
DEGREE PROJECT IN ELECTRICAL ENGINEERING, 
SECOND CYCLE, 30 CREDITS  
STOCKHOLM, SWEDEN 2016 
 
 
 
 
 
 
 
 
 

Design and Performance 
 

Evaluation of Resource Allocation 
 

Mechanisms in Optical Data Center 
 

Networks 
 

 

VIKRANT NIKAM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
KTH ROYAL INSTITUTE OF TECHNOLOGY  
SCHOOL OF INFORMATION AND COMMUNICATION TECHNOLOGY  

  

  



 

 

 

 

 

 

 

 

 

 

 

Design and Performance 
Evaluation of Resource 
Allocation Mechanisms in 
Optical Data Center Networks 
 

 

VIKRANT NIKAM  
nikam@kth.se 
2016-10-26 

 

Examiner 
Paolo Monti  
KTH Royal Institute of Technology, Sweden 

pmoniti@kth.se 

 

Supervisors: 
James Gross 
KTH Royal Institute of Technology, Sweden 
james.gross@ee.kth.se 

 
Ahmad Rostami 
Ericsson Research, Sweden 

ahmad.rostami@ericsson.com 
 

 

KTH ROYAL INSTITUTE OF TECHNOLOGY  

I N F O R M A T IO N  A N D  C O M M U N I C A T I O N  T E C H N O L O G Y  

mailto:nikam@kth.se
mailto:pmoniti@kth.se
mailto:james.gross@ee.kth.se
mailto:ahmad.rostami@ericsson.com


I 

 

Abstract 

A datacenter hosts hundreds of thousands of servers and a huge amount of bandwidth 

is required to accommodate communication between thousands of servers. Several 

packet switched based datacenter architectures are proposed to cater the high bandwidth 

requirement using multilayer network topologies, however at the cost of increased 

network complexity and high power consumption. In recent years, the focus has shifted 

from packet switching to optical circuit switching to build the data center networks as 

it can support on demand connectivity and high bit rates with low power consumption.  

 

On the other hand, with the advent of Software Defined Networking (SDN) and 

Network Function Virtualization (NFV), the role of datacenters has become more 

crucial. It has increased the need of dynamicity and flexibility within a datacenter 

adding more complexity to datacenter networking. With NFV, service chaining can be 

achieved in a datacenter where virtualized network functions (VNFs) running on 

commodity servers in a datacenter are instantiated/terminated dynamically. A 

datacenter also needs to cater large capacity requirement as service chaining involves 

steering of large aggregated flows. Use of optical circuit switching in data center 

networks is quite promising to meet such dynamic and high capacity traffic 

requirements.  

 

In this thesis work, a novel and modular optical data center network (DCN) architecture 

that uses multi-directional wavelength switches (MD-WSS) is introduced. VNF service 

chaining use case is considered for evaluation of this DCN and the end-to-end service 

chaining problem is formulated as three inter-connected sub-problems: multiplexing of 

VNF service chains, VNFs placement in the datacenter and routing and wavelength 

assignment.  This thesis presents integer linear programming (ILP) formulation and 

heuristics for solving these problems, and numerically evaluate them.  

 

Keywords 

Data Center Networks, Optical Circuit Switching, Routing and Wavelength 

Assignment, Network Function Virtualization, Virtual Network Function Service 

Chaining 
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Sammanfattning 
 
Ett datacenter inrymmer hundratusentals servrar och en stor mängd bandbredd krävs 

för att skicka data mellan tusentals servrar. Flera datacenter baserade på 

paketförmedlande arkitekturer föreslås för att tillgodose kravet på hög bandbredd med 

hjälp av flerskiktsnätverkstopologier, men på bekostnad av ökad komplexitet i 

nätverken och hög energiförbrukning. Under de senaste åren har fokus skiftat från 

paketförmedling till optisk kretsomkoppling for att bygga datacenternätverk som kan 

stödja på-begäran-anslutningar och höga bithastigheter med låg strömförbrukning. 

 

Å andra sidan, med tillkomsten av Software Defined Networking (SDN) och 

nätverksfunktionen Virtualisering (NFV), har betydelsen av datacenter blivit mer 

avgörande. Det har ökat behovet av dynamik och flexibilitet inom ett datacenter, vilket 

leder till storre komplexitet i datacenternätverken. Med NFV kan tjänstekedjor 

åstadkommas i ett datacenter, där virtualiserade nätverksfunktioner (VNFs) som körs 

på servrar i ett datacenter kan instansieras och avslutas dynamiskt. Ett datacenter måste 

också tillgodose kravet på stor kapacitet eftersom tjänstekedjan innebär styrning av 

stora aggregerade flöden. Användningen av optisk kretsomkoppling i datacenternätverk 

ser ganska lovande ut for att uppfylla sådana trafikkrav dynamik och hög kapacitet. 

 

I detta examensarbete, har en ny och modulär optisk datacenternätverksarkitektur 

(DCN) som använder flerriktningvåglängdsswitchar (MD-WSS) införs. Ett 

användningsfall av VNF-tjänstekedjor noga övervägd för utvärdering av denna DCN 

och end-to-end-servicekedjans problem formuleras som tre sammankopplade 

delproblem: multiplexering av VNF-servicekedjor, VNF placering i datacentret och 

routing och våglängd uppdrag. Denna avhandling presenterar heltalsprogrammering 

(ILP) formulering och heuristik för att lösa dessa problem och numeriskt utvärdera dem. 

 

Nyckelord 

Datacenternätverk, Optisk kretskoppling, Routing och våglängd uppdrag, 

Nätverksfunktionen virtualisering, VNF-tjanstekedjning VNF-tjänstekedjor 
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1 Introduction  

With the rapid growth in the cloud based services, datacenters play an important role in 

hosting a large number of online services (E.g. search, email, video content distribution, 

and large scale computations such as data mining). A datacenter (DC) hosts a large 

number of computing and storage resources. The global DC traffic is increasing at a 

compound annual growth rate (CAGR) of 25 percent from 2014 to 2019 and major 

contributor to the DC traffic is cloud computing which contributes up to 83% of the 

global DC traffic and growing at CAGR of 33% [1]. Data centers consist of tens of 

thousands of servers with significant aggregate bandwidth requirement. Typically, the 

data centers host two types of applications; outward facing applications (e.g. web 

applications, email) and internal computations (e.g. Map Reduce, web indexing). 

Considering the DC traffic characteristics, majority of the DC traffic up to 76% is 

within the datacenter [1]. In the cloud data centers, up to 80 % of the DC traffic 

originated by servers stays within the rack [2]. This is because most of the applications 

hosted in the DC are based on distributed parallel computing such as MapReduce. High 

interaction is required between the distributed processing and storage nodes for 

handling the data and this results into more communication between servers within the 

datacenter. Conventionally, the required connectivity among servers within a DC is 

realized through electrical packet switching (EPS) networks with multilayer topologies. 

However, there are several limitations to existing EPS technology and architectures 

including the need for a large number of electrical packet switches and the associated 

cost and complexity, limited throughput, and high power consumption. In recent years, 

there have been several proposals for datacenter networking (DCN) based on the optical 

networking technology. E.g. recent by Porter et. al [3] proposed to build a hybrid DCN 

consisting electrical packet switches and high-bandwidth optical circuit switches, 

where large and stable flows are routed through optical circuit switching (OCS) and 

fine-grained traffic is routed through EPS. OCS can support on demand connectivity 

and high bit rates with a power consumption much lower than that of EPS.  

 

Also, with the introduction of programmable networking technologies like software 

defined networking (SDN) and network function virtualization (NFV), datacenter 

networking has been receiving more attention. SDN decouples the control plane logic 

from the forwarding plane and allows centralized management of the network through 

programmable software via open interfaces [4]. The centralized control gives a 

network-wide view and allows logically centralized controller to control the behavior 

of network. NFV proposes virtualization of Network Functions (NFs) such as Firewalls, 

Network Address Translation (NAT), Intrusion Detection Systems (IDS) etc. that uses 

hardware middle-boxes. It allows virtualized network functions (VNFs) to run on 

commodity servers which could be located within operator’s DC [5]. VNFs offer 

benefits such as reduced equipment cost and power consumption cost and reduces the 

time to market a new network service [6]. Integrated with SDN, NFV architecture 

allows dynamic traffic steering and provisioning of VNFs which enables a wide range 

of applications such mobile core network virtualization, content distribution network 

virtualization, service chaining [6]. The VNFs are chained together to create a 

communication service that is described as VNF service chaining. When a traffic flow 

arrives in the DC, it is steered through the ordered set of VNFs ensuring that service 

requirements of the traffic flow are satisfied. The major requirement for deploying VNF 

service chaining in the DC is the ability to dynamically route the traffic between ordered 
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set of VNFs. These VNFs can be moved or instantiated dynamically. For deploying 

VNF service chaining in the DC, there is need of flexible DCN architecture and it 

should be able to cater large capacity requirements for aggregate services. Xia et al. [7] 

proposed a hybrid electrical/optical DCN architecture and use the optical steering 

domain for NFV chaining. The presented architecture in [7] is based on conventional 

wavelength selective switch (WSS) architecture, which makes the scalability of the 

DCN a challenge. 

 

In this thesis, a novel and modular optical DCN architecture by using multidirectional 

wavelength selective switches (MD-WSSes) is introduced. In contrast to conventional 

ones, MD-WSSes support routing of wavelengths between tributary ports, and thereby 

adding more flexibility for wavelength routing [8]. A routing and wavelength 

assignment problem for proposed optical DCN is studied. A VNF service chaining use 

case is used to evaluate this optical DCN architecture. In this thesis, integer linear 

programming (ILP) formulation and heuristics are proposed and evaluated for solving 

VNF service chaining problem and RWA problem.   

 

1.1 Background 

A DCN needs to be carefully designed taking into consideration scalability, agility, 

fault tolerance, cost and power efficiency, end to end throughput [9]. The DCN 

architecture should be able to scale to meet future demands. It should be agile to run 

any service on any server at a given time. DCNs are vulnerable to failures and there 

should be a fault tolerant mechanism to manage network failures. It should be cost 

effective as well as should provide high throughput. There are several DCN network 

topologies which can be categorized into fixed and flexible topologies. Fixed topologies 

as name suggests are fixed at the time of deployment while flexible topologies can be 

configured at run time depending on traffic demand. In recent years, with the rapid 

growth of cloud computing and cloud based services, there is huge rise in the datacenter 

traffic. Several DCN topologies have been proposed in recent times to support high 

traffic demand in the DC that uses EPS such as Al-Fares et al. [10], Portland [11], 

VL2[12] which are tree based fixed topologies and fixed recursive topologies such as 

DCell [13] and BCube [14]. While, proposed flexible-topology architectures includes 

DCN architectures such as c-Through [15], Helios [16] and OSA [17] that uses optical 

circuit switching technology. The tree based DCN architectures are flexible and 

scalable. With multiple layers of switches, it allows communication between any two 

servers in the network. However, to achieve all to all connectivity using EPS based 

network, multiple layers of switches needs to be added that increase the cost of 

switches, fibers, power consumption.  

 

The DCN architecture based on OCS allows the reconfiguration of network topology 

at run time which adds dynamicity and flexibility to the DCN. There are several benefits 

of using OCS over EPS.  It supports high bit rates and with no need of per-packet 

processing which reduces the latency, and per-bit energy consumption. Also, as the data 

rate improves and number of wavelengths supported by fiber increases, OCS is scalable 

without replacing of optical network [18]. The limitation in deploying OCS based DCN 

architecture is the cost of optical network elements and high switching time [18]. 

However, the recent work has shown promising improvement in switching speed [3].  
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Wavelength-division multiplexing (WDM) technology enables flexibility in OCS based 

DCNs. WDM allows multiple wavelength channels from different sources to be 

multiplexed on the same fiber. Under WDM, each wavelength supporting a single 

communication channel. Thus, by allowing multiple wavelength channels to coexist on 

a single fiber, the huge fiber bandwidth can be utilized [19]. 

 

 

1.2 Problem 

In recent years, the focus has shifted on optical network technologies to build a DCN 

because of the features like flexibility in network configuration, low power 

consumption and high bandwidth. In this thesis, an optical DCN by using MD-WSS is 

proposed. Routing and wavelength assignment (RWA) is a challenging problem in 

optical networks. In this thesis, RWA problem needs to be solved for the proposed DCN 

architectures taking into consideration the RWA constraints imposed by the MD-WSS 

based DCN architecture. Also, the VNF service chaining use case is considered for the 

evaluation of the proposed optical DCN architecture. The end to end VNF service 

chaining problem needs to be solved to find optimal VNF placement for requested VNF 

service chain requests such that VNF service chains are served with the optimum usage 

of DC resources such wavelengths and CPU resources. Also, in order to serve requested 

VNF service chain requests, the RWA problem needs to be addressed for placed VNF 

service chains. The end-to-end service chaining problem is formulated as three inter-

connected sub-problems: multiplexing of VNF service chains, VNFs placement in the 

DC and RWA. 

1.3 Research method 

The quantitative experimental research method is used in this thesis as a research 

method. In order to solve the problems discussed in section 1.2, ILP models and 

heuristics are formulated. These ILP models and heuristics are evaluated with the help 

of experiments by varying certain set of variables such as available CPU capacity in the 

DC.   

1.4 Purpose 

The purpose of the degree project is to investigate the feasibility of building an optical 

datacenter network architectures based on multi-directional wavelength selective 

switches.      

1.5 Goal 

The goal of the degree project is to design efficient control mechanisms for resource 

allocation (e.g. for dynamic routing and wavelength assignment) for the optical 

datacenter networks and numerically evaluate performance of designed mechanisms. 

1.5.1 Benefits, Ethics, Sustainability and Social Impact 

1.5.1.1 Benefits 

The outcome of the project will provide the performance evaluation results for the 

optical datacenter networks which can help in realizing the optical datacenters operating 

at low cost and low power consumption.  
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1.5.1.2 Ethics 

1. Confidential data is not accessed or presented. 

2. The report includes thoroughly validated results and conclusions. 

1.5.1.3 Sustainability and Social Impact 

 

There is a lot of concern about the climate change due to greenhouse gas emission. 

GeSI’s SMARTer 2020 report shows that Information and Communication 

Technologies (ICT) industry contributes up to 2% of the global greenhouse gas 

emission and it is expected to increase by 3.8% per year [20]. CO2 emission from ICT 

industry is comparable to aviation industry [20]. Overview of ICT energy consumption 

report [21] shows that the combined share of electricity consumption of communication 

networks, personal computers and data centers in the total worldwide electricity 

consumption has grown from about 4% in 2007 to 4.7% in 2012. The datacenters 

accounted for almost 1/3 of the total ICT power consumption. Also, Natural Resources 

Defense Council (NRDC) report shows that datacenters are one of the largest 

consumers of electricity in the United States. In 2013, U.S. datacenters consumed an 

estimated 91 TWh of electricity that is equivalent electricity to power all the households 

in New York City twice over and will reach up to 140 TWh by 2020 [22]. DC power 

consumption sources can be categorized into IT equipment, cooling system and power 

supply chain. The IT power consumption can be further categorized into servers, 

storage and network. DCNs (including ToR, aggregate, and core switches) consume 

around 10–20 percent of the total IT power consumption of data center sites, and this 

is expected to increase in the near future [24]. In the EPS based DCNs, point to point 

optical communication is used between switches with the help of optical fiber and 

optical transmitters. Thus, for every incoming signal to the switch, the optical signal 

needs to converted to the electrical domain and vice versa. This is the major drawback 

of EPS based DCNs as a lot of power is wasted in optical to electrical and electrical to 

optical conversions. 

