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We study the average consensus problem of multi-agent systems for general network topologies with
unidirectional information flow. We propose two linear distributed algorithms, deterministic and gossip,
respectively for the cases where the inter-agent communication is synchronous and asynchronous. In both
cases, the developed algorithms guarantee state averaging on arbitrary strongly connected digraphs; in
particular, this graphical condition does not require that the network be balanced or symmetric, thereby

extending previous results in the literature. The key novelty of our approach is to augment an additional
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variable for each agent, called “surplus”, whose function is to locally record individual state updates.
For convergence analysis, we employ graph-theoretic and nonnegative matrix tools, plus the eigenvalue
perturbation theory playing a crucial role.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

This paper presents a new approach to the design of distributed
algorithms for average consensus: that is, a system of networked
agents reaches an agreement on the average value of their
initial states, through merely local interaction among peers.
The approach enables multi-agent systems to achieve average
consensus on arbitrary strongly connected network topologies
with unidirectional information flow, where the state sum of the
agents need not stay put as time evolves.

There has been an extensive literature addressing multi-agent
consensus problems. Many fundamental distributed algorithms
(developed in, e.g., Bertsekas & Tsitsiklis, 1989; Jadbabaie, Lin, &
Morse, 2003; Olfati-Saber & Murray, 2004; Ren & Beard, 2008;
Xiao & Boyd, 2004) are of the synchronous type: At an arbitrary
time, individual agents are assumed to sense and/or communicate
with all the neighbors, and then simultaneously execute their local
updating protocols. In particular, Olfati-Saber and Murray (2004)
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studied algorithms of such type to achieve average consensus on
static (i.e., time-invariant) digraphs, and justified that a balanced
and strongly connected topology is necessary and sufficient to
guarantee convergence. More recently Boyd, Ghosh, Prabhakar,
and Shah (2006) proposed a compelling “gossip” algorithm, which
provides an asynchronous approach to treat average consensus.
Specifically, the algorithm assumes that at each time instant,
exactly one agent wakes up, contacts only one of its neighbors
selected at random, and then both agents average out their states.
The graph model that the algorithm is based on is undirected
(or symmetric), and average consensus is ensured as long as the
topology is connected. Since then, the gossip approach has been
widely adopted (Carli, Fagnani, Frasca, & Zampieri, 2010; Kashyap,
Basar, & Srikant, 2007; Lavaei & Murray, 2012) in tackling average
consensus on undirected graphs, with additional constraints on
quantized information flow; see also Ishii and Tempo (2010) for
related distributed computation problems in search engines.

In this paper, and its conference precursor (Cai & Ishii,
2011b), we study the average consensus problem under both
synchronous and asynchronous setups, as in Boyd et al. (2006)
and Olfati-Saber and Murray (2004). In each case, we propose a
novel type of linear distributed algorithms, which can be seen
as extensions of the corresponding algorithms in Boyd et al.
(2006) and Olfati-Saber and Murray (2004); and we prove that
these new algorithms guarantee state averaging on arbitrary
strongly connected digraphs, therefore generalizing the graphical
conditions derived in Boyd et al. (2006) and Olfati-Saber and
Murray (2004). We note that digraph models have been studied
extensively in the consensus literature (Olfati-Saber & Murray,
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2004; Ren & Beard, 2008; Xiao & Boyd, 2004), and considered
to be generally more economical for information exchange than
their undirected counterpart (refer to Olfati-Saber & Murray, 2004
for a more detailed motivation of using digraphs). Our underlying
theoretic interest in this paper is to generalize the connectivity
conditions on digraphs for average consensus.

The primary challenge of average consensus on arbitrary
strongly connected digraphs lies in that the state sum of
agents need not be preserved, thereby causing shifts in the
average. We note that there are a few efforts in the literature
having addressed this issue. In Franceschelli, Giua, and Seatzu
(2009), an auxiliary variable is associated to each agent and a
linear “broadcast gossip” algorithm is proposed; however, the
convergence of that algorithm is not proved, and remarked to be
difficult. Benezit, Blondel, Thiran, Tsitsiklis, and Vetterli (2010)
and Kempe, Dobra, and Gehrke (2003) also use extra variables,
and a nonlinear (division involved) algorithm is designed and
proved to achieve state averaging on non-balanced digraphs.
The idea is based on computing the stationary distribution for
the Markov chain characterized by the agent network, and is
thus different from consensus-type algorithms (Boyd et al., 2006;
Olfati-Saber & Murray, 2004). In Bertsekas and Tsitsiklis (1989,
Section 7.4), the load balancing problem is tackled in which inter-
processor communication is asynchronous and with bounded
delay. The underlying topology is assumed undirected; owing
to asynchronism and delay, however, the total amount of loads
at processors is not invariant. A switched linear algorithm is
proposed to achieve load balancing in this scenario, the rules of
which rely on, however, bidirectional communication. In addition,
a different and interesting approach is presented in Gharesifard
and Cortés (2011): Given a general strongly connected digraph,
find a corresponding doubly stochastic matrix (which, when used
as a distributed updating scheme, guarantees state averaging (Xiao
& Boyd, 2004)). An algorithm is designed to achieve this goal
by adding selfloop edges with proper weights to balance flow-in
and -out information. Finally, time-varying state sum caused by
packet loss or communication failure is considered in Fagnani and
Zampieri (2009) and Patterson, Bamieh, and El Abbadi (2007), and
the deviation from the initial average is analyzed.

We develop a new approach to handle the problem that the
state sum of agents need not be preserved. Similar to Franceschelli
etal.(2009), we also augment an additional variable for each agent,
which we call “surplus”; different from Benezit et al. (2010) and
Kempe et al. (2003), the function of surplus variables is to record
the state change of the associated agent at each time. Thus, in
effect, these variables collectively maintain the information of the
average shift amount.? Using this novel idea, our main contribution
is the design of linear algorithms (without switching) to achieve
average consensus on general strongly connected digraphs, in
contrast with the types of algorithms designed in Benezit et al.
(2010), Bertsekas and Tsitsiklis (1989, Section 7.4) and Kempe et al.
(2003). Also, linearity allows us to employ certain matrix tools
in analysis, which are different from the proof methods used in
Benezit et al. (2010), Bertsekas and Tsitsiklis (1989, Section 7.4)
and Kempe et al. (2003). Moreover, our technical contribution
in this paper is the demonstration of matrix perturbation tools
(including eigenvalue perturbation, optimal matching distance,
and the Bauer-Fike Theorem (Bhatia, 1996; Seyranian & Mailybaev,
2004; Stewart & Sun, 1990)) in analyzing convergence properties,
which seems unexplored in the consensus literature.

2 The method of augmenting auxiliary variables is also found in Aysal, Oreshkin,
and Coates (2009) and Liu, Anderson, Cao, and Morse (2009), as predictors
estimating future states and shift registers storing past states respectively, in order
to accelerate consensus speed. How the predictors or registers are used in these
references is, however, different from our usage of surpluses.

Our idea of adding surplus variables is indeed a continuation
of our own previous work in Cai and Ishii (2011a), where the
original surplus-based approach is proposed to tackle quantized
average consensus on general digraphs. There we developed
a quantized (thus nonlinear) averaging algorithm, and the
convergence analysis is based on finite Markov chains. By contrast,
the algorithms designed in the present paper are linear, and hence
the convergence can be characterized by the spectral properties
of the associated matrices. On the other hand, our averaging
algorithms differ also from those standard ones (Boyd et al., 2006;
Olfati-Saber & Murray, 2004) in that the associated matrices of
our algorithms contain negative entries. Consequently for our
analysis tools, besides the usual nonnegative matrix theory and
algebraic graph theory, the matrix perturbation theory is found
instrumental.

