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Abstract. In an SDN architecture, solving the controller placement
problem (CPP) in a multi-controller environment plays an important role
on network performance in terms of delay, reliability, control overhead,
etc. In this architecture, control overhead, referred to as the network
cost in this paper, consists of controller-device communications to dis-
cover the network topology, and exchange configurations and set up flow
tables as well as inter-controller communications, if needed, to synchro-
nize different network views and achieve the global view of the network.
In software defined multihop wireless networking (SDMWN), because of
the capacity limitation and the effect of interference on wireless links, and
an in-band architecture in some types of networks to exchange both data
and control traffic, it is important to solve the CPP while minimizing
control overhead to reduce energy consumption, have lower packet losses
and improve reliability. In this paper, the objective is to solve the CPP in
SDMWN while minimizing the number of required control packets to be
exchanged in the control plane. The novelty of our work is that we con-
sider the characteristics of SDMWN and the capacity of wireless links to
solve the CPP and select routes among network devices and controllers
in the network. Our results demonstrate the impact of different factors
such as the number of controllers, the capacity of wireless links and the
arrival rate of new flows in devices on control overhead in SDMWN.

Keywords: Multihop wireless networks (MWNs) - Software defined
multihop wireless networking (SDMWN) - Controller placement
problem (CPP) - Control overhead

1 Introduction

Multihop wireless networks (MWNs) are self-configuring and self-organizing, in
which network devices are able to communicate wirelessly with each other using
one or more intermediate devices without the help of any infrastructure such
as a base station or an access point. In addition to the common challenges of
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all wireless networks such as unreliable and shared wireless medium, interfer-
ence, etc., MWNs face additional challenges, including distributed management,
device mobility, energy consumption, quality of service. In MWNs, since network
management is distributed among network devices, it is challenging to optimize
routing decisions and resource consumption globally, and to adjust to dynamic
topology changes efficiently [1-3].

Software defined networking (SDN) [4] is a solution proposed to overcome
some existing challenges in configuration and management of the traditional
networks by decoupling the control plane and the data plane of the network. In
SDN, the removed control plane from network devices is logically centralized in a
controller that is responsible for managing the entire network. Although the SDN
concept was first proposed for wired networks, applying SDN to MWNs can also
be beneficial to overcome the MWN-specific challenges mentioned earlier. In the
traditionally distributed management of MWNs, network devices are responsible
for establishing the connectivity with each other using local, partial views of the
network. While in software defined multihop wireless networking (SDMWN), the
controller is able to optimize resource allocation globally and adjust to dynamic
topology changes faster.

In SDMWN;, a distributed control plane is used as an architecture in which
the network is divided into different domains and multiple controllers are
responsible for managing the domains separately. A distributed control plane
is expected to address the challenges of a centralized control plane, i.e., only one
controller manages the entire network, in terms of reliability, scalability, energy
depletion issues, etc. However, it raises some new challenges including determin-
ing the number of controllers, assigning and placing controllers, referred to as
the controller placement problem (CPP) [5], and achieving the global view of
the network [6]. We describe these existing challenges using a distributed con-
trol plane in more detail in Sect.2. Addressing these challenges, especially in
SDMWN with shared and unreliable communications, has a significant impact
on network performance metrics such as latency, cost, reliability and control
overhead. To the best of our knowledge, in the related work in solving the CPP,
all communications use the shortest paths and the authors have not considered
the capacity of wireless links and the effect of interference on the capacity of
links, which is crucial in SDMWN.

