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Abstract— We consider continuous-time consensus systems
whose interactions satisfy a form or reciprocity that is not
instantaneous, but happens over time. We show that these
systems have certain desirable properties: They always converge
independently of the specific interactions taking place and there
exist simple conditions on the interactions for two agents to
converge to the same value. This was until now only known
for systems with instantaneous reciprocity. These result are of
particular relevance when analyzing systems where interactions
are a priori unknown, being for example endogenously deter-
mined or random. We apply our results to an instance of such
systems.

I. INTRODUCTION

We consider systems where n agents each have a value
x; € R that evolves according to

T = Z ai;(t)(x;(t) — zi(t)), (D

where the a;;(t) > 0 are non-negative functions of time. This
means that the value of z; is continuously attracted by the
values of the agents j for which a;;(t) # 0. These systems
are called consensus systems because the interactions tend
to reduce the disagreement between the interacting agents,
and because any consensus state where all z; are equal is
an equilibrium of the system. Analogous systems also exist
in discrete time [14], [20], [27]. Consensus systems play
a major role in decentralized control [16], data fusion [3],
[30] and distributed optimization [9], [21], but also when
modeling some animal [7], [28] or social phenomena [5],
[17].

General convergence results for consensus systems involve
connectivity assumptions that are hard to check for state-
dependent interactions, and do not allow treating clustering
phenomena. As detailed in the state of the art, more recent
results guarantee convergence to one or several clusters under
various assumptions on the symmetry or reciprocity of the
interactions. All these reciprocity properties have however
to be satisfied instantaneously and at every time. We extend
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them to treat systems where reciprocity is not instantaneous
but happens on average over time.

This extension only holds under certain assumptions on
the way reciprocity occurs. Indeed, non-instantaneous reci-
procity may fail to ensure convergence and lead to oscillatory
behaviors when the interaction weights are not properly
bounded, or when the time periods across which it occurs
grow unbounded (see Section III-B for an example). To prove
our result we show that, for an appropriate sequence of
times tj, the states x(t;) can be seen as the trajectory of
a certain discrete time consensus system. By analyzing the
effect of each matrix of this system on some artificial initial
conditions, we obtain bounds on their coefficients, and show
that this system satisfies reciprocity conditions guaranteeing
convergence.

The rest of the paper is organized as follows. The introduc-
tion includes a state of the art on consensus systems, a section
pointing out the interest of non-instantaneous reciprocity
and a summary of our contributions. Section II formally
introduces the system that we are considering and presents
our main results. Examples illustrating our results and the
necessity of an underlying assumption are then presented
in Section III. In Section IV, we demonstrate the use of our
results on a specific multi-agent applications. Sections V and
VI contain the proofs, and we finish by some conclusions in
Section VII.

State of the art

Consensus systems have been the object of many studies
during the recent years, focusing particularly on finding
conditions under which the system converges, possibly to
a consensus state, but also on the speed of convergence.
Classical results typically guarantee convergence to consen-
sus under some (repeated) connectivity conditions on the
interactions, see for example [14], [20], [29] or [22], [23]
for surveys.

Different recent works have shown that stronger results
hold when the interactions satisfy some form of reciprocity.
Hendrickx and Tsitsiklis have for example introduced the
cut-balance assumption on the interactions [13], stating that
there exists a K such that for every subset S of agents and
time ¢, there holds

Y oat) <K Y aj(t). )
i€S,j¢S 1€5,j¢S

This assumption can actually be shown to mean that when-
ever an agent ¢ influences agent j indirectly, agent j also
influences agent ¢ indirectly, with an intensity that is within a



constant ratio of that of ¢ on j. Particular case of this assump-
tions include symmetric interactions a;; = a;;, bounded-
ratio symmetry a;; < Kaj;, or any average-preserving
dynamics »_; a;; = >_; aj; for every i. It was shown in [13]
that systems satisfying the cut-balance assumption (2) always
converge, though not necessarily to consensus. Moreover,
two agents’ values converge to the same limiting value if they
are connected by a path in the graph of persistent interactions
(also called unbounded interactions in the literature) , defined
by connecting ¢ and j if |, tO:oo a;;(t) is infinite. These results
allow analyzing the convergence properties of systems with
relatively complex interactions; see the discussion in [13] for
an example in opinion dynamics, or [8] for an application to
system involving event-based ternary control of second order
agents.

Martin and Girard have later shown [18] that in the
case of convergence to a global consensus, the cut-balance
assumption could be weakened, allowing for the interaction
ratio bound K to slowly grow with the amount of interactions
that have already taken place in the system. They also
provide an estimate of the convergence speed in terms of
the interactions having taken place.

Related convergence results were also proved for systems
involving a continuum of agents under a strict symmetry
assumption in [11]. Finally, we note that similar results of
convergence under some reciprocity conditions have been
obtained for discrete time consensus systems, see for exam-
ple [2], [15], [20], [25], [26]. However, none of these results
allow for non-instantaneous reciprocity.

Non-instantaneous reciprocity

All the results taking advantage of reciprocity require
the reciprocity condition to be satisfied instantaneously at
(almost) all times. They would thus not apply to systems that
are essentially reciprocal, but where the reciprocity may be
delayed, or happen over time. In systems relying on certain
wired or wireless network protocols, agents may be unable
to simultaneously send and receive information, resulting in
loss of instantaneous reciprocity, even if the interactions are
meant to be reciprocal. Non-instantaneous reciprocity also
arises in a priori symmetric systems where the control of the
agents is event-triggered or self-triggered. Indeed, suppose
that at some time the conditions are such that agents ¢ and
7 should interact. It is very likely that one agent will update
its control action before the other, so that during a certain
interval of time the actual interactions will not be symmetric.

Similar problems are present in systems prone to oc-
casional failures, or unreliable communications, where the
communication between two agents can temporarily be in-
terrupted in one direction for a limited amount of time.

Issues with non-instantaneous reciprocity may also arise
in swarming processes or in any multi-agent control problem
due to the limited scope of sensors. Suppose indeed that the
sensors are not omnidirectional, as it is for example the case
for human or animal eyes. It is then generally impossible for
an agent to observe all its neighbors at the same time. The
same issue arises if the agent can only treat a limited number

of neighbors simultaneously. A natural solution is then to
observe a subset of the neighbors and to periodically modify
the subset being observed. This can for example be achieved
by continuously rotating the directions in which observations
are made. In that case, even if the neighborhood relation is
symmetrical, it is again highly likely that an agent ¢ will
sometime observe an agent j without that j is observing ¢
at that particular moment, but that j will observe ¢ later. In
all these situations, one could hope to take advantages of
the essential reciprocity of the system design even if this
reciprocity is not always instantaneously satisfied.

