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Abstract—Topology Control (TC) is one of the most important
techniques for connection establishments between entities in
Internet of Things, especially in the scenario where there are
no fixed infrastructures such as prompt sensor deployments,
emergency communications, and vehicle-vehicle communications.
The goal of TC is to assign per-node transmission power such
that the resulting topology is energy efficient and also satisfies
some global graph property such as connectivity. Among the
literatures, however, few efforts focused on the issue of topology
control with interest-independent nodes. Besides, in a distributed
mobile networks, nodes’ mobility can cause the dynamic network
topology. As a result, nodes need to execute the topology control
algorithm periodically. To jointly consider nodes’ selfishness
and mobility, we propose a Potential Game and Mobile Aware
Topology Control (PGMATC) framework based on mobility
traces and potential game, where a practical utility function is
designed by considering the expected utility for a topology control
period. Extensive simulations driven by actual data demonstrate
that PGMATC can improve the network connectivity with quite
a limited increase in energy consumption, compared with the
traditional topology control algorithms.

Index Terms—Internet of Thing; Topology control; selfishness;
potential game; network connectivity; power efficiency.

I. INTRODUCTION

In the past decade, ubiquitous computing and communica-
tion accelerate connections between different entities such as
sensors, smart devices, and vehicles. The pervasive paradigm
known as Internet of Thing (IoT) can greatly improve the
value of information generated by “things” through spreading
it within their interconnections and constructed networks. IoT
will usher in a wide range of devices and applications enabling
things to be connected with anyone or anything, in any place,
at any time [1]-[3].

The connection establishment between entities is the fore-
most issue in IoT, especially in the scenario where there are
no fixed infrastructures such as prompt sensor deployments,
emergency communications, and vehicle-vehicle communica-
tions. Interconnection in such non-centric cases can lead to
flexible deployment and easy re-configuration, greatly extend-
ing the the application scope of IoT. However, without a
central infrastructure forwarding messages, entities have to
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communicate with each other hop by hop. Whether or not
several entities with satisfactory connectivity performance is
also limited to several practical issues such as mobility and
energy efficiency [4]. In fact, in a distributed environment
constructed with independent and mobile entities, the dynamic
topology continuously changes the distances between one
entity and its neighboring entities, inducing uncertain power
consumption for keeping itself connected. Besides, considering
mobility requirements, entities are generally designed with
small sizes, further posing constraints on their energy supplies.
Therefore, there are incentives for entities to optimize their
connectivity performances with energy consumption as their
individual costs.

Topology Control (TC) is commonly used to assign per-
node transmission power such that the resulting topology is
energy efficient and satisfies some global graph properties
such as connectivity [5]. The application of TC in the IoT
field focuses on improving node connectivity performance
with limited energy supplies. However, in static networks, to
reduce energy consumption, topology control is employed for
each node to decide its own transmission power while also
guaranteeing the network connectivity. In the condition that
entities can move around resulting in a dynamical network
topology, the connectivity can be lost as a consequence of
the nodes’ movement [6]. Several previous studies provided
edge redundancy for connectivity performance [7]-[8], which
does not comprehensively focus on energy efficiency. There
are some studies improving topology performance based on
mobility prediction, such as [9]-[12], which were effective
only when the mobility prediction is accurate.

Besides, most protocols in TC are based on the assumption
that all the nodes can cooperate with each other to establish
a stable network. In fact, in IoT, it frequently happens when
entities have their own utility or preferences. For example,
one vehicle can wish to connect only their nearest vehicle
for communicating the other vehicles by radio, so that it can
save more energy and still connect the network. However, such
condition holds only when its nearest vehicle can connect
the other vehicles, which could sacrifice its energy. In the
condition that all the vehicles act to use minimum power
consumption and wish to have better overall connectivity
performances, it is possible that all the vehicles cannot connect
with each other. That is, from a specific user’s perspective,
it is difficult to justify the cooperative assumption because
all the nodes are either competing for network resources or
conserving their own limited resources (e.g., battery lifetime)
[6]. To address such problems, recently, game theory has
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been used to model users’ rational and selfish behaviors in
communication and networking, such as in various wireless
networks [13]-[15]. There are already some game-based TC
approaches such as [16]-[20], where all these approaches used
potential game [21] to model the nodes’ behaviors in the
network. The authors in [22] and [23] analyzed TC based on
the game theory using the instantaneous utility, where all the
nodes’ relative positions are known in advanced. The utility
functions in these works were instantaneous. In a dynamic
scenario where the nodes’ positions can change greatly with
time, the potential game needs to consider the performance in a
large time scale affected by the nodes’ mobility. To analyze TC
in a mobile and interest-independent environment, this paper
propose a potential game based topology control framework,
and makes the following contributions.
• First, this paper considers the TC in an interest-

