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Abstract. Software Defined Networking (SDN) is a new paradigm where the
forward plan is decoupled from the control plan. The controller is a central program
that tells the switches and routers how to react to the incoming flows and different
network changes. The placement of the controllers considering different metrics
becomes a challenge inSDNWAN. In this paper,we study the controller placement
problem in terms of propagation delay and load balancing. An extended K-means
algorithm is introduced to partition the network into several subnetworks and place
the controllers in nodes thatminimize the network delay. Then a load balance index
is calculated to check the effectiveness of the load balancing considering a metric
β as the load difference between controllers. The result analysis shows that a trade
off should be done between the delay and load balancing depending on the priority
of the network and no optimal case can be found that minimize both of the metrics
at the same time.

Keywords: Software Defined Network · Controller placement · Propagation
delay · Load balancing

1 Introduction

Evenwith their widespread adoption, traditional IP networks are still complex, very hard
to manage, and start to show their limitations. Software Defined networking (SDN) is
the new paradigm for managing the programmability of the networks. The idea behind
SDN is to decouple the control plane from the data/forwarding plane (network devices).
The control plane is presented as a central program called “Controller” which will tell
the forwarding plane how to respond to different incoming network flows and changing
network conditions. For Local Area Networks (LANs) like datacenters, a single con-
troller will be enough and the performance will be well. The challenge will arise when
we apply SDN to Wide Area Networks (WANs) where the delay between nodes can be
high and the coverage area is large. Multiple controllers should be applied to cover the
whole WAN. Network devices and the communications between controllers themselves
should be studied carefully. Where to put the controllers is a very important question
in this case as different controller placements will affect the delay and the behavior of
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the whole network. In this paper, we will focus on SDN WAN controller placement in
terms of delay and load balancing. The main goal is to partition the network into several
subnetworks each is managed by one controller, and to find the best location to place
that controller taking into consideration to minimize the delay and maximize the load
balance for the controllers. The contribution of this paper is as follows:

1. An Extended K-means algorithm is proposed to partition the network.
2. In addition to the delay, we tried to balance the load of controllers by reassigning

the switches between the controllers depending on the difference of loads between
each pair of controllers.

The rest of paper is organized as Sect. 2 will brief the related work. In Sect. 3 we
formulate the problem. Section 4 explains the Extended K-means algorithm and the load
balancing algorithm. The performance evaluation and results analysing are described in
Sect. 5. Finally, Sect. 6 summarizes the conclusion and future work.

2 Related Work

Controller placement problem (CPP) is always been as a critical issue when it comes to
large sized SDN as many controllers are introduced and their development is increasing
such asKandoo [1] andHyperflow [2]. Heller et al. [3] firstly proposed a solution in terms
of propagation latency, but focusing only on delay may lead to imbalanced controller
distribution. This work was the most cited work for controller placement problem. Their
work considered the average latency and worst case latency. A step forward was done
by Yao et al. [4] as they take into consideration not only the delay but also the load
balancing. Their proposed algorithm named Capacitated Controller Placement Problem
(CCPP) reduced the number of controllers required to remove the overload as well as
reducing the load on the heaviest controller.

Mamushiane et al. [5] asked a question about how many controllers are needed and
where should they go given an SDN topology. They proposed three algorithms to address
the controller placement problem, but first they mentioned only the metric of latency.
However, their algorithms are accurate but are exhaustive and don’t work well in the
presence of time constraints.

In [6], the authors studied the controller placement problem in WAN network.
Their goal was to partition the network into several small subnetworks by using

spectral clustering algorithm. They used the propagation delay between nodes as weights
for edges, and according to that delay the nodes that have low weighted edges creates
the small subnetworks while the links with high weights will be used to connect the
subnetworks together.

An algorithm named K ∗-means was used by Qi et al. [7] to merge clusters that are
connected with the shortest edge. Kuang et al. [8] used the same previous algorithm to
merge the clusters until the number reaches k, but they imbedded it in a hierarchical
K-means algorithm to solve controller placement problem. In [9] Sahoo et al. have
considered CPP as a multi-objective combinatorial optimization problem and solved it
using two population-based meta-heuristic techniques. They investigated the problem in
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termsof threemetrics: controller to switch latency, inter-controller latency andmulti-path
between the switch and controller. Their proposed scheme improves the survivability
of the control path in case of a link failure, but they didn’t mention the load balancing
of the network. In [10] Hu et al. proposed a greedy algorithm to study the reliability
in placement problem. Lu et al. [11] used a hierarchical approach to find better initial
centers by treating the clustering problem as a weighted clustering problem. K-centers
is the most well-known algorithm that have been used in controller placement problem
[3, 12] and this problem is introduced as an NP-Hard [4].

3 Problem Formulation

In this section, we describe and then formulate the controller placement and network
partition problems in terms of network delay and load balancing. The network topology
is denoted as an undirected graph G = (V, E), where V is the set of nodes, and E is the
set of edges between nodes. Each edge between two nodes has a weight w ∈ W , where
W is the set of weights which refers to the delay wi j as the time delay between node i
and node j . The time delay is calculated by the distance between the two nodes divided
by speed of light 2 ∗ 108 m/s.

wi j (millisecond) = distancei, j (meter)

2 ∗ 108
( meter
second

) ∗ 1000 (1)

The shortest path distance between two nodes (u, v ∈ V ) is denoted by d(u, v).
The network is divided into k subnetworks and we define a set C contains the controller
places ci , where i ∈ k.