Contributions

We show in our main result (Theorem 1) that the conver-
gence of systems of the form (1) is still guaranteed if the
system satisfies some form of non-instantaneous reciprocity,
or reciprocity on average. More specifically, we assume
that the cut-balance condition (2) is satisfied on average
on a sequence of contiguous intervals. These intervals can
have arbitrary length, but the amount of interaction taking
place during each of them should be uniformly bounded.
Under these assumptions, we show that the system always
converges. Moreover, two agent values converge to the same
limit if they are connected by a path in the graph of
persistent interactions, defined by connecting two agents @, j
if [, aij(t)dt is infinite.

We also particularize our general result to systems sat-
isfying a form of pairwise reciprocity over bounded time
intervals. This particularized result is more conservative, but
often easier to check. We illustrate it on an application.

II. PROBLEM STATEMENT AND MAIN RESULT

We study the integral version of the consensus system (1):
t n
zi(t) = x;(0) + / > aij(s)(xj(s) — zi(s))ds,  (3)
[
j=1

where for all 4,5 € N = {1,...,n}, the interaction weight
a;; is a non-negative measurable function of time, summable
on bounded intervals of R™. There exists a unique function
of time x : RT — R™ which satisfies for all t € R the
integral equation (3), and it is locally absolutely continuous
(see Theorem 54 and Proposition C.3.8 in [24, pages 473-
482]). This function is actually the Caratheodory solution to
the differential equation (1) and can equivalently be defined
as absolutely continuous function satisfying (1) at almost all
times. We call it the trajectory of the system.

Following the discussion in section I, we introduce a new
condition that allows for non-instantaneous reciprocity of
interactions, i.e., we only require that the reciprocity occurs
on the integral weights [ a;;(s)ds over some bounded time
intervals.

Assumption 1 (Integral weight reciprocity): There exists
a sequence (t,)pen of increasing times with lim,_, o ¢, =
+o00 and some uniform bound K > 1 such that, for all non-



empty proper subsets S of A/, and for all p € N, there holds

tpt+1 tp+1
/ aij(t)dt S K Z / aji(t)dt. (4)
i€S,jgs "7 e i€s,jgs e

Assumption 1 generalizes most types of reciprocity found
in the consensus literature. In particular, it generalizes the
cut-balance assumption (2) developed in [13] and discussed
in the Introduction.

We will see in a simple example in section III-B that
Assumption 1 alone is not sufficient to guarantee the con-
vergence of the system. We need to further assume that
the integral of the interactions taking place in each interval
[tp, tp+1] is uniformly bounded.

Assumption 2 (Uniform upper bound on integral weights):

The sequence (t,) used in Assumption 1 is such that

tpt1
/ A4 (t)dt S M,
t

holds for all 4,7 € A/, p € N and some constant M.

We now state our main result, whose proof is sketched in
Section V.

Theorem 1: Suppose that the interaction weights of sys-
tem (3) satisfy Assumptions 1 (integral reciprocity) and 2
(upper bound on weight integral). Then, every trajectory x
of system (3) converges.

Moreover, let G = (N, E) be the graph of persistent
weights defined by connecting (j, i) if [, a;;(t)dt = +oc.
Then, there is a directed path from ¢ to j in G if and only if
there is a directed path from j to ¢, and there holds in that
case limy_, o0 ;(t) = limy—s00 2 (t).

The second part of the theorem implies that there is a local
consensus in each connected component ! of the graph G of
persistent interactions.

Checking that an actual decentralized system satisfies
Assumptions 1 and 2 may sometimes be nontrivial, as these
assumptions involve global conditions on specific time peri-
ods. When the interactions between agents are decentralized
and depend on local parameters, the period over which
the interactions between one pair of agents can be deemed
reciprocal does not necessarily correspond the period over
which the interactions between another pair of agents is
reciprocal. One may then find it uneasy to select appropriate
times ?,, guaranteeing the reciprocity conditions for all pairs
of agents simultaneously on the same intervals [t,, tpt1].

We therefore introduce a new local assumption that we
will show to be more conservative than Assumptions 1 and
2 when interactions are bounded. It requires that whenever
an agent j influences an agent ¢ at some time ¢, both agents
should influence each other with a sufficient strength across
a certain time interval around ¢.

'A connected component is a subgraph in which any two nodes are
connected to each other by at least a path, and which is connected to no
other nodes in the graph.
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Fig. 1. Representations of the interactions taking place in example 1 (a)
and in example 2 (b) in Section III-A, and of the connected components of
the graph of persistent interactions, in which local consensuses occur.

Assumption 3 (Pairwise reciprocity): There exist constant
e,T > 0 such that for every i,j € N and ¢, if If a;;(t) > 0,

then there exists tijstij such that

a) ty; *L‘j <T,

b) t € [Ly;, 1], ~

c) fttj a;j(t)dt > ¢ and fttj aji(t)dt > e.

Theorem 2: Suppose that the interaction weights a;;(t) of
system (3) satisfy Assumption 3 and are uniformly bounded
by some constant M. Then they satisfy Assumptions 1 and
2, and the conclusions of Theorem 1 hold.

Remark 1: Theorem 1 and Theorem 2 are stated for
systems where the coefficients a;;(t) only depend on time,
and the proof of Theorem 1 actually uses that fact. However,
these results can directly be extended to solutions of systems
with state-dependent coefficients d,;(¢, ). Indeed, suppose
that x is a solution of

x;(t) = z(0) +/O aij(s,x(s))(xj(s) — xi(s))ds, (5)

then z is also a solution the linear time-varying systems
(3) with ad hoc coefficients a;;(t) = a;;(t,x(t)), to which
Theorem 1 applies. Similar extensions apply to randomized
weights a;;. Note however that the existence or uniqueness of
a solution to nonlinear systems of the form (5) is in general
a complex issue.

Finally, one can easily verify that Theorem 1 and Theorem
2 can be extended when the agent values x; are in R"
provided that the weights a;; remain scalar. It suffices indeed
in that case to apply the result to each component of the x;.

III. EXAMPLES

A. System with non-instantaneous reciprocity

In this Section, we present two simple 4-agents systems
whose convergence can be established by Theorem 1 and by
no other result on consensus available in the literature.



Example 1:

Our first example is depicted in Fig. 1(a). It contains two
weakly interacting subsystems, inside each of which two
agents succesively attract each other. More specifically, the
interactions start at time ¢ = 2 and are defined as follows:
For every p > 1,

o ifte [2]), 2p + 2}, (12 = Q2] = Q34 = Q43 = 1/]92,

o if t € [2p,2p+ 1], aga = ag1 = 1/p,

e ifte2p+1,2p4+2], asz3 = a14 = 1/p,
and all values of a;;(¢) that are not epxlicitly defined
are equal to 0. One can verify that this system satisfies
Assumptions 1 and 2 with ¢, = 2p, K =1 and M = 2.
We can thus apply Theorem 1 to establish its convergence.
The graph of persistent interactions can also easily be built
and contains the edges (2, 3),(3,2),(1,4) and (4, 1). There
are thus two connected components {2,3} and {1,4}, and
two local consensuses x5 = x5 and 2] = zJ.