independent environment, a utility function is proposed
for each node integrating the energy consumption perfor-
mance and the connectivity performance.

• With the mobility trace as the input, TC is solved by the
Potential Game and Mobility Aware Topology Control
(PGMATC) framework, which is proved to converge to
the Nash Equilibrium (NE). Extensive simulations driven
by actual data demonstrates that PGMATC can improve
the network connectivity in dynamic scenarios with quite
a small increase in energy consumption, compared with
the traditional topology control algorithm.

The rest of this paper is organized as follows. In Section
II, we introduce the potential game and describe the network
model. Then, we propose a topology control framework PG-
MATC based on potential game and mobility prediction with
game theoretical analysis in Section III. Finally, simulation
results are shown in Section IV and conclusions are drawn in
Section V.

II. SYSTEM MODEL

A. Network Model

Let us consider a network consisting of heterogeneous
nodes distributed uniformly in a 2D planar region. The main
notations in this paper is also summarized in Tab. I. Each may
have different maximal transmission powers pi,max and move
according to some mobility models. We model the network
topology by an undirected graph G = (N,E), where N is a
set of nodes and E is a set of links which can be written as
follows

E = {eij |pi ≥ wi,j and pj ≥ wi,j}, (1)

where pi is the actual transmission power of node i and wi,j
is the transmission power required to form a direct connection
from node i to node j. Here, we assume that w is symmetric
i.e. wi,j = wj,i∀i, j. Under the general propagation model
[5], we have

wi,j = wj,i = βdαij , (2)

where α ≥ 2 is the distance-power loss coefficient, β is
the transmission quality parameter, and dij is the Euclidean
distance between the nodes. In the following, we first give a
formal definition regarding connectivity.

Definition 1. The induced topology G is said to be connect-
ed if and only if there exists a bi-directed path,i.e. a collection
of contiguous bi-directional links, between every node pair.

B. Topology Control Game

Considering the nodes’ selfish nature in Ad Hoc networks,
we describe the topology control process as a normal form
game. Individual nodes form the player set, N = {1, 2, ..., n},
of the game. Each node can autonomously set its transmission
power level pi ∈ Ai = [0, pmax

i ]. The individual power levels
can be collected into a power vector p = (p1, p2, ..., pn), and
the action space A is given by the cartesian product A =
×ni=1Ai. Note that a power vector can induce a topology that
is a collection of feasible links defined by (1). Node i’s utility
function ui : Ai → R models node i’s preferences over the
action profile Ai. u = (u1, u2, ..., un) : A → Rn denotes
the vector of such utility functions. To summarize, we have
defined a topology control game in Ad Hoc networks as Γ =
〈N,A, u〉.

In topology control, the nodes may be concerned with
various factors, such as energy consumption, connectivity,
delay, interference, etc. In this paper, we focus on energy
consumption and connectivity, which will be reflected in the
utility function defined in the next section, where how the
topology control problem can be formulated by the potential
game is discussed. Before that, let us give the formal definition
of the Nash equilibrium of topology control game and the
definition of ordinal potential game.

