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Abstract—In this letter, we propose a distributed network for-
mation solution for network coding deployed wireless networks
which includes multisource multicast flows. This is an attempt to
solve an open problem of network coding based multisource mul-
ticast flow design based on a game theoretic approach, which can
eventually form a network in a distributed way. The network is in
particular constructed by individual decision makings of the nodes,
while taking advantages of network coding techniques. The deci-
sions made by the nodes include the transmission powers and the
use of network coding operations. In each stage game, nodes up-
date the parameters based on feedbacks such as rewards, penalties,
and evaluate their prior actions, which enables the nodes to make
best responses in the next stage game. Our simulations confirm
that the resulting network can reduce overall power consumption
compared to direct transmission, and improve system throughput
with less power consumption compared to no coding strategy.

Index Terms—Distributed network formation, game theory,
network coding, network topology, wireless mesh networks.

I. INTRODUCTION

THE Internet-of-Things (IoT) allows distributed data collec-
tion by deploying a large number of wireless devices [1],

[2] and simultaneous data exchanges between multiple de-
vices [3]. This results in a large amount of multisource multicast
flows in networks which frequently incurs bottleneck delays
since the paths of the multiple flows may be easily overlapped.
The bottleneck problem can be overcome by deploying net-
work coding [4], as the network coding can not only improve
the network reliability [5], [6], reduce the completion time of
data gathering applications [7]–[11], and energy consumption
[12]–[14] but also significantly improve the throughput of mul-
ticast flows and reduce power consumption of wireless devices
[15]–[17] based on the network coding based multicast.

It is, however, still open problem to find the optimal net-
work throughput for multisource multicast flows and only loose
bounds for capacity region have been studied [18], [19]. This
is because the performance of network is highly dependent on
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the path of flows, and in some scenarios, linear network coding
cannot achieve capacity while no coding can achieve [20]–[22].
Therefore, it is important to selectively determine whether to
deploy network coding or not (i.e., no coding strategy) in mul-
tisource multicast flows.

Another challenge is on the scalability of IoT networks that
should be able to support a large number of devices. Hence, it
may be significantly inefficient to manage the network topol-
ogy based on a centralized coordination, in particular, as the
network size becomes large. As a solution to such challenge,
game-theoretic approach for network formation has been studied
[23]–[25]. This approach enables each network node to make
its own decisions for network topology and data transmission,
leading to a distributed solution.

In this letter, we propose to develop a distributed algorithm
that builds a wireless network for multisource multicast flows
based on game theoretic approach. The resulting network should
be able to successfully deliver data from sources to destinations
while reducing the overall power consumption and improving
system throughput. Each node in the network is decision making
agent, i.e., it can make its own decisions on the transmission
power and the use of network coding operations based on the
utility function. The utility function is designed such that the
utility achieved by the actions can explicitly represent the power
consumption and the use of network coding operations. The
optimal actions are determined based on the best responses of
the nodes, which allows us the lowest computational complexity
compared to other general game theoretic solutions.

II. SYSTEM DESCRIPTION

A. Network Model

We consider a wireless network that consists of three types of
nodes, which are source, intermediate, and terminal. Let S be a
set of source nodes and si ∈ S be the ith element of S. Similarly,
a set of intermediate nodes and terminal nodes are defined as
V and D with their ith elements vi and di , respectively. The
number of elements included in S, V, and D are denoted by NS ,
NV , and ND , respectively, so that the total number of nodes is
NS + NV + ND . The source nodes can only transmit data but
do not receive data. The intermediate nodes can both transmit
and receive data, and hence, the intermediate nodes may perform
network coding operations if necessary. The terminal nodes,
unlike the source nodes, can only receive data but do not transmit
data, where they are able to decode network coded packets.1

In this letter, we consider multisource multicast flows, i.e., all
source nodes in S would like to deliver their data to all terminal

1In this letter, we used the term data to represent a set of information and
packet represents in particular the network coded data that includes header and
payload.
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nodes in D via intermediate nodes vi ∈ V. Hence, NS ×ND

flows are simultaneously considered in this network. Note that
the nodes are connected in a wireless network, implying that any
nodes that detect wireless signals may have the data. This also
implies that the range of data transmitted from a node, which
is referred to as transmission range, can be controlled by its
transmit power. For simplicity, we assume that the capacity of a
link is one data unit per time slot, i.e., a node can broadcast only
one data in each time slot. In order to highlight a distributed
solution to network formation, we do not consider the mobility
of nodes in the network.