On the other hand, notice that the system does not satisfy
any instantaneous reciprocity condition, so none of available
reciprocity-based results applies. Moreau’s result does not
apply either due to the weak interactions in 1/p? between
the subsystems (the interactions are not lower bounded ; see
section 3.3 in [18] for a detailed explanation). Observe also
that our result also applies if the interactions are interrupted
during arbitrarily long periods. Suppose indeed that the
interactions defined above do not take place during the
intervals [2p,2p + 1] and [2p + 1,2p + 2] but during the
intervals [p?, p? + 1] and [p? + p,p? + p + 1]. Assumptions
1 and 2 still apply with ¢, = p?.

Example 2:

The second example involves a chain of four agents, which
are attracted by their higher index neighbor for ¢ € [2p, 2p+
1] and their lower index neighbor for ¢ € [2p+1,2p+ 2], as
depicted in Figure 1(b). Moreover, the ratios between weights
of the different interactions grow unbounded.

Specifically, the interactions start again at ¢ = 2, and for
each p > 1,

o ift€[2p,2p+1], a12 = 1/p% as3 =1/p and azs = 1

o ift € 2p+1,2p+ 2], azy = 1/p? azx = 1/p and

43 = 1

and all values of a;;(t) that are not explicitly defined are
equal to 0. One can verify again that Assumptions 1 and 2
with ¢, = 2p, K = 1 and M = 2, so that the convergence of
the system follows from Theorem 1. The graph of persistent
interactions contains the edges (2, 3), (3,2), (3,4) and (4, 3),
resulting in a local (trivial) consensus of agent 1, and a
consensus between agent 2, 3 and 4.

Again, the system satisfies no instantaneous reciprocity
condition, so none of available reciprocity-based results
applies. Moreover, all the results of which we are aware and
that do not rely on reciprocity require the interaction to be
bounded from above and from below (see [19] for example).
Since the ratios between the values of agy4, as3 and aszs, ass

grow unbounded, it would thus be impossible to apply them
even to the connected component {2, 3,4}, including if we
re-scale the values of the coefficients by scaling time.

Besides, Theorem 1 would again apply exactly in the same
way if the interactions were interrupted during arbitrary long
periods of time

B. Oscillatory behavior under integral reciprocity - Neces-
sity of Assumption 2.

The following Proposition formalizes the fact that As-
sumption 1 alone is not sufficient to guarantee convergence.

Proposition 3: There exist systems of the form (3) sat-
isfying Assumption 1 (integral reciprocity) and that admit
trajectories that do not converge.

To prove the Proposition, we present a 3-agent system which
satisfies Assumption 1 (reciprocity) but whose trajectory
does not converge. The idea is to have one agent (2)
oscillating between two agents (1 and 3) that succesively
attract the former while remaining at a certain distance from
each other, as depicted in Fig. 2. Agent 1 starts influencing
2. Since we only impose integral reciprocity, a1s and ao; do
not have to be non-zero simultaneously. Also, because there
is no uniform bound on influence, the distance between 2
and 1 has become arbitrarily close to 0 when agent 2 starts
influencing back. So the overall influence of agent 2 over 1,
this is [ a1z - (x2 — 1), is also arbitrarily small. This leads
to an actual influence of 1 over 2 but not of 2 over 1. The
same happens between 3 and 1, leading to convergence of 1
and 3 to distinct limits and oscillations of 2. We now present
the formal proof.

Proof: Let (p,)pen be a non-decreasing sequence such
that p, > 1, for all p € N. Let us consider a multi-agent
system with 3 agents where z1(0) = 0, 22(0) = 1/2 and
23(0) = 1 and with the dynamics given by system (3) with
weights

ift € [dp,4p + 1), az1(t) = pp,
ifte[dp+1,4p+2), ai2(t) = pp,
if t € [dp+2,4p+3), aas(t) = pp,
if ¢ € [4p+ 3,4p+ 4), agg(t) = pp,

where only the non-zero weights have been detailed. Figure 2
illustrates the dynamics of this system.

Here, Assumption 1 holds with K = 1 for ¢, = 4p. It
is easy to see that x(t) is non-decreasing, x3(t) is non-
increasing and for all ¢ > 0, z1(t) < z3(t) < z3(t).
Integrating the dynamics of the system, we can show that
for all p € N:

z1(dp+4) = 21(4p+2) <z2(dp+2) = 22(4p+1)
(1 —e™Pr)zi(4p) + e~ Praa(4p)

(1 —e7Pr)ay(dp) + e~ ra3(0),

IA

and that

r3(4p +4) T2(4p +4) = w2(4p + 3)
e Prag(dp+2)+ (1 —e Pras(dp+2)
e Pray(4p) + (1 — e Pr)z3(4p)

e Prz1(0) + (1 — e Pr)a3(4p).

VIV IV
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Fig. 2. Dynamics of the 3-agent system.

Combining the two previous results and initial conditions
gives us

1+ (z3(dp+4)—z1 (4p+4)) = (1—e" ") (1 + (z3(4p) — 71 (4p)) -

We observe that term 1 + (z3(4p) — x1(4p) decreases
more slowly than a geometric sequence of scale factor
(1 — e~ *»). Taking a sequence p, growing sufficiently fast
(and thus breaking the uniform bound Assumption 2) leads
to convergence of this term arbitrarily close its initial value
2. Then, (x3(4p)) and (x1(4p)) do not converge to the same
value. As a consequence, one can verify that x5 will keep
oscillating between x; and x3. Hence, the system does not
converge. ]

IV. APPLICATION TO MOBILE ROBOTS WITH
INTERMITTENT ULTRASONIC COMMUNICATION

In this section we apply our results to a realistic system of
mobile robots evolving in the plane R? and communicating
using ultrasonic sensors. These sensors make for an afford-
able and thus widespread contactless mean of measuring
distances [4], but are subject to certain limitation as detailed
below. The objective of the group of robots is to achieve
practical rendezvous, i.e. all robots should eventually lie in
a ball of a certain maximal radius (see e.g. [6]). The robots
have several functional constraints. The ultrasonic sensors
in use are not accurate when measuring distances smaller
than a radius dy > 0, thus we assume that the robots cannot
make use of such measures and are blind at short range.
Also, the robots’ engines are limited and the velocity of each
robots cannot exceed a maximum of x> 0 in norm. Most
importantly, in order to save energy, the robots activate their
sensors intermittently, and in an asynchronous way: Robot
i wakes up at every time t:, and monitors its environment
over the time-interval [t} t% +0uin], for some dpin > 0. (For
simplicity, we take the same &3, for every robot, but this
is not crucial for our result). In addition, we assume that the
sequence (t}c) satisfies t}:C 1 t}; € [5min;5n1az] for every
k € N, for some 40 > Omin, and tg < dpaq-

We will provide a simple control law for the robots ensur-
ing some form of non-instantaneous reciprocity. Our result in
Section II will then allow us to establish (i) the convergence