Definition 2. A transmission power profile p∗ =
(p∗1, · · · , p∗i , · · · , p∗n) is a Nash equilibrium of the topology
control game Γ = 〈N,A, u〉, if ∀i ∈ N and ∀ai ∈ Ai,

ui(p
∗) ≥ ui(pi, p∗−i), (3)

where p∗−i represents the transmission power vector except p∗i .
Definition 3. A strategic game Γ = 〈N,A, u〉 is an ordinal

potential game (OPG) if there exists a function V : A → R
such that ∀i ∈ N and ∀ai ∈ Ai, and for all ai, bi ∈ Ai,

V (bi, a−i) > 0⇔ ui(ai, a−i)− u(bi, a−i) > 0, (4)

where V is called the ordinal potential function (OPF) of Γ.
Potential games with compact action space are known to

have at least one NE in pure strategies [21]. There are already
some approaches proposed to converge to a NE dynamical-
ly, such as best-response-based algorithm MIA and better-
response-based algorithm DIA [16]. Previous studies [16] have
proved that the sequential action based on DIA of each player
can lead to the NE with the maximum transmission power
minimized. Given that all the nodes care their individual
energy consumptions, we assume that they agree to use DIA
performing the potential game, which will be introduced in
the next section.

III. POTENTIAL GAME AND MOBILITY AWARE TOPOLOGY
CONTROL FRAMEWORK

Based on the network model, the nodes’ transmission power
settings determine the network topology, and each node can
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TABLE I
SUMMARY OF NOTATIONS

Notations Description
E Link Set
N Node Set
ωi,j Transmission power required to form a direct connection from node i to node j
α Distance-power loss coefficient
dij Euclidean distance between node i and node j
pi Power of node i
Ai Power Set of node i
ui Utility of node i
V Ordinal Potential Function (OPF)

fi(p, t) Number of nodes connected of node i
ηi coefficient for the number of nodes connected of node i

adjust its individual transmission power to improve its indi-
vidual connectivity performance. In a distributed and mobile
environment, however, each node cannot immeasurably in-
crease its transmission power due to its limited energy supply.
Therefore, a framework needs to consider both connectivity
performances and energy costs for interest-independent nodes.
In this section, we will discuss the potential game formulation
for mobility aware topology control. Under the assumption that
each node is aware of its future mobility traces with power
limitation, we give the action set and utility function illus-
tration, which construct the correspondence between potential
game and topology control. Then, a topology control algo-
rithm is proposed for the selfish nodes to connect each other
with power incentive considerations, followed by theoretical
performance analysis.

A. Actions and Utility

As illustrated in Section II-B, each node can adjust its own
transmission power between 0 and pmax

i . For practical consid-
eration, such an adjustment is discrete, instead of continuous.
In such a case, for each node i, we can define a modified
quantized action set as

Âi = {pmin
i = p0i , p

1
i , · · · , pM = pmax

i }, (5)

where Âi is an ascent-ordered set, i.e., pki > pk−1i . One
way to construct Âi is to let the transmit level of all nodes
be initialized to the corresponding pmax that can guarantee
connectivity with sufficiently high probability and decrement
power in steps with a predefined step size δ.

The nodes’ mobility make the network topology change
dynamically, and thus they need to perform the topology
control procedure periodically. Under such a circumstance, a
rational node should optimize its utility for a topology control
period instead of one instantaneous moment. First, let us define
each node’s instantaneous utility ui as follows

ui(p, t) = ηifi(p, t)− pi, (6)

where pi is the transmission power chosen by node i and
considered as the cost, p is the power vector of all the
nodes, fi(p, t) is the number of the nodes that can be reached
(possibly over multiple hops) by node i via bidirectional
links and paths, and ηi represents each node’s preference
(or evaluation) on being connected to other nodes and also

acts as a normalized coefficient. The cost component in (6)
suggests that transmission power is the principal source of
energy consumption, where the additional energy consumed
when receiving, storing, and processing packets is ignored as
in [16]. This is because our focus in this paper is the energy
related with stabilizing the network topology.

Based on the instantaneous utility definition, we can further
define the expected utility of node i within t0 ∼ t0 + T as
follows

Ui
t0∼t0+T

=

∫ t0+T

t0

[ηif̂i(p, t)− pi] dt, (7)

where f̂i(p, t) is the predicted value of fi(p, t) which is
predicted at t0 by node i. In practical scenarios, it is impossible
for a node to sample and evaluate its utility continuously.
Considering this, we discretize the utility function EUi

t0∼t0+T
in

(7) as

Ûi
t0∼t0+T

=
L∑
l=1

{
ηif̂i

(
p, t0 + (l − 1)

T

L

)
− pi

}
· T
L
, (8)

where L is the total sampling times in T . Here, to guarantee
that the utility is positive, i.e., Ûi

t0∼t0+T
> 0, we assume that

ηi ≥ pmax
i . Moreover, for notation convenience, we simplify

f̂i(p, t0 + (l − 1)TL ) as f̂i,l(p) as follows.