The objective of this paper is to find the placements of a given number
of controllers and their assignments to the network devices in SDMWN with
an in-band architecture to minimize the number of required control packets
to be exchanged in the network. The control packets are exchanged between
network devices and their assigned controllers, and among controllers to discover
the network states and topology, exchange configurations and update flow rules
in SDN forwarding devices. In an in-band architecture, the control and data
traffic share the same band or channel. In SDMWN, minimizing the control
packets flowing over links improves scalability and reduces energy consumption
and packet losses, which also has an impact on the reliability of the control
plane. In addition, to solve the problem, we consider the capacity of links and
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the effect of interference on controller placements, controller assignment and
route selection among network devices and controllers as well as route selection
among controllers. We formulate the CPP, which is an NP-hard problem [5], as
a nonlinear problem. The formulated CPP is a nonlinear problem because we
consider the capacity of links and route selection in the control plane. Therefore,
we investigate the CPP with a small network to show the impact of the number
of controllers, the arrival rate of new traffic flows, and the capacity of links on
the control overhead in the network. In this paper, the terms control overhead
and the network cost are used interchangeably.

Similar to the gateway selection in mobile ad hoc network [7], i.e., some
devices are selected as gateways in the network, the objective of the CPP in
SDMWN is to select network devices in the network to host an SDN controller.
The main concern in a gateway selection is to exchange data traffic and provide
access to the internet with the aim of different metrics such as load-balancing,
throughput and quality of service. While in solving the CPP in SDMWN in
this paper, the objective is to minimize control traffic exchanged in the network,
considering different characteristics of SDMWN.

The organization of this paper is as follows. Section 2 discusses existing chal-
lenges in a distributed control plane architecture and presents an overview of
the related work in SDMWN. Section 3 introduces an optimization model to
minimize the generated control overhead in the network while considering the
characteristics of SDMWN and related constraints. Section4 shows the evalua-
tion of the proposed model and Sect. 5 is the conclusion.

2 Related Work

As mentioned earlier, SDN has the potential to address the MWN-specific chal-
lenges in terms of network management, device mobility, energy consumption,
quality of service, etc. Several studies have demonstrated that applying SDN
to MWNs can be beneficial [1-3,8-10]. In [1], various studies are reviewed that
show the benefits of applying SDN to MWNs, in which the control logic of wire-
less devices is logically centralized in an SDN controller that programs the whole
network.

In most studies on SDMWN, a physically centralized controller manages the
network to satisfy the requirements of different types of applications such as
routing, scheduling, task allocation, load-balancing, congestion control, etc. In
the context of SDMWN, the results show that these approaches, compared to
the traditional distributed management, can be beneficial in terms of network
performance metrics such as packet delivery ratio, delay, etc. [1].

However, in addition to the existing drawbacks of a centralized control plane
such as a single point of failure, scaling limitations [11], applying a physically
centralized control plane to SDMWN has some disadvantages. In this case, due
to the mobility of network devices and scalability issue, direct connections among
network devices and a centralized controller are not reasonable or practical for
some scenarios, e.g., constrained resources for network devices. Therefore, net-
work devices need to communicate with a controller in a multihop manner using
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possibly an unreliable and shared wireless medium to update the general view
of the network and receive flow rules. Consequently, network devices may face
higher latency, especially devices farther away from the controller, which leads
to higher flow setup time [12].

In a distributed control plane environment, controllers are able to control
devices that are closer geographically which helps to reduce latency and reacts to
topology changes faster. Moreover, in case of a controller failure, other controllers
can manage the network. However, using a distributed control plane in an SDN
architecture raises several new challenges. Among them are how to determine
the number of controllers and their locations, and how to assign controllers to
network devices. Heller et al. in [5] refer to those challenges in a distributed
control plane as the controller placement problem (CPP) that is a NP-hard
problem. The main objective of the CPP is to find the number of controllers and
their placements and to assign controllers to network devices while considering
different metrics and objectives [13]. In addition, it is challenging to integrate
different local views and to achieve the global view of the network to provide
inter-domain communications among devices. Most studies in SDMWN with
a distributed control plane do not provide any details about inter-controller
communications using the wireless medium to achieve the global view of the
network in SDMWN [14-17].

