¥4 is the diagonal matrix containing the
singular values o;(A). The singular values of A are conventionally labeled in decreasing
order, 01(A) > -+ > 0,(A) (unless otherwise specified). The 2-norm of A is defined as
|All, = 01(A). A non-negative matrix A is a matrix whose entries are all non-negative. An
undirected graph G is a pair G = (V, ), where V denotes the vertex set and € C V x V is
the edge set. An edge (i,7), i # j, belongs to £ if and only agents i and j can communicate.



Since G is undirected, if (¢, 7) € € then also (j,7) € £. A path between two vertices i,7 € V
is a sequence of edges (Ii,lk+1) € E, k=1,...,s— 1 such that [; =i and [y = j. The graph
G is connected if there exists a path between any two nodes i, 5 € V. Finally, we denote by
N; the set of neighbors of agent 7, i.e. Ny ={j €V :(i,j) € E}.

2. Motivation and related work

Consider a system of n agents V = {1,...,n} communicating among them according to
an undirected graph G. Let z;(t) € R be the state of agent i at time ¢ € N. At the same
time instant, agent 7 is given a noisy measurement of the state of all its neighbors

yz](t):x](t)—l—m](t), 1=1,...,n, ]EM (1)

The term 7,;(¢) models the uncertainty affecting the knowledge of the state of agent j, from
agent ¢’s viewpoint.
Each agent updates its state according to the equation

where u;(t) is the input of the i-th agent. If we denote by Y (t) = {y;;(t)}en; all the
information available to agent 7 at time ¢, the objective of a consensus algorithm is to find
for each agent a control law u;(t) = f (z;(t),Y)(¢)), i =1,...,n, ensuring the convergence
of the agents’ state to a common value, i.e. such that

tlggo |z;(t) —x;(t)] =0, 4,5=1,...,n.

In the ideal case of noiseless information (i.e., when 7;;(t) = 0, Vt), a number of dif-
ferent solutions have been proposed, both for stationary and time-varying topology of the
communication network, as well as for directed and undirected communication graphs (see,
e.g., [, 9]). The vast majority of the proposed algorithms adopt a feedback control law f(+)
which is a linear function of the agent states, the so-called linear consensus protocols. When
the topology of the communication graph is stationary, a linear consensus protocol takes on
the form

wilt+1) = 2i(t) + > wyla(t) —xi(t), i=1,...,n, (2)
JEN;
where the constants w;; are the weights of the consensus protocol. If we stack the states of
all the agents into a single vector z(t) = [x1(t) ... x,(t)]’, equations (2) can be rewritten in
vector form as

x(t+1)= (1 +W)x(t).

Clearly, the communication graph determines the sparsity pattern of W. It is well-known
that if the graph is connected then there exist many possible choices of the weight matrix
ensuring consensus, and, if in addition W is symmetric, the consensus value is simply the
average of the initial agents’ states (average consensus problem, [18]).



When the true state is not accessible, and noisy measurements like in (1) are used to
replace the actual state value, the updating rule (2) becomes

zi(t +1) = z;(t) + Zwij(yij(t) —xi(t)) = zi(t)+ Zwij(ﬂfj(t)—ﬂfi(t))+ Zwijnij(t) (3)

JEN; JEN; JEN;

fori=1,...,n. Let v(t) = [vi(t), ..., vy(t)], where

vit) =Y wimy(t), i=1,....n, (4)

JEN;
then equations (3) can be rewritten in vector form as
z(t+1)= I +W)z(t)+ov(t). (5)

Due to the presence of the forcing term w(t), consensus cannot be guaranteed anymore.
However, using input-to-state stability arguments, it can be shown that the maximum dif-
ference between any two states remains bounded provided that the measurement noise 7;;(t)
is bounded, and asymptotically vanishes if 7;;(¢) tends to zero [10].

On the other hand, in order to make the effect of a persistent noise tend to zero, the
measurements y;;(t) should be weighted lesser and lesser over time. Let a(t) be a positive
function such that lim, ,. a(t) = 0. If the weights w;; in (3) are replaced by a(t)w;;, the
updating rule becomes

o(t + 1) = (I + a(t)W)a(t) + a(t)v(t). (6)

In this case the agents’ states evolve according to a time-varying linear system, fed by a
vanishing input. If the measurement disturbances are modeled as independent stochastic
variables, with zero mean and finite variance, then choosing a(t) ~ t%, 0.5 <r <1, ensures
that the states of all the agents converge in probability to the same limit [12].

Driven by the aforementioned observations, the objective of this paper is twofold. Sup-
pose W is selected so as to guarantee consensus in the noise-free case. Moreover, assume
that the measurement noise 7;;(t) is bounded. The first goal is to quantify the difference
between the states as a function of the noise bound, in case constant weights are used (equa-
tion (5)). The second goal is to study the achievement of consensus when vanishing weights
are adopted (equation (6)). The bounded error assumption naturally leads to cast these
problems in a set-membership framework, as it will be shown in the next section.

