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1. CHAPTER: INTRODUCTION

The aim of this thesis is to develop a predictive Quality of Service (QoS) dynamic
multi-flow routing algorithm for Software-Defined Networks (SDNs). This chapter aims
to briefly summarize the problem that will be addressed in this thesis and to provide the
necessary background for the following chapters. First, we review the SDNs towards
Sixth-Generation technology. Second, we outline the routing problem of different traffic
types that we address in this thesis which are enhanced Mobile Broadband (eMBB),
massive Machine-Type Communication (mMTC), and Ultra-Reliable Low Latency
Communication (URLLC). In addition, we explain the QoS requirements of these traffic
types. Third, we describe how the predictive approaches can be utilized for routing in
SDNs. Fourth, we explain the relationship of this thesis with the state of the art. Fifth,
we discuss the contributions of this thesis to the state of the art. Sixth, we give the
outline of this thesis.

1.1. Software Defined Networks (SDNs) Towards Sixth Generation (6G)
Technology

In today’s rapidly evolving technological environment, the rise in data-driven applications,
cloud computing, and Internet of Things (IoT) devices has created an unprecedented
demand for flexible, scalable, and efficient network infrastructures. Software Defined
Networks (SDNs) offer a solution by providing dynamic control and adaptability,
allowing organizations to efficiently manage the increasing demands of today’s digital
landscape (Xia, Wen, Foh, Niyato, & Xie, 2014). At its core, SDN represents a departure
from traditional network architectures, offering a programmable solution that addresses
the limitations of conventional networking methodologies.

...

1.1.1 Enhanced Mobile Broadband (eMBB)

Enhanced Mobile Broadband (eMBB) stands as a key aspect of 5G and the cornerstone
of the anticipated 6G environment. This traffic type accelerates innovation in delivering
high-bandwidth, thus changing the way users interact with digital content. With high
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data rates of up to gigabits per second, eMBB enables the use of applications that require
massive data throughput.

1.1.1.1 Subsection

Text...
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2. CHAPTER: PREDICTIVE DYNAMIC MULTI-FLOW ROUTING
(PD-MFR) ALGORITHM TOWARDS SIXTH GENERATION (6G)

SOFTWARE-DEFINED NETWORKS

2.1. Introduction

As discussed in Chapter 1, predictive networking constitutes a novel paradigm in which
a telecommunication network predicts the future demands that will be experienced by
the network and allocates network resources in advance. This contrasts sharply with
the traditional reactive networks, in which the network merely reacts to the current
demand that the network sees. The evolution of cellular networks standards, including
Fifth Generation (5G) systems, is based on the reactive networking paradigm. However,
the advent of Artificial Intelligence (AI), in particular, Machine Learning (ML), has
ushered in a new era, in which networks will be able to form accurate predictions of the
future demands on the network using ML algorithms, thus unleashing the potential of
predictive networks, which are expected to play a major role in the evolution towards
Sixth Generation (6G) systems.

...

2.1.1 Choice of the Key Algorithm Parameters

We now discuss the relationship between the key parameters of the PD-MFR algorithm
and explain how these parameters of the algorithm are set.

To this end, recall that B denotes the set of time bins that fall in the upcoming routing
window. For each 𝑏 ∈ B, let 𝑇eMBB

exec (𝑏) denote the time required in Stage A to compute
the routes for all of the eMBB flows that fall in bin 𝑏 (in the upcoming routing
window). Let 𝑇mMTC

exec (𝑏) denote the time required in Stage A to compute the routes
for all of the mMTC flows that fall in bin 𝑏 (in the current routing window) on the
remaining capacities after the predicted eMBB flows have been routed. Let 𝑇PD−MFR

exec (𝑏)
denote the total time required to execute Stage A of PD-MFR for time bin 𝑏. Then,
𝑇PD−MFR

exec (𝑏) = 𝑇eMBB
exec (𝑏) +𝑇mMTC

exec (𝑏). Let 𝑇PD−MFR
exec denote the total time required to

execute Stage A of PD-MFR across all time bins in B in the current routing window.
Recall that since the computations that are performed on each bin are independent, we
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run PD-MFR in parallel for each bin. Then, 𝑇PD−MFR
exec = max

𝑏∈𝐵
𝑇PD−MFR

exec (𝑏).

Let 𝑇eMBB
pred denote the length of the accurate prediction window for eMBB flows. Recall

that 𝑇 denotes the duration of the routing window. Then, we set 𝑇 as follows:

𝑇 = 𝑇eMBB
pred −𝑇PD−MFR

exec (2.1)

Note that the optimization program must run for every routing window. The 𝑇 set by
the equation above represents the maximum value that 𝑇 can have.

We also note that the parameter 𝑇𝑏𝑖𝑛 should be chosen as the resolution at which the
generation times of the eMBB flows can be predicted.

2.1.1.1 Evaluation of the Forecasting Schemes for eMBB Flows

In order to evaluate the ARIMA and MLP forecasting schemes for eMBB flows, in
Table 2.1, we present the values of the traditional error metrics for these schemes. We
see that the MLP forecaster achieves better performance with respect to all of the metrics
examined. (We define 1/2-sMAPE as sMAPE divided by 2 in order to arrive at a metric
whose maximum value is 100%.) Furthermore, in Fig. ??, we give a realization of each
of the ARIMA and MLP predictions of the generation rates of the eMBB flows across
time. We see that MLP captures the fluctuations in the eMBB generation rate better
than the ARIMA model does.

Table 2.1. Performance metrics of the forecasting schemes for PD-MFR
ARIMA MLP

MSE 3731.98 1406.25
RMSE 61.09 37.50
MAPE 401.92% 306.45%

1/2-sMAPE 61.06% 43.08%

2.1.1.2 Execution Time of PD-MFR

First, in Fig. 2.1, we see that the execution time of PD-MFR in Stage A increases almost
linearly as a function of the number of mMTC and the number of eMBB flows offered.
The execution time reaches approximately four seconds at most for the fully loaded
network (when the number of aggregate flows offered reaches its maximum value).
Hence, the duration 𝑇 of the routing window (which was 30 seconds in our simulations)
is reasonable. Moreover, since the execution time displayed in Fig. 2.1 belongs to Stage
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A, none of the actual eMBB and mMTC flows waits for this execution time to expire in
order for each of them to be delivered after the routing window begins in Stage B.

Figure 2.1. Execution Time of Stage A of PD-MFR

2.2. Summary

In this chapter, first, we have presented a multi-flow optimization program that maximizes
the total data rate in the network subject to constraints of all of the flow types, which are
URLLC, eMBB and mMTC. Second ...
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3. CHAPTER: CONCLUSIONS

In this thesis, we have presented a novel algorithm, called Predictive Dynamic Multi-
Flow Routing (PD-MFR), for predictive QoS routing in software-defined networks
(SDNs). The PD-MFR algorithm, first, forms predictions of the generation rates of
each eMBB flow before the routing window begins. Second, it makes reservations for
each eMBB and mMTC flow in the upcoming routing window. Third, after the routing
window begins, the URLLC flows are routed reactively. Finally, the actual eMBB and
mMTC flows that fall in the current routing window are routed using the routes that
were reserved for such flows.

...

In our future work, we plan to develop an algorithm that ... .
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