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Abstract—Software Defined Networking (SDN) is an 

inventive network architecture and theoretical framework. 

SDN separates the control plane (control logic: how to 

forward data in the network) and Data plane (the actual 

physical network of forwarding device) to implement 

adjustable network management. The core essence of the 

SDN is a centralize management plane. For a large SDN, 

multiple controllers require to control the network and hence, 

it is necessary to synchronizing the control plane in order to 

achieve centralize management. Controller Placement 

Problem (CPP) is one of the major challenges in SDN, which 

impacts the network’s latency, reliability, and performance. 

Most of the work done to solve CPP in SDN considers only 

controller to switch latency while neglecting the latency 

among controllers. In this study we updated and modify 

“Capacitated Controller Arrangement (CCA)”, formulated 

in our previous study using meta-heuristic optimization 

algorithm Particle Swarm Algorithm (PSO). Further, a 

cumulative latency has been proposed considering the dual, 

switch-controller and controller-controller latency. Mixed 

Integer Linear Programming (MILP) has been used to 

formulate the problem for optimally balancing the 

cumulative average latency. The main objective of this work 

is to minimize the cumulative latency by optimizing 

controller placement, simultaneously minimizing the number 

of controllers while maintaining optimal balance between the 

average controller-controller & switch-controller latency. 

The result demonstrates the effectiveness of the suggested 

approach in solving the CPP for the optimal controller 

placement while taking cumulative latency into account as a 

constraint. A discussion of the persuasiveness of the proposed 

approach is presented after the results are evaluated and 

verified.   
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I. INTRODUCTION 

Although the current network is not functioning well, 

but it is still built on architecture that is more than six to 

seven decades old and needs to be updated. Software 

Defined Networking (SDN) is one of the most innovative, 

promising and programmable network architecture, 

dissociates the control logic from data forwarding, which 

is currently housed on the same network forwarding device 

(switch, router) [1]. As a result, the control plane 

establishes the network’s data forwarding policies, while 

the data plane, which comprises the actual hardware 

network, merely forwards data. An external device called 

Controller controls both the data plane and control plane. 

The controller, sometimes referred to as the “brain” of 

SDN, is the most crucial element. A controller is actually 

a server running a network operating system  [2]. SDN 

makes use of both centralized and programmable networks 

as well as network virtualization. The Open Network 

Foundation (ONF) created the OpenFlow protocol as a 

standard protocol to allow communication between control 

planes and data planes [3, 4]. 

SDN was originally thought to be easily control with 

one controller, but one controller cannot handle the vast 

needs of a large WAN such as the Internet, which caused 

the delay between some switches and controllers to 

increase, negatively impacting network scalability and 

reliability [5]. In addition, a failure of the central controller 

would result into the collapse of the whole SDN, thus 

multiple controllers needed to efficiently control a large 

scale SDN. Despite each controller having a limited view 

of the network, they can co-operate and share information 

to view and control the entire network through cooperation. 

As a result, controllers do not only communicate with 

forwarding devices under them, but they also 
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communicate with each other in a synchronized way to 

take in the entire SDN network [6, 7].      

Fig. 1 illustrates the architecture of software defined 

network divided in three layers. 

Among the most important problems in an SDN enabled 

network is the placement of controllers in multi-controller 

environment to enhance the network efficiency and called 

Controller Placement Problem (CPP). 
 

 

Fig. 1. SDN architecture. 

 

In a multi-controller environment, the Controller 

Placement Problem (CPP) is one of the main concerns in 

SD-WAN (Wide Area network) or large geographical area 

network connecting country or continent. CPP can be 

solved with various approaches considering various 

network attributes. Some of the approaches are latency 

aware, reliability aware, cost aware, load-balancing aware, 

QoS and multi-objective aware etc. [8]. Many authors used 

clustering-based approach and divide the whole network 

in multiple smaller clusters controlled by an individual 

controller and finally to centrally control the whole 

network all controllers need to be synchronized [9].    

This study focused on to optimizing the combined 

latencies (inter switch and between switches and controller) 

while placing the optimal number of controllers in the 

network.   

The rest of this paper is arranged as follows: Section II 

is a short review of related works. Methodology and 

problem formulation with mathematical formulization is 

defined in Section III. In Section IV, the experimental 

simulation is described, the experiment result of this study 

and finding, and finally Section V contains conclusion and 

future scope. 