B. Topology Control Framework

Based on the potential game, we propose a topology control
framework, which is a local algorithm where nodes selfishly
optimize their performance. In PGMATC, nodes call the
topology control algorithm every T seconds, where T is
the topology control period. The topology control process of
PGMATC can be summarized as follows.

1) Mobility Traces: We assume that each node
knows its own future position for the period of time,
i.e.,

{
t0 + T

L , t0 + 2TL , · · · , t0 + (L− 1)TL
}

. t0 is the
time of the topology update, l ∈ {1, 2, · · · , L},(
x(t0 + T

L · l), y(t0 + T
L · l)

)
denotes the position of a

node at t0 + T
L · l. The period of T is quite small compared

with the time scale of the node’s mobility trace. Therefore,
such assumption is appropriate in practice.
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2) Position information broadcast: Each node i transmits
at its maximum power level pmax

i and broadcasts its current
position and the positions in the future period of time T to
the other nodes.

3) Better response adaptation: Each node i, selected vi-
a some sequential order, improves its expected utility for
t0 ∼ t0 + T (given by (8) through adjusting its power setting
according to a better response adaptation process DIA [16].
Under DIA, each node chooses a power level one level lower
than its current level, if the chosen action gives a better payoff
than its current action. Otherwise, the node reverts to the power
level it was currently transmitting at. Let pki be the current level
at which node i is transmitting, where k = 0, 1, ...,M . In such
a case, according to the rule of DIA, given the transmission
power level of all other nodes, each node decides to transmit
next at a level given by

p̃i = arg max
qi∈{pk−1

i ,pki }
Ûi

t0∼t0+T
(qi, p−i), (9)

where p−i means all other nodes’ power levels except node i.
4) Update: The predicted neighborhood of i, N̂i(pi), at{
t0 + T

L , t0 + 2TL , · · · , t0 + (L− 1)TL
}

is recomputed, and
the predicted induced topology ĝ(pi, p−i) is updated for the
new power setting.

5) Repeat: Repeat step 3 and 4 until no node revises its
power setting in a given round.

C. Game-Theoretic Analysis

In this subsection, we will show in the following theorem

that the game Γ =

〈
N,A, Û

t0∼t0+T

〉
with the objective

function of each node given by (8) is a potential game.

Theorem 1: The game Γ =

〈
N,A, Û

t0∼t0+T

〉
, where the

individual utilities are given by (8), is an OPG with an OPF
given by

V (p) =
∑
i∈N

L∑
l=1

{
ηif̂i,l(p)− pi

} T
L
. (10)

Proof: We prove by applying the asserted OPG in (10).
First, according to the individual utility function (8), we have

∆ Ûi
t0∼t0+T

= Ûi
t0∼t0+T

(pi, p−i)− Ûi
t0∼t0+T

(qi, p−i)

= ηi
T
L

L∑
l=1

[
f̂i,l(pi, p−i)− f̂i,l(qi, p−i)

]
− T (pi − qi).

(11)
Similarly, according to the OPG in (10), we have

∆V = V (pi, p−i)− V (qi, p−i)

=
∑
i∈N

ηi
T
L

L∑
l=1

[
f̂i,l(pi, p−i)− f̂i,l(qi, p−i)

]
− T (pi − qi).

(12)
Combining (11) and (12), we have

∆V = ∆ Ûi
t0∼t0+T

+
∑

j∈N,j 6=i

ηj
T

L

{
L∑
l=1

f̂i,l(pi, p−i)−
L∑
l=1

f̂i,l(qi, p−i)

}
.

