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submitted by CAN MEHTEROĞLU in partial fulfillment of the requirements for the
degree of Master of Science in Computer Engineering Department, Middle East
Technical University by,

Prof. Dr. Gülbin Dural Ünver
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Adnan Yazıcı
Head of Department, Computer Engineering

Assoc. Prof. Dr. Ertan Onur
Supervisor, Computer Engineering Department, METU

Examining Committee Members:

Prof. Dr. Ahmet Coşar
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Signature :

iv



ABSTRACT

SEMANTIC PREFETCHING AND CACHING IN 5G

Mehteroğlu, Can
M.S., Department of Computer Engineering
Supervisor : Assoc. Prof. Dr. Ertan Onur

August 2017, 50 pages

Recent popularity of mobile devices increased the demand for mobile network ser-
vices and applications that require minimal delay. 5G mobile networks are expected
to provide much lesser delay than the present mobile networks. One of the conven-
tional ways for decreasing latency is caching content closer to end users. However,
currently deployed methods are not effective enough. In this thesis, we propose a
new astute caching strategy that is able to smartly predict subsequent user requests
and prefetch necessary contents to remarkably decrease the end-to-end latency in 5G
systems. We employ semantic inference by mobile edge computing, deduce what the
end-user may request in the sequel and prefetch the content. We validate the proposed
technique by emulations and compare it with the state of the art.

Keywords: 5G, Mobile Networks, Caching, Prefetching, Semantic Web
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ÖZ

5G İÇİN ANLAMSAL ÖN GETİRME VE ÖN BELLEĞE ALMA

Mehteroğlu, Can
Yüksek Lisans, Bilgisayar Mühendisliği Bölümü
Tez Yöneticisi : Doç. Dr. Ertan Onur

Ağustos 2017 , 50 sayfa

Son yıllarda yaşanan mobil cihaz kullanımındaki artış mobil ağ servislerine ve düşük
gecikmelere ihtiyaç duyan uygulamalara olan ihtiyacı artırdı. 5G mobil ağlarından
gecikme sürelerinin günümüz ağ servislerinin sağladığı gecikmelerden çok daha az
olması beklenmektedir. Gecikme sürelerini düşürmede kullanılan en yaygın yöntem-
lerden biri içerikleri kullanıcıya yakın yerlerdeki önbelleklere almaktır. Fakat günü-
müzde kullanılan yöntemler yeteri kadar verimli değildir. Bu tezde 5G mobil ağlar-
daki gecikme sürelerini azaltacak, peş peşe gelen kullanıcı isteklerini akıllı bir şekilde
tahmin eden ve gerekli içerikleri önceden önbelleğe alan bir yöntem öneriyoruz. Bu
yöntemde mobil kenar hesaplama ile anlamsal çıkarım yaparak kullanıcının ileride
yapacağı istekleri tahmin edip gerekli içerikleri önbelleğe almaktayız. Önerilen çö-
zümü emülasyonlarla doğruladık ve literatür ile karşılaştırdık.

Anahtar Kelimeler: 5G, Mobil Ağlar, Ön Belleğe Alma, Ön Getirme, Anlamsal Ağ
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The number of people using mobile devices is increasing all around the world. People

from all ages benefit from mobile devices such as smartphones and tablets. Moreover,

a lot of mobile device users own more than one device. These facts increased the total

number of devices used throughout the world. In addition to the increased number

of mobile devices, capabilities of the devices increased enormously. They are no

longer limited to voice communication and text messaging. They are now capable

of Internet browsing, location tracking, surveillance and even playing high definition

videos, at any time and place. Since the penetration of these devices are high in the

societies, we regard them as a huge technological success. However, the increase

in the total number of mobile devices and capabilities of those devices brings the

necessity of huge data rates. In addition to the increasing bandwidth requirements,

latency is expected to decrease. The reason is hidden behind the new capabilities

of the devices. In 2G systems, the focus was on the voice communication and its

requirements were driven by the human audible delay constraints which is in the

order of 100 miliseconds. After that, multimedia applications became prominent and

they require less than 10 miliseconds delay because human eye is more sensitive

than the ear. When touch screens are considered, the delay requirements can be as

low as one milisecond. Moreover, when devices communicate with each other in

addition to the human interaction, latency requirements goes lower since the devices

can process the data faster [1]. Due to the increased data rate and decreased latency

requirements, next generation mobile communications systems are expected to allow

higher capacities and lower transmission delays. Therefore, 5G is foreseen to provide
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a "zero latency gigabit experience" and reduction of latency is considered as equally

important as increased data rates. In fact, zero latency does not actually mean absence

of the delay but it implies latency lower than 1 milisecond [1].

Since an important percentage of mobile traffic is a consequence of duplicated down-

loads of the same content, researchers are investigating efficacious caching strategies

in order to prevent transmission of the same content over an over [2]. When the data

is served from the caches located in places closer to the end user, end-to-end trans-

mission time of the content becomes smaller. In order to decrease the end-to-end

latency in 5G cellular networks, this thesis proposes a smart prefetching and intelli-

gent caching method using semantic inference technologies. We have presented some

of the work done for this thesis in the Consumer Communications and Networking

Conference in January 10, 2017 [3].

1.2 Objective

As mentioned before, 5G is expected to have less than 1 milisecond latency. There

are multiple ways for decreasing latency in a cellular network and an operative com-

bination of them is required to provide expected latency. Therefore, the objective of

this thesis is not decreasing the latency below one milisecond but helping this goal to

happen by providing an effective content prefetching and caching method.

1.3 Problem Definition

If the routers in mobile networks were capable of inferring what new request will be,

they would be able to prefetch that data before the real request comes and store it

in the caches allowing itself to serve it from the caches when requested. This would

remove the time passed during the retrieval of the data from the Internet when the

actual request is raised and decrease the end-to-end latency. To enable the network

elements reason on the requests, the meaning of each request must be known and

understood by the computing entities. The metadata representing the meaning of the

content have to be transmitted to the network elements. When the metadata arrives

to the routers, they will be able to make inferences using ontologies. This thesis does

not concentrate on the problem of generating meaning of the data but tries to solve

2



the problem of transmission of the semantic metadata between hosts and the routers

as well as using it in the routers.

1.4 Contributions

The semantic prefetching and caching method that we propose in order to decrease

the end-to-end latency in 5G mobile networks has the following properties:

• It is proactive, it prefetches contents before they are requested.

• It makes inferences on each user request and predicts future user requests.

• It prefetches predicted contents from Internet and stores them in the caches

closer to the user.

• It is able to serve content from caches even at the first time it is demanded.

• It increases the hit ratio by serving more contents from the caches.

• It decreases the end-to-end latency by increasing the hit ratio.

Some of these properties are also valid for methods in the literature. Making infer-

ences and prefetching contents on each user request is our main contribution to the

literature related to 5G mobile networks.
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CHAPTER 2

LITERATURE REVIEW

2.1 Background

In this section, we present the background information.