II. RELATED WORK 

The Controller Placement Problem (CPP) initially 

defined by Heller et al. [10] as a facility location problem 

in multi-controller SDN and proposed three metrics. (1) 

minimising the worst-case latency between switches & 

controller, which can be defined as the K-Centre problem, 

(2) minimising the average case latency between switches 

& controller, which can be defined as the K-median 

problem, and (3) maximising the number of switches 

assigned per controller within a latency limit. Although it 

has a significant impact on multi-controller environment 

SDN, authors chose to ignore the controller-controller 

latency. 

On various CPP-related topics, several works have 

already been written. There are a great number of feasible 

placements for the controllers in SDN, depending on the 

network parameters chosen, and since this problem is NP-

hard, it is not possible to solve it in polynomial time, and 

must be solved in exponential time. There are many ways 

to approach an NP-hard problem, including brute-force 

methods, mixed integer linear programming, and heuristic 

methods. An effective heuristic approach has been found 

to be more effective in solving an NP-hard problem [11]. 

Heller et al, CPP.’s [10] limited the placement of 

controllers to only static positions. Bari et al. [12] first 

introduced the dynamic controller assignment in SDN. By 

reducing switch-controller latency and simultaneously 

maximising controller applications, Ul-Huque et al. 

solution [13] addresses the issue of dynamic controller 

placement by proposing LiDy’s (Location Independent 

Control Module Placement and Dynamic Flow 

Management).Ul-Huque et al. [14] using a traffic load 

prediction technique, further enhanced and proposed the 

algorithm LiDy+ to handle the  dynamic load while taking 
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the future load into consideration. This technique allows 

controllers to be dynamically placed in SDN. Additionally, 

they suggested that in addition to being deployed at 

switch/node locations, controllers could also be deployed 

independently (away (independently) from the switch site). 

In order to divide the network into smaller SDN 

domains, Peng et al. [15] and Liu et al. [16] worked on the 

network partition strategy. To increase controller 

reliability and decrease network latency, Peng et al. [15] 

proposed the Spectral Clustering Placement Algorithm. 

However, this algorithm is unable to decide how many 

clusters should be divided up into the entire network. Liu 

et al. [16] proposed the Capacitated Label Propagation 

Algorithm (CLPA), which places the capacitated 

controllers into a sub-domain with multiple objectives. 

The objective of the study is the load imbalance, reliability 

aware controller placement. Compared to CPP and LPA, 

CLPA increased reliability by 10% and reduced latency by 

9%. 

Hu et al. [17] suggested the traffic load balance-aware 

and Reliable Multi-controller Deployment (RLMD) 

approach to increase the network’s reliability and balance 

controller-load. Using well-known optimization 

techniques like the Jaya algorithm and Teacher Learning 

Based Optimization (TLBO), Singh et al. [18] considered 

a reliability aware placement problem solution with the 

goal of minimising total average latency (TLBO). As a 

result, it was concluded that TLBO-oriented approaches 

produce superior results. It was further enhanced by  

Singh et al. [19] with Varna Base Optimization (VBO), 

which outperformed some of the well-liked optimization 

algorithms like TLBO, Jaya algorithm, while applying in 

two publicly available topologies, Internet2 OS3E and 

Savvis. However, they did not provide the computation of 

the network’s total average latency in the event of 

controllers’ breakdown. 

To improve the effectiveness and significance of 

controller placement, Zhang et al. [20] closed a number of 

objectives, including load balancing, low latency between 

controllers and switches, and high network reliability. 

They developed and put forth the Adaptive Bacterial 

Foraging Optimization (ABFO) algorithm to address the 

Multiple-Objective Optimization Controller Placement 

(MOCP), which boosts the effectiveness of the SDN that 

is Internet-oriented. They chose to only consider switch-

controller latency, ignoring the latency among controllers. 

A Parameter Optimization Model (POM) was formulated 

by Li et al. [21] based on PSOPOA-generated optimised 

parameters for the CPP’s various heuristic algorithms 

(BAT, VARNA, and firefly). Approach suggested turned 

out to be very successful. The limitations of memory, 

processing speed, bandwidth allotted to it, and many other 

resources, as demonstrated by Yao et al. [22], mean that 

the load on the controller cannot be unlimited. As a result, 

the controller’s capabilities in reality are constrained. 