 

With OCS based DCN power consumption within a DC can be reduced significantly 

with transmission and switching in optical domain and the need of O/E/O conversion 

at every packet switch is eliminated. With electricity power saving, several harmful 

social and environmental impacts such as global warming can be mitigated. The 

electricity power conservation can reduce the greenhouse gas emission as the electricity 

generation is one of the major sources of greenhouse gas emission. The fuels such as 

coal, oil, natural gas are major sources used to generate electricity and it cause up to 

20-40% of global CO2 emission [23]. OCS based DCNs can contribute to the reduction 

of DC power consumption which in turn can help in reducing the greenhouse gas 

emission. The DCN proposed in this thesis work is based on optical switching 

technology which makes it a sustainable solution and also it contributes towards 

building an environment friendly networks that has positive effect on the society.  

 

1.6 Outline 

Chapter 2 describes research method and methodologies used in this thesis work. 

Chapter 3 gives an overview of the optical data center networking and presents the MD-

WSS based optical DCN architectures. 
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Chapter 4 presents the methodology to address routing and wavelength assignment 

problem for optical DCN architectures. 

Chapter 5 gives and overview about the VNF service chaining use case for optical DCN 

and presents the heuristics and ILP formulations to address this problem. 

Chapter 6 presents and discusses the evaluation results of various proposed heuristics 

and ILP models. 

Chapter 7 describes the overall conclusion and presents the future work. 
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2 Method and Methodologies 

This thesis addresses RWA problem for the newly proposed optical DCN based on MD-

WSSes. Also, this thesis demonstrates the VNF service chaining use case which 

involves the three inter-connected problems such as VNF service chain multiplexing, 

VNF placement and RWA. These problems can be solved by formulating mathematical 

models and heuristic algorithms.  In order to conduct the study and solve these 

problems, there are research methods available such as qualitative and quantitative 

methods [25]. There are several research approaches available depending upon the 

chosen research method to conduct the study. 

 

In this chapter, several research methods, research approaches, research strategies, data 

collection and analysis techniques are discussed. It also describes a particular research 

method and methodology chosen to for this study.  

2.1 Research Method 

The research methods can be broadly categorized into two methods; qualitative 

quantitative method [25]. The qualitative research method deals with understanding, 

meanings, opinions and behaviors to reach certain hypotheses [25]. On the other hand, 

quantitative research method uses investigation strategies such as such as experiments 

and case studies to generate large amount of data [26].  In quantitative method, data is 

processed to reach conclusion, while qualitative method based on interpretation of 

obtained data to create theories [25]. Considering the goal of the thesis, to develop 

efficient mechanism for resource allocation for optical DC, a quantitative/experimental 

research method is best suitable to conduct the study. 

2.2 Research Approach 

There are several types of research approaches such as; inductive, deductive, and 

abductive, that are used to draw conclusions [25].  In inductive approach, theories based 

on experience and opinions are used, while in deductive approach various hypotheses 

are verified. Inductive approach is generally used with qualitative research methods to 

collect, analyze, and synthesize data in order to draw meaningful conclusions [25]. In 

deductive approaches, large data set are necessary to test hypotheses; hence, 

quantitative method is used with deductive approach [25].  Abductive approach is 

mixed approach, and uses both inductive and deductive approaches to establish 

conclusions [25]. In this thesis, deductive research approach is used as quantitative 

research method is most appropriate and chosen to conduct the study. 

2.3 Research Strategy 

There are several research strategies associated with quantitative research method such 

as experiments and surveys [26]. Surveys include studies using questionnaires or 

structured interviews for data collection which is not suitable research strategy for this 

thesis study. Experimental research strategy is followed to address the problems in this 

thesis. 

2.4 Data Collection 

Several data collection methods are used to collect data for the quantitative research 

such as Experiments, Questionnaire and Observations [25]. The quantitative data 

collection methods such as questionnaires and observations that collects data through 
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questions or through observation behavior with focus on participation and ethnography 

are not suitable for thesis study [25]. In this thesis, experiments are used for collecting 

large data set of variables. 

2.5 Data Analysis 

The structured results and conclusions can be drawn with the help of data analysis. In 

this thesis, the data collected through experiments is studied quantitatively. The most 

commonly used data analysis methods for quantitative research are Statistics, and 

Computational Mathematics [25]. These data analysis methods are used to analyze the 

collected material. Data analysis includes inspecting, cleaning, transforming and 

modelling the collected data. In this thesis, descriptive statistics is used to analyze the 

data and to evaluate the significance of results. Descriptive statistics summarizes data 

in a meaningful way such that conclusions can be drawn from the data.   
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3 Optical Data Center Networking 

Typically, a datacenter architecture consists of a three tier architecture which consists 

of Top of Rack (ToR) switches which interconnects the blade servers within the rack 

in the edge tier [10]. In the aggregation tier, aggregate switches interconnect the ToR 

switches and connect to the core switches. While in the core tier, core switches 

interconnect the aggregate switches and connect the DC to the internet. A large amount 

of aggregated bandwidth needs to be accommodated between hundreds and thousands 

of servers in a DC. The required connectivity among servers within a DC is realized 

through EPS networks with multilayer network topologies. There have been several 

DCN proposals to provide high bisection bandwidth to support demanding applications 

using Fat tree [10-12], DCell [13] and BCube [14]. In such EPS based multi-layered 

network topologies, a large number of electrical packet switches and redundant links 

are used to achieve high bisection bandwidth and fault tolerance which increases the 

operational cost and network complexity. However, the recent study shows that only 

fraction of available bisection bandwidth is utilized [2]. Thus, providing uniform high 

capacity network for thousands of servers within DC at the cost of increased network 

complexity is not necessary. There are several other limitations of EPS based DCNs 

such as the overall cost of network equipment is high due to large number of EPS ports 

and optical transceivers, high power consumption and high wiring complexity. 

 

As compared to EPS based DCNs, optical network offers high bandwidth with low 

power consumption and also, significant flexibility with on demand connectivity and 

reconfiguration of network topology depending upon the traffic.  Recently, several 

DCNs have been proposed based on optical switching technology such as c-Through 

[15], Helios [16], OSA [17], and Mordia [3].  

 

In c-Through [15], a hybrid network architecture is proposed that consists of EPS based 

network as well as OCS based network. The connectivity between a pair of ToR 

switches is achieved by using tree based topology and a high-bandwidth 

interconnection between pairs of racks is provided through a reconfigurable optical 

network. Depending upon the traffic demand, c-Through connects each rack to other 

rack in pair at a time with the high-capacity optical links. It uses OCS network to carry 

high bandwidth bursty traffic. It estimates the traffic matrix by observing queue lengths 

across all end hosts.  Helios [16] also proposes the hybrid DCN architecture consisting 

of EPS and OCS. It uses 2-level multi-rooted tree of pod switches and core switches. It 

uses existing flow counters in commodity switches to determine the traffic matrix and 

identifies the subset of traffic best suited to circuit switching. It uses WDM technology 

and pod switches are connected to optical switch through an optical multiplexer. The 

circuit-switched domain handles baseline, slowly changing inter-pod traffic. OSA [17] 

is completely based on optical switching. There are no electrical packet core switches 

and all the connectivity is achieved through the optical switch. The ToR switches at the 

top of server racks are interconnected with the help of optical switch. OSA provides 

flexible topology by using MEMS reconfiguration feature.   

 

Though these proposed optical DCN architectures are promising, the major problem in 

deploying these optical DCNs is slow reconfiguration time of optical switches which is 

mainly driven by 3D-MEMS [3]. Mordia [3] proposes a hybrid DCN architecture which 

addresses two important problems; high optical switching time using 3D-MEMS OCS 

(10-100 ms), and control plane overhead to compute traffic pattern and configure OCS. 
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Mordia [3] proposes a ring type network with OCS architecture that uses 2D-based 

MEMS wavelength-selective switches (WSS) which has a switching time of 11.5 µs 

[27]. It has also proposed new circuit scheduling approach to reduce the switching 

latency.  

 

WSS is one of the basic components of optical WDM networks. WSS is typically a 1 

X N switch, consisting of 1 common port and N tributary ports. Conventional WSS that 

is used in WDM networks is bidirectional that allows the wavelength connection to be 

used in either of the two direction, however it does not support routing of traffic 

between any pair of tributary ports. In order to achieve the flexibility and scalability 

required in DCNs, a large number of WSS devices are required to combine together, 

increasing the complexity and deployment cost associated with required WSS devices. 

Xia et al. in [7] has proposed a hybrid electrical/optical DCN architecture. The 

presented architecture in [7] is based on conventional WSS architecture, which makes 

the scalability of the DCN a challenge.  

In the following sections of this chapter, a novel and modular optical DCN architectures 

by using MD-WSSes are introduced. The proposed optical DCNs uses the unique 

feature of MD-WSS to route wavelengths between tributary ports that adds more 

flexibility for wavelength routing in DCN [8]. The MD-WSS based optical DCNs are 

entirely based on OCS and all ToR switches within the DC are interconnected through 

MD-WSSes.  

 

3.1 MD-WSS based DCN Architectures 

In this section, various MD-WSS based DCN architectures are discussed in detail. 

These DCN architectures are based on OCS. The MD-WSS is the main building block 

of the proposed optical DCN architectures, which interconnects the server racks within 

the DC.  

3.1.1 Network Elements 

In this section, the important optical network elements used in the proposed optical 

DCN architectures are explained.  

3.1.1.1 Multidirectional Wavelength Selective Switch (MD-WSS) 

MD-WSS uses the multidirectional routing capability of WSS and enables the routing 

of wavelengths between tributary ports to address limitations imposed by conventional 

WSS [8].  MD-WSS allows the reuse of group of wavelengths routed between 1) 

common port and a certain tributary port, and 2) certain pair of tributary ports. This 

feature provides more flexibility into WSS architecture and supports additional 

wavelength routing functions at lower cost [8]. 
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Figure 1. Multi-Directional Wavelength Selective Switch 

 

Figure 1 shows the 1:3 MD-WSS with the multidirectional routing feature. 

Wavelengths from group A are routed between common port and tributary port 1. 

Wavelengths from group B are routed between common port and tributary port 2. 

Group C wavelengths that are routed between common port and port 3 can be also 

reused between tributary ports 1 and 2 [8]. 

3.1.1.2 Tunable WDM Transceiver 

WDM network systems allow the use of single optical fiber for carrying several optical 

signals of different wavelengths. The tunable WDM transceivers can be tuned 

dynamically to send or receive optical signals at any particular wavelength from 

available WDM channels. As compared to fixed tuned transceivers, the capability of 

tunable WDM transceiver to dynamically select a wavelength reduces the number of 

components and cost of the network. Also, dynamic wavelength selection offers more 

flexibility for optical switching. 

3.1.1.3 Optical Coupler/Splitter 

Fiber optic couplers are used to either split the optical signal into multiple optical fibers 

or combine multiple optical signals on one optical fiber.  

 

3.1.2 MD-WSS based data plane architectures for DCN 

In this section several DCN architectures are introduced that are built using MD-

WSSes. These DCN architectures uses the unique feature of MD-WSS to route 

wavelength between tributary ports to achieve connectivity between several server 

racks within the DC.  

3.1.2.1 Architecture Type A 
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Figure 2. MD-WSS based architecture type A 

 

Figure 2. illustrates the MD-WSS based type A architecture for a DCN.  It includes a 

single 1:3 MD-WSS, optical splitter and optical coupler. The DC consists of several 

server racks and each server rack has a Top of Rack (ToR) switch which is equipped 

with one or more tunable WDM transceivers. The broadcast and select technique is 

used with one optical coupler and optical splitter to carry the traffic between WSS and 

ToR switches. The wavelength space is divided into two wavelength groups A and B.  

The wavelengths belonging to group A are divided further into two sub-groups A1 and 

A2. Wavelengths belonging to group A1 and A2 are used for carrying the incoming and 

outgoing traffic to DC respectively.  

 
Table 1. MD-WSS configuration for traffic routing (Type A architecture) 

Traffic Type Port Wavelength 

Group 

MD-WSS and 

Configured Ports  

Incoming  I/O1 A1    WSSC and WSS1 

Outgoing  I/O1 A2 WSSC and WSS2 

Bypass traffic I/O1  B WSSC and WSS3 

Intra-DC traffic  B WSS1 and WSS2 

 

The WSS configuration for traffic routing in type A architecture is as shown in table-1. 

(WSSy indicates tributary port y of MD-WSS). MD-WSS is configured to route 

wavelengths from group A1 between the common port and tributary port 1 and to route 

wavelengths from group A2 between common port and tributary port 2. Wavelengths 

belonging to group B are used for bypass traffic as well as for intra-DC traffic. A 

(virtual) ring type connectivity is created between the splitter, the ToR switches and the 

coupler through tributary ports 1 and 2 of MD-WSS to establish connections between 

any group of server racks. 

For illustration, let us consider an example of any outward facing application hosted on 

the server rack 1. The incoming traffic enters the DC through the common port of the 

MD-WSS on the wavelength belonging to the group A1. Using the MD-WSS 

configuration, the traffic is then routed to the tributary port 1 of the MD-WSS and then 

to the splitter. The traffic is then broadcasted to all ToR switches. The traffic is steered 

to the sever rack 1 by tuning the tunable WDM transceiver at ToR1 to the wavelength 
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from the group A1 on which traffic arrives. After processing the incoming request, the 

server from the server rack 1 sends the outgoing traffic by tuning the transmitter at 

ToR1 to one of the available wavelengths from the group A2. The outgoing traffic is 

then routed from the tributary port 2 to the common port to outside the DC. In the 

similar fashion, by using multi-directional routing capability between port 1 and 2 of 

MD-WSS, the intra-DC traffic can be carried using wavelengths from the group B. E.g. 

if the VM migration activity is to be carried out between servers on the server rack 2 

and 3, then the transceiver at ToR2 is tuned to transmit the traffic using one of the 

available group B wavelengths and the transceiver at ToR3 is tuned to receive traffic 

on selected group B wavelength. This traffic is routed through tributary ports 1 and 2 

of MD-WSS. 

3.1.2.1.1 Wavelength Assignment Rules 

Wavelength assignments in architecture A must obey following rules: 

a) The wavelengths belonging to the group A1 must be used to carry the incoming 

traffic to the DC. 

b) The wavelengths belonging to the group A2 must be used to carry the outgoing 

traffic from the DC. 

c) The intra-DC traffic must use wavelengths belonging to the group B. 

d) Wavelengths between the groups A and B must not overlap with each other. 

e) Wavelengths between the groups A1 and A2 must not overlap with each other. 

f) At any given time, a unique wavelength must be used to setup connections for 

carrying I/O and intra-DC traffic. 

