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Abstract

We analyze average-based distributed algorithms relying on simple and pairwise random
interactions among a large and unknown number of anonymous agents. This allows the
characterization of global properties emerging from these local interactions. Agents start
with an initial integer value, and at each interaction keep the average integer part of both
values as their new value. The convergence occurs when, with high probability, all the
agents possess the same value, which means that they all know a property of the global
system. Using a well-chosen stochastic coupling, we improve upon existing results by
providing explicit and tight bounds on the convergence time. We apply these general
results to both the proportion problem and the system size problem.

Keywords: Averaging stochastic process; interacting particle systems; Markov chain;
coupling; distributed algorithms

2010 Mathematics Subject Classification: Primary 60J10
Secondary 60K35

1. Introduction

This paper focuses on the deep analysis of a particular type of averaging stochastic pro-
cess. In the averaging process, as introduced by Aldous and Lanoue [1], the n agents start
independently from each other with an initial integer value, interact randomly by pairs, and
at each interaction, keep the average of the two values as their new value. This type of pro-
cess belongs to the general category of stochastic interacting particle systems [9], which are
applied in many fields (biology, computer science, physics, etc.) to characterize global prop-
erties emerging from local interactions. For instance, in [12] we used this model to analyze
the rumor spreading time, which is the number of interactions needed for all the agents of the
network to learn a rumor initially known by only one agent. Haslegrave and Puljiz [7] analyzed
biological agents (gene or infectious disease) spreading (mean spreading time and stable gene
distribution) for diverse type of networks and considering pairwise interactions. Lanoue [8]
considered a voter model variant in which agents have preferences over a set of songs, and
upon meeting update their own preferences incrementally towards those of the other agents
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they meet. This is a continuous-time model, in which a Poisson process is associated between
every pair of agents and whose times correspond to their meetings. Using the spectral gap
of an associated Markov chain, Lanoue gave a geometry-dependent result on the asymptotic
consensus time of the model. A similar continuous model, the compulsive gambler process,
was studied by Aldous et al. in [2], where agents meet pairwise at random times according to
Poisson processes and, upon meeting, play an instantaneous fair game in which one wins the
other’s money. This process behaves like a reversal of our process since interactions between
agents end up with their values as different as possible, rather than as equal as possible.

In our context of large-scale distributed algorithms, where interaction-based algorithms are
represented by the population protocol model, agents have little computational power, limited-
size memory, are indistinguishable from one another, and are unaware of the population size
n of the system [4]. It follows, in particular, that each agent can only be in a finite number
of states. The key is to propose efficient algorithms that make agents cooperate to perform
computational tasks such as determining the proportion of agents that started their computation
with a given integer value, or computing the population size. Both problems (proportion of
agents that start with some initial value A and population size) can be solved by relying on
average-based population protocols. In a previous work [11] we analyzed the convergence
time (also called the mixing time) at which all the n agents of the distributed system are able to
determine the proportion of them that started with value A. This work was used by Cordasco
and Gargano [6], who tackled a consensus problem derived from the proportion problem.

We introduce the discrete-time stochastic process C := {C;, t > 0}, where the random vec-
tor C; is defined by C; := (c§“, ce Cf")), to represent the evolution of the agent values. For
allagentsi=1,...,n, c§’) represents its value at time 7 > 0. Since each agent uses only a finite
number of states, we assume that the CE’) are integers, for all # and all i. The average-based tech-
nique then has the result that, when two agents interact, one gets the floor of their mean value
and the other the ceiling of this value, as formally defined in relation (1) below. It follows that
process C does not converge to a unique absorbing state, as in [1] or [10] when dealing with
real numbers, but to an absorbing class of states for which each entry (or each agent value) is
either equal to |£] or equal to [€], where £:= >}, Cg) /n is the initial average value. This
class has radius less than 1 in the infinity norm. A similar absorbing behavior was described by
Broom and Cannings [5], who considered a random graph representing the evolution of rela-
tionships in a fixed-size population. At each instant, a link between two individuals is either
created, removed, or unchanged, at random. They showed, using Markov chains, that the pop-
ulation evolves to a closed class and they gave a method for finding the stationary distribution
over this class.

The discrepancy of the system, that is, the difference between the maximum and minimum
value among all nodes, defined by max;<;<, Cgi) —minj<j<p Cgi), was studied by Sauerwald
and Sun [13], who showed that its expectation is in O(1) for regular graphs. Moreover, they
noted that in many applications, agent values cannot be divided arbitrarily, and we need to deal
with the discrete case where the values of each node can only be integers. This discretization
entails a non-linear behavior due to its rounding errors, which makes this analysis much harder
than in the continuous case. Alistarh, Gelashvili and Vojnovic [3] proposed a two-phase algo-
rithm called average-and-conquer to solve the majority problem in population protocols. The
first phase of their algorithm is based on the average of the agents’ values, and a second phase
called conquer is needed for propagating the majority value to all the agents of the networks.
It is important to be aware of the fact that, as for most of the papers on the subject (e.g. [1],
[3], [6], and [13]), the complexities are always of the O(n log n) type, without any study of
the constants arising in these complexities. These analyses are interesting but not sufficiently
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precise, because if the constants occurring in an O(n log n) complexity are large, they totally
annihilate the effect of the logarithm. Indeed, in practice the number n of agents involved in
large-scale systems is always bounded. For instance, in the IoT (Internet of Things) infras-
tructure the number of nodes never exceeds 10° nodes or agents, for which the logarithm is
about 20.72. That is why we focus in this work on precise values of the complexities, i.e. of
the type n(a In (n) 4+ b), where a and b are constants. This is the main objective of this paper,
necessitating a fairly detailed mathematical analysis of the behavior of the system.

We provide in this paper a rigorous theoretical analysis of the behavior of average-based
distributed algorithms. The main contributions of this paper are as follows.

e Theorem 2 shows that if the mean initial value, £, is as near as possible to a half-integer,
then the process converges in linear time to a position where only the two integers closest
to ¢ appear.

e Theorem 3 shows that for arbitrary £ the process converges in linearithmic time to a
position where only the three integers closest to £ appear. More precisely, it is proved
in Theorem 3 that for all § € (0, 1), and for all > (n — 1)2 In (K + \/n) — In§ —In 2),
we have

P{lIC — Llloo = 3/2} <36,

where K is a constant depending only on the initial vector condition Cyp. The proof of
this result is based on a quite novel coupling technique for which the coupling process
is called the shadow process of C.

Note that this result is best possible, since, for example, if the starting configuration
has one agent of value 2, two of value 0, and n — 3 of value 1, then it takes quadratic time
to stabilize on two values (since this will only happen when the values of the selected
agents are 0 and 2, which has probability 4/(n(n — 1)) of occurring at each step). Using
this result, it is shown in Corollary 1 that the discrepancy of the system is equal to O or
1 with arbitrarily high probability, that is,

]P’[ max C;i) — min C;i) > 2} <4.

1<i<n 1<i<n

e We apply our result to the proportion problem (see Theorem 4), and show that it signifi-
cantly improves that obtained in [11] (see Figure 1). We also apply our result to another
problem, the system size problem (see Lemma 7).

The remainder of the paper is orchestrated as follows. Section 2 presents the mathematical
model, which is based on random interactions between the agents. Section 3 details the analysis
of the convergence. The main contribution is the use of the shadow process, a novel stochastic
coupling technique. In Section 4 we apply our results to both the proportion and the system
size problems. Section 5 concludes the paper.

2. The model

We let X; denote the random pair of distinct nodes chosen at time ¢ to interact, and for every
i,j=1,...,n, withi#j, we define

pij) =P{X, =(,))}.

The time unit is discrete and corresponds to a single interaction. At each discrete instant ¢, two
distinct indices 7 and j are chosen among 1, ..., n with probability p; j(#). Once chosen, the
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pair of agents (i, j) interacts, and both agents update their respective local value Cfi) and c}")
by taking the mean value of their values prior to this interaction. This average-based technique
leads to

0, A0 0, A0
VG ' c? | 1?4 c N
(ngl’cz(izl):q : 5 : J[ — t—D and C7\ =C" forr#ij. (1)

We suppose that the sequence {X;, £>0} is a sequence of independent and identi-
cally distributed random variables. Since C; is entirely determined by the values of
Co, X0, X1, - . ., X;—1, this means in particular that the random variables X; and C; are indepen-
dent and that the stochastic process C = {Cy, t > 0} is a discrete-time homogeneous Markov
chain. Classically, we suppose that X; is uniformly distributed, that is,

Liizj)

pij(t) = w1

where 14 denotes the indicator function, which is equal to 1 if condition A is true and 0
otherwise.
3. Convergence time of average-based algorithms

We will use the Euclidean norm denoted simply by ||-|| and the infinity norm denoted by
|Illco and defined for all x = (xy, ..., x,) € R"” by

n

1/2
2
||X||=(E x,~> and ||?€||oo=,nfllaX |x; |-
= n

=1 7 T
We recall the following invariant result of average-based population protocols.

Lemma 1. For every t > 0, we have

Xn: ¢ = Z .
i=1 i=1

Proof. For all integers k, we have k = | k/2] + [k/2], so the transformation from C; to C;4
described in relation (1) does not change the sum of the entries of Cy 1. O

We let ¢ denote the mean value of the entries of C; and let L denote the row vector of R”
with all its entries equal to £, that is,

| N
0= ;Zcﬁ” and L:= ((,...,0). )
i=1
Note that C has a finite value space composed of a set of transient vectors and an absorbing
class of vectors whose entries are equal to [£] or [£]. This absorbing class is reduced to a

single absorbing vector when ¢ is an integer.
We first bound the decay of the expected value E(||C; — L||?).

Theorem 1. For every t > 0, we have

11 0dd
4n

3)

1 ! n
E(|IC,-L|2) <1 - —— ) E(Cy—L|I*)+ - —
(I1C; II)_( - 1) (ICo ||)+4
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Proof. In order to simplify the writing we use the notation Y; := ||C; — L||%. One can deduce
from relation (1) that

Yip=Y -2 > Z[(C?) —cf )> - I{C@ e Odd}} Lix=ai.jy)-
i=1 j=1

We recall that X; and C; are independent and that p; j(z) = 1/(n(n — 1)). Conditioning first by
C;, then taking the expectations, we get

1 n n . i 2
E(Yi |C)=Y:— > (Z Z[(Cﬁ’) ~C) o, Odd}])p,-‘j(r)

i=1 j=1

1 [ (A0 A0)?
=h- 2n(n— 1) ZZKG —G ) - 1{C§”+C@odd}]

i=1 j=1
Using (see [10])
n n . . 2 n n
) Z(Cﬁl) - Cy)) =¥, and ) N1 oaa) = 20100 = a0,
i=1 j=1 i=1 j=1

where integer ¢, is the number of odd entries of vector C;, we deduce that

1 (n—qy)
E(Yi |Gy = (1 - — )y, + L2290 @)
n—1 nn—1)
Since ¢; € {0, 1, ..., n}, the function g defined, for x € [0, n], by g(x) = x(n — x) has its maxi-

mum at point x = n/2, so we have 0 < g(x) < n?/4. Thus g(gq;) = q:(n — q;) < n*/4.If n is even
then ¢; can be equal to /2, which means that the best upper bound of g(g;) is n>/4. If n is
odd then ¢; cannot be equal to n/2. The maximum of g:(¢q;) is then reached either at point
q: = (n—1)/2 or at point g; = (n + 1)/2. For both points we have g(g;) <(n— 1)(n+ 1)/4 =
n*/4 — 1/4, so the best upper bound of g(g;) is n*>/4 — 1/4. Putting the two cases together, we

obtain
2
n Ly odd)
— < — X
q:(n—qr) < 2 2
Using this inequality in relation (4), we get
n 11 oda)

1
E(Yis1] C) < (1 - m)“ dn=1 " Antn—1)°

Taking the expectation of both sides, we obtain

_ linodqy
4n—1) 4dn(n—1)

1
E(Yi4+1) < (1 - —)E(Yr)+
n—1

Solving this recurrence leads to relation (3). U
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3.1. A first bound on the convergence time

We introduce A, the distance between £ and its nearest integer, that is,
A:=min{l — |£], [€] — €} =min{€ — [£], 1 — (£ — [£])}.

It is easily checked that we have 0 <X < 1/2. In Theorem 4 of [11] we dealt with the case
where A is equal to 1/2. In the following we extend that analysis first to the case where A =
(n — 1{n0ddy)/(2n) (see Theorem 2) and then to all A € [0, 1/2] (see Section 3.2). We start with
the following two lemmas.

Lemma 2. Let h= €] +1/2and H=(h. h, ..., h) € R". If A = (n — 1noaq))/(2n), then

Ynoddy _ 7 Linodd)

C,—L|*=|C,— H|? -
IC: = LI =1C I in 22 i

&)

Proof. Vector C; — L is orthogonal to vector e, with all entries equal to 1. Indeed,

n
(Ci—L.e)=Y (Ci" — ) =nt —nt =0.
i=1
Hence, since L — H = (£ — h)e, we deduce that C; — L and L — H are orthogonal too. Applying
Pythagoras’ theorem, we obtain

IC; = LI* = IC, — H|I* — |IL — H|*. (©6)

Moreover, we have ||L —H|?=n(l —h)>=n(1/2— (£ — [£]))>. By definition of A and
since A = (n — l{,0da))/(2n), we have either £ — €] =(n— 1{,0dd))/2n or £ — [£] =(n+
{1 0dd})/2n. In both cases we get

L{nodd
IL—H|? = £, @)
n
Observe that
2 . (i) 2 2 _
IC:—H|I”>n min IC” — (L€l + 1/D)|" = n|1/2]" =n/4. (®)
<i<n

Substituting (7) in relation (6), and applying inequality (8), we get inequality (5). U

Lemma 3. If L = (n — 1{,0dq))/(2n), then we have

. . 1
max C? — min €V > 1= G = Liloo > | — = 11 tnodd),

l<i<n 1<i<n 2n

Proof. Since A > 0, £ is not an integer, so

max C”>[¢] and min C? < |¢],
1<i<n 1<i<n

which implies that ||C; — L||sc > 1 — A. Thus
0 _ 1

max C;l) — min C;" =
1<i<n 1<i<n
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implies that
max C? =[¢] and min c = ey,

1<i<n

which means that |C; — L|looc =1 — A ‘
Conversely, if ||C; — L|joo = 1 — A, then we have £ — 1 < C;l) < £ 4 1, which means that

max C =T1¢] and 1mm ¥ = e,
i<n

1<i<n

that is,

max Cgl) min C(’)
1<i<n 1<i<n

This completes the proof. O
We can now prove the following theorem.

Theorem 2. For all 5§ € (0, 1), if A= (n — l{noday)/(2n) and if there exists a constant K such
that ||Co — L|| < K, then, for everyt>(n— 1)2InK —In§ —In2), we have

P{”CI_LHOO w} IP’[ max C” — min C()>1} <$,
2n -

1<i<n 1<i<n
or equivalently

IP{ max C(l) = min C(l) + 1} >1-6. ©)

1<i<n 1<i<n

Proof. We first show that

1
max C() — min C() >1=|C— L||2 _ _inodd)

1<i<n 1<i<n 4 4n

+2. (10)

Let h= Lz |+1/2 and H=(h, h,...,h)€R". In the same way, if max;<j<, C\" —
minj<j<p Ct > 1, then there exists an agent i such that |C(l) h|>3/2, and for all je
{1,2,...,n}\ {i}, |C, — h| > 1/2. We can thus write

(i) (i) ,_ n—1 3\? =n
max C;” — min ;" >1 = ||C; —H| > *3) =7+2

1<i<n 1<i<n 2

Applying Lemma 2, we thus obtain relation (10), and deduce that

1
IP{ max € — min c‘)>1} <IP>{||C, L||22f—m+2}. (11)

1<i<n 1<i<n 4 4n

Then, from relation (3) of Theorem 1, we obtain

n lyiodd 1
IE(nc,—Ln2 -7t %) < <1 - n—) E(|Co — LI%).

Lett=mn—1)2InK —1Ind —In2). For t > 7, we have

1
1= LY <ot o gmr/nn _ 28
n—1) = - K2
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Moreover, since ||Co — L|| < K, we get E(||Co — L||?) < K? and thus

n lyodd)
E(IC —LI* -+ 222 ) <28.
(II e LT - > <
Using the Markov inequality (Lemma 2 ensures that we take the expectation of a non-negative
random variable), we obtain for r > t

n l{I‘lOdd}

Hence we deduce from relation (11) that, for > 7,

P} max C;i) — min C;i) > 1} <$.

1<i<n 1<i<n

Note that max|<j<p C;i) cannot be equal to minj<;<, Cgi) here. Indeed, if so, then vector C;
is equal to vector L, implying that £ is an integer. In such a case we have A =0, which is
impossible since n > 2. Hence

P{ max € — min C;” < 1} ZP{ max C” = min C\" + 1}

1<i<n 1<i<n 1<i<n 1<i<n
and we directly obtain relation (9). Finally, applying Lemma 3, we deduce that

n+ 1y0dd) }

IP’{ max C — min C" > 1} :]P{”Ct — Lo > >
n

1<i<n 1<i<n
which ends the proof. O

Note that ' '
max C;l) = min Cgl) +1
1<i<n 1<i<n
implies that . ‘
min C”=1¢) and max C\” =e].
1<i<n 1<i<n
Hence Theorem 2 assures us that if A = (n — 1y, 0dq})/(21), then the protocol converges after at
least (n — 1)(2In K — In § — In 2) interactions, with arbitrarily high probability 1 — &, towards
a class of absorbing states which are vectors with entries equal to either | €] or [£].

3.2. The shadow process and the main result

The goal of this section is to obtain a result identical to that of Theorem 2, but without any
assumption on A. This is done by using a stochastic coupling technique in which the process
coupled with process C is called the shadow process of C.

The shadow process associated with process C is denoted by D := {D;, t > 0} and defined
at time r =0 by Dg) = Cg) + lyieB,)» where By is any fixed non-empty subset of b agents with
b<n-—1,ie.ByC{l,...,n}and |By| =b.

For every 7> 1, the random vector D; is defined as C;, that is, when the couple (i, j) is
chosen to interact at time ¢, i.e. when X; = (i, j), the vector D, is given by

(i) ) (i) ()
OIS0 Dy +D; D;” + Dy &) o .
(Dt+l’Dt+1>= (L ) ) > and D,/ =D;" forr#ij.
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In other words, processes C; and D, are coupled by process X;: they behave identically in the
sense that at each time, the same two agents are chosen for the interaction. The only difference
lies in their initial values. Lemma 4 shows that if at time ¢t = 0, Dy is initially in the shadow of
Cy, then at any time ¢ > 0, D, remains in the shadow of C;.

Lemma 4. For all t > 0, there exists a non-empty set B; of b agents, i.e. By C{l, ..., n} and
|B;| = b, such that, for alli€ {1, 2, ..., n}, we have
DY = 4 1jicp,. (12)

Proof. The proof is made by induction. Relation (12) is clearly true for = 0 by definition
of Dg. Suppose that at time 7 > 0 there exists a set B; C {1, 2, ..., n} with |B;| = b, satisfying
relation (12). Let i and j be the two agents interacting at time ¢, that is, let X; = (i, j), for both
processes C; and D,. We distinguish the following cases.

e Case 1: i, j € B;. In this case we have

oo |20 |1+ 2 o
t+1 2 - ) — Y+l + L
In the same way we have Dt = ngl + 1, which means that i, j € B;y1. The other

entries being invariant, we have B;1 = B;.

e Case 2: i, j ¢ B;. In this case we have DY = C(l)1 and DY C(’)1 which means that

+1 t+1 B
i, j ¢ B;+1. The other entries being invariant, we have B, = B;.

e Case3.1:ieB;andj¢ B; and Cgi) + cﬁf') is even. In this case we have

NLEC MRt {c;uc,wJ

()
C
2 2 2

+1°

In the same way we have Dz+1 = Cy)l + 1, which means that i ¢ B, and j € B, 1. We
thus have B;+1 = (B, \ {i}) U {j} and so |B;+1| = |B/| =

e Case 3.2: i€ B; and j ¢ B; and C(') + C;j) is odd. In a similar way to Case 3.1, we

have Diﬂ:] = C;fi] + 1 and Dyil = CEQI , which means that i € B,y and j ¢ B,y and so
Biy1 =B

o Case 4.1: i ¢ B; and je€ B, and C(.) + c§”> is even. In a similar way to Case 3.2, we
have Dg = C(’)1 and DY =¥

11 =C;11 + 1, which means that i ¢ B, and j € By11 and so
Biy1=B;.

e Case4.2:i¢ B;and j € B; and C(') + Ct(j) is odd. In a similar way to Case 3.1, we have

Df:)_l = Cf:)_l + 1 and D?)l = C?)l, which means thati € B, and j ¢ B, 1. We thus have
Bip1 =B\ {jH) U {i} and so [Biy1| =B/ =D.
In all cases we have shown that B, C {1, 2, ..., n}, that |B.y1| = |B;| = b, and that (12) is
true at time ¢ 4 1, which completes the proof. (]

Just as for process C, we let £ denote the mean value of the entries of D; and let Lp denote
the row vector of R” with all its entries equal to £p, that is,

n

1 .
lp= — ZDE’) and Lp:= ({p,...,Lp).
=
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We use the shadow process D to extend the results of Theorem 2 for any value of A. We first
show that for any process C we can construct a shadow process D verifying the condition of
Theorem 2, that is, a shadow process D such that the fractional part Ap of £p, defined by

Ap = min{€p — [€p], [{p] — €p} =min{p — [€p], 1 — (p — [£p])},

verifies |
n— lipodd
Ap=———.
b 2n

Recall from relation (2) and Lemma 1 that n€ =7, C(()i) is an integer.

Lemma 5. For any process C there exists a shadow process D with parameter b such that
€p — €p] = — l{noday)/(2n). More precisely, let d > 0 be the smallest integer such that n
divides nf + d. Then we have the following.

o If0<d<n/2 thenb=d+ (n— l{odd})/2.

o Ifn/2 <d<n, thenb=d— (n+ 1y,0dq))/2.

Proof. Let By be a set of b agents with b e {1, ..., n — 1} and let D; be the corresponding
shadow process, associated with process C;, defined in Section 3.2. By definition of £p, we
have, from (12), {p =€ + b/n, which gives £p — |€p| =L+ b/n— [ £+ b/n]. Let d be the

smallest integer such that n divides n¢ 4 d. Integer d thus belongs to {0, ..., n — 1}, and we
have {p — [Up] =(b —d)/n— | (b—d)/n].

e Case I: if 0<d <n/2 then, by taking b=d + (n — 1{,0dq))/2, we check that b e
{1,...,n—1}.Since 0 < (n — 1 044y)/(2n) < 1, we have

{p— Up] =

n—linodd) | 7= lfnoday | _ 17— l{nodd)
2n 2n 2n

e Case 2:if n/2 < d < n then, by taking b =d — (n + 1, 0dd4))/2, We also check that b €
{1,...,n—1}.Since —1 < —(n + 1 0d4y)/(2n) < 0, we have

p— lp] = _nt Lpoda) |+ Tinoddy | _ 7 — Lnodd)
P b= 2}1 2n - 2” N
Hence €p — |€p] = (n — 1{;0d4})/(2n), which ends the proof. 0

The shadow process D, associated with process C, is thus constructed from the remainder
of the Euclidean division of n¢ by n. Taking the complement of this remainder to n, we deduce
the value of parameter b of the shadow process D. In order to prove the main theorem of this
paper, we still need the following technical result.

Lemma 6. For all t > 0, we have
n—1
IC: — Llloo — 1Dy — Lplloo < — and ||D; — Lpll — |C; — LIl < +/n.

Proof. From Lemma 4 we easily get

I Bl b
tp=-Y D=+ "L =r+-.
b n; ! + n +n
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Observing that
ID; — Lplloo = max{ﬁp — min Dgi), max Dgi) — ED},
1<i<n 1<i<n

||Cz—L||OO=max{€— min C;i), max C;i) —E},

1<i<n 1<i<n
we first deduce that

ID; = Lplloo > (eD — min Dﬁ")) and D, — Lp|leo > (1max DY —eD). (13)

1<i<n <i<n

We distinguish the following two cases. If ||C; — L|lco = ¢ — minj<j<y CEi), then, applying
relation (13), we obtain

1€ = Llloe = 1D = Lol = (¢ = min ) = (¢p— min D),
n

1<i< 1<i<n

and since, from Lemma 4, we have minj <<, Dgl) < minj<;<, c” 11, we deduce

b n—1
||Ct—L||oo—||Dz—LD||ooS@—@D+1=1—;S P

If |C; — L|looc = maxi <<y Cﬁi) — £, then, applying relation (13), we obtain

€= Lllow = 1D = Lplloo < (max 7 = ¢) = (max D — £p),

<i<n 1<i<n

and since, from Lemma 4, we have max <<, C;’) < maxj<j<p Dg’), we again deduce

b n—1
”CI_LHOO_||Dt_LD||oo§£_£D:;§ par

which completes the proof of the first inequality.
To prove the second one, note that D, — Lp is orthogonal to unit vector e. Indeed

n
(Di—Lp.e)=Y (D — tp)=ntp —ntp=0.
i=1
Hence, since Lp — L= ({p — £)e, we deduce that D; — Lp and Lp — L are orthogonal too.
Pythagoras’ theorem then gives |D; — L% =D, — Lp||* + |ILp — L||?, which implies that
|D: = Lpll < [|1Dr — L]

From relation (12), we have Dy) — C;i) = lyjep, forevery i=1, ..., n. Since |B;| = b, this
leads to |D; — C;|| = v/b. From the triangle inequality and since b <n, we get ||D; — L| <
ID: = Cill + I = LIl = G = LI + /b < |Gy = L + /. O

The following theorem is the main result of this paper.

Theorem 3. For all § € (0, 1), if there exists a constant K such that ||Co — L|| < K, then, for all
t>m—1)Q2In(K+ 4/n) —Ins —In2), we have

P{IICt = Lljoo = 3/2} < 6. (14)
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Proof. Let d be the smallest integer such that n divides nf + d. From Lemma 5 there exists
a shadow process D associated with a set By of b agents, such that

d +b_dJ=n_1{n0dd}.

h—
KD_LEDJZT_\‘E

n 2n

Hence

. =min<n - 1{nodd}’ L= l{nodd}> _ 1= linoaa)

2n 2n 2n

Moreover, combining the hypothesis ||Co — L|| < K and Lemma 6, we get ||[Dy — Lp|| < ||Co —
L| + «/n <K + /n. We can thus apply Theorem 2 to process D with Ap, Lp, and K + /n in
place of A, L, and K respectively. We thus obtain, for all § € (0, 1) and for every > (n —
D2In(K+ /n)—1Iné —1n2),

n+1 i i
P{“Dt —Lplleo > M} :IP’{ max Dg') — min Dgl) > 1} <.
2n 1<i<n 1<i<n
From Lemma 6, we get ||C; — L|lco < ||Dt — Lp||oo + (n — 1)/n. This inequality allows us to
write

1 —1 3
o (I — Lo < o) 1= 0 X

1D — Lplloo <
2n n

1+ iy odd)
2n

and thllS
L o0 - P) l ), — l 1 nodd

2n

or equivalently

3 n+ 1godd
IP{MCZ—LnoozE} sP{nDt—LDnW # <3,

which completes the proof. (]

Theorem 3 thus extends the results of Theorem 6 of [11] to any A. For any A, process C;
belongs to the open ball of radius 3/2 and center L, with arbitrarily high probability in the
infinity norm, after no more than O(n In (K + +/n)) time or O(In (K + \/n)) parallel time, as
shown in relation (14). Note that in relation (14) we explicitly give the constant arising in this
complexity. This constant depends on the upper bound K of ||Cy — L|| and the initial vector
Cy is given by the application the user wants to deal with. In the next section we calculate the
upper bound K for two different types of application: the proportion problem and the system
size problem. We conclude this section with the following corollary, which shows that under
the condition of Theorem 3, the greatest difference among the entries of vector C;, which
represents the values of the agents at time 7, is less than or equal to 2 with arbitrarily high
probability.

Corollary 1. For all § € (0, 1), if there exists a constant K such that ||Co — L|| < K, then for all
t>(m—1)2In(K+ 4/n) —Ins —In2), we have

]P’{ max C;i) — min Cgi) > 2] <3é.

1<i<n 1<i<n
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Proof. Observe that
IIC; = Lllog <3/2 <= max C” —¢<3/2 and £— min C\ <3/2
1<i<n 1<i<n

=—> max C;i) — min C;i) <3.
1<i<n 1<i<n
This leads to ' .
P{|C, — Liloo < 3/2} < IP{ max C? — min ¢ < 2},

1<i<n 1<i<n

since the C;i) are integers, and we conclude by applying Theorem 3. 0

4. Applications

In this section we apply the average-based distributed algorithm studied above to derive,
from local average-based interactions, two global properties of our system: first the proportion
of agents whose initial value is equal to A and second the number of agents n of the system.

We suppose that agents initially start their execution with either the initial value A or B. Let
n4 be the number of agents starting with value A. If agent i starts with value A, we set Cg) =m
and if he starts with value B, we set C(()’) =0, where m is an integer, known by all the agents,
which will be determined later. We thus have

2 2
||Co—L||2=nA<m—%) +(n—nA)<%> =m2nA(1—"§). (15)

4.1. Solving the proportion problem

The proportion problem requires each agent to compute the proportion y4 of agents that
initially started the average-based algorithm with initial value A. We have y4 = n4/n. Recall
that the number n of agents in the system is not known to the agents. Relation (15) gives a
function of ny, which reaches its maximum for ny = n/2. At that value we obtain ||Co — L||* <
m*n/4, that is,

ICo — LIl < my/n/2. (16)

Recall that C;i) represents the local value of agent i at discrete time . We show that the local
estimation of the proportion y, is given by the quantity C;i)/m. More precisely, the following
theorem gives an evaluation of the first instant 7 from which the distance between Cﬁi) /m and
v, for all the agents, is less than a fixed ¢ with arbitrarily high probability 1 — §, the integer
value m being determined by the threshold €.

Theorem 4. For all § € (0, 1) and for all € € (0, 1), by taking m = [3/(2¢)], for all
t>m—1)(Inn—Iné+2In(2+1/¢)+1n(9/32)),

we have _
P{CY /m —ya| <eforalli=1,...,n}>1—34.

Proof. Since m = [3/(2¢)], we have, from relation (16),

jco -1 =™ h—ﬂ? < (23—8+ 1)? _ (31828)@
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FIGURE 1: Bound comparison of the parallel convergence time for the proportion problem. For each n, we
simulate the parallel convergence time (crosses) using 10° experiments. We also compute the two upper
bounds on the parallel convergence time obtained in [11] (dashed line) and in Theorem 4 (solid line). For
each experiment the initial proportion of agents starting with A is a uniform random number in [0, 1] and
we have taken 8§ = 10~ and & = 102, which gives m = 150. Note the logarithmic scale of the x-axis.

By choosing K = (3 + 2¢)./n/(2¢), we obtain

3+ 6¢

21n(1<+ﬁ)=21n[(

We are now able to apply Theorem 3, which, for all § € (0, 1) and for all
t>(m—1)(Inn—Ind+2In(2+4 1/e) +1n(9/32)),

leads to
P{IC; — Llloo =3/2} <6

or equivalently, since £ = y4m, to

)ﬁ} —Inn+2In(3/4)+21In (2 + 1/e).

P{CY /m — ya| <3/2m) foralli=1,...,n}>1—34.

The fact that m > 3 /(2¢) completes the proof.

O

In Figure 1 we compare our new bound on the convergence time obtained in Theorem 4 for
the proportion problem with that obtained in [11]. One can observe that we have considerably
improved it. As usual, the parallel convergence time is the convergence time divided by the

number n of agents.
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4.2. Solving the system size problem

We now address the system size problem and suppose that each agent knows n4. We prove
that each agent is able to determine either the exact value of the number n of agents or an
approximation of this number, depending on the initial input value m with arbitrarily high
probability.

We introduce the following two functions, wmin and wmax, which will be used by each node
to get the lower and the upper bound of n, respectively. They are defined, for all integers k, by

Inam +00 ifk<l,
Wmin(k) = ’72]( n 3—‘ and  wmax(k) = L 2nam J k>0
2k—3 -

We start with a general result on the convergence time for the system size problem.
Lemma 7. For all § € (0, 1), for all positive integers m and ny, and for all
t>(n— 1)(ln(m\/nA(1 —ny/n)+ @ —Iné —1In 2),

we have ' '
P{wmin(C”) <1 < omax (C\”) foralli=1, ..., n} > 1 —8.

Proof. From (15), we obtain ||Cy — L|| <my/na(1 —ny/n). Applying Theorem 3 with
K =m+\/na(1 —ny/n), we get

P{ICt — Llloo <3/2} = 1 =36, A7)

for all t>(n— 1)(ln (ma/na(1 —na/n) + /n) —Ind —In 2). Then, recalling that £ =ngm/n
and using the fact that

IC, — Lllos <3/2 <= foralli=1,...,n, C”—3/2<nam/n<C?+3/2,  (18)
we deduce first that, for all i=1,...,n, nAm/(Cgi) +3/2) <n, which implies that
omin(C}) = [nam/(C}” +3/2)] <n.

By definition of wmax, if Cgi) <1, then obviously in that case n < wmax(C;i)). If Cgi) >2,
we deduce from relation (18) that n < nAm/Cﬁi) —3/2, which means that n < LnAm/(Cgi) -
3/2)] = wmax(C""). We have thus shown that, for all

t> (n— D)(In (my/na(1 — na/n) + /n) — In 8 — In 2),
we have
IC: = Llloo < 3/2 = 0min(C”) <n < 0max (C”)  foralli=1,...,n.  (19)
The use of relation (17) completes the proof. O

Suppose that an upper bound N of n is known. Then we prove that with arbitrarily high
probability, after a given number of interactions (computed below), any agent i can locally
; ; Wy Dy _
compute the exact system size 7, i.e. Omin(C; ') = 0max(C; ) = n.

Theorem S. For all § €(0, 1), for all positive integers ny and N with n <N, by taking
m>3N(N + 1)/na, we have, forallt > (n— 1)(Inng + 21Inm — In §),

P{@min(C\”) = omax (C”) =n forall i=1,...,n} > 1-4.
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Proof. Since n < N, the condition on m gives 3n(n+ 1) <nam or equivalently to 3n? <
nam — 3n. Multiplying each side of this inequality by 4nsm/n”, we obtain

12nam < Qnam/n)> — 12nam/n = 4(nam/n — 3/2)> — 9. (20)

On the other hand, from (15), we have ||Co — L|| <m+/na(1 —na/n). Using the fact that
V1 —x<1-—x/2,forall x <1, we get

1Co—L|| < nAm(l - ”—A).
2n

Letting K denote this upper bound of ||Co — L| and using successively the condition mny >
3n(n + 1) and the fact that n4 > 1, we obtain
3n+1) _

K+ﬁ: /nAm+«/_—mn/;—n 'nASA/nAm—F\/E— 5 < Jnpm.
Using this inequality in Theorem 3, we get, forall t> (n — 1)(Inng +2Inm —1nd —In2),
PUIC: — Llloo <3/2} = 1 —34.
Observe now that ||C; — L||s < 3/2 implies that ngm/n —3/2 < c}"), for all i, which in turn
implies, from (20), that
0 < 12n4m < 4(nam/n —3/2)* —9 < 4(C)* —9,
in which we used the condition m > 3n(n + 1)/n4 to ensure that ngm/n — 3/2 > 0. Combining
these two results and using the definitions of the integer functions wmin and wmax, we obtain
12 2 2
5 = e
472 -9 2C;7 -3  2C7+3

= omar (€)= Omin(C1”) < 1= 0mar (CF) = 0min (1)

1€ = Lljoo <3/2=

From (19) in Lemma 7, we also have
IC = Llloo <3/2 = 0min(C\") <n < omax(C)  foralli=1,...,n.

Thus . .
1= 8 <P{IC — Llloo <3/2} < P{omin(C}”) = omax(C1”) =n}.

This completes the proof. (]

5. Conclusion

In this paper we have presented a thorough analysis of the bound on the convergence time of
average-based population protocols, and applied it to both the proportion problem and the sys-
tem size problem. Thanks to a well-chosen stochastic coupling, we have considerably improved
existing results by providing explicit and tight bounds on the time required to converge to the
solution of these problems. Numerical simulations illustrate the tightness of our bounds on
convergence times.

A possible extension of this work would be to consider more general graphs for the interac-
tions between agents, instead of the complete graph used in this paper. Another future direction
would be to deal with a continuous-time model in which interactions occur at the transition
times of a Poisson process, or more generally at the transition times of a phase-type renewal
process which preserves the Markov property.

https://doi.org/10.1017/jpr.2020.97 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2020.97

410

[1]
[2]
[3]
[4]
[5]
[6]

[7]
[8]

[9]
[10]

(11]

[12]

[13]

Y. MOCQUARD ET AL

References

ALDOUS, D. AND LANOUE, D. (2012). A lecture on the averaging process. Prob. Surv. 9, 90—102.

ALDOUS, D., LANOUE, D. AND SALEZ, J. (2015). The compulsive gambler process. Electron. J. Prob. 20, 35.
ALISTARH, D., GELASHVILI, R. AND VOINOVIC, M. (2015). Fast and exact majority in population protocols.
In Proceedings of the 34th Annual ACM Symposium on Principles of Distributed Computing (PODC 2015),
pp. 47-56. ACM.

ANGLUIN, D., ASPNES, J., DIAMADI, Z., FISCHER, M. AND PERALTA, R. (2006). Computation in networks
of passively mobile finite-state sensors. Distrib. Comput. 18, 235-253.

BROOM, M. AND CANNINGS, C. (2013). A dynamic network population model with strategic link formation
governed by individual preferences. J. Theoret. Biol. 335, 160—168.

CORDASCO, G. AND GARGANO, L. (2017). Space-optimal proportion consensus with population protocols.
In Stabilization, Safety, and Security of Distributed Systems (SSS 2017) (Lecture Notes Comput. Sci. 10616),
pp- 384-398. Springer, Cham.

HASLEGRAVE, J. AND PuULJIZ, M. (2017). Reaching consensus on a connected graph. J. Appl. Prob. 54,
181-198.

LANOUE, D. (2015). The iPod model. Electron. J. Prob. 20, 64.

LIGGETT, T. M. (1985). Interacting Particle Systems. Springer, New York.

MOCQUARD, Y., ANCEAUME, E., ASPNES, J., BUSNEL, Y. AND SERICOLA, B. (2015). Counting with pop-
ulation protocols. In Proceedings of the 14th IEEE International Symposium on Network Computing and
Applications (NCA 2015), pp. 35—42. IEEE.

MOCQUARD, Y., ANCEAUME, E. AND SERICOLA, B. (2016). Optimal proportion computation with population
protocols. In Proceedings of the 15th IEEE Symposium on Network Computing and Applications (NCA 2016),
pp. 216-223. IEEE.

MOCQUARD, Y., SERICOLA, B. AND ANCEAUME, E. (2020). Probabilistic analysis of rumor spreading time.
INFORMS J. Computing 32, 172-181.

SAUERWALD, T. AND SUN, H. (2012). Tight bounds for randomized load balancing on arbitrary network
topologies. In Proceedings of the 53rd IEEE Annual Symposium on Foundations of Computer Science (FOCS
2012), pp. 341-350. IEEE.

https://doi.org/10.1017/jpr.2020.97 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2020.97

	Introduction
	The model
	Convergence time of average-based algorithms
	A first bound on the convergence time
	The shadow process and the main result

	Applications
	Solving the proportion problem
	Solving the system size problem

	Conclusion
	References

