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Abstract: In this paper, we compare six known linear distributed average consensus algorithms on
a sensor network in terms of convergence time (and therefore, in terms of the number of transmissions
required). The selected network topologies for the analysis (comparison) are the cycle and the path.
Specifically, in the present paper, we compute closed-form expressions for the convergence time of
four known deterministic algorithms and closed-form bounds for the convergence time of two known
randomized algorithms on cycles and paths. Moreover, we also compute a closed-form expression
for the convergence time of the fastest deterministic algorithm considered on grids.

Keywords: average consensus algorithms; distributed computation; sensor networks; convergence
time; number of transmissions

1. Introduction

A distributed averaging (or average consensus) algorithm obtains in each sensor the average
(arithmetic mean) of the values measured by all the sensors of a sensor network in a distributed way.
The most common distributed averaging algorithms are linear and iterative:

x(t+1) = W(t)x(t), te{0,1,2,...}, 1)
where:
x1(t)
x(t) = : )
X5 (1)

is a real vector, n is the number of sensors of the network, which we label v; with j € {1,...,n}, xj(O)
is the value measured by the sensor v}, x;(t) is the value computed by the sensor v; in time ¢ # 0 and
the weighting matrix W(t) is an n x n real sparse matrix satisfying that if two sensors v; and vy are not
connected (i.e., if v; and vy cannot interchange information), then [W(t)];x = 0. From the point of view
of communication protocols, there exist efficient ways of implementing synchronous algorithms of the
form of (1). (see, e.g., [1]). The linear distributed averaging algorithms can be classified as deterministic
or randomized depending on the nature of the weighting matrices W(t).

1.1. Deterministic Linear Distributed Averaging Algorithms

Several well-known deterministic linear distributed averaging algorithms can be found
in [2] and [3]. Those algorithms are time-invariant and have symmetric weights, that is, the deterministic
weighting matrix W(t) is symmetric and does not depend on # (and consequently, x(t) = W'x(0)).

In [2], the authors search among all the symmetric weighting matrices W the one that makes (1)
the fastest possible and show that such a matrix can be obtained by numerically solving a convex
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optimization problem. This algorithm is called the fastest linear time-invariant (LTI) distributed
averaging algorithm for symmetric weights. It should be mentioned that in [4], the authors proposed
an in-network algorithm for finding such an optimal weighting matrix.

In [2], the authors also give a slower algorithm: the fastest constant edge weights algorithm.
In this other algorithm, they consider a particular structure of symmetric weighting matrices that
depends on a single parameter and find the value of that parameter that makes (1) the fastest possible.

In [3], another two algorithms can be found: the maximum-degree weights algorithm and the
Metropolis-Hastings algorithm.

For other deterministic linear distributed averaging algorithms, we refer the reader to [5] and the
references therein.

1.2. Randomized Linear Distributed Averaging Algorithms

For the randomized case, a well-known linear distributed averaging algorithm was given in [6].
That algorithm is called the pairwise gossip algorithm because only two randomly-selected sensors
interchange information at each time instant ¢.

Another well-known randomized algorithm can be found in [7]. That algorithm is called the
broadcast gossip algorithm because a single sensor is randomly selected at each time instant ¢ and
broadcasts its value to all its neighboring sensors. The broadcast gossip algorithm is a linear distributed
consensus algorithm rather than a linear distributed averaging algorithm. However, the broadcast
gossip algorithm converges to a random consensus value, which is, in expectation, the average of the
values measured by all the sensors of the network. If one uses the directed version of the broadcast
gossip algorithm [8] in a symmetric graph, one would converge to the true average.

For other randomized linear distributed averaging algorithms, we refer the reader to [9] and the
references therein. The linear distributed averaging algorithms reviewed in Sections 1.1 and 1.2 are the
most cited algorithms in the literature on the topic.

1.3. Our Contribution

A key feature of a distributed averaging algorithm is its convergence time, because it allows
one to establish the stopping criterion for the iterative algorithm. The convergence time is defined
as the number of iterations ¢ required in (1) until the effective value computed by the sensors,
x(t), has approached the steady state sufficiently close (to a threshold €). In the literature, we have
not found closed-form expressions for the convergence time of the six linear distributed averaging
algorithms mentioned in Sections 1.1 and 1.2. A mathematical expression is said to be a closed-form
expression if it is written in terms of a finite number of elementary functions (i.e., in terms of a finite
number of constants, arithmetic operations, roots, exponentials, natural logarithms and trigonometric
functions). In the present paper, we compute closed-form expressions for the convergence time of the
deterministic algorithms and closed-form upper bounds for the convergence time of the randomized
algorithms on two common network topologies: the cycle and the path. Observe that these closed-form
formulas give us upper bounds for the convergence time of the considered algorithms (stopping
criteria) on any network that contains as a subgraph a cycle or a path with the same number of sensors.
Specifically, in this paper, we compute:

e a closed-form expression for the convergence time of the fastest LTI distributed averaging
algorithm for symmetric weights on the considered topologies (see Section 2.1); moreover, we also
compute a closed-form expression for the convergence time of this algorithm on a grid;

e aclosed-form expression for the convergence time of the fastest constant edge weights algorithm
on the considered topologies (see Section 2.2);

e aclosed-form expression for the convergence time of the maximum-degree weights algorithm on
the considered topologies (see Section 2.3);
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e aclosed-form expression for the convergence time of the Metropolis—-Hastings algorithm on the
considered topologies (see Section 2.3);

e closed-form lower and upper bounds for the convergence time of the pairwise gossip algorithm
on the considered topologies (see Section 3.1);

e closed-form lower and upper bounds for the convergence time of the broadcast gossip algorithm
on the considered topologies (see Section 3.2).

From these closed-form formulas, we study the asymptotic behavior of the convergence time of
the considered algorithms as the number of sensors of the network grows. The obtained asymptotic
and non-asymptotic results allow us to compare the considered algorithms in terms of convergence
time and, consequently, in terms of the number of transmissions required, as well (see Sections 4 and 5).
The knowledge of the number of transmissions required lets us know the energy consumption of
the distributed technique. The knowledge of the energy consumption is a key factor in the design
of a new wireless sensor network (WSN), where one has to decide the number of nodes and the
network topology. It should be mentioned that when designing new WSNSs, cycles, paths and grids are
topologies that are considered frequently.

2. Convergence Time of Deterministic Linear Distributed Averaging Algorithms

Different definitions of convergence time are used in the literature. We have found three
different definitions for the convergence time of a deterministic linear distributed averaging
algorithm (see [2,10,11]). In this paper, we consider the definition of e-convergence time given in [11]:

[x(£) = Pux(0)]2
[x(0) = Pax(0)]|2

T (e, {W(t)}+>0) := min {to : | <€Vt > 1y, Vx(0) # an(O)} , 3)

where € € (0,1), || - ||2 is the spectral norm and P, := 11,1, with 1, being the 7 x 1 matrix of ones
and T denoting the transpose. If we replace the spectral norm by the infinity norm in that definition,
we obtain the definition of e-convergence time given in [10]. If the deterministic matrix W(t) in (1)
does not depend on t, we denote the e-convergence time by (e, W).

2.1. Convergence Time of the Fastest LTI Distributed Averaging Algorithm for Symmetric Weights

In this section, we give a closed-form expression for the e-convergence time of the fastest LTI
distributed averaging algorithm for symmetric weights, and we study its asymptotic behavior as the
number of sensors of the network grows. We consider three common network topologies: the cycle,
the grid and the path (see Figure 1).

¢ 13 14 15 16
(a) A cycle (b) A grid (c) A path

Figure 1. Considered network topologies with 16 sensors.
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2.1.1. The Cycle

Let:
12y ¥ 0 0 0 0%
12y 0% 0 0 0
. 0 v 12y 0 0 0
Wa():=| + o | @
0 0 0 e 129y 0
0 0 0 ey 12y
0% 0 0 e 0 ¥ 12

Using (4), Theorem 1 gives the expression of the weighting matrix of the fastest LTI distributed
averaging algorithm for symmetric weights on a cycle with n sensors.

Theorem 1. Let n € IN, with n > 3. Then, Wy () is the weighting matrix of the fastest LTI distributed
averaging algorithm for symmetric weights on a cycle with n sensors, where:

1

Y0 = : ’ ®)
2 27(jo—1)
2 — cos 2% — cos =L

with:
. 2 +1 ifniseven
= 2 ’ 6
Jo { nl o ifnis odd. ©)

Proof. See Appendix B. O

We now give a closed-form expression for the e-convergence time of the fastest LTI distributed
averaging algorithm for symmetric weights on a cycle. We also study the asymptotic behavior of this
convergence time as the number of sensors of the cycle grows.

We first introduce some notation: Two sequences of numbers {a,} and {b,} are said to be
asymptotically equal, and write a, ~ by, if and only if lim; e Z—Z =1 (see, e.g., [12] (p. 396)), and,
consequently,

(e, Wy (70) = ©(n?loge ™). )

Let f,¢ : IN — R be two non-negative functions. We write f(n) = O(g(n)) (respectively,
f(n) = Q(g(n))) if there exist K € (0,00) and ny € N such that f(n) < Kg(n) (respectively,
f(n) > Kg(n)) foralln > ng. If f(n) = O(g(n)) and f(n) = Q(g(n)), then we write f(n) = ©(g(n)).

Theorem 2. Consider € € (0,1) and n € N, with n > 3. Let W, ("yq) be as in Theorem 1. Then,

-1
%w if n is even,
o B 3—cos 2,—1”
T (6, Wn(')’o)) = _ (8)
_ o degett | e ie odd
cos %+c0527n le 150 ’
o8 24-cos %7cos 2,—?

where log is the natural logarithm and [ x| denotes the smallest integer not less than x. Moreover,

o n?loge~!

(e Wal0)) ~ = 5 )

Proof. See Appendix C. [
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Since the number of transmissions per iteration on a cycle with n sensors is # for the fastest LTI
distributed averaging algorithm for symmetric weights, the total number of transmissions required for
o e}

(e, Wy (7)) iterations is T(e, Wy (y0)) := nt(e, Wy (y0)). From Theorem 2, we obtain:

o n3 log ¢!

T(e/ WH(IYO)) ~ 27T2 s (10)
and hence, T(e, Wy (70)) = @(n®loge™1).
2.1.2. The Grid

Let:
1—a o
o 1—2a¢ «
Wi (a) == (11)
a 1—2n« o
o 11—«

be the n x n matrix for n > 2, and VNV1 («) := 1. We define:

X ~ ~

Wie(a) : = Wi(a) @ We(a), (12)

where ® is the Kronecker product. Using (12), Theorem 3 gives the expression of the weighting matrix
of the fastest LTI distributed averaging algorithm for symmetric weights on a grid of r rows and
¢ columns.

X
Theorem 3. Let r,c € IN, with rc > 2. Then, the rc x rc matrix W, (%) is the weighting matrix of the
fastest LTI distributed averaging algorithm for symmetric weights on a grid of r rows and c columns.

Proof. See Appendix D. O

We now give a closed-form expression for the e-convergence time of the fastest LTI distributed
averaging algorithm for symmetric weights on a grid of » rows and ¢ columns. We also study the
asymptotic behavior of this convergence time as the number of rows of the grid grows.

Theorem 4. Consider € € (0,1) and r,c € IN, with rc > 2. Without loss of generality, we assume r > c. Then,
oy 1 loge™!
W - = | —. 13
T<€ r'c<2)> ngCOSTJ (13
X 1 2r2loge™!
T (6, Wr,c <2>> ~ T (14)

T (e, I;E{/m (;)) = @(72 logefl). (15)

Proof. From [2] (Theorem 1), Theorem A1l and (A64), we obtain (13). The rest of the proof runs as the
proof of Theorem 2. [

Moreover,

and consequently,
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Since the number of transmissions per iteration on a grid of r rows and ¢ columns is rc for the
fastest LTI distributed averaging algorithm for symmetric weights, the total number of transmissions

X
required for T <€, Wi e (;)) iterations is:

T (e, I%/r,c (;)) = rcT (e, I%/r,c (;)) . (16)

If r = ¢ = \/n, from Theorem 4, we obtain:

X 2 -1
T (6, W, (1>) . niloge™ (17)

2 T2

X
and hence, T (e, Wi e (%)) = @(n2 log e‘l). Observe that from (13), the optimal configuration for a

grid with n sensors is obtained when r = ¢ = \/n.

2.1.3. The Path

Since the path with # sensors can be seen as a grid of n rows and one column, from Theorem 3,

we conclude that W, <%> is the weighting matrix of the fastest LTI distributed averaging algorithm
for symmetric weights on a path of #n sensors, and from Theorem 4, we conclude that:

~ (1 [ loge?
(o (2) = [z | "
~ (1 2n?loge!
T (6, Wn (2>> ~ T (19)

T e,I/NVn E = O(n?loge ). (20)
(¢ (3)) = s

Finally, from (16), we obtain:

~ 3 -1
(o () -2

T2

Moreover,

and consequently,

and hence, T <€, IX/H (%)) = 0(n’loge1).

2.2. Convergence Time of the Fastest Constant Edge Weights Algorithm

In [2], the authors consider the real symmetric weighting matrices W, (p) given by:

[y if j # k, and v; and vy are connected,
Wal(p)ljk:=1q 1—djp ifj=k, (22)
0 otherwise,

where dj denotes the degree of the sensor v; (i.e., the number of sensors different from v; connected
to v)).

Observe that the weighting matrices of the fastest LTI distributed averaging algorithms for
symmetric weights given in Section 2.1 for a cycle and a path, namely W, (7o) and W, (%) , can be

regarded as Wy (p) in (22) taking p = yp and p = %, respectively. Therefore, the closed-form expression
for the e-convergence time of the fastest constant edge weights algorithm is given by Theorem 2 on
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a cycle and by Theorem 4 on a path. That is, the e-convergence time of the fastest constant edge
weights algorithm and the e-convergence time of the fastest LTI distributed averaging algorithm for
symmetric weights is the same on a cycle and on a path.

2.3. Convergence Time of the Maximum-Degree Weights Algorithm and of the Metropolis—Hastings Algorithm

For the maximum-degree weights algorithm [3], the weighting matrix considered is the real
symmetric matrix Wy, (p) in (22) with:

1
o 1+ max]-e{ll._.,n} d]

p (23)

On the other hand, for the Metropolis-Hastings algorithm [3], the entries of the weighting matrix
W, are given by:
S - if j # k
[Wn}j,k — T+max{d;dy} - ’ (24)
1= Yhe(r,apn (i} Waljn  ifj =k,
where A is the adjacency matrix of the network, that is A is the n X n real symmetric matrix given by:

(25)

1 ifj # k, and v; and vy are connected,
[Aljx = :
0 otherwise.

2.3.1. The Cycle

Observe that the weighting matrices of the maximum-degree weights algorithm and the

Metropolis-Hastings algorithm for a cycle with 1 sensors can be regarded as Vi/n (7) in (4) taking v = %

We now give a closed-form expression for the e-convergence time of the maximum-degree weights
algorithm and of the Metropolis—-Hastings algorithm on a cycle. We also study the asymptotic behavior
of this convergence time as the number of sensors of the cycle grows.

Theorem 5. Consider € € (0,1) and n € IN, with n > 3. Then:
o (1 loge™!
. (e, W, ()) _ {Ogew . 26)
3 142 cos =&
—log——7—

o (1 3n?loge !
T(G,Wn (3)) ~ T, (27)
o1 2 -1
T(€e Wy, 3))= O(n“loge ). (28)
Proof. Combining (A29) and (A30), we obtain:
o 1
i (1) -

and applying [2] (Theorem 1) and Theorem A1, (26) holds. The rest of the proof runs as the proof of
Theorem 2. [

Moreover,

and therefore,

B 1+2cosz77T

- ) 29
2 : 29)
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Since the number of transmissions per iteration on a cycle with n sensors is n for both algorithms,

the total number of transmissions required for T (e, W, (%)) iterations is T (e, W, (é)) =

nt (e, W, (%) ) . From Theorem 5, we obtain:

°o (/1 3n3loge!

and thus, T (e, I/?/n (%)) = Q(nd loge’l).

2.3.2. The Path

Observe that the weighting matrices of the maximum-degree weights algorithm and of the

Metropolis-Hastings algorithm for a path with n sensors can be regarded as W, («) in (11) taking & = %

We now give a closed-form expression for the e-convergence time of the maximum-degree weights
algorithm and of the Metropolis-Hastings algorithm on a path. We also study the asymptotic behavior
of this convergence time as the number of sensors of the path grows.

Theorem 6. Consider € € (0,1) and n € N, with n > 3. Then:
W 1 _ loge~! 1
T\eWils)) = | o, et | G1)
—log —5—*

~ (1 3n?loge!
T (6, Wn <3>) ~ TI (32)

T <e, V?/n <;>> = O(n’loge™1). (33)
Proof. Combining (A63) and [4] (Lemma 1), we obtain:
~ (1
i (1)

and applying [2] (Theorem 1) and Theorem A1, (31) holds. The rest of the proof runs as the proof of
Theorem 2. [

Moreover,

and therefore,

1 2 T
— _ —, 4
) 3—|—3cos (34)

Since the number of transmissions per iteration on a path with # sensors is 7 for both algorithms, the

total number of transmissions required for T (e, VN\fn (%) ) iterations is T (e, VNVn (%) ) =nT (e, VN\fn (%) ) .
From Theorem 6, we obtain:
~ 1 3n3 loge™ 1
T(G,Wn (3)) ~ T, (35)

and thus, T (e, I/N\/n (;)) = Q(nd loge’l).
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3. Convergence Time of Randomized Linear Distributed Averaging Algorithms

3.1. Lower and Upper Bounds for the Convergence Time of the Pairwise Gossip Algorithm

In the literature, we have found two different definitions for the convergence time of a randomized
linear distributed averaging algorithm (see [6,7]). In this subsection, we consider the definition of
e-convergence time for a randomized linear distributed averaging algorithm given in [6]:

— suo infd s pr ((1XE) = Pax(0)2
T (&AW ez0) = x(O);éIO),,X] f{t'P ( [%(0) ]2 Ze) Se}’ (36)

where € € (0,1) and Pr denotes probability.

We prove in Theorem Al (Appendix A) that the definitions of e-convergence time in (3) and (36)
coincide when applied to deterministic LTI distributed averaging algorithms with symmetric weights
(in particular, the four algorithms considered in Section 2). For those algorithms, we also obtain from

Theorem A1 that:
. (1,w) — [¢(w)), 37)

e

where 7/(W) denotes the definition of convergence time given in [2].

We recall here that in the pairwise gossip algorithm [6], only two sensors interchange information
at each time instant ¢. These two sensors v}, and v, are randomly selected at each time instant ¢, and
the weighting matrix W(t), which we denote by Wp(t), is the symmetric matrix given by:

% ifj,k S {jtrkt}/
[Wp(t)]]"k = 1 ifj=k¢ {jik}, (38)
0 otherwise,

forallj,ke{1,...,n}.

In [6], a lower and an upper bound for the e-convergence time of the pairwise gossip algorithm
were introduced. We now give a closed-form expression for those bounds on a cycle and on a path,
and we study their asymptotic behavior as the number of sensors of the network grows.

3.1.1. The Cycle

Theorem 7. Consider € € (0,1) and n € N, with n > 3. Suppose that Wp(t) is the weighting matrix of the
pairwise gossip algorithm given in (38) on a cycle with n sensors, where the edge {v;,, vy, } is randomly selected
at each time instant t € IN U {0} with probability 1. Then:

1 e} o e}
Elp(e) <T (6,{Wp(i’)}t>0> < 31[)(6), (39)
with: .
° loge™
Ip(e) = BE . (40)
—log (1 + & (cos < — 1))
Moreover,
° n®loge!
Ip(e) ~ B — (41)
and:

T <e,{VOVp(t)}t20> = @(n3 logeil) =T <€, I/i/n <21n)) , (42)
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Proof. The entries of the expectation of Wp(0) are given by:

1 if j —ke{-1,1},
i L
o | + ifj—ke{l-nn-1}
[E(Wp(0))]; Lm—1) ifj=k »
0 otherwise,

forallj,k € {1,...,n}. Thus, E(‘Z/p(O)) = VOVn(%) Therefore, combining (A29) and [6] (Theorem 3),
we obtain (39). The rest of the proof runs as the proof of Theorem 2. [

Since the number of transmissions per iteration on a cycle with n sensors is two for the

pairwise gossip algorithm, the total number of transmissions required for T (6,{Wp(t)}t>0>

iterations is T(€,{Wp(t)}t>0> = 2T (6,{Wp(t)}t>0). From Theorem 7, we obtain

o

Ip(e) < T <e, {v?/p(t)}t20> < 6lp(e)and T (e, {v?/p(t)}tzo) — @(nPloge1).

3.1.2. The Path

Theorem 8. Consider € € (0,1) and n € N, with n > 3. Suppose that VNVp(t) is the weighting matrix of the
pairwise gossip algorithm given in (38) on a path with n sensors, where the edge {vj,, v, } is randomly selected
at each time instant t € N U {0} with probability 1. Then:

m—2 1f]:k,]€{1,1’l},
otherwise,

1 ~ ~ ~
3 10(€) <7 (e (Wplt)}iz0 ) <30n(e), m
with: .
~ loge™
Ip(e) = ? . (45)
—log (1 + 17 (cos & — 1))
Moreover,
~ 2n3loge™!
p(e) ~ T8 (46)
and: .
T (e, {Wp(t)}t>0) =0@(n’loge™) =1 (e, Wy, (211 — 2)) . (47)
Proof. The entries of the expectation of W p(0) are given by:
Z%jl ifj—ke{-1,1},
~ 1--—— ifj=kj#1landj#n,
EWpO))x = gt e a7 48)
0

forallj,k € {1,...,n}. Thus, E (VNVp(O)) = 17\/71(2”1—72) Therefore, combining (A63) and [6] (Theorem 3),
we obtain (44). The rest of the proof runs as the proof of Theorem 2. [J

Since the number of transmissions per iteration on a path with n sensors is two for the

pairwise gossip algorithm, the total number of transmissions required for T (e,{Wp(t)}t>0>
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iterations is T (e,{Wp(t)}t>o) = 27 (e,{Wp(t)}t>o). From Theorem 8, we obtain 713(6) <
T <€, {va(t)}t20> <6lp(e)and T (e, {vap(t)}tzo) = @(nloge).

3.2. Lower and Upper Bounds for the Convergence Time of the Broadcast Gossip Algorithm

We begin this subsection with the definition of e-convergence time for a randomized linear
distributed averaging algorithm given in [7] (Equation (42)):

o (X = PO
Tle W)= e e (o= pons =€) <) “)

where € € (0,1).

It can be proven that the definitions of e-convergence time in (36) and (49) coincide when
applied to algorithms in which the matrix W (t) satisfies W(t)P, = P,W(t) = P, forall t € NU {0}
(in particular, the pairwise gossip algorithm and deterministic LTI distributed averaging algorithms
with symmetric weights).

Observe that (49) is actually a definition for the convergence time of linear distributed consensus
algorithms, not only of linear distributed averaging algorithms.

We recall here that in the broadcast gossip algorithm, a single sensor broadcasts at each time
instant t. This sensor v;, is randomly selected at each time instant ¢ with probability %, and the

e
weighting matrix W(t) is given by:

1 ifj =k and [A]j,jt = 0,
. @ lf] =k and [A]],jt = 1,
otherwise,

forallj,k € {1,...,n}, where ¢ € (0,1) and A is the adjacency matrix of the network. We denote by
W (t) the weighting matrix in (50) when ¢ is the optimal parameter: ¢ (see [7] (Section V)).

In [7], a lower and an upper bound for the e-convergence time of the broadcast gossip algorithm
were introduced. We now give a closed-form expression for ¢y and for those bounds on a cycle and
on a path. We also study the asymptotic behavior of the bounds as the number of sensors of the
network grows.

3.2.1. The Cycle

Theorem 9. Consider € € (0,1) and n € IN, with n > 3. Suppose that Wg(t) is the weighting matrix in (50)

when the network is a cycle with n sensors and ¢ is the optimal parameter: gcz))o. Then:

o n
(P0:1_2(n+c0527”—1) G
and:

In(e) < 7 (e Wal)hs0 ) < late), )

with: ) o1

TS0 < Ticos -1 )
Moreover,

Tale) ~ I8 (54)

42 7
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and:

T (e, {VL{/B(t)}DO) =0(n’loge ) =1 <e, I/(i/n (1_;15)0>) . (55)

Proof. See Appendix E. [

Since the number of transmissions per iteration on a cycle with # sensors is one for the broadcast

o
gossip algorithm, the total number of transmissions required for T (e, { WB(t)}t>0) iterations is

T <e, {ﬁ’vg(t)}m) =7 <e, {v?/B(t)}DO). From Theorem 9, we obtain I(¢) < T (e, {v(i/B(t)}m) <

6;3(6) and T (e, {IX/B(t)}tEO) = 0O(nlloge™1).

3.2.2. The Path

Theorem 10. Consider € € (0,1) and n € N, with n > 3. Suppose that Wg(t) is the weighting matrix in
(50) when the network is a path with n sensors and ¢ is the optimal parameter: ao. Then:

~ n

=1- 56
%o 2(n+cos T —1) (56)

and:
La(€) < (& (Wa()}iz0) < 612, 7)
with: 7 ) loge* .
B<€) - ] n+2cos -2\ (58)

- Og( n+cos T —1 )
Moreover,
~ n®loge~!

Ip(e) ~ 2 (59)

and:

~ ~ [(1-4¢

T (6,{W8(t)}t>0) =0O(n’loge™") =1 (er Wi (ﬂ)) : (60)

Proof. See Appendix F. [

Since the number of transmissions per iteration on a path with n sensors is one for the

broadcast gossip algorithm, the total number of transmissions required for T <e, {VN\fg(t)}tZ())

~

iterations is T (e,{VNVB(t)}t>0> =T (e,{VNVB(t)}po). From Theorem 10, we obtain [g(e) <

T <e, {va(t)}m) <6lp(e)and T (e, {I/N\/B(t)}t>0) = @(ndloge ).

4. Discussion

As in this paper we have used the same definition of converge time for both deterministic and
randomized linear distributed averaging algorithms (namely, the one in (49)), the results given in
Sections 2 and 3 allow us to compare the considered algorithms on a cycle and on a path in terms
of convergence time and, consequently, in terms of the number of transmissions required, as well.
In particular, these results show the following;:
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e  The behavior of the considered deterministic linear distributed averaging algorithms is as good as
the behavior of the considered randomized ones in terms of the number of transmissions required
on a cycle and on a path with 7 sensors: @(n®loge™!).
[ ]

For a large enough number of sensors and regardless of the considered distributed averaging

algorithm, the number of transmissions required on a path is four times larger than the number of
transmissions required on a cycle.

Furthermore, regarding the cycle, from (10), (30), (41) and (54), we obtain the following
enlightening asymptotic equalities:

° ° T (e, Vi/ 1 >
e o TEWa(r0)  Inle) (e (3 .
B 2 2 3 ’
and regarding the path, from (21), (35), (46) and (59), we obtain:

R CL0) R CL0)

2 2 3 ‘ 62)

5. Numerical Examples

For the numerical examples, we first consider a cycle and a path with five and 10 sensors.
For each network topology, we present a figure: Figure 2 for the cycle and Figure 3 for the path.
Figure 2 (resp. Figure 3) shows the number of transmissions of the fastest LTI distributed averaging

algorithm for symmetric weights T'(e, I/C\)/n (70)) (resp. T(e, I/N\/n (1/2))) and of the Metropolis—-Hastings
algorithm T'(e, Vi/n (1/3)) (resp. T(e, VNVn (1/3))) with € € (1071, 1). The figure also shows the lower
bound, ? p(€), and upper bound, 6? p(€), given for the number of transmissions of the pairwise gossip
algorithm, and the lower bound, ; (€), and upper bound, 6Cl) (€), given for the number of transmissions
of the broadcast gossip algorithm (resp. 1 p(€), 6713(6), 73(6) and 673(6)). Furthermore, the figure
shows the average number of transmissions of the pairwise gossip algorithm, T(e, {Vi/p(t) }>0), and
of the broadcast gossip algorithm, T'(e, {I;Vg(t)}tzo), (resp. T(e, {{/\V/vp(t)}tz()) and T(e, {I/NVB(t)}tZO)),
that we have computed by using Monte Carlo simulations. In those simulations, we have performed
1000 repetitions of the corresponding algorithm for each € € (10_15, 1), and we have considered that

the values measured by the sensors, x;(0) with j € {1,...,n}, are independent identically distributed
random variables with unit-variance, zero-mean and uniform distribution.

10 T — 10 T T T T
N : . —T (e, Wn(70) * : —T' (e, Wn(70)
L, - T(e,W,(1/3) \ * - T(e.Wa(1/3)
R\ * = 1p(e) B\ * B 7P(e)
105k \ * o 105Fe R\ % o
o - - ?lP(f) 53 - =6lp(e)
w =X * %15(€) R *15(e)
 dt * o & % o
PR . "GAIB(G) . PR “31/1(f)0
10100 * ' * = =T (e, {Wp(t)}=0)[ w'or * \ —T(e, {Wp(t)}=0)[]
& X * ~ ° * * » ~ °
N « * T (e, {Wg(t) }i=0) . Y . *T(e, {Wn(t)}i20)
x  x\a x ] * \ .
\ \
& ox\ oy * *
10715 % I " I I I 1015 * I I - I I
0 200 400 600 800 1000 1200 140¢ 0 2000 4000 6000 8000 10000 12000
Number of transmissions Number of transmissions
(a) (b)

Figure 2. (a) A cycle with five sensors; (b) a cycle with 10 sensors.
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10% e — 10° —
* " . —T(e; Wa(1/2) * : —T (e, Wn(1/2)
* . - T(C‘ Wa(1/3) * - - T(e, Wn(1/3)
\ * . = [ p(e) w8\ % L] = p(e)
105 % * . iy H SEogR * . ~ H
PR AN * . (EZP(E) ° "EUA * . - (EZP(E)
© ::‘ \\\ * . - ‘15(5) © : \ * . . *15 €)
. 6 . .
om0 * . (ll B(E)N = Y * . GAIB(E)N
Pt R * = [TT(eAWPlz0) gl s * * [T AAWr () }=0)
o *\ * "% T(e, {Wp(t)}izo) * N * " *T(e, {W (1) }i=0)
« = \ * o * \ * e
* x A * . * \ * ]
v v
* = \ x [l * [ N * .
1015 - LN . " . . . 1015 -—t h . L. . . .
0 500 1000 1500 2000 2500 3000 3500 4000 450C 0 0.5 1 15 2 25 3 35 4
Number of transmissions Number of transmissions x10*
(a) (b)

Figure 3. (a) A path with five sensors; (b) a path with 10 sensors.

In this section, we present another two figures: Figures 4 and 5. Unlike in Figures 2 and 3,
in Figures 4 and 5, we have fixed € instead of the number of sensors n of the network. Specifically,

we have chosen € = 1073 and € = 107® with n € {5,...,30}.

In the figures, it can be observed that the Metropolis—Hastings algorithm behaves on average
better than the pairwise gossip algorithm in terms of the number of transmissions required on the
considered networks. It can also be observed that the broadcast gossip algorithm behaves on average
approximately equal to the fastest LTI distributed averaging algorithm for symmetric weights in terms
of the number of transmissions required on those networks. However, we recall here that the broadcast
gossip algorithm converges to a random consensus value instead of to the average consensus value,
and it should be executed several times in order to get that average value in every sensor.

The figures also bear evidence of the asymptotic equalities given in (61) and in (62).

—T(e, Waly0) *is(e)

=T
- T(e, Wa(1/3) *615(c)

=T

(
(

Number of transmissions
Number of transmissions

€, ﬁ/’n (70) * ;lf(f) ]
€ Wa(1/3) *61(e)

ir(c) “T(e (Wreo| 22 “ir(c) ~ (e (W () }ez0)
‘ 0] XT(e, {Wn(0)}0) " 6ip(c) *Te, (Wa(t)}iz0)
1015 10 15 20 25 30 10 1‘0 1‘5 2‘0 2‘5 30
n n
(a) (b)

Figure 4. A cycle: (a) € = 1073; (b) e = 107°.
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Number of transmissions
Number of transmissions

1p(9) ~T(e AW r(1)}ez0)]|
Lp(e) *T(e, {Wp(t)}i=0)

5 10 15 20 25 30

Figure 5. A path: (a) e = 1073; (a) e = 10°.

6. Conclusions

In this paper, we have studied the convergence time of six known linear distributed averaging
algorithms. We have considered both deterministic (the fastest LTI distributed averaging algorithm
for symmetric weights, the fastest constant edge weights algorithm, the maximum-degree weights
algorithm and the Metropolis—Hastings algorithm) and randomized (the pairwise gossip algorithm
and the broadcast gossip algorithm) linear distributed averaging algorithms. In the literature, we have
not found closed-form expressions for the convergence time of the considered algorithms. We have
computed closed-form expressions for the convergence time of the deterministic algorithms and
closed-form upper bounds for the convergence time of the randomized algorithms on two common
network topologies: the cycle and the path. Moreover, we have also computed a closed-form expression
for the convergence time of the fastest LTI algorithm on a grid. From the computed closed-form
formulas, we have studied the asymptotic behavior of the convergence time of the considered
algorithms as the number of sensors of the considered networks grows.

Although there exist different definitions of convergence time in the literature, in this paper,
we have proven that one of them (namely, the one in (49)) encompasses all the others for the algorithms
here considered. As we have used the definition of converge time in (49) for both deterministic
and randomized linear distributed averaging algorithms, the obtained closed-form formulas and
asymptotic results allow us to compare the considered algorithms on cycles and paths in terms of
convergence time and, consequently, in terms of the number of transmissions required, as well.

We now summarize the most remarkable conclusions:

o  The best algorithm among the considered deterministic distributed averaging algorithms is
not worse than the best algorithm among the considered randomized distributed averaging
algorithms for cycles and paths.

o  The weighting matrix of the fastest LTI distributed averaging algorithm for symmetric weights
and the weighting matrix of the fastest constant edge weights algorithm are the same on cycles
and on paths.

o  The number of transmissions required on a path with n sensors is asymptotically four-times larger
than the number of transmissions required on a cycle with the same number of sensors.

e The number of transmissions required grows as 13

on cycles and on paths for the six algorithms
considered.

e  For the fastest LTI algorithm, the number of transmissions required grows as n?

of n sensors (i.e., ¥ = ¢ = \/n).

on a square grid

A future research direction of this work would be to generalize the analysis presented in the paper
to other network topologies. In particular, networks that can be decomposed into cycles and paths
could be studied.
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Appendix A. Comparison of Several Definitions of Convergence Time

We begin by giving a property of the spectral norm. Its proof is implicit in the Appendix of [1].

Lemma A1l. Let B and P be two n x n real symmetric matrices with BP = P (or equivalently, PB = P).
Suppose that P is idempotent. Then:

1. B'P=Pforallt € N.
2. B'—P=(B—P)! forallt € IN.
3. ||B'=P|2=|B—P|} forall t € N.

We recall that an 1 x 1 matrix A is idempotent if and only if A2 = A. An example of idempotent
matrix is P, with n € N, since [P,ﬂ].k = Y1 [Pulin[Palnx = it il -1 [Pn]ix for all j,k €

{1,...n}.

The following result gives an eigenvalue decomposition for the matrix P, for alln € IN.
Lemma A2. Ifn € N, then P, = V,diag(1,0,...,0)V,;, where V,, is the n x n Fourier unitary matrix.

Proof. From [13] (Lemma 2) or [14] (Lemma 3), we obtain that V,diag(1,0,...,0)V,; is a circulant
matrix with:

1
[Vudiag(1,0,...,0)V;i]i1 = 1y ° —ii[v]v ’ —i[v]- _! (A1)
ndlag(l,U,..., nljil = ﬁ n . _ﬁk:] nljk . _ﬁ n//l—n
0 0

it k1
forallj € {1,...n}. Therefore, V,diag(1,0,...,0)V,; = P,. O

We finish this subsection with a result regarding the e-convergence time.

Theorem Al. Let B be an n X n real symmetric matrix with B # P, and Bt = P,. Ife € (0,1), then:

. [[B'x — Pux||2 } ) { [[B'x — Pux||2 }
minqtg e N: ———= <, Vit > t),Vx #Pyxp = max minqteN: ———= <e¢ A2
{oen: RN <oz vk xj = max e - (42)
loge™!
N I - A A3
B (53)

Proof. Lett € IN. We first prove that the following statements are equivalent:

IB'x—Pux|p -
1. el <€ for all x # Pyx.
by
2. HB"‘7PHXHZ < eforall x # 0,1.

[x]l2
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1=2 Fix x # 0, x1. If x # Pyx, applying Lemma A2 yields:

|[B'x — Pux||> < ellx = Pux||2 _ e[l (In — Pu)
Ixllz = lxll2 [Ixll2
=€ || Vul,V;; — Vudiag(1,0,...,0)V; |, = €||Vudiag(0,1,...,1) V||, =€, (A5)

X . *
I Ly — Py, =€ ||VaV;i — Vudiag(1,0,...,0)Vi |,  (A4)

where I, is the n x n identity matrix. If x = P,x, from Lemma A1 and [2] (Theorem 1), we obtain:

|| Bfx — Pyx||2 _ B Pax — Puxl2 _ [[Pux — Pux|2
[Ix][2 [Ix][2 ]2

—0<e. (A6)

2=11If x # Py x, then:

[B'x = Pux|l2 _ [|B'x — Pux — Pux+ Pux|l2 _ || B'x — B'Pux — Pux + Pix|)2

— A7
x— Pl Ix—Puxlz x—Puxll o
_ | Bt (x — Pyx) — Py(x — Pyx)||2 <e (A8)
[[x = Pux||2
Consequently,
tx —

min{to eNN: M <€Vt >ty Vx #£ an} (A9)

[ = Pax]2

'x— P
:min{toelN:WSG,WZtO,VX;&OnM} (A10)

2

tx —
:min{tOElN: max Mge,wzto} (A11)
A0 [Ix]2
=min {t) €IN: ||[B' = P2 <€Vt > ty} (A12)
=min {t) € N:|[B—Pyl5 <¢Vt >t} (A13)
= min {to € N: ||B—P[|¥ < e} (A14)
:rnin{to €]N:10g(HB7Pn||;°) Sloge} (A15)
=min {fp € N: tglog||B — Py|]» <lo e}—min{t eN:¢t >10g€} (Al6)
0 - ko g ni2 > g 0 . O_IOg”B—PnHz
. loge™! } { loge™! —‘

=mingtg € N:ty > = . Al7
foeme> o) = | —rgls )

To prove (A10). we have used the equivalence 1<2. To show (A12) and (A13), we have applied
the definition of the spectral norm (see, e.g., [15] (pp. 603, 609)) and Assertion 3 of Lemma Al,
respectively. To prove (A14), we have used [2] (Theorem 1) (||B — Py|[2 < 1).

As:

| Btx — Px||2

min ¢ fp € IN :
{ [[x = Pux|2

ge,VtZtO,nyéan} =min{t €N: ||B—P,|, <e} (A18)
=min{t € N: |B' =Pyl <€}, (A19)

we only need to show that T} = T, to finish the proof, where:

Bix— P
T1:min{t6]N: max |X"x”2§e} (A20)
A0 X2
and:
T, = max fy, (A21)

X701
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with: ”th b
tx—min{tG]N:”zge}. (A22)
[1x[]2
Since: ||BT1x—P N
P22 <o W # O (A23)

1x[I2

we have ty < T for all x # 0,1 and, consequently, T, < Ty. If {%%XHZ

for all x # 0,,%1, then:

} is a decreasing sequence

Bhax — P, Bhx — P,
H X HXHZ S || X anZ Se VX#OHX] (A24)
1|2 [1x[]2
and therefore,
BT2x — P,
max M <e (A25)
x7#0px1 ||X||2

and T7 < Ty. Thus, if we prove that these sequences are decreasing, the proof is complete. Given x #
0,,x1, from Lemma A1 and [2] (Theorem 1), we conclude that:

|B*'x — Pux[l2 _ [|(B—P)"*'x]l2 _

[(B = Pu)llal[(B = Pu)'Xll2 _ [|(B = Pu)'x|l2 _ |[B'x — Pux|l2
1[I [Ixll2 -

[Ixll2 I b 1x[I2

(A26)

for all t € IN. To prove the two equalities in (A26), we have used Assertion 2 of Lemma Al. To show the
first inequality in (A26), we have applied a well-known inequality on the spectral norm (see, e.g., [15]
(p- 611)), and to prove the second inequality in (A26), we have used [2] (Theorem 1) (||B — Pyl < 1). O

Appendix B. Proof of Theorem 1

Let B(y1,...,7n) be the n x n real symmetric matrix given by:

=y m 0 o 0 0 Tn
LE T et ot S B 0 0 0
0 72 Iy - 0 0 0
: . . . . : : (A27)
0 0 0 o I=yne3—m—2 Tn—-2 0
0 0 0 T Yn—2 I=vn—2—Yn—1 Tn—1
Tn 0 0 U 0 Yn—1 1=yn—1=7n

Observe that the matrix in (A27) satisfies B(7y1,...,vn) Py = Py.

We define the function f : R" — [0,00) as f (71, ..

that:

(o)

Wn(’)’o) - Dy

S ||B(,Yl//’)/1’l) _PHHZ
2

V’)’l,..

7 €R

< Yn) = |1B(71, -+, Yn) — Pull2. We next prove

(A28)

Observe that W, (7v9) = B(v0,-..,70). As W, (7) is circulant, its eigenvalues are (see, e.g., [16]
(Equation (3.7)) or [17] (Equation (5.2))):

aj:=1+2y (cos

27(j — 1) _1>,

jed{1,...,n}

(A29)
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Let Vi, = (vq1|---|vn) be the n x n Fourier unitary matrix. It is well known (see, e.g., [16]

(Equation (3.11)) or [17] (Lemma 5.1)) that v; is an unit eigenvector of W(7y) associated with the
eigenvalue g; forall j € {1,...,n}. From Lemma A2:

Wiu(y) — Pu|l| =max{|a;|:j€{2,...,n}}. (A30)
2
Case 1: Assume that 7 is even. Then,
° 1+ cos 27”
W(y0) =Pu|| =ap=—ay 1 =a,=_——5-€(0,1). (A31)
2 3 —cos -
_ 2 B o o ,
Therefore, y, = ¥%=(v, +Vvz) andy, = S = (vn — V) are unit eigenvectors of W(+yg) associated
to a, = a,. As:
22—
yaljn = 5 €08 7 (A32)
2 on(j-1)
Yaljn = \/; sin ——, (A33)
1 ‘
n =/ =(=1)1
Vi), =D (A34)

forall j € {1,...,n}, from [4] (Theorem 1), we obtain three subgradients of f at (o,...,70) € R",
namely g, g, and g, given by:

_o2( =) 2
(8] = <COS " cos—= ), (A35)
L2 (g 2mimD) g 2m)
(8l =~ <sm - sin=>= ), (A36)
4
(2] JA (A37)
forallje{1,...,n}.Ifu= @, we have that ug; + g, + (1 —2u)g; = 0,1, where 0,1 is the

n x 1 zero matrix. The result now follows from [18] (p. 12) and the fact that a convex combination of
subgradients of f at (Yo, ..., 7o) is also a subgradient of f at (7yo,...,70)-
Case 2: Assume that n is odd. Then,

o

21 T
COS == + COS +-
W(v0) — Pu " =

:gzz—an+1 = —0nt+3 =y = 6(0,1) (A38)

27 i
2 2
5 2 —cos 5F +cos 7
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Therefore, y, = %(v,1 +vy)andy, = T\%(vn — V) are unit eigenvectors of W(+yg) associated
V2

. 0 o .
with a; = a,, and Yup = %(v%l + v,%g) and Vi = T(V%ﬂ - v#) are unit eigenvectors of
o

W () associated with a,.1 = au43. As:

2

val;n = \/z cos 271(];17—1) (A39)
Yuljn = \/g sin @ (A40)

forall j € {1,...,n}, from [4] (Theorem 1), we obtain four subgradients of f at (vyp,...,7) € R",
namely g, 8,, g; and g, given by:

[gl}j,l = _% (COS 271(];17—1) — Cos 2;”) i , (A43)

(82151 —% (sin @ — sin 2;”) i , (A44)

[85] il % (COS y + cos 73) 2 , (A45)

(841 % (sin y + sin 72) i (A46)
1+cos %

fOr all] S {1, e ,n}. If ]/l = %m, we haVe that ]/lgl + ]/lgz + (% - ]/l)gs + (% - ]/l)g4 = 07[><1'
The result now follows from [18] (p. 12) and the fact that a convex combination of subgradients of f at
(Y0, ---,70) is also a subgradient of f at (7yo,...,70)-

Since [|[W(70) — Pull2 < 1, applying [2] (Theorem 1) and Theorem A1, Theorem 1 holds.

Appendix C. Proof of Theorem 2

From [2] (Theorem 1), Theorem A1, (A31) and (A38), we obtain (8).

To finish the proof, we only need to show (9) and (7).

We begin by proving (9). Applying Taylor’s theorem (see, e.g., [19] (p. 113)), there exist two
bounded functions f,g : (0, ] — R such that:

1+cosx «x 3
-1 =2 A47
083 osy — 5 /(0¥ (A47)

and: . )
Cos 5 + cosx X
~1 2 == 3 Ad
OgZ—Fcos%—cosx 2 +8(x)x (A48)
forall x € (0, %]. Therefore, from (A31) and (A38), we have:
1 -1 I -1
oge B oge ’ (A49)

o - 27 2
~log [W(ro) — Pl )4y, (2m)3

2 n
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where {y, },,>4 is the bounded sequence of real numbers given by:

f(3£) ifniseven,
= A50
{ynhizs { ¢ (31) ifnisodd. 50
Thus,
-1 -1 -1
lim loge = lim 120g < - 10;5;2 (A51)
n—00 n o]
—n?log |W(70) — Pull2 27+ Y
Hence, asa < [a] < a+ 1, witha € R, applying Theorem A1, we obtain:
-1 -1 A
T TR (52
n—o0 n—oo
—n?log [|W(70) — Pull2
-1 -1
< lim log e + lim % - 102g; ) (A53)
n—oo n—oo
—n?log [|W(7v0) — Pull2
and consequently, (9) holds.
Finally, we prove (7). If § € (0, lozg;; i ), then there exists ng € IN, with ng > 3, such that:
(€, IX/ loge™!
( nz(%)) — <6 iz (A54)
Thus, if n > ng, then:
(e, W(10)) loge™!
o< " o2 <9, (A55)
or equivalently,
1 1) 2 1 © 1 o 2 -1
—_— ! W —_— 1 . A
(27[2 loge—1> n“loge " < 1(e, W(v0)) < <27r2 + loge—1> nloge (A56)
Appendix D. Proof of Theorem 3
X
We denote with W the set of all the rc X rc real symmetric matrices such that:
X T X
Wi = {B e R, B=B', BP,=P, [B]]-,k =0ifj #k and[A]]»,k = 0} , (A57)

X
where A is the adjacency matrix of a grid of r rows and ¢ columns. Consider the bijection B : R7

X
W ¢ defined in [4] (Equation (8)), where q = 4rc — 3¢ — 3r + 2 (i.e., 4 is the number of edges when the
network is viewed as an undirected graph).

We define the function f : R [0,00) as f(wy,...,wy) = ||B(wy,...,wg) — Pyll2. We next

prove that:
X 1
Wr,c (2> — Py

X X
Without loss of generality, we can assume that r > c. We first show that W, (%) €W,

5 o ()G (o )= (o). am

< |[B(wy,...,wg) = Pall2 Ywy,...,wy € R, (A58)
2




Sensors 2018, 18, 968 22 of 25

and:
(5 (3) 5 () (5 (e () mmovim xe
(B ()r)en)n) e
=n (P, ®P) = /nP, ® \/nP. = P,. (A62)

The eigenvalues of I/NVn («) are (see, e.g., [20]):

aj:=1-20+2u (cos”(]n_l)), je{1,...,n} (A63)

and therefore, the eigenvalues of IXIn (%) are given by a]-(n) = cos@ with j € {1,...,n}.