Addressing the existing challenges in a distributed control plane has an
impact on the generated control overhead in the network [18]. In SDN, in addi-
tion to the data packets exchanged among network devices, control packets need
to be exchanged periodically among a controller and network devices (controller-
device) to discover the network topology, exchange configurations and set up flow
tables. Moreover, a number of control packets need to be exchanged periodically
among controllers (inter-controller) to synchronize and integrate different net-
work views and obtain a global view of the network to provide inter-domain
communications. Some SDMWNs, such as WSNs, because of their character-
istics, only have a single interface to forward both control and data messages.
Therefore, in such networks, the capacity of links is used to exchange both data
and control traffic. Moreover, because of the wireless nature of links, interference
can influence the available capacity of links [19]. Therefore, it is important to
consider the capacity of links as a constraint in solving the CPP in SDMWN to
exchange control traffic.

Although various studies have been reported to solve the CPP in wired net-
works, only a few studies consider the impact of solving the CPP in wireless net-
works on network performance. This problem is introduced as the wireless CPP
in [20], in which communication links among controllers and network devices are
wireless. In this case, in addition to the metrics addressed in the wired CPP, the
characteristics of unreliable and shared wireless medium should be considered in
solving the wireless CPP, which plays a critical role on connectivity among con-
trollers and network devices. Moreover, most studies do not provide any details
about inter-controller communications using the wireless mediums to achieve the
global view of the network in SDMWN.
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The objective of [20] is to minimize the number of controllers and the total
delay, and find optimal controller placements and assignments in a wireless net-
work. The authors formulate the problem as a chance-constrained stochastic pro-
gram (CCSP) with consideration of wireless communications, in which the total
delay consists of the network access delay for the devices, transmission delay,
propagation delay and the queuing delay at the controller. Results demonstrate
that the proposed model is able to reduce the number of selected controllers
and delay in the network. Dvir et al. [21] propose a multi-objective optimization
problem to solve the wireless CPP, in which inter-controller communications and
communications among controllers and access points are wireless. The authors
formulate the problem to minimize propagation delay and link failure proba-
bility while considering throughput and a new metric called transparency as
constraints. Transparency is defined as the latency in the data plane, which is
caused by interference added by the proposed control plane. Then, the authors
introduce two heuristic algorithms to solve the problem that are able to find
the number of controllers to approximately minimize the objective function and
satisfy the constraints. Moreover, the results demonstrate that with increasing
the number of devices in the network, link failure probability and delay obtained
from both algorithms increase.

The objective of [22] is to solve the wireless CPP in a VANET with a two-
layer hierarchical control plane while minimizing the number of controllers and
delay in the network, which consists of transmission delay, queuing delay, con-
tention delay, processing and propagation delay. Results show that, compared
to a random placement, using the proposed approach, the network experiences
lower latency. Moreover, the proposed approach improves network performance
in terms of delay and packet delivery ratio. Qin et al. [18], propose an opti-
mization model to find controller placements in wireless edge networks while
achieving a tradeoff between minimizing delay among devices and their assigned
controllers, and minimizing control overhead (Mbps) in the network. Control
overhead in [18] consists of communication among devices and their assigned
controllers to set up flow rules, and inter-domain communication to discover the
network topology along the shortest paths. To solve for large-scale networks, the
authors propose a randomized greedy algorithm to find controller placements.
Results show that the proposed algorithm is able to find near-optimal solutions
and improve the network performance in terms of minimizing delay and control
overhead. However, in [18], the authors do not consider the controller-device
communication control overhead to discover the network topology and the char-
acteristics of wireless medium to solve the problem.

The objective of most studies in solving the CPP in both wired and wireless
networks is to minimize propagation delay among controllers and devices that is
proportional to the distance among them [13]. Minimizing the distance among
controllers and devices as well as among controllers has a direct effect on the
reliability of the control plane, especially in wireless networks with shared and
unreliable communications.
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To the best of our knowledge, in the related work of solving the CPP in
wireless networks, to minimize propagation delay, the capacity of wireless links
and the impact of interference on the capacity of links are not considered when
determining the number of controllers and controller placements. Moreover, in
the related work, the authors assume that all communications use the shortest
paths and they do not consider the capacity of links and the impact of limiting
the capacity of links to exchange the control overhead on solving the CPP. Con-
sequently, route selection to provide controller-device and inter-controller com-
munications based on the capacity of links is still an open research area in solving
the CPP. Therefore, in this paper, our objective is to solve the CPP to minimize
the cost of the network while considering the characteristics of SDMWN and the
capacity of wireless links.

