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Abstract—We consider gossiping in a fully-connected wireless
network consisting of n nodes. The network receives Poisson up-
dates from a source, which generates new information. The nodes
gossip their available information with the neighboring nodes
to maintain network timeliness. In this work, we propose two
gossiping schemes, one semi-distributed and the other one fully-
distributed. In the semi-distributed scheme, the freshest nodes
use pilot signals to interact with the network and gossip with the
full available update rate B. In the fully-distributed scheme, each
node gossips for a fixed amount of time duration with the full
update rate B. Both schemes achieve O(1) age scaling, and the
semi-distributed scheme has the best age performance for any
symmetric randomized gossiping policy. We compare the results
with the recently proposed ASUMAN scheme [1], which also gives
O(1) age performance, but the nodes need to be age-aware.

I. INTRODUCTION

Gossiping is an information sharing mechanism where
nodes transmit their own data to the neighboring nodes ran-
domly. Gossiping does not require any centralized schedul-
ing and is particularly suitable for communication in dense
networks. There are many gossip algorithms in the literature,
e.g., [2]-[4], that focus on maximizing the effectiveness of
information dispersion. Gossip algorithms have been studied
from a timeliness point of view in [5]. The analysis in [5]
uses the version age metric, which is one of the measures of
information freshness in the literature [6]-[20].

The analysis in [5] shows that for a fully-connected network
of n nodes, if each node gossips with a fixed rate A, the average
version age of any individual node scales as O(logn) with
the network size n. Subsequent works show that there can
be improvements in the age scaling by introducing particular
network mechanisms, such as clustering [21]-[23], file slicing
and network coding [24]. Further works consider robustness of
timely gossiping against adversarial actions, such as jamming
[25] and timestomping [26], investigate the role of reliable and
unreliable sources on the age in gossiping [27], and study the
effects of non-Poisson updating (arbitrary inter-update times)
on timeliness in cache-updating tree networks [28].

In this paper, we focus on another aspect of existing gossip
schemes, which is their uniform gossip rate assignment to
all nodes. A main drawback of uniform rate gossiping is
that it allocates the same gossip rate to nodes with relatively
stale and relatively fresh information. This negatively impacts
the timeliness performance of the network. Our goal in this
paper is to efficiently and distributedly allocate the total
network gossip capacity dynamically among the users, thereby
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enabling opportunistic gossiping, where fresher nodes gossip
with higher gossip rates.

The first paper to address the inefficiency of uniform
rate gossiping is [1] which proposed the ASUMAN scheme,
which is an opportunistic gossiping scheme that relies on the
assumption that the nodes are age-aware. In ASUMAN, since
the nodes are age-aware, whenever the source updates itself,
all the nodes in the network get synchronized and a new
gossiping frame starts. When a new frame starts, the nodes
stop gossiping and send a small pilot signal after waiting for
a back-off period proportional to their current age. In this way,
the freshest nodes get to start gossiping first as their back-off
period is smallest and the relatively staler nodes do not gossip
after receiving the pilot signal from the freshest nodes. If in
any frame, the number of fresh nodes is more than one, then
that number is estimated from the received pilot signals and
the total update rate B = n is equally divided between them.
The analysis in [1] shows that the version age of an individual
node scales as O(1) with the network size n.

Although ASUMAN achieves better age performance, the
system model poses some challenges in real-life implementa-
tions. One such challenge is that when multiple nodes have
the same minimum age, all of them transmit the pilot signal
simultaneously. Thus, multiple short signals overlap over the
air, which leads to incorrect estimation of the minimum-
age nodes, causing interference within the gossiping nodes.
Another downside of ASUMAN is that the nodes have to be
age-aware. This can be achieved if the source sends a signal to
the nodes when it updates itself, adding additional complexity
to the simple gossiping model.

gossiping scheme age scaling
ASUMAN proposed in [1] 23 +1
semi-distributed proposed here 2%“
fully-distributed proposed here (1+ e)%

TABLE 1
AGE SCALING COMPARISON FOR DIFFERENT GOSSIPING SCHEMES.

In this paper, we propose two new gossiping schemes, one
semi-distributed and the other fully-distributed, that both yield
O(1) performance. These schemes are able to circumvent
the previously mentioned downsides. In the semi-distributed
scheme, each time a node gets updated by the source, it
transmits a pilot signal to the neighboring nodes and starts
gossiping with the maximum capacity until it receives a signal
from some other node. In the fully-distributed scheme, each



time a node gets updated by the source, it gossips for a
fixed duration with the maximum capacity and stops. The
age scaling comparison of these schemes is shown in Table L.
Further, we prove that the semi-distributed gossiping scheme
yields the best age performance among all possible symmetric
gossiping schemes with an upper bound on the instantaneous
maximum gossip rate. For our analysis, we use stochastic
hybrid system (SHS) formulation [29], similar to [1], [5], to
calculate of mean steady-state version age of the nodes.