Their associated orthonormal eigenvectors are given by [vy (1)];1 = ﬁ and [vi(n)|x1 = \/% cos W

withj e {2,...,n}, ke {1,...,n} (see, e.g., [20]). Consequently, the eigenvalues of VNVr (%) ® VNVC (%) are

a;j(r)a(c) and associated orthonormal eigenvectors are v;(r) @ v(c) withj € {1,...,r} and k € {1,...,c}.
From [4] (Lemma 1),

X 1
Wr,c <2> — Py
X

Then, y; = vo(r) ® vi(c) and y, = v,(r) ® vq(c) are unit eigenvectors of W, (%) associated with

. = ay(r)ai(c) = —a,(r)ay(c) = Cos; € (0,1). (A64)

ay(r)ay(c) and a,(r)ay (c), respectively, and their entries are given by:

2 (2j-1)n«
[Yl}c(jfl)+k,1 = \/;COS ]T, (A6b)
P 2 . (2j-1)r
Walejnyein = (-1 2 s BDT, (A6

forallje {1,...,rfandk € {1,...,c}.

Let ¢ be the set of edges of the grid. An edge e = {j, k} connects the sensors v;, v, and we enumerate
the edges such that¢; = {jj, k;} foralll € {1,...,q}. We consider that the edges of the grid are sorted
as follows: ey, ey, enw and eng are the set of horizontal, vertical, northwest-southeast diagonal and
northeast-southwest diagonal edges, respectively. Moreover, if e;, = {ji,, k;, },e;, = {ji, k1, } € &, with
h € {H,V,NW,NE} and min{j;,, k, } < min{jj,kj, }, then the edge e;, precedes the edge ¢;, in ¢,

From [4] (Theorem 1) , we obtain two subgradients of f, g; and g, given by:

H), (V) (NW), (NE)\
g = (s g st I ) (A67)
T
g2 = (g7 1t 180" 1g8) (A68)
where ggH) = ggH) = ler(cfl)/

6], = (2 (1), e

]
v) _ E 2 l .2 E
{gz L/C(]'—1)+k e c® (Zr) s ( r )’ (A70)
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forallje{1,...,r—1}, ke {1,...,c},

{gl }1,(c—1)(]‘71)+k e Sy (21’) s ( ; > , (A71)
(NW) _ 8 Lymy_ o (ijn
[gz ]1,(c—1)(j—1)+k e <2r) s ( r ) (A72)

forallje{1,...,r—1},ke{1,...,c —1}, and:

(NE) 8 oM\ (in
{gl L/(671)0*1)%71 e (Zr) st ( r )’ (A73)
= L8 i (M) (I
[gz }1,(c71)(]’71)+k71 e <® (Zr) s ( r )’ (A74)

forallj € {1,...,r =1}, k € {2,...,c}. If p = cos®(%), we have that ug, + (1 — p)g, =
0(4rc—3c—3r12)x1- The result now follows from [18] (p. 12) and the fact that a convex combination of
subgradients of f at a certain point is also a subgradient of f at that point.

X
Since ||W;¢ (%) — Py|l2 < 1, applying [2] (Theorem 1) and Theorem A1, Theorem 3 holds.

Appendix E. Proof of Theorem 9
We begin by proving (51). The Laplacian matrix of a cycle with n sensors is:

o

L= diag(lzcircn (0,1,0,...,0,1)) — circ, (0,1,0,...,0,1) (A75)
= diag(2,2,...,2) —circ,(0,1,0,...,0,1) = circ,(2,-1,0,...,0,—1). (A76)

o

From [21] (Equation (3.4a)), the eigenvalues of L are given by

2 (1 — cos W) i j€ {1,...,n}} and, consequently, An_l(z) = 2(1—cos?®). From [7]
(Corollary 1), we have:
o n—A ,1(2) n
Yo = : o :172( + 27‘[_1’ (A77)
21— Ay_1(L) n+cos 5t —1)
and therefore, (51) holds. The entries of the expectation of V.VB (0) are given by:
7 (1= g) ifj—ke{-11}
; l1-¢ ifj—ke{l-nn-1},
EWs))s = { 700 ke } (78)
5(2%%—11—2) ifj =k,
0 otherwise,

forall j,k € {1,...,n}. Thus, E(I/C{/B 0)) = I/C{/n(lf%) Therefore, combining (A29) and (A30) yields:

n+2c0527”—2

o l_o
W, <(P0>—Pn _ITESE o TS (A79)
n n+cos<r —
2 n
As: S
. — A (L
e (AB0)
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we get:

o 1-2¢
/\n_l(L)—n<2— 1O>—n %o (A81)

and consequently,

o o o \?2
20,y O Y s (12 - (-20) e

n n?

o 02 o 02 o n n+2COSZ£—2
=120y + 40y — 1+ 49y — 4py =2y =2 — = n =< (A83)

n+cosz7"—1 n—f—cosz?”—l

Now, applying (A79), (A82) and [7] (Equations (28) and (46)), we obtain (52). The rest of the proof
runs as the proof of Theorem 2.

Appendix F. Proof of Theorem 10

We begin by proving (56). The Laplacian matrix of a path with n sensors is:

-1 ifj—ke{-1,1},

2 ifj=kj#1landj#n,
1 ifj=k je{1,n},

0 otherwise,

(A84)

From [20], the eigenvalues of Z are given by {2 (l—cos @) 1 jE {1,...,n}} and,

consequently, A, 1 (Z) =2(1—cos Z). From [7] (Corollary 1), we have:

Go= ) . (A85)

- A,(L) 2 (n+cos  — 1)’

and therefore, (56) holds. The entries of the expectation of VNVB (0) are given by:

L(1 - ) ifj—ke{-1,1},
~ Liop,+n—2) ifj=kj#1landj#n,
B0 = | 7 (Fotn—2) ifj=kj#Tandj (AB6)
(g +n—1) ifj =k je{1,n},
0 otherwise,

foralljk € {1,...,n}. Thus, E (17\13 0)) = I/N\/n( 1_%) Therefore, combining (A63) and [4] (Lemma 1) yields:

~ (1—¢ 2cos & —2
W, ( (PO> — P, = HLSHH‘ (A87)
n n+cos? —1
2 n
As: N
~ —A,_1(L
PR Al (OO (A8S)
2n — )Lnfl(L) 2n — /\nfl(L>
we get:
~ 1 1-2¢
Au1(L) = n <2— _ ) —n—% (A89)
1I—¢, 1=
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and consequently,

~ - N2
1_ 2%(1_%))»11@) _ m <7\n1(z

n n?

))2 —1-2, (1 - 23;0) - (1 - 2250)2 (A90)

n n-+2cos -2

~ ~2 ~ ~2 o~
=1-2¢,+49,—1+4¢, —4¢, =290, =2 — = 1 . (A91)

n—l—cos%”—l n+cos it —1

Now, applying (A87), (A90) and [7] (Equations (28) and (46)), we obtain (57). The rest of the proof

runs as the proof of Theorem 2.
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