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Abstract. Average-consensus algorithms allow to compute the average of some agents’ data in
a distributed way, and they are used as a basic building block in many algorithms for distributed
estimation, load balancing, formation and distributed control.

Traditional analysis of such algorithms studies, for a given communication graph, the convergence
rate (second largest eigenvalue of the transition matrix) and predicts that, for many graph families,
performance degrades when the number of agents grows, because of the longer time required to
spread information. However, in estimation problems, a growing number of sensor nodes improves
the quality of the estimate. To understand whether such an improvement is possible also with
distributed algorithms, it is important to specify a suitable performance metric, depending on the
specific estimation problem in which the consensus algorithm is used, and to study how performance
scales when both the number of iterations and the number of agents grow to infinity.

Here, we propose a simple example of a distributed estimation problem solved by average-
consensus, and a performance index naturally arising in this context (mean square estimation error,
MSE). To understand the performance limitations of sensor networks with limited-range communi-
cations, we consider graphs describing local interactions. We give analytic results for some families
of such graphs whose symmetries allow the use of suitable mathematical tools. However, simulations
indicate that a similar behavior occurs also for random geometric graphs. This suggests that the
performance limitations of regular lattices are mainly due to the geometrically local interactions and
not to the symmetries.
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1. Introduction. In recent years, the analysis of the coordination mechanisms
of multi-agent systems is attracting a large attention in the engineering community.
This is mainly due to the intrinsic robustness and to the degree of adaptation ex-
hibited in nature by such systems, which makes their structure very attractive as
an inspiring design paradigm for many engineering systems. This paradigm consists
in the possibility of obtaining high performance levels through the cooperation of
numerous simple and cheap local units.

The information dynamics which permit these systems to work properly is a
challenging problem for the information engineering community; in fact, despite the
variety of cooperating systems of different nature without a common underlying fea-
ture, it is clear that cooperation needs communication and so efficient cooperation
has to be related to efficient information diffusion.

One of the simplest instances of coordinated task is averaging, i.e., computing the
average of values initially separately known to the agents. One way to achieve this
goal is given by the linear average-consensus algorithm [24, 28, 31, 27, 30, 9]; although
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not being the most efficient method to compute the average in a distributed way [4],
this technique is attracting a lot of attention mainly because of its simplicity, which
makes it intrinsically robust to node or to communication failures [29, 7, 16].

This algorithm has been proposed in many contexts in which it is necessary to
compute averages in a distributed way, namely in distributed estimation [26] and
in sensor calibration for sensor networks [20, 8|, in load balancing for distributed
computing systems [12], and in mobile multi-vehicles coordination [11], as well as in
distributed optimization and learning [25]. Linear average-consensus algorithm is a
linear iterative algorithm in which a sequence of vectors is obtained by construct-
ing the new vector from the previous one by multiplying it by a doubly-stochastic
matrix. Through the theory of Markov chains it is possible to prove, under rather
weak assumptions on the matrix, that the vector sequence converges to a vector with
entries all equal to the average of the components of the initial vector. Traditionally,
the index which is considered for determining the performance of a specific average-
consensus algorithm is given by the exponential rate of convergence to the limit vector;
this is given by the second largest eigenvalue of the matrix which is called the essen-
tial spectral radius. In the literature devoted to Markov chains and to the so-called
‘spectral graph theory’; this index has been deeply studied, and many bounds have
been proposed in the different cases of matrices with symmetries [15], of randomly
generated matrices [6], and of general matrices [15]. However, when this algorithm is
used for specific applications requiring the distributed computation of averages, dif-
ferent performance indices become more natural instruments for comparing different
choices of matrices. Literature along this research line is not very developed; some
contributions have considered the effects of robustness to delays [28], noise on the
communication links [30] and quantization [18], and a more recent work deals with a
mobile vehicle coordination problem [1].

In the present paper, we consider a very simple example of a distributed estima-
tion problem, solved by the average-consensus problem, and we propose as a natural
performance metric the mean square estimation error (Section 2 describes the prob-
lem setting and the relevant cost function). Such a cost depends on all the eigenvalues
of the consensus update matrix, and we show by a simple example that using it for
performance evaluation can lead to significantly different results from looking at the
essential spectral radius (see Section 3). Moreover, the study of performance indices
different from convergence rate is essential in large-scale networks, namely in networks
formed by a large number of cooperating agents. In fact, in this case a trade-off can
be expected, since on the one hand, a larger number of sensors should give a better
estimate, while on the other hand the more difficult communication between a larger
number of agents will decrease this advantage. While this trade-off becomes quite
clear when choosing correct performance indices, it is not highlighted by the essen-
tial spectral radius, which often simply underlines that the larger is the network, the
slower is the convergence. Our analysis allows to correctly highlight this trade-off,
as shown first in a simple example (Section 3), and then in our general results. Our
main contribution (Sections 4 and 5) is the characterization of the asymptotic scaling
of the estimation cost, both with the number of agents and with computation time,
for families of lattice-like communication graphs, where the symmetries in the graph,
and the associated algebraic structure, allow the use of analytical tools to get rigorous
bounds. We consider grids over multi-dimensional tori, and over hyper-cubes. Such
graphs have been largely studied in the recent literature devoted to distributed esti-
mation and control, see e.g. [2], [13] and [9], because of the ease of analysis allowed by
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their structure, as well as because they are a prototypical example of geometrically
local communication. Then, simulation results, presented in Section 6, show that con-
nected realizations of random geometric graphs with a comparable number of nodes
and of average number of neighbors exhibit a behavior very similar to the correspond-
ing regular grids, thus suggesting that the behavior of the graphs that we analyzed
is mainly due to the geometrically local interactions, and not to the symmetries and
the regular structure.

Notation and preliminaries. Throughout this paper, we will use the following
notational conventions. Vectors will be denoted with boldface letters, and matrices
(equivalently, linear maps) with capital letters. Given a vector v € RY and a matrix
M € RY*N e let v and M7 respectively denote the transpose of v and of M. We
let A(M) denote the set of eigenvalues of M, counted with their multiplicities. With
the symbol 1 we denote the N-dimensional vector having all the entries equal to 1.
We will denote by |v| the vector obtained by taking the modulus of each entry of a
given vector v, and we will write w > v and w % v to denote that all entries satisfy
wg > v and wy, > vy, respectively.

Given any set A with finite cardinality |A|, R* will denote the vector space isomor-
phic to RI“4l made of vectors where indices are elements of A instead of {1,2,...,|A|}.
Analogously, R4*4 will denote the vector space of all linear maps from R4 to R4.

We use the convention that a summation over an empty set of indices is equal to
zero, while a product over an empty set gives one. We also introduce the short-hand
notation [d] = {1,2,...,d}.

A directed graph G is a pair (V, E) where V is a set, called the set of vertices, and
E CV xV. A directed graph G is strongly connected if, for all u,v € V, there exists
a path connecting u to v. It is weakly connected if, disregarding edge orientations,
for any for pair of vertices u, v, there exists an undirected path connecting u to v.
The graph is aperiodic if the greatest common divisor of the lengths of all cycles is
one. The presence of a self-loop implies aperiodicity.

A matrix P € RV*V is said to be stochastic if it has non-negative entries and if
P1 = 1. A stochastic matrix P is said to be doubly-stochastic if PT is stochastic so
that P1 =1 and 17P = 17, Given a stochastic matrix P, the graph Gp associated
with P € RV*V is a directed graph Gp = (V, E), with (u,v) € E if and only if
P,, # 0. A stochastic matrix P is primitive if there exists a positive integer m
such that (P™),, # 0 for all u,v € V, or, equivalently, if the graph Gp associated
with P is strongly connected and aperiodic. From the Perron-Frobenius theorem (see
e.g. [3]) it follows that a primitive stochastic matrix P has an eigenvalue equal to 1,
which has algebraic multiplicity one and is the dominant eigenvalue, i.e., all the other
eigenvalues have absolute value smaller than one. The maximum absolute value of
non-dominant eigenvalues is called the essential spectral radius of P and is denoted
with the symbol pess(P). A matrix P is normal if it commutes with its transpose,
namely PTP = PPT. Symmetric matrices are normal.