II. SYSTEM MODEL

We consider a gossip network consisting of a source labeled
node 0, and a set of nodes labeled NV = {1,2,...,n}, as
shown in Fig. 1. The source updates its information with
Poisson arrivals of rate )., and it sends Poisson updates to
the network with a total rate of \. For simplicity, we consider
a symmetric network, i.e., each of the nodes receives updates
from the source with a rate % In the timely gossiping papers
in the literature [5], [20]-[26], it is assumed that each node
of the network gossips with a rate of A; thus, on a fully
connected network where each node is connected to (n — 1)
other nodes, each node ¢ gossips with a node j with a rate
of ﬁ Therefore, the total update capacity of the network is
B = nA. As in [1], in this paper, we consider allocating this
total update rate B to users dynamically. Once a gossip rate is
assigned to a node, it gossips with its (n — 1) neighbors with
equal rates in the fully connected network.

Thus, the network has an upper bound of B on the instan-
taneous gossiping rate. If at any time, multiple nodes transmit
and the total instantaneous gossip rate exceeds B, there will be
interference, and the gossiped data is lost. Hence, for effective
gossiping, at any time instant, the total instantaneous gossip
rate has to be less than or equal to B. The goal of our work
is to improve the timeliness of such a network. To measure
the timeliness of the ith node, we use version age, denoted
as A;(t). This measure counts how many versions the data at
the +th node is lagging, compared to the data available at the
source at time t. Mathematically, we write

Ailt) = Ny(t) = Ni(d), (1)

where N, (t) and N,(t) are the versions of the data available
at the source and at the ith node, respectively, at time ¢.
We denote all the ages of nodes at time ¢ as the age vector
A(t) = [A1(t), Aa(t), ..., An(t)]. When the source updates
itself, all the ages of the nodes increase by 1. If the source
sends an update to a node, its age becomes (0. When node
i sends a gossip update to node j, it stores the data with
tpe freshest version, i.e., the age of the jth node becomes
Aj(t) = Agi gy () = min{A (1), A, (1)}

III. SEMI-DISTRIBUTED GOSSIPING

In this section, we introduce the semi-distributed gossiping
scheme. The motivation for this is to allow the freshest node
of the network to gossip with maximum capacity. Suppose
we denote the kjtl‘(l )source—to—ith node update as t,(;). In this
3

scheme, at time ¢;’, node ¢ transmits a small pilot signal to

Fig. 1. Source O updates itself with rate Ae and sends updates to the nodes
N ={1,2,3,4,5} uniformly with total rate ), i.e., with rate A\/5 to each
of the nodes. The nodes gossip with each other with total update rate B.

all the other nodes in the network and starts gossiping with
rate B to the other nodes with equal rate. While gossiping, if
node ¢ receives a pilot signal from any other node, it will stop
gossiping. We define the gossiping node at any given time ¢
as M(t). Since, the probability of two simultaneous Poisson
arrivals is 0, i.e., P(|M(t)| > 2) = 0, here we do not face the
problem of overlapping pilot signals like ASUMAN [1].

We investigate the mean steady-state age of an individual
node, denoted as

a; = thHIr010 a;(t) = thjrolo E[A; ()], (2)

in particular, how network size n affects a;, in Theorem 1.

Theorem 1 If B = n), the average version age of a node a;
in a semi-distributed gossip network scales as O(1).

Proof: We use SHS formulation of [29]. Note that, for any
time ¢, the gossiping node is the minimum age node in the
network. Let us denote this minimum age as A, (t) =
min{A;(t), As(t),...,An(t)}. From [5], we know that
limy s o0 E[Amin ()] = % Since for any given ¢, only the
node with the minimum age is gossiping, we can express
the state transition of the system as an SHS with only one
type of transition, i.e., @ = 0. We choose the test function
P : R™ x [0,00) = R, where i € NV, as

i (A(t), ) = A(t). 3)

Now, following [29, Thm. 1], we evaluate the extended gen-
erator function as

E[(Li)(A(0), )] = > Aje(A#), OE[i(d5(A(1), 1))
(4:0)€eL
- wl(A(t)v t)] ) 4)

where £ denotes all possible state transitions. We define the
reset maps @, ¢(A(t),t) = A(t) = [A1(t), Aa(t), ..., Ap(t)]