3. Set-theoretic consensus

Let the state z(t) be updated according to equation (5), where the input v(t) is given
by (4). Assume that the measurement noise is unknown-but-bounded (UBB), i.e.



where € > 0 is a known quantity. According to (4), the UBB assumption on the measurement
noise immediately reflects on the possible values taken by the disturbance v(t), i.e. |v;(t)| <
€;, where ¢; = EZjeNi Wi

For a given initial condition z(0), it is possible to define the feasible state set (FSS) X (t)
through the recursion

X0 (0) = {=(0)}

Xo(t+1) = (I +W)Xc(t) & DB, (8)

where By, denotes the unit ball in the co-norm, defined as ||z|| = max; |z;|, and D, is the
diagonal matrix whose i-th entry on the diagonal is equal to ¢;. In (8), the symbol @ denotes
the sum of sets. The set DB, is a box in R™ and contains all the possible realizations of
the disturbance v(t) which satisfy the UBB assumption (7). Consequently, the set X ()
contains all the states at time ¢ compatible with the initial condition z(0) and the error
bounds (7). By expanding the recursion (8), it can be checked that the feasible state set at
time ¢ can be written as

Xo(t) = {z €R" 12 = 2,(t) + T()a, |laf|. <1} 9)

where

() = F'z(0),

TWt) = [T\ Ty ... T € R,
F=I+W,
T,= FiD, e RV, i=1,....t.

(10)

The set X is a parpolygon in R™, with center x,. and edges parallel to the columns s; of
T=1[s1 ... 5] (see, e.g., [16]).

Similarly to the case of constant weights, if the state evolves according to equation (6),
under the UBB assumption (7), the feasible state set Xy (t) at time ¢ is given by

Ay (0) = {x(0)}

Xy(t+1) = (I +a(t)W)Xy(t) @ a(t) DB (11)

Hence the feasible state set is still a parpolygon like (9), but with different center and edges
Xy(t)={zeR":x=uz.(t) +T(t)a, ||, <1} (12)
where x.(t) = ®(¢,0)z(0), T(t) = [Ty Tz ... T;] € R™ and

F(t) = I+a(t)W,
(tz,tl) F(tg—l) (t2—2)F(t1), 0<t < 19,

() I,
a(i —1)®(t,i)D, € R™™, i=1,...,t.

(13)



Since the states of the agents at time ¢ are constrained to belong to the parpolygon X(.(t),
the achievement of consensus can be established by studying the time evolution of X((t).
Specifically, consensus is reached if and only if all the segments defining X{.)(¢) (the columns
of matrix T'(t)) eventually align with the vector 1 = [1 1 ... 1}/ € R, i.e. if and only if
the parpolygon degenerates into a line. Moreover, should this not happen, a measure of the
disagreement of the team is given by the maximum size of the projection of X(.y(¢) on the
subspace orthogonal to 1, denoted by S1". As a matter of fact, let P1" = T — %l be the
projection operator of a vector of R™ on S Then the projection of X((t) on ST g given

by XL (t) = {#*" € R": 2" = PVz, z € Xy(t)}. and

roy(t) = max ||z, (14)
a:EX(l')J' ()

is the maximum deviation from consensus (in the 2-norm) at time ¢. Upper and lower
bounds on the asymptotic value of r¢(t) and ry(t) will be derived in the next section.

4. Bounds on asymptotic disagreement

This section contains the main contributions of the paper. First, we will characterize the
feasible state set for the case of constant weights (Section 4.1), and then we will address the
same problem in case of vanishing weights (Section 4.2). In both scenarios, we will study
two aspects. One concerns the finiteness of the consensus value (Propositions 1 and 2). The
other one is related to finding upper and lower bounds on the asymptotic deviation from
consensus (Theorems 1-4). The proofs of all the lemmas are reported in the appendix.

Let the weight matrix W be defined as

Wy = wi == wy > 1 . (15)
JEN;
0 otherwise

In the remaining of the paper, the following assumptions are made.

Assumption 1 (UBB noise). The noise v(t) is bounded: v(t) € D Bw.
Assumption 2 (Connectivity). The undirected communication graph G is connected.
Assumption 3 (Weights). The weight matriz satisfies W1 = W'1 = 0.

Assumption 3 is a necessary condition for achieving average consensus [18]. The following
identities will be useful for establishing the main results of the paper

PYW =WPY =W

1L 1L 1L 1L ]_]_/ IL 11,
P F=FP =P FP =F——=P +W=1—-——+W. (16)
n n



4.1. Constant weights

Let us suppose that the state of the agents evolves according to the stationary dynamic
model (5), which we rewrite as

z(t+1) = Fa(t) + v(t)

x(0) = xg ’ (17)

where F' = I + W and the weights are chosen as in (15).

Proposition 1. The feasible state set Xo given by (9) is asymptotically unbounded along
the vector 1.

Proof: Denote by XA(t) the orthogonal projection of X () on the subspace spanned by

1, ie.
!/

11
Xit)={a' e R":2' = —ux, 2 € XA:(t)}.
n

Let us consider the state Z(t) € Xo(t) such that 2(t) = z.(t) + T'(t)&, witha=[11 ... 1] €
R, Then, from (9)-(10) and noting that under Assumption 3 1'F = 1’, the projection
21(t) of 2(t) on 1 is given by

1

P (1) = (1) = T (t) + T(0)a)

= %(1’95(0) + tz €i).-

1
= ~(12(0) + [1'D, 1'D, ...1'D,&)
n

By construction 21(t) € XA(t), and Jim |2*(t)]|,, = +o0, which concludes the proof. O
— 00

Proposition 1 states that in case of constant weights, when consensus is achieved, the
consensus value is not necessarily bounded. This means that even when the difference among
the agents’ state vanishes, the state of each agent can diverge.