B. Network Coding Operations

Let x1 , . . . , xNS
be source data that the source nodes

s1 , . . . , sNS
generate, respectively. If xi is broadcasted from

source node si , intermediate and terminal nodes that are in the
transmission range of si can receive xi . Let Lvi

be a set of data
arrived at intermediate node vi . If |Lvi

| ≥ 2, where | · | denotes
cardinality of a set, vi can perform network coding operations
by combining all data in Lvi

, generating

yi =
∑

yj ∈Lv i

⊕
(cj ⊗ yj ) =

NS∑

s=1

⊕
(Cis ⊗ xs) (1)

where cj denotes a local coding coefficient, Cis denotes a global
coding coefficient, and yi represents an encoded data [26]. The
global coding coefficients are updated at every encoding process
by multiplied by new local coding coefficients. A packet is then
constructed with a vector of the global coding coefficients as
the header and yi as the payload, i.e., pi = [Ci1 , . . . , CiNS

, yi ].
In this letter, network coding is implemented based on random

linear network coding [27] and the operations are performed in
the Galois field (GF). All data in a network are an element in
GF with size 2M , denoted by GF(2M ), (i.e., xs ∈ GF(2M ))
and cj is uniformly and randomly chosen from GF(2M ), i.e.,
cj ∈ GF(2M ). The operators ⊕ and ⊗ denote the addition and
multiplication in GF, respectively.

Given NS innovative packets,2 which include a global coding
coefficient matrix C and a vector of network coded data y, a ter-
minal node can perform decoding process by reconstructing the
vector of source data based on x̂ = C−1 � y, which results in
x̂ = [x̂1 . . . x̂NS

]T . The operator� represents the matrix multi-
plication in GF. For the operation of matrix inversion, the well-
known Gaussian elimination in GF [28] is deployed and the re-
constructed source data x̂1 . . . x̂NS

can be uniquely determined.

III. PROPOSED NETWORK FORMATION GAME

We consider a dynamic game with finite (but many) stages.
There are two types of agents (players) in this game, which are
source nodes and intermediate nodes. The strategic form of game
is given by G = 〈I, (ai)i∈I , (ui,t)i∈I〉, where I = {S,V}, ai ,
and ui,t denote an agent set, a set of available actions for agent
i, and the utility function of agent i at stage t, respectively.

The actions of i ∈ S are defined as the transmission range of
it, expressed as

ai = {ai |ai = lij , i ∈ S, j ∈ {i,V,D}} (2)

2A packet is innovative in di if its global coding coefficient is not in the span
of the global coding coefficient of existing packets in di [26]. Hence, if there
is NS innovative packets, NS ×NS global coding coefficient matrix in C has
rank NS .

where ai denotes the action of i and lij represents the Euclidean
distance between nodes i and j. Note that lij = 0 if i = j.

Unlike the source nodes, actions of intermediate nodes in-
clude the decisions on the transmission range and whether net-
work coding is employed or not. Hence, both transmission range
and network coding employment are determined by choosing
an action. Specifically, for i ∈ V,

ai = {ai |ai = (lij , e), i ∈ V, j ∈ {V,D}, e ∈ {0, ē}} (3)

where e represents power required for network coding opera-
tions. If network coding operations are employed in the interme-
diate nodes, e = ē is then set in the action with power consump-
tion ē. Otherwise, e = 0. The space of action profile A is the
Cartesian product of the action sets A, such that A =

∏
i∈I ai ,

where
∏

denotes the Cartesian product.
The utility of i at stage t is determined by a quasilinear utility

function ui,t , defined as

ui,t(ai, a−i) = wi,t(ai, a−i)− E(ai) (4)

where a−i is set of actions of agents except i ∈ I.3 In (4),
wi,t(ai, a−i) is biased power at stage t, defined as

wi,t(ai, a−i)