3 System Model

We model an SDMWN as a directed graph G = (V, E), where V represents the
set of wireless network devices and F is the set of links between each pair of
devices such that link (u,v) and link (v,u) are the members of E if and only if
device u is within the transmission range of device v (Rr). In this paper, we use
the protocol model formulated in [19] to find a set of links in the interference
range of link (u,v).

Since in MWNSs network devices are responsible for organizing the network,
we consider all wireless network devices as SDN forwarding devices, communi-
cating in a multihop manner, controlled by an SDN controller. Moreover, we
assume that all network devices are stationary and candidate locations to place
a controller. In addition, we have an in-band architecture, i.e., network devices
use a single interface to forward data traffic and exchange control traffic with a
controller placed on a device and control traffic among controllers.

3.1 Model Outputs

The notations used in the proposed model are listed in Table 1. The outputs of
the proposed model are listed as follows while considering the capacity of links
as a constraint to place controllers in the network and assign them to network
devices.

Optimal placements of N controllers in an SDMWN

— Controller assignments to network devices

Route selections among controllers and network devices as well as among
controllers

— Optimal cost of placing N controllers in the network



136 A. Zahmatkesh et al.

3.2 Objective Function

We formulate the problem as a nonlinear programming (NLP) problem and (1)
shows the objective function that aims to minimize the total cost of the network.

Vi v

Min(CostTD+Z Z (RFiow_Rq Tk, i Z 5;

k=1i=1,i#k V(u,v)EE

D L)

Y(u,v)EE

subject to: (3), (4), (5), (6), (7), (9)

Table 1. Notations used in this paper

Notation | Definition

Yk Output (binary decision variable): The value equals one if and only
if there is a controller placed on device k

Th,i Output (binary decision variable): The value equals one if and only
if device i is assigned to a controller placed on device k

f{f;’; Output (binary decision variable): The value equals one if and only
if link (u,v) is used to provide communication between device a and
device b

Costrp The total cost of topology discovery (control packets/second) run-
ning by all controllers on their own assigned network devices and
among all controllers in the network calculated using (2)

Rrp The rate of running topology discovery by each controller (1/sec-
ond)

Rriow.rqg | The arrival rate of new flows in each device that triggers a flow
request message toward the assigned controller (1/second)

N A given number of controllers

neighbor[i] | A set of neighbors of network device ¢ in the network

neighbor; ;

The j*" neighbor of network device i

Cu,v

The capacity of link (u, v) to exchange control Packets ( control pack-
ets/second)

Civ The required bandwidth of link (u,v) to exchange control Packets
(control packets/second)
Li"lf A set of links in the interference range of link (u,v)

The first part of (1) (Costrp) is the total cost of topology discovery in the
network calculated using (2). The second part of (1) calculates the cost of
controller-device communications using the best routes among controllers and
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their assigned network devices to exchange configurations and set up flow rules
(control packets/second). In the case here, we will count control packet trans-
missions over each hop along their routes.

a) Cost of Topology Discovery: We assume that each device communicates only
with its own assigned controller and each controller discovers a partial view of the
network including its own assigned devices. Therefore, controllers communicate
together to obtain the global view of the network.

vV V| |neighbor(i]|
Costro=Rro(d, > [ 2. fun+(2. >
k=1i=1,i#k V(u,v)€E m=1 j=1,j#km
Z ;zzighbom,j,m Tm,neighbor; ; ) ] xk’,i) (2)
V(u,v)EE
Vi Vi
k,
fr (Y wew S D)
k=1p=1,p#k V(u,v)EE

The first and the second lines of Costrp shown in (2) calculate the total number
of control packets exchanged among controllers and devices per second to dis-
cover the network topology. The third line of (2) calculates the number of control
packets exchanged among controllers per second to obtain the global view of the
network.