3.1.2.2 Architecture Type B 
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Figure 3. MD-WSS based architecture type B 

 

Figure 3 illustrates the MD-WSS based type B architecture for a DCN.  Similar to the 

architecture type A, the broadcast and select technique is used with one optical coupler 

and optical splitter. This architecture includes two 1:3 MD-WSSes adding more 

flexibility to traffic routing in and out of a DC as compared to architecture type A.  It 

allows the I/O traffic at two ends at the common port of both MD-WSSs. Similar to 

architecture A, it consists of several server racks and each server rack has a ToR switch 

which is equipped with one or more tunable WDM transceivers. The wavelength space 

is divided into two subgroups A and B. Wavelengths from the group A are used for the 

DC I/O traffic and it is further divided into subgroups A1, A2, A3 and A4. Wavelengths 

belonging to the group B are used for carrying the bypass traffic as well as for the intra-

DC traffic.  

 
Table 2. MD-WSS configuration for traffic routing (Type B architecture) 

Traffic Type Port Wavelength 

Group 

MD-WSS and 

Configured Ports  

Incoming  I/O1 A1    WSS1
C and WSS1

1 

Outgoing  I/O2 A2 WSS2
C and WSS2

1 

Incoming  I/O2 A3 i. WSS2
C and WSS2

2  

ii. WSS1
1 and WSS1

2 
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Outgoing  I/O1 A4 i. WSS1
C and WSS1

2 

ii. WSS2
1 and WSS2

2 

Bypass traffic I/O1 and 

I/O2 

B i. WSS1
C and WSS1

3 

ii. WSS2
C and WSS2

3 

Intra-DC traffic  B i. WSS1
1 and WSS1

2 

ii. WSS2
1 and WSS2

2 

 

The WSS configuration for traffic routing in type B architecture is as shown in table-2. 

(WSSx
y indicates tributary port y of MD-WSS x.). The wavelength groups A1 and A3 

are used for carrying the incoming traffic to the DC at I/O 1 and 2 respectively. 

Wavelength groups A2 and A4 are used for carrying the outgoing traffic from DC at 

I/O 2 and 1 respectively. The MD-WSS1 is configured to route the wavelengths 

belonging to group A1 between the common port and the tributary port 1. MD-WSS1 

and MD-WSS2 are configured to route wavelength from the group A4 between the 

tributary port 2 /common port and the tributary ports 1/2 respectively. The MD-WSS2 

is configured to route wavelengths from the group A2 between the common port and 

the tributary port 1. MD-WSS1 and MD-WSS2 are configured to route wavelength 

from the group A3 between tributary port 1/2 and tributary port 1/common port 

respectively. Wavelengths belonging to the group B are used for routing the bypass 

traffic (passing through common port & tributary port 3) as well as the intra-pod traffic 

(passing through tributary ports 1&2). The routing of the intra-DC traffic is achieved 

by a (virtual) ring type connectivity created between the ToR switches, the optical 

splitter and the coupler through tributary ports 1 & 2 of both WSSes. 

3.1.2.2.1 Wavelength Assignment Rules 

Wavelength assignment in architecture B must obey following rules: 

a) The wavelengths belonging to groups A1 and A3 must be used to carry the 

incoming traffic to the DC at I/O1 and I/O2 respectively. 

b) The wavelengths belonging to groups A4 and A2 must be used to carry the 

outgoing traffic from datacenter I/O1 and I/O2 respectively. 

c) The Intra-DC traffic must use wavelengths belonging to the group B. 

d) The wavelengths between the groups A and B must not overlap with each other. 

e) The wavelengths between group (A3, A4) or (A2, A3, A4) or (A1, A3, A4) must 

not overlap with each other. 

3.1.2.3 Architecture Type B – Linear Chain 

 
Figure 4. MD-WSS based architecture type B Linear Chain 

 



15 

 

Figure 4 illustrates the MD-WSS based type B linear chain architecture for a DC. It is 

an extension to type B architecture in which two type B architectures are connected in 

linear chain. Pod 1 and Pod2 consists of several server racks and each server rack has a 

ToR switch.  Each ToR switch is equipped with one or more tunable WDM 

transceivers. The incoming and outgoing traffic to pod1 and pod2 can enter and exit 

through any of the I/O ports 1 & 2. MD-WSSes interconnects the server racks intra and 

inter pods. MD-WSS allows any group of wavelengths that are routed between the 

common port (c) and port 3 to be also reused between the tributary ports 1 and 2 [8]. 

This unique feature is utilized to realize optical interconnections among server racks 

within a given pod as well as among the same pod and other pods, using the same 

wavelength(s). This type of architecture is suitable to build modular datacenters that 

allows extending the DC capacity by adding more number of pods to the DC. 

3.1.2.3.1 Wavelength Assignment Rules 

There are several combinations of traffic scenarios between different pods in this 

architecture. Different wavelength groups that are used for carrying traffic per source-

destination pair are as shown in table 3. 

 
 Table 3. Wavelength group per source/destination pair in type B linear chain architecture 

Wavelength Group Source Destination 

WA1-1 I/O 1 Pod 1  

WA2-3 I/O 2 Pod 2 

WBi1-2 I/O 1 Pod 2 

WBi2-1 I/O 2 Pod 1 

WA2-1’ Pod 1 Pod 2 

WA1-4 Pod 1 I/O 1 

WB1-o2 Pod 1 I/O 2 

WA1-3’ Pod 2 Pod 1 

WA2-2 Pod 2 I/O 2 

WB2-o1 Pod 2 I/O 1 

a) In pod 1, wavelength assignment must obey following rules. 

1. WA1-1 ∩ WA1-4 ∩ (WA1-3’ ∪ WBi2-1) = Ø,  

2. (WB1-o2 ∪ WA2-1’) ∩ WA1-4 ∩ (WA1-3’ ∪ WBi2-1) = Ø 

3. (WB1-o2, WA2-1’) ∩ (WBi2-1, WA1-3’) = Ø 

4.  (WA2-1’ ∪ WB1-o2) ∩ WA1-1 ≠ Ø 

b) In pod 2, wavelength assignment must obey following rules. 

5. (WA2-1’ ∪ WBi1-2) ∩ WA2-3 ∩ (WA1-3’ ∪ WB2-o1) = Ø 

6. WA2-2 ∩ WA2-3 ∩ (WA1-3’ ∪ WB2-o1) = Ø 

7. WA2-3 ∩ (WB2-o1, WA1-3’) = Ø 

8.  (WA2-1’ ∪ WBi1-2) ∩ WA2-2 ≠ Ø 

c) In each pod, wavelength assignment must be unique within each set of wavelengths 

carrying bypass traffic and I/O traffic.  

9. WBi1-2 ∩ WB2-o1 ∩ (WA1-1 ∪ (WB1-o2 ∪ WA2-1’) ∪ (WA1-3’ ∪ WBi2-1) ∪ WA1-4) 

= Ø  

10. WBi2-1 ∩ WB1-o2 ∩ (WA2-2 ∪ (WA2-1’ ∪ WBi1-2) ∪ (WA1-3’ ∪ WB2-o1) ∪ WA2-3) 

= Ø 

d) Additionally, following rules need to be considered while wavelength assignment. 



16 

 

11. WBi1-2 ∩ WB2-o1 ∩ WBi2-1 ∩ WB1-o2 ∩ WA2-1’ ∩ WA1-3’ = Ø 

12. WA2-3 ∩ WA1-4 ≠ Ø 

 

In simple terms, following conditions need to be considered for wavelength assignment, 

1. Wavelength assignment must be unique within sets of wavelength carrying 

traffic over common link. 

2. In each pod, the wavelength assignment must be unique between sets of 

wavelengths used for I/O traffic and bypass traffic. 

3. In each pod, the wavelength assignment must be unique within sets of 

wavelengths that are routed over the link between tributary port 2 of both MD-

WSSes. 

3.1.3 ILP Formulations for MD-WSS based DCN Architectures 

In this section, ILP models are presented for proposed MD-WSS based DCN 

architectures discussed in section 3.1.2. While formulating the ILP model, the objective 

needs to be chosen carefully by considering the following possible approaches to serve 

the traffic when limited number of transceivers per ToR switch are available to establish 

connections between ToR switches, 

1. Minimize the number of required wavelengths to serve traffic demand 

2. Maximize the number of possible connections with available set of wavelengths 

There is a tradeoff between these two approaches as the approach 1 reduces the number 

of wavelengths needed at the cost of the number of established connections. On the 

other hand, with approach 2 establishes more number of connections at the cost of 

increased number of wavelengths. 

Consider the simple traffic scenario that requires all to all connectivity between 3 nodes 

where each node represents ToR switch within a DC. Let there be 2 transceivers per 

ToR switch i.e. each node can establish maximum of two connections at any given time. 

Given this scenario, the number of connections established by using these approaches 

is discussed below, 

Approach 1: 

With objective of minimizing the number of wavelengths needed to serve traffic, 

bidirectional links are established between two nodes.  As the number of connections 

are limited by the transceivers per ToR, when bidirectional connection is established 

between 2 nodes, the 3rd node remains idle and traffic to/from 3rd node is not served.  

 

Approach 2: 

With objective of maximizing the number of connections between nodes, unidirectional 

links are established from each node to every other node.  At any given time, each node 

transmits and receives traffic from remaining nodes and no node remains idle.  

Table 4. shows the links established between different nodes by using different 

approach. With approach 1, 2 wavelengths needed to be reserved and 2 links are 

established. With approach 2, with 3 wavelengths, 3 unidirectional links are 

established. The total number of wavelengths required to establish connections are 

reduced at the cost of number of required iterations to server the traffic. 

 

Table 4. Comparison between ILP objectives 
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Approach 1 (Minimize No. of 

wavelengths) 

Approach 2 (Maximize No. of 

connections) 

Link SRC DST Wavelength Link SRC DST Wavelength 

L1 1 2 W1 L1 1 2 W1 

L2 2 1 W2 L2 2 3 W2 

\ \ \ \ L3 3 1 W3 

Considering above comparisons, given the set of available wavelengths, the objective 

of ILP problem is set to maximize the number of connections so as to maximize the 

traffic served. 

3.1.3.1 ILP Formulation for Architecture Type A 

In this section ILP model is formulated for type A DCN architecture with the objective 

of maximizing the number of links that can be setup to handle I/O as well as intra-DC 

traffic while taking into consideration the wavelength assignment rules described in 

section 3.1.2.1.1. It is assumed that the number of available wavelengths, the traffic 

matrix, number of server racks and number of tunable transceivers per server rack are 

given. The wavelength assignment is unique between each of the groups A1, A2 and 

B. 

 

To describe the ILP model, following terminologies are used.  Let W be set of available 

wavelengths. Let WA1 be the set of wavelengths belonging to the group A1 used for the 

incoming traffic to the DC where, WA1 ⊂ W that satisfies rule (3.1.2.1.1.a). Let WA2 be 

the set of wavelengths belonging to the group A2 used for the outgoing traffic from the 

DC where, WA2 ⊂ W that satisfies rule (3.1.2.1.1.b). Also, WA1 ∩ WA2 = Ø that satisfies 

rule (3.1.2.1.1.e). Let WB be the set of wavelengths from the group B to be used for the 

intra-datacenter traffic where, WB ⊂ W and WB ∩ (WA1 ∪ WA2) = Ø that satisfies rules 

(3.1.2.1.1.c) and (3.1.2.1.1.d). Let N be the total number of server racks and r be the 

number of transceivers per server rack. Let D be the traffic matrix at any given time 

between node i and j where each node represents ToR switch on server rack within the 

DC.  Xi, j is a binary variable that is set to one if link is setup between node i and j. i, j ∈ 

S indicates the nodes in the DC, where S = {1, 2, 3, 4, . . . N+1} and N+1 is the fictitious 

node which represents common port of MD-WSS.  Yi
k is a binary variable that is set to 

one if transmitter at a node i and a wavelength k is active, where k ∈ W. 

 

Optimization problem is formulated as the following ILP problem, 

 

Variables,           

,

1    if  a link from i to j

0   otherwise
i jX


 


1      if a transmiter at node i and wavelength k is active

0     otherwise

k

iY


 


  

 

Objective,         

,max i j
i j

X          (3.1.3.1.1) 

 

 

 



18 

 

Constraints, 

,, i j
j i

i j S X W            (3.1.3.1.2) 

,& 1 i j
j

i S i N X r                       (3.1.3.1.3) 

,& 1 i j
i

j S j N X r        (3.1.3.1.4) 

& 1, k
i

k

i S i N k W Y r                        (3.1.3.1.5) 

, 1k
i

i

i S k W Y       (3.1.3.1.6) 

1& 1, 0k
iA

i

i S i N k W Y                                 (3.1.3.1.7) 

2 , 1 , 1& 1, *k
iA i N i N

k

i S i N k W Y X D                           (3.1.3.1.8) 

,, & k
i i j

jk

i j S k W Y X                                  (3.1.3.1.9) 

1,  & 1 | |Ai j
j

j S j N X W                      (3.1.3.1.10) 

1 1)( 0A

k
N

k

k W W Y                            (3.1.3.1.11) 

, ,& 1 i j j i
j j

i S i N X X r                      (3.1.3.1.12) 

 

The objective in Eq. (3.1.3.1.1) is to maximize the number of connections in the DC 

that can be setup using the available set of wavelengths. Eq. (3.1.3.1.2) ensures that 

total number of links setup between all nodes in the DC is not greater than the total 

number of available wavelengths.  Eq. (3.1.3.1.3) ensures that at any node the total 

number of all outgoing connections is limited by the number of transceivers on each 

ToR switch. Eq. (3.1.3.1.4) ensures that at any node the total number of all incoming 

connections is limited by the number of transceivers on each ToR switch. Eq. (3.1.3.1.5) 

ensures that the maximum number of wavelengths that can be transmitted at any ToR 

switch depends upon the total number of transceivers per ToR switch. Eq. (3.1.3.1.6) 

ensures that at any given time, no wavelength is shared between multiple connections.  

Eq. (3.1.3.1.7) ensures that no source node within the DC transmits wavelengths 

belonging to the group A1. It ensures that the group A1 wavelengths are only used for 

the incoming traffic to the DC. Eq. (3.1.3.1.8) ensures that all the outgoing connections 

from the DC originating from any node in the DC use wavelengths belonging to the 

group A2. Eq. (3.1.3.1.9) ensures that for every connection from source node within 

the DC to any destination node, unique wavelength is transmitted from each source 

node. Eq. (3.1.3.1.10) ensures that the number of incoming connections to the DC is 

restricted by the number of wavelengths belonging to group A1. Eq. (3.1.3.1.11) 

ensures that incoming connections to the DC does not use any wavelengths other than 

the group A1. Eq. (3.1.3.1.12) ensures that the total number of incoming and outgoing 

connections at each ToR switch is limited by the total number of transceivers at each 

ToR switch. 
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3.1.3.2 ILP Formulation for Architecture Type B 

In this section ILP model is formulated for type B DCN architecture with the objective 

of maximizing the number of links that can be setup to handle I/O as well as intra-

datacenter traffic while taking into consideration the wavelength assignment rules 

described in section 3.1.2.2.1. It is assumed that the number of available wavelengths, 

the traffic matrix, number of server racks and number of tunable transceivers per rack 

are given. The wavelength assignment is unique between each of the groups A and B 

and between each of the subgroups (A3, A4) or (A2, A3, A4) or (A1, A3, A4). 