= w0 +
t−1∑

τ =0

f(γi,τ (ai, a−i))−
t−1∑

τ =0

g(δτ (ai, a−i))

= wi,t−1(ai, a−i) + f(γi,t−1(ai, a−i))− g(δt−1(ai, a−i))
(5)

where w0 = wi,1(ai, a−i) denotes unbiased power.
g(δt−1(ai, a−i)) is penalty for the transmission failure of
the network, defined as

δt−1(ai, a−i) =
{∑

k∈D βk , if (ai, a−i) = (a∗i , a
∗
−i)

0, otherwise

where βk denotes the number of data that are not arrived at
terminal node dk in the resulting network from (t− 1)th stage
game given the action set (a∗i , a

∗
−i). The function g is increasing

and discrete with g(0) = 0.
The function f(γi,t−1(ai, a−i)) represents a reward for sys-

tem throughput of i in the resulting network generated from
(t− 1)th stage game given the action set (a∗i , a

∗
−i). The system

throughput is defined as sum of data rates successfully delivered
to terminal nodes [29], which can be expressed as

γi,t−1(ai, a−i)=
{∑

xs ∈Di
(L/τ̄xs

), if (ai, a−i)=(a∗i , a
∗
−i)

0, otherwise

where Di is the set of successfully delivered data that i is in-
volved, L represents the size of single data, and τ̄xs

denotes time
delay of data xs for 1 ≤ s ≤ NS at the resulting network of the
(t− 1)th stage game. Note that a source node is involved in its
own data and the intermediate nodes are involved in all data in
network. The function f is continuous and increasing function
with f(0) = 0.

If ai is selected, then, the corresponding power consumption
of i is determined as

E(ai) =
{

a · d(ai)α , if i ∈ S
a · d(ai)α + e, if i ∈ V

3In (4), the utility of agent i is determined by only its own decision ai given
the actions a−i of other agents that were already made.
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Fig. 1. Process of the proposed algorithm.

where d(ai) is a distance determined by action ai . The parame-
ters, a(> 0) and α(> 0), can be determined by wireless channel
models and min(E(ai)) = 0 ∀ai ∈ ai .

IV. DISTRIBUTED NETWORK FORMATION ALGORITHM

The proposed algorithm consists of the network formation
and parameter update processes as shown in Fig. 1 and the
detailed steps are explained in Algorithm 1.

The nodes in the network construct a network based on their
best responses in the network formation process. Several param-
eters that will be used for the next best responses of the nodes
are evaluated and updated from the resulting network.

A. Network Formation Process

A single stage game is sequentially played by the nodes in S
and V, i.e., the source nodes in S simultaneously make decisions
on their actions first, and then, the intermediate nodes in V make
their best responses against the actions made by the other nodes.
This is because the intermediate nodes are able to make their
decisions (i.e., best responses) only given the actions taken by
the other nodes including the source nodes. The best response
a∗i of a node i is the action that maximize its utility given a−i ,
expressed as

a∗i = arg max
ai ∈ai

ui,t(ai, a−i). (6)

Given (a∗i , a
∗
−i) from the tth stage game, node i can compute

the reward parameter f(γi,t(a∗i , a
∗
−i)) and the penalty parameter

g(δt(a∗i , a
∗
−i)), which can be used to update wi,t+1(a∗i , a

∗
−i).

This is explained in detail in Section IV-B.
The nodes continue to interact in the network based on their

best responses unless δt(a∗i , a
∗
−i) = 0, which implies that the

resulting network can successfully deliver all data from the
source nodes to the terminal nodes.

B. Parameter Update Process

In the process of network formation, nodes determine the
actions that maximize their utility functions. In order to make the
optimal decisions, the parameters in the utility function should
be properly updated.

For node i, let E = {E(ai)|ai ∈ ai} be the set of power
consumptions for all actions in ai . We define E[m ] ∈ E as the
mth smallest component of E, i.e., E[m ] ≤ E[m+1] for 1 ≤ m ≤
|ai | − 1 and the action for E[m ] as a[m ] , i.e., E(a[m ]) = E[m ] .

In the initial stage, the best response a∗i is determined as

a∗i = arg max
ai ∈ai

(w0 − E[m ]) = arg min
ai ∈ai

E(a[m ]) = a[1].