The paper is organized as follows. Section 2 formulates dis-
tributed average consensus problems in both synchronous and
asynchronous setups. Sections 3 and 4 present the respective so-
lution algorithms, which are rigorously proved to guarantee state
averaging on general strongly connected digraphs. Further, Sec-
tion 5 explores certain special topologies that lead us to special-
ized results, and Section 6 provides a set of numerical examples
for demonstration. Finally, Section 7 states our conclusions.

Notation. Let 1:=[1---1]7 € R" be the vector of all ones. For
a complex number A, denote its real part by Re(A), imaginary
part by Im(X), conjugate by A, and modulus by |A|. For a set 4§,
denote its cardinality by card($). Given a matrix M, |M | denotes its
determinant; the spectrum o (M) is the set of its eigenvalues; the
spectral radius p(M) is the maximum modulus of its eigenvalues.
In addition, || - || and || - || denote the 2-norm and infinity norm
of a vector/matrix.

2. Problem formulation

Given a network of n (>1) agents, we model its interconnection
structure by a digraph ¢ = (V, &): Eachnodein vV = {1,...,n}
stands for an agent, and each directed edge (j,i) in & < V X
V denotes that agent j communicates to agent i (namely, the
information flow is from j to i). Selfloop edges are not allowed,
i.e, (i,i) € &.In g anode i is reachable from a node j if there exists
a path from j to i which respects the direction of the edges. We
say G is strongly connected if every node is reachable from every
other node. A closed strong component of  is a maximal set of nodes
whose corresponding subdigraph is strongly connected and closed
(i.e., no node inside the subdigraph is reachable from any node
outside). Also a node i is called globally reachable if every other node
is reachable from i.

At time k € Z, (nonnegative integers) each node i € 'V has
a scalar state x;(k) € R; the aggregate state is denoted by x(k)
= [x1(k) - - - x,(k)]T € R™ The average consensus problem aims at
designing distributed algorithms, where individual nodes update
their states using only the local information of their neighboring
nodes in the digraph § such that all x;(k) eventually converge to
the initial average x, := 17x(0)/n. To achieve state averaging on
general digraphs, the main difficulty is that the state sum 17x need
not remain invariant, which can result in losing track of the initial
average x,. To deal with this problem, we propose associating
to each node i an additional variable s;(k) € R, called surplus;
write s(k) = [s1(k) - - - s,(k)]” € R™ and set s(0) = 0. The function
of surplus is to locally record the state changes of individual nodes
such that 17 (x(k) + s(k)) = 17x(0) for all time k; in other words,
surplus keeps the quantity 17 (x + s) constant over time.

In the first part of this paper, we consider synchronous
networks as in Olfati-Saber and Murray (2004): At each time, every
node communicates with all of its neighbors simultaneously, and
then makes a corresponding update.
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Definition 1. A network of agents is said to achieve average
consensus if for every initial condition (x(0), s(0) = 0), it holds
that (x(k), s(k)) — (x,1,0) ask — oo.

Problem 1. Design a distributed algorithm such that agents
achieve average consensus on general digraphs.

To solve this problem, we will propose in Section 3 a surplus-
based distributed algorithm, under which we justify that average
consensus is achieved for general strongly connected digraphs.

In the second part, we consider the setup of asynchronous
networks as in Boyd et al. (2006). Specifically, communication
among nodes is by means of gossip: At each time, exactly one edge
(j,i) € & is activated at random, independently from all earlier
instants and with a time-invariant, strictly positive probability
pij € (0, 1) such that Z(i,i)eé’ pi = 1. Along this activated edge,
node j sends its state and surplus to node i, while i receives the
information and makes a corresponding update.

Definition 2. A network of agents is said to achieve

(i) mean-square average consensus if for every initial condition
(x(0),s(0) = 0), it holds that E [[|lx(k) — x,1]|3] — 0 and
E[lsk)[13] = 0ask — oo;

(ii) almost sure average consensus if for every initial condition
(x(0),s(0) = 0), it holds that (x(k),s(k)) — (x,1,0) as
k — oo with probability one.

As defined, the mean-square convergence is concerned with the
second moments of the state and surplus processes, whereas the
almost sure convergence is with respect to the corresponding sam-
ple paths. It should be noted that in general there is no implication
between these two convergence notions (e.g., Grimmett & Stirza-
ker, 2001, Section 7.2).

Problem 2. Design a distributed algorithm such that agents
achieve mean-square and/or almost sure average consensus on
general digraphs.

For this problem, we will propose in Section 4 a surplus-based
gossip algorithm, under which we justify that both mean-square
and almost sure average consensus can be achieved for general
strongly connected digraphs.

3. Averaging in synchronous networks

This section solves Problem 1. First we present a (discrete-time)
distributed algorithm based on surplus, which may be seen as an
extension of the standard consensus algorithms in the literature
(Bertsekas & Tsitsiklis, 1989; Jadbabaie et al., 2003; Olfati-Saber
& Murray, 2004; Ren & Beard, 2008; Xiao & Boyd, 2004). Then
we prove convergence to average consensus for general strongly
connected digraphs.

3.1. Algorithm description

Consider a system of n agents represented by a digraph ¢ =
(v, &).For eachnodei € V, let Ni* ={jeV:(i € &}denote
the set of its “in-neighbors”, and &, = {h € V : (i,h) € &}
the set of its “out-neighbors”. Note that N,.* # ;" ingeneral; and
i & N or N, for selfloop edges do not exist. There are three
operations that every node i performs at time k € Z,. First, node
i sends its state information x;(k) and weighted surplus by;s;(k) to
each out-neighbor h € ;™ ; here the sending weight b, is assumed
to satisfy that by, € (0, 1) ifh € N, by =0ifh € V — N7, and

. . 3 . .
Zhe ~o bin < 1. Second, node i receives” state information x;(k)

and weighted surplus bj;sj(k) from each in-neighborj € Nﬁ. Third,
node i updates its own state x;(k) and surplus s;(k) as follows:

xitk+1) = () + Y aj(x(k) — x:(k)) + esi(k), (1)
jenT
sitk+1) = [ 1— Z bin | si(k) + Z bjisj (k)
hew;” jent
- (xi(k+ 1 —xi(k)>, (2)

where the updating weight a;; is assumed to satisfy that a; € (0, 1)
ifj € M, a5 =0ifj € V—N" and ), ,+ a5 < 1; in addition,
the parameter € is a positive number which specifies the amount
of surplus used to update the state.

We discuss the implementation of the above protocol in appli-
cations of sensor networks. Let § = ('V, &) represent a network of
sensor nodes. Our protocol deals particularly with scenarios where
(i) sensors have different communication ranges owing possibly to
distinct types or power supplies; (ii) communication is by means
of broadcasting (e.g., Franceschelli et al., 2009) which again might
have different ranges; and (iii) strategy of random geographic rout-
ing is used for efficient and robust node value aggregation in one
direction (Benezit et al., 2010; Kempe et al., 2003). In these scenar-
ios, information flow among sensors is typically directed. A con-
crete example is using sensor networks for monitoring geological
areas (e.g., volcanic activities), where sensors are fixed at certain
locations. At the time of setting them up, the sensors may be given
different transmission power for saving energy (such sensors must
run for a long time) or owing to geological reasons. Once the power
is fixed, the neighbors (and their IDs) can be known to each sensor.
Thus, digraphs can arise in static sensor networks where the neigh-
bors can be fixed and known. To implement states and surpluses,
we see from (1), (2) that they are ordinary variables locally stored,
updated, and exchanged; thus they may be implemented by allo-
cating memories in sensors. For the parameter €, we will see that it
plays a crucial role in the convergence of our algorithm; however,
€ must be chosen sufficiently small, and a valid bound for its value
involves non-local information of the digraph. The latter constraint
(in bounding a parameter) is often found in consensus algorithms
involving more than one variable (Li, Duan, Chen, & Huang, 2010;
Li, Fu, Xie, & Zhang, 2011; Ren & Beard, 2008). One may overcome
this by computing a valid bound offline, and notifying that € value
to every node.