(13)

Since f̂i,l(p) is monotonic in terms of p,
L∑
l=1

f̂i,l(p) is also

monotonic. In addition, since ηi ≥ pmax
i ∀i, so it follows

that in (14). For the fist two cases in (14), the sign of the
second term of (13) is the same as that of ∆ Ûi

t0∼t0+T
, which

means sgn(∆V ) = sgn(∆ Ûi
t0∼t0+T

). While for the last two

cases in (14), the second term of (13) is zero, since the con-
nectivity profile of every node remains unchanged, and thus,
∆V = ∆ Ûi

t0∼t0+T
. Thus, we have sgn(∆V ) = sgn(∆ Ûi

t0∼t0+T
)

in general. Therefore, we can conclude that V is an OPF, and
Γ is an OPG.

Theorem 2: During each topology control period, PGMATC
will converge to an NE which is energy efficient and preserves
the connectivity at every moment, if the sampling times L is
sufficiently large, the power level step δ is sufficiently small,
and the future positions of the nodes are predicted sufficiently
accurate.

Proof: From Theorem 1, we have that Γ is an OPG. DIA
specifies an improvement path, i.e., a sequence of improving
action profiles. The improvement path is finite, and as a
result, the DIA dynamic converges to an NE [21]. Because
the future positions of the nodes are given, i.e., the future
topology ĝ(pi, p−i) is known precisely by node i, f̂i,l(p),∀l ∈
{1, 2, ..., L} can be calculated accurately. Meanwhile, if the
sampling times L is large enough, the discrete utility can
approximate the continuous utility, which means that nodes
are interested in the connectivity of the whole topology control
period.

In the adaptation stage, each node chooses a power level one
level lower than its current level, if f̂i,l(p),∀l ∈ {1, 2, ..., L}
remains unchanged. Otherwise, the node reverts to the power
level it was currently transmitting at. We can prove this by
contradiction. Suppose a node maximizes its expected utility
at pk+1

i , given p−i, and some f̂i,l(p), l ∈ {1, 2, ..., L} is
changed. Since f̂i,l(p) is monotonic increasing, f̂i,l(p), l ∈
{1, 2, ..., L} can only decrease. Utility maximization means

ηi
T

L

L∑
l=1

f̂i,l(p
k+1
i , p−i)−Tpk+1

i > ηi
T

L

L∑
l=1

f̂i,l(p
k
i , p−i)−Tpki ,

(15)
which implies that

ηi
L

L∑
l=1

[f̂i,l(p
k
i , p−i)− f̂i,l(pk+1

i , p−i)] < pki − pk+1
i . (16)

Since we have ηi ≥ pmax
i ∀i, (16) is an impossible inequality.

In such a case, in every round, f̂i,l(p),∀l ∈ {1, 2, ..., L}
remains unchanged.

Since ∀l, f̂i,l(p) is constant, i.e. the connectivity at every
moment is maintained, the utility maximization problem now
becomes a power minimization problem. In order to guarantee
the convergence of DIA to the energy efficient states, the step
size δ should be sufficiently small. Thus, the final steady state
topologies for a topology control period are efficient in terms
of both energy and connectivity.
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∆ Ûi
t0∼t0+T

=



≥ 0, if pi > qi and
L∑
l=1

f̂i,l(pi, p−i) >
L∑
l=1

f̂i,l(qi, p−i),

≤ 0, if pi < qi and
L∑
l=1

f̂i,l(pi, p−i) <
L∑
l=1

f̂i,l(qi, p−i),

< 0, if pi > qi and
L∑
l=1

f̂i,l(pi, p−i) =
L∑
l=1

f̂i,l(qi, p−i),

> 0, if pi < qi and
L∑
l=1

f̂i,l(pi, p−i) =
L∑
l=1

f̂i,l(qi, p−i).

(14)

IV. PERFORMANCE EVALUATION

In this section, extensive simulations driven by actual data
are performed to evaluate the performance of PGMATC. To
illustrate the effectiveness of PGMATC, we call the traditional
topology control algorithm based on potential game shown
in [16] periodically, which is denoted by PTC. We compare
PMPTC with PTC, and use the topology MAX derived using
the maximal transmission power as a benchmark.

A. Mobility Traces

The mobility traces are based on the human mobility traces
generated by volunteers in NewYork and Orlando [24]. The
volunteers can move in a large time scale, and generate their
mobility traces based on their GPS devices. There are 39 nodes
for the mobility traces in NewYork, while there are 41 nodes
for the mobility traces in Orlando. For simplicity, only the
positions in 2-D plane is considered. Besides, we normalize
the distance in both x-axis and y-axis, so that the maximum
transmitting power can reach the “1”. During the simulations,
the node stops for a period of time defined by the pause time
parameter Tpause which is set to be 5 seconds. L is set to be
50. Note that the selection of these parameters for one node is
independent of other nodes. The simulation time is 50s with
the time step 0.1s.