A(t) + 1, if j=0,=0
A _ 07 lfj == 0,€ == ’L
A=\ min(as (0,800, ifjeN =i O
Aq(t), otherwise.
The update rates \; , are given as
)\Pa lf ] - 0, E = 0
Aje(A(t),t) = % ifj=00=i (6)
M(t)}, otherwise,

where 1{-} denotes the indicator function. Now, we can
rewrite (4) as

E[(L)(A(t), 1)]
— E[Ae(Ai(t) +1—A4(t) +
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Since the gossiping node is always the minimum age node,
we can write

BI(Ly0) (A(), 0]
=X — %ai(t) +E[ Z %(Amm(t) — Ai(t))]
J=M(t)
= e = 2ait) + o aminlt) ~ alt). ®

Now, since the version age is a piece-wise constant function
of time, we obtain
dt At
for any continuity point ¢. Hence, the expected value in (8) is
0, by Dynkin’s formula, as given in [29]. Thus, (8) becomes
A B

0=MX — —a;(t) + ——(amin(t) — a;(?)). 10
2a0i(0) + —(amin(t) — as(t).  (10)
Hence, the mean age of an individual node is expressed as
Ae + L1amin(t)
a;(t) = g . (11)
n et

To evaluate the steady-state mean age, we take t — oo in (11)
which gives

B e
Afrﬁf

+

(12)

a; =

3>

Finally, to calculate the scaling of the average age, we use
B = nA, which yields

b = i Ao (LEEE) _2A
Jim e = lim 5| T ) =

13)

n n—1
concluding the proof. H

Next, we show that this semi-distributed scheme gives
the best version age performance for any possible gossip-

ing scheme with a constraint on the instantaneous gossiping
scheme, in Theorem 2.

Theorem 2 For any symmetric network with maximum in-
stantaneous gossip rate of B, the semi-distributed gossiping
scheme Yyields the minimum average age for the nodes.

Proof: Suppose we use any arbitrary gossiping policy. Since
the total gossip rate is upper bounded by B, we have

Z Aji(At),t) < B, Vit (14)
GAEN i
From the symmetry of the network, we can write
E| D> NilA@))] < B (15)
” ’ “n-—1

JEN j#i
Note that the sum in (14) is over all 7,5 whereas the sum

in (15) is over j only. Now, equating the extended generator
function to 0, yields

%‘““”E 3 Ma(AR)DA)

JEN j#i

=\ +E

DL Auala

JEN j#i

) A (1) (16)

Using the inequality in (15) and by definition the fact that
Ay () = Amin(t), we can rewrite (16) as

A B

—a;(t i(t) 2 Ae + ——

na() nfla() +n71
Taking ¢ — oo in (17) and using the expression of amin(t),
we obtain

Amin (t). 17)

; (18)

where the right-hand side of the inequality is the average
age of a node with the proposed semi-distributed policy. This
concludes the proof. W

IV. FULLY-DISTRIBUTED GOSSIPING

In this section, we introduce a gossiping policy which is
fully-distributed. In ASUMAN [1], the nodes need to be age-
aware and in the semi-distributed scheme, the nodes need to
implement a pilot-signal based communication in the network.
We improve upon them and formulate a gossiping policy that
does not require age-awareness or pilot-signal transmissions.
In this scheme, whenever node ¢ receives an update from the
source at time t,(;), it starts gossiping to all the other nodes
with rate B for a fixed time duration ¢, and then it stops, as
shown in Fig. 2. We investigate the age performance of this
scheme in Theorem 3.

Theorem 3 If B = n\, the average version age of a node in
a fully-distributed gossip network scales as O(1).
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Fig. 2. Distributed gossiping in a 2 node network. At each t( RN i(t) becomes zero and node % starts gossiping for a § duration. The corresponding M/D/oo
queue indicates the number of nodes gossiping s1multaneously Effective gossiping only happens when only one node is gossiping. Presence of multiple

gossiping nodes creates interference, resulting in no net gossip.

Proof: From Fig. 2, we observe that at any given time, if
there is any effective gossiping, only the minimum age node
is responsible for it. This is because, effective gossiping is
possible only if a single node is gossiping and in that case, the
node has to be a minimum age node. Whereas, when multiple
nodes are gossiping with rate B, there will be no effective
gossiping due to interference. Additionally, each update from
the source is a Poisson arrival with rate A\, and gossiping starts
immediately for a time duration of 4. Hence, this system is
equivalent to an M/D/oo queue. Now, from [30], [31], we know
that the stationary distribution for any general M/G/co queue
follows the Poisson distribution,

m

()™
- k!
where 7, is the stationary probability of having k entries in
the queue. For this M/D/oo queue, p = %. Since effective
gossip happens only when there is one entry in the queue, the
effective gossip rate becomes

B=mB=\e

T k=0,1,2,..., (19)

7

(20)

The rest of the analysis is the same as in Theorem 1. Therefore,
we can directly substitute B instead of B in (12) to obtain the
mean age of the ¢th node as