2.1.1 IP Version 6

IP version 6 (IPv6) is the next-generation Internet protocol which is the successor of

IP version 4 (IPv4). Even if IPv4 were proven to be robust, easily implemented and

interoperable, it didn’t anticipate the exponential growth in Internet. It caused IPv4

not to respond up-to-date requirements. IPv4 has 32-bit address space that allows

more than four billion addresses. Because of some allocations, public IP (Internet

Protocol) address count dropped to a few hundred millions. Therefore, many users

was obliged to use Network Address Translation (NAT) that prevents nodes from

having a unique and globally reachable address [4]. On the other hand, IPv6 has

128 bits address size which will allow much more addressable nodes and remove the

upcoming shortage of public IP addresses [5]. Moreover, IPv6 has a simpler header

format because some header fields from IPv4 are removed and some of them made

optional. Three of the removed fields were used for fragmentation and reassembly of

the packets. In IPv6, routers does not perform fragmentation and reassembly which

improves the performance of the routers [6].

2.1.1.1 IPv6 Header

An IPv6 header has a fixed size and contains Version, Traffic Class, Flow Label,

Payload Length, Next Header, Hop Limit, Source Address and Destination Address
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fields. Version field is 4-bit in length and holds the Internet Protocol version number,

which is always equal to 6. Structure of the IPv6 header is illustrated in Figure 2.1.

Traffic Class field is represented with 8 bits and used by nodes and routers to identify

different IPv6 packets with different priorities and different classes. Flow Label field

is 20-bit in length and may be used in order to label sequences of packets which

requires special handling by the IPv6 routers. Payload Length is a 16 bit unsigned

integer holding the length of the IPv6 payload in octets. IPv6 payload is the rest of

the packet following the IPv6 header which includes all the extension headers if they

exists. Next Header field is represented with 8 bits and specifies which header is

following the IPv6 header. This header is either an upper layer header or an extension

header. Hop Limit field has a length of 8 bits and is the same as the Time To Live

field in IPv4. This field is decremented by 1 at each hop and the packet is discarded

if it is equal to zero. Hop Limit field prevents packets from going into an infinite loop

inside the network. Source Address and Destination Address fields are both 128 bits

in length and represents the addresses of the originator and intended recipient of the

packet, respectively [5].

Version
(4-bits)

Source Address

Destination Address

(128-bits)

(128-bits)

Traffic Class
    (8-bits)

Flow Label
 (20-bits)

Payload Length
      (16-bits)

Next Header
     (8-bits)

Hop Limit
  (8-bits)

Figure 2.1: Structure of the IPv6 Header.
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2.1.1.2 IPv6 Extension Headers

In addition to the fixed size IPv6 header, an IPv6 packet may contain zero, one or

more extension headers. Extension headers are placed between IPv6 header and the

upper-layer header. All extension headers and the IPv6 header has a next header

field that indicates the following header. The next header may either be one of the

extension headers or an upper-layer header. If there are no extension headers in the

packet, next header of the IPv6 header will be one of the upper layer headers. Figure

2.2 shows an IPv6 packet without any extension headers. There are six different

extension headers which are Hop-by-Hop Options, Routing, Fragment, Destination

Options, Authentication, Encapsulating Security Payload extension headers. Since

we have used hop-by-hop options extension headers in our work, we will explain

hop-by-hop options header in detail. In Figure 2.3, an IPv6 packet with a hop-by-hop

options header is depicted.

IPv6 Header

(Next Header = TCP) TCP Header + Data

Figure 2.2: IPv6 packet without any extension headers.

IPv6 Header

(Next Header 
          = 
Hop-by-Hop)

TCP Header + Data
        Hop-by-Hop 
     Options Header
(Next Header = TCP)

Figure 2.3: IPv6 packet with a hop-by-hop options extension header.

2.1.1.3 IPv6 Hop-by-Hop Options Extension header

The only extension header that is processed by the network elements between the

source and the destination nodes is the hop-by-hop options extension header. Since

it is processed by each network element, it is always placed right next to the IPv6

7



header. In Figure 2.4 we have depicted the structure of the IPv6 hop-by-hop options

extension header. At the beginning of a hop-by-hop options header, there is an 8 bit

long Next Header field identifiying the type of the header that will come after the hop-

by-hop options header. After the next header, there is a Header Extension Length field

containing the length of the hop-by-hop options header in 8-octet units. The Header

Extension Length field does not include the first 8 octets and it is represented with

an 8-bit unsigned integer. The third and the last field of the hop-by-hop extension

header is the Options field. This field is a variable-length field and stores one or more

options. Each option is composed of Option Type, Option Data Length and Option

Data fields which can be seen in Figure 2.5. Option Type fields identifies the type

of the options whereas Option Data Length field stores the length of the Option Data

field of the current option. Option Data field is the field that holds the data that is

specific to the type of the current option. It is a variable-length field and stores the

actual data that is needed to be kept in the IPv6 packet.

Since we store data in hop-by-hop options headers this thesis work, we need to know

the limitations for the amount of the data held in the hop-by-hop extension header of

an IPv6 packet. The maximum value for the Header Extension Length field is 255

which means that the hop-by-hop options extension header size can be upto 16384

bits because the fields stores the length in 8-octet units not including the first 8 octets.

The Next Header and the Header Extension Length fields take 8 bits each which

leaves 16368 bits to the Options field. In order to put the maximum amount of data to

the hop-by-hop options header, each option in the header should have its maximum

size so as to minimize the space taken by the Option Type and the Option Data Length

fields of the options. The maximum value for the Option Data Length fields is 255

which means the maximum size of the data held in an option is 2040 bits because

the unit of the Option Data Length field is octets. Considering both the upper limits

for both Options field and the Option Data field, if we put 8 options that has 2030

bits long data field, we will have a hop-by-hop options header with its maximum size

of 16384 bits. This means that 2030 bytes of data can be stored in the hop-by-hop

options extension header of an IPv6 packet.
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Next Header
    (8-bits)

Header Extension Length
             (8-bits)

Options

Figure 2.4: Structure of the IPv6 Hop-by-Hop Options extension header.

Option Type
    (8-bits)

Option Data Length
          (8-bits)

Option Data

Figure 2.5: Structure of the IPv6 Option.

2.1.2 Semantic Web

The main objective in the design of today’s Web was human interpretation and use

[7]. Therefore, it is not very suitable to be understood by the machines [8]. Computer

programs can parse Web pages but cannot process the semantics [9]. We need the

Web to express information in a precise, machine-interpretable form so that software

agents can read and manipulate the contents [10]. The Semantic Web will bring struc-

ture to the Web contents so that software agents can extract useful information from

them. Moreover, software agents will be able to explore the relationships between

the Web contents. Semantic Web uses ontologies to organize information. Ontolo-

gies are useful for applications where knowledge are essential since they are used to

describe and represent an area of knowledge [11]. Ontology is domain specific and

9



plays a ciritical role for Semantic Web [12]. The structures that define the ontology

provide the key to the machine-interpretable data [13]. Ontologies are written using

a language such as Resource Description Framework (RDF) [14]. In order to express

queries across data sources stored as RDF, query languages such as SPARQL [15] are

used.

2.1.3 Software-Defined Networking

Traditional Internet Protocol (IP) networks are diffucult to be reconfigured [16]. On

the other hand, Software-defined networking (SDN) is an emerging network archi-

tecture that allows network programmers to easily reconfigure the network and the

network components [17]. SDN is dynamic and manageable and received global at-

tention after OpenFlow [18] is introduced in 2006 [19]. SDN separates the data plane

and the control plane so that the only function of the switches in the network will be

packet forwarding and a centeralized software application will control the behavior of

the whole network [20, 21]. The centeralized software application is called as SDN

controller. An open source example for an SDN controller is floodlight [22]. SDN

can also facilitate the management of the cellular networks [23, 24]. In Fact, SDN ar-

chitectures for 5G mobile networks such as SoftAir [25] has already been introduced.