According to Ref. [22], a controller with an excessive 

amount of load (above the threshold level) is particularly 

prone to malfunction and may even trigger a cascade of 

other controller failures. As a result, while placing 

controllers in SDN, the processing capacity of the 

controller is a crucial factor to consider. 

When two nodes communicate, time span during 

communication is known as latency. Which can be further 

classifieds into inter-controller latency and switch to 

controller latency. For a better performance latency 

(switch-controller and controller-controller) must be cut 

down to minimum. This study considers the capacity of 

controller as constraint therefore, terms as the capacitated 

controller placement approach. There are few literature-

works that analysed the controller’s capacity and link’s 

gravity (weight) together among the nodes. Chai et al. [23] 

have considered it but only included the weight as a single 

unit among the switches in the network which is called hop 

distance. Dhar et al.  [24] optimized the controller placed 

in SDN by minimizing Switch-controller latency. Fan et al.  

[25] used heuristic approach and defined Reliability-

Latency Aware Method (RALO) considering case of 

controller to switch single link failure. Chen et al. [26] 

targeted the communication and synchronization cost 

between controller and switches to solve CPP and 

formulated an approach using cross entropy approach. 

Singh et al. [27] describe the problem based on various 

network parameters and different approaches used to solve 

them. Yusuf et al. [28] proposed a Critical Switch 

Awareness (CPSA) using networking partition approach to 

solve the CPP. Singh et al. [29] worked on a reliability 

aware CPP and proposed an efficient algorithm 

Capacitated Controller Placement (CCA) incorporated 

with meta-heuristic algorithm PSO. A scenario in which 

one or more controller’s fail was also considered. This 

study examines the weighted edges among switches and 

the capacity of controllers. If all links have the same unit 

weight, then all links have one hop distance latency; if all 

links have different weights, then all have different 

latencies. Latency is considered as the time span of 

reaching from one node (switch/controllers) to another 

node in the network.  In this work, we define a new metric 

considering switch-controller and controller-controller 

latency and optimize them collectively. The primary aim 

of this study to compute the optimal deployment of 

controllers so that the above cumulative latency of the 

entire network is minimized to improve the network output. 

We also absolutely consider keeping the number of 

controllers to be minimum while deploying them 

optimally. An overview of the literature is presented in 

Table I. 

Our contribution to solve the controller placement 

problem is as follows. 

The re-defining of previously proposed and formulated 

(Capacitated Controller Arrangement) algorithm (CCA) in 

SDN to place controllers with a fixed capacity, while 

taking the network’s average cumulative latency as 

constraints. CCA was defined in the previous work for 

reliable controller placement with controller failure 

scenario in mind.  Defining a balancing factor between 

switch-controller and controller-controller latency. We 

also consider other network latencies to understand their 

effect on the controller placement problem. 
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TABLE I.  SUMMARIZATION OF LITERATURE REVIEW 

Reference 
Capacitated 

Controller 
Topology used Approach used 

Parameters considered Latency 

Controller lost 

(resilience) 