2. Problem formulation and performance measure. We consider the fol-
lowing simple problem of distributed estimation: N sensors measure the same real
value 0 plus i.i.d. noises. Clearly, the best estimate for 6 is the average of such mea-
surements, but sensors need to compute it in a distributed way. A directed graph
G = (V, E) describes the allowed communications: the vertices v € V are the sensors,
and a pair (u,v) belongs to F if and only if w can communicate with v. We will
assume that G is strongly connected and aperiodic

The sensors’ measurements form a vector z(0) € RV, with x4(0) = 0 +wy,, where
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the noises wy, ..., wy are i.i.d. random variables with zero mean and finite variance
(without loss of generality we will also assume variance is one).

Then we consider a linear average-consensus algorithm: x(t + 1) = Px(t) for
some matrix P € RV*Y consistent with the communication graph G, i.e., such that
the graph Gp associated with P is a subgraph of G. We assume that P is doubly-
stochastic and primitive. Under these assumptions, P has dominant eigenvalue 1 with
multiplicity 1 and

VEk, tliglo zi(t) = & >, zn(0).

The speed of convergence is given by the essential spectral radius of P, pess(P). For
non-expander families of graphs, such as for example Cayley graphs on Abelian groups,
when N — 00, pess(P) — 1 (see e.g. [9]). Clearly, this means that convergence to the
average needs longer time as IV grows, but this does not necessarily imply that larger
N deteriorates performance in our specific application.

As our problem is estimating 6, a very natural performance measure is the mean
quadratic error

J(Pt) = £E [e" (t)e®)] ,

where e(t) := @(t) — 01, so that J(P,t) = & >, E [(z(t) — #)?]. For our problem,
we can easily show that the cost J(P,t) can be re-written as

J(P,t) = & trace ((Pt)TPt) . (2.1)

Indeed, J(P,t) = +E [(P'@(0) — 01)7 (P'x(0) — 01)] = E [(P'w)” (P'w)], where
w is the measurement noise. Using linearity of expectation and of trace, plus the
observation that for any scalar a we have a = trace a, and the property trace(ABC') =
trace(C' AB) where A, B, C' are matrices of suitable size, we find the following equality:

LE [(P'w)" (P'w)] = £E [trace(w” (P")T P'w)] = & trace (P")" P'E(ww™)),

which proves Eq. (2.1) because w has zero mean and identity covariance matrix.
If P is normal, then Eq. (2.1) is equivalent to the following:

J(Pt)=% > AP (2.2)

AEA(P)

3. Motivating examples.

3.1. Three examples motivating the study of the proposed cost. In this
section we present three simple examples of families of graphs. Our first aim is to
show that the cost J(P,t) allows to study the trade-off between the two effects of a
large number of nodes N, which improves performance after infinite time, but slows
down computation. Moreover, we show that studying this cost can give performance
results significantly different from traditional analysis of the speed of convergence via
the essential spectral radius, although the two different performance measures are not
completely unrelated.

Ezxample 1: the circle. This first example is the simplest case of local communi-
cation, where N agents are disposed on a circle, and each agent communicates with
its first neighbor on each side (left and right). For simplicity, we assume that each
received message, as well as the agent’s own state, is weighted 1/3. Figure 3.1 shows
the circle graph and the corresponding circulant symmetric matrix Py. As the eigen-
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[1/3 1/3 0 - - 1/3]
1/3 1/3 1/3 - - 0
0 1/3 1/3 1/3 - 0
Py=| . } . . . )
0 - - 1/3 1/3 1/3
(13 - 0 1/3 1/3

Fig. 3.1: The circle graph and circulant matrix considered in Example 1.

values of such a circulant matrix can be explicitly computed [14], it is easy to see that
Pess(Pn) ~ 1—m2?/N?. This shows that, as N grows, the convergence of the algorithm
tends to be very slow. Nonetheless we expect that, in case of distributed estimation,
the presence of more sensors should instead improve performance. Figure 3.2 depicts
J(Py,t) as a function of ¢, for various values of N. For any fixed N, we have evo-
lutions which exponentially converge (with rate ~ (1 — 72/N?)) to a constant value
1/N. The different curves become lower as N grows, and their envelope, which cor-
responds to the limit for N — oo, converges to zero for ¢ — oco. In Section 3.2 we will
study the asymptotic behavior of J(Ppy,t) for circle graphs, and show that it scales as

max {%7 %} In particular, limy_,o, J(Px,t) converges to zero as 1/+/t. This result

shows that increasing N does not have the disadvantages predicted by observing that
lim 00 pess(Pn) = 1. Also, it can be formally proven that, in this example, J(Py,t)
is monotonic non-increasing w.r.t. N, for any fixed ¢ (Coroll. 5.3). Nevertheless, a fur-
ther look at Figure 3.2, together with the results in Coroll. 3.2, gives a caveat against
the choice of too large values of N: when the number of iterations is not unlimited,
there is a bound on the number of nodes being truly useful, after which there is no
improvement in adding new nodes, since J(Py,t) = J(Patt1,t) for all N > 2t + 1.
This is very intuitive to understand, because at time ¢ it is impossible for a node to
use information coming from other agents located further than t steps apart.

Ezample 2: two (almost) disconnected cliques. We would like to show by two
simple examples that the performance index J(P,t) can behave very differently from
the essential spectral radius. We start from an extreme case, an example of graph
which is disconnected and thus the convergence to the average consensus does not
occur. Nevertheless the estimation error can be quite small. Let N be an even
number, and consider a graph consisting of two disconnected cliques, each with N/2
nodes; Fig. 3.3a depicts the case N = 10. Associate with each edge a coefficient 2/N,
so that Py has the following form:

Py =

117 0
1

0 17|

| %
The eigenvalues of Py are easily computed: 1 with multiplicity 2 and 0 with multi-
plicity N — 2. Therefore, the essential spectral radius is 1, which describes the fact
that, the graph being disconnected, no convergence to the average consensus is pos-
sible. However, for all t > 1, J(Py,t) = %, which is almost as good as the best
possible error (the error variance in the case of centralized estimation is %), and, for
large N and small ¢, is much better than the error obtained with the circle graph in
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N=6

N=12
N=18
1 N=24
N=30
N=co

0 I I I I I I I I I
0 20 40 60 80 100 120 140 160 180 200

timet

Fig. 3.2: The time evolution of J(Py,t) for the matrix Py introduced in Example 1,
for various values of N.

R B

(a) Two disconnected cliques with N/2 (b) Modified connected graph.
nodes each.

Fig. 3.3: Communication graphs considered in Example 2.

Example 1.

The intuitive explanation is that, with the two cliques, the estimation error is
very good for large N because, even if it is not possible to compute the average of all
the measurements, it is possible to compute very quickly (in one iteration) the average
of N/2 measurements. On the contrary, in the circle the average consensus can be
reached asymptotically, as described by the essential spectral radius smaller than one,
but the convergence is very slow for large IV, and a reasonably good estimation error
is achieved only after a long time.

The above example can be modified to obtain a slightly different matrix, whose
associated graph is connected, so that the matrix is primitive. In this example, the
average-consensus algorithm converges but slowly, while the estimation error is small.
Indeed, consider the matrix

PN _ PN + —2/N|2/N

2/N [»Q/N

The graph associated with Py is shown in Figure 3.3b. All eigenvalues of Py can be
computed explicitly [5, Prop. 5.1]. There is one eigenvalue in 1 with multiplicity 1, one
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2
each with multiplicity 1. Here the single edge connecting the two cliques is a bottleneck

resulting in a quite slow convergence rate, since pess(pN) ~1— %. Nevertheless, the

estimation error becomes good already from the first iteration, since J (PN,t) <3

N
for all ¢t > 1.

Ezample 3: regular expander graphs. Example 2 shows that the MSE cost J (P, t)
and the second largest eigenvalue pess are two performance measures that can be very
different for some families of graphs. However, they are not completely unrelated. In
fact, it is easy to see that J(P,t) = & + %2/\7&1 A2 < L+ p2l. Hence, if pess

eigenvalue in 0 with multiplicity N—3 and two eigenvalues in  — % + %w /1+ % - %,

is small, then the cost J(P,t) converges quickly to the asymptotic value % when ¢
grows. This means that graphs yielding good essential spectral radius also yield good
MSE cost.