2.1.4 4G Mobile Networks

4G, which is the successor of 3G, is designed for providing higher data rates and

lower latencies in order to satisfy increasing user needs. The architecture of the 4G

is composed of two main parts which are Radio Access Network (RAN) and Evolved

Packet Core (EPC). RAN connects the user equipments to the network core through

radio connections. Evolved NodeB (eNodeB) is the main component of the RAN and

is the evolved version of NodeB in 3G. User equipments communicate directly with

the eNodeB. eNodeB is composed of three main parts which are antennas, radio mod-

ules that makes modulation and demodulation, and the digital modules which act as

the interface to the core network over a backhaul connection [26]. Main components

of EPC are Packet Data Network Gateway (P-GW), Serving Gateway (S-GW) and

Mobility Management Entity (MME). P-GW is the point where EPC is connected to

the outside world whereas S-GW forwards data between eNodeB and P-GW [27].
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Mobility Management Entity (MME) is responsible for signaling exchanges between

eNodeB and the network core and between the user equipments and the network core

[26].

2.2 Technical Issues Related to Caching

Studies related to caching in cellular networks revealed that there are three main ques-

tions to answer when developing a caching method. These questions are where to

cache, what to cache, and what to release [2]. There are different answers for them in

the literature but those answers all have some benefits and some drawbacks.

2.2.1 Where to Cache

For the deployment position of the caches, two main options exist in 4G/5G networks.

The first option is locating caches in the evolved packet core (EPC) as shown in Figure

2.6. Deploying the caches at the EPC will increase the hit ratio of the caches since

the cache will serve a huge number of users and most of the traffic will flow through

it. Also, deployment and maintainance of the caches will be easier when they are

located at the EPCs. The alternative for placing the caches in the EPC is locating

them at the radio access network (RAN). The main components of RAN are eNodeBs

and caches are attached to them as shown in Figure 2.7. In typical cellular networks,

there will be many eNodeBs deployed. Therefore, the storage capacity of the caches

in each eNodeB will be smaller due to the financial issues. The number of users

served per eNodeB is lower when compared to the EPC. For these reasons, the hit

ratio in conventional RAN caching methods, the methods that do not do prefetching,

is smaller than the methods that locates the caches in the EPCs. However, the latency

when the data are served from the caches in the RAN will be smaller because of the

proximity to the end users. Another advantage of caching at RAN is that backhaul

links between EPC and RAN are not used when the data are served from the caches at

the RAN. This helps to solve an important problem in the modern cellular networks

which is bandwidth shortage in backhaul links by serving the data from RAN without

using those links. When the data are served from the caches at the EPC, links above

the P-GW is not used but backhaul links between EPC and RAN are still used [2]. We

briefly summarize the advantages and disadvantages of these two options in Table 2.1.
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Figure 2.6: A mobile cellular network architecture where caches are located at the

EPC.

2.2.2 What to Cache

Caching helps improve effective bandwidth and decrease end-to-end latency in cel-

lular networks. However, caching everything is not possible. The hardware cost for

the storage is decreasing but contents generated by the end users are dramatically in-

creasing. Therefore, the decision about what to cache should be made carefully. For

example, the same content should not be stored at the neighboring eNodeBs because

they can exchange data to be served to the end user. In order to increase the hit ratio of

the caches, storing popular contents is the most common method whereas predicting

future request is a challenging one.
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Figure 2.7: A mobile cellular network architecture where caches are located at the

RAN.
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Table 2.1: Comparison of caching at RAN and EPC.

EPC RAN

Hit Ratio Higher Lower

Ease of Maintenance Higher Lower

Relaxing Backhaul

Links
No Yes

Decrease in Latency Lower Higher

2.2.3 What to Release

Another important issue is deciding which contents should be removed from the cache

because the cache will eventually be fully occupied. Long-established methods like

first-in first-out (FIFO), least frequently used (LFU), and least recently used (LRU)

[28, 29] may not be sufficient. Alternative methods like understanding that a cached

content has lost its popularity can give better solutions.

2.3 Existing Work

As mentioned above, there are some technical issues that are faced during all caching

method implementations. A good amount of research has been done about these

issues and they will be presented in this section.

A commonly used caching method is web caching. It takes the advantage of mobile

traffic using hyper text transfer protocol (HTTP) for 82 percent of the time [30]. Web

caching identifies content using their uniform resource locators (URL), which makes

web caching a content aware caching method. When a web content is requested, it

first checks whether a content with the same URL exists in the cache or not. If the

content is in the cache, it passes that content to the user. To manage this, access fre-

quency of each content and a table for URL of each content is stored. Web caching

can be deployed on both RAN and EPC. Even if web caching is a commonly de-

ployed method and it helps to prevent duplicate content transmission and decreases

end-to-end latency, it has some disadvantages. First of all, it cannot avoid duplicate

transmission of the same content when they have different URLs. For example, it
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cannot match two identical videos when they are located in different servers, which

have different URLs. Also, temporary content (i.e. one time used content) cannot be

cached with this method. Finally, content updates are not observed with standard web

caching method [31].

Another caching method that has been used for many years is byte caching [32]. In

byte caching, there is an encoder and a decoder that are located in the end points of

the network. When packets are routed across the network, they both intercept them

and compute their fingerprints. Both packet data and fingerprints are stored in the

caches. When a packet is retransmitted, only the fingerprint is transmitted. From

the fingerprints, original content is retrieved from the cache by the decoder. Since

fingerprints are very small in size, a prominent amount of bandwith is saved and end-

to-end latency is decreased. Byte caching can be applied to all types of Internet traffic

which is an important advantage when compared to any application specific caching

methods like web caching. Another important advantage of byte caching is that, it

caches the content after dividing it into smaller chunks and each chunk has its own

fingerprint. This means that, byte caching is able to detect and benefit from partial

overlap in similar contents. On the other hand, byte caching is not able to predict any

user event and cannot serve any content from the caches when it is requested for the

first time. Also, data corruptions and packet losses, which are frequent problems in

wireless networks, may lead byte caching to cause circular dependencies and infinite

recursions [32]. This problem can be overcomed by implementing byte caching on

top of Transmission Control Protocol (TCP) but this will limit the applicability of the

method.

In [33], a proactive caching method called Proactive User Preference Profile (P-UPP)

is proposed. It prefetches videos that are most likely to be requested by the users

in a cell by calculating User Preference Profile of users in each cell. The reason for

making predictions for each cell is that caches are located in eNodeBs in the cellular

networks. P-UPP has the advantage of being capable of serving content from the

caches even at the first request. Since the caches are located at the RAN, end-to-end

latency will be very small in such a case because mobile devices and eNodeBs are

very close to each other. However, because of the fact that cache capacities must

be small when they are located at the RAN, success rate of the predictions is very
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important in order not to fill the caches with unrelated data. In P-UPP, upon user

arrivals or departures in a cell, video request probabilities are recalculated. If expected

improvement of cache hit ratio is greater than a thresold, necessary video contents

are preloaded to the caches. There is no prefetching at user events other than location

changes. After a user makes a request, this method does not prefetch any content

using the information behind that request. It does not benefit from the fact that a

request coming from a user may signal another request that will come in a small

amount of time.