21

Using B = nA and taking n — oo in (21), we get the age
scaling as

Ae=MnA Ao
Ae + e
€ —
lim a; = lim nol A (22)
n—o0 n—oo A Ade 1”)‘
n n—

A
1
)\<+

which concludes the proof. B

Finally, we note that the age expression in (23) for the fully-
distributed gossiping scheme depends on the chosen gossiping
duration 4. Thus, we can improve the age expression in (23)
by choosing an optimal § that minimizes the mean age. Since
Aoe* < 1 the maxima being at §* = /\, the lower bound
of mean age of distributed gossiping is 5= (1 =+ F) =1+
e)%. This result matches our intuition, because if § is too
small, it will not allow sufficient time to gossip. On the other
hand, if 0 is too large, there will not be effective gossiping
due to interference from simultaneous gossiping nodes. The
minimum age is achieved when the effective gossiping rate B

is maximized, which is B|s« = %.

1

Noe—2o @3)

V. NUMERICAL RESULTS

In this section, we present simulation results for the two
proposed gossiping schemes, and compare them with the
theoretically derived age expressions. We also show the results
for ASUMAN [1] as a benchmark.

In Fig. 3, we present the numerical results for e = 04,
5¢ =1 and /\T = 2 in Fig. 3(a), Fig. 3(b) and F1g. 3(¢),
respectively, with A = 1 in all cases. From the figures,
it is evident that all the gossiping schemes result in O(1)
performance and the semi-distributed gossiping scheme yields
the best performance among all.

In Fig. 3(a), where P =04 < = 1, ASUMAN gives the
worst age performance among the three schemes However,
in Fig. 3(b) and Fig. 3(c), i.e., for 5¢ > — 1, ASUMAN
performs worse than the semi-distributed scheme, but is better
than the fully-distributed scheme. This matches our intuition
because, in ASUMAN, we use the information about source

Ae

Ae



o
o

—6— Theorem 1 formula (12)

— %— - semi-distributed gossip

—©— Theorem 3 formula (21)

— = - fully-distributed gossip
ASUMAN

average version age

=4
o

o
~
T

021

I I
200 300
number of nodes in the networ

(@ 3¢ =04

I I
400 500
rk n.

600

351

251

average version age

—6— Theorem 1 formula (12)
— %= - semi-distributed gossip

— = - fully-distributed gossip
ASUMAN

—6— Theorem 3 formula (21) | _|

26 —®
15ﬁ

1 I

I I
200 300
number of nodes in the networ

o

100

) 5 =1

I I
400 500
rk n

600

average version age

—6— Theorem 1 formula (12)

— %= - semi-distributed gossip

—6— Theorem 3 formula (21)

— ¥%— - fully-distributed gossip
ASUMAN

2 I I I

-

0 100 200 300
number of nodes in the networ

(© 3¢ =
Fig. 3.

schemes.

400 500
rk n

600

Average version age of a single node versus the total number of
nodes in the network n for semi-distributed, fully-distributed and ASUMAN

self-updates to allocate gossip rate more efficiently, while in
the fully-distributed scheme, multiple nodes gossiping together
causes interference to lose some portion of the total gossip
rate. This effect of interference becomes more prominent when
the source to network update rate A is high as compared
to source self-update rate .. We have chosen § = % =1
for the simulation to get the minimum average age for fully-

distributed gossiping.

For ASUMAN, the asymptotic age scales as
_n_ 2
lim,, 00 ):\—‘3 H%W = 2% -+ 1, while the other two
n n—1

schemes obtain 2% and (1 + e)%, as shown in (13) and

(23) (with optimized §), respectively, and as listed in Table 1.
The numerical simulation results exactly match the derived
formulas. With an increase in the ratio AT the average
age increases due to source being updated more frequently
compared to the network for all schemes, as we observe

going from Fig. 3(a) to Fig. 3(b) to Fig. 3(c).

VI. CONCLUSION

We proposed a semi-distributed and a fully-distributed
gossiping scheme for a fully-connected network. The semi-
distributed scheme allows the freshest node to communicate
in the network through pilot signals and to gossip with full
capacity. This scheme archives the lowest possible average
age for any symmetric network, with a constraint on the
instantaneous gossip rate. On the other hand, in the fully-
distributed scheme, the freshest node gossips for a fixed time
duration with full capacity. The effective gossip happens only
a fraction of the total time, when there is no interference
from multiple nodes gossiping. Both of the proposed schemes
yield O(1) age performance. Compared to our previous work
ASUMAN, which also gives O(1) age scaling, this work is an
improvement because here we do not require the nodes to be
age-aware or to transmit pilot signals for channel reservation.
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