Traffic 

Load  

Switch to 

controller 

Inter 

Controller 
All 

Heller et al. [10] No Internet2 OS3E 
K-Center, K-

median 
No No No Yes No 

Lange et al. [11] No Internet2 OS3E Heuristic Yes No Yes Yes Yes 

Bari et al. [12] No Random Network ILP No No No No No 

UL Huque et al. [13]. No Random Network Lidy No Yes Yes Yes No 

UL Huque et al. [14] No Random Network Lidy+ No Yes Yes No No 

Peng et al.  [15] No Internet2 OS3E 
Network 

Partitioning 
No No Yes No No 

Liu et al. [16] No Internet2 OS3E 
Network 

Partitioning 
No Yes Yes Yes No 

Hu et al. [17] No 
Internet topology 

zoo 

Network 

Partitioning 
No Yes Yes No No 

Singh et al. [18] No 
Internet2 OS3E 

and Savvis 
Heuristic No No Yes Yes No 

Singh et al. [19] No 
Internet2 OS3E 

and Savvis 
Heuristic No No Yes Yes No 

Zhang et al.[20] No 
Internet2 OS3E,2 

others 
Heuristic No Yes No Yes No 

Li et al. [21] No 
Internet topology 

zoo 
Heuristic No No Yes Yes Yes 

Yao et al. [22] Yes 
Internet topology 

zoo 
K-Center No Yes Yes No No 

Chai et al. [23] Yes Random network Heuristic No No No Yes No 

Dhar et al. [24] No 
Internet topology 

zoo 

Network 

Partitioning 
Yes No Yes No No 

Fan et al. [25] No Random network Heuristic No No Yes No No 

Chen et al. [26] No 
Internet topology 

zoo 
Cross entropy No No Yes No No 

Yusuf et al.  [28] No 
Internet topology 

zoo 

Network 

Partitioning 
No No Yes No No 

Singh et al. [29] Yes Internet2 OS3E Heuristic Yes No Yes Yes No 

Proposed Approach Yes Internet2 OS3E 
Heuristic with 

MILP 
No No Yes Yes Yes 

III. METHODOLOGY 

In this work an SDN enabled network represented as an 

undirected graph 𝐺 =  (𝑆, 𝐶, 𝐿) , where 𝑆  is the set of 

switches or nodes present in the network whose length is 

equal to N, and L is the set of all links which connect nodes. 

A controller co-locates with one or more switches, and 

each switch is managed by a single controller. Many 

researchers consider the controllers with unlimited 

capacity (un-capacitated), hence there is no need to check 

the number of switches allocated to a particular controller 

because theoretically a single controller can control all the 

switches deployed in the network. Which is impractical in 

the real situation, so we decided to select the capacitated 

controller approach for this study to make it more practical 

& feasible. We assume that there is at most 𝑘 − 1 

controller’s failure in the network because in case of the 

breakdown of last (𝑘𝑡ℎ) controller the whole network will 

be crash.  

Table II represents various notations used in the paper.  
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TABLE II. SOME NOTATIONS USED IN THIS WORK 

Notation Description 

S Set of all switches placed in the entire network.  
N |S| total number of nodes/switches in the entire network  

 Xi Switch/node at ith location in network topology, where xi 𝜖 V 

Adj [a,b] The adjacency path matrix between node a and node b 

C Set of all controllers to be deployed in the network. 

K |C|, the number of controllers to be deployed. 

ci Controller deployed at ith location. 

C_Dep Set of all Controller Deployment.  
C_Depi  ith subset selected from the set of all Controller Deployment.  

C_Cap Processing capacity of a controller.  

Sw_Cap The total load forwarding capacity on the switch. 

Assi,j notify if switch at i is assigns to controller placed at j ,  where Assi,j  𝜖 {0,1}      

yi,j notify whether controller j is placed at switch i , where yij  𝜖 {0,1} 

P Total number of scenarios with k controller deployment  

Δ𝑠_𝑐  Network’s latency between Switch and controller  

Δ𝑐_𝑐  Network’s inter-controller latency 

Δ Average cumulative latency of the network  

Δmean Mean of all Δ for all T particles 

 

A. Problem Formulation 

The network topology is modelled as an undirected 

graph G (S, C, L), where S, C, and L represent set of all 

switches/nodes in the network, that are equal to N in 

number, set of all the controllers to be placed in the 

network, where k=|C|, and set of links, respectively. Let 

𝐶_𝐷𝑒𝑝 = 2N – 1 be the set of all possible (excluding null 

set where no controller is deployed) deployment of 

controllers for the maximum N controllers, out of which 

power set for available controllers (k) to be selected from 

N switches is P ∈ 𝐶_𝐷𝑒𝑝. P is subset of all the possible 

deployment of controller set with exactly k controllers. The 

shortest path (latency) between switch/node x from V and 

controller c from P, and between controllers ci, cj 𝜖 P is 

displayed as Adj [x, c] and Adj [ci, cj], respectively. Let Cp be 

the total number of inter controller paths.  Adj[i, j] is 

adjacency list matrix used to obtain the shortest path 

between node(i) and node(j) in the network. i and j can be 

either switch or controller placed in the network. Shortest 

path is obtained using Dijkstra’s algorithm and used in the 

proposed algorithm. 

Eq. (1) finds the total controller’s deployment scenario 

up to k controllers in all combinations, Eq. (2) generates P 

controller subset each with an exact k number of 

controllers where P is subset of controller subset from Eq. 