 

To describe the ILP model, following terminologies are used.  Let W be set of available 

wavelengths. Let WA1, WA2, WA3 and WA4 be the set of wavelengths belonging to group 

A1, A2, A3 and A4 where, WA1 ⊂ W, WA2 ⊂ W, WA3 ⊂ W, WA4 ⊂ W that satisfies rule 

(3.1.2.2.1.a) and (3.1.2.2.1.b). WA1 ∩ WA3 ∩ WA4 = Ø, WA2 ∩ WA3 ∩ WA4 = Ø, WA1 ∩ WA2 

≠ Ø that satisfies rule (3.1.2.2.1.e). Let WB be the set of wavelengths from group B 

where, WB ⊂ W and WB ∩ (WA1 ∪ WA2∪ WA3∪ WA4) = Ø that satisfies rule (3.1.2.2.1.c) 

and (3.1.2.2.1.d). WA1 and WA3 are set of wavelengths used for the incoming traffic to 

the DC at I/O 1 and 2 respectively. WA4 and WA2 are set of wavelengths used for the 

outgoing traffic from the DC at I/O 1 and 2 respectively. Let N be the total number of 

server racks and r be the number of transceivers per server rack. Let D be the traffic 

matrix at any given time between node i and j.  Xi, j is a binary variable that is set to one 

if link is setup between node i and j. i, j ∈ S indicates the nodes in datacenter, where S 

= {1, 2, 3, 4, . . . N+1, N+2} and N+1, N+2 are fictitious nodes that represents common 

ports at I/O 1 and 2 respectively. Yi
k is a binary variable that is set to one if transmitter 

at node i and wavelength k is active, where k ∈ W. 

 

Optimization problem is formulated as the following ILP problem, 

 

Variables,       

,

1    if  a link from i to j

0   otherwise
i jX


 


 

1      if a transmiter at node i and wavelength k is active

0     otherwise

k

iY


 


 

 

Objective,    

,max i j
i j

X                             (3.1.3.2.1) 

 

Constraints, 

,, i j
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k
N

k

k W W Y       (3.1.3.2.14) 

, ,& 1 i j j i
j j

i S i N X X r                      (3.1.3.2.15) 

 

The objective in Eq. (3.1.3.2.1) is to maximize the number of connection in the DC that 

can be setup using the available set of wavelengths. Eq. (3.1.3.2.2) ensures that the total 

number of links established is restricted by the total number of available wavelengths. 

Eq. (3.1.3.2.3) ensures that the sum of all outgoing connections at any particular node 

is restricted by the number of transceivers on each ToR switch. Eq. (3.1.3.2.4) ensures 

that the sum of all incoming connections at any particular node is restricted by the 

number of transceivers on each ToR switch. Eq. (3.1.3.2.5) ensures that the maximum 

number of wavelengths that can be transmitted at each ToR switch depends upon the 

total number of transceivers each ToR switch. Eq. (3.1.3.2.6) ensures that at any given 

time, each connection uses the unique wavelength. Eq. (3.1.3.2.7) & (3.1.3.2.8) ensures 

that the number of incoming connections to DC at I/O1 and I/O2 are restricted by the 

number of wavelengths belonging to the groups A1 and A3 respectively. Eq. (3.1.3.2.9) 

ensures that all the outgoing connections to DC at I/O1 use wavelengths belonging to 

the group A4. Eq. (3.1.3.2.10) ensures that all the outgoing connections to the DC at 

I/O2 use wavelengths belonging to the group A2. Eq. (3.1.3.2.11) ensures that any 

source node within the DC does not transmit wavelength belonging to the group A3. 

Eq. (3.1.3.2.12) ensures that for every connection from a source node within the DC to 

any destination node, a unique wavelength is transmitted from each source node. Eq. 

(3.1.3.2.13) & (3.1.3.2.14) ensures that incoming connections to DC at I/O1 and I/O2 

use no wavelength other than wavelengths from the groups A1 and A3 respectively. 

Eq. (3.1.3.2.15) ensures that the total number of incoming and outgoing connections at 

each ToR switch is limited by the total number of transceivers at each ToR switch. 

 

3.1.3.3 ILP Formulation for Architecture Type B Linear Chain 

In this section ILP model is formulated for type B linear chain DCN architecture with 

the objective of maximizing the number of connections to serve maximum traffic while 

taking into consideration the wavelength assignment rules described in the section 

3.1.2.3.1. It is assumed that the number of available wavelengths, the traffic matrix, 

number of server racks and number of tunable transceivers per rack are given. 
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To describe the ILP model, following terminologies are used. W be set of available 

wavelengths. Let set of incoming and outgoing wavelengths at pod1 & pod2 (i.e. WA1-

1, WA1-4, WA2-3, WA2-2, WA2-1’, WA1-3’, WB1-o2, WB2-o1, WBi2-1 and WBi1-2) are known. Set of 

wavelengths are subjected to following conditions to satisfy the wavelength assignment 

rules mentioned in section 3.1.2.3.1. Let N be the total number of server racks and r be 

the number of transceivers per server rack. Let D be the traffic matrix at any given time 

between node i and j.  Xi, j is a binary variable that is set to one if link is setup between 

node i and j. i, j ∈ S indicates the nodes (ToR switch) in the DC, where S = {1, 2, 3, . . 

., N+1, N+2} and N+1, N+2 are fictitious nodes that represents common ports at I/O 1 

and 2 respectively. SPOD1 ⊂ S where, SPOD1= {1, 2, 3, 4, . . ., NPOD1} represents the set 

of nodes in pod 1. SPOD2 ⊂ S where, SPOD2= {NPOD1+1, . . ., NPOD1+ NPOD2} represents 

the set of nodes in pod 2. Yi
k is a binary variable that is set to one if a transmitter at node 

i and a wavelength k is active, where k ∈ W. 

Optimization problem is formulated as the following ILP problem, 

Variables,       

,
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0   otherwise
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0     otherwise
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The objective in Eq. (3.1.3.3.1) is to maximize the number of connection in the DC that 

can be setup using the available set of wavelengths. Eq. (3.1.3.3.2) ensures that at any 

source node, the total number of outgoing connections is restricted by the number of 

transceivers on each ToR switch. Eq. (3.1.3.3.3) ensures that at any destination node, 

the total number of incoming connections is limited by the number of transceivers on 

each ToR switch. Eq. (3.1.3.3.4) ensures that the number of wavelengths that can be 

transmitted at any ToR switch is restricted by the total number of transceivers per ToR 

switch. Eq. (3.1.3.3.5) ensures that same wavelength is not transmitted by more than 

one source node from the pod1. Eq. (3.1.3.3.6) ensures that same wavelength is not 

transmitted by more than one source node from the pod2. Eq. (3.1.3.3.7) ensures that 

the number of incoming connections to the pod1 at I/O1 is restricted by the number of 

wavelengths belonging to the group WA1-1. Eq. (3.1.3.3.8) ensures that the number of 

incoming connections to the pod2 at I/O2 is restricted by the number of wavelengths 

belonging to the group WA2-3. Eq. (3.1.3.3.9) ensures that the number of incoming 

connections to the pod1 at I/O2 is restricted by the number of wavelengths belonging 

to the group WBi2-1. Eq. (3.1.3.3.10) ensures that the number of incoming connections 

to the pod2 at I/O1 is restricted by the number of wavelengths belonging to the group 

Bi1-2. Eq. (3.1.3.3.11) ensures that the outgoing connections from the pod1 to I/O1 use 

wavelengths belonging to the group WA1-4. Eq. (3.1.3.3.12) ensures that outgoing 

connections from the pod2 to I/O2 use wavelengths belonging to the group WA2-2. Eq. 

(3.1.3.3.13) ensures that outgoing connections from the pod1 to I/O2 use wavelengths 

belonging to the group WB1-o2. Eq. (3.1.3.3.14) ensures that outgoing connections from 
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pod2 to I/O1 use wavelengths belonging to the group WB2-o1. Eq. (3.1.3.3.15) and 

(3.1.3.3.16) ensures that any source node from pod1 does not transmit wavelength 

belonging to the groups WA1-3’ and WBi2-1 respectively. Eq. (3.1.3.3.17) ensures that for 

every connection from any source node to any destination node, a wavelength is 

transmitted from each source node ensuring activation of links. Eq. (3.1.3.3.18) ensures 

that incoming connections at I/O1 use wavelengths from the group WA1-1. Eq. 

(3.1.3.3.19) ensures that incoming connections at I/O2 use wavelengths from the group 

WA2-3. Eq. (3.1.3.3.20) ensures that any source node from pod2 does not transmit 

wavelength belonging to the group WA2-3. Eq. (3.1.3.3.21) ensures that wavelengths 

belonging to the group WA2-1’ is used for the activation of outgoing connections from 

pod1 to pod2. Eq. (3.1.3.3.22) ensures that wavelengths belonging to the group WA1-3’ 

is used for the activation of outgoing connections from pod2 to pod1. Eq. (3.1.3.3.23) 

ensures that wavelengths belonging to the group WBi1-2 are used for the activation of 

outgoing connections from I/O1 to pod2. Eq. (3.1.3.3.24) ensures that wavelengths 

belonging to the group WBi2-1 are used for the activation of outgoing connections from 

I/O2 to pod1. Eq. (3.1.3.3.25) ensures that the total number of incoming and outgoing 

connections at each ToR switch is limited by the total number of transceivers at ToR 

switch. 
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4 Routing and Wavelength Assignment  

In this chapter, RWA in newly proposed DCN architectures is discussed in more detail. 

It can be observed from the ILP model for the linear chain architecture discussed in 

section 3.1.3 that as the number of pods in the DC increases the number of constraints 

in the ILP model increases. This is because of several wavelength groups are need for 

catering traffic between the different sets of source-destination pairs.  The problem of 

assigning wavelengths to the wavelengths groups satisfying the rules of wavelength 

assignment depending upon the source-destination pair within DC can be formulated 

as RWA problem.  

 

In WDM networks, there are wavelength routing nodes which are interconnected by 

optical fiber links. In order to send data from one node to other node, an optical path 

needs to be established. This optical path between two nodes is referred as a lightpath. 

Lightpath is an all-optical channel between two end nodes that is used to carry circuit-

switched traffic and it may span multiple fiber links [28]. The wavelength-continuity 

constraint in wavelength-routed networks ensures that a lightpath uses the same 

wavelength on all fiber links in the absence of wavelength converters. The RWA 

problem in wavelength-routed optical networks is very crucial as it deals with selecting 

a suitable path for routing and assigning wavelength from available set of wavelengths 

to each requested connection so that no two lightpaths sharing a link are assigned the 

same wavelength [29]. There are two types of RWA problem depending upon the type 

of traffic; static RWA and dynamic RWA. In static RWA problem the traffic demand 

fixed and known while in dynamic RWA problem, the traffic demand between source-

destination pairs arrive is not known beforehand and arrive at random. The RWA 

problem can be formulated as a mixed-integer linear program [29], in which wavelength 

assignment reduces to the vertex coloring problem in a graph, and is hence, (NP)-

complete [30]. 
 

4.1 Routing in MD-WSS based DCN  

The first step in RWA is to choose the path for each requested lightpath. Once a path is 

chosen for each lightpath then assign wavelengths to each lightpath such that any two 

lightpaths that pass through the same physical link are assigned different wavelengths. 

In order to choose the path for each requested lightpath, a route between source and 

destination of requested lightpath needs to be identified. In order to identify possible 

routes between source-destination pairs within the DC and physical links used by each 

route, the physical topology of the DC is transformed into simplified logical topology. 

Figure 5 depicts the logical topology of the linear chain DC architecture discussed in 

3.1.2.3. 
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Figure 5. Simplified Logical Topology 

 

With the transformation, all server racks in one pod are represented as a single node. 

MD-WSS tributary ports are represented as a node and tributary ports 1&2 of each MD-

WSS are merged into one node. The edge between two nodes represents a link carrying 

the traffic.  

 

Further, the routing constraints imposed by the MD-WSS based DCN architecture is 

applied to the logical topology. Figure 6 shows the logical topology with the routing 

constraints.  

 
Figure 6. Logical topology with routing constraints 

 

It can be observed from figure 6 that the intermediate links between two pods and links 

carrying bypass traffic carry bidirectional traffic while intra-pod links in the DC carry 

unidirectional traffic. The derived logical topology is used for apply routing constraints 

to identify the routes between all possible source-destination pairs within the DC and 

the links that are used on each route. Also, the routes between any source-destination 

pair in the DC are fixed and there are no alternate routes available. This knowledge is 

further used to apply graph coloring methods for wavelength assignment. 

 

4.2 Wavelength Assignment in MD-WSS based DCN  

Once the links used by each requested lightpath are identified, the next steps to assign 

wavelengths to requested lightpaths such that the minimum number of wavelengths 

(colors) under the wavelength continuity constraint are used. This wavelength 

assignment problem reduces to the following graph coloring problem [19]: 
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1. Construct a graph G (V, E), such that each requested lightpath is represented by 

a node in the graph G.  

2. Add an undirected edge between two nodes in graph G if the corresponding 

lightpaths pass through a common physical fiber link. 

3. Color the nodes of the graph G such that no two adjacent nodes have the same 

color.  

 

This problem is NP-complete [30], and it is difficult to determine the minimum number 

of colors needed to color a graph G. In order to solve wavelength assignment by using 

graph coloring, there are several sequential graph coloring algorithms such as First Fit 

(FF), Random Sequential (RS), Largest First (LF) proposed by Welsh and Powell [31], 

smallest-last degree based algorithm proposed by Matula et al. [32], DSATUR (degree 

of saturation) proposed by Brelaz [33], Backtracking sequential coloring algorithm, 

developed by Brown [34]. Based on the comparative study between several vertex 

graph coloring algorithms, the DSATUR algorithm is efficient in terms of number of 

colors used and time take to color the graph [35].  

 

In this thesis DSATUR (Degree of Saturation), a sequential graph algorithm is used for 

wavelength assignment [33]. It dynamically establishes order of the vertices based on 

the degree of saturation of each vertex in the graph. The degree of saturation of a vertex 

is the number of different colors at the vertices adjacent to vertex. DSATUR orders the 

vertices in descending order of degrees and starts by assigning color to a vertex of 

maximal degree. The algorithm then calculates the degree of saturation of all vertices 

and the vertex with maximal degree is colored next. This algorithm ensures that no two 

lightpaths that share common fiber link are assigned with same wavelength. 

 

To illustrate the wavelength assignment using DSATUR algorithm in the proposed DC, 

let us consider one pod in the type B linear chain DC. Table 5 shows the all possible 

unique lightpaths that can be requested within a single pod and the end to end path used 

by each lightpath. 

 
Table 5. Lightpath requests in the DC and end to end path per lightpath  

Lightpath Type Path 

L1 Incoming 1-2-3-7 

L2 Outgoing 7-4-5-6 

L3 Outgoing 7-4-3-2-1 

L4 Incoming 6-5-4-3-7 

L5 Intra-pod 7-4-3-7 

L6 Bypass 6-5-2-1 

L7 Bypass 1-2-5-6 

 

The figure 7a shows the requested lightpaths with the logical topology of one pod in 

the DC. By applying the routing constraints, links used by each requested lightpath is 

derived. With the help of mapping between lightpath and links used by lightpath, a 

graph is constructed in which each node of the graph is represented by requested 

lightpath. Figure 7b depicts the graph with 7 nodes that represents requested 7 

lightpaths. The edge is added between two nodes if two lightpaths share any common 

link. Using DSATUR algorithm, the lightpath nodes are colored as shown in figure 7b. 