(2] saivaserr |

t=t,
=t,
@ deactivate sensor J

dl

dO

i
¥ \ t= tk + 6min
@ deactivate sensor J t= tl]1 +0 min

j t=t]

Fig. 3. Representations of the interactions taking place in the group
of mobile robots with intermittent ultrasonic communication presented in
Section IV. Events 1, 2 and 3 occur successively and so do events 4, 5
and 6. Event 4 occurs after event 1 and the following condition holds :
t';L c [t};,t”ﬁC + Omaz]. When 2 occurs, a;;(t) > 0 and when 4 occurs
aj;(t) > 0. Proposition 4 provides conditions which guarantee that event
4 always takes place when event 2 has occurred, this ensures interaction
reciprocity.

of all robot positions, and (ii) asymptotic practical consensus,
that is, all robots eventually lie at a distance from each
other smaller than a certain threshold. This threshold is
proportional to dj, the distance below which robots cannot
sense each other. Since it converges, the system will not
suffer from infinite oscillatory behaviors as in the example
presented in Section III-B. To the best of our knowledge,
such results cannot be obtained with any other convergence
result available in the literature.

Our control law can be expressed as the following satu-
rated consensus equation:

F(t) = sat 3 byy(0)(a; (1) — wil0)), ®)

JEN

where the b;;(t) will be specified later, and the function sat :
R™ — R" is defined by

x
sat(r) = #oyey Al Z a
T otherwise.

The saturation guarantees that the velocity of each robot
remains below its limit. We now explicit how the interaction
weights b;; are set. The idea is represented in Fig. 3: Agent
i sets b;;(t) to 1 when it starts monitoring the environment
if its distance to j is larger than some appropriate radius
d1 > dy (engage), or if its distance to j is larger than d
and j has recently set b;;(t) to 1 because it was at a distance
larger than d; from ¢ at that time (reciprocate). The latter
part of the algorithm is designed to ensure reciprocity, and
the presence of d; is needed to ensure that that ¢ and j remain
sufficiently distant for measurement to be made when % or j
need to reciprocate.

Formally, we set b;;(t) = 0 by default, and set it to 1 in
two cases:



i engages
3k € N, t € [th, th + Sminl, lzi(t}) — z;(ED) || > di (7)
1 reciprocates

3h € Nt € [t], 1], + Sminl, [|lzi(t) — 2;(t)]| > do and
Ik € N, tj, € [t, — Omaa, 1), li(t}) — 25(6)|| = du.
8

Remark 2: Condition (7) can be easily implemented. To
implement condition (8), ¢ has to keep in memory the last
activation time ¢] at which the distance between ¢ and j
was higher than d;. This could for example be achieved by
having j sending a message to i at ¢,

Under these communication rules, we have the expected
result :

Proposition 4: Consider system (6) where interaction oc-
curs according to conditions (7) and (8). Also assume there
holds

Then, the group of robots asymptotically achieves practical
rendezvous: =} = lim;_, o, x;(t) exists for every ¢ € N, and

t—o0

where A(t) = max; jen ||z (t) — x;(t)]].

Proof: Observe first that system (6) can be rewritten
under the form of system (3) with

_ B bis(t)
1) bi(®) (@ (t) — (1))

keN

i 1| e b (D@ () — 2o(0)]| > p and agy(t) = bis(0)
otherwise. Since b;;(t) = 0 whenever |2 (t) — z;(t)|| < do,
a;; is upper bounded and thus is a non-negative measurable
function, summable on bounded intervals of R+.
Moreover, since A(t) = max; jen ||z:(t) — x;(t)|] is
clearly nonincreasing, it follows from the definition of a;;(¢)

that
aij(t) > by (t) min (nAIu(O) 1) ,

where A(0) is the initial group diameter.

In order to apply Theorem 2, we now show that the system
under intermittent ultrasonic communication described above
satisfies Assumption 3 with

(1)

. 6min:u
€ = min (TLA(O),(S"””) and T = 20,42-

Let ¢ > 0 such that a;;(¢) > 0. Then, b;;(¢) > 0 and at
least one among conditions (7) and (8) is satisfied. Suppose
first that condition (7) is satisfied and denote by k the integer
such that ¢ € [t t} +0,,:n]. Clearly, condition (7) also holds
for every s € [ttt} + Smin)-

We set t,;; = £, and &;; = £}, +20maz > t},+0pmin. Clearly,

there holds t € [tij,fijL and £;; —t;j < 20maz =T, so that

conditions (a) and (b) of Assumption 3 hold. Moreover, the
non-negativity of a;; implies that

Lij th +0min
/ a;j(s)ds > / a;j(s)ds
¢

i
Lij tl,

/14 t’;i"l‘(snlin

P
. Omin ft
A AN 5m1n =¢,
min (n A(0)
where we have used (11) and the fact that b;;(s) = 1 for
all s € [ti,t} + dpin] since we have seen that condition
(7) holds for those values. There remains to prove that
ftt” a;i(s)ds > €.

Since tflﬂ — t{L < Gmaz for all h € N and t} < Smazs
there exists h € N such that #], € [t} t}, + Omaz), and thus
[th, 17 4 Omaz) € [thsth, + 20maz] = [t;;,ti;]. We show
that the reciprocate condition (8) is satisfied for every s €
[t},:t, + Omaz]. The second part of the condition directly
follows from 5 € [ti,ti 4 6,nas]. For the first one, observe
that ||4;|| < u (and the same holds for j), and that ||x;(t;) —
x;(tg)|| > di by assumption. Therefore, for any time s €
[t] 6] + Omaz] C [th, th + 20,42], We have

lzi(s) =@l = [lwi(te) — ()| — 410maz

> di — (di —dp) = do

Y

for every s € [t{l,ti + Omazx), Where we have used (9). As
a consequence, the first part of condition (8) also holds,
implying that b;;(s) = 1 for every s € [t],t] + Sy We
get again

o L t) +min
aj;(s)ds > min (, 1> / bij(s)ds = ¢,
\/t.. ! nA(0) thi !

1]

which achieves to show that Assumption 3 holds in that case.

Suppose now that a;;(t) > 0 because Condition (8)
is satisfied at ¢ for ¢,j. Then one can easily verify that
condition 7 was satisfied for j,¢ for all s € [t?,t? + Omin)
for some t? € [t — dmaz,t], and an argument symmetric
to that we have developed above shows that Assumption 3

also holds.

Since the weights a;;(t) are upper-bounded, applying
Theorem 2 (or more precisely its direct extension to R?,
see Remark 1) shows that (i) the system converges: z; =
limy_, oo @;(t) exists for every 4, and (ii) =z} # x} only if
fooo aij(t)dt < 00.

To conclude the proof, suppose, to obtain a contradiction,
that lim; o A(t) > dy, and thus that ||z} — x| > d; for
some i, j. The continuity of = implies that ||x;(t) —x; (¢)|| >
dy for all ¢ > s for some s, and in particular for all £} > s. It
follows then from the engage rule (7) that b;;(t) would be set
to 1 on infinitely many time intervals of length at least 4,
Besides, it follows from (11) that a;; and b;; remain within
a bounded ratio, so that we would have fooo a;j(t)dt = oo.