Each one of the subnetworks can be referred to as an SDN network and will contain
nodes and edges between them as SDNi (Vi , Ei ) with only one controller manages it.
We define a binary variable xvc equals to 1 if the node v is connected to the controller c,
otherwise it equals to 0. These SDNs should follow the following rules and constraints:

∪k
i=1 SDNi = SDN ∪k

i=1 Vi = V ∪k
i=1 Ei = E (2)

SDNi ∩ SDN j = ∅where i, j ∈ k (3)

∑V

c=1
xvc = 1∀ v ∈ V (4)

Equation (2) indicates that the total number of subnetworks will shape the whole
big network. Equation (3) ensures that each node, edge belongs to only one subnetwork.
Equation (4) refers to a constraint guaranteed that every node is connected to one and
only one controller.

For load balancing, we assume the number of switches the controller manages as
the load of that controller L(ci ). We will define a metric β as the maximum difference
between the loads of each two clusters. The constraint is as follows:

∣∣L(ci ) − L
(
c j

)∣∣ ≤ β ∀i, j (5)
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4 An Extended K-means Algorithm

For partition problems, K-means was widely used and it’s an effective and fast method
to do that [13, 14]. We proposed an extended K-means to partition the network in terms
of time delay and load balancing. The initial nodes where the controllers are placed
will be called ‘centres’ and the updated centres after applying the algorithm are called
‘centroids’.

First, we will explain the standard K-means which is used for clustering the network.
This algorithm should follow main steps as follows: (1) randomly select k points from
the data set and assign each point to be as a center for a cluster, where one cluster has
one and only one center, (2) each data point is assigned to its nearest cluster based on
the Euclidean distance to the center of that cluster; (3) update the centers of each cluster;
(4) repeat step 2 and 3 until there are no changes in clusters’ centers.

Although K-means is widely used for most clustering problems, it has many draw-
backs when it is applied for network topology partitioning. First, if we choose random
centers wewill not guarantee theminimum time delay between the node and its centroid.
Second, the algorithm doesn’t ensure that the updated centroids will be chosen from the
nodes in the topology as the centroids must be chosen from (v ∈ V ) to be sure there is
a real connection between the centroid and the nodes in that cluster because K-means
choose the mean between the two nodes. Third, by applying the Euclidean distance we
will not ensure that the link between the centroid and the node is physically exists.

For these reasons we proposed an extended K-means as explained in Algorithm 1
in order to adjust the previous drawbacks in standard K-means. The major steps in this
algorithm are related to the initializing the centers, distributing the nodes to clusters and
updating the centroids. The randomly initializing the centers as presented in standard
K-means is not used in our algorithm and be replaced by another process for initializing
the clusters’ centers. In fact, initializing the centers in K-means was widely studied and
many solutions were proposed to make this process more effective as in [15, 16]. We
will use the initializing method proposed in [16] as it is an efficient technique and it
reduces the complexity of computational and achieves a better local minimum. In Step
2, the nodes will be distributed to the clusters depends on their shortest path distance
to the centers. In Step 3, the updating process of the centers will depend on the nodes
inside the cluster.
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Algorithm 1: Extended K-means 

Algorithm 1: Extended K-means 
Step 1: choose the first node randomly as a center. 

Step 2: distribute nodes to clusters, each node ( ) to one cluster as following: 

Step 3: for each , calculate the sum of shortest path distances to every 
node in the cluster. The node that has the minimum sum will be chosen as the new 
center for . 

Step 4: repeat steps 2, 3 until the centers are not updated anymore. 
Step 5: choose the node which has the largest shortest path distance from the 

previous centroid from step 4 to be the next initial center.  
Step 6: repeat step 2, 3, 4 until the network is partitioned into  clusters. 

Algorithm 2: Load Balancing 

Step 1: Check 
Step 2: If  then reassign the nodes between 

and . 
Step 3: repeat step 1 and step 2 until the load is balanced. 

The main idea about Algorithm 2 is to balance the load depending on the difference
between the clusters loads. As we mention before, we assume the number of nodes that
controller ci manages as the cluster load. The algorithm compares the load of each two
clusters and reassigns the nodes between clusters depending on the constraint β. The
reassigning procedure is done by removing nodes from the cluster that has more nodes
and assign it to the cluster that has fewer nodes. This process will be repeated until the
load of all clusters is balanced.