Now let the adjacency matrix A of the digraph § be given by
A = [a3] € R™", where the entries are the updating weights.
Then the Laplacian matrix L is defined as L := D — A, where D =
diag(dq, ..., d,) with d; = Z};] aj. Thus L has nonnegative
diagonal entries, nonpositive off-diagonal entries, and zero row

sums. Then the matrix I — L is nonnegative (by Zjewf aj < 1),
1

and every row sums up to one; namely I — L is row stochastic.
Also let B := [by]T € R™", where the entries are the sending
weights (note that the transpose in the notation is n~eeded because
h e W for by). Define the matrix S := (I — D) + B, where
D= diag(al, R an) with a,- = ZL] bin. Then S is nonnegative
(by Y hew— bin < 1), and every column sums up to one; i.e., S
is column stochastic. As can be observed from (2), the matrix S

3 We assume throughout the paper that the state and surplus information can be
transmitted without loss.
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Fig. 1. Illustrating example of four agents: communication topology and neighbor
sets.

captures the part of update induced by sending and receiving
surplus.

With the above matrices, the iterations (1) and (2) can be
written in a matrix form as

x(k+1)| x(k) _ | I-=L el

[s(k + 1)] =M |:s(k) , where M := L S—ell|” (3)
Notice that (i) the matrix M has negative entries due to the
presence of the Laplacian matrix L in the (2, 1)-block; (ii) the
column sums of M are equal to one, which implies that the quantity

17(x(k) + s(k)) is a constant for all k > 0; and (iii) the state
evolution specified by the (1, 1)-block of M, i.e.,

x(k+ 1) = I — L)x(k), (4)

is that of the standard consensus algorithm studied in the literature
(e.g., Bertsekas & Tsitsiklis, 1989; Olfati-Saber & Murray, 2004; Xiao
& Boyd, 2004). We will henceforth refer to (3) as the deterministic
algorithm, and analyze its convergence properties in the next
subsection.

Example 3. For an illustration of the algorithm (3), consider a
network of four nodes with neighbor sets shown in Fig. 1. Fixing
i €[1,4] leta; = 1/ (card(N;") + 1) for every j € ;" and by, =
1/ (card(;") + 1) for every h € ;™. Then the matrix M of this
example is given by

— 1 1 -
A S B IR
S A S S
3 1 i i 0 0 0 €

M=l—T—5 0 —1{i-c o 0 !

ST S R B B S S i
S5 S-S M U N AP T
o _1 1 2| [ T

- 3 3 3 2 3 4 -

We see that M has negative entries, and every column sums up to
one.

3.2. Convergence result

The following is a graphical characterization for the determin-
istic algorithm (3) to achieve average consensus. The proof is de-
ferred to Section 3.3.

Theorem 4. Using the deterministic algorithm (3) with the parame-
ter € > 0 sufficiently small, the agents achieve average consensus if
and only if the digraph § is strongly connected.

Without augmenting surplus variables, it is well known (Olfati-
Saber & Murray, 2004) that a necessary and sufficient graphical
condition for state averaging is that the digraph § is both strongly
connected and balanced.* A balanced structure can be restrictive

4 A digraph 4 with its adjacency matrix A = [ay] is balanced if >, a; =
Z}'zl a;; for all i. Equivalently, the system matrix I — L of the standard consensus
algorithm (4) is both row and column stochastic (Olfati-Saber & Murray, 2004; Xiao
& Boyd, 2004).

because when all the weights a; are identical, it requires the
number of incoming and outgoing edges at each node in the
digraph to be the same. By contrast, our algorithm (3) ensures
average consensus for arbitrary strongly connected digraphs
(including those non-balanced).

A surplus-based averaging algorithm was initially proposed
in Cai and Ishii (2011a) for a quantized consensus problem. It
guarantees that the integer-valued states converge to either |x, |
(the largestinteger smaller than or equal to x,) or [x,] (the smallest
integer larger than or equal to x,). There, the steady-state surpluses
are nonzero in general; in addition, the set of states and surpluses
is finite, and thus arguments of finite Markov chain type are
employed in the proof. Distinct from Cai and Ishii (2011a), with the
algorithm (3) the states converge to the exact average x, and the
steady-state surpluses are zero. Moreover, since the algorithm (3)
is linear, its convergence can be analyzed using tools from matrix
theory, as detailed below. This last linearity point is also in contrast
with the division involved algorithm designed in Benezit et al.
(2010) and Kempe et al. (2003).

The choice of the parameter € depends on the graph structure
and the number of agents. In the following, we present an upper
bound on ¢ for general networks.

Proposition 5. Suppose that the digraph § is strongly connected.
The deterministic algorithm (3) achieves average consensus if the
parameter € satisfies € € (0, @), where

c@ .
(20 + 8m)"

where A5 is the third largest eigenvalue of M in (3) by setting € = 0.

(1 —1asD", (3)

The proof of Proposition 5 is presented in Section 3.4, which
employs a fact from matrix perturbation theory relating € to
the distance between perturbed and unperturbed eigenvalues
(e.g., Bhatia, 1996; Stewart & Sun, 1990). Also, we will stress
that this proof is based on that of Theorem 4. The above
bound é@ ensures average consensus for arbitrary strongly
connected topologies. Due to the power n, however, the bound
is rather conservative. This power is indeed unavoidable for any
perturbation bound result with respect to general matrices, as
is well known in matrix perturbation literature (Bhatia, 1996;
Stewart & Sun, 1990). In Section 5, we will exploit structures
of some special topologies, which yield less conservative bounds
on €. Also, we see that the bound in (5) involves Xj, the
second largest eigenvalue of either I — L or S (matrix M is block-
diagonal when ¢ = 0). This infers that, in order to bound e,
we need to know the structure of the agent network. Such
a requirement when bounding some parameters in consensus
algorithms, unfortunately, does not seem to be unusual (Li et al.,
2010, 2011; Ren & Beard, 2008).

3.3. Proof of Theorem 4

We present the proof of Theorem 4. First, we state a necessary
and sufficient condition for average consensus in terms of the
spectrum of the matrix M.

Proposition 6. The deterministic algorithm (3) achieves average
consensus if and only if 1is a simple eigenvalue of M, and all other
eigenvalues have moduli smaller than one.

Proof. The sufficiency part is standard, and we refer it to
Cai and Ishii (2011b). For necessity, first we claim that the
eigenvalue 1 of M is always simple. Suppose on the contrary
that the algebraic multiplicity of 1 equals two. The corresponding
geometric multiplicity, however, equals one; this is checked by
verifying rank(M — I) = 2n — 1. Thus there exists a generalized
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right eigenvector u = [u} ul]" € R?" such that (M — I)?u = 0,
and (M — Iu is a right eigenvector with respect to the eigenvalue
1. Since [17 0]" is also a right eigenvector corresponding to the
eigenvalue 1, it must hold:

(M —Du=c[170]", for some scalarc # 0

[ st la] =

= —Luy 4+ €euy =c1
Luy + (S —I)UZ — €Uy = 0

= (S —Duy =cl.