It can be observed that there is no edge between lightpath nodes L1 and L2 that allows 
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sharing of same wavelength to serve lightpaths L1 and L2. Similarly, lightpaths L5 and 

L6 that represents intra-pod traffic and bypass traffic, can share the same wavelengths.  

 
(a)                                                                    (b) 

Figure 7. (a) Logical topology with requested lightpaths; (b) Lightpath nodal graph for graph coloring  

 

In the DC, as it can be observed from the logical topology in figure 6, all the incoming 

connections entering through I/O 1 to pod 1 use the same physical links. Similarly, the 

all intra-pod connections in one pod use the same set of physical links. So, there can be 

multiple lightpath requests, on any particular optical path between source/destination 

nodes. This problem can be formulated as multi-coloring graph problem as follows,  

1. Construct a graph G (V, E), so that every unique source to destination path with 

connection request is represented by a node in the graph G.  

2. Assign a positive integer label x(v) to each vertex in G such that x(v) represents the 

number of lightpath connections requests on the source to destination path v. It 

determines the number of colors that must be assigned to that vertex. 

3. Colors must be assigned such that color sets of adjacent vertices must be disjoint. 

 

The graph multi-coloring problem has been studied and heuristics has been proposed 

by A. Lim et al. [36] which uses greedy algorithm along with tabu search. Also, Amotz 

Bar-Noy et al. [37] proposed the solution for scheduling dependent jobs on multiple 

machines using graph-multi coloring model. However, the requirement for multi-

coloring in the DC is different as the set of wavelengths for input and output DC 

connection are known or certain set of connections might need to be handled with 

different priority.   
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Figure 8. Multi-coloring of the lightpath node graph  

 

The figure 8 shows the number of lightpath requests on each source-destination pair of 

nodes in one pod of the DC and the graphical representation of these lightpaths as nodes 

along with integer label that shows number of lightpath requests. 

 

The objective of multi-coloring graph problem is to maximize the total number of 

connections served with the available set of wavelengths. Two approaches are proposed 

to solve this problem using DSATUR algorithm as follows, 

1. Weightage based approach 

• Assign label to each node in the graph using DSATUR algorithm. 

• Identify the nodes that share same label. 

• Calculate the weightage of each label (sum of all connections from 

nodes with the label/maximum demand amongst all nodes of the label) 

• Color the lightpath nodes for input and output connections with given 

set of wavelengths for I/O connections on priority.  

• Order labels with descending order of weightage. 

• Assign colors to each label as per the required demand of connection 

requests among the nodes that share the label. 

 

2. Degree of saturation based approach 

• Color the lightpath nodes for input and output connections with given 

set of wavelengths for I/O connections on priority. 

• Order the remaining nodes in the graph with descending order of nodal 

degree. 

• Assign number of colors from available set of colors as per the demand 

of each node. 

• Color all the nodes such that no two adjacent nodes share same colors. 

 

The degree of saturation based approach is found to be more efficient as compared to 

the weightage based approach. This is because while assigning colors to each node, it 

takes into consideration all other nodes that share common link with the node to be 

colored and set of wavelengths available to color the node.  
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5  VNF Service Chaining Use Case 

The network functions such as firewalls, load balancers, intrusion detection systems 

and network address translators are conventionally implemented on hardware middle 

boxes. The network operator’s network consists of a large number of such proprietary 

hardware middle boxes. Such middle boxes are expensive to maintain and reach end of 

life cycle which requires the upgrade of middle boxes. NFV allows the virtualization 

of network functions and leveraging the high performance commodity server to run the 

VNFs in the DC. Typically, the network flows traverse through several network 

functions in a specific order so that required functions are applied to the flows which 

known as network service chaining [38]. The VNFs can be instantiated or removed as 

and when needed within the DC which requires the support for dynamic traffic steering.  

 

There has been significant research work done to propose service chaining using SDN 

technologies in packed based domain. Sherry et al. [39] proposed to deploy the middle 

boxes in cloud and V Sekar et al. [40] proposed the consolidation of middle boxes to 

reduce network provisioning cost. Joseph et al. [41] proposed the policy aware 

enforcement using layer 2 switch layer. Also, Z. A. Qazi et al. [42] proposed the 

centralized control mechanism to steer traffic to different service using SDN. 

StEERING [43] proposed the SDN and OpenFlow enabled routing of traffic through 

any sequence of middle boxes.  

 

In recent research work, use of optical domain is proposed for service chaining by Ming 

Xia et al. [7]. For the dynamic steering of large aggregate services, the capacity 

requirements are high. To cater such high bandwidth requirements optical technologies 

can be efficiently used for service chaining. Also, the traffic patterns in service chaining 

varies substantially because of the dynamic configuration of VNFs. The presented 

architecture is hybrid electrical/ optical and in optical domain, it consists of several 

pods and each pod consists of several server racks. The server racks in each pod are 

interconnected through electrical packet switches, while the pods are interconnected 

through WSSes. In this architecture, the large flows are offloaded to the optical for 

steering of traffic flows through VNFs and significant power saving is achieved as 

compared to packet based steering. 

 

In the following sections, use case of VNF service chaining in MD-WSS based DCN is 

discussed. The proposed DCN architecture is entirely based on optical switching. As 

against Xia et al. [7], in proposed DCN architecture the server racks are also 

interconnected through MD-WSSes. With the use of MD-WSS in DCN which allows 

the routing through tributary ports of WSS, the less number of WSS devices needed to 

interconnect the server racks.  

 

One of the important aspects of VNF service chaining in the DC is VNF placement. It 

is important to find best placement for VNFs taking into consideration individual 

requests and overall combination of requests. In recent work by Mehraghdam S et al. 

[44], models for specifying and placing VNF service chain requests are proposed. Md. 

Faizul Bari et al. [45], also proposed the model to determine optimal number of VNF 

and their placement to optimize operational cost.  Moens H et al. [46] proposed VNF 

placement model for hybrid scenario where NFs maybe provided by physical hardware 

or virtualized instance. However, the optical DCN architecture has its own set of 

requirements for VNF placement and routing. While finding optimal VNF placements, 
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several factors need to be considered in optical domain such as number of O/E/O 

conversions which depends upon the number of server racks used for placement, and 

the number of wavelengths needed. M Xia et al. [47] proposed the VNF placement 

model for placing VNFs in optical steering domain which is focused on placing VNFs 

in a single pod to minimize the number of O/E/O conversions. 

 

In the following sections, ILP models and heuristics are formulated for end to end VNF 

service chaining including VNF placement, RWA in the proposed MD-WSS based 

DCN architecture to minimize the number of wavelength resources and number of 

server racks which in turn minimizes number of O/E/O conversions.  

 

5.1 Modular Optical Data Center Network Architecture 

 

 
Figure 9. Modular optical data center architecture  

Figure 9. illustrates an overview of the proposed optical DCN architecture. The DCN 

is connected to outside through a packet-based gateway router, which also serves as 

aggregation of incoming traffic flows and putting them into optical pipes, and vice 

versa. The gateway router is equipped with tunable WDM transceivers. The DC 

includes one or more cascaded pods. A centralized SDN controller steers of traffic 

within the DC. It interfaces to and dynamically configures network elements including 

aggregation router and its transceivers, ToR switches, as well as MD-WSSes. The 

controller is also responsible for topology computation and dynamic provisioning of 

optical circuits. Also, a DC controller acts as a cloud manager and it is responsible for 

cloud resource provisioning in a DC, e.g. for server allocation for VNFs.  

The data plane architecture of each pod is similar the data plane architecture explained 

in section 3.1.2.2. Each pod consists of two 1:3 MD-WSSes and several server racks. 

A server rack has a top of rack (ToR) switch, which is equipped with one or more 
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tunable WDM transceivers. The MD-WSS is the main building block of this optical 

DCN architecture, which interconnects the server racks intra and inter-pods. In each 

pod, the broadcast and select technique is used with one optical coupler and optical 

splitter to carry the traffic between the MD-WSS and ToR switches. Through the optical 

splitter, traffic is broadcasted to all the ToR switches. The traffic to each tunable 

transceiver of the ToR switch in the pod is carried over a separate link. Also, a separate 

link is used to carry traffic from each tunable transceiver of the ToR switch in the pod 

to the optical coupler. The optical coupler combines the traffic on different wavelengths 

from each ToR switch. The wavelength routing mechanism in each pod is as described 

in section 3.1.2.2. The modularity of the architecture enables extending the DC capacity 

by adding new pods, which also requires adding optical amplifiers between pods.  

To illustrate the VNF service chaining, let us consider following example with DC 

consisting two pods (P1, P2), each pod consists three racks (R1, R2, R3, R4, R5, R6) 

and let there be three VNF service chain requests, (VNF1VNF2), 

(VNF3VNF4VNF5) and (VNF6VNF7VNF8) that are placed on different 

server racks across two pods as show in table-6. 

 
Table 6. Example of VNF service chaining in proposed optical DC 

P1 P2 

R1 R2 R3 R4 R5 R6 

VNF1 VNF2 VNF3 VNF4 VNF5 VNF6 

/ / / / / VNF7 

/ / / / / VNF8 

 

In order to serve these VNF service chain requests, MD-WSSes on the service chain 

paths needs to configured. Table-7 shows I/O ports for the incoming and outgoing 

traffic for each VNF service chain, the tunable WDM transceivers that are needed to be 

configured to serve each VNF service chain and the MD-WSSes configurations to route 

the traffic of each service chain. Based on the MD-WSS configurations, traffic from 

input port of POD where traffic arrives is routed through the tributary ports of MD-

WSSes. The traffic is broadcasted to all ToR switches. To steer the traffic to respective 

destination racks, transceivers of the server racks where first VNF of each service chain 

is located is tuned to wavelength on which traffic arrives. After VNF completes the 

service, tunable WDM transceiver at ToR is tuned, where next VNF of service chain is 

placed. After completion of service chain, traffic for service chain exists the DC through 

DC output port. In table-7 WSS configurations are denoted as Pz-WSSx
y that indicates 

tributary port y of MD-WSS x belonging to pod z. 

 
Table 7. VNF service chaining example - WSS configurations 

VNF 

Service 

Chain 

DC 

Input 

Port 

DC 

Output 

Port 

Tunable 

WDM 

transceiver 

at ToR 

Intermediate 

Path 

MD-WSS 

Configurations 

1 P1: I/O1 P2: I/O2 R1R2 P1: I/O1 to R1 

 

P1-WSS1
C: λ1 

P1-WSS1
1: λ1 

R1 to R2 

 

P1-WSS1
1: λ2 

P1-WSS1
2: λ2 

P1-WSS2
1: λ2 
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P1-WSS2
2: λ2 

R2 to P2: I/O2 

 

P1-WSS2
C: λ1 

P1-WSS2
2: λ1 

P2-WSS1
C: λ1 

P2-WSS1
3: λ1 

P2-WSS2
3: λ1 

P2-WSS2
C: λ1 

2 P1: I/O1 P2: I/O2 R3R4R5 P1: I/O1 to R3 

 

P1-WSS1
C: λ2 

P1-WSS1
1: λ2 

R3 to R4 

 

P1-WSS2
1: λ2 

P1-WSS2
C: λ2 

P2-WSS1
C: λ2 

P2-WSS1
1: λ2 

R4 to R5 

 

P2-WSS1
1: λ1 

P2-WSS1
2: λ1 

P2-WSS2
1: λ1 

P2-WSS2
2: λ1 

R5 to P2: I/O2 

 

P2-WSS2
1: λ2 

P2-WSS2
C: λ2 

3 P2: I/O1 P2: I/O2 R6 P1: I/O2 to R6 

 

P1-WSS1
C: λ3 

P1-WSS1
3: λ3 

P1-WSS2
3: λ3 

P1-WSS2
C: λ3 

P2-WSS1
C: λ3 

P2-WSS1
1: λ3 

R5 to P2: I/O2 

 

P2-WSS2
C: λ3 

P2-WSS2
1: λ3 

 

5.2 VNF Service Chaining Design Aspects 

In VNF service chaining use case, the aim is to serve maximum number of service chain 

requests with optimal usage of available DC resources while taking into consideration 

the routing constraints imposed by the DCN architecture. The problem of VNF service 

chaining can be divided into the following three inter-dependent sub-problems: VNF 

service chain multiplexing at gateway router, VNFs placement across and within pods, 

and RWA.  

While serving VNF service chains, the multiplexing of multiple service chain requests 

on a WDM channel minimizes the number of wavelengths resources needed and 

improves the link utilization. Also, the VNF placement plays an important role to 

maximize the number of service chains served with the optimal usage of the DC 

resources such the number of wavelengths used, the number of server racks. VNF 

placement depends upon on service chains’ data rate & CPU requirements as well as 

on the availability of resources in terms of link bandwidth, system CPU. Placement of 

multiplexed service chains needs to be done such that the requested ordered sequence 

of VNFs per service chain is maintained.   

In the following sections, the three sub-problems of VNF service chaining are discussed 

in more detail.  
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5.2.1 Multiplexing of VNF service chains  

Multiplexing of VNF service chain minimizes the number of wavelength resource 

needed to serve service chain requests. There are several parameters that needs to be 

considered while multiplexing several VNF service chains in one group. These 

parameters can be listed as  

1. Available system CPU resources  

2. CPU requirements per VNF service chain 

3. Available link bandwidth 

4. Data rate requirement per VNF service chain  

5. Number of VNFs per service chain.  

After multiplexing the VNF service chains, the cumulative CPU demands of all chains 

within one group may exceed the CPU capacity of single server rack. In such case, 

VNFs per service chain in the group may need to be distributed across one or more 

server racks. For such scenario, service chain multiplexing needs to be placement aware 

to ensure that VNFs belonging to the individual service chains from the multiplexed 

group of chains can be placed in requested ordered sequence on the server racks. Also, 

same end to end optical connection paths must be used by all VNF service chains from 

one multiplexed group. To achieve this, the total number of server racks required to 

place multiplexed chains must be less than or equal to number of VNFs in chain with 

least number of VNFs.  

This VNF service chain multiplexing problem is a special case of bin packing problem. 

In the classical bin packing problem, given a set of items, the objective is to pack the 

items into a minimum number of bins such that the total size of the items in each bin 

does not exceed the bin capacity. It is well known that classical bin packing problem is 

NP-hard [48]. Bin packing is a classical combinatorial optimization problem which has 

been studied extensively [49-52]. In VNF service chain multiplexing problem, VNF 

service chains need to be placed together in one group and all VNF service chain request 

should be grouped in minimum possible groups which is similar to bin packing. 

However, there are additional constraints as discussed above that adds multiple 

dimensions to classical bin packing problems. 

5.2.2 VNFs placement 

Placement of VNF chains in the DC is also a special case of bin packing problem. In 

the simplest scenario, if we consider a server rack as a bin then we need to pack VNF 

service chains into minimum number of server racks taking into consideration the total 

CPU capacity of the server racks. However, after multiplexing several VNF service 

chains, additional constraints are applied to this problem as follows, 

a. If VNFs of chains are distributed across different server racks, each server 

rack must contain at least one function from each chain.  

b. VNFs must be placed such that order of VNFs is maintained. 

c. For the multiplexed group of VNF chains, the first function of each chain 

must be clubbed together and placed on the same rack.  

d. For the multiplexed group of VNF chains, the last function of each chain 

must be clubbed together and placed on the same rack. 

 

Depending upon the VNFs placement, the number of wavelengths required to serve 

VNF chains may differ. For example, if VNFs of service chain are placed in single 

server rack, then only one wavelength need to be reserved for the incoming and 
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outgoing connection to server rack. However, if the VNFs are distributed across several 

server racks, then number of wavelengths required to serve VNF service chain 

increases. Hence, while placing the VNFs, the routing and wavelength assignment 

constraints imposed by the DCN architecture needs to be considered.  

 

5.2.3 Routing and Wavelength Assignment 

After placing VNF service chains on server racks in the DC, the traffic matrix is 

calculated to derive the optical lightpaths to be established to serve VNF service chains. 

Assigning wavelengths to these optical lightpaths so as to minimize number of 

wavelengths can be solved using the vertex graph coloring problem which is a NP 

Complete problem [30].   

 
Figure 10. Interdependent VNF service chaining sub-problems 

 

As discussed above, figure 10 shows the inter-dependency between these sub-problems 

and each individual problem is NP-hard, which makes it very complex to derive a single 

mathematical model that provides an end to end solution for the VNF service chaining. 

5.3 VNF Service Chaining Proposed Solution 

In the following section, heuristics algorithms along with ILP models are proposed to 

solve these three VNF service chaining sub-problems. The objective is to serve 

maximum possible VNF service chains using optimal resources. The figure 11 shows 

the steps to solve VNF service chaining problem. 

 
Figure 11. VNF service chaining problem solving steps 

5.3.1 Multiplexing of VNF service chains  

Multiplexing of VNF service chain is very crucial step it has significant impact on 

system resources required to serve the VNF service chains.   

5.3.1.1 ILP model for multiplexing of service chains 

As discussed in section 5.2.1, the multiplexing of service chain is a special case of bin 

problem. To evaluate the performance of heuristic algorithm, ILP model is formulated 

VNF service 
chain 

multiplexing

VNF 
placement

Routing & 
wavelength 
assignment

VNF service chain 
multiplexing

VNFs placement 
within DC

Routing & 
wavelength 
assignment 
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by relaxing one of the constraint. ILP model solves the problem of multiplexing the 

VNF service chains with all service chains consisting equal number of functions. This 

is not generalized ILP model, so it cannot be applied to all other cases of multiplexing 

VNF service chains.  

To describe the ILP model, following terminologies are used. Let S be the set of input 

VNF service chain requests. Let G be the set of possible groups of multiplexed chains. 

Xi, j is a binary variable that is set to one if VNF service chain i belongs to group j, where 

i ∈ S and j ∈ G. Yj is a binary variable that is set to one if a group j is used. 

 

Input Parameters: 

 Number of network Functions in  service chainsfN   

= CPU capacity per server rackrC  

 = Link capacityL  

 CPU Resource demand of service chain iiC   

= Data Rate Demand of service chain iiD  

 

Variables: 

,

1    if  a service chain i belongs to group j

0   otherwise
i jX 





 

1      if a group j is used

0     otherwise
jY 





  

 

Objective Function: 

min j

j

Y          (5.3.1.1) 

 

Constraints: 

,
* *&    

i j f ri

i

CCj G i S X N                  (5.3.1.2)

, *&   i j i

i

X Dj G i S L                         (5.3.1.3) 

,
1&   

i j

j

Xi S j G                         (5.3.1.4)  

,
 ,     

i j j
Yi S j G X                           (5.3.1.5) 

 

The objective in Eq. (5.3.1.1) is to multiplex the VNF service chains into a minimum 

number of groups. Eq. (5.3.1.2) ensures that the sum of CPU requirement VNF service 

chains to be grouped does not exceed server rack CPU capacity. Eq. (5.3.1.3) ensures 

that the sum of data rate demand of VNF service chains to be grouped does not exceed 

the link capacity. Eq. (5.3.1.4). ensures that each VNF service chain belongs to only 

one multiplexed group. Eq. (5.3.1.5). ensures that if service chain i is assigned to group 

j then group j is used. 

5.3.1.2 Heuristic for multiplexing of service chains 

As multiplexing of service chains is NP-hard problem, a heuristic is proposed to provide 

a solution for multiplexing of VNF service chains. 
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In order to multiplex multiple VNF service chains in one group following criterion must 

be satisfied, 

1. Combined data rate demand of all VNF service chains multiplexed into one 

group must less than or equal to the link capacity. 

2. Total number of server racks required to place a group of multiplexed VNF 

service chains must be less than or equal to VNF service chain length with least 

number of VNFs. 
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3. The combined CPU requirement of first VNF from each VNF service chain in 

a group must be less than or equal to server rack’s CPU capacity. 

4. The combined CPU requirement of last VNF from each VNF service chain in a 

group must be less than or equal to server rack’s CPU capacity 

 

Also, while multiplexing VNF service chains it is important to group VNF service 

chains so that link and CPU utilization is maximized by each multiplexed group. 

Therefore, for each VNF service chain, a several number of combinations with other 

VNF service chains needs to be considered. 

  

The heuristic algorithm for multiplexing VNF service chains uses decreasing best fit 

approach to find the possible VNF service chains that can be multiplexed based on the 

link capacity and data rate demand per VNF service chain. The given VNF service 

chains are sorted in descending order by the data rate demand per service chain. Starting 

with the first VNF service chain, chains that can be multiplexed based on available link 

capacity are filtered out (satisfies condition 1). After identifying the possible VNF 

chains that can be multiplexed, for these chains placement and CPU capacity constraints 

are verified (conditions 2 to 4).  

 

For each VNF service chain at top of the list, algorithm iterates through the list of all 

possible chains that can be multiplexed. These service chains that can be multiplexed, 

are randomly sorted before grouping them. The heuristic stores all the possible 

combinations of groups of VNF service chains and for each group it calculates and 

assigns following metrics, 

1. Number of VNF service chains multiplexed 

2. Number of server racks needed to place all chains 

3. Link utilization 

4. CPU utilization 

 

The result set of this algorithm contains possible groups of VNF service chains along 

with above metrics. This result set is further used for VNF placement to identify and 

use the best possible combination for VNF placement.  

 

In order to improve the performance, the algorithm has set a limit on the maximum 

number of chains that can be grouped together. After carrying out simulation 

experiments, it was decided that the maximum number of chains that can be 

multiplexed in one group is 10. Also to limit the size of the result set, restriction is set 

on the number of occurrences of individual VNF chain in multiple multiplexed groups.  

After careful consideration, this limit is set in proportion with the number of VNF chain 

requests.  

5.3.2 VNF Placement  

The output of multiplexing VNF service chain algorithm is further used for VNF service 

chain placement. There are several possible groups for each VNF service chain. In order 

to find optimal VNF placement, the VNF placement algorithm needs to consider 

following steps, 

1. Find the best possible multiplexed groups for placement. 

2. Place each group of multiplexed chains in the DC. 
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In order to place VNF service chains, the placement as well as the wavelength 

assignment and routing constraints needs to be considered as discussed in section 5.2.2. 

There are several approaches to place VNF service chains in the DC. For example, 

placing VNF service chains sequentially on the server racks, starting with the first POD 

in the DC. However, it causes concentration of the traffic in a single POD which is not 

efficient in terms of wavelength resource usage as it limits the reuse of bypass 

wavelengths. The VNF service chains can be placed such that VNFs of the service chain 

are distributed across different racks of the same pod or across different pod. For 

optimal wavelength usage, VNF service chains needs to be distributed in different 

PODs. However, distributing VNFs across on server racks of different pods is limited 

by the number of pods in the DC. For instance, the DC consists of 2 pods and if a 

multiplexed group of VNF service chain requires 3 server racks for placement. In such 

case, VNF placement cannot be done across different pods. 

5.3.2.1 Heuristic for VNF Placement 

A heuristic algorithm is designed for the VNF placement in the proposed DC and it 

assumes that there is only one transceiver per server rack. The high level idea of this 

heuristic is to implement a hybrid approach to place VNF service chains such a way 

that VNFs of service chains to be placed are distributed across the server racks of 

different PODs to minimize the number of wavelengths needed. With this approach less 

number of wavelengths are needed to serve the end to end service chain. This is because 

when VNF service chains are distributed across different pods, there are all the 

intermediate use distinct set links and hence, the same wavelength can be used to setup 

all optical connection on its end to end path. If VNFs cannot be distributed across the 

PODs, then to distribute VNFs per service chain to be placed on different racks within 

the same POD. The algorithm ensures that VNF placement is not concentrated in single 

POD.  

 

The output of VNF service chain multiplexing is further used for VNF placement. VNF 

placement algorithm selects the optimal multiplexed groups using metrics of each 

group. Heuristic proposes two approaches to choose a group to be placed in the DC, 

1. Maximizing CPU Utilization (MaxC) 

2. Minimizing the number of wavelengths needed (MinW) 

In MaxC the multiplexed chains are arranged such that the multiplexed group of chains 

with maximum CPU utilization is placed on priority. This approach minimizes the 

number of server racks needed to serve chains. On other hand, in MinW approach the 

multiplexed chains are arranged such that the multiplexed group with largest number 

of chains per group is placed on priority so that number of wavelengths needed to serve 

chains is minimized. 

 

Depending upon selected approach, the multiplexed groups are placed in sequence and 

when a group is placed in the DC. Whenever a particular group of VNF service chains 

is placed in the DC, all other groups that contain any of the VNF service chain from 

placed group are discarded.   
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On high level the heuristic algorithm for placement of multiplexed groups of VNF 

service chains is explained below, 

1. Depending upon MaxC or MinW approach, the result set from multiplexing 

algorithm is arranged in particular order by applying dual sort on the result set, 

a. MaxC approach – Number of server racks (ascending order) and number 

of VNF service chains in a group (descending order) 

b. MinW approach –Number of VNF service chains in a group (descending 

order) and Number of server racks (ascending order 

2. The sorted list of VNF service chains is further used for placement. The 

multiplexed groups of VNF service chains are placed sequentially in DC. 

3. For the placement, algorithm ensures that multiplexed service chains are placed 

such that placement is not concentrated in single pod. Placement priority is set 

in the following order 

a. Place multiplexed group of VNF service chains such that VNFs are 

distributed on different server racks across different pods 

b. Place multiplexed group of VNF service chains such that VNFs are 

distributed on different server racks within same pod 
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4. Algorithm first verifies whether multiplexed VNF chain can be distributed 

across different pods. This is done by comparing number of server racks 

required to place a multiplexed VNF service chain and available number of 

pods. 

5. To place multiplexed VNF service chains such that VNFs are distributed on 

different server racks across different pods, following input parameters are 

used; MultiplexedChainsList, PodList and ServerRackList for each pod. The 

algorithm carries out following steps, 

a. Depending upon the number of server racks required to place 

multiplexed VNF service chains, the pods for placement retrieved from 

available list of pods (PodList). 

b. From the selected pods, first empty server rack is used for placement. 

c. For each multiplexed group of VNF service chain to be placed, the 

individual VNF service chains are retrieved. 

d. VNFs from individual service chains are placed such that at least one 

VNF from each individual service chain is placed on selected server rack 

from the selected pods. 

e. VNFs from each individual chain is placed on the server rack starting 

from first pod from select list of pods and then move to server rack from 

next pod until last pod from selected list of pods and all VNFs from 

multiplexed service chains are placed. 

f. The server racks used for placement are then removed from the pod. And 

if all server racks are used from pod then pod is removed from PodList.  

6. To place multiplexed VNF service chains such that VNFs are distributed on 

different server racks within same pod, following input parameters are used; 

MultiplexedChainsList, PodList and ServerRackList for each pod. The 

algorithm carries out following steps 

a. The first pod with is retrieved from available list of pods (PodList) 

which contains the number of server racks required to place multiplexed 

VNF service chain. 

b. Depending upon the number of server racks required to place 

multiplexed VNF service chains, the required number server racks from 

selected pod are used for placement. 

c. For each multiplexed group of VNF service chain to be placed, the 

individual VNF service chains are retrieved. 

d. VNFs from individual service chains are placed on the selected server 

racks from the selected pod. 

e. The server racks used for placement are then removed from the pod. And 

if all server racks are used from pod then pod is removed from PodList.  
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On granular level, the heuristic algorithm also need to ensure the distribution of VNFs 

per chain meet following requirements, 

1. Order of VNFs of each chain is maintained  

2. Each rack contains at least one function of each chain (if distributed on multiple 

racks) 

When multiplexed VNF service chains are to be placed on more than one server rack, 

the simple scenario is that each VNF service chain that is multiplexed in one group has 

equal number of functions and needs to be distributed across the number of rack that is 

equal to number of functions per chain. In such case the algorithm places VNFs per 

service chain in sequential order across required number of racks. However, in complex 

scenario when VNF service chains that are multiplexed in one group has different 

number of VNFs per chain, the algorithm needs to take into account the number of 

racks required for service chains placement and available capacity of server racks. It 

places the first VNFs from each service chain that are multiplexed on first rack and 

after that it places next VNFs from each chain maintaining order of sequence of VNFs 

by ensuring that CPU capacity is not exceeded and at least one VNF per chain is placed 

on each rack. 

5.3.3 VNF Service Chains Routing & Wavelength assignment 

The VNF service chains placement in the DC is used to derive end to end lightpath 

connections needed to setup for each multiplexed group of VNF service chains. The 

final step in VNF service chaining is to assign wavelengths to the requested lightpath 

connections to serve VNF service chains. While assigning wavelengths we need to 

ensure that following constraints are satisfied, 
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1. Wavelengths are assigned to lightpath such that any two lightpaths that share 

common fiber link are assigned with two different wavelengths.  

2. For every VNF service chain, it is considered that service chain is served when 

wavelengths are assigned to all the lightpath connections on its end to end path.  

 

The objective is to serve maximum possible VNF service chains with available set of 

wavelength resources. Wavelength assignment is achieved by using the graph coloring 

approach. In the following sections, ILP model and a heuristic algorithm is proposed to 

solve the wavelength assignment problem for VNF service chaining in the proposed 

DCN. In order to solve the wavelength assignment problem, ILP model as well as 

heuristic requires the mapping between multiplexed VNF service chain and the 

lightpaths needed to setup to serve each multiplexed group of service chain is 

established.  

  

The figure 12 shows the high level approach of the heuristic algorithm to solve the 

wavelength assignment for VNF service chaining. 

 
Figure 12. RWA for VNF service chaining in the proposed DC 

 

With the help of VNF placement matrix, server racks to pod mapping, and DC logical 

topology, the lightpaths to be established to serve all the multiplexed VNF service 

chains in the DC are derived. The mapping between each multiplexed group of VNF 

service chain and lightpaths needed to setup to serve each multiplexed group of service 

chain is established. These mappings are further used for assigning wavelengths to 

multiplexed VNF service chain.  