The study of the second largest eigenvalue of the adjacency matrix has been
developed in a rich literature in spectral graph theory. In particular it has been
shown that this index is strictly related to a property of the graph called expansion.
Expander graphs are graphs with high expansion. For a survey on expander graphs
see e.g. [23]. An example of a family of expander graphs is given by random regular
graphs with N nodes and degree d. In fact, a theorem by Friedman [19] (see e.g. [23,
Thm. 7.10]) ensures that, for any € > 0, asymptotically almost surely! random regular
graphs with N nodes and fixed degree d have adjacency matrices Ay satisfying

Vvd—1
d

pess(éAN) <2 +e€.
From this result, we can construct a family of matrices Py = ﬁ([ + Ap), so that,
for all € > 0, asymptotically almost surely

142yd— 1
— ¢

pess(PN)S d+1

This shows that random regular graphs, with high probability, yield an essential
spectral radius which does not converge to one as the number of nodes tends to
infinity, although they have bounded degree. This is in contrast with the behavior of
the circle graphs presented in Example 1, and of other graph families which yield an
essential spectral radius converging to one, such as the grids which will be presented
in Section 4 and the random geometric graphs which will be described in Section 6
and whose essential spectral radius is studied in [6].

3.2. The circle graph. The aim of the paper is to analyze the MSE perfor-
mance for geometric graphs, namely for graphs which are generated by placing nodes
in a metric space and by connecting nodes which are within a given distance. Un-
fortunately we have been unable to obtain results for general graphs of this kind.
We will instead restrict to graphs possessing some symmetries, which enable an eas-
ier characterization of the spectral properties of the associated matrices P. In this
subsection, we consider the simplest case, i.e., a circle, so as to show without cum-
bersome notation the main results and the main tools used in the proofs. Then, in
Sections 4 and 5 we will extend these results to more general families of structured
graphs. In the final section we will show through simulations that the performance

Li.e., with probability that tends to one when the number of vertices N tends to infinity.
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for general geometric graphs presents similar behaviors to the ones which are proven
mathematically in case of geometric graphs with symmetries.

In this subsection, we consider circular graphs similar to the one presented in
Example 1, except that we allow connections not only to the two nearest neighbors,
but also to the 20 nearest ones, for some fixed positive integer d. Also, we do not
impose that all coefficients are the same. Thus, Py is a circulant matrix, with first
row given by (po,p1,-.-,Ps,0,...,0,p_s5,...,p—1). We introduce now two Laurent
polynomials p(z) := 22275 pez® and q(2) == p(2)p(z71).

The circulant structure of Py implies that Py is normal, and that its eigenvalues
Aos - -y AN_1 are

A =p(e " FM), h=0,...,N—1,

where i = v/—1. Notice that [Ay|2 = ¢(¢?¥"). Another consequence of the choice
of a circulant matrix Py is that the MSE is the same for all nodes, i.e., E(ey(t)?) =
E(ex(t)?) = J(P,t) for all vertices h, k. In particular, J(Py,t) = E(eo(t)?).

For a family of graphs with such a regular structure, it makes sense to consider
also the infinite version of the graph and of the linear map P, with the same local
neighborhoods and coefficients, i.e., the graph is an infinite line (nodes are labelled
by integers in Z) and the map P, is linear banded-Toeplitz, with diagonal band
(p—ss-+-yP=1,P0,P1,---,Ds). Thanks to the remark that the MSE is the same for all
nodes, it makes sense to define the cost to be the MSE of a reference node J(Px,t) =
E(eo(t)?). We will show that J(Ps,t) is the envelope of all the J(Py,t) as it was
observed in Example 1.

We make the following assumptions on the coefficients p_gs,...,p_1,p0,P1,-- -, Ps:

e po # 0, ie., the assomated graphs have self-loops.

e pp >0 for all h, and Zk, s b = 1. This ensures that P is doubly stochastic.

e py #0or p_1 # 0. It is easy to see that this condition ensures that, for all
N, the circle graph associated with Py is strongly connected. This condition
ensures also that the infinite line graph associated with P, is weakly con-
nected. It will turn out (Lemma 4.1) that it is also a necessary condition,
and not only a sufficient one.

The first result that we obtain is the following characterization of the cost, involv-

ing only the coefficients of the polynomial (q(z))t We will use the notation p” and

qﬁf) denote the h-th coefficient of the polynomials (p(2))t and (q(z))¢, respectively.
ProproOSITION 3.1. With the above notation,
o« J(Poost) =

o J(Pv.) = > q.

—2t5<h<2t5
h=0 mod N )
Proof. For the infinite line, notice that J(Ps,t) = E[((Pt w)g)" |, where w is
the noise in the initial measurements. Also notice that (Pl w) = Zheng)wk he

Therefore,

E[((Pt Z ph pk: hw_ hW— k] = Z (pgt))z = q(()t) .

h,keZ h€EZ

For the circle, from Eq. (2.2), substituting [As|2 = q(e! ¥ ") gives:

N—1 2to

PN7 Z Z q(f) zhhk

h 0 k=—2t6
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which ends the proof, because

N—1 .
iZei%hk: 1 if k=0mod NV,
N — 0 otherwise. d
An immediate consequence of Prop. 3.1 is the following.

COROLLARY 3.2.

lim J(Py,t) = J(Px,t)
N—o00
and, more precisely, for all N > 2t0, J(Pn,t) = J(Poo,t).

We will discuss later (Coroll. 5.3) some sufficient conditions under which J(Py, t)
is a decreasing function of N. The following result gives the asymptotic behavior of
the cost whith respect to large ¢t and N.

THEOREM 3.3. With the above notation and assumptions,

e for the infinite line, there exist positive constants C,C", depending p(z) only,
such that, for allt >0, )
C— < J(Py,t) < O'—;
< J (P, t) 7
e for the circle, there exist positive constants C,C’, depending p(z) only, such
that, for all N > 2§ and t > 0,

§H

Cmax{%, %} < J(Pp,t) < C'max{%, %} )

Proof. The proof is based on some simple remarks about the function f : R —
[0,4+00) defined by

f(@) = lp(e™).

Notice that f(z) = q(e®) = 222725 qecos(fx). Clearly f is a trigonometric polyno-
mial, with f(0) =1 and 0 < f(z) <1 for all z. The assumption that py and that at
least one between p_; and p; are non-zero ensures that the same applies also to qg, g—1
and ¢1, and thus that f(z) < 1 for all z € (—2m,27)\{0}. The derivatives of f in zero
are f'(0) =0 and f”(0) = — 222726 (g, < 0. Thus, we can choose o and f3 satisfying
0 < a< —f"(0) < B, and we can find a neighborhood of 0, say (—a,a) C (—m,),

such that e=#=’ < f(x) < —aa® for any z in such neighborhood. Moreover, we can
find a constant ¢ € (0,1) such that f(z) < ¢ for all z € [—m, 7]\ (—a,a). We define
the functions

fole) = {e—aﬁ for € (—a,a) fol) = {(e)—,@wz for x € (—a,a)

c otherwise,, otherwise .
so that we can write

ful@) < f(x) < fu(e), Vo € [-m, 7.

Now we can use such bounds on f to obtain bounds on the MSE cost. For the infinite
line, Prop. 3.1 and the definition of the polynomial ¢(z) give

J(Poort) = g8 =3 Ipi)

h€EZ
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By Parseval’s identity applied to the function (p(z))!, this expression can be re-written
as follows

IPest) = & | S P ae= £ [ (f@) do.

—T —T

Using the upper bound f(z) < fy(z) we get

™ a 1
t 70&1
WPt < 3 [ (o) do = [ e ot hom 2 < e e

where the last inequality comes from calculating fR e—ate’ = /= (see Lemma A.2).
Similarly, for the lower bound,

Kz g [ =gk [ et ol (1o

[_ava]

where the last inequality comes from a well-known property of the the tail of the Gzaus—
sian distribution (see Lemma A.2 for more details). Finally notice that 1 —e=#27t >
1— e 89" for all t > 1.