To discover the network topology, each controller constructs and sends probes
periodically to its own assigned devices. We calculate the total number of control
packets generated by the controllers per second to their own assigned devices
and count the number of hops (3 v, e fEI) in the best route while satisfying
the constraints in 3.3.

When the assigned devices receive the probes from their controllers, they
flood the probes. This cost is inevitable for any controller placement, resulting
in a packet being transmitted over a wireless link to discover that link. Therefore,
we do not need to model this cost explicitly in solving the CPP. After flooding the
probes, their neighbors send the received probes to their own assigned controllers
(the second line of (2)). Using these packets, each controller is able to find the
links among its own devices and to devices outside of its partial view.

In addition, controllers need to communicate together in an interval of time
to achieve the global view of the network while considering the number of hops
between each pair of controllers (3 v, e fEP)). With controllers managing
only relatively small parts of the network, we assume that the information to
be exchanged fits into a single control packet. We consider the same interval of
time for both running topology discovery by each controller and inter-controller
communications.

b) Cost of Exchanging Configurations and Setting Up Flow Tables: The second
part of (1) calculates the total number of control packets exchanged among
controllers and their own assigned network devices to exchange configurations
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and set up flow tables, counting the number of hops in both directions among
controllers and devices, and the arrival rate of flow requests in the controllers.

3.3 Constraints

The objective function presented in (1) is subject to the following constraints.
The constraint defined in (3) avoids assigning a device to a controller that is not
placed in the network.

Tk 4 < Yk, Vi,keV (3)

The constraint defined in (4) ensures that each device is assigned to exactly one

controller.
V]

api=1,VieV (4)

k=1

Equation (5) ensures that there is a given number of controllers in the network.

\4

Y u=N ()
k=1

Equation (6) defines the control flow conservation constraint, in which the con-
straint ensures that the total control flow entering each device in the network
equals to the total control flow leaving the device except for the source and
destination of a flow.

1, ifv="0
S Sty T Sy =1 = by @
(uw)EE (v,w)eE 0, otherwise

In this model, we assume that, only a fraction of the link capacity is assigned
to exchange control packets. The constraint defined in (7) ensures that each link
can handle the total number of control packets flowing over the link per second.
In this model, the total number of control packets flowing over link (u,v) in the
network consists of the total number of control packets exchanged per second
to discover the network topology, and exchange configurations and set up flow
tables (C), ) as well as the total number of control packets flowing over links in
the interference range of link (u,v) per second (Cy, ).

Clvt > Chy < Cluwy Y(uv)€E (7)

V(u' v)eLyn
Equation (8) calculates the total number of control packets flowing over a link per
second to discover the network topology (the first, the second and the third lines)
and to provide controller-device communications to exchange configurations and
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set up flow tables (the fourth line).

Vi v
/ _ ki
Cu,v = RTD[E § ( w,v
k=1i=1,i#k

V| |neighbor[i]|

neighbor; j,m
+ Z Z u,vg 7 xm,neighbom,j)xk,i]

m=1j=1j#k

vl v (8)
+ ReolY_ D (e w foR )]+
k=1 p=1,p#k
V44 _ ,
Z Z (RFlow,Rq Lh,i [f?lf,’:)—i_ 121,7,]16)])’
k=114i=1,i#k
Y(u,v) € E

Integrality constraints are presented in (9).