In order to derive asymptotic bounds on the quantity rc¢(t), defined as in (14), let
us consider the dynamics of the projection of z(t) on the subspace orthogonal to 1. Let

2V (¢) 2 PY 2(t). From (16) and (17) it follows

2V (t+1) =PV F2' (1) + PV o(t)

21 (0) = PY g 18)

Some preliminary results are needed.

Lemma 1. F' is a primitive matriz. Moreover, \i(F) = 1 is a simple eigenvalue of F', with
eigenvector 1, and | N(F)| <1, i=2,...,n.

Being F' = I + W, the following result follows directly from Lemma 1.



Corollary 1. \;(W) = 0 is a simple eigenvalue of W, with eigenvector 1, and | \;(W)+1] <
1,i=2,....n

Lemma 2. The norm of matrix P F s HPILF

= 0'2<F) < 1.
2

We are now ready to present an upper bound on the asymptotic disagreement of the
team, in case of constant weights.

Theorem 1. Let 217 (t) evolve according to (18). Then

1 )
lim o S
A Jlz (@], =< 1— oy(F)’
where 0 = max HPllvH.
VEDBoo 2
Proof: From (16) and (18) it follows
|+ e+ v, = [P pet o+ Po] <[] o, 3
2 2
= 03(F) Hxll(zﬁ) +0
2

where the last equality comes from Lemma 2. Now, if we consider the system

{ t+1 —0'2 S
© =0 H |
)

then t)H < z(t), t > 0. The result follows by noting that hm 2(t) = = oa(F) since
2 — 09

0 < 0y(F) <1 by Lemma 2. O

The following lemma is needed in order to obtain a lower bound on the asymptotic disagree-

ment of the team.

Lemma 3. Let 21" (t) evolve according to (18) and let v(t) = v, t > 0. Then

lim 2% () = (I — PT F)"'P"y

t—o00

Theorem 2. Let z (t) evolve according to (18). Then there exists a feasible noise realiza-

tion v(t) such that
5.
> =1
2 = icleon-1 ai(W)

(1)

lim ‘
t—o0

where éi max |Y,V'v| and W = YWEVUW is a SVD of W.

vEDBoo



Proof:
Consider the following SVDs

FE(UI-PYF) ' =ySU, (19)
FEI-PYF=Y3U, (20)
W =yWsWyW' (21)

Clearly the following relationships hold

Y=U, =% U=Y. (22)

From Assumption 3, the smallest singular value of matrix W is ¢,,(WW) = 0 and the corre-

1
sponding left and right singular vectors are Y} = U = ——. Now, note that from (16)

vn

N 11 11 & ,
F:J—P“F_——W_—— o, (WYYVuW' (23)
n
i=1

Hence, from (20), (21) and (23) it follows for i = 1,...,n — 1,

)
Pt ] o= o a7

and o, (F) = 1. Exploiting (22), one finally gets for i = 1,...,n — 1,

] O'Z'(F) = o;(W), (24)

1

—ai(W) ) (25)

Vv — {_UIW —Uv, \/1_] U= {}QW...Yn”_/l %} . 0i(F) =

and 0, (F) = 1. Note that o;(F) and o;(F) are now not necessarily arranged in decreasing
order. Let

5 S max |[VW'o| =
vEDBoo

W' D.sgn Y™, i=1,...,n—1, (26)

and consider the corresponding noise realizations
v () = v 2 Dsgn (YY) t>0, i=1,....,n—L (27)

Note that v{# is feasible by construction. Since YW, i=1,...,n — 1 are orthogonal to 1
because YW is unitary, P2 v{? can be rewritten as

Pl = Z By YV (28)



for some 3;; € R. Note that by (26)-(27), it holds 3;; = ¢, for each i. Then, from (19), (25),
and (28), one gets

2
2

| =P )Pt

2

YU’ <nz_‘i ﬁinjW>
-3 () = ()

j=1

2
2

n—1
Z Uj(F)BijU]W
j=1

2

The thesis follows from Lemma 3. O

From Theorems 1 and 2, it can be concluded that the set X(}L (t) is bounded for all ¢.
Moreover, r¢(t) in (14) satisfies

(29)

where 0, = Y} D.sgn (Y,V) and 6 = max HPILU
vEDeboo

R
4.2. Vanishing weights

Let us now turn our attention to consensus protocols featuring vanishing weights. To
this purpose, consider the LTV system

2(t + 1) = F(t)z(t) + a(t)o(t)

x(0) =z ’ (30)

where F(t) = I + a(t)IV, and the weight matrix W is chosen as in (15). From now on, the
following assumption is made on the weighting sequence a(t).

Assumption 4 (Forgetting factor). The sequence a(t) € R satisfies
1

0 t — t2>0 31
< a( ) < max; ’wula - Y, ( )
lim a(t) =0, (32)
t—»00
a(t) = +o0. (33)
=0

Examples of such functions are a(t) = 1/(t +v)", v > 1, 0 < r < 1. Recall that if
Y oopa(t) < 400, then asymptotic consensus is not guaranteed any more in the noiseless
case [12].

Proposition 2. Let a(t) satisfy (31)-(33). Then, the feasible state set Xy given by (12) is
asymptotically unbounded along the direction identified by the vector 1.