One may verify that rank(S —I) = n— 1butrank ([S — I c1]) = n.
Hence there is no solution for u,, which in turn implies that the
generalized right eigenvector u cannot exist. This proves our claim.

Now suppose that there is an eigenvalue A of M such that A # 1
and |A| > 1.But this immediately implies that limy_, . M* does not
exist (Xiao & Boyd, 2004). Therefore, average consensus cannot be
achieved. O

Next, we introduce an important result from matrix perturbation
theory (e.g., Seyranian & Mailybaev, 2004, Chapter 2), which is
found crucial in analyzing the spectral properties of the matrix
M in (3). The proof of this result can be found in Seyranian and
Mailybaev (2004, Sections 2.8 and 2.10). An eigenvalue of a matrix
is said to be semi-simple if its algebraic multiplicity is equal to its
geometric multiplicity.

Lemma 7. Consider an n x n matrix W (¢) which depends smoothly
on a real parameter ¢ > 0. Fix] € [1,n];let Ay = --- = X; be
a semi-simple eigenvalue of W (0), with (linearly independent) right
eigenvectors y1, ...,y and (linearly independent) left eigenvectors
Z1, ...,z such that

T
Z

i - w]=1L

Consider a small ¢ > 0, and denote by X;(¢) the eigenvalues of W (¢)
corresponding to X;,i € [1,1]. Then the derivatives d\i(€)/dé|c—o
exist, and they are the eigenvalues of the following | x | matrix:

ZIWy, ZIWy,

: D |, where W :=dW(e)/delco.  (6)

z/ Wy, z/ Wy,
Now we are ready to prove Theorem 4. The necessity argument
follows from the one for Cai and Ishii (2011a, Theorem 2);
indeed, the class of strongly connected digraphs characterizes
the existence of a distributed algorithm that can solve average
consensus. For the sufficiency part, let

e I IR Q

Then M = My + €F, and we view M as being obtained by
“perturbing” My via the term €F. Also, it is clear that M depends
smoothly on €. Concretely, we will first show that the eigenvalues
X of the unperturbed matrix My satisfy

1=xA=Ay > [A3] = > [Aml. (8)

Then using Lemma 7 we will establish that after a small
perturbation €F, the obtained matrix M has only a simple
eigenvalue 1 and all other eigenvalues have moduli smaller than
one. This is the characteristic part of our proof. Finally, it follows
from Proposition 6 that average consensus is achieved. It should
be pointed out that, unlike the standard consensus algorithm (4),
the tools in nonnegative matrix theory cannot be used to analyze
the spectrum of M directly due to the existence of negative entries.

Proof of Theorem 4. (Necessity) Suppose that 4 is not strongly
connected. Then at least one node of § is not globally reachable.
Let Vg,‘ denote the set of non-globally reachable nodes, and write
its cardinality card(vg) =r, r € [l,n].Ifr = n,ie. § does not
have a globally reachable node, then § has at least two distinct
closed strong components (Lin, 2008, Theorem 2.1). In this case,
if the nodes in different components have different initial states,
then average consensus cannot be achieved. It is left to consider
r < n.let Vg =V — V; denote the set of all globally reachable
nodes; thus V; is the unique closed strong component in § (Lin,
2008, Theorem 2.1). Consider an initial condition (x(0), 0) such
that all nodes in 'V, have the same state ¢ € R, and not all the
states of the nodes in V; equal c. Hence x, # c. But no state or
surplus update is possible for the nodes in 'V, because it is closed,
and therefore average consensus cannot be achieved.

(Sufficiency) First, we prove the assertion (8). Since My is
block (lower) triangular, its spectrumis o (Mg) = o (I — L) U o (S).
Recall that the matrices I —L and S are row and column
stochastic, respectively; so their spectral radii satisfy p(I — L) =
p(S) = 1. Now owing to that § is strongly connected, | — L
and S are both irreducible; thus by the Perron-Frobenius Theorem
(see, e.g., Horn & Johnson, 1990, Chapter 8) p(I — L) (resp. p(S)) is
a simple eigenvalue of I — L (resp. S). This implies (8). Moreover,
for Ay = A, = 1, one derives that the corresponding geometric
multiplicity equals two by verifying rank(My —I) = 2n — 2.
Hence the eigenvalue 1 is semi-simple.

Next, we will qualify the changes of the semi-simple eigenvalue
A1 =Xy =1 of My under a small perturbation €F. We do this
by computing the derivatives dA;(¢)/de and dAi;(€)/de using
Lemma 7; here Ai(¢) and A,(¢) are the eigenvalues of M
corresponding respectively to A; and A;. To that end, choose the
right eigenvectors y1, y, and left eigenvectors z;, z, of the semi-

simple eigenvalue 1 as follows:
T T T
1zl |1 1
2=[i] =i %)

0 1

Y=y y]= [vz —nvz:| ,

Here v; € R" is a left eigenvector of I — L with respect to
p(I — L) such that it is positive and scaled to satisfy vI1 = 1;
and v, € R" is a right eigenvector of S corresponding to p(S)
such that it is positive and scaled to satisfy 17v, = 1. The fact
that positive eigenvectors v; and v, exist follows again from the
Perron-Frobenius Theorem. With this choice, one readily checks

ZY = I. Now since dM/de|.—o = F, the matrix (6) in the present

case is
Z1 Pz Fy, [ 0 0 :|
Ay 2Ry, | Lvive —nvfu]’

It follows from Lemma 7 that for small € > 0, the derivatives
dX)1(€)/de, dr,(€)/de exist and are the eigenvalues of the above
matrix. Hence d\q(€)/de = 0, and dA;(€)/de = —nv{vz < 0.
This implies that when ¢ is small, A;(¢) stays put while A;(¢)
moves to the left along the real axis. Then by continuity, there must
exist a positive §; such that A;(8;) = 1and A,(§;) < 1.0On the
other hand, since eigenvalues are continuous functions of matrix
entries (e.g., Bhatia, 1996; Stewart & Sun, 1990), there must exist
a positive §; such that |1;(8;)| < 1foralli € [3, 2n]. Thus for any
sufficiently small € € (0, min{8;, §,}), the matrix M has a simple
eigenvalue 1 and all other eigenvalues have moduli smaller than
one. Therefore, from Proposition 6, the conclusion that average
consensus is achieved follows. O

Remark 8. Assuming that the deterministic algorithm (3) con-
verges to the average, the speed of its convergence is governed by
the second largest (in modulus) eigenvalue of the matrix M. We
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denote this particular eigenvalue by A(d), and refer to it as the con-
vergence factor of algorithm (3). Note that A;d) depends not only on

the graph topology but also on the parameter ¢, and )\éd) < 1lis
equivalent to average consensus (by Proposition 6).

Remark 9. Because of adding surpluses, the matrix M in (3) is
double in size and is not nonnegative. Hence standard nonnegative
matrix tools cannot be directly applied; this point was also
discussed in Franceschelli et al. (2009). In Liu et al. (2009) a
system matrix containing negative entries was analyzed, which
depends however on symmetry of network structures. By contrast,
we deal with general network topologies and have demonstrated
that certain matrix perturbation tools are useful in proving
convergence.

3.4. Proof of Proposition 5

Some preliminaries will be presented first, based on which
Proposition 5 follows. Henceforth in this subsection, the digraph
g is assumed to be strongly connected. We begin by introducing
a metric for the distance between the spectrums of My and M;
here M = My + €F, with My and F in (7). Let o (Mp) = {rq, ...,
Aan} (where the numbering is the same as that in (8)) and
o (M) :={Ar(€), ..., A(€)}. The optimal matching distance
d (o (M), o (M)) (Bhatia, 1996; Stewart & Sun, 1990) is defined by

d (0 (Mo), 0 (M)) :== min max [Aj — A (€)l, (9)
T ie[1,2n]

where 7 is taken over all permutations of {1, ..., 2n}. Thus if
we draw 2n identical circles centered respectively at Aq, ..., Ao,
then d (o (Mp), o (M)) is the smallest radius such that these circles
include all A (€), ..., An(€). Here is an upper bound result for the
optimal matching distance (Bhatia, 1996, Theorem VIII.1.5).

Lemma 10. An upper bound on d (¢ (Myp), o (M)) is
1 1
d (0(Mp), (M) < 4 ([Mollss + [Mlloc)' ™7 [[€F||%.

Next, we are concerned with the eigenvalues As(€), ..., Ayy(€) of
M, whose corresponding unperturbed counterparts As, ..., Ay, of
M lie strictly inside the unit circle (see the proof of Theorem 4).

Lemma 11. If the parameter € € (0,&9) with €? in (5), then
[A3()], - .-, [Aan(€)] < 1.

Proof. SinceL = D—AandS = (I — 15) + B, one can compute
ILlle = 2maxiimdi < 2 and [[Slec < n. Then [Myllc <
ILlloo + ISl < 24+ nand ||F|lcc < 1.By Lemma 10,

_1 1
d (0 (Mo), (M) < 4 (2[Mollo + €llFlloc)' ™7 (€lIF[lo) ™
< 4(4+2n+e)17% e%
<A@+t e)er <1 |Ag.

The last inequality is due to € < €@. Now recall from the proof
of Theorem 4 that the unperturbed eigenvalues Az, ..., Ay, of My
lie strictly inside the unit circle; in particular, (8) holds. Therefore,
perturbing the eigenvalues As, ..., Ao, by an amount less than €,
the resulting eigenvalues A3(¢€), ..., A, (€) will remain inside the
unit circle. O

It is left to consider the eigenvalues Aq(¢) and A,(¢) of M. Since
every column sum of M equals one for an arbitrary €, we obtain
that 1 is always an eigenvalue of M. Hence A1 (¢) must be equal to
1 for any €. On the other hand, for 1, (¢) the following is true.

Lemma 12. If the parameter ¢ € (0,&@) with €@ in (5), then
[22(e)] < 1.

Proof. First recall from the proof of Theorem 4 that A, = 1 and
dX,(€)/de < 0; so for sufficiently small € > 0, it holds that |1, (¢)]
< 1. Now suppose that there exists 8§ € (0, €®) such that |1,(8)]
> 1. Owing to the continuity of eigenvalues, it suffices to consider
|A2(8)| = 1. There are three such possibilities, for each of which
we derive a contradiction.

Case 1: A,(8) is a complex number with nonzero imaginary part
and |1, (8)| = 1. Since M is a real matrix, there must exist another
eigenvalue A;(§), for some i € [3, 2n], such that A;(§) is a complex
conjugate of A,(8). Then |1;(§)| = |A2(8)| = 1, which contradicts

that all the eigenvalues A3(8), .. ., A,,(8) stay inside the unit circle
as$§ € (0, €@) by Lemma 11.
Case 2: A,(8) = —1. This implies at least d (o (Mp), 0 (M)) = 2,

which contradicts d (o (Mp), 0 (M)) < 1—|A3] < 1when§ < €9,

Case 3: A,(8) = 1. This case is impossible because the eigenvalue
1 of M is always simple, as we have justified in the necessity proof
of Proposition6. O

Summarizing Lemmas 11 and 12, we obtain that if the parameter
€ € (0,é9) with €9 in (5), then A1(¢) = 1 and |y (€)], |A3(€)],
..., |A2n(€)] < 1. Therefore, by Proposition 6 the deterministic
algorithm (3) achieves average consensus; this establishes Propo-
sition 5.

4. Averaging in asynchronous networks

We move on to solve Problem 2. First, a surplus-based
gossip algorithm is designed for digraphs, which extends those
algorithms (Boyd et al., 2006; Carli et al., 2010; Kashyap et al.,
2007; Lavaei & Murray, 2012) only for undirected graphs. Then,
mean-square and almost sure convergence to average consensus
is justified for arbitrary strongly connected topologies.

4.1. Algorithm description

Consider again a network of n agents modeled by a digraph
g = (V, &). Suppose that at each time, exactly one edge in & is
activated at random, independently from all earlier instants. Say
edge (j, i) is activated at time k € Z,, with a constant probability
piji € (0, 1). Along the edge, the state information x;(k) and surplus
sj(k) are transmitted from node j to i. The induced updates are
described as follows:

(i) Let w; € (0, 1) be the updating weight, and ¢ > 0 be a
parameter. For node i:

xi(k 4+ 1) = x;(k) + wij(x;(k) — x;(k)) + ewys;(k), (10)
si(k + 1) = si(k) +s5(k) — (xi(k + 1) — x;(k)). (11)

(ii) For node j: x;j(k + 1) = x;(k) and s;(k + 1) = 0.
(iii) Forothernodes! € V —{i, j}: x;(k+1) = x;(k) and s;(k+ 1) =
si(k).

We discuss potential applications of this protocol in sensor
networks. Our focus is again on the situations of directed
information flow, like asynchronous communication with variable
ranges or unidirectional geographic routing (Benezit et al., 2010;
Kempe et al, 2003). First, the states and surpluses can be
implemented as ordinary variables in sensors, since their exchange
and updating rules are fairly simple and purely local. Also, we
will see that the parameter €, as in the algorithm (3), affects
the convergence of the algorithm, and must be chosen to be
sufficiently small. A valid upper bound for € again involves non-
local information of the network; thus computing a bound offline
and then notifying that value to every node is one possible way to
deal with this restriction.
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Now let A; be the adjacency matrix of the digraph §; =
(v, {(,1)}) given by A; = w,-}-fijj.T, where f;, f; are unit vectors of
the standard basis of R". Then the Laplacian matrix Lj; is given by
Li == Dj; — Aj;;, where Dj; = wyfif. Thus L;; has zero row sums, and
the matrix I — L;; is row stochastic. Also define S;; := I — (f; — f)f;
it is clear that S;; is column stochastic. With these matrices, the
iteration of states and surpluses when edge (j, i) is activated at time
k can be written in a matrix form as

x(k 4 1) x(k)
[s(k ¥ 1)} = Mk) [s(k)] ’

o I — L',‘ GD'i

where M (k) = M;; == |: L J s —JeDj,-:| . (12)
We have several remarks regarding this algorithm. (i) The matrix
M (k) has negative entries due to the Laplacian matrix L; in the
(2, 1)-block. (ii) The column sums of M (k) are equal to one, which
implies that the quantity 17 (x(k) 4 s(k)) is constant for all k. (iii)
By the assumption on the probability distribution of activating
edges, the sequence M(k),k = 0,1,..., is independent and
identically distributed (i.i.d.). Henceforth we refer to (12) as the
gossip algorithm, and establish its mean-square and almost sure
convergence in the sequel.

Example 13. Consider again the network of four nodes in Fig. 1.
We give one instance of the matrix M (k) when the edge (3, 2) is
activated, with the weight wo3 = 1/2.

1 0 0 o0]0 0 0 07
0 1/2 1/2 0|0 €/2 0 0
0 0 1 0|o 0 0 0
Mo — |0 0 0 110 0 0 0
=170 0 0 01 0 0 0
0 1/2 —1/2 0|0 1—€¢/2 1 0
0 0 0 o01]0 0 0 0
L0 o0 0 o01]0 0 0 1 |

We see that M (k) has negative entries, and every column sums up
to one.

4.2. Convergence result
We present our main result in this section.

Theorem 14. Using the gossip algorithm (12) with the parameter
€ > O sufficiently small, the agents achieve mean-square average
consensus if and only if the digraph § is strongly connected.

We remark that Theorem 14 generalizes the convergence result
in Boyd et al. (2006) from undirected to directed graphs. The
problem of achieving average consensus on gossip digraphs is,
however, more difficult in that the state sum of the nodes need
not be invariant at each iteration. The key in our extension is to
augment surplus variables which keep track of individual state
updates, thereby ensuring average consensus for general strongly
connected digraphs. This approach was previously exploited in
Franceschelli et al. (2009) for a “broadcast gossip” algorithm,
however without a convergence proof. We remark that our
technique to prove Theorem 14, based on matrix perturbation
theory, can be applied to Franceschelli et al. (2009) and justify the
algorithm convergence.

We note that in the literature, many works for agents with
non-scalar dynamics deal only with static networks (e.g., Cao &
Ren, 2010; Li et al., 2010). Some exceptions include Liu et al.
(2009) which relies heavily on graph symmetry and Ren and Beard
(2008) which is based on dwell-time switching. By contrast, we
study general digraphs that switch at every discrete time and each

resulting update matrix is not nonnegative. The corresponding
analysis is difficult, and we will demonstrate again that matrix
perturbation tools are instrumental in proving convergence.

To prove Theorem 14, three preliminary results are to be
established in order. The first is a necessary and sufficient
condition for mean-square average consensus characterized by
the spectrum of the matrix E [M(k) ® M(k)], where ® stands
for the Kronecker product. This condition will be used in the
sufficiency proof of Theorem 14. Since the matrices M (k) are i.i.d.
we denote E [M (k) ® M (k)] by E [M ® M]. This result corresponds
to Proposition 6 for the deterministic algorithm in Section 3. The
proof is standard, and can be found in e.g. Boyd et al. (2006) and
Cai and Ishii (2011b).

Proposition 15. The gossip algorithm (12) achieves mean-square
average consensus if and only if 1 is a simple eigenvalue of
E[M ® M], and all the other eigenvalues have moduli smaller than
one.

The second preliminary is an easy corollary of the Perron-Frobenius
Theorem.

Lemma 16 (c¢f. Gantmacher, 1959, Chapter XIII). Let W be a
nonnegative and irreducible matrix, and )\ be an eigenvalue of W. If
there is a positive vector v such that Wv = Av, then A = p(W).

Proof. Since W is nonnegative and irreducible, the
Perron-Frobenius Theorem implies that p(W) is a simple eigen-
value of W and there is a positive left eigenvector w corresponding
to p(W),ie, wTW = wT p(W). Then
pW)'w) = v (pW)w) = v (W w)

= Wv)'w=(0v)w=21r0v"w),
which yields (A — p(W))(vTw) = 0. Since both v and w are
positive, we conclude that A = p(W). O

The final preliminary is on the spectral properties of the fol-
lowing four matrices: E[(I — L) ® I — L)],E[(I — L) ® S], E[S ®
a- L)], and E [S ® S]. For the proof, see Cai and Ishii (2011b).

Lemma 17. Suppose that the digraph § = (V, §) is strongly
connected. Then each of the four matrices E[(I — L) ® (I — L)],
E[I—-L)®S],E[S® (I —1L)], and E[S ® S] has a simple eigen-
value 1 and all other eigenvalues with moduli smaller than one.

We are now ready to provide the proof of Theorem 14. The
necessity argument is the same as Theorem 4. Below is the
sufficiency part.

Proof of Theorem 14. By Proposition 15 it suffices to show that
E[M ® M] has a simple eigenvalue 1, and all other eigenvalues
with moduli smaller than one. Let

[T —=Lk) 0 _ |0 DM |.
Mo (k) ._|: L(k) S(k):| and F(k) = |:O —D(k):|’

from (12) we have M (k) = My (k) + €F (k). Then write
E[M ®M] = E[(Mo + €F) ® (Mo + €F)]

Letp € [1,4n],and pn := {(p — 1)n + 1, ..., pn}. Consider the
following permutation:
{n,3m,...,(2n — 1)n; 2n,4n, ..., 2nn;

2n+1n, 2n+3)n, ..., (4n — 1)n;

2n+2)n, 2n+4)n, ..., 4nn}.



K. Cai, H. Ishii / Automatica 48 (2012) 2750-2761 2757

Denoting by P the corresponding permutation matrix (which is
orthogonal), one derives that

PTE[M ® M]P = PTE [My ® Mo P
+€ePTE[My ® F+F @ My + F ® €F| P

=: Mo + €F, (13)
where
I-LH®U-1L) 0 0 0
I-D®L I-L®S 0 0
L® (U —1L) 0 S®U—L) o |’
L®L L®S S®L S®S
0 -L®D DU-L) D®eD
f_g|0 L-D®D D®L D® (S — eD)
“7lo L®D DRUL-1I) (S—€eD)®D
0 -L®D -D®L D®(D-S)—S®D

Based on the above similarity transformation, we henceforth
analyze the spectral properties of the matrix MO + €F. For this, we
resort again to a perturbation argument, which proceeds similarly
to the one for Theorem 4. First, since the digraph 4 is strongly
connected, it follows from Lemma 17 that the eigenvalues of the
matrix MO satisfy

1=i1=izzi3=i4>|5»5|Z---2|5\4n2|~ (14)

For the eigenvalue 1, one derives that its geometric multiplicity
equals four by verifying rank(Mo —I) = 4n® — 4. Thus 1is a semi-
simple eigenvalue.

 Next, we will qualify the changes of the semi-simple eigenvalue
M = Ay = A3 = A4 = 1 0f My under a small perturbation €F. We
do this by computmg the derivatives da; (e)/de i € [1,4], using
Lemma 7; here Ai(€) are the eigenvalues of My + €F corresponding
to A To that end, choose the right and left eigenvectors of the semi-
simple eigenvalue 1 as follows:

Y =y y2 ¥3 V4

0 0 0 121
_ 0 0 1®nv2 —1®nv2
= 0 n, ® 1 0 -y, ®1 |’
Lnv, @ nv, —nvy, @ Nuy  —nvy @ vy nNuy Q nuy
o
T
Z = ZZT
Z3
|2,
m1 1 1 1 1 1 1 1
1"e-17T -1"Tg-1" -1"Tg-17 -1Tg-1"
4 n n n nl n n n
| =1 e 0 -1" @l 0
- n 1 1 n
-1 oe-1" 0 0
n n
L v ®v) 0 0 0

Here v is positive such that vTE [I—-1L]= v1 and v; 1 =1,and v,
is positive such that E [S] v, = v, and 17v, = 1. With this choice,
itis readily checked that ZY = I. Now the matrix MO +€F depends
smoothly on €, and the derivative d(My + €F)/d€|c—¢ is

F+ dF
= € —
de

. d(Mo + €F)
Fp = —=

de
e=0 e=0
0 I-L)®D D®I—-1L) 0
—F 0 —-(I-L)®D D®L D®S
0 L®D -D®UI-1L) S®D
0 -L®D -DQ®L —-D®S—-S®D

Hence the matrix (6) in the present case is

Z] 130}’1 21 ﬁoyz Z] ﬁoys 21 ﬁoﬂ
Zz Fo}’1 Zz Fo}’z Zz Foys Zz FOJ/4
Zg FO_V] 23 Fo}’z 23 Foy3 23 F0y4
Zy ng 12 Fo}’z Zy Foy3 Z4 FOJ/4
0 0 0 0
mlE[Dlv; —nv]E[D]v, 0 0
nvlE[D]v, 0 —nv!E[D]v, 0
0 nv]E[Dlv;  nvlE[Dlv,  —2nv]E[D]v,

It follows from Lemma 7 that for small € > 0, the derivatives
dXri(e)/de,i € [1, 4], exist and are the eigenvalues of the above
matrix. Hence di;(¢)/de = 0, dj;(¢)/de = dis(e)/de = —nv!
E[D]v, < 0, and di4(e)/de = —Zm){E[D]vz < 0. This implies
that when € is small, ):1 (e) stays put, while ):z(e), 5\3(6), and ):4 (€)
move to the left along the real axis. So by continuity, there exists a
positive 81 such that 11(81) = 1and A,(81), A3(81), 24(61) < 1.0n
the other hand, by the eigenvalue continuity there exists a positive
8, such that |A;(8,)] < 1foralli e [5,4n?]. Therefore for any
sufficiently small € € (0, min{§1, 6;}), the matrix MO + €F has a
simple eigenvalue 1 and all other eigenvalues with moduli smaller
thanone. 0O

Remark 18. Assuming that the gossip algorithm (12) converges
to the average in mean square, the speed of its convergence is
determined by the second largest (in modulus) eigenvalue of the
matrix E[M ® M]. We denote this particular eigenvalue by A(g),
and refer to it as the convergence factor of algorithm (12). Notice
that )ng) depends not only on the graph topology but also on the

parameter ¢, and )\gg) < 1is equivalent to mean-square average
consensus (by Proposition 15).

Remark 19. We have established that for small enough e, the
gossip algorithm (12) achieves mean-square average consensus.
Using the same notion of optimal matching distance and following
the procedures as in Section 3.4, it may be possible to derive a
general bound for € by solvmg the 1nequa11ty 4 (||M0||OQ + ||M0 +
eF|| YI=Un 1eF 1" < 1 — |As|, where My, F are from (13) and
AS from (14). The corresponding computation is however rather
long, since the involved matrices are of much larger sizes. Such a
general bound unavoidably again involves n, the number of agents
in the network, and ):5, the second largest eigenvalue of one of
the four matrices in Lemma 17. Consequently, the bound for € is
conservative and requires knowing the structure of the network.

Finally, we consider almost sure average consensus. Note that the
gossip algorithm (12) can be viewed as a jump linear system, with
i.i.d. system matrices M(k), k € Z. For such systems, it is known
(e.g., Costa, Fragoso, & Marques, 2004, Corollary 3.46) that almost
sure convergence can be implied from mean-square convergence.
Therefore, the result on almost sure convergence is immediate.

Corollary 20. Using the gossip algorithm (12) with the parameter
€ > 0 sufficiently small, the agents achieve almost sure average
consensus if and only if the digraph § is strongly connected.

5. Special topologies

We turn now to a special class of topologies — strongly
connected and balanced digraphs — and investigate the required
upper bound on the parameter ¢ for the deterministic algorithm
(3). Furthermore, when these digraphs are restricted to symmetric
or cyclic respectively, we derive less conservative ¢ bounds
compared to the general one in (5).
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Fig.2. Upper bounds on parameter € such that deterministic algorithm (3) achieves
average consensus on general strongly connected balanced digraphs (solid and
dashed curves) and cyclic digraphs (dotted curve).

Given a digraph § = (V, &), its degree d is defined by d =
maX;cy card(EAfﬂ'). In the deterministic algorithm (3) choose the
updating and sending weights to be respectively a; = 1/(2dn)
and b; = 1/(dn), for every (j, i) € &. This choice renders the two
matrices I — 2L and S identical, when the digraph § is balanced.
We will see that the equality I — 2L = S supports a similarity
transformation in dealing with the cyclic case below.

Proposition 21. Suppose that the parameter € satisfies € € (0, 2),
and the zeros of the following polynomial for every u # 0 with
lw — 1/(2n)| < 1/(2n) lie strictly inside the unit circle:

p(A) =A% + aih + o, (15)

where og = 2u* — 3 — € + 1,01 := 3u + € — 2. Then the
deterministic algorithm (3) achieves average consensus on strongly
connected and balanced digraphs.

We refer to Cai and Ishii (2011b) for the proof. Now we investigate
the values of € that ensure the zeros of the polynomial p(1) in (15)
inside the unit circle, which in turn guarantee average consensus
on strongly connected and balanced digraphs by Proposition 21.
For this, we view the polynomial p(A) as interval polynomials
(Barmish, 1994) by letting w take any value in the square: 0 <
Re(n) < 1/n,—1/(2n) < Im(n) < 1/(2n). Applying the bilinear
transformation we obtain a new family of interval polynomials:

) = (y — 1% (V—“>
y —1

= (1+a+a)y? + 2 —200)y + (1+ o — ay).

Then by Kharitonov’'s result for the complex-coefficient case,
the stability of p(y) (its zeros have negative real parts) is
equivalent to the stability of eight extreme polynomials (Barmish,
1994, Section 6.9), which in turn suffices to guarantee that the
zeros of p(A) lie strictly inside the unit circle. Checking the stability
of eight extreme polynomials results in upper bounds on € in terms
of n. This is displayed in Fig. 2 as the solid curve. We see that
the bounds grow linearly, which is in contrast with the general
bound ¥ in Proposition 5 that decays exponentially and is known
to be conservative. This is due to that, from the robust control
viewpoint, the uncertainty of x in the polynomial coefficients
becomes smaller as n increases.

Alternatively, we employ the Jury stability test (Jury, 1988) to
derive that the zeros of the polynomial p(1) are strictly inside the

unit circle if and only if

o 1 [04))
,BO = 5{0 1 > 0,
1 ] |1 o (16)
ap 1 oy 0
B = _ _ 1| >0.
1 o1 1 (675}
0p (e%)) 1

Here 8y and $; turn out to be polynomials in € of second and fourth
order, respectively; the corresponding coefficients are functions of
w and n. Thus selecting p such that © # 0and [ — 1/(2n)| <
1/(2n), we can solve the inequalities in (16) for € in terms of n.
Thereby we obtain the dashed curve in Fig. 2, each plotted point
being the minimum value of € over 1000 random samples such
that the inequalities in (16) hold. This simulation confirms that the
true bound on € for the zeros of p(1) to be inside the unit circle is
between the solid and the dashed curves.

Here ends our discussion on € bounds for arbitrary balanced
(and strongly connected) digraphs. In the sequel, we will further
specialize the balanced digraph 4 to be symmetric or cyclic,
respectively, and provide analytic € bounds less conservative than
(5) for the general case. In particular, the exponent n is not
involved.

5.1. Connected undirected graphs

Adigraph § = (V, &) is symmetric if (j, i) € & implies (i, j) € &.
That is, § is undirected.

Proposition 22. Consider a general connected undirected graph §.
Then the deterministic algorithm (3) achieves average consensus if the
parameter € satisfies € € (0, (1 — (1/n))(2 — (1/n))).

Refer to Cai and Ishii (2011b) for the proof. It is noted that for
connected undirected graphs, the upper bound on € ensuring
average consensus grows as n increases. This characteristic is in
agreement with that of the bounds for the more general class of
balanced digraphs as we observed in Fig. 2.

5.2. Cyclic digraphs

A digraph ¢ = (V,&) iscyclicif v = {1,...,n}and § =
{(1,2),2,3),...,(n—1,n), (n, 1)}.Soacyclicdigraph is strongly
connected.