However, we have seen that =} # z7 only if Jo~ aij(t)dt <
00, so there should hold z} = x;‘f, in contradiction with our
hypothesis. We have thus lim;_, o, A(t) < dj. [ |

Note that it is actually possible to have the robots con-
verging to final positions within distances smaller than the
dy from Proposition 4 from each other. This can be achieved
by decreasing their maximal speed p and the distance d;
when approaching convergence. Such more evolved control
laws are however out of the scope of this section, where our
goal was to demonstrate the use of our results from Section
1L

V. PROOFS

Before we prove Theorem 1, we provide several intermedi-
ate results. Our proof uses the following result on cut-balance
discrete-time consensus systems.

Theorem 5: Let y : N — R”™ be a solution to

n

yip+1) = by ()y;(p),

Jj=1

where b;;(p) > 0 and 377, b;;(p) = 1. Suppose that the
following assumptions hold:

12)

a) Lower bound on diagonal coefficients: There exists a
B > 0 such that b;;(p) >  for all 4, p.

b) Cut balance: There exists a K’ > 0 such that for every
p and non-empty proper subset .S of N, there holds

D b)) <K' Y bulp).

i€8,j¢8 i€S,5¢8S

(13)

Then, y; = lim, o y;(p) exists for every i. Moreover,
let G'(NV, E) be a directed graph where (j,7) € E whenever
Z;o:o b;j(p) = +o0. There is a path from ¢ to j in G if and
only if there is a path from j to 4, and in that case there
holds y; = y;.

Theorem 5 is related to Theorem 1 in [25] for stochastic
systems, and extends a part of Theorem 2 in [12], which
also requires the existence of a uniform lower bound on the
positive coefficients b;;, that is, the existence of a B3’ such that
bij(p) > 0 = b;;(p) > B’ . While this condition may appear
minor, its absence is actually essential for our purpose, as
it is in general not satisfied in the context of our proof. We
provide in Section V-A a proof of Theorem 5 based on an
idea used in [26]. We then complete the proof of Theorem
1 in Section V-B.

A. Proof of Theorem 5

It follows directly from Lemma 1 in [13] that every weakly
connected component of G’ defined in Theorem 35 is strongly
connected, that is, that there is a path from ¢ to j if and only
if there is a path from j to <.

We let B(p) be the (stochastic) matrix containing all
coefficients b;;(p), that is, [B(p)li;; = bi;(p). For ¢ > p,
we also let Blg : p] = B(¢)B(¢g —1)...B(p + 1)B(p).

Observe that (12) can be rewritten as y(p + 1) = B(p)y(p)
or y(p) = B[p : 0Jy(0). We now call C¢ the set of matrices
B € R™*" such that [B);, = [B];i for every k if (j,i) € E,
where E is the set of edges of the graph G'(N, E’) defined
in the statement of Theorem 5. Observe that C/ is a linear
subspace of R™*™. Moreover, since y(p) = Blp : 0]y(0), the
conclusion of Theorem 5 is equivalent to the convergence of
Blp : 0] to a stochastic matrix B* € Cgy.

For given K’ > 0 and 8’ > 0, we now let P be the set of
admissible matrices B, that this, the set of matrices B such
that

e B is stochastic: B1 =1 and [B];; > 0,

e [Blii > f for every i,

o cut-balance: 37, os[Blij < K'>cqi06[Blji for

every subset S of N = {1,...,n}.
The set P is a (finite) polytope with a finite number np
of vertices V1), V() . V("r) We are going to represent

our matrices B(p) as the expected value of random variables
taking their values in the set of these vertices. Indeed, it

follows from its definition that every matrix B(p) belongs
to P, and can thus be expressed as a convex combination of
its vertices

B(t) = iAg(p)V“),
£=1

with 2221 A(p) = 1 and A(p) > 0. This decomposition
is in general not unique, but we fix an arbitrary one. We
then define for every p the (independent) random variables
R(p) € R™ "™ taking their values in the set of vertices of
P, with R(p) = V(© with probability \(p)©). It follows
directly that E(R(p)) = B(p). Moreover, since the R(p) are
independent, there holds

E(R[p:0]) = E(R(p)R(p—1)...R(0))

E(R(p))E(R(p — 1)) ... E(R(0))
= B(p)B(p—1)...B(0) = Blp:0].

To analyze the convergence of B[p : 0], we analyze thus the
convergence of the R[p : 0].

Le us fix a realization of the random sequence of matrices
R(p) and consider the corresponding product R[p : 0].
For every time ¢, R(q) belongs by definition to P and
satisfies thus condition (a) and (b) of the Theorem. Moreover,
since the R(q) is always a vertex of P, it can take only
finitely many values. One can thus find a 3/ > 0 such
that [R(q)]ij(¢) > 0 = [R(q)]ij(¢g) > B’ (it suffices to
take the smallest nonzero entry over all V(&)). We can
therefore apply Theorem 2 in [12], which implies that R* =
limy, o R[p : 0] exists, and that if 377 ([R(p)]i; = oo, then
[R*]ir = [R*];x for every k.

We now analyze the condition Y >~ ,[R(p)];; = co. Since
[R(p)i; < 1, we have E([R(p):;) < P(R(p));; > 0). Thus,
since the R(p) are independent, it follows from the second

Borel-Cantelli Lemma that if 3°°° (E([R(p)];;) = oo then
[R(p)]i; > 0 occurs infinitely often with probability 1.



Since nonzero entry in [R(p)];; are lower bounded by /',
we have that > 2 [R(p)]i; = oo with probability 1 if
Yoo E([R(p)]i) = oo that is if 337 ([B(p)li; = oo
and thus if (j,7) € E’. As a consequence R* € Cg with
probability 1.

The conclusion of Theorem 5 follows then from the
application of the following Proposition to the sequence of
random variables R[p : 0] = R(p)R(p—1) ... R(0), the set S
of stochastic matrices, and the linear subspace Cg. Indeed,
since R[p : 0] always converges, and its limit belongs to C¢»
with probability 1, it implies that Blp : 0] = E(R[p : 0])
converges to some matrix B* in C/. Moreover, since every
Blp,0] is stochastic and the set of stochastic matrices is
compact, B* is also stochastic.

Proposition 6: Let {Z, : p € N} be a (discrete-time)
stochastic process, where Z,, takes its value in a bounded
subset S C R™ for every p.

(a) If lim,_, z, exists for every realization of Z, then
limy o0 E(zp) exists.

(b) Let W be a linear subspace of R™. If lim;_, 2, exists
and belongs to TV almost surely, then lim,_, ., E(z,)
exists and belongs to W.

We remark that the assumptions of Proposition 6 do not
require (almost) all realizations of Z to converge to a same
value, but only that (almost) every realization of Z converges.

Proof: To prove (a), observe that our stochastic process
defines a measure space (2, A, ), where 2 is the sample
space (set of all possible realizations of Z), A the functions
defined on €2 and p the measure defined by the probabilities.
The random variables Z, form a sequence of real-valued
functions on 2.

Since lim,,_,, 2, exists for every realization, this sequence
of functions is pointwise convergent, and we call Z* its
limit. Moreover, the sequence of functions Z,, is uniformly
bounded because they all take their values in the bounded set
S. We can therefore apply the bounded convergence theorem,
which yields

lim E(Z,) = lim

p— 00 p—o0

Zpdu:/Z*du,
Q Q

and thus the existence of lim,_, . E(Z,).

Let us now prove (b). Since lim, ,» 2, € W almost
surely, the distance d(z,, W) between z, and W converges to
zero almost surely. Convergence with a probability 1 implies
convergence in distribution (see for example Theorem 25.2
in [1], and therefore the convergence of the expected values,
so that limy_,oc E(d(2p, W)) = 0. Since W 1is a linear
and hence convex set, d(.,J¥) is a convex function. It
follows then from Jensen’s inequality that d(E(z,), W) <
E(d(zp, W)), and thus that d(E(z,), W) also converges to
0. The limit lim,_, ., E(z,) must thus be a distance 0 from
W, that is in W. ]

B. Proof of Theorem 1

To apply Theorem 5, we focus on the values taken by the
states at times ¢,. Remember that the sequence of times ¢,

defines the intervals over which the integral reciprocity is
satisfied.

Lemma 7: The sequence of states (z(¢,)) can be written
as the trajectory of the discrete-time consensus system ob-
tained by sampling (3)

Jii(tp_t,q) = Z ¢1J (p) © Ly (tp)7

JEN

(14)

where the weights ¢;;(p) are non-negative and satisfy
> jen #ij(p) = 1. This sampled system always exists and is
unique for given weights a;;(t) and sampling times ¢, and
the weights ¢;;(p) are independent of states x(t).

In particular, if z;(t,) =1 for j € S and x(t,) = 0 for
k ¢ S, for some S C N, there holds

> 6ii(p) = wiltysr).

jes

15)

Remark 3: The equality ((15)) provides a way of com-
puting or bounding certain sums of the weights ¢;;(p)
by considering the evolution of the systems starting from
“artificial’ states, where x;(t,) = 1 for some agents and
x(tp) = 0 for the others.

Note that these artificial states are only a formal tool to
compute weights ¢;;(p), and their use does not result in any
loss of generality.

Proof: Denote ®(¢,T) the fundamental matrix of the
linear dynamics (3) which is uniquely defined [10] such that

2(T) = ®(t, T)z(t).

We define ¢;;(p) as the i¢j-th coefficient of matrix
O (tp,tp+1). So, the ¢;;(p) are unique and equation (14) is
satisfied. Moreover, for given weights a,;(¢), matrix ®(¢,T")
is independent of state z(¢) and so are the weights ¢;;(p).
So if we assume artificial states z;(t,) = 1 for j € S and
xp(tp) = 0 for k ¢ S, we obtain (15) from equation (14).
Since system (3) preserves the nonnegativity of the states
It follows from equation (15) applied to S = {j} that
¢i(p) = 0 for every 1, j, p.

Finally, we can use the Peano-Baker to show that
> jen ®ij(p) = 1 : the formula gives ®(¢,T") as the limit
of a recursive series

O(t,T) = lim M, (T)

n—oo
with -
Mo(r) =1 and My 41(7) =1 —/ L(s)M,(s)ds,
t

where [ is the identity matrix and L(s) the Laplacian matrix
of A(s) = (ay;(s)), i.e. with diagonal elements equal to
> jen @ij(s) and off-diagonal elements equal to —a;;(s).
Since L -1 = 0 with 1 the vector of all ones, we have from
the recursive equation that M,, - 1 = 1 and by continuity,
(I)(t,T) -1 =1, thus Zjex\/ (ﬁu(p) =1. |

To otain more insights on the discrete-time weights ¢;;,
we give the next proposition which bounds the discrete-time
weights ¢;; using the continuous-time weights a;.



Proposition 8: Under the uniform bound Assumption 2,
we have for all proper subset of agents S, for all p > 0,

J¢S tp+1 Jj¢S JjgSs tpt1
GZ/ aij(t)dt < Zd%‘j(?) < nZ/ ai;(t)dt,
ies Vtr ies ies Vtr

with G = exp(—2nM)/n.

Proof: Let p € N and S a proper subset of N. We
assume that

Vie S, xi(t,) =0and Vj € S, z;(t,) =1,  (16)

as suggested in Remark 3.

We first show the left inequality. We show that starting
from state (16) at time ¢, no agent j ¢ S can be arbitrarily
close to 0 at time ¢,,1. We have for all 7 € [t,,t,41],

o [ e

by keN

—/ > ajn(t) - z;(t)dt,

tr keN

zi(1) = —aj(t))dt

Y

where we used zp(t) > 0,k € N. We use Gronwall’s
inequality and Assumption 2 (upper bound on interactions
on each [t,,tp4+1]) to obtain

JES=x;(r)>e ™ V1 €[ty tpr1] (17)

We rely on bound (17) to prove that, due to attraction from
agents not in S, all states x;(¢p+1), for ¢ € S, cannot be
arbitrarily close to 0 at time ?,41.

Let now h € S be such that

p+1 p+1
E / Apj = max E / Aij,

Jgs

i.e. , agent h is the element in S receiving the highest
influence from the rest of the group. In particular, there holds

3 AIETER ) Y M

j¢s i€S j¢s

(18)

Using that z; > 0 for 7 € S and the lower bound (17) on z;
for j ¢ S, we have for all 7 € [t,,,tp41],

an(T) =
an(ty) + J D anj(ej — xn) +/ > ann(zk — )
j¢s p keN
> xn(tpy) + f; Zahjxj */ Z ApkTh.
ji¢s p keN
> S = [ 3w,
j¢s tp keN

where we have also used x,(¢,) = 0. It follows then from
Gonwall’s inequality.

tp+1 t
xh(tp+1) > e—nM e~ frp+l Eke/\/’ Ahk Z ap. (19)
t igs

We now bound the term in the exponential using Assump-
tion 2 (upper bound) together with (18) to write

p+1
—2nM E /

1€8,j¢S

Tp(tp1) > (20)

Moreover, ¢;;(p) > 0 and equation (15) yield

S i) =D dnsp)

i€S j¢S Jj¢s

= (tp+1)-

We conclude the first part of the proof combining the two
previous equations. We now turn to the second inequality.

Denote, for ¢ € [t,, tp11],

t
s i S(tp) +/ Z am(‘r)k(xk - (ES)dTa

Zg(t) = maxz;(t) =
b keN

where m(7) € S is chosen such that z,,,(;)(7) = Z5(7). The
last equality has been shown in [12, Proposition 2]. Notice
that the choice of state (16) implies Zg(¢,) = 0. Since z; < 1
for j ¢ Sand z; <Zg <1fories,

-fS(t) < / Zam(‘r 1 - Z‘S)d
tr J¢S
< Z Cl,](l fs).
v ics,j¢s

The Gronwall’s inequality yields

t tp+1
Tstppr) < 1—e Jun  Diesses i < / > i
b ie8,j¢8
210

We conclude with

> ¢i(p) = wiltpyr) < ns(tps).
i€8,j¢S i€s

|
The previous proposition serves to transpose the cut-
balance assumption provided in Theorem 1 to the discrete-
time weights ¢;;(p). In particular, we can now show that
the condition of Theorem 5 are satisfied, more precisely, we

have Lemma 9 regarding weights ¢;;(p).

Lemma 9: The following properties hold :

a) There exists a lower bound 8 > 0 on diagonal elements:
¢ii(p) > B, for all p and 1.

b) The weights ¢,;(p) satisfy the cut balance assumption
(13) for some K’ determined by the constants K and
M of Assumptions 1 and 2.

Note that (b) would in general not be true for certain
stronger forms or reciprocity. In particular, f 4 " (t)dt <
K f 741 4,5(t)dt does not imply the existence of a K’ such

that (151]( ) < Kl%l( )-

Proof: The proof of (a) is as follows. For arbitrary
k € N and p, we suppose that z(t,) = 0, and z;(t,) = 1
for every i # k. A reasoning similar to that leading to (17) in



the proof of Proposition 8 shows that z3(t,11) < 1—e "M,

It follows then from Lemma 7 applied to S = {k} that
Zjej\f’j#k drj(p) < 1— e”™M, and thus that ¢pi(p) >
e~™M “which establishes (a).

We now prove statement (b). Proposition 8 applied to S
states that

j¢s iES i
> ¢ij(p) <n- Z/ ai;(t)dt. (22)
ieS ies Vtr

On the other hand, applying the second inequality of the
same proposition, applied to N\ S yields

JES  itpyn jES
a-y ai;(dt <> ¢i;(p),
igs Vtp iZs
which can be rewritten as
JES i Jgs
G-y / a;i()dt < > d5i(p). (23)
ies /tp i€s

Statement (b) with K/ = n/G follows then directly from
Assumption 1 and the inequalities (22) and (23). |

Proof: [of Theorem 1]

Since Lemma 9 is satisfied, Theorem 5 applies. Thus,
the sequence x(t,) converges to some z* € R™. Denote
G’ = (N, E) the directed graph where (j,7) € E whenever
5% #ij(p) = ++oo. Theorem 5 also implies that &} =
if ¢ and 7 belong to the same connected components of the
graph G’. This graph only has strong components which
are fully disconnected to each other and in which consensus
takes place for the discrete-time system y(p) = x(¢,). The
graph G of persistent interactions defined in the statement
of Theorem 1 is in general different from G’. However, as
a direct corollary of Proposition 8, we have that G and G’
have the same connected components.

It remains to show that the continuous-time function ()
converges to the same x* as sequence (z(f,)). We prove
this by showing that for each S C A strongly connected
component of G (or of G’), both the minimum z4(t) =
min;es x;(t) and the maximum Zg(t) = max;cg x;(t) con-
verge to the same value. Since S is a connected component
of G, the integral influence Y, g ;o fo @ij is finite. For
any p < 0, there exists some T}, > 0 such that

Z /Tu(lij<,u.

i€S,j¢S

For all v > u > T),, we have, using notation m(7) € S

chosen such that z,,(-(7) = Zs(7) as before,

g (@5 () — (o (7))
%/u () ()

Ts(v) —Ts(u) <

> / G315 (7) = Ty (P
jgs

< Z /am(T)j|xj(T)—a:i(T)|dT
i€S,jgs u

S Z / aij\:cj—xi\
1€S,j¢5S Ty

< pA(0),

where A(0) = max;en 2;(0) — min;ear 2;(0). This shows
that g converges in the sense of Cauchy, thus it converges.
Since sub-sequence (Zg(t,)) converges to z; for some
i € S, it must be that lim; o Zs(t) = x. We can
apply the same reasoning to show that x5 also converges
lim, 4 zg(tp) = x}. We conclude that for all ¢ € S,
x;(t) converge to the same limit x. [ |

VI. PROOF OF THEOREM 2

For concision, we say that an unordered pair {i,j} =
{j,i} is active over an interval I if [,_; a;;(t)dt > ¢ and
Jier aji(t)dt > e. The following Lemma compiles some
properties following from that definition.

Lemma 10:

a) Consider two intervals I, J with I C J. If {i, j} is active
over 1, it is active over J.

b) Consider two intervals I,.J with I C J. If {7, 5} is not
active over J, it is not active over 1.

¢) Under Assumption 3, if a;;(t) > 0, then {i,j} is active
over [t —T,t+T).

d) Under Assumption 3, if {7,j} is not active over [t,t'],
then a;;(s) = aji(s) =0forall se [t +T,¢ —T).

The next Proposition is the core of our proof, it allows
building a sequence of times ¢; valid for Assumptions 1 and
2.

Proposition 11: Suppose that Assumption 3 is satisfied,

and let M = M; + M, where M;, M, are any constant
satisfying

My>n(n—1)T+Tand My > My+T.  (24)

Then, there exists a sequence tg,t1,... with {5 = 0, and
trx+1 — tr < M, such that the following condition Ay holds
for every k.

Ay : Vi, j € N distinct, A1y, or A2,

with

Al :Vt € [tk,tk+1}7aij(t) =0,

A2y, : {i,j} is active over [tg,tgt1]-
The proof of Proposition 11 is based on an induction that
makes use of the intermediate condition By, :

By, : Vi, j € N distinct, B, or B2,



with
Bl :Vt € [tk7tk +T],aij(t) =0,
B2y, : {i,j}is active over [tg,ty + M)

The next Lemma concerns the initialization of the induc-
tion.

Lemma 12: Suppose that a;;(t) = 0 for all ¢ < 0, and let
to = 0. Then Condition By holds.

Proof: Suppose that Bly does not hold, i.e. a;;(t) > 0
for some ¢ € [0,T]. Then, Lemma 10(c) gives that {i,j} is
active over [t — T,t + T and thus from Lemma 10(a) that
{i,j} is active over [min(0,t — T), 2T]. Since a;;(t') =0
for all ¢/ < 0, it follows then that {7, j} is active over [0, 27T
and since according to equation (24), My} > My + T >
n(n — 1) + 2T > 2T, {i,j} is active over [0, M;] (again
thanks to Lemma 10(a)). Thus B2 holds and so does By.

|

Proposition 13 (Inductive case): If there exists t; such
that condition By, holds, then there exists tx+1 < tg + M7 +
My, for which conditions Ay and By hold.