Given the best action a∗i = a[1] of the first stage game,
the parameter wi,2(a[1], a

∗
−i) is updated by (5) and

correspondingly the utility for the second stage game

Algorithm 1: Distributed Network Formation Algorithm.
Require: Agent set I, set of available actions ai , utility

function ui,t(ai, a−i), source data set x1 , . . . , xNS

1: Initialize t = 0 for all i ∈ I
2: while δt(a∗i , a

∗
−i) > 0 do

3: t← t + 1
4: // Network Formation Process

Find a∗i = arg maxai
ui,t(ai, a−i), ∀ai ∈ ai ,∀i ∈ S

5: si broadcasts xi with transmit power of a · d(a∗i )
α

6: Find a∗i = arg maxai
ui,t(ai, a−i), ∀ai ∈ ai ,∀i ∈ V

7: for i ∈ V do
8: if e = 0 then
9: vi broadcasts a single data in Lvi

with transmit
power a · d(a∗i )

α

10: else
11: Calculate yi by (1) and generate

pi = [Ci1 , . . . , CiNS
, yi ]

12: vi broadcasts pi with transmit power a · d(a∗i )
α

13: // Parameter Update Process
Calculate γi,t(a∗i , a

∗
−i) for i ∈ I and δt(a∗i , a

∗
−i)

14: Update wi,t+1(a∗i , a
∗
−i) by (5)

15: return (a∗i , a
∗
−i)

TABLE I
SIMULATION PARAMETERS

Parameter Value Parameter Value

M 8 ē 3 mW
a 10−4 α 4.02
TS IF S 16 μs TD IF S 34 μs

TA C K 23.17 μs TB O 67.5 μs

TP r e a m b le 16 μs TS ig n a l 4 μs
TS y m 4 μs TD B P S 96 μs
L 1024 bytes TD a t a 363 μs
MSDUD e lay 503.67 μs TMT 16.26 Mbps

is determined as ui,2(a[1], a
∗
−i) = w0 + f(γi,1(a[1], a

∗
−i))−

g(δ1(a[1], a
∗
−i))− E[1] , whereas ui,2(a[m ], a−i) = w0 − E[m ]

for 2 ≤ m ≤ |ai |.
In the next stage games, another action a[2] can be taken if

ui,t(a[1], a
∗
−i) =

t∑

τ =1

(
f(γi,τ (a[1], a

∗
−i))− g(δτ (a[1], a

∗
−i))

)

+ w0 − E[1] < w0 − E[2] = ui,t(a[2], a
∗
−i).

This leads to the condition
t∑

τ =1

(
f(γi,τ (a[1], a

∗
−i))− g(δτ (a[1], a

∗
−i))

)
< E[1] − E[2] < 0.

With the same argument, therefore, the other actions a[m ] can
be taken if

f(γi,t(a∗i , a
∗
−i))− g(δt(a∗i , a

∗
−i)) < 0. (7)

If the condition in (7) is satisfied, other actions can be taken
over the stage games. Note that the condition in (7) makes
wi,t(a∗i , a

∗
−i) be a decreasing function and the utility function

ui,t(a∗i , a
∗
−i) as well. In addition, if

|f(γi,t(a∗i , a
∗
−i))− g(δt(a∗i , a

∗
−i))| < min

∀m
(E[m+1] − E[m ]) (8)

then all the actions can be investigated in the network formation
process.
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Fig. 2. Observation of game parameters over repeated stage game. (a) us1 , t (a∗i , a
∗
−i ), uv 1 , t (a∗i , a

∗
−i ), uv 2 , t (a∗i , a

∗
−i ). (b) E(a∗s1

) (c) E(a∗v 1
).

If the conditions in (7) and (8) are satisfied, it is guaranteed
that Algorithm 1 returns (a∗i , a

∗
−i) that achieves δt(a∗i , a

∗
−i) = 0

in finite stages, as it includes the action that directly transmits
data from sources to terminals.