Now we consider the circle. From Eq. (2.2),

N 1 LNv/2]

us us t
J(Py. ) z PSS UGN g X (G)
=0 h=—=[(N-1)/2]
where the last equality comes from the fact that the trigonometric polynomial f(x)
has period 27. Then, we can use the upper bound f(x) < fU(x) and obtain

1 LN/2]

UES D> (Fo (Zm) <+ Z o(3)

=—L(N-1)/2] h=—| %%

The proof of the upper bound is concluded by noting that the latter sum is bounded
by a suitable integral, as follows:

L37] = 2r | o |
1 —0<<2ih)2t 1 2 —a(2—"h>2t 1 1/N 27 ot
- N = — —_ N < — _ ax d
N ‘ NTN X Ay ¢ T
h=—[%7] h=1
(3.1)
and finally
e ~
l/N 2 e—cw;thx < i/ e—axztdm — 1 ;
™ Jo 2r J_ 2V mat
so that

e (o) o)

The lower bound is obtained thanks to the following two simple remarks. First,

J(PN, ><C +*+

1

J(Py,t) Z|/\h|2 \)\0|2 =~
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Then, by Prop. 3.1,

JPxt)= > a) > a)) = J(Pu.t),
—2t6<h<2t§
h=0 mod N

so that we can apply the result proved above for the infinite line and obtain:

C
J(Pn,t) > J(Psx,t) > —. ]
(Pn,t) > J(Po,t) i
The asymptotic behavior predicted by Theorem 3.3 is well illustrated by Fig-
ure 6.1, already described in Example 1. In the next sections, we will show how the
results presented here for the simple case of the circle can be generalized.

4. Regular geometric graphs. In this section we present the families of graphs
and of the associated matrices that are the main object of our study. The idea is to
consider graphs with enough structure so as to be able to obtain analytic results about
the MSE cost, and which capture some interesting aspects of the geometrically local
interactions. They are generalizations of the circle considered in Sect. 3.2. The circle
is an example of one-dimensional local interaction, in the sense that nodes are aligned
along some line, and can communicate only with a few neighbors on their right and
on their left. We can consider a circle as a line except for the border conditions,
which are periodic. The particular structure of the circle allows to associate with it
some matrices which are circulant, and this allows to study the eigenvalues of such
matrices. Our first generalization will be to consider the same kind of structure, both
on graphs and on matrices, but in higher dimension. For example, dimension two
corresponds to a grid on a torus. In Sect. 4.1 we will describe the notion of Cayley
graph and of Cayley matrix on the Abelian group Z,,, x - - X Z,,, and we will recall a
result which generalizes to such graphs the well-known expression for the eigenvalues
of circulant matrices.

Our second generalization will be to consider different border conditions, without
imposing the unrealistic condition that the end-points of the line communicate closing
the circle. For a particular choice of the coefficients corresponding to few nodes
near the border, it is possible to obtain an explicit expression for the eigenvalues [5],
and thus to study the MSE cost. Also this family of graphs and matrices can be
constructed for any dimension, as we will describe in Sect. 4.3.

4.1. Grids on tori (Abelian Cayley graphs). This is an extension to general
dimension d of the circle graph and circulant matrices, which can be seen as a par-
ticular case with d = 1. As an example, with dimension d = 2 the graph is a grid on
a torus, as depicted in Figure 4.1a, and it is convenient to label vertices with double
indices (hi, he) in such a way that adding one to hy or to hy means considering the
nearest vertex moving ‘to the right” or ‘up’ respectively. More formally, the structure
of such graphs is described by Cayley graphs over suitable groups, e.g., Z,, X Z,, for
the 2-dimensional case.

We recall the definition of Cayley graphs: given a group (I',+) and a set S C T,
the Cayley graph G(T',S) is a directed graph with vertex set I' and edge set E =
{(g,h) : h — g € S}. We will consider finite graphs, with |I'| = N, and matrices
associated with such graphs, which respect the strong symmetries of the graph: we
say that a matrix P € RI'*!" (i.e. with entries labeled by indexes belonging to I') is
Cayley if Py j, = Pyyp ntr for all g,h, k € I'. This is equivalent to saying that there



12 F. GARIN AND S. ZAMPIERI

2SS
<
2
&
]

Vg

<&~

23

DN .y

(a) Grid on a torus (Cayley graph). (b) Grid on a cube.

Fig. 4.1: 2-dimensional grids.

exists a map 7 : I' — R such that Py, = m(h — k); such a function is called the
generator of the Cayley matrix P. Notice that a stochastic Cayley matrix is also
doubly-stochastic. Also notice that Cayley matrices are normal.

In this paper, we limit our attention to Abelian groups, and we let I',,,  ,, =
Ly X -+ X Ln,. We will use the notation n := (nq,...,n4), so that I'y, = Z,, X --- %

Zn,, and we will write N := |T',,| = H?Zl n;.

When P is a Cayley matrix associated with I',,, its eigenvalues have the following

simple expression [3]: for any h = (hy,...,hq) € Ty,
A = Z W(k)e*i(%hlkl+"'+%hdkd).
kED,,

Note that, with a slight abuse of notation, we write el with hy € Zy,, , meaning
that we can substitute h, with any integer which is equal to A, mod n... In the sequel,
we will need the specific choice of h, € {0,1,...,n, — 1}, which we will denote by
heV,, Vi:={0,...,ny =1} x--- x{0,...,ng — 1}. When needed, we will actually
identify the set of vertices of the graph with V,, rather than T',.

In our analysis we want to consider families of Cayley graphs, with a growing
number of vertices, but with constant degree, and with the same algebraic structure
and same values for the entries of P. More precisely, we fix d, while we let ny,...,ng
grow. In order to define the neighbors and weights, we fix a positive integer ¢, we define
the set Ds = {—d, —0+1,...,+0}% and we fix | Ds| real numbers pp, h = (h1, ..., hq) €
Ds such that p, > O0Vh and >, p pn = 1. Then, for any n = 201 (namely
n; > 26 for all j) we construct the Cayley matrix P, € RI»*I'n with generator
T I'y, — R defined by 7, (g) = pp, if there is an h € Dy such that, forall ¢ =1,...,d
ge = hg mod ny, and m,(g) = 0 otherwise. Note that, for any n = 201, m, is well-
defined. The matrix P,, defined in this way can be seen as a map R'» — RI'» mapping
x € Rl to P — nx € R as follows: for all h € T',,

(Px)p = Z Pelh—rk -

keDs

We introduce another useful notation, defining the Laurent polynomial

k k
p(z1,. .., 24) = g PR 2yt
keDs
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We will refer to the above construction of a family of Cayley matrices for all n > 2J1
as the Cayley matrix family associated with p(z1,...,24). With this notation, the
eigenvalues of P, are

—i2mp _j2mp
A =ple "mi™ e ), hel,.

An interesting remark is that, for Cayley matrices, thanks to the symmetries (the
graph ‘looks the same’ from any vertex’s perspective), the mean square error is the
same for every node, so that J(P,,t) = E [(ex(t))?] for any node h, and we can take
for example node 0 as the reference node

J(Pn,t) =E [(eo(t))?] .

4.2. Infinite lattices. Similarly to the infinite line that was introduced for the
1-dimensional case, it makes sense to consider a lattice with the same local neighbor-
hoods as the above-described grid on a torus, but with infinitely many nodes, namely
the case when the group is I' = Z¢. We introduce the linear map Ps, : RZ" — R%’
defined, for each x € RZ" and h € 74, as

(Pa®)n = > DkTh k- (4.1)
keDs

Notice that

(Plw), = Z pg)wk—h
hezd
where pg) are the coefficients of the polynomial p(z1,. .., z4)".