(1), Eq. (3) computes the sum of switch-controller latency 

( Δ𝑠_𝑐(𝑃) ), Eq. (4) calculates the sum of controller-

controller latency ( Δ𝑐_𝑐(𝑇) ). Eq. (5) calculates the 

network’s average switch-controller latency (Δ𝑎𝑣𝑔_𝑠_𝑐 ). Eq. 

(6) calculates the average controller-controller latency of 

the network (Δ𝑎𝑣𝑔_𝑐_𝑐 ) by assuming that all controllers are 

connected to each other in mesh way.  

Hence controller’s subset scenarios (P) for k controllers 

to be deployed on N switches are:  

 

𝐶_𝐷𝑒𝑝=NC1+ NC2+ NC3+……+ NCk  = 2N -1       (1) 

Let P be the set of all scenarios with exact numb er of k 

controllers such that. 

P  =  NCk     and   P ∈ 𝐶_𝐷𝑒𝑝                         (2)  

Δ𝑠_𝑐 (𝑃) = ∑ 𝐴𝑑𝑗(𝑥, 𝑐), 𝑤ℎ𝑒𝑟𝑒 𝑐

|𝑉|

𝑥=1

∈ 𝑃  
 
(3)  

 

 
Δ𝑐_𝑐(𝑃) = ∑ 𝐴𝑑𝑗(𝑐𝑖𝑐𝑗

|𝑃|

 𝑖,𝑗=1

)  

 

    (4)  

 

 Δ𝑎𝑣𝑔_𝑠_𝑐 (𝑃) = ( Δ𝑠_𝑐 (𝑃)  )  /  N  (5) 

 

 Δ𝑎𝑣𝑔_𝑐_𝑐(𝑃) = ( Δ𝑐_𝑐(𝑃) )  /  Cp  

 

(6) 

where Cp=k(k-1)/2: 

Eq. (7) represents the network’s average cumulative 

latency (Δ(𝑃)) using mixed integer linear programming as 

average switch-controller latency is reciprocated to 

average inter-controller latency. Our objective is to 

minimize the network’s Average cumulative latency by 

taking into consideration the processing capacity of the 

controllers and load capability of switches allocated to 

their respective controller defined in Eq. (8).   

 

 

Δ(𝑃) =   δ × ( Δ𝑎𝑣𝑔_𝑠_𝑐(𝑃)) + (1

− δ) ∗ (Δ𝑎𝑣𝑔_𝑐_𝑐(𝑃)) 

(7)  

 Constraint to 

∑ (𝑆𝑤_𝐶𝑎𝑝𝑖  )

𝑖 ∈𝑉(𝑐)

≤   𝐶_𝐶𝑎𝑝𝑐 

 

(8)  

 

Δ𝑚𝑒𝑎𝑛 =
1

|𝑃|
∑ Δ(𝑅)𝑅∈𝑃                                    (9)  

Although we have considered the various type of 

latencies i.e., Average Controller to Switch Latency, 

Average Controller-Controller Latency and Average 

Cumulative Latency of the network representing by Eq. (5), 

Eq. (6), Eq. (7) respectively. Current work aims to 

optimize the average cumulative latency of Software 

Defined Wide Area Networks mentioned in Eq. (7) by 

strategically deploying controllers subjected to Eq. (8). Eq. 
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(9) is calculating the mean average combined latency 

considering all the cases. The proposed approach is based 

on Heller and Sherwood [10] earliest model of the CPP for 

formulating cumulative latency. Following is the 

Capacitated Controller Arrangement (CCA) algorithm 

proposed in this study. 

 
Modified Algorithm CCA: Computing Network’s Average 

Cumulative Latency & Optimal Controller Placement  

Input: G (V, C, E), S, Adj[], k, C_Cap 

Output: 𝚫  (Network’s average cumulative latency) and Deploy 

(optimal deployment locations of controllers) 

1: compute all (P) controller subset for an exact k 

controller considering all N= |S| locations 

2:          Δ𝑠𝑢𝑚= 0 

3: for i =1 to P do  

4:      C_Dep = select ith set from controller subset   

5:               (S-C) NXk = Create list of k controllers in sorted order of 

latency for all the switches in the network 

6:               C_Capi = processing capacity of ith controller from 

C_Dep, where i ∈ 𝑘 

7:               for s=1 to N do   

8:                    for c=1 to k do          

9:                         (S−C) s,c = sth nearest controller from cth switch of 

the network       

10:                       Cap=C_Cap((S-C) s,w)-Sw_Cap   *deduction 

switch’s load from assigned controller’s capacity 

11:                       if Cap >=0 then  

12:                            Deploys  = (S-C) s,c 

13:                            C_Cap for (S-C) s,c = Cap 

14:                            break 

15:                       end of if 

16:                  end of for loop 

17:             end of for loop 

18:             Pen=0;  

19:             Unassign-Sw=N – Size of (Deploy) 

20:             for u=1 to Unassign-Sw do 

21:                  Pen=Pen+100;               *(Penalty applied to all un-

assigned nodes/switches) 

22:             end of for loop 

23:             Δ𝑠_𝑐  = 0 

24:             for v=1 to N do           

25:                  c=Dep(v),                       *find assigned controller to 

node s from deployment                                                                                                 

26:                  Δ𝑠_𝑐  =  Δ𝑠_𝑐  + Adj[v, c]  

27:             end of for loop 

28:             Δ𝑎𝑣𝑔_𝑠_𝑐   =  Δ𝑠_𝑐  / N            *Network’s average switch 

to controller latency                                        

29:             Δ𝑐_𝑐 = 0 ; 

30:             for m=1 to k-1 do 

31:                  for n=m+1 to k do                                                         

32:                       Δ𝑐_𝑐  = Δ𝑐_𝑐 +  𝐴𝑑𝑗[𝑐𝑚, 𝑐𝑛] 

33:                  end of for loop 

34:             end of for loop 

35:             Cp = k* (k − 1)/2 

36:             Δ𝑎𝑣𝑔_𝑐_𝑐 =   Δ𝑐_𝑐    / Cp            *Network’s average inter-

controller latency 

37:             Δ(i) = δ x (Δ𝑎𝑣𝑔_𝑠_𝑐 ) + (1− δ) × (Δ𝑎𝑣𝑔_𝑐_𝑐)    where δ ∊ 

(0,1)    *Network’s average cumulative   

                                                                           latency 

38:             Δ(i) = Δ(i) * (1+Penalty)             *Network’s average 

cumulative latency with penalty provision 

39:             Δ𝑠𝑢𝑚=Δ𝑠𝑢𝑚 + Δ(i) 

40:       end for 

41:       Δ mean =  Δ𝑠𝑢𝑚/ P                             *mean average cumulative 

latency of all scenarios 

42:       [Δ   index]=minimum (Δ(P, i))  

43:       Return Δ                                        *Optimal network’s 

average cumulative latency                                                                

44:       Deploy[index]                               *Final deployment of 

controllers considering  Δ as constraint.      

     *        used for comments  

TABLE III.  CUMULATIVE AVERAGE NETWORK LATENCY FOR VARIOUS VALUES OF Δ 

Cumulative Average Network Latency (milli seconds) 

Controllers 

(k) 

𝛅 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

1 0.611635 1.223271 1.834906 2.446541 3.058177 3.669812 4.281447 4.893083 5.504718 

2 0.921848 1.65703 2.305771 2.869918 3.422530 3.911102 4.399675 4.822530 4.821294 

3 1.310347 1.991067 2.455600 2.920133 3.384667 3.8492 4.313734 4.405490 4.044957 

4 1.518447 2.183448 2.596200 3.005026 3.413851 3.822677 4.114621 3.964842 3.413390 

5 1.815292 2.37245 2.828831 3.178530 3.528230 3.834120 3.887157 3.726898 3.022641 

TABLE IV.  CUMULATIVE AVERAGE NETWORK LATENCY (IN MILLI SECONDS) FOR Δ = 0 & 1 

Controllers (k)  
Average Switch Controller Latency 

δ = 1 

Average Controller-Controller Latency 

δ = 0 

2 4.392912 0.186667 

3 3.304147 0.622223 

4 2.559235 0.853445 

5 2.2518 1.258134 

 

IV. EXPERIMENTATION OUTCOMES 

The aim of this section is to analyse the results of the 

controller placement problem-based solution for 

Capacitated Controller Arrangement (CCAs).  For the 

heuristic-based simulation solutions to the CCA, 

MATLAB 2021a has been used as an experimental 

platform. We used a system that is installed with Windows 
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2010 (64 bit), has an Intel I7 processor, 16GB of RAM 

(2667 MHz), and a 1.6 series graphics card. For this study 

we pick Internet2 OS3E network topology from the 

Internet Topology Zoo. This topology was very common 

and used by many researchers for their experimental 

research work. In Fig. 2, we can see the Internet2 OS3E 

topology for the proposed work, which is a combination of 

32 switches and 42 links. 