10



Proof: Since, under Assumption 3, 1'F'(t) = 1, from (13) it follows
1/@(t2,t1) = 1/, 0<t; <ts. (34)

Denote by Xt () the orthogonal projection of Xy (t) in (12) on the subspace spanned by 1,
and consider the state #(t) € Xy (t) corresponding to & = [1 1 ... 1]/ € R™ in (12). Then,
from (12)-(13) and exploiting (34), its projection #*(¢) on 1 is given by

#(t) = %(1'3:(0) + Zej Za(z))

By construction #'(t) € X}(t) and its norm tends to infinity by Assumption 4, which con-
cludes the proof. O

Proposition 2 shows that, also in case of vanishing weights, the consensus value is not
necessarily bounded.

In order to get asymptotic bounds on the quantity 7 (¢) in (14), let us consider the
dynamics of the projection of z(t) on the subspace orthogonal to 1. From (30) it follows

2t 4+ 1) = PY Rz (t) + alt) P o(t)

le(O) = PY 1, (3)

The following lemmas are instrumental in establishing asymptotic upper and lower bounds
to ry.

Lemma 4. Let z(t) € R evolve according to
2(t+1) = (1 — ca(t))z(t) + a(t)od, (36)

where a(t) satisfies Assumption 4, ¢ >0 and § > 0. Then

, )
tligloz(t) T
Lemma 5. Letc; = —X(W+W') >0, co = M(W'W) >0, c3 = = X(WH+W+W'W) > 0,
F(t) = I +a(t)W, and a(t) satisfy Assumption 4. Then, there exists a finite time t such
that
0 <a(t)(cr — ea(t)) <1, vt >t (37)
and )
[P F®| <1 -at)e = cal®)) ol < L - coa®)] 2]}, vezE (38)

for any x € R™ such that 1’z = 0.

The following theorem gives an upper bound to the asymptotic disagreement of the team,
in case of vanishing weights.

11



Theorem 3. Let 21" (t) evolve according to (35). Then
26

i [+ 0], < 5
L O S Wi

t—o00

where § = max HPILUH

vED Boo 2

Proof: From the definition of § and from equation (35) it follows

] S| < HPILF(t)le(t) + a(t)?.
2 2
Since 1/ (t) = 0, from Lemma 5 one gets
| ¢+, < 1= ae = o) o @) +ews, tzi @9)

where ¢; = =X\ (W +W’) and ¢ = A\ (W'W). Recall that for 0 <z < 1, (1—2)"? < 1—1ia.
Then, from (37), inequality (39) becomes

— t
‘ < <1 _ a<t)01_02a<>) ,
2
For all € > 0 there exists a time instant ¢(e) such that coa(t) <€, t > t(e) and consequently

(1 —a(t)cl_—;?a(t)) < (1 _a(t)clz_e), t > t(e).

+a(t)s, t>1. (40)
2

(1)

V(4 1)

2

Hence from (40)

‘ 2§(1—a(t)612_6)’

which, combined with Lemma 4, implies

xll(t)HQ +a(t)s, t>t(e),

1+

o (t+1)

tlgcr}o Hle(t)H2 = 012f e (W —f(i/V’) +e

The thesis follows from the arbitrariness of €. O
The following lemma is instrumental in establishing a lower bound on the asymptotic dis-
agreement of the team.

Lemma 6. Let 21" (t) evolve according to (35), and let v(t) = v, t > 0. Then

lim 2" (t) = (I — PY F)'PLw.

t—00

By noting that Lemma 6 gives the same limit as Lemma 3, the next result stems directly
from Theorem 2.

12



Theorem 4. Let z¥ (t) evolve according to (35). Then there exists a feasible noise realiza-

tion v(t) such that
0,
>  max —

1L
t
x ( ) 2~ i=1,..,n—1 UZ(W)

lim
t—o0

where 9, 2 max YV, and W =YVEWVUY is a SVD of W.

vEDBoo

Summarizing, from the results in Theorems 3 and 4, one can conclude that the set X‘}l (t)
is bounded for all ¢. Moreover, ry(t) in (14) satisfies

S

9; . 20
max < lim ry(t) < —

= 41
i=Loon—1 03(W) ~ =00 Ao(W 4+ W)’ 1)

where §;, = Y D.sgn (YY) and 6 = max HPllvH :
vEDeboo 2
By comparing the results of Theorems 2 and 4, one finds that the lower bounds on the

asymptotic value of r¢(t) and 7y (t) are the same. On the contrary, Theorems 1 and 3
provides upper bounds on the asymptotic disagreement r¢(t) and 7y (t) which are different,
in general. It is natural to wonder whether there is a relationship between the two upper
bounds. The next lemma provides the answer to this question.

Lemma 7. Let F'=1+ W, where W is defined as in (15). Then
1 2

= oa(F) = (W 47

Lemma 7 implies that the upper bound on the asymptotic value of ry(¢) is smaller than or
equal to the upper bound found for the asymptotic value of r¢(t).

It is worth remarking that the upper and lower bounds obtained in Theorems 1-4 are
valid for all possible time-varying sequences v(t) satisfying the condition v(t) € D B,
stemming from the UBB noise assumption (7). A constant noise realization is used only to
derive instrumental theoretical results, like Lemma 3 and Lemma 6.

4.8. Symmetric weight matriz

The results (29) and (41) take on a special form when the weight matrix W in (15) is sym-
metric. Let as usual o;(F) and \;(F') denote the singular values and the eigenvalues, respec-
tively, of matrix F', arranged in decreasing order. Being F' symmetric, o;(F) = |\;,(F)], for
i=1,...,n and for some j; € {1,...,n}. Then, according to Lemma 1, oy (F) = \(F) =1
and

oo(F) = max |N(F)| = max{\a(F), —\.(F)}.

i=2,...,n

Moreover, A\o(W +W') = 2X5(WW). Let e; be a unitary eigenvector associated to A;(F'). From
the definition of F', clearly We; = (A;(F)—1)e;. When W is symmetric, the input and output
singular vectors YY", UW correspond (up to a sign and a reordering) to its eigenvectors

w w ;
Y; = €n—it+1, Uz = —€Cp—i+l, 1= 17 e, n.

13



Hence o;(W) = =X_izi(W) =1 — A\y—i11(F) and

3, =YV Desgn (YY) = e, iy1Desgn (en_iy1).

The above discussion leads to the following corollaries.

Corollary 2. Let W be a symmetric matriz. Then, the set XéL (t) is bounded for all t.
Moreover, ro(t) in (14) satisfies

max % < lim r¢(t) i

c_ 0 42
i=2,..n 1 — )\Z(F) t—00 1 )\]\/[(F’)7 ( )

and Ay (F) = max{A2(F), =\, (F)}.

2

where §; = e;Desgn (e;), 6 = max HPHU
'UEDEBOO

Corollary 3. Let W be a symmetric matriz, and let a(t) satisfy Assumption 4. Then, the
set XL (1) is bounded for all t. Moreover, ry(t) in (14) satisfies

‘max < lim ry () 0

9; < - 4
i=2,...,n 1 — )\z(F) t—00 - 1- AQ(F)7 ( 3)

where §; = e;Desgn (e;) and § = max HPILU
vEDBoo

.
The bounds provided by the previous corollaries are exactly the same found in [17], except
for the lower bound in (42). In fact, in [17], a non-constant noise realization v(¢) has been

found, giving rise to the (generally tighter) lower bound

5.
27 < . )
2 T S dmre(®) (44)
Clearly, if the maximum in (44) is attained in correspondence of a positive \;(F"), then the
two bounds coincide.

4.4. Discussion

For the classes of consensus algorithms considered, it turns out that if the updating
scheme ensures the achievement of consensus in the noise-free scenario, then the feasible
state set is asymptotically contained in an infinite cylinder aligned with 1, and whose radius
can be bounded by functions of the singular values (or eigenvalues) of the weight matrix
and of the maximum amplitude of the measurement errors. It is worth remarking that the
radius does not depend on the initial state of the agents. This means that the maximum
deviation from consensus, with respect to all possible noise realizations, is independent of
the initial disagreement of the team.

Identical lower bounds have been found for constant and vanishing weights. Concerning
the upper bound, the one found in case of vanishing weights is smaller than or equal to its
counterpart in case of constant weights (Lemma 7). This means that an algorithm like (6)
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provides some improvement also in a worst-case scenario, at least in principle. However,
whenever matrix W is symmetric and such that Ay (F) = Ao(F), the upper bound is the
same for both classes (Corollaries 2 and 3). Moreover, it depends only on the second largest
eigenvalue of matrix F. It is known that such an eigenvalue determines the convergence rate
to the consensus value in absence of measurement noise (the smaller meaning the faster, see
(6, 18]). Hence, a faster mixing network guarantees also a smaller worst-case asymptotic
difference among the agents’ states.

It is interesting to observe that the upper bound in case of vanishing weights does not
depend on the rate of convergence of the weighting sequence a(t), as long as it satisfies (33).
Note that if a(t) is selected such that >",° a(t) < +oo, then even if v(t) = 0, V& > 0, i.e.
in the noise-free scenario, consensus cannot be reached. Nonetheless, an a(t) such that its
summation converge, would have the advantage of bounding the feasible state set also along
the direction 1 (see the proof of Proposition 2). Hence, in a worst-case analysis it could be
of interest to choose a faster vanishing a(t), in order to trade off boundedness of the agents’
states and maximum asymptotic disagreement of the team.

Finally, it is worth remarking that the main reason why protocols like (6) do not guar-
antee consensus in a set-membership framework (differently from what happens when mea-
surement noise is modeled in a stochastic setting, see [12]) is that the noise is only assumed
to be bounded, and biased noise realizations are allowed as well.

5. Numerical results

This section presents a numerical example, illustrating the main theoretical results de-
scribed so far. The team is composed of 10 agents, connected through a communication
graph generated similarly to what has been done in [18]. The network topology has been
obtained by randomly distributing the positions of the agents in a 1 x 1 box in the plane,
and connecting two agents if and only if their distance is smaller than 0.5. The resulting net-
work, composed of 31 edges, is connected, thus satisfying Assumption 2. The weight matrix
W has been randomly generated according to equation (15) and such that Assumption 3 is
satisfied. The measurement noise 7;; is assumed to be bounded as in (7), with € = 0.1. The
forgetting factor a(t) adopted in the updating rule (6) is chosen as a(t) = m7 thus sat-
isfying Assumption 4. Within this setting, the asymptotic bounds (29) on the disagreement
in case of constant weights become r < lim;_,o r¢(t) < Fe, where r = 0.49 and 7¢ = 0.85.
In case of vanishing weights, the bounds (41) take on the value ry, < lim; o 1y () < Ty,
where r, = 0.49 and 7y = 0.62. In this example, the updating scheme based on vanishing
weights provides a smaller upper bound than the constant weights scheme, 7y < T¢, as
pointed out in Section 4.4.

Figures 1-(a) and 1-(b) summarize the results of 1000 simulation runs, starting from
initial conditions z;(0) randomly generated in the interval [—10, 10]. The average and the

maximum of Hxll(t)H are depicted at each time instant, for both choices of the updating
2

rule. The asymptotic upper bounds 7.y (dash-dotted line) are also shown. The measurement
noise 7;;(t) is uniformly distributed in the interval [—€, €]. When constant weights are used,
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Figure 1: Average value (a) and maximum (b) of Hle (t)

’ , over 1000 simulation runs, in case of constant
2

weights (dashed line) and vanishing weights (solid line).

the average of Hxll(t)H settles around 0.085, while the maximum values oscillate around
2

0.15 (Figure 1). In case of vanishing weights, the same quantities are one order of magnitude
smaller. It can be noticed that in general constant weights protocols feature faster transient
at the expense of larger steady-state error. In the previous example, the theoretical upper
bound on the asymptotic value of r(¢) turns out to be quite conservative. However, it is
worth recalling that such a bound holds for all possible noise realizations satisfying (7). Even
though the worst-case noise 7;;(t) is not easy to determine, some unfavorable realizations

can be figured out. In Figure 2,

xll(t)H is shown when n;;(t) is generated such that
2

v(t) = v} as defined in equation (27), and 4* is the index of the largest ratio Ufﬂv (see
Theorems 2 and 4), i.e.

i* = arg max —

i=1,....n—1 Uz(W) )

For this noise realization, the actual value of Hle(t)H is eventually larger than r, (lower
2

dash-dotted line in Figure 2), and the final value is the same for both choices of the weights.

6. Conclusions

In this paper, the asymptotic properties of two classes of linear consensus algorithms have
been analyzed, in presence of bounded measurement errors. The consensus protocols taken
into account differ for the way the weighting matrix is chosen, being either constant over
time or vanishing as time increases. Under the assumption of bounded errors the consensus
problem has been formulated in a set-theoretic framework. By studying the evolution of
the feasible state set, a worst-case analysis on the asymptotic disagreement of the team has
been performed.
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Figure 2: Value of H:Ull (t) H for noise realization (27), in case of constant weights (dashed line) and vanishing
2

weights (solid line).

It has been shown that for both kinds of algorithms, consensus cannot be guaranteed
with respect to all possible noise realizations, but the difference among the agents’ states is
asymptotically bounded. Both upper and lower bounds have been derived, as a function of
the bounds on the measurement noise and of the weight matrix.

There is a number of issues related to set-membership consensus which are going to be
addressed in future work. One is the characterization of the noise realization giving rise
to the maximum disagreement of the team, in order to achieve possible tighter bounds.
Closely related to this topic is the synthesis of the weight matrix minimizing the worst-case
asymptotic deviation from consensus. The extension of the results presented in this paper
to communication networks with time-varying topology is also under investigation.

References

[1] K. Lynch, I. Schwartz, P. Yang, R. Freeman, Decentralized Environmental Modeling by Mobile Sensor
Networks, IEEE Transactions on Robotics 24 (3) (2008) 710-724.

[2] W. Ren, R. Beard, Distributed Consensus in Multi-vehicle Cooperative Control: Theory and Applica-
tions, Springer, 2008.

[3] S.Martinez, F. Bullo, J. Cortes, E. Frazzoli, On synchronous robotic networks—Part II: Time complexity
of rendezvous and deployment algorithms, IEEE Transactions on Automatic Control 52 (12) (2007)
2214-2226.

[4] F. Bullo, J. Cortes, S. Martinez, Distributed Control of Robotic Networks, Applied Mathematics Series.
Princeton University Press, 2008.

[5] R. Olfati-Saber, J. A. Fax, R. M. Murray, Consensus and cooperation in networked multi-agent systems,
Proceedings of the IEEE 95 (2007) 215-233.

[6] R. Olfati-Saber, R. M. Murray, Consensus problems in networks of agents with switching topology and
time-delays, IEEE Transactions on Automatic Control 49 (9) (2004) 1520-1533.

17



[7] A. Jadbabaie, J. Lin, A. S. Morse, Coordination of groups of mobile autonomous agents using nearest
neighbor rules, IEEE Transactions on Automatic Control 48 (6) (2003) 988-1001.

[8] L. Moreau, Stability of multiagent systems with time-dependent communication links, IEEE Transac-
tions on Automatic Control 50 (2) (2005) 169-182.

[9] W. Ren, R. Beard, E. Atkins, A survey of consensus problems in multi-agent coordination, in: Pro-
ceedings of the 2005 American Control Conference, 2005, pp. 1859-1864.

[10] D. B. Kingston, W. Ren, R. W. Beard, Consensus algorithms are input-to-state stable, in: Proceedings
of the 2005 American Control Conference, 2005, pp. 1686—-1690.

[11] M. Zhu and S. Martinez, Dynamic average consensus on synchronous communication networks, in:
Proceedings of the 2008 American Control Conference, 2008, pp. 4382-4387.

[12] M. Huang, J. H. Manton, Stochastic approximation for consensus seeking: Mean square and almost
sure convergence, in: Proceedings of the 46th Conference on Decision and Control, 2007, pp. 306-311.

[13] D. Bauso, L. Giarré, R. Pesenti, Consensus for networks with unknown but bounded disturbances,
SIAM Journal on Control and Optimization 48 (3) (2009) 1756-1770. doi:10.1137/060678786.

[14] C. Caicedo-Nunez, M. Zefran, Rendezvous under noisy measurements, in: Proceedings of the 47th
IEEE Conference on Decision and Control, 2008. CDC 2008, 2008, pp. 1815-1820.

[15] M. Milanese, A. Vicino, Optimal estimation theory for dynamic systems with set membership uncer-
tainty: an overview, Automatica 27 (6) (1991) 997-1009.

[16] L. Chisci, A. Garulli, G. Zappa, Recursive state bounding by parallelotopes, Automatica 32 (1996)
1049-1055.

[17] A. Garulli, A. Giannitrapani, A set-membership approach to consensus problems with bounded mea-
surement errors, in: Proceedings of the 47th IEEE Conference on Decision and Control, 2008, pp.
2276-2281.

[18] L. Xiao, S. Boyd, Fast linear iterations for distributed averaging, System and Control Letters 53 (1)
(2004) 65-78.

[19] R. Horn, C. Johnson, Matrix Analysis, Cambridge University Press, 1985.

[20] E. Seneta, Non-Negative Matrices and Markov Chains, Springer, 2006.

[21] I. Gradshtein, I. Ryzhik, Table of Integrals, Series, and Products, Academic Press, 2007.

A. Appendix

A.1. Proof of Lemma 1

By construction, F' is non-negative and, from Assumption 2, the matrix F' is irreducible
(Theorem 6.2.24 in [19]). Since Fj; > 0, F' is also aperiodic. Hence F' is a primitive matrix
and the Perron-Frobenius (PF) theorem applies (Theorem 1.1 in [20]). Hence, there exists
a simple eigenvalue of maximum modulus A, (F') with positive eigenvector. Moreover, A;(F')
lies between the minimum and maximum row sum of F' (Corollary 1 in [20]). Since, by
Assumption 3, F'1 =1, then \{(F) = 1 and 1 is the corresponding eigenvector.

A.2. Proof of Lemma 2

Consider a SVD of FF = YFSFUF . Since FF' has the same sparsity pattern of F2, and F
is primitive by Lemma 1, then F?, and hence F'F', is primitive as well, and the PF theorem
applies. Hence \{(FF’) = 1. Since, by Assumption 3, F'1 = 1, then Y/ = Ul = 1/\/n,
and F = 1 + 3™ oy(F)Y"UF". Hence, from (16), PYF =", 0i(F)YFUF . In other
words, PY F has the same singular values of F', except for that at 1 (which is replaced by
a singular value at 0). Thus HPILF H2 = 09(F) < 1 where the inequality follows from the

PF theorem applied to F'F’.
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A.3. Proof of Lemma 3

Recall that for any square matrix A, the spectral radius p(A) < ||A||, for any matrix
norm || - || (Theorem 5.6.9 in [19]). Then from Lemma 2 one has p(PY F) < ‘ PlLFH <1,
and the result follows from the asymptotic stability of system (18). ’

A.4. Proof of Lemma 4

Notice that Assumption 4 ensures that there exists a finite time ¢, such that ca(t) < 1,
t > to. Moreover, the state z. = g is the only equilibrium point for the time-varying
system (36). Consider the change of coordinates 2/(t) 2 z(t) — 2. Then, from (36) it follows
Z(t+1) = (1 — ca(t))2/(t), and hence 2'(t) = | Z_:io(l — ca(k))] 2'(to), t > to. It is known
that an infinite product of the form [}~ (1 — a(k)), with 0 < a(k) < 1, converges to a non

zero value if and only if Y~ (k) < +00 (e.g., see result 0.252 in [21], p. 14). This implies
that if Y7, a(k) = 400, then [[,- (1 — a(k)) = 0. Hence, from (33), lim,_,, /() = 0, for
all 2'(tg). Since 2/(t) = 0 implies 2(t) = 2, the thesis follows.

A.5. Proof of Lemma 5

Since F' is primitive, then F’F is primitive as well, and its eigenvalues satisfy
0<M(F'F)<--- < \N(F'F)<\(F'F)=1.
Define S =W + W'+ W'W. Then, S = F'F — I and hence
—1 < A (S) < - < Xa(S) < A (S) = 0.

Hence S is negative semidefinite, and c¢3 = —A2(S) > 0. Since W'W is positive semidefinite,
and rank(W'W) = n—1 by Corollary 1, then co = A\ (W/'W) > 0. It is known (see Corollary
4.3.3 in [19]) that given two symmetric matrices A, B, with B positive semidefinite, then
MNi(A) < N(A+B),i=1,...,n. Let A=W + W' and B=W'W, so that A+ B =S.
Then \,(W + W') < N(W + W'+ W'W) = N(5), i = 1,...,n, from which it follows
AW 4+ W) < Xa(S) < 0. Hence ¢; = —X(W + W’') > 0 and ¢3 < ¢;. Given the special
structure of matrices A, B and S, it can be shown that the last inequality holds strictly. In
fact, by contradiction, suppose ¢z = ¢y, i.e. A(A) = A2(.5) 21 Let vA vP i =1,...,n, be
unitary eigenvectors associated to \;(A) and X\;(S), respectively. Then

v Avd = 05" Sus = 1. (45)