B. Performance Metrics

For the performance metrics, we focus on energy consump-
tion and connectivity of the network. We use connectivity-ratio
proposed in [6] to evaluate the connectivity of the topology
control algorithm. The metric connectivity ratio measures the
network connectivity at a certain snapshot in time. It is the
percentage of connected node pairs out of all possible node
pairs in the network. A node pair (u, v) is called connected if
there is a path from to and vice versa. The metric connectivity
ratio can be calculated by the following equation

C =

∑
u,v∈V

cu,v

n(n− 1)
, (17)

where

cu,v =

{
1, if u 6= v and (u, v) is connected,
0, otherwise. (18)

It can be seen from (2) that transmission power is the power
function of transmission range, given a general propagation
model. The greater the transmission range, the higher the
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Fig. 1. Mobility Traces of Nodes.

transmission power. In such case, we can use transmission
range to instead of transmission power in the simulations. We
use the nodes’ average transmission range to reflect the energy
consumption of the network.
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Fig. 2. Connectivity Ratio Performance.

C. Simulation Result

The mobility traces are shown in Fig. 1. First, the actual
mobility traces of humans are quite irregular, which cannot
be predicted by theocratical models. Therefore, the topology
control algorithm needs to be performed based on actual
mobility traces, adapting to the real scenario. Note that such
topology control algorithm is only available when each node
knows its positions in the next several steps. Considering
that each node generally knows its future moving towards,
such condition can be satisfied in practice. Besides, it can
be observed that as the nodes move based on their own
mobility traces, the distances between different nodes can
change greatly and the overall topology can be quite dynamic.
Therefore, it is necessary to consider the topology algorithm
in a dynamic topology scenario.

We compare the topology control results of PGMATC,
PTC, and MAX, which are shown in Fig. 2. From Fig. 2,
we can see that the proposed PGMATC can improve the
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Fig. 3. Power Consumption Performance.

network connectivity in the dynamic scenario to a great extent
compared with PTC. This is because in a topology update
interval, each node in PGMATC will set its power for the
period of time, while the node in PTC only sets its power
for the current topology. Therefore, the connectivity ratio in
PGMATC is generally larger than that in PTC in most of time.
In the update time point, the connectivity ratio in PGMATC
can be slightly smaller than that in PTC. This is because PTC
only optimizes the connectivity ratio in one time point, while
PGMATC optimizes the connectivity ratio performance for a
period of time. Besides, comparing NewYork and Orlando, we
find that the connectivity ratios of different topologies can be
quite different. But no matter what the topology changes, from
the perspective of a period of time, PGMATC is superior to
PTC.

Fig. 3 demonstrates the average transmission range (energy
consumption) in PGMATC, PTC, and MAX. First, each node
setting its maximum power can lead to the optimized con-
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nectivity ratio performance, but will also induce the largest
power consumption. Besides, the average transmission range
of PGMATC is a little higher than that of PTC. This is because
the power setting of each node in PGMATC needs to consider
the longer time, while the power setting of each node in
PTC needs to only consider one time point. However, the
transmission power in PGMATC is still quite smaller than that
in MAX. Considering that the connectivity ratio in PGMATC
can greatly approach the performance in MAX, such increased
power consumption is tolerable.

V. CONCLUSION

In this paper, we propose a potential game and mobility
aware topology control (PGMATC) framework. With PG-
MATC, nodes call topology control algorithm periodically.
At the beginning of each cycle, nodes locally optimize the
expected utility for a topology control period, which is proved
to be an ordinal potential game. With the better adaptation
approach DIA, PGMAPTC will converge to an NE which
is energy efficient and preserves the connectivity at every
moment. From extensive simulation driven by actual data,
we can see that PGMATC improves the network connectivity
ratio in mobile networks with quite a small increase in energy
consumption, compared with the traditional topology control
algorithm.
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