V. SIMULATION RESULTS

A. Simulation Setup

In this simulation, we build a network with 50 wireless nodes
located in 480 × 25 [m2] area. The number of source, inter-
mediate, and destination nodes are 13, 24, and 13, respectively,
and they are connected based on Wi-Fi Direct with the IEEE
802.11g standard ERP-OFDM-24. The parameters used in the
simulations are shown in Table I, which are determined based on
the indoor path loss model [30] and the IEEE 802.11g standard
parameters [31]. The reward function and penalty function are
defined as f(γ) = 0.25γ and g(δ) = 0.7δ.

We evaluate the performance of the proposed algorithm based
on the system throughput, measured by MAC layer theoret-
ical maximum throughput (TMT). The TMT4 is defined as
TMT = 8×L

MSDUD e lay
[Mbps]. Moreover, the corresponding trans-

mit power is measured based on path loss model, expressed
as PTX = PRX · ( 4π

λ
· d)α = a · dα where PTX, PRX, λ, and d

denote transmit power, receive power, the wave length, and the
distance between transmitter and receiver, respectively. To high-
light the performance of the proposed algorithm, we assume zero
bit error rate channel condition without interference.

B. Confirmation of Network Formation Processes

Fig. 2 shows the parameters updated by the proposed algo-
rithm, which confirms that ui,t(a∗i , a

∗
−i) decreases as the stage

games are played. Fig. 2(b) and (c) shows the power consumed
by s1 and v2 , respectively. It is confirmed that nodes choose
a∗i = argai

E[1] that consumes the lowest power at the first stage
game and change their actions until the algorithm is terminated
(i.e., δt(a∗i , a

∗
−i) = 0) after t = 35 stage games. This means that

the resulting network is eventually constructed based on a∗i at
t = 35 for all i ∈ I.

C. Performance Comparison

We now evaluate the system throughput and power consump-
tion of the proposed algorithm, which is compared with the
following three strategies.

4The total delay time needed to transmit MAC Service Data Unit, de-
noted by MSDUDelay , can be computed as MSDUDelay = (TData + TSIFS +
TACK + TDIFS + TBO )[μs] [32] and the time spent to transmit a data from
TData of length L bytes can be computed as TData = TPreamble + TSignal +
TSym × 16+8×L+6

N D B P S
� [31].

TABLE II
SYSTEM THROUGHPUT AND POWER CONSUMPTION

Transmission Strategy Power Consumption [dBm] System Throughput [Mbps]
s1 v1 v2 Overall Network

Proposed 41.66 4.05 16.99 794 341.46
No Coding 41.66 2.09 33.98 974.42 325.2
Direct TX 534.73 0 0 6951.48 601.62
Always Coding 41.66 4.05 19.99 830 341.46

1) Direct TX: The data are directly transmitted from the source
nodes to all terminal nodes without intermediate nodes.

2) No Coding: The data are transmitted in the network formed
by the proposed algorithm without network coding operations.

3) Always Coding: The data are transmitted in the network
formed by the proposed algorithm and network coding opera-
tions are always performed in intermediate nodes.

Direct TX, which emulates the most famous application sup-
ported by Wi-Fi Direct, is considered because it achieves the
upper bound of system throughput by transmitting data in a sin-
gle time slot. However, it requires the highest transmit power at
source nodes. By considering No Coding and Always Coding
strategy, we can highlight the advantages obtained by proper
use of network coding.

Table II shows the system throughput and power consumption
for different transmission strategies.

It is observed that the proposed algorithm improves 5% of the
system throughput with 23% reduced power consumption com-
pared to No Coding strategy, and it consumes 5% less power
compared to Always Coding strategy. This is because the pro-
posed algorithm forms an efficient network such that proper
use of network coding operations can improve the performance.
Compared to the Direct TX strategy, the proposed algorithm
reduces 89% of transmission power with only 43% throughput
loss.

VI. CONCLUSION

In this letter, we propose a distributed network formation
algorithm for multisource multicast flows. We design a utility
function for nodes in a wireless network such that the nodes can
make their decisions based on the best responses while explicitly
considering the impact of network coding operations on the im-
provement of the system throughput and power consumptions.
The simulation results show that the proposed algorithm can
reduce transmission power compared to Direct TX strategy, and
improve the system throughput with less power consumption
compared to No Coding strategy.
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