Now, notice that, by Corollary 1, ker(A) = ker(B) = ker(S) = Span{1}. Hence, v}, v,
1 =2,...,n, are all orthogonal to the vector 1 and it is possible to write

vy = Z v’ (46)
=2
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for some a; such that Y "' ,a? = 1. By substituting (46) into (45), and recalling the
expression of A, B and S, one gets

[ = <Z ozwf) A (Z awf) = (Z ozwf) (S — B) <Z aivf>
(S]]

where v = v5"' Bvj' > 0, since B is positive semidefinite and v4 is orthogonal to ker(B). By

noting that
n / n n
(Z ozwf) S (Z ozwf) = Z a?i(S)
=2 =2 i=2

it follows
Ao (S) =1 = 20‘%1‘(5) -7 =< (Z 04?) A2(S) =7 = Aa(S) — v < Aa(S).
=2 i=2

Thus, it must be ¢3 < ¢;. Hence, Assumption 4 ensures that there exist two finite time
instants ¢, t, ¢ > ¢ such that

~

—c1 + CQCL(t) S —C3, t Z s (47)
and

0 <a(t)(cg — ca(t)) <1, > 1,

~+~

which concludes the first part of the proof.

Let us now consider a vector x such that 1’z = 0. By recalling that A; (W +W’) = 0 and
N(W +W') <0,i=2,...,n, Corollary 1 ensures that /(W + W")z < M(W + W') ||z||3,
and, from (47),

W+ W 4+ a(t)WW)z =o' (W +Wa + a(t)' (WW)z
< Qo (W W) 2|3 + a)M(W'W) |lz]l3, (48)
= (—e1 + eat) ||z]l; < —esllzll;,  t>E

Since, by Assumption 3, P*" F(t) = I — ¥ 4 a(t)IV, then

HPlLF(t)tz — F () PY PY F()a = 2 [(I + a®)W) (I + a(t)W)] z
= [lll5 + a(t)z’ (W + W' + a(t)W'W]z.

Finally, from (37)- (48) one gets
2

[P Ft)a]|, <1 - a)er = coa)] o] < [1 = esa(®] ol ¢ 24
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A.6. Proof of Lemma 6
Being F(t) = I + a(t)W, one has

11/ 11/
PY () =1—(1—a(t)~— — a(t) (— - W) . (49)
n n
Define 5(t) = &V (t) — (I — P*"F)"'PY" ¢, where F = I + W. Then
nt+1)=a" (t+1)— (I — PYF)"'P "y
= PYF()z" () +a(t)P v — (I — PV F)'P (50)

— PY F)n(t) + <a(t)] (I = PYF) (I - PILF)‘1> P,

Since, from (16), (I — PY" F)~! = (¥ — W)_l, by exploiting (49) one gets

n n

« (5 - W) T e

n

— - a) o (W) == - a3

a(t)l — (I — PV F(t))(I — PY F) = a(t) — {(1 - a(t))l—ll + aft) (5 - W)]

where the last equality comes from the identity (see Corollary 5.6.16 in [19] and recall
Lemma 2)

(% - W) L (I-PYF)'= i(P“F)k = i(Pll + W)k
k=0 k=0

and by noting that 1Tll(PlL + W)k =0, if k > 0. Finally, substituting (51) in (50) one gets

n(t+1) =P F(t)n(t). (52)

Now consider the function V (n,t) = ||n(t)|3. Since 1'n(t) = 0, from (38) in Lemma 5 one
gets

Vint+1) = ||PE RO < 0 eV, 11

where cg = —\o(W + W' + W'W). From Lemma 4 it follows lim; ,o, V(n,t) = 0, which in
turn implies lim; . 7(t) = 0.

A.7. Proof of Lemma 7

Let us consider the matrix A = F+TF/ =1+ W+TW Being F' primitive by Lemma 1, then
A is primitive and all its row sums equal to 1. Hence

1< A (A) << A (A) < A (A) =1, (53)
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and the unitary eigenvector corresponding to the largest eigenvalue is 1/y/n. As a conse-
quence, a SVD of A has the form

n

11’ /
A="—1+ o (AY U, (54)
(-
where 0 < 04(A) < 1, i = 2,...,n. Now consider the matrix B = P'" + WJ;W/, where

PY =] — 171/ Clearly, B=A — 171/ Moreover, B1 = 0 and hence a SVD of B is given by
B =Y oAV UL (55)
i=2

By recalling the definition of A and B, equations (54)-(55) imply that

W+ W' W+ W
o (1 + %) =0 (P“ + %) . (56)

By Lemma 2 and from equation (16), one has
0o(F) = o1 (PY F) = 01 (PY + W). (57)

Putting together (56) and (57), one gets

( W+W’) (lew P“+W’>
o | I+—F—) =0 +

2 2 2
P+ W PY W o
<o|\———|+a|——— ] =)
2 2
Looking at the spectrum of I + W+TW/ (equation (53)), one concludes that
w4+ W w4+ W W+ W
o (14 5 ) mmax o (14 ) o (14 )

2 2 2

(59)

/ 1
> Xy (1+u> = 1+ S0(W + W),

Finally, from (58)-(59), one gets o2(F) > 1+ $Xo(W + W’), from which the result easily
follows.
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