Thi Yy fo € {0,1}, Vi, k €V, Y(u,v) € E (9)

4 Model Results and Analysis

We use AMPL (a mathematical programming language) [23] to implement our
proposed optimization model running on an Intel Core i7 CPU (3.20 GHz) and
16.0 GB RAM. Moreover, we use the Baron solver 19.7.13 [24] which aims to
find the optimal solutions globally for nonlinear optimization problems. We use
NEOS server [25-27] to run the proposed model in AMPL running on an Intel
Xeon E5- 2698 @ 2.3 GHz, 192 GB RAM and 300G SAS drives setup in RAIDS5.
Because of the high computational complexity of the proposed model, we
consider a small network with 6 wireless network devices as shown in Fig.1 to
illustrate the performance of the proposed optimization model. The links in the
interference range of each link in the topology shown in Fig. 1 are not displayed
due to the space limit. Here is only an example of the links in the interference
range of link (1,2): Li"; ={(1,3), (2,4), (3,4), (4,2), (4,5), (5,3), (6,4), (2,1), (3,1),
(3,5), (4,3), (4,6), (5,4)}. Our objective is to place N controllers in this network
while minimizing the cost of the control plane defined in (1) and satisfying
the defined constraints in 3.3. In this evaluation, we assume that each device
receives a new flow every 2 s (Rriow.rq = 0.5 (1/second)) and each controller
runs topology discovery every 5s (Rrp = 0.2 (1/second)) which is adopted from
OpenDaylight [28], the most popular open source SDN Controller.

4.1 The Impact of the Number of Controllers on the Cost of the

Network

To find the optimal cost of the network when placing different number of con-
trollers, we run our proposed optimization model for different values of N from
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Fig.1. An SDMWN with 6 wireless network devices

1 (placing a controller in one of the devices) to 6 (placing a controller on each
device). As we mentioned earlier, the total cost of the network consists of the
total cost of topology discovery and the total cost of controller-device commu-
nications to exchange configurations and set up flow tables in devices. Figure 2
demonstrates the optimal total cost of the network when placing different num-
ber of controllers in the network. As shown in this figure, when we solve the
optimization problem to place three controllers in the network (N = 3), the
minimum cost of the network is achieved. In this case, the optimal controller
placements are devices 3, 4 and 5. Moreover, as demonstrated in Fig.2, when
we solve the problem to place one or six controllers, the network experiences
the highest cost of the control plane defined in (1). Therefore, finding the right
number of controllers in a network, depending on the network topology, has a
direct effect on the cost of the network.

Figure 3 shows the total cost of topology discovery, which consists of the
total cost of controller-device communications to discover the network state and
topology, and the total cost of inter-controller communications to integrate views
from each domain and obtain the global view of the network. As demonstrated
in this figure, as the number of controllers increases in the network, the cost of
controller-device communications decreases, while the network faces higher cost
of inter-controller communications to integrate different network views. Although
placing three controllers in the network results in the minimum total cost of the
network as shown in Fig. 2, the optimal cost of topology discovery is obtained
when we place two controllers in the network as demonstrated in Fig. 3. There-
fore, a solution with the optimal cost of topology discovery does not necessarily
result in the overall optimal cost of the network.

Depending on the network topology, placing different numbers of controllers
may result in the same network cost. For example, in the topology as shown in
Fig. 4a, in case of placing 2 or 3 controllers in the network (N = 2 or N = 3),
the total network cost is 2.8 (control packets/second). Moreover, depending on
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the topology, it is possible to have more than one placement to be selected as
the optimal placement. For example, in the topology as shown in Fig.4b, when
N =1, both device 3 and device 4 can be selected as the optimal placement by
the solver.
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Fig. 4. Impact of number of controllers and controller placements on the network cost

4.2 The Impact of Rriow_rq On the Network Cost

Figure 5 demonstrates that if we increase the arrival rate of new flows in each
device (Rplowqu) in the defined scenario, since the number of control packets
exchanged per second to set up new flow rules increases, the optimal solution
to minimize the total cost of network is to place one controller on each device
(N = 6). Therefore, in case of increasing the value of Rpjow_rq, placing more
controllers in the network decreases the cost of communications among devices
and controllers and the total cost of the network.
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4.3 The Impact of Link Capacity on the Number of Controllers

To show the impact of the capacity of links assigned to exchange control packets
on the number of controllers in the network while considering different values of
arrival rate of flow requests, first, we limit the assigned capacity of all links to 6
(control packets/second). In this case, the solver is not able to solve the problem
for N = 1,5 and 6 while satisfying the capacity constraint defined in (7). In
this scenario, depending on the network requirements, only two (total cost = 6
(control packets/second)), three (total cost = 5.2 (control packets/second)) or
four controllers (total cost = 5.6 (control packets/second)) can be placed on the
network while satisfying the capacity constraint.