If we consider the distributed estimation problem presented in Section 2 for an
infinite lattice graph, and we solve it by updating the nodes’ estimates with the linear
map P described in Eq. (4.1), then the expectation of the quadratic error is the same
for any vertex, and thus it makes sense to fix our attention on an arbitrarily chosen
one, say vertex 0, and to define the MSE cost as follows:

J(Poc,t) = E[(eo())?] . (4.2)

4.3. Grids on cubes. The families of Cayley graphs on the group I'y, = Z,,, X
-+ X L, presented in Sect. 4.1 can be seen as regular grids on multi-dimensional tori.
An interesting result by Boyd et al. [5] on reversible Markov chains with symmetries
allows to compute the eigenvalues and eigenvectors also of regular grids on a cube in
R? (for example, with d = 1 a line, with d = 2 a planar finite grid as in Fig. 4.1b). The
graphs and the coefficients coincide with those of the regular grid on a torus except
that they are suitably modified at the borders. This is particularly relevant because
it allows to consider graphs which are still with a regular and idealized structure,
but nevertheless are closer than the tori to represent realistic deployments of sensor
networks in the Euclidean space.

Roughly speaking, the grids on cubes are obtained by considering an infinite lat-
tice with suitable symmetries, by selecting a portion of the lattice, and then arranging
the borders by ‘folding back’ the edges which are stranded because in the lattice they
were connecting a selected vertex to a discarded vertex, then replacing the parallel
edges resulting from the folding with a single edge labeled with the sum of the labels
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Fig. 4.2: Circle with 2N vertices and reflection axis corresponding to the map ¢ —
2N — 1 — £, used in the construction of a line with IV vertices.

of the parallel edges. However, the construction of the grid matrices can be more
precisely defined by considering a Cayley graph with suitable symmetries, and by
identifying into a single node the orbits of the action of such symmetries, as described
below in detail following [5].

Let Pay,, be a Cayley matrix on I'ay, = Zoy, X - - X Zay,, associated with p(z1, ..., zq4),
and assume that the coefficients pp, satisfy the following quadrantal symmetry

Vh, pn =Dpn- (4.3)

This assumption implies that P is symmetric and thus the associated Markov chain
is reversible. Moreover, define for each 7 = 1, ..., d the reflection o, on I's,, by letting
o-(h) = k with k¢ = hy if £ # r and k. = 2n,. —1—h,.. It is convenient here to identify
Iy, with the set Vo, and consider o, : Va,, — Vo,,. For example, Fig. 4.2 shows the
axis of reflection of o for the case d = 1, as in Example 1. In higher dimension, every
o, simply keeps all coordinates invariant except for the r-th, where it is the reflection
depicted for the one-dimensional case.

Notice that every o, is a symmetry of the labeled graph on the torus. Now
denote by H the group generated by all reflections o4, ...,04 and consider, for all
g € Vi € Vo, the orbit Oy = {n(g) : n € H} C Vap,. For example, if d =1
there are N orbits, each containing two points: for ¢ = 0,...,N — 1, the orbit
O, contains the point labeled with g and its reflection o1(9) = 2N —1 — g. For
higher dimension, there are N orbits, each containing 2 points, for example with
d=2forallgeV, ={0,...,n1 —1} x {0,...,ny — 1}, the corresponding orbit Oy
contains the four points g, o1(g) = (2n1 — 1 — g1, 92), 02(g) = (g91,2n2 — 1 — g2) and
o2001(g9) = (2n1 — 1 —g1,2n2 — 1 — g2).

Finally, define P, : RV» — RV, for all h,k € Vj,, by

(Pn)hk == Z (Pan)ne = Z(PQn)h,n(k) : (4.4)

L0y, neH

Notice that the entries of P,, are actually equal to those of P,, except at the
‘borders’. In fact, if the index k € V,, is such that § < k., < n, — ¢ is satisfied
for all » = 1,...,d, then for all h € V,, all the terms in the sum in Eq. (4.4) with

£ # k are zero, so that (Pp)nk = (Pan)nk- Also notice that, for this choice of k,
(Pon)h,k = (Pn)n,k. Moreover, an analogous equality (Pn)nt = (Pon)hk = (Pn)hk
holds true whenever h and k are such that, for all » = 1,...,d, at least one of the

two following conditions is satisfied: 6 < h, <n, —d or § < k. < n, — 9.
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For example, in the one-dimensional case, Py shares with Py the banded-diagonal
central part of the matrix, and is different only in the initial and final part of the first §
and the last & rows, for a total of at most 482 different entries. The circulant structure
is substituted by modified rows, so that the corresponding graph is a line instead of
a circle, and the weight of the edges removed in the construction of the line from
the circle is suitably re-distributed along border edges of the line. As an illustrating
example, consider the one-dimensional case with § = 2, where the matrices Py and
Py are the following

po P11 P2 P2 p1
pP1 Po P1 P2 p2
p2 P11 pPo P1 P2
Py =
p2 p1 pPo P1 P2
D2 p2 P11 Po P1
L P2 P1 p2 p1 Po

and _ _
po+p1 pi+p2 P2

p1+Dp2 Po p1 D2
P2 P1 po  p1 P2

p2 p1 Po pP1 P2
P2 1 Po p1+p2
L p2  pi+p2 po+pi |

We will refer to the above construction of a family of matrices P,, for all n = 261
as the grid matrix family associated with p(z1,. .., z4). Note that such a construction
ensures that we can apply [5, Prop. 3.3], because both P, and P,, are symmetric
(and thus the corresponding Markov chain is reversible) and the latter is the lumped
chain of the former, as defined in [5, Sect. 3]. Thus, the explicit expression for the
eigenvalues of P,, is the following

— -

An = ple'mih . etnaldy, heV,.

4.4. Assumptions ensuring primitivity. In Section 3.2, a simple assumption
on the coefficients (that either p_y, or py, or both were non-zero) was introduced, in
order to ensure that, for any N, the associated circle graph was strongly connected,
and that the infinite line graph was weakly connected. The generalization to the d-
dimensional case is a requirement on the positions of the non-zero coefficients pp, as
stated in the following Lemma.

LEMMA 4.1. With the above notation, define S = {h € Ds : pn # 0}. The
following conditions are equivalent:

1. the infinite Cayley graph associated with p(z) and with the group Z¢ is weakly
connected;

2. S generates Z.%;

3. for all n > 201, the Cayley graph associated with p(z) and T, is strongly
connected;

4. for all m = 201, S generates I'y,.

Proof. We start by proving 1. <= 2. By definition, the graph associated
with p(z1, ..., 2q) is weakly connected if and only if for any pair of vertices u,v € Z¢
there exists a sequence of vertices u = wug,u1,...,us_1,us = v such that, for all 4,
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(wi,uir1) or (u;r1,u;) is an edge of the directed Cayley graph. This means that
Uir1 —u; € SU(=S) for all i so that finally condition 1. turns out to be equivalent to
the fact that for all u,v € Z9, there exists £ > 1 and s1,...,s;, € S U (—S9) such that
v—u =81 + -+ sp. This is clearly equivalent to condition 2., which states that for
all g € Z%, there exists £ > 1 and sy,...,5, € SU(—S) such that g = s; +--- + 5.

We omit the proof that 3. <= 4., because it follows exactly the same lines.

We will conclude by proving that 2. <= 4. For ease of notation, let S =
{81,...,8,}. Now notice that 4. can be equivalently re-stated as follows. For all
n > 201, 3X € 7" and Y € Z¥? such that I = AX + MY, where I is the
d X d identity matrix, A is a d X r matrix whose columns are si,...,8,, and M
is a diagonal matrix with diagonal elements nq,...,ng. On the other hand, 2. is
equivalent to the fact that I = AZ for some Z € Z"*?. This shows that 2. implies
4. To see that also the converse holds true, first notice that 4. implies that A is a
full row-rank matrix. Indeed, if 3z € Z% such that 274 = 0, then 27 = 2T MY.
Taking in particular M = bl with b > 26, we have that z7 = bz7Y, which implies
that the entries of z are multiple of b. Since this holds for all b > 24, this implies
that z = 0. Now from the fact that A is a full row-rank matrix it follows that there
exists X € Z"*? such that AX = al, where we can choose a > 25. Now observe that
4. implies that there exist X € Z™*% and Y € Z%*¢ such that I = AX + aY and so
I =AX +aY = AX + AXY = A(X + XY) which is equivalent to 2. 0

Notice that the second condition in Lemma 4.1 (S generates Z?) implies that
S contains a basis of R?, and so it states that the connectivity requirement implies
that the graph is truly d-dimensional, and not with a lower dimension. Moreover it
provides a very easy way to check whether the assumption is satisfied; for example, if
S contains all vectors of the canonical basis of R? the condition is surely satisfied.