An effective approach for predicting future requests of the users is Markov based

prefetching [34]. It predicts next request of the user by matching user’s current surf-

ing path with the user’s historical surfing paths. Changing the length of the surfing

path that is matched means changing the order of the Markov model. When the surf-

ing path with length k is used, it is called the k-th order Markov model. When lower

order Markov models are used, the predictions are usually not accurate. However, the

predictions become more accurate when higher order models are used. This method

benefits from the fact that surfing paths that were observed in the past may signal

surfing paths that will occur in the future [35]. Therefore, this method cannot pre-

dict a future request that has never been made in the past. This means that Markov

based prefetching is not able to serve any content from the cache at the first time it is

requested [36, 34]. A similar approach to Markov based prefetching is data mining

based prefetching approach. Data mining based prefetching is a history-based ap-

proach as Markov based prefetching is [34]. Data mining based approach is classified

into two groups which are association rules-based and clustering-based prefetching

approaches. Association rules-based approaches may cause inconsistent predictions

with large datasets [37]. An example for clustering-based prefetching approach is the

rank-based prefetching method presented in [38]. This method ranks the web pages

linked to the requested page and prefetches the pages with the highest ranks. The

main disadvantage of the method is that it provides low hit rates with non-clustered

requests.
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2.4 Semantic Caching in Other Domains

One domain that semantic caching is used is database systems. In [39], a seman-

tic caching strategy that is designed for client-server database systems is proposed.

Semantic information present in associative query specifications are used in order to

organize and manage caches that are located at client devices. Cache in the client

device is a composition of multiple semantic regions. A semantic region is a group of

semantically related tuples. An important point is that semantic regions are defined

dynamically when queries are made. Cache replacement is done based on the seman-

tic regions. All the tuples inside the semantic region that is selected to be replaced

are discarded from the cache.

Another domain that semantic caching is used is peer-to-peer networks. A two-level

caching scheme for super-peer networks is presented in [40]. It uses semantic caches

that group together peers with similar interests and files with similar request patterns.

It uses the presence of semantic proximity between peers and between shared files in

order to improve the performance of peer-to-peer networks.
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CHAPTER 3

SEMANTIC PREFETCHING AND CACHING

As stated in the previous chapter, there are existing solutions to decrease latency in

mobile networks by caching. Most of them cache content after the first time it is

served to a user. They locate caches in different places in the network and they have

various algorithms for perceiving duplicate data and storing content in the caches.

However, they are not able to serve any content from the caches if the content has

not been requested before. Only proactive methods like P-UPP are capable of serving

data from the caches on the first request by prefetching the data before the content is

requested. P-UPP predicts user events based on user preferece profiles and does not

respond to user events actively. On the other hand, the method we propose in this

thesis brings the ability to prefetch data from the Internet each time the user makes a

request. It makes inferences on each request and predicts what will next requests of

the user be. Depending on these predictions, the inferred content is prefetched from

the Internet and stored in the caches. When the user requests a content that has been

cached before thanks to previous inferences, that content is served directly from the

caches without retrieving it from the Internet.

In this chapter, the details of the caching strategy that we propose will be explained

first. Then, the alternatives for the placement of the caches in the network will be

discussed. Finally, an example scenario depicting the strategy will be presented.

3.1 Caching Strategy

The caching strategy we propose in this thesis is composed of two main parts. One

part is carried out in the user equipment and the other one is done at the mobile edge
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cloud. For each request of the user, metadata about the requested content should be

generated on users mobile device. This metadata contains the information about the

content. Labeling the content with machine-readable metadata improves the aware-

ness of the devices. The network elements may use the metadata of the content to

name them and to derive useful information through reasoning. In our strategy, the

metadata will be used in the mobile edge cloud in order to make inferences to predict

next requests of the user. Mobile edge cloud is the place where our caching appli-

cation runs and cache hardware is connected to it. It is very close to the network

element where the caching function is decided to be deployed. For example, if the

caching will be deployed in the eNodeB, this actually means that the caching will be

deployed at the mobile edge cloud which is very close to the eNodeB. In Figure 3.1

such a system is illustrated. Since mobile edge cloud is located in close proximity to

the eNodeB, the system will operate as if the caching is done on the eNodeB.

In the next two sections, the two main parts of the caching strategy will be explained

precisely.

Figure 3.1: A mobile network architecture where the mobile edge cloud is located

near the eNodeB.

20



3.1.1 At The Mobile Device

When a mobile device user wants to download a content from any server reachable

through the Internet, an IP packet for the request is created at the mobile device and

sent to the server. In our method, this part stays the same. However, metadata describ-

ing the request should be generated in the mobile device and placed in the IP packet in

addition to the general IP packet creation. In general, the purpose of metadata is to de-

scribe, define and/or annotate the data it accompanies [41]. Metadata is useful if it is

created such that it will be used operatively. Therefore, generation of metadata should

be decided together with the decision of its use. Our purpose for generating metadata

is using it to predict next requests of the mobile device users. Information contained

in the metadata should be sufficient for this purpose. Since subsequent requests of the

users will be predicted by making semantic inferences, we have decided to generate

metadata using an ontology language. The metadata language is determined as Web

Ontology Language (OWL) [42] due to its expressiveness and inference capability.

As mentioned before, the metadata is placed in IP packets in this method, specifically

in Internet Protocol Version 6 (IPv6) options headers. It must be placed in IPv6 header

such that it will be reachable by network elements such as the mobile edge cloud.

Since the size of the metadata will vary, it should be placed in a field that have variable

size. Hop-by-hop options header of the IPv6 is suitable for these requirements. This

header is processed at each hop in the network, which means that mobile edge cloud

will have access to it, and has a length field allowing variable sized data. In a hop-

by-hop options header, there could be many options each having 8 bit length fields.

Individual options may have upto 255 bytes of data but upper limit for the Hop-

by-Hop Options header size is 2048 bytes which may hold 2030 bytes of data as

explained in Section 2.1.1.3.

Other than generation of the metadata and its placement in the IPv6 options headers,

no other operation is needed in the user equipment. Packets will travel through net-

work as usual and hop-by-hop header will be used by routers, network elements and

the mobile edge cloud for inferring subsequent requests.
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3.1.2 At The Mobile Edge Cloud

At the mobile edge cloud, a caching application runs. It processes every request

generated by the user and makes necessary prefetching and caching decisions. It

keeps a metadata to data address map which we call as metadata map. For each

content stored in the cache, its metadata stored in the map with the cache address of

the content. If the metadata for content is found in the map, then the content is in

the cache and can be reached by using its address easily. On the other hand, if the

metadata is not found in the map, this means that the content is not in the cache.

When IPv6 packets arrive at the mobile edge cloud, their hop-by-hop options header

is retrieved by the caching application. If there are more than one options, their data

is appended to each other to form the metadata. Then, the metadata is searched in

the metadata map. If it is found in the cache, this means that the content is already

cached and ready to be served to the user. In this case, the request will not be sent to

the Internet and the content is served to the user directly from the cache. If the content

is not found in the cache, on the other hand, the request will be sent to the Internet.

When the resulting content arrives at the mobile edge cloud, the caching application

will store the content in the cache and puts its cache address and the metadata to the

metadata map.