 

 

VNF 
placement 

matrix

Mapping 
of Server 
racks to 

pod

DC logical 
toplogy

VNF Service 
Chains 

Wavelength 
Assignment



43 

 

 
Figure 13. DC logical topology 

 

To solve VNF service chaining wavelength assignment problem, the network physical 

topology is transformed into a simplified logical topology as shown in figure 13, which 

in turn allows to apply graph coloring methods. In the transformation, all server racks 

in one pod are represented as a single node. MD-WSS tributary ports are represented 

as a node and tributary ports 1&2 of each MD-WSS are merged into one node. The 

edge between two nodes represents a link carrying traffic. Except the links used for 

intra-pod connections, all other links in the DC carry bidirectional traffic. The derived 

logical topology used for apply routing constraints to identify the routes between all 

possible source-destination pairs within the DC and the links that are used on each 

route. Based on the VNF placement results, all lightpath connections needed to setup 

an end-to-end path for each multiplexed group of VNF service chains are computed 

dynamically. This uses the knowledge on mapping of service chains to server racks and 

server racks to the pod. 

5.3.3.1 Impact of routing constraints on wavelength assignment 

As discussed in section 5.2.2, while placing VNFs in the DC, the routing constraints 

needs to be considered. This is because traffic in the DC can through any of the I/O 

ports 1 and 2. However, the number of wavelengths required to serve traffic flow differs 

depending upon the routing paths used by the traffic flow. In order to minimize number 

of wavelengths used to serve a VNF service chain, VNFs needs to be placed such that 

there are no overlapping links on its end to end path. To illustrate this, let us consider 

following example where a VNF chain consists of three VNFs (VNF1-VNF2-VNF3) 

and all these VNFs are placed on one server rack in pod 1 of the DC. There are four 

different scenarios for the traffic flow to enter and exit the DC as shown in figure 14.  

 

  
(a)                                                                     (b) 
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(b)                                                                     (d) 

Figure 14. Routing and wavelength assignment scenarios 

 

When traffic enters through I/O port 1 and exit though I/O port 2, as shown in figure 

14a, no overlapping links are used between and input and output connections. So the 

traffic can be served by reserving only one wavelength for input as well as output 

connection. However, for other scenarios as shown in figure 14b,14c, and 14d, the 

direction of traffic flow is such that input and output connections use overlapping links 

in the DC which results into using more number of wavelengths. Choosing optimal 

routing paths minimizes the number of wavelengths, hence while placing VNF service 

chains in the DC, it is ensured that VNFs are placed such that the traffic enters though 

I/O port 1 and flows in the direction from I/O port 1 to I/O port 2 and exits through I/O 

port 2. 

5.3.3.2 ILP model for VNF service chain wavelength Assignment 

ILP model is developed for wavelength assignment taking into consideration 

constraints discussed above. The objective of ILP is to maximize the number of VNF 

service chains served. Following terminologies are used to describe ILP model. Let V 

be the set nodes in the graph representing lightpaths for each multiplexed VNF service 

chain request. Let L be the set of lightpaths. Let E be the set of edges between two 

adjacent lightpaths. Let S be the set of multiplexed groups of VNF service chains and 

W be the set of available wavelengths. Xi, j, k is a binary variable that is set to one if a 

wavelength k is assigned to a lightpath j used by a multiplexed group of VNF service 

chain i, where i ∈ S, j ∈ L and k ∈ W. Di, j is a binary input variable that is set to one if 

a lightpath j is used by a multiplexed group of VNF service chain. Yi is a binary variable 

that is set to one if a multiplexed group of VNF service chains is served. Zk is a binary 

variable that is set to one if a wavelength k is used. 

 

Input parameter: 

,

1      if lightpath j is used by multiplexed group of VNF service chains i

0     otherwise
i jD 





 

 

Variables:  

, ,

1    if  wavelength k is assigned to lightpath j used by multiplexed group of VNF service chains i 

0   otherwise
i j kX 





    

1    if  a multiplexed group of VNF service chains i is served

0   otherwise
iY 





 

1      if wavelength k is used

0     otherwise
kZ 
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Objective Function:          

max i

i

Y           (5.3.3.1) 

 

Constraints: 

,, ,& ,   *
j

i j ii j k
k j

i S j L k W D YX                      (5.3.3.2) 

, ,
, &   1

i j k
k

i S j L k W X                          (5.3.3.3) 

, ,, ,     i j k k
i S j L k W X Z                     (5.3.3.4) 

, , , ,  1,                        

( , ) ,( , ) ,

(( , ),( , ) )  

i j k m n kk W X X

i j V m n V

i j m n E

  

 



                   (5.3.3.5) 

The objective in Eq. (5.3.3.1) is to maximize the number of VNF service chains served 

with the available set of wavelengths. Eq. (5.3.3.2) ensures that if wavelengths are 

assigned to all lightpaths in VNF service chain path, then service chain is served. Eq. 

(5.3.3.3) ensures that each lightpath is assigned only one wavelength. Eq. (5.3.3.4). 

ensures that if lightpath is assigned wavelength k, then wavelength k is used. Eq. 

(5.3.3.5). ensures that if two lightpaths share same edge then those lightpaths are not 

assigned with same wavelength. As mentioned in section 5.2.3, this problem is NP-

complete, however there are several graph coloring algorithms available for optimal 

graph coloring.  

5.3.3.3 Heuristic for VNF service chain wavelength Assignment 

The final step in VNF service chaining is to assign wavelengths to computed 

lightpath connections. The RWA problem in the proposed DC is challenging due to 

constraints imposed by MD-WSS and modular nature of DC where the number of pods 

and racks can be configured dynamically. Also, while solving the RWA problem, it 

needs to be ensures that wavelength assignment constraints imposed by MD-WSS are 

satisfied and for each multiplexed group of VNF service chains, wavelengths are 

assigned to all the lightpaths on their end to end path.  

 

The objective of heuristic algorithm is to serve the maximum number of VNF service 

chains with available set of wavelengths. To do that the DSATUR (Degree of 

Saturation), a sequential graph algorithm for wavelength assignment is used [33]. It 

dynamically establishes order of the vertices based on the degree of saturation of each 

vertex in the graph. The degree of saturation of a vertex is the number of different colors 

at the vertices adjacent to vertex. DSATUR starts by assigning color to a vertex of 

maximal degree. This algorithm ensures that no two lightpaths that share common fiber 

link are assigned with same wavelength. In order to ensure that wavelengths are 

assigned to all the lightpath connection on its end to end path and to serve maximum 

number of VNF service chains by using minimum number of wavelengths, our 

algorithm follows below steps,  

1. Plot the graph G (V, E) where V represents all possible lightpaths requested by 

all multiplexed groups of VNF service chains that are placed in datacenter and 

E represents common physical link used by lightpaths. 
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2. Plot the subgraph G (V’, E’) for each multiplexed VNF service chain request 

and identify the number of wavelengths required to serve each multiplexed 

service chain request using DSATUR algorithm. 

3. Sort the multiplexed groups VNF service chain in ascending order by number 

of wavelengths needed to serve the group of chains. If number of wavelengths 

required to serve two groups are same then the group with higher number of 

individual chains gets precedence over the other. 

4. Assign wavelengths to each multiplexed VNF service chain requests 

sequentially by coloring the corresponding nodes representing lightpaths 

requested by multiplexed VNF service chain in the parent graph. 

5. Assign wavelengths to the nodes from parent graphs such that no two adjacent 

nodes are assigned with same wavelengths. 
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6 Evaluation Results and Discussion 

In this chapter, evaluation results of ILP models and heuristics mentioned in previous 

chapters are discussed. The ILP models and heuristics are implemented using 

MATLAB. 

6.1 DCN architecture ILP model evaluations 

In this section ILP models that are discussed in section 3.1.3 are evaluated. ILP models 

are solved using MATLAB.  

6.1.1 Architecture type A 

In order to evaluate the ILP for architecture type A, following input parameters are 

passed, 

1. Number of server racks =16 

2. Number of wavelengths = 100 

3. Wavelengths belonging to group A1 and A2 = 16 per group 

 

Figure 15. shows the number of I/O and intra-DC connections served by varying the 

number of transceivers per ToR switch for the traffic matrix requesting all to all 

connectivity between server racks. As the number of transceivers per ToR switch 

increases, the total number of simultaneous connections established among server rack 

nodes increases. 

 

 
Figure 15. No. of Connections served Vs No. of transceivers per ToR (ILP Architecture Type A) 

 

6.1.2 Architecture type B 

In order to evaluate the ILP for architecture type B, following input parameters are 

passed, 

1. Number of server racks =16 

2. Number of wavelengths = 100 

3. Wavelengths belonging to group A1 & A2 = 16 

4. Wavelengths belonging to group A3 = 16 

5. Wavelengths belonging to group A4 = 16 
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Figure 16. shows the number of I/O and intra-DC connections served by varying the 

number of transceivers per ToR switch for the traffic matrix requesting all to all 

connectivity between server racks. As the number of transceivers per ToR switch 

increases, the total number of simultaneous connections established among server rack 

nodes increases. It can be observed that wavelengths belonging to group A1 and A2 are 

reused. It allows serving of 64 I/O connections with 48 wavelengths. 

 

 
Figure 16. No. of Connections served Vs No. of transceivers per ToR (ILP Architecture Type B) 

 

6.1.3 Architecture type B linear chain 

In order to evaluate the ILP for architecture type B, following input parameters are 

passed; 16 server racks, 100 wavelengths and the wavelength space is randomly divided 

among several groups as discussed in section 3.1.2.3.1. Figure 17. shows the number 

of wavelengths used and total number of connection served by varying the number of 

transceivers per ToR switch for the traffic matrix requesting all to all connectivity 

between server racks. It illustrates the reuse of wavelengths to carry the bypass traffic 

and intra-pod traffic. With fewer number of wavelengths, more number of connections 

are served. With 10 transceivers per ToR switch, 176 connections are served with 100 

wavelengths. 
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Figure 17. Wavelengths used & connections served vs No. of transceivers per ToR (ILP Architecture 

Type B linear chain) 

6.2 Routing and wavelength assignment results 

 

In this section wavelength assignment heuristic are evaluated. Figure 18 depicts the 

comparison between ILP model and DSATUR algorithm for wavelength assignment. 

Within DC, each pod is considered as one node and lightpath requests are generated 

between unique source to destination pair within DC. The number of wavelengths used 

for serving lightpath requests are same for ILP and DSATUR algorithm. As the number 

of pods in the DC increases, the number of lightpaths between unique source to 

destination pair within DC increases. This makes it difficult to solve wavelength 

assignment problem using ILP the ILP for vertex graph coloring used for wavelength 

assignment is NP- complete problem. 

 

 
Figure 18. ILP vs DSATUR algorithm for wavelength assignment 

 

The comparison between wavelength assignment algorithms is done with the DC 

consisting of 3 pods. Initially only the I/O connections to DC are generated for each 

pod in the DC. Then in following test runs intra-pod connections in each pod and inter-
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pod connections among all pods are generated. The number of connection requests are 

varied as shown in figure 19. 

 

 
Figure 19. Wavelength assignment evaluations – connection requests 

 

Figure 20 shows the comparison between the total number of input connection requests 

and the total number of connections served with two wavelength assignment 

approaches and the number of connections served with 100 available wavelengths. It 

can be observed that with unique feature of MD-WSS allows the reuse of wavelengths 

between intra-DC traffic and bypass traffic that enables serving more number of 

connections using 100 wavelengths. 

 

 
Figure 20. Comparison between wavelength assignment heuristic approaches 1) Degree of saturation 

based approach and 2) Weightage based approach  
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6.3 VNF Service Chaining Use Case Evaluation 

In this section, systematic performance evaluation of the proposed datacenter 

architecture for a VNF service chaining use case is discussed. The simulation is focused 

on; evaluation of the DC resource usage to deploy VNF service chaining, evaluation of 

performance of proposed heuristic algorithms, and comparison of the performance of 

heuristic algorithm with optimal solution using ILP models.  

 

6.3.1 Simulation Setup 

6.3.1.1 DCN architecture  

The different set of datacenter topologies are generated by varying the number of PODs, 

number of server racks per POD and CPU capacity per server rack to find the optimal 

combination of DCN architecture to cater maximum possible VNF service chain 

requests. The system resources parameters are listed in table 8 [53]. 

 
Table 8. DC System Resources for VNF service chaining simulation 

System resource Parameters Values 

Number of PODs 1,2,3,4,5,7,10,14 

Number of server racks per POD 8, 16, 32 

CPU capacity per server rack 48,64,72 

Link capacity 10 Gbps 

Available number of wavelengths 100 

Number of transceivers per server rack 1 

6.3.1.2 VNF Service Chain Traffic 

The VNF service chains requests are generated by varying VNF service chain 

requirements such as number of VNFs per chain, CPU requirements per VNF and data 

rate demand per VNF service chain. VNF service chain input parameters are listed in 

table 9. 

 
Table 9. VNF service chain input parameters 

VNF service chain input parameters Values 

Number of VNFs per service chain 1:5 (min: max) 

CPU requirement per VNF 1:8 (min: max) 

Data rate demand per VNF service chain 0.5:4.5Gbps (min: max) 

 

The VNF service chain requests are randomly generated by varying the data rate 

demand per service chain and number of VNFs per service chain. The data rate demand 

is uniformly distributed in range of 0.5 to 4.5 Gbps with resolution of 0.1 Gbps. VNFs 

deployed on the server process network traffic at line rate. The CPU requirement of 

VNFs depends upon the data rate of network traffic to be processed by the VNF. The 

mapping between VNF CPU requirement and the data rate is mentioned in table 10 

[54]. Depending upon the data rate demand of each service chain, CPU requirement per 

service chain is derived.  

 
Table 10. VNF CPU requirement with respect to data rate demand 

Data Rate 

<=0.5 Gbps <=1.5 Gbps <=3 Gbps >3 Gbps 



52 

 

1 CPU 2 CPU 4 CPU 8 CPU 

 

6.3.2 Performance evaluation results 

The performance of the heuristic algorithm is evaluated by considering following 

metrics, 1) the number of VNF service chains served, 2) the number of server racks 

used to serve chains, 3) the number of wavelengths needed to serve chains, 4) overall 

utilization of available system CPU resources and 5) Link utilization  

 

6.3.2.1 Comparison between service chain multiplexing approaches 

In this section, we compare the resource usage comparison by using two different 

approaches to multiplex VNF chains such that multiplexing of chains results in, 

3. Maximizing CPU Utilization (MaxC) 

4. Minimizing the number of wavelengths needed (MinW) 

In the simulation experiment, 400 VNF chain requests are generated by varying the 

system parameters and VNF service chain input parameters as described in sections 

6.3.1.1 and 6.3.1.2. 

Figure 21 shows the CPU and link utilization achieved by using both MinW and MaxC 

approaches by varying the number of PODs and CPU capacity per server rack. The 

number of racks per POD is 8 which is kept constant. It can be observed from figure-

21 that CPU utilization is higher with MaxC approach as compared to MinW approach. 

The CPU utilization further decreases as we increase the CPU capacity per rack because 

of CPU over-allocation. The number of chains that can be grouped and placed on one 

server rack is limited by link bandwidth. As MinW approach prioritizes the group with 

highest number of individual VNF chains, the chains with less data rate demand are 

clubbed together. At less data rate demand, CPU requirement per VNF is also low 

which results into underutilizing the CPU capacity of server rack. In MinW approach, 

CPU capacity of rack can be further utilize by adding additional transceivers. 