On the other hand, as shown in Fig. 5, if we assume that Rpjow_rq = 4 (1/sec-
ond), with an increase of the number of controllers in the network, the total cost
of the network decreases such that placing six controllers has the minimum cost
(10 (control packets/second)). In this case, e.g., if we limit the assigned capac-
ity of all links to 10 (control packets/second) to exchange control packets, the
solver is not able to solve the problem for N < 6 while satisfying the capacity
constraint defined in (7). In other words, the problem can be solved only for
placing six controllers in the network to satisfy the capacity constraint. There-
fore, depending on the capacity of links and the value of Rpjow_rq, the number
of possible controllers to be placed in the network varies. In addition, in our pro-
posed model, communications among controllers and devices as well as among
controllers may not use the shortest paths to ensure the capacity limit of links.
Therefore, a solution that would enforce or only consider communication along
the shortest path would either violate the capacity constraint or not be a feasible
solution.

Finally, results show that when N = 1, placing a controller in one of the
possible controller placements in the topology shown in Fig. 1 instead of solving
the optimization problem does not minimize the cost of the network. We compare
the optimal cost of the network when placing one controller in the topology
shown in Fig.1 with the average cost of placing a controller in one of the six
possible controller placements each time in the network. Each device k in Fig. 1
can be a candidate to be placed a controller (y; = 1). The optimal cost of placing
one controller in the network is 9.2 (control packets/second), while the average
cost of placing a controller in one of the possible placements is 12.6 (control
packets/second). The results demonstrate that the proposed model indeed finds
a placement that minimizes the cost of the network while considering different
factors including the capacity of links to solve the problem.

4.4 The Impact of Increasing the Number of Devices on the
Execution Time of the Optimization Problem

The results demonstrate that when we increase the number of devices in the
network, it takes a long time to solve the proposed optimization problem and
find the minimum number of controllers that aims to minimize the network cost.
For example, it takes 0.497515 (seconds) to solve the problem in a network with
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3 devices, while the solver needs 153.67783 (minutes) to solve the problem in a
network with 6 devices. Further, as shown in Sect. 4.1, the total cost for different
solutions may be close and there may be more than one optimal solution for a
specific network topology and a given set of constraint. Therefore, investigating
the heuristic algorithms to the proposed optimization model helps to find the
near-optimal solutions in large-scale networks.

5 Conclusion and Future Research

In this paper, we proposed an optimization model to find the placement of NV
controllers in SDMWN and their assignment to network devices while minimizing
the total control packets required to be exchanged in the network to discover
the network state and topology, and to exchange configurations and set up flow
tables in network devices. To solve the CPP in SDMWN, we considered the
capacity limits of wireless links and the impact of interference on the capacity of
links to select routes among devices and controllers as well as among controllers.
The results obtained from the optimization model demonstrate the impact of
different factors such as the number of controllers, the capacity of wireless links
and the arrival rate of new flows in devices on the generated control overhead in
the network. Moreover, our proposed optimization problem is able to minimize
the control overhead compared to a random placement.

In this paper, due to the high computational complexity of the optimiza-
tion model, only a small network was demonstrated for evaluation. Investigating
heuristic algorithms to find a near-optimal solution in a large-scale SDMWN
in a reasonable time is being conducted. In addition, adjusting the number of
controllers and controller placements based on topology changes to minimize the
number of required control packets exchanged in the network per second should
be addressed in the future.
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