Proposition 23. Suppose that the digraph § is cyclic. Then the
deterministic algorithm (3) achieves average consensus if the
parameter € satisfies

ee |0 ﬁ
3445

Further, in this case

A3l = /1= (1/n) + (1/@2n2)) + (1/m)(1 — 1/(2n)) cos 2t /n.

1- |k3|)) , with A3 asin (8). (17)

The proof can be found in Cai and Ishii (2011b), which relies on
a perturbation result, the Bauer-Fike Theorem, for diagonalizable
matrices (e.g., Horn & Johnson, 1990, Section 6.3). In Fig. 2
we plot the upper bound on € in (17) for the class of cyclic
digraphs. We see that this bound decays as the number n of nodes
increases, which contrasts with the bound characteristic of the
more general class of balanced digraphs. This may indicate the
conservativeness of our current approach based on perturbation
theory. Nevertheless, since the perturbation result used here is
specific only to diagonalizable matrices, the derived upper bound
in (17) is less conservative than the general one in (5).
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Ga G Ge

Fig. 3. Three examples of strongly connected but non-balanced digraphs.

Table 1

Convergence factors A(zd) and A(Zg) with respect to three different values of parameter
€.

€e=0.2 €e=0.7 e =2.15

A9 N N i) A9 N
Ga 0.9963 0.9963 0.9993 1.0003 1.0003 1.0020
Gb 0.9951 0.9951 0.9969 0.9969 0.9985 1.0000
Ge 0.9883 0.9883 0.9930 0.9930 0.9966 0.9993

6. Numerical examples

6.1. Convergence paths

Consider the three digraphs displayed in Fig. 3, with 10 nodes
and respectively 17, 29, and 38 edges. Note that all the digraphs
are strongly connected, and in the case of uniform weights they
are non-balanced (indeed, no single node is balanced). We apply
both the deterministic algorithm (3), with uniform weights a =
1/(2card(§)) and b = 1/card(§), and the gossip algorithm (12),
with uniform weight w = 1/2 and probability p = 1/card(§).

The convergence factors )Lgd) and )ng) (see Remarks 8 and 18)
for three different values of the parameter € are summarized
in Table 1. We see that small € ensures convergence of both
algorithms (the gossip algorithm (12) requires smaller values of
¢ for mean-square convergence), whereas large € can lead to
instability. Moreover, in those converging cases the factors )Lgd) and

)ng) decrease as the number of edges increases from §, to §., which
indicates faster convergence when there are more communication
channels available for information exchange. We also see that the
algorithms are more robust on digraphs with more edges, in the
sense that the range of allowed € values expands from 4, to ..
For a random initial state x(0) with the average x, = 0 and the
initial surplus s(0) = 0, we display in Fig. 4 the trajectories of both
states and surpluses when the deterministic algorithm (3) is ap-
plied on digraph g, with parameter ¢ = 0.7. Observe that asymp-
totically, state averaging is achieved and surplus vanishes. Under
the same conditions, the gossip algorithm (12), however, fails to
converge, as shown in Fig. 5. Applying algorithm (12) instead on
the digraphs g, and . which have more edges, average consensus
is again reached, and faster convergence occurs in 4 (see Fig. 5).

6.2. Convergence speed versus parameter €

We have seen that a sufficiently small parameter € ensures
convergence of both algorithms (3) and (12). Now we investigate
the influence of ¢ on the speed of convergence, specifically the
convergence factors )Léd) and )\g‘g). To reduce the effect of network
topology in this investigation, we employ a type of random
digraphs where an edge between every pair of nodes can exist with
probability 1/2, independent across network and invariant over
time; we take only those that are strongly connected.

For the deterministic algorithm (3), consider random digraphs
of 50 nodes and uniform weights a = b = 1/50. Fig. 6 displays
the curve of convergence factor )Lgd) with respect to the parameter

€, each plotted point being the mean value of )Lgd) over 100
random digraphs. To account for the trend of this curve, first

5 T T T T

State

0 2000 4000 6000 8000
Time

10000

Surplus

0 2000 4000 6000 8000

Time

10000

Fig. 4. Convergence paths of states and surpluses: Obtained by applying the
deterministic algorithm (3) with parameter € = 0.7 on digraph 4.

X 106 State vs. Time

0 1000 2000 3000 4000 5000

2000 3000 4000 5000
5 T T T T

0 1000 2000 3000 4000 5000

Fig. 5. Sample paths of states: Obtained by applying the gossip algorithm (3) with
parameter € = 0.7 on digraphs 4, $», and §..
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Fig. 6. Convergence factor A(zd) of the deterministic algorithm (3) with respect to
parameter €.

recall from the perturbation argument for Theorem 4 that the
matrix M in (3) has two (maximum) eigenvalues 1 when ¢ = 0,
and small € causes that one of them (denote its modulus
by Ai,) moves into the unit circle. Meanwhile, some other
eigenvalues of M inside the unit circle move outward; denote
the maximum modulus among these by A,,. In our simulations
it is observed that when € is small, kgd) = Ain (>Aoue) and Ay,

o . d
moves further inside as perturbation becomes larger; so A"
decreases (faster convergence) as € increases in the beginning.
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Fig. 7. Convergence factor )L;g) of the gossip algorithm (12) with respect to
parameter €.

Since the eigenvalues move continuously, there exists some € such
that Aj; = Aoy, corresponding to the fastest convergence speed.

After that, )Lgd) = Aour (>Ain) and A,y moves further outside as €
increases; hence A;d) increases and convergence becomes slower,

and eventually divergence occurs (i.e., )\gd) > 1)

An analogous experiment is conducted for the gossip algorithm
(12), with random digraphs of 30 nodes, uniform probability p =
1/card(€), and uniform weight w; = 1/2. We see in Fig. 7 a

similar trend of A;g) as the parameter ¢ increases, though it should

be noted that the changes in )L;g) are smaller than those in )Lgd).
From these observations, it would be of ample interest to exploit
the values of € when the convergence factors achieve their minima,
corresponding to the fastest convergence speed.

7. Conclusions

We have proposed surplus-based linear distributed algorithms
which enable networks of agents to achieve average consensus on
arbitrary strongly connected digraphs. Specifically, in synchronous
networks a deterministic algorithm ensures asymptotic state
averaging, and in asynchronous networks a gossip algorithm
guarantees average consensus in the mean-square sense and with
probability one. To emphasize, our derived graphical condition is
more general than those previously reported in the literature, in
the sense that it does not require a balanced network structure;
also, the matrix perturbation theory plays an important role in
the convergence analysis. Moreover, special regular digraphs are
investigated to give less conservative bounds on the parameter ¢;
and numerical examples are provided to illustrate the convergence
results, with emphasis on convergence speed.

For future research, one direction of interest would be to
extend the deterministic algorithm (3) to the more realistic
scenario of switching digraphs G(k) = (V, &(k)) ; namely, the
network topology is time-varying. If every §.(k), k > 0, is strongly
connected, then it is possible to ensure convergence by introducing
slow switching (e.g., dwell time) as in Casbeer, Beard, and
Swindlehurst (2008) and Ren and Beard (2008). Under the
weaker graphical condition that digraphs § (k) are jointly strongly
connected (Jadbabaie et al., 2003; Lin, 2008), to verify if average
consensus can be achieved seems to be more challenging and
requires further investigation.

On the other hand, in the literature on gossip algorithms (Boyd
et al,, 2006; Frasca & Fagnani, 2010; Kashyap et al., 2007), a
variety of practical communication issues have been discussed
such as link failure, message collision, broadcast protocol, and
synchronized node selection (i.e., multiple nodes are selected at
the same time). We thus aim at addressing these issues by making
suitable extensions of our gossip algorithm (12).
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