Similarly to the case of the circle, we also assume that the graphs have self-loops,
namely that pg # 0. This assumption, together with the connectivity assumption
above, ensures that the Cayley matrices P,, are primitive; also recall that such ma-
trices are doubly-stochastic and normal.

For the grid matrices, notice that the construction ensures that the associated
graph is strongly connected when the initial Cayley matrix had this property. Thus,
under the connectivity assumption above and with pg # 0, the grid matrices are
primitive. Moreover, grid matrices are doubly-stochastic and symmetric.

5. Main results. In this section, we give our results on the asymptotics of
J(Pn,t) for the graph families introduced in Sect. 4. They are generalizations of
the results presented for the circle in Sect. 3.2, and the proofs use the same ideas,
although they require a few technicalities.

5.1. Behavior for increasing N. In this section, we give a characterization of
the cost which generalizes Prop. 3.1, and from which it is possible to derive corollaries
describing the behavior of the MSE cost when the number of nodes increases.

Given a Laurent polynomial p(z1,...,24) = D pep, phz{“ ...zgd, we define the
polynomial q(z1, ..., 24) :== p(21,...,2a)p(27 ", .., z;l) and we denote by {p;f)}hepté

and {q,(:)}heDm the coefficients of (p(z1, ..., zd))t and (q(z1,..., zd))t, respectively.
With this notation it is possible to characterize the cost J(P,t) in a way that involves
the coefficients q,(lt ) only.

PROPOSITION 5.1. With the above notation, given a polynomial p(z1,...,zq) and
n=(ny,...,ng) = 201,
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o if Py, is the infinite map associated with p(z1,...,z2q4), then

J(Poo,t) = g

e if P, is a Cayley matriz associated with p(zl, ...y 2d), then
J(Pp,t) = Z o
heF,

where Fp, :={h: h, =0mod n, Vr}. B
o if p(z1,...,24) satisfies the quadrantal symmetries (4.3) and Py, is a grid
matriz associated with p(z1,...,24), then

— 1
J(Prp,t) = Z [T Z Q;(:)a
KCld] *1TE€K T heFre

where the first summation is over all subsets K C [d] :== {1,...,d}, including
K =0 and K = [d], and where

Frm :={(h1,...,hq) : hy is odd ¥r € K and h, = 0 mod 2n, Vr ¢ K} .

Proof. We consider separately the three families of graphs.
Infinite lattice. ~ From Eq. (4.2) it follows that

J(Ps,t) = E[((PLw)o)”] .
Now notice that (P;Qw)k = hezd pgf)wk_h. Therefore,
El(PLwi] =50 Y wpie e = ¥ 08 =4l
h,kez? hezd

Cayley matriz.  In this case,

ni—1 ng—1

J(Pp,t) = ~ Z Z Z q(t) i(2 hakyt+ 22 haka)

h1=0 hq=0 kE€D2s

ne—1
= > (”H Ze”l“
k€Dyys
which ends the proof, because
1 ”21 i2ap . J 1 if ke =0 mod n,,
R e’ nr —
ny = 0 otherwise.
=0
Grid matriz.  For the grid matrix,
ni—1 ng—1 )
J(Pn,t):— DD DN P (5.1)
keDm hi=0  hq=0

Now we use the assumption of quadrantal symmetries: denoting by ® the entrywise
product of two vectors, we have qx = oo for all w € {—1,1}%, and so

1 (t)
Uk = 54 Z ook -
we{—1,1}4



18 F. GARIN AND S. ZAMPIERI

By plugging this into Eq. (5.1), we get

2 X qffékH Z’*”
hy=0

kE€D2ts we{—1,1}4

from which, by exchanging the order of summations and letting k' := w®k, we obtain

D DO )|

n,—1

Z i hrklwr
2n,.

we{-1, 1}dk’€D2t5 r=1 »=0
Nne—1
i 22 et
2nr
k'€ Days r=1 hr=0w,.e{-1,1}

The proof ends by computing

) 2n, if k. = 0 mod 2n,.,
Z (e'ﬁh ki 4 gmimsheky ) =<9 if k! is odd,
h,=0 0 otherwise. a

The following corollary (generalizing Coroll. 3.2) shows that the behavior of large
Cayley or grid matrices with a large number of nodes, at a fixed iteration time ¢ tends
to the cost of the corresponding infinite lattice.

COROLLARY 5.2. Under the assumptions of Proposition 5.1, if Pn is a Cayley
matriz, then in the limit when n, — oo for allT =1,...,d, J(Pn,t) — J(Px,t) and
moreover J(Pp,t) = J(Px,t) for alln = 2t61. In the case of a grid matriz P, only
the limat result holds true.

Proof. For the Cayley matrix Py, in the expression for J(Pp,,t) given in Prop. 5.1,
notice that the only coefficients q,(f ) in the summation which can be non-zero are those
where h € Do, namely —2t§ < h, < 2t6 for all » = 1,...,d. If n > 261, then
Days N Fr = {0}, s0 that J(Pp,t) = ¢\ = J(Ps, ).

For the grid matrix P, the expression for J(P,,t) given in Prop. 5.1 can be
re-written as

Zq +ZH Zq(t).

hEFy n 1;;{; rex " heFr.n

For the first summation, we can conclude analogously to the Cayley case that if n > §1
then the only non-zero term is q((,t) = J(Px,t). Finally, all summations corresponding
to a non-empty K go to zero when n, — oo for all r. 0

Under some assumptions, Proposition 5.1 also implies that the MSE cost is a
monotone function of the number of nodes (for fixed t).

COROLLARY 5.3. Under the assumptions of Proposition 5.1, if p(z1,...,z4) satis-
fies the quadrantal symmetries (4.3) and satisfies the following monotonicilty assump-
tion

\h| = k| = pn <Dk,

then, for the family of Cayley matrices P, associated with p(z1,...,zq), the cost
J(Pp,t) is monotonic non-increasing w.r.t. ny,...,ng, namely

m=xn = J(Pnp,t)>J(Py,t), Vt.
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The same property holds true for the family of grid matrices P, associated with
p('zla cee Zd)‘

Proof. This property is a consequence of Proposition 5.1 and of Lemma A.1, whose
proof is postponed to the Appendix, which ensures that, if p(z1,...,z4) satisfies the
assumptions of Coroll. 5.3, then also (q(z1,. .., 2q4))" satisfies them.

We want to prove that, under the assumptions of Coroll. 5.3, n = m implies
J(Ppn,t) < J(Pm,t) and J( nst) < J(Ppm,t). For ease of notation, without loss
of generality, we will consider the case where n = (n;,n’) and m = (my,n’), with
n1 > my. The key point we will exploit is that, by the assumptions and by Lemma A.1,
for all hy, ki € Z and for all B’ € Z4~Y, |hy| > |ky| implies that gy ., < g\ ...

For the Cayley case, by Prop. 5.1,

heFn

where F,, := {h : h, =0 mod n, Vr}. We only need to re-write this summation high-
lighting the first component n; of n, and to compare it with the analogous expression
for J(Ppm,t), as follows

Pn’t Z Z qlg:l)1,h/<z Z qg,)“ h = (Pm7t)'

LeZ W eF,,, LeZ W EF,,,

For the grid case, by Prop. 5.1,

J(Pp,t) =Y L S oa),

n
KC[d] [Trex e hEFK n

where Fr n = {(h1,...,hq) : by is odd Vr € K and h, = 0 mod 2n, Vr ¢ K} . Now
we can consider separately each term corresponding to a set K C [d], and compare it
with the corresponding term in the analogous expression for J(P,,,t). If 1 ¢ K, then

1 1

HreK ne HreK my

and, defining K/ :={r—1:r € K},

PORCAED DD DI TVED DIED DI Ve D DI A

hEFK n CEL W EF it CEL W EFyr hEFK m
If 1 € K, then
1 1
[Lexnr = exmr
and Fg n = FK m, which ends the proof. O

Note that the assumptions on the polynomial p in Coroll 5.3 are not necessary:
for example, with d = 1, p(z) = £272+ 271+ § + L2+ £ 22 violates both assumptions
and nevertheless gives a monotonic cost J(Pp, t) However monotom(:lty of J(Pp,t)
is not always true, for example, p(z) = %z’Q + %zfl + 1—0 + z + 10022 gives a
non-monotonic cost.
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5.2. Behavior for increasing N and ¢. A further step in the analysis is to
understand the exact scaling of J(Py,t) when both ¢ and N grow to infinity. Such an
asymptotic behavior is given in the following theorem, which generalizes Theorem 3.3.