 

 

Fig. 2. Internet2 OS3E topology (32 nodes with 42 links). 

Our goal is to deploy controllers strategically and 

optimally in SDN to minimize the network’s cumulative 

average latency.  

A. Effect of Balancing Factor (δ) over the Cumulative 

Latency 

We define a balancing factor δ to maintain balance 

between the average switch to controller and average 

controller-controller latency in order to minimize the 

average cumulative latency. Values of δ is a rational 

number, which varies between 0 and 1 and therefore, the 

controller’s placement too fluctuates depending on the 

values of balancing factor δ. Eq. (7) represents the average 

cumulative latency, and it is clearly visible that when the δ 

reaches to its upper limit then the cumulative latency tilts 

towards switch-controller latency, and when δ approaches 

toward its lower limit, as a result, the cumulative latency 

is inclined toward  controller-controller latency.              

The controller placement problem signifies the various 

quid pro quo between the switch-controller latency and 

inter controller latency.  We executed our experiment with 

the different value of balancing factor (δ), selecting the 

various number of controllers (1−5) on Internet2 OS3E 

network topology.  

Table III displays experimental outcome, including the 

cumulative latency relatively to different number of 

controllers placed for the various values selected for 

balancing factor (δ).   

Table IV shows the cumulative average network latency 

switch-controller and controller-controller latency taking 

balancing factor (δ) values as 1 and 0. It can be seen that 

when balancing factor is 1, the cumulative latency 

becomes switch-controller latency and by setting the 

balancing factor to 0, only inter controller latency is taken 

into account. 

 
(a) 

δ=1 

 
(b) 

δ=0.8 

Fig. 3. Optimized placement for 5 controllers using the network’s 

average cumulative latency. 

 

At δ = 1, the result excludes controller-controller 

latency and includes only optimized average switch-

controller latency, which is described in [10]. Fig. 3(a) 

illustrates the controller placement for 5 controllers using 

proposed cumulative average network latency at δ = 1, 

which is in the absence of controller-controller latency 

becomes average switch-controller latency and optimized 

the network’s average cumulative latency is 2.2518 milli-

second. Every switch assigns to its nearest controller in 

order to minimize the average switch-controller latency 

and optimal controllers’ placement are at Seattle (2), El 

Paso (11), Houston (12), Nashville (21) and Washington 

D.C. (27). controller at Seattle controls switches number 1, 

2, 3, 4, 5, 7 and 8, controller at El Paso (11) controls 

6,8,9,10 and 11. Controller placed at Houston (12) controls 

switches 12,13,14 and 18, controller at Nashville (21) 

controls 15, 16, 17, 19, 20, 21, 22, 23, 24, 25. Finally 

controller at Washington D.C. (27) controls switches 

numbered 26, 27, 28, 29, 30, 31, 32, 33, 34.  

At δ=0 the result is optimized controller-controller 

latency only. Result does not contain switch-controller 

latency, hence; to optimize the resultant controller-

controller latency all controllers places adjacent to each 

other and consequently in some cases, switches are located 

a long way from their assigned controllers. The network’s 

optimized average cumulative latency is 1.258134 milli-

second when 5 controllers are optimally deployed. Their 

locations are 27, 29, 30, 31 and 32 which are Washington 

D.C. (27), Pittsburgh (29), Ashburn (30), Philadelphia (31), 

and New York (32) respectively.  

Keeping a balance between the switch-controller 

latency & inter controller latency we take the value of δ is 

0.6, and for deploying 5 controller’s optimal locations 
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computed are Kansas City, Chicago, Indianapolis, 

Louisville, and Cleveland. The optimized network’s 

average cumulative latency is 3.834120 milli-second.      