 
Figure 21. CPU and Link utilization comparison MaxC and MinW approach (No. of racks per POD =8) 

 

Figure-22 & 23 also shows CPU utilization using MaxC and MinW approach for 

number of racks per POD 16 and 32 respectively. 
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Figure 22. CPU and Link utilization comparison MaxC and MinW approach (No. of racks per POD =16) 

 

 
Figure 23. CPU and Link utilization comparison MaxC and MinW approach (No. of racks per POD =32) 

 

Figure-24 shows the comparison between MaxC and MinW approach in terms of the 

number of chains served, the number of wavelengths used and the number of server 

racks used. It can be observed that when all VNF chain requests are not served, as we 

increase the number of PODs, the number of racks used by both MaxC and MinW 

approaches is same. However, MinW approach serves slightly higher number of VNF 

service chains using fewer number of wavelengths as compared to MaxC approach. 

 
Figure 24. Resource comparison MaxC and MinW approach (No. of racks per POD =8) 
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Figure-25 & 26 also shows the similar comparison between MaxC and MinW approach 

in terms of the number of chains served, the number of wavelengths used and the 

number of server racks used. However, in these figures it can be observed that as we 

increase the system CPU capacity by increasing the number of pods, all available 

wavelengths are used to serve the VNF service chains. In such scenario, by using equal 

number of wavelengths, the MinW approach serves more service chains as compared 

to MaxC at the cost of slight higher number of server racks which add to additional 

O/E/O conversions. 

 
Figure 25. Resource comparison MaxC and MinW approach (No. of racks per POD =16) 

 

 
Figure 26. Resource comparison MaxC and MinW approach (No. of racks per POD =32) 

With the objective of maximizing the number of chains served, the MinW approach is 

used for further evaluations. 

 

6.3.2.2 Comparison between ILP and heuristic algorithms 

In this section, results of heuristic algorithm are compared with the optimal solution 

derived by solving ILP models. Figure-27 shows that the heuristic algorithm of 

multiplexing the VNF service chains and placement of multiplexed VNF chains on 

server racks achieves near optimum results as compared to the ILP model.  



55 

 

 
Figure 27. No. of racks used Vs No. of VNF service chain requests 

 

Figure 28 shows comparison between the heuristic algorithm and ILP model for 

wavelength assignment to serve the end to end VNF service chain requests. It can be 

observed that heuristic algorithm achieves similar performance as compared to ILP for 

the number of VNF chain requests. Because of NP hardness of both ILP problems, ILP 

does not scale for large number of VNF service chain requests.   

 

 
Figure 28. No. of wavelengths used Vs No. of VNF service chain requests 

 

 

6.3.2.3 Resource Usage Comparison with various combination of 

architectures 

Figure 29,30 and 31 depicts the system CPU resource usage as the number of PODs 

and CPU core per server rack is varied by keeping the number of racks per POD as 8, 

16 and 32 respectively. With 400 VNF chain requests, it can be observed that maximum 

number of chains that can be served is up to ~ 385 to 388.  As the overall system CPU 

capacity is increased, by adding more number of PODs to each combination of 

architecture, the maximum number of chains that can be served using available set of 

wavelengths is reached. Beyond this point, additional server racks that are provisioned 

remains unused reducing the overall system CPU utilization. 
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Figure 29. System CPU Resource usage for number of racks per POD = 8 

 

 
Figure 30. System CPU Resource usage for number of racks per POD = 16 

 

 
Figure 31. System CPU Resource usage for number of racks per POD = 32 

 

Figure-32 depicts that with fixed number of PODs and the number of racks per POD, 

as the CPU capacity per server rack is increased incrementally from 48 to 72, the system 

CPU utilization decreases. 48 CPU cores are advisable to use in order to achieve 

maximum CPU utilization; however, it can be seen that the number of chains served 
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increases with the increase of the CPU cores from 48 to 72. With the same number of 

server racks, as CPU cores per rack is increased, the number of service chains served 

increases. As we reach the maximum limit of chains that can be served with available 

wavelength resources, it can be observed that less number of server racks are required 

to serve chains as the CPU core capacity increases from 48 to 72. Using less number of 

server racks results in less number of O/E/O conversions. There is significant reduction 

in number of server racks required (up to 16%) as we increase CPU capacity from 48 

to 64 per server rack. However, there is no significant benefit in increasing CPU 

capacity from 64 to 72. The tradeoff between the number of racks needed or the number 

of O/E/O conversions and efficient CPU utilization needs to be considered while 

choosing CPU capacity 48 or 64 per server rack. In order to serve the maximum 

possible service chains supported by available wavelength resources, there are 3 

possible combinations of architectures which provide comparable results, 1) 14 PODs 

& 8 Racks, 2) 7 PODs & 16 Racks and 3) 4 PODs & 32 Racks. Taking into 

consideration the optical link budget, using 32 racks per POD may incur additional cost 

of using optical amplifiers. Also, for using 8 racks per POD, there is need of deploying 

more number of MD-WSSes which increases the cost and the network complexity. 

Hence, for the given setup, it can be recommended to use architecture with 7 PODs 

with 16 racks per POD and 64 CPU cores per server rack. 

 

 
Figure 32. Resource usage comparison by varying overall CPU capacity of datacenter 

 

6.3.2.4 Varying average data rate demand per service chain  

As discussed in section 6.3.2.3, the architecture consisting of 7 PODs, 16 racks per 

POD and 64 CPU cores per server rack is used for further experiments. In this 

experiment, the range of input data rates of VNF service chain requests is varied. 

Figure-33 shows that as the data rate range of VNF service chain requests changes, the 

average data rate demand increases gradually from 2 Gbps to 4.5Gbps. This increase in 

average data rate demand has direct impact on the multiplexing of VNF service chains 

and eventually on the resource usages and chains served. As the CPU requirement per 

VNF depends on the data rate demand, at low data rate demands the CPU requirement 

are low. The usage of system CPU capacity increases as the average data rate demand 

increases by modifying data rate range.  
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Figure 33. System CPU capacity Vs VNF service chain data rate range 

 

Figure-34 depicts that with increase in the average data rate demand, the number of 

chains served decreases. The reason behind it is that at higher data rates possibility of 

multiplexing multiple chains is limited because of limited link bandwidth and also at 

higher data rates, the CPU requirement per VNF is high which causes CPU bottlenecks. 

It also requires more number of server racks to serve VNF chains. With the lowest 

average data rate, there are spare wavelengths and CPU resources available to 

accommodate additional VNF chain requests. 

 

 
Figure 34. No. of chains served/wavelengths used Vs VNF service chain data rate range 

 

6.3.2.5 Varying number of VNFs per chain  

In this experiment, the same DCN architecture setup is used as in section 6.3.2.4. The 

data rate range is fixed between 0.5 to 4.5 Gbps and the number of VNFs per chains is 

changed from 1 to 5. The figue-35 shows the impact of increasing number of VNFs per 

chain. As the number of VNFs per chain increases, the number of service chains that 

can be served decreases. As VNFs per chain increases from 1 to 3, the CPU utilization 

improves. While, accommodating more VNFs service chains is limited by the number 

of wavelengths as all 100 wavelengths are consumed. As the number of VNFs per chain 

increases further to 4 and 5 per chain, the number of server racks becomes the 

bottleneck to serve VNF service chains.   
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Figure 35. Resource usage by varying No. of VNFs per chain 

 

6.3.2.6 Comparison with First Fit Algorithm 

In this section the performance of the proposed heuristics for end to end VNF service 

chaining is compared with the first fit algorithm. The comparison is done with three 

different experiments, 

1. Applying the first fit algorithm to all three steps of VNF service chaining i.e. 

service chains are placed sequentially on server racks without multiplexing and 

wavelengths are also assigned to service chain with first fit approach. 

2. Multiplexing the service chains and placing multiplexed service chains using 

first fit approach on server racks sequentially and assigning wavelengths to 

service chain with first fit approach. 

3. Placing multiplexed service chains using hybrid approach as proposed in the 

solution and assigning wavelengths to service chain with first fit approach. 

 

In each experiment, the results from first fit approach are compared with the results 

from the proposed end to end VNF service chaining solution. Experiments are carried 

with 16 racks per pod. 

 

First Fit without service chain multiplexing 

 

In this experiment, the first fit approach is applied to all three sub steps of VNF service 

chaining problem. Service chains are placed sequentially on server racks without 

multiplexing. Placement is also done with the first fit approach by placing service 

chains sequentially on server racks within the pod. Available wavelengths are assigned 

to VNF service chain in sequence with first fit approach. 

 

With 400 input service chain requests, it can be observed from figure 36 that using first 

fit approach the number of service chains served is much lower than proposed heuristic 

solution with service chain multiplexing. Also, with proposed heuristic, more number 

of service chain requests are served with less number of wavelengths as compared to 

first fit approach.  
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Figure 36 No. of wavelengths used vs No. of pods (First fit without chain multiplexing) 

 

Figure 37 shows the link and CPU utilization comparison between proposed heuristic 

and first fit approach. As service chains are placed on the server rack without 

multiplexing, the CPU as well as link utilization in first fit approach is much lower than 

the proposed heuristic. Service chain multiplexing improves the CPU and link 

utilization and use the DC resources optimally. 

 

 
Figure 37. CPU and link utilization (First fit without chain multiplexing) 

 

 

With multiplexing first fit placement 

 

In this experiment, service chain multiplexing is performed and first fit approach is used 

for placement and wavelength assignment. 400 service chain requests are used for the 

experiment. From figure 38, it can be observed that number of service chains served 

with this experiment are higher than first fit approach without multiplexing. However, 

the number of service chains served are still less as compared to proposed heuristic. 

This is because multiplexed service chains are placed with first fit approach 

sequentially without finding best possible multiplexed group to place in the DC. Also, 
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the with the available number of wavelengths, the number of service chains served is 

lower as compared to the hybrid placement approach used in the proposed heuristic.  

 

 
Figure 38. CPU and link utilization (First fit with chain multiplexing) 

 

Figure 39 shows the link and CPU utilization comparison between proposed heuristic 

and first fit approach after service chain multiplexing. As service chains are placed on 

the server rack with first fit approach without finding best possible group for placement 

in terms of CPU and link utilization, the CPU as well as link utilization in first fit 

approach is lower than proposed heuristic. Finding best possible multiplexed group to 

place improves the CPU and link utilization and use the DC resources optimally. 

 

 
Figure 39. CPU and link utilization (First fit with chain multiplexing) 
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In this experiment, first fit approach is used only for wavelength assignment. First two 

steps are executed using proposed heuristic. In the proposed wavelength assignment 

heuristic, service chains with minimum number of wavelength requirement are served 

on priority to ensure that more number of service chains are served with available set 
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of wavelengths. In this experiment, 200 service chain requests are used and available 

set of wavelengths are varied. From figure 40, it can be observed that initially as the 

number of wavelengths are limited, proposed heuristic performs better than first fit 

approach as it ensures that the maximum number of service chains are served with 

available number of wavelengths. As the number available of wavelengths increases 

the performance of first fit approach is comparable with the proposed heuristic.  

 

 
Figure 40. No. of service chains served vs No. of wavelengths (First fit only for WA) 
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7 Conclusion and Future Work 

In this chapter the conclusions along with the possible recommendations for future 

work are presented. 

7.1 Conclusion 

This thesis presented a novel optical DCN architecture based on MD-WSSes and 

demonstrated a use case based on VNF service chaining. The optimum VNF service 

chaining addressed three inter-connected sub-problems; VNF multiplexing, VNF 

placement and routing & wavelength assignment.  

The performance evaluation of VNF service chaining in proposed DCN has shown 

promising results. With proposed heuristics, from 400 VNF chain requests at average 

data rate demand of 2.5 Gbps per VNF service chain, up to ~390 VNF service chains 

can be served by utilizing all available wavelengths. The number of server racks needed 

and the number of wavelengths needed to serve VNF service chains varies depending 

upon the VNF service chain requirements. The proposed heuristics can dynamically 

determine the number of server racks required to accommodate request VNF service. 

These heuristics along with the modular feature of DCN facilitates the dynamic 

provisioning of system CPU capacity based on the number of VNF service chain 

demands.  

 

The total number of multiplexed VNF service chain requests that can be served is 

limited by the number of wavelengths allowed on a fiber link. However, the unique 

feature of MD-WSS allows the reuse of wavelengths which facilitates setting up more 

number of connections with available set of wavelengths. Also, with the use of MD-

WSSes to build DCN architecture, overall data plane and control plane complexity is 

reduced as the less number of WSSes are required to build DCN.  

This thesis focuses on VNF service chaining to evaluate proposed DCN architecture, 

however proposed architecture can be used for many other use cases. The proposed 

DCN architecture can also be combined with the EPS based packet steering domain.  

7.2 Future Work 

Considering time constraints, the thesis work has a limited scope. However, the current 

thesis research work can be extended in future. This thesis work is focused on resource 

allocation mechanisms for the proposed DCN architecture. Based on this thesis work, 

following work can be carried out it future, 

 It would be interesting to carry out a comparative study for the overall power 

utilization, Operational expenditure (Opex) and Capital expenditure (Capex) 

between the optical DCN built using MD-WSSes against an optical DCN built using 

conventional WSSes as well as EPS based DCN architectures. 

 In the current thesis work, the behavior of MD-WSSes based DCN is simulated. It 

would be interesting to realize the optical DCN using MD-WSSes and study the 

performance of the hardware device to analyze the optical circuit switching speed 

in real time.  

 The other scope of improvement is to reduce the bottleneck caused due to the 

limited number of wavelengths. With the proposed DCN architecture where pods 

are connected in linear fashion, at a given time the total number of incoming 
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connections that can be accommodated within the DC is restricted by the number 

of available wavelengths on a fiber link. For instance, if there are 100 available 

wavelengths that are used to accept 100 incoming connections for first pod, then 

the incoming connection for any subsequent pod within the DC cannot be 

established. This limitation can be overcome by alternative DCN architecture that 

allows traffic to subsequent pods to enter and exit through tributary ports of 

intermediate MD-WSSes in the network. These architectures can be studied and 

evaluated further. 

 SDN based control architectures can be realized for the MD-WSS based optical 

DCN by implementing proposed heuristics.  

 Different use cases other than VNF service chaining can be studied and used for 

evaluation of the proposed DCN architecture. 

 The current thesis work assumes one transceiver per ToR switch, evaluation can be 

further extended by using more than one transceivers per ToR switch. 

 The problem of online dynamic VNF placement can studied further as the current 

work proposed heuristics for static VNF placement. 
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Appendix  

In this Appendix, more results are presented showing the impact of variation of 

MPGPerChain (Maximum Permissible Groups per Chain) parameter used during VNF 

service chain multiplexing which limits the occurrence of VNF service chain to limited 

number of multiplexed groups. It can be observed from figure 41 and 42 that as 

MPGPerChain increases in proportion with the number of service chain requests, the 

number of server racks required to place service chains decreases as there is higher 

probability to find better combination of service chain group for placement. However, 

increasing MPGPerChain also increases complexity of algorithm and impacts 

performance. So tradeoff can be achieved by setting MPGPerChain half the number of 

service chain requests as increasing MPGPerChain beyond that value does not reduce 

the number of server racks significantly. 

 

 
Figure 41. No. of server racks needed vs MPG per chain (service chain request = 100) 

 

 
Figure 42. No. of server racks needed vs MPG per chain (service chain request = 200) 
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