THEOREM 5.4. Given a polynomial p(z) = > pcp, prz ...zgd such that the
corresponding infinite graph is weakly connected and has self-loops and given ny >
ng > -+ > ng > 20, then

o if Py is the infinite map associated with p(z1, ..., z4), then there exist positive
constants ¢, ¢, depending on d and p(z1, ..., zq) only, such that, for allt >0

1 1
c < J(P
(Vi)
e if Py, is a Cayley matriz associated with p(z1,...,zq4), then there exist positive

constants C,C", depending on d and p(z1,...,zq) only, such that, for all
n = 201 andt >0

[Ticrcpmr 1 [licpcime 1
STS < <’ =r= ;
Coréll?%(d ~ VOF S J(Pp,t) <C Jnax, N Ok

o ifp(z1,...,zq) satisfies the quadrantal symmetries (4.3) and Py, is a grid ma-

triz associated with p(z1,...,zq), then there exist constants C, 5/, depending
on d and p(z) only, such that, for all n > 201 andt >0

— [Lic,cpmr 1 [licrcpnr 1

— —
TN wr STIECEE TN
The rest of this section is devoted to the proof of this result, but before going
through the proof it is interesting to see that, in the case when ny = --- = ny, the
statement can be re-written in the following simpler way.
COROLLARY 5.5. Ifn, = n for all v = 1,...,d, under the assumptions of
Theorem 5.4, if P, is a Cayley matriz associated with p(z1,...,zq), then there exist

C,C" > 0 (depending on d and and p(z1,...,zq) only) such that

Cmax { % e | < I (Pust) < C'max {3, iz |
An analogous bound holds true for the grid matriz P, associated with p(z1,...,24).

The proof of Theorem 5.4 follows the lines of the proof of Theorem 3.3, and is
based on the study of the function f : R% — [0, +00) defined by

fl@) =Ip(e™,... e ).

Notice that f(z) = g(e™,...,e") = 3,1 qecos ((yxy + -+ + Lyzq), where

41 2a) = P21, oo 2T 2T,

Clearly f is a trigonometric polynomial, with f(0) =1 and 0 < f(x) < 1 for all «.
Under the assumptions of Theorem 5.4 we can also guarantee that the maximum in
x = 0 is unique in the region (—27,27)?. To this aim, notice that, by Lemma 4.1,
the assumption that the infinite Cayley graph on Z? associated with p(z1,...,z24) is
weakly connected and has self-loops is equivalent to the assumption that the support
set of p(z1,...,2q), defined as S(p) := {k € Ds : pr, # 0}, contains the origin and
generates Z?. Under such assumption, we can prove the following properties of the
maximum of f in the origin.
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LEMMA 5.6. With the above notation and assumptions,
f(x) <1 for all x € (—2m,2m)%\ {0}

and moreover the Hessian matrixz of fin @ = 0 is negative definite.

Proof. Let S(q) be the support of (21, ..., zg). Assume that S(g) = {£1), ... £()}
and let I € Z4* be the matrix whose columns are £(1), ... £(). Since S(q) 2 S(p),
the assumptions ensure that £1),. .. £0) generate Z¢ and so there exists Y e Z*4
such that LY = I. Assume now that € (—2m,2m)? is such that f(z) = 1. It
follows that, for all i = 1,...,s, (£)Tax = 27wb; where b; € Z. This implies that
LTx = 2wb where b € Z*. Consequently & = YT LTx = 27YTb which, recalling that

€ (=2, 27)%, implies that = = 0.

For the second claim, denote by H the Hessian matrix of f in 0, which is given
by H, s := %gms = _ZhES(q) qnh,hs. Our aim is to prove that —H is positive
definite. First observe that H = — Zhes(q) gnhh? = —LDL™ where L is the matrix
defined in the first part of the proof and where D is a s X s diagonal matrix with
diagonal entries equal to gy, ..., gpi) . Since D is positive definite, and since L has
full rank, LDL” is positive definite. ]

The following bound on f(z) is an immediate consequence of Lemma 5.6.

LEMMA 5.7. Under the assumptions of Lemma 5.6, there exists a € (0,7), a, 8 >
0, and c € (0,1), depending only on p(z) and d, such that, for all © € [—7, 7]?

fulz) < f(®) < fu(z),

where the functions fy and f1, are defined as

fu(z) = {e_MTm orw € ) fu(x) = {g_ﬁm% for x € (—a,a)?

c otherwise , otherwise.

Now we can use the bounds on f to find bounds for the MSE cost. We will
consider separately the three cases.

Infinite lattice. ~ From Eq. (4.1), we have J(Puo,t) = D pcza |p(t)|2. By Parse-
val’s identity, this expression can be re-written as

1 1Ty T 1
W/[ ]d|pt(e ) d)|2da;:(27r)d/[ }d(f(acl,...,a:d))t dz .

Then, an upper and a lower bound which conclude the proof can be obtained by
using Lemma 5.7 and then applying well-known properties of the tail of a Gaussian
distribution, see Lemma A.2 in the Appendix for more detail.

Cayley matriz.  In this case,

J(Pn,t):% 3 |/\h\2t=% 3 {f (i{hl,...,ndhd)r.

heV, heVy,

J(Pac,t) =

Define

Vo ={= 52,0, B <o x {220, [ )

Clearly, f(x) has period 27 in each of its variables, and so

J(Pa,t) = 5 Z [ (iihldhd)] .

heV),
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From Lemma 5.7 it follows
TPt < S0 o (b 2ma)]
hevy,

where fy is defined in Lemma 5.7. Now consider the following set (recall that a < 7):
| ZAMRES {hEV,'l : fag%hrgaVr}:{hEZd : —L‘E—T;TJ <h, < L%J Vr}.

Then, using the definition of fy, we get

J(P,,ht) S% Z Bia[(%hl) +-- +(2whd)2}t+ct'

hevy

We conclude the proof by approximating such a Riemann sum with an integral, sim-
ilarly to the technique used in the proof of Theorem 3.3 (see Eq. (3.1)), as explained
in detail in Lemma A.3 in the Appendix.

For the lower bound, the proof is very similar. Indeed,

T (P, t) = % > s (i{hl,...,ndhdﬂ

hevy,
T

1 —B[ 2mp,) +(2ﬂ'hd>2i|t
= Nhezvjf .

Finally, the conclusion is obtained by using Lemma A.3 (see the Appendix).

Grid matrices.  The proof is very similar to the one for Cayley matrices. In this
case,

J(Pt) = % > s (nlhlnldhd)]t

heVy,
and so
J(Bot) < 1 Z efa[(nllhl) oot (5 ha) ]t o
heV, NV,
2
1 el
hevy,
and
J(Pn,t) > i Z e*ﬂ[(%hl) +- +( x hd) }t
heV,nV,,
11 @75[( ) +(*hdﬂt.
— N 2d
heVy

Then again the conclusion comes from Lemma A.3 (see the Appendix).
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Fig. 6.1: Plots of J(Py,ty) for random geometric graphs (averaged), as a function
of N, for various computation times (differently growing w.r.t. N), and re-scaled by
the predicted factor of decay.