For deploying 5 controllers at balancing factor (δ = 0.8), 

optimal placement locations are 2, 12, 16, 21, 27 that is 

Seattle (2), Houston (12), Chicago (16), Nashville (21), 

and Washington D.C. (27), respectively as shown in Fig. 

3(b) with the optimal network’s average cumulative 

latency is 3.726898 milli-second.  

 

(a) 

 

(b) 

Fig. 4. Cumulative Latency (average switch-controller and average inter controller latency) for different values of; (a) Cumulative Latency across 

different controllers with δ varying from 0.1 to 0.9, (b) Difference of Switch-Controller and Controller-Controller Latencies across different 

controllers for δ = 0.7. 

TABLE V. THE RECEPTIVE DIFFERENCE OF SWITCH TO CONTROLLER AND CONTROLLER TO CONTROLLER LATENCY  

Cumulative Average Network Latency (milli-second) 

Controllers 

(k) 

𝛅 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

1 6.116353 6.116353 6.116353 6.116353 6.116353 6.116353 6.116353 6.116353 6.116353 

2 7.351814 7.351814 5.641462 5.641462 4.885725 4.885725 4.885725 2.609412 1.287451 

3 6.881239 4.645334 4.645334 4.645334 4.645334 4.645334 4.645334 1.588970 6.228690 

4 6.650016 6.650016 4.088258 4.088258 4.088258 4.088258 0.850304 2.516170 8.541543 

5 5.571582 5.571582 3.496992 3.496992 3.496992 1.947200 0.647776 6.235128 7.708177 

Fig. 4(a) shows the cumulative latency for controller-

controller latency and switch-controller latency, while 

simultaneously fluctuating the number of controllers to be 

deployed from 1 to 5 while selecting the various values of 
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balancing factor δ from unit interval. As we can clearly see 

that after a specific value of balancing factor δ and the 

deployed number of controllers the average cumulative 

latency of the network starts to increase. This happens due 

to the speedy increasing latency among controllers with 

the increasing number of controllers.  

B. Adjustment of Average Controller-Controller and 

Switch-Controller Latency    

Now to keeping a balance between the inter controller 

latency and switch to controller latency we compute the 

difference of the switch-controller multiply by δ and 

controller-controller latency multiplied by (1−δ) as in 

illustrated in Table V for all the selected values of the 

balancing-factor δ and number of controllers to be 

deployed. 

Computing values for Table V are as: | Δ𝑠_𝑐 ×  δ −
 Δ𝑐_𝑐  × (1 − δ)|. 

Fig. 4(b) illustrates observation of average controller-

controller and average switch-controller latency and their 

reciprocity, including their receptive difference. Fig. 4(b) 

shows that an optimal deployment of 4 controllers can 

manage the network, considering the cumulative latency 

as constraints while balancing the average switch to 

controller latency & controller-controller latency. This 

scenario considers deploying up-to 5 controllers with a 

balancing factor of 0.7. In the same way we can evaluate 

the result for the various values of balancing factor (δ) for 

network’s average cumulative latency [30–33].         

V. CONCLUSION 

It is extremely crucial to strategically deploy controllers 

within a software-defined wide area network since a well-

deployed controller can improve network performance 

from the perspective of reliability, latency, traffic load 

balancing and fault tolerance etc. We modified our 

proposed algorithm Capacitated Controller Arrangement 

(CCA) from the previous work, incorporated it with 

Particle Swarm Algorithm (PSO) define a cumulative 

latency including average switch-controller latency and 

latency among controllers with a balancing factor (δ) to 

optimally deploy the controllers in SDN. We select the 

different number of controllers to deploy, with a set of 

values of δ unit interval and compute the results to obtain 

the optimal deployment for the controllers. The 

experiment result also depicts that there is a trade-off exists 

between controller-controller latency and switch-

controller latency, as to lower down controller-controller 

latency, it needs to deploy controllers nearby to one 

another which led to increase the switch-controller latency 

and vice-versa. By computing the difference between the 

receptive average switch to controller latency and the 

average inter controller latency, we can calculate the 

optimal number of controllers to be deployed. The 

outcome shows the proposed method’s efficiency to solve 

the CPP for optimally place the controllers while 

considering the cumulative latency as constraints. For 

future aspects other heuristic techniques with the different 

network’s parameters. 
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