Proof:

Let us introduce the two following sets of unordered pairs
of agents for every ¢ € [tg, ) + My + Ms].

o Ry C{{i,j}li,j € N,i # j}: set of pairs {i,j} which

are active over time interval [ty ¢].

o Vi C {{i,j}i,j € N,i # j}: set of pairs {i,j} for

which a;;(t') = aj;(t') = 0forall ¢’ € [t, tj+ M1+ M,]

(i.e. set of pairs where there is no interaction between

t and tk + M1 + Mg).

Note that for all ¢;, <t < s < ¢, + M; + Ms, there holds
R; C R and V; C Vj, so that these sets are non-decreasing
with time. The non-decrease of Vj is trivial while that of R
follows directly from Lemma 10(a).

We now build a ¢x4; using the Algorithm 1, which we
prove to always successfully terminate. We first prove that
Claims 1 and 2 hold, and then show how this implies the
statement of this Proposition.

Algorithm 1 Selection of ¢511
Require: t; satisfies By
Sett = ti + M,
Switch over cases 0 to 3 :
Case 0: t > t;, + M, + My — T: STOP, FAILURE
Case 1: conditions Ay and By, are satisfied taking
try1 = t. STOP, SUCCESS.
Case 2: Condition Ay, does not hold taking ¢, 1 = {.
Claim 1: There exists {i,j} ¢ Rz belonging to Ry .
Then set t =t + T and iterate.
Case 3: Condition By does not hold taking t;41 = .
Claim 2: There exists {i,j} ¢ V; belonging to Vi, 7.
Then set t = ¢ + T and iterate.

Claim 1:
In Case 2 of Algorithm 1, condition Ay does not hold. There
exists thus {4, j} such that Al; does not hold, i.e. a;;(t) >0
for some t € [ty, ], and A2, does not hold, i.e. {7, j} is not
active over [t, t].

The fact that A2 does not hold implies by definition of
Ry that {i,j} ¢ Rz Let us now show that ¢ € [t — T,1].
The fact that A2;, does not hold together with Lemma 10(d)
implies that a;;(t') = 0 for all ¢ € [ty + T,t — T]. So
either ¢ € [ty,tx + T or t € [t — T,t]. We show that the
first case is impossible: Since {7, j} is not active over [tg, ],
and ¢ > t + My, Lemma 10(b) implies that {7,5} is not
active over [tg,ty + M), and thus that, B2, does not hold.
However, we know by hypothesis that By holds. Thus, B1y
holds : t ¢ [tg,tr + T, and as a consequence, ¢ € [t — T\ ].

It follows then from Lemma 10(c) that {i, j} is active over
[t —T,t+ T] and from Lemma 10(a) that it is active over
[t —2T,t+T]. Since t > t), + My > ¢ + 2T, the pair {i,j}
is active over [tg, ¢ + T] : {i,j} € Rg.r, which achieves
proving claim 1.

Claim 2:
Since condition By does not hold, there is a pair {i,j}
that satisfies neither B1y1 nor B2 1, that is, one for which
a;j(t) > 0 for some ¢ € [t,¢+ T, and for which {i,j} is
not active over [, + M;]. Since ¢ <ty + M; + My — T for
otherwise we would have been in case 0, the ¢ € [¢,¢+T] for
which a;;(t) > 0 lies in [¢,t + My + M|, which implies
that {i,5} & V7 by definition of V. We now show that it
belongs to Vi 1

By Lemma 10(d), since {i, j} is not active over [t,t+ M;],
aij(t/) = aji(t’) = 0 for all t € [t_+ T,l?-’- M1 — T] AISO,
by definition, £ > t;, + My and M; > M + T, so that

t+ M —T >t +M + M, —T >t + My + M.

ThllS, a,;j(t’) = aji(t’) = 0 for all t/ S [{+T, tk+M1 +M2]
and {i,j} € Viyr.

To complete the proof of Proposition 13, we show that
Algorithm 1 stops and that when it does, the choice ty11 =t
satisfies conditions Ay and Bjy1. If case 2 or 3 applies, ¢
increases by T. Otherwise the algorithm stops. In case 2,
it follows from Claim 1 that the size of R; increases by at
least 1, and in case 3, it follows from Claim 2 that the size
of V7 increases by at least 1. Since both Rz and V7 are sets
of unordered pairs of distinct nodes, their size cannot exceed
n(n—1)/2. Therefore, Cases 2 and 3 do not apply more than
n(n —1)/2 times each. In particular, case 0 or 1 must apply
for some ¢ < ty + M + n(n — 1)T (remembering that ¢ is
initially ¢; + M), at which stage the algorithm stops. Now
since according to equation (24), My > n(n—1)T+1T, case
0 or 1 apply for ¢ < t;, + My + My — T, so that case 1 must
apply first, and the algorithm produces thus a ¢ satisfying
tgr1 —tr < My + M for which Ay and By are satisfied.

|

The proof of Proposition 11 is then a direct consequence
of Lemma 12 and Proposition 13.

Proof: [of Theorem 2] We show that the sequence
ti built in Proposition 11 is valid for Assumption 1 and
2. Observe first that since the a;;(t) are assumed to be
uniformly bounded and since ;4 — t; < M, there clearly



holds ttkk“ a;j(t)dt < M’ for some M’ and all 7, and
ti, so that Assumption 2 holds. Moreover, it follows from
Proposition 11 that either a;;(t) = aj;(t) = 0 for all
t € [th,tesa] or [ ai;(t)dt > = and [[** aj(t)dt > e

Since the latter integrals are also bounded by M, there holds

tht1 M’ tht1
/ (%7 (t)dt S 7/ aji(t)dt,
tr € tr

which implies that Assumption 1 also holds. [ ]

VII. CONCLUSION

In this paper, we have developed a convergence result
for continuous-time consensus systems. This result is based
on a new assumption which allows for non-instantaneous
reciprocity. Unlike previous studies, we only assume that
reciprocity takes place on average over contiguous time
intervals. This assumption is appropriate for various classes
of systems (including classes of broadcasting, gossiping, and
self-triggered system where communication is not necessar-
ily synchronous). We have shown that the integral reciprocity
is not alone sufficient for convergence. Oscillatory behaviors
may take place. Thus, we provided a companion assumption
which assumes that, over intervals where reciprocity occurs,
the amount of interaction is always uniformly bounded.
Under these two assumptions, we have proven that the tra-
Jjectory to the consensus system always converges. Moreover,
consensus takes place among agents in clusters of the graph
of persistent interactions. We have also particularized our
result to a class of systems satisfying a local pairwise form
of reciprocity.

Apart from the integral reciprocity and uniform bound,
our result does not make any assumption on the interactions
between agents, and allows in particular for arbitrary long
periods during which the system is idle. As a consequence, it
is in general impossible to give absolute bounds on the speed
of convergence under the assumptions that we have made.
However, future works could relate the speed of convergence
to the amount of interactions having taken place in the
system, as in [18].
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