6. More general geometric graphs. Our main results concern a class of
highly-structured, regular graphs, for which it was possible to derive precise bounds.
However, we believe that such results can also provide guidelines for the design of more
realistic sensor networks, because deploying agents in a portion of the 2-dimensional
or 3-dimensional space, in a roughly uniform way, and with the constraint of local
communication (meaning connection only with geometric neighbors, i.e. within some
given distance range) results in graphs resembling to portions of lattices, with some
additional irregularities. Our conjecture is supported by some simulation results. We
consider random geometric graphs, as in the Gilbert model for wireless communica-
tion networks ([22], see also the recent book [17]): nodes are placed on a d-dimensional
unit cube uniformly at random and then pairs of nodes are connected by an edge if
and only if the two are within a given distance r (the resulting graph is undirected).
Similarly to the results we have obtained for lattice-like graphs, we are interested in
the asymptotic behavior when the number of nodes N increases, while the number of
neighbors roughly remains constant. Thus, we choose the distance threshold 7 in such
a way that the average degree is kept constant. Moreover, we only consider connected
realizations, discarding disconnected graphs. Then we choose a classical way of asso-
ciating a consensus matrix P to an undirected graph, the so-called Metropolis weights
rule [31]. Figure 6.1 provides examples of numerical results for the 2-dimensional
case, where the behavior of the Cayley graph predicts a cost scaling as max {%,%
(Corollary 5.5). We plot J(Py,t) as a function of N, for various choices of growth
of t w.r.t. N (respectively, constant t = 20, t = v/N, t = N, t = N3/2), and then
we already pre-multiply J(Py,t) by the predicted scaling factor, so that a perfectly
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flat line represents the asymptotic predicted behavior. In average, for large N the
prediction turns out to be quite accurate.

7. Conclusions. In this paper the behavior of an estimation performance index
is analyzed. More precisely, it is studied how this index varies with the number
of nodes and the number of iterations. In this way it is possible to determine the
minimum number of iterations which allow to exploit the estimation power of a sensor
network. The limitation of these results is given by the fact that they apply only to
regular grids. However simulation results (presented in Section 6) show that connected
realizations of random geometric graphs with a comparable number of nodes and of
average number of neighbors exhibit a behavior very similar to the corresponding
Cayley graphs. This suggests that for those graphs the performance index behaves
similarly as for regular grids.

A mathematical proof of this fact seems not to be trivial since studying the prop-
erties of graphs which are ‘small perturbations’ of known graphs is not a trivial task.
First, classical literature on small perturbation of matrices does not apply, as here
‘small’ is meant as a significant modification of a little number of entries compared
to the size, not as a infinitesimal variation of each entry. Secondly, suitable assump-
tions should be made on the perturbation so as to rule out those strongly affecting
performance, e.g., disconnecting the graph. The goal of rigorously characterizing the
behavior of large classes of ‘grid-like’ graphs is left as an open and interesting research
area.

Appendix. In this appendix we present the proofs of some technical lemmas
that were used in Section 5.

The following Lemma is the main tool in the proof of Coroll. 5.3. It ensures
that if p(zy,...,2q) satisfies the assumptions of Coroll. 5.3, then also ¢ (zy,. .., z4)
satisfies them (notice that ¢ (z1,...,24) = (p(z1,...,24))*" due to the quadrantal
symmetries).

LEMMA A.1. Given two sequences of non-negative numbers {ap},{bn} € RZ*
satisfying the assumptions of Coroll. 5.3, then also their convolution {cp} defined by
Ch = ZkeZd apbn_k satisfies the same assumptions.

Proof. Non-negativity and quadrantal symmetries are immediate. What is left to
prove is that, for alli =1,...,d,if k; = h; > 0for all j #7 and k; = h; +1 > 1, then
¢k < cp. For ease of notation, we give the proof with ¢ = 1, and we write indexes as
h = (h,h'), with h € Z, b/ € Z971, so that what we want to prove is that, for all
h = (h,h') =0, chn — chy1,n > 0. We start by noting that

Ch,h/ — Ch+1,h/ = E (Qk,ker — Ok 1,7 ) Oh—ko k!
(k,k')EZA

= Z Z(akvk’ — A1, )bk~ + Z(ak,k’ — ap—1,k")bhk b~k |

k'czd-1 | k>0 k>1

where the quadrantal symmetry has been used for terms with £ < —1. This can also
been re-written by changing the index in the last summation (so as to start from 0),
getting

Ch,h' — Ch41,h! = E g (ak g — ar+1.k) (Oh—k b/ —k' — Ohtkt1,h/ —k') -
klezd—l kZO
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Notice that Qg k' — g1, > 0 by assumption, and also bh—k,h/—k’ _bh+k+1,h/—k’ > 0,
because either 0 < h—k < h+k+1, or h—k <0 and in the latter case 0 <k —h <
k+h+1and byp—pn—k =bk—nh -k = bhtkt1,h/—k- a

The following two lemmas are used in the proof of Theorem 5.4. The first one
concerns the area under a Gaussian distribution in a neighborhood of the origin, while
the second one is a discrete version where we consider Riemann sums, generalizing
the technique used in the proof of Theorem 3.3 (see Eq. (3.1)).

LEMMA A.2. Given vy > 0,

a
1(1767%“2) < / el dy < 1/1.
vt —a vt

Proof. The proof exploits well-known properties of the Gaussian distribution. For
the upper bound, simply

a
/ e 7t g < / et dp = T .
_a R vt

The lower bound exploits tgle well-known property of the cognplementary error func-
tion erfe(¢) = % f:oo e~¢ d¢, which satisfies erfc(¢) < e=¢ for all ¢ > 0, so that

/ et dy = / e gy — 2\/% erfc(v/ta) > \/\/’%(1 —ee’y @
—a R

LEMMA A.3. Assume that ny > ng > -+ > ng and take any constants ¢ € (0, %)
and v > 0. Define

2 2
Apor(t) = & Z 677[(%&1) et (2204) ]t'
h:Vr,—|cn,. |<h,.<|cn,]

Then there exist ¢/, ¢’ > 0 (depending on ¢, v and d only) such that, for allt > 1,
/ L /!

L
c 1 ¢ 1
A G R B 8

=1 0=0,...,d

Proof. We start from the upper bound. Let Z := {(hy,...,hq) € Z% : —|en,| <
hy < |en,] Vr}. Moreover, for any set K C [d], define

T ={(h1,...,ha) €T : h; #0Vie K and h; =0 Vi ¢ K}

and notice that they form a partition of Z as K varies over all the possible subsets of
[d] (including K = 0 and K = [d]). Then

d
Aneal) = 32 37 L&

KC[d] he€Tx r=1

Now, we want to estimate each term of the sum. Fix K C [d]. Except in the trivial
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case K = (), with no loss of generality we can assume that K = {1,...,s}. Then
d 2 2
Z He"Y(fﬁhT)zt _ § E e—'Y(r’l'hl) t,,,e—’v(,%’hs)zt
heTy r=1 ~len|<hi<|enq] ~lens]<hs<lens]
h1#0 s

2 2
_ } : e YGThOTE ] 2 : o V(32 hs)%t
Leng ) <hy < lenq ] lens|<hs<lens]
hi#0 hs#0

S

—] S et

r=1 \1<h,<[cn,]
Then, using the following upper bound
3 Z 6—’)’(727:hr)2t < l /nr e*WEQt dz < i / e*WCQt dox = 1 (1)
Ny L <hi<lens] T Jo 2 Jr 2 \ 7yt

we obtain

K]

Apeq(t) < Y ! ( 1>2.

Ao HrgK n, \ 4myt

For the lower bound, we use subsets of indexes quite similar to the above-defined
Tk, but in this case we do not look for a partition of Z. Rather, we define, for any
K C[d],

T ={(h1,....ha) €T :h; =0Vi ¢ K}

without the additional request that h; # 0 Vi € K. Then we make a different lower
bound for any K, by discarding the terms with h ¢ Jx in the summation which
defines A, ¢~ (t), namely we use the fact that, for all K C [d] we have that

(3
hen)= ¥ 1T

heJk r=1
The choice K = () simply gives
Apcn(t) > i
N
The choice K = {1,...,s} gives

1 _~ (2 T
Aper(t) > N Z Z ”/(nlhl) t_..ef’y(i—shs)%

—leni |[<hi<|ceng | —leng | <hs<|ens)
s , d 1
oV (EEhe)?t il
nr ( H nr)
r=1 0<h,. <|_C"WJ r=s+1

2me S s
i e —ytx? dz Hr:l Ny

Y
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Then, we end by using Lemma A.2, which gives

2me
/ e Qg > 1 /1(1 _ efvt(%w)?) > 1 1(1 _ efv(27r6)2)

when t > 1. O
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