5 Performance Evaluation

5.1 Experimental Setup

In this section we evaluate Algorithms 1, 2 in terms of network delay and load balanc-
ing with different numbers of clusters. The network topology on which we deploy the
algorithms is Internet2 OS3E topology [17] and the simulation is done by using Matlab
R2018a, 2.50 GHz Intel Core i5 CPU, 4.00 GB of RAM and Windows 7 operating sys-
tem. The topology has 34 nodes and 42 edges between them. The weight of the edge is
the delay between the two nodes.
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For network delay we calculate the time delay of each cluster depending on the
shortest path distance between each node and the controller it mapped to as in Eq. 5,
and then we take the average of them to find the delay of the whole network as in Eq. 6.

delay(clusteri ) = 1

Ni

∑
d(v, ci ) (6)

delay(Netwrok) = 1

k

∑k

i=1
delay(clusteri ) (7)

Where Ni is the number of nodes in clusteri and k is the number of clusters. For load
balancing effectiveness we use the standard deviation as a balance index, the smaller the
value the better the balance of the load is. The balance index is as follows:

Balance Index =
√
1

k

∑k

i=1
(Ni − N

K
)2 (8)

where N is the number of switches in the whole topology.

5.2 Results Analysis

The simulation is applied on the topology shown in Fig. 1 as the number of controllers
is different for every simulation, and we also change the value of β for load balancing
results.

The number of controllers k will vary from 1 to 5. When k = 1, it doesn’t matter
which node will be selected as initial center as the algorithm will choose node 16 as the
center every time because it always has the minimum sum of shortest path distances to
every other node in the cluster, and the next initial center is node 32 because this node
has the largest shortest path distance to the node 16, but as the network has only one
controller so the load on that controller will be the maximum and the nodes can’t be
reassigned so the results can be omitted. For k = 2, even the initial centers are nodes
16, 32 but the final centroids will be chosen as nodes 16 and 31 because they are the
nodes which have the minimum sum of the shortest path to every node in the clusters
they belong to. The node that has the largest shortest path distance to node 31 is node 9,
so the initial centers will be nodes 16, 31 and 9 but the centroids will be 16, 31 and 10.
When k = 4 the centroids are nodes 16, 28, 10 and 33; and for k = 5 the centroids are
nodes 8, 28, 10, 33 and 22.

After the network is partitioned for each k, the network delay and balance index are
calculated with different β, and the results are as shown in the Fig. 2.

Figure 2 shows that as β increases, the network delay decreases and the network
become less balanced as balance index increases. For k = 2, the 32 switches are divided
into {24, 8} in the beginning with network delay 7.06 ms and balance index 8. As β

increases, the delay decreases slowly and balance index increases. The switches are
divide into {16, 16} when β = 1 with optimal load balancing but maximum delay, {17,
15} when β = 2, 3, {18, 14} when β = 4, 5 and {19, 13} when β = 6. When k = 3,
the 31 switches are divided into {13, 8, 10} when network is unbalanced, {11, 10, 10}
when β = 1, 2, {12, 9, 10} when β = 3, 4, and the network is back to the original state
when β = 5, 6. When k = 4, the 30 switches are divided into {7, 8, 8, 7} when β = 1,
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Fig. 1. Topology of Internet2 OS3E

Fig. 2. Network delay and balance index for different k and β

{8, 7, 8, 7} when β = 2, {8, 7, 9, 6} when β = 3, {9, 7, 9, 5} when β = 4, {10, 6, 9, 5}
when β = 5 and {10, 6, 10, 4} when β = 6, 7. When k = 5, the 29 switches are divided
into {6, 6, 6, 5, 6} when β = 1, {7, 5, 6, 5, 6} when β = 2, 3, {8, 5, 6, 4, 6} when β =
4, 5, {9, 4, 6, 4, 6} when β = 6 and {10, 4, 6, 3, 6} when β = 7.

In most cases, the network delay is decreasing slowly except when k = 5. For k =
2, the delay is decreasing from 11.85 when β = 1 to 10.74 when β = 6, and when k = 3
it is decreasing from 7.5 when β = 1, 2 to 6.04 when β = 5, 6 and when k = 4 the delay
is 8.7 when β = 1 and 6.04 when β = 6, 7. But when k = 5 we can see that the delay
is 7.6 when β = 1 and 3.9 when β = 7. The balance index is increasing almost in the
same manner. From Fig. 2, the minimum network delay will happen when k = 5 in case
of unbalanced case or β = 7 as it is 3.9 ms, and the balance index is 2.4 with switches
divided into {10, 4, 6, 3, 6}.

From the above discussion, we can say that there is no optimal case for the network to
be inminimum delay andmaximum load balancing. A trade-off should bemade between
the two metrics and the decision should be made according to our priority. However,
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other metrics can be studied and affect the decision. For example, the best network delay
we have is when k = 5, but that makes the cost higher as we should apply 5 controllers
in the topology.

6 Conclusion and Future Work

In this paper we introduced the SDN controller placement problem in terms of delay
and load balancing. We first apply an Extended K-means algorithm to partition the
WAN into several subnetworks and the goal is to place the controllers in positions that
minimize the propagation delay between nodes and controllers, and then balance the
loads of the controllers. We test our algorithm using Internet2 OS3E topology. From the
results we can say that there is no optimal case for the network to be in minimum delay
and maximum load balancing. A trade-off should be done between the two metrics and
the decision should be made according to our priority. However, other metrics such as
resilience, reliability and energy saving can be addressed in the future studies so that
can affect the decision more accurately.
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