Whether or not the requested content found in the cache, caching application will

predict subsequent requests of the user by running a semantic inference algorithm

and will store them in the cache after prefetching them from the Internet. This part

can be started right after the arrival of the metadata and is independent from serving

the requested content to the user. Semantic inference algorithm takes the metadata

of the current and past requests as input and generates metadata for the contents that

are foreseen to be requested by the user. Since the metadata is represented with Web

Ontology Language (OWL) [42], it is easy to find related contents. For example, the

director of a movie can easily be found using existing ontologies and metadata of the

movie. Various semantic inference algorithms can be designed and used. While an

inference algorithm may choose the director of the movie some other may choose

actors and actresses of the movie to be prefetched. We do not specify a semantic

inference algorithm because it is not in the scope of this thesis. In [43], an exam-
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ple semantic inference algorithm that is used in the prediction of next e-marketplace

activities can be found. In Chapter 4, we present the ontology and the semantic infer-

ence algorithm we used for testing our method. After semantic inference algorithm

finds related contents, caching application prefetches those contents from the Inter-

net and stores them in the cache. Their metadata is also stored in the metadata map.

After this point, if the predictions turn out to be true and the user requests one of the

prefetched content, metadata of the content will be found in the metadata map and

the content will directly be served from the cache. Consequently, the request will be

satisfied faster.

3.2 Location of The Caches

The decision of where to put the caches should be made according to the caching strat-

egy. The reason is that, both places for deployment of the caches, namely Evolved

Packet Core (EPC) and Radio Access Network (RAN), has both advantages and dis-

advantages as explained in Chapter 1. Neither one is better than the other in all cases.

If the proper selection is made depending on the caching method used, maximum

benefit can be ensured.

Our caching method aims to be prepared for next requests of the users by predicting

next user requests from the current request. Each request of a user has an implicit

information about what next requests that user might make. For example, when you

make a request to search something using a search engine, the implicit information is

that you are probably going to make a request to examine one or more than one of the

search results soon. In our method, that implicit information is used to prefetch and

cache contents that has a potential of being requested by the same user. Therefore,

the main purpose is not serving a cached content to many users after its first usage but

serving a cached content to a specific user at the first time it is demanded. Therefore,

deployed caches do not need to be located at a place that is at the center of the mobile

network. Hence, EPC loses the advantage of being at the center of the network and

controlling too much traffic. On the other hand, eNodeBs serve to smaller number of

users compared to the core network which becomes an advantage in our case.

Proactive caching methods like our method prefetch data before it is requested. In
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fact, the data may never be requested. This means that the links between the cache

and the server providing the data are used for a content that is never served to the user.

This puts some extra load in those links. Therefore, locating the cache in the eNodeB

will cause extra bandwidth usage in the backhaul links between eNodeB and the net-

work core which might be a disadvantage of locating the cache in the Radio Access

Network (RAN). However, if the cache is located in the Evolved Packet Core (EPC),

then the backhaul links will not be used while prefetching. If the backhaul links are

underused, then locating caches in the eNodeB will not have this disadvantage.

Location of the caches is an important factor for determining latency gains when the

content is served from the caches. As caches get closer to the mobile devices, end-

to-end latency is decreased and quality of service is improved. Assuming that all

the other conditions are equal, placing caches in the RAN will absolutely decrease,

compared to caching within EPC, the retrieval time of the content because a link is

removed from the path of the data. Therefore, placing caches at RAN has a great

advantage when the main purpose is decreasing the end-to-end latency.

The above reasons indicate that placing caches at RAN might be a better choice for

mobile networks where the backhaul links between RAN and EPC are not used with

its full potential. However, if the backhaul links are already congested, placing caches

at RAN will not be a good idea and EPC should be preferred.

3.3 Example Scenario

An example scenario of our method is shown in Figure 3.2. A user queries "Funny

Videos" using a search engine. It is converted into an Hyper Text Transfer Protocol

(HTTP) [44] request and metadata describing the request is generated and inserted

in the extension header of the IPv6 datagram carrying the HTTP request (step 1 in

Figure 3.2). That request is transferred to the eNodeB to which the user is currently

connected to (step 2). In the mobile edge cloud, the metadata is extracted from the

extension header and searched in the cache (step 3). We assume that the metadata

is not found in the cache. Then, the HTTP request is sent to the EPC without the

metadata and the response is retrieved from the Internet. Then, the EPC forwards the

resulting content to eNodeB and the result is sent to user’s device. Retrieval of the
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HTTP result and its transmission to the user is marked as step 4.1 in Figure 3.2. While

the HTTP result is fetched from the Internet and sent to the user, similar contents

to "Funny Videos" are found making inferences using the metadata at the mobile

edge cloud. Similar contents could be the links that will appear in the first page

of "Funny Videos" query result depending on the used semantic inference algorithm

which is described in Section 3.1.2. For this scenario, we assume that the semantic

inference algorithm has chosen videos appered in the first page. Then, these contents

are fetched from the Internet through EPC and stored in the cache with their metadata.

Retrieval of videos related to "Funny Videos" query is marked as step 4.2 in Figure

3.2. Step 4.1 and step 4.2 is carried out in parallel. In this scenario, we assume

that after the user gets the result of "Funny Videos" request, which is actually a list

of links to funny videos, the user will make a request to watch one of the videos

in the first page (step 5). This request will reach to the mobile edge cloud along

with its metadata. A content with this metadata will be searched and found in the

cache, which is step 6 in Figure 3.2, because whole videos in the first page of "Funny

Videos" result has already been prefetched and cached. The content is served to the

user directly from the cache without traveling through the Internet and EPC, which

will significantly reduce the end-to-end latency. This part is step 7 in Figure 3.2. The

bandwidth usage for the transmission of metadata in step 2 and for the prefetching in

step 4.2 composes the cost for the decrease in latency in step 7. However, if the user

makes a request for any other video in the first page, it will be served from the cache

without causing any additional cost. Moreover, if another user in the same cell wants

to watch one of the videos that are in the first page of "Funny Videos" request, that

user will retrieve it from the cache without any additional cost as well that will reduce

the overall delay in the system.
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Figure 3.2: An example scenario depicting the caching method.
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CHAPTER 4

VALIDATION AND RESULTS

In this thesis, we propose a smart prefetching and caching method that will help re-

duce the end-to-end latency in 5G Mobile Networks. In order to exhibit the improve-

ments this method provides, we have emulated a network system that has a similar

architecture to 4G Mobile Networks using Mininet [45]. The reason we chose 4G

architecture is that 5G network architecture is not yet defined and 5G is considered

to be evolved from 4G networks [46]. Furthermore, we have created multiple test

cases that will reflect real-world usage of mobile networks and obtained results that

can compare improvements in different usages.

In Section 4.1, we have described the details of the implementation and Section 4.2

presents the test cases and the results we have obtained.

4.1 Validation Method

In Section 4.1.1 general overview of the system is presented. Section 4.1.2 describes

the network that is created for the implementation. Section 4.1.3 explains how IPv6

packets with options headers are created and received in user equipments. Finally,

the ontology and the semantic inference algorithm used for finding the contents to be

prefetched are explained in Section 4.1.4.

4.1.1 Operation of the System

On each user equipment a host application runs. This application is responsible for

generating metadata and creating IPv6 packets on user requests. These IPv6 packets

travels through the network and reaches to the network element where the proposed
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caching application runs. In our implementation, this location can be eNodeB, S-

GW or P-GW. There, Software-defined networking (SDN) controller parses the IPv6

packets and sends the metadata to the caching application. We have used Floodlight as

an SDN controller because of its ease of use and IPv6 support. If caching application

cannot find the related content in the cache, SDN controller directs the incoming IPv6

packets to their original destination. However, if the caching application finds the

content in the cache, then the SDN controller drops the incoming IPv6 packets. Then,

it creates IPv6 packets that carry resulting content and sends them to the host that

made the request. Independent from the existence of the content in the cache, caching

strategy finds contents that are needed to be prefetched using SPARQL endpoint,

which will be explained in detail in next sections. For each content that is needed to

be prefetched, the SDN controller creates and sends necessary IPv6 packets to request

the content from the Internet. When the resulting content is arrived, the controller

gives them to the caching application and the caching application puts them into the

cache.

4.1.2 The Network Model in Mininet

The network model we have created in Mininet is composed of multiple user equip-

ments, multiple eNodeBs, multiple Serving Gateways (S-GW) and a Packet Data

Network Gateway (P-GW). We have created the network using the network emulator

called Mininet. Mininet is capable of creating realistic large virtual networks on a

single computer [47]. It has been developed in order to enable research in Software-

defined networking (SDN) [48]. Mininet is an open source software which makes

it convenient for academic research. It has easy-to-use command line tools and an

application programming interface. Mininet enables researchers to create large scale

networks with hundreds of nodes in a short time. Mininet is designed so that it is

realistic. Here, realistic means having prototype behavior that represents real time

behavior with a high degree of confidence [49]. This means that results obtained by

using networks in Mininet are expected to be close to the results of real networks. For

all these reasons, we have chosen Mininet as our network platform.

To test the caching strategy we propose in this thesis, we have created a network

topology using Mininet. In Mininet, nodes can be hosts, switches and controllers.
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Figure 4.1: The network topology we have created using Mininet.

Hosts in the topology we have created represents user equipments in mobile networks.

Similarly, eNobeB, S-GW and P-GW are represented by switches in Mininet. In the

topology, there are two S-GW that are connected to a single P-GW. There are four

eNodeB in total. Two of them is connected to the first S-GW and the other two are

connected to the second S-GW. There are two user equipments connected to each

eNodeB which makes eight user equipments in total. This topology is illustrated in

Figure 4.1. In addition to the hosts and switches, there is an SDN controller that

controls the traffic.

4.1.3 IPv6 Packet Creation and Sniffing

The host application that runs on the user equipments uses a program called Scapy for

IPv6 packet creation and sniffing. Scapy is a software that enables you to create and

sniff network packets [50]. It can handle many number of protocols including IPv6.

Scapy provides a Python API which allows you to create packets with a few lines

of code. It is capable of creating IPv6 packets with options headers which was the
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main ability we were looking for. Similarly, Scapy is able to capture and parse IPv6

packets with options headers. When the user makes a request, host application creates

necessary IPv6 packet using Scapy. On the other hand, when resulting content arrives

to the host, Scapy sniffs the IPv6 packets and provides them to the host application.

4.1.4 The Ontology and the Semantic Inference Algorithm

In mobile networks, mobile device users may request any kind of content at any-

time. But making semantic inferences on an unlimited domain requires use of many

ontologies and great amount of work on the semantic inference algorithm. Since

finding the semantic inference algorithm is not in the scope of this thesis, we have

chosen a single ontology and determined a simple algorithm that is useful in a limited

domain. The ontology we have used is DBPedia Ontology [51]. DBPedia is a com-

munity project that extracts structured information from Wikipedia and serves this

information through the Internet [52]. DBPedia provides an ontology which is useful

for making semantic inferences on Wikipedia pages. In order to serve the ontology

through the Internet, DBPedia provides a SPARQL endpoint that allows users to ask

smart queries and get relational information about Wikipedia pages. For example,

you can query postal code of the capital of a country given the Wikipedia ID of the

country, which is generally the name of the country such as Turkey. We have limited

the domain as Wikipedia pages of people and television series. When mobile device

users request a Wikipedia page of a person, the semantic inference algorithm chooses

Wikipedia page of the spouse of the person as the content to be cached. Similarly,

if the user requests the Wikipedia page of a television series, the semantic inference

algorithm chooses the Wikipedia pages of the stars of the television series as the con-

tents to be cached.

This section described the implementation we have done in order to measure the

outcomes of the caching strategy we propose in this thesis. The next section will

present the test cases we have created to evaluate the effects of the strategy in addition

to the numerical results we have obtained.
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4.2 Results and Discussion

Having described the details of the implementation that is created for the validation

of the caching strategy we propose in this thesis, this section goes through numerical

results that are obtained by using the created implementation. Furthermore, it will

include some discussions about the results and future work that can be done in this

area.

We have created more than 30 test cases in order to measure advantages and disadvan-

tages of Semantic Prefetching and Caching in various conditions. Since the number

of users, cache size and location of the caches are three important parameters that

impact the performance of a caching strategy for mobile networks, we have created

different test cases by changing only one parameter at a time. In Section 4.2.1, we

have shared the results obtained when the user count changes while the other fac-

tors are kept constant. Section 4.2.1 introduces the results that are obtained when the

cache size is the only varying parameter. Results that are obtained when everything

kept constant while deploying caches at different locations are presented in Section

4.2.3.

In each test case, users make requests from Wikipedia as explained in Section 4.1.

Each user has between 20 and 30 requests to make. In order to make the test cases

reflect the real life, we have collected the request data from unbiased people. Stu-

dents from Wireless Systems Networks and Cybersecurity Laboratory (WINS Lab)

at the Department of Computer Engineering of Middle East Technical University vol-

unteered to provide us with the data we require. We asked them to make consecutive

requests from Wikipedia as they do in normal life while staying in the domain we

have selected, which is the pages of people and television series. They have made the

requests by their own will and send them with us in the order they have made. All the

requests we have used in the users in the test cases are the requests that come from

WINS Lab students.

In all the test cases, we have compared our semantic prefetching and caching strategy

with a traditional caching strategy that does not do any prefetching and does not use

any semantic inference methods. This traditional caching strategy is very simple.

When the user makes a request, it searches the content in the cache and serves it
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from the cache if it is found in the cache. If the content is not in the cache, then it

is retrieved from the Internet, served to the user and placed in the cache. The main

reason why we have chosen such a method to compare our method with is that it

will be very easy to see the effects of using semantic inference when we compare our

method with a method that does not use any semantic inference method.

4.2.1 Impact of the Number of Users

In order to show the influence of the number of users on the performance of the

caching strategy we propose in this thesis, we have created test cases which have the

number of users as the only varying parameter. Since we want to show the effect

of user count when the cache is deployed in different places, we have created three

groups of test cases. Each group is composed of 8 test cases with having different user

counts between 1 and 8. The first group has the cache located near the eNodeB, the

second one has it near the Serving Gateway (S-GW) and the last one has it near the

Packet Data Network Gateway (P-GW). In all the 24 test cases, all user equipments

are connected to the same eNodeB. The network model used for them can be seen in

Figure 4.2. Note that the cache is not shown in the figure because it will be located

at different places in the three test case groups. In these 24 test cases, cache size is

set so that the ratio of cache size to the number of users stays the same. This way,

cache size will not affect the results and we can measure specifically the impact of

the number of users.

Since all the user equipments are connected to the same eNodeB, location of the

cache does not change the hit ratio. It only changes the latency values and this is

valid for both Semantic Caching and Traditional Caching methods. Therefore, latency

comparison for the three groups are illustrated with three different figures whereas the

comparison for hit ratio is illustrated with a single figure, namely Figure 4.3.

In Figure 4.3a, it can be seen that Semantic Caching provided more than 50 per-

cent hit ratio with all the different number of users. On the other hand, Traditional

Caching provided hit ratios upto 22 percent which is much lower compared to Se-

mantic Caching. Although the hit ratio for Semantic Caching has shown just a slight

increase as the number of users increase, the hit ratio for Traditional Caching demon-
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Figure 4.2: Network model used when evaluating the effects of the number of users

and cache size on the performance of Semantic Prefetching and Caching.
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(a) Hit ratios for Semantic Caching and Tradi-
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(b) Increase in hit ratio when Semantic Caching

is preferred instead of Traditional Caching.

Figure 4.3: Comparison of hit ratios for Semantic Caching and Traditional Caching

as the number of users change.

strated hit ratios as low as 7 percent with small number of users. Using the data in

Figure 4.3a, we have calculated the increase in the hit ratio when Semantic Caching

is used instead of Traditional Caching and shown the results in Figure 4.3b. This fig-

ure shows that Semantic Caching provided 615 percent increase in the hit ratio with

one user. As the number of users increase, increase in hit ratio started to decrease

but stopped decreasing after seven users. The reason is that the hit ratio that Tradi-

tional Caching provided with one user was very low and rised easily until seven users.

When the hit ratio is smaller, it can be increased easily but increasing a hit ratio that

is already high is more difficult. The minimum increase in the hit ratio that Seman-

tic Caching provided in this group of test cases is 148 percent which is a substantial

increase.

Latency results obtained for the first group of test cases, the one that has the cache

in eNodeB, are demonstrated in Figure 4.4. Figure 4.4a shows the numerical latency

values for both Semantic Caching and Traditional Caching whereas Figure 4.4b il-

lustrates the decrease in the latency that would be achieved if Semantic Caching is

preferred instead of Traditional Caching. Latency values for both Semantic Caching

and Traditional Caching displayed both increase and decrease as the number of users

is increased but on the average they both have slightly decreased. However, latency

values for Semantic Caching is always lower than Traditional Caching. The decrease
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tional Caching.

1 2 3 4 5 6 7 8
0

20

40

60

80

100

Number of User Equipments

D
ec

re
as

e 
in

 L
at

en
cy

 (
%

)

 

 

Semantic Caching

(b) Decrease in latency when Semantic Caching

is preferred instead of Traditional Caching.

Figure 4.4: Comparison of latency for Semantic Caching and Traditional Caching as

the number of users change when the cache is located at eNodeB

in the latency that would have obtained when Semantic Caching is preferred over

Traditional Caching fluctuates around 24 percent and never goes under 17 percent.

Test cases in the second group, the one that has the cache in S-GW, exhibited sim-

ilar results to the first group, which can be seen in Figure 4.5. Latency values for

both Semantic Caching and Traditional Caching has ups and downs but Semantic

Caching has always lower latency values as seen in Figure 4.5a. The decrease in

the latency that would have obtained when Semantic Caching is preferred over Tradi-

tional Caching fluctuates around 20 percent and has the minimum value of 12 percent,

which can be seen in Figure 4.5b.

In Figure 4.6, it can be seen that the third group of test cases, the one that has the cache

in P-GW, demonstrated similar results to the first and the second group. Latency val-

ues does not exhibit any significant increase or decrease as seen in the Figure 4.6a.

However, latency values for Semantic Caching is always lower compared to Tradi-

tional Caching as is the case with the first and the second groups mentined before.

The decrease in the latency that would have obtained when Semantic Caching is pre-

ferred over Traditional Caching fluctuates around 16 percent and has the minimum

value of 9 percent, which can be seen in Figure 4.6b.

As we have mentined above, hit ratios for the three groups of test cases were equal to
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(b) Decrease in latency when Semantic Caching

is preferred instead of Traditional Caching.

Figure 4.5: Comparison of latency for Semantic Caching and Traditional Caching as

the number of users change when the cache is located at S-GW

each other and showed that Semantic Caching provided at least 148 percent increase

in the hit ratio. Even if the hit ratio for Semantic Caching stayed around 50 percent, it

provided 6 times higher hit ratio compared to Traditional Caching when Traditional

Caching showed its lowest hit ratio. As the number of users increased, the increase

in the hit ratio when Semantic Caching is preferred rather than Traditional Caching

decreased but stopped decreasing after some point. The reason for this decrease is the

improvement in the hit ratios for Traditional Caching since Semantic Caching did not

exhibit any decrease in hit ratio while the number of users increase. Latency results

for the three groups demonstrated similar behavior to each other. Latency values for

both Semantic Caching and Traditional Caching has displayed a slight decrease as the

number of users decreased but Semantic Caching always provided between 9 and 24

percent lower latencies.

4.2.2 Impact of Cache Size

We have created test cases which have the cache size as the only varying parame-

ter to show the effect of the cache size on the performance of the caching strategy

we propose in this thesis. The same network model used in the previous section is

used for the test cases in this section. This network model can be seen in Figure

4.2. In each test case there are 8 user equipments conntected to the eNodeB and the
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(b) Decrease in latency when Semantic Caching

is preferred instead of Traditional Caching.

Figure 4.6: Comparison of latency for Semantic Caching and Traditional Caching as

the number of users change when the cache is located at P-GW

cache is located near the eNodeB. The cache size varies between 5 megabytes and

55 megabytes while the requests that the users make and their order stays the same.

Figure 4.7 compares the hit ratios for Semantic Caching and Traditional Caching as

the cache size change whereas Figure 4.8 examines the latency results for them.

The results have shown that hit ratio increases as the cache becomes larger and this

is valid for both Semantic Caching and Traditional Caching, which can be seen in

Figure 4.7a. However, Semantic Caching exhibited upto 56 percent hit ratio whereas

Traditional Caching has never provided hit ratio more than 22 percent. The hit ratio

for Semantic Caching was always greater than the hit ratio for Traditional Caching.

When the cache is smaller, the increase in the hit ratio was greater as the cache is

enlarged. After a certain size, which is 40 megabytes for Semantic Caching and 25

megabytes for Traditional Caching, enlarging the cache did not improve the hit ratio.

Here we can see that the hit ratio for Semantic Caching continues to improve after

25 megabytes but Traditional Caching does not provide any higher hit ratio after 25

megabytes of cache size. In Figure 4.7b, it can be seen that Semantic Caching has

provided between 130 percent and 230 percent increase in hit ratio if it is preferred

rather than Traditional Caching. This amount has taken its maximum value at the

smallest cache size, which is 5 megabytes, because Traditional Caching has provided

hit ratio as low as 6 percent while Semantic Caching exhibited hit ratio more than 20
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(b) Increase in hit ratio when Semantic Caching

is preferred instead of Traditional Caching.

Figure 4.7: Comparison of hit ratios for Semantic Caching and Traditional Caching

as the cache size change

percent.

Since the hit ratio for both Semantic Caching and Traditional Caching has increased

as the cache size is improved, the latency of both methods has decreased with larger

caches as expected, which can be seen in Figure 4.8a. Similarly, Semantic Caching

has provided lower latency values compared to Traditional Caching with all the differ-

ent cache sizes. Moreover, the decrease in the latency for Semantic Caching is faster

compared to Traditional Caching. Using the values in Figure 4.8a, we have calculated

the decrease in the latency that would happen when a mobile network using Tradi-

tional Caching starts to use Semantic Caching and illustrated the results in Figure

4.8b. This figure shows that the improvement in the latency that Semantic Caching

provides is increasing as the cache size increases. After some point the improvement

reaches its maximum value and stays there.

4.2.3 Impact of Cache Location

In order to show the influence of the deployment position of the cache on the perfor-

mance of the caching strategy we propose in this thesis, we have created test cases

which have the deployment position of the cache as the only varying parameter. In

fact, there are three test cases for this section since there are three possible locations
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(b) Decrease in latency when Semantic Caching

is preferred instead of Traditional Caching.

Figure 4.8: Comparison of latency for Semantic Caching and Traditional Caching as

the cache size change

for cache. The first one has the cache near the eNodeB whereas the second and the

third one has the cache near S-GW and P-GW, respectively. The network model used

in the test cases for this section is different from previous two sections and illustrated

in Figure 4.9. There are four eNodeBs and there are two user equipments that are

connect to each eNodeB, which makes eight user equipments in total. Each two eN-

odeB is connected to a S-GW. There two S-GWs in total and they are connected to

a single P-GW. Each test case has different number of caches because the number of

network elements that the caches are connected to is different. However, total size of

the caches are kept constant. In the first test case, there are four caches in total since

there are four eNodeBs and each cache is 10 megabytes in size. Similarly, the second

test case has two caches each having 20 megabytes capacity whereas the third test

case has a single cache which has a 40 megabytes capacity.

In Figure 4.10, we have compared the hit ratios for Semantic Caching and Traditional

Caching with different positions for cache deployment. Semantic Caching and Tradi-

tional Caching has shown similar reactions to changing cache location. Both of them

provided highest hit ratio when the cache is located near P-GW. The lowest hit ratio

is provided when the caches are located near eNodeB. This result is the same as what

we have expected. The reason is that when the cache is located in a central place, the

expected hit ratio is higher as explained in Section 2.2.1. The difference between the
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Figure 4.9: Network model used when evaluating the effects of the deployment loca-

tion of the cache on the performance of Semantic Prefetching and Caching.
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(c) Increase in hit ratio when Semantic Caching is preferred instead of Traditional Caching.

Figure 4.10: Comparison of hit ratios for Semantic Caching and Traditional Caching

as the cache location change

hit ratios for the two methods is that, Semantic Caching has provided higher hit ra-

tios for all the test cases compared to Traditional Caching. In fact, Semantic Caching

has provided upto 56 percent hit ratio whereas Traditional Caching did not provide

any hit ratio higher than 26 percent as seen in Figures 4.10a and 4.10b, respectively.

Using the data in these two figures, we have calculated the increase in the hit ratio

that will be achieved when Semantic Caching is preferred over Traditional Caching

and depicted in Figure 4.10c. Here, we can see that the improvement in hit ratio that

Semantic Caching provides is increasing as the cache gets closer to the user equip-

ments. The reason is that Semantic Caching aims to serve cached content to a specific

user, which will be an advantage when the caches are not located in a central place, as

explained in Section 3.2. Because, the main purpose of Semantic Caching is not serv-

ing a cached content to many users after its first usage but serving a cached content

to a specific user at the first time it is demanded which performs better as explained

in Section 3.2.

In Figure 4.11, comparison of latency results with different cache deployment posi-
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(c) Decrease in latency when Semantic Caching is preferred instead of Traditional Caching.

Figure 4.11: Comparison of latency for Semantic Caching and Traditional Caching

as the cache location change

tions for Semantic Caching and Traditional Caching is illustrated. In this figure, we

can see that Semantic Caching provided lower latency values when the caches are

located closer to the user equipments. This is an expected result when we consider

that the hit ratio increased as the caches get closer to the user equipments as explained

above. Similar to the hit ratio results, latency values for Semantic Caching is always

lower compared to Traditional Caching as seen in Figures 4.11a and 4.11b. The de-

crease in the latency that is achieved when Semantic Caching is preferred rather than

Traditional Caching is depicted in Figure 4.11c. This figure shows that the improve-

ment in the latency that Semantic Caching provides increases as the cache gets closer

to the user equipments.

4.2.4 Cost

In the previous sections, we have indicated the benefits of the method we propose

in this thesis. However, those benefits are attained at a cost. Actually, there are two

drawbacks that Semantic Caching brings. The first one is that metadata describing
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the user request is added to the IPv6 packet inside a hop-by-hop extension header

and travels through the mobile network. In our test cases, 1.24 kilobytes of data is

transmitted through the network for each user, on the average. However, the average

amount of data served to a user was 11317.32 kilobytes which means that adding

the metadata to the IPv6 packets brought 0.01 percent increase, which is a very low

percentage, in the transmitted data size. The second and the main drawback of Se-

mantic Caching is that additional data traffic is generated when prefetching contents.

However, some of the prefetched contents will be served to the user which means

retrieving them from the Internet does not generate useless traffic. In fact, in our

test cases 10794.43 kilobytes of content is prefetched from the Internet for each user,

on the average. When we consider that 3489.59 kilobytes of data that was previously

prefetched is served to the user directly from caches, 7304.83 kilobytes are prefetched

but not used. Then, the amount of generated additional data traffic is equal to 39 per-

cent of the whole data traffic, which is equal to 18622,15 kilobytes. The percentage

of the additional data traffic depends on the semantic inference algorithm and design-

ing better semantic inference algorithms will decrease the generated additional data

traffic.

4.2.5 Overall Performance

In previous sections, we have discussed the effects of different parameters on per-

formance of Semantic Caching by using 31 test cases in total. In order to measure

the overall performance of the method, we have taken the average of the results ob-

tained in the 31 test cases and illustrated them in Figure ??. On the average, Seman-

tic Caching exhibited 52 percent hit ratio whereas Traditional Caching has provided

only 15 percent hit ratio as seen in Figure 4.12a. According to this result, there will

be a 231 percent rise in the hit ratio if a mobile network using Traditional Caching

switches to use Semantic Caching. Similarly, Semantic Caching exhibited improve-

ment in the latency compared to Traditional Caching, which can be seen in Figure

4.12b. In fact, Semantic Caching provided 20 percent lower latency compared to

Traditional Caching on the average. In order to show the distribution of data, we

have illustrated hit ratio and latency values using box plots in Figure 4.12c and Fig-

ure 4.12d, respectively. In order to be able to provide such improvements in hit ratio
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(d) Box plot for latency values.

Figure 4.12: Overall performance of Semantic Caching and Traditional Caching

and latency, Semantic Caching increased the data traffic between the network element

where the cache is located and the Internet by 65 percent of the data that is served to

the users.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 Conclusion

In this thesis, we propose a proactive caching strategy for 5G Mobile Networks that

is able to predict future user requests and store them in the caches after prefetching

them. By doing so, it can serve contents from the caches even at the first time they are

demanded. Its main difference from existing caching strategies is that on each user

request it makes inferences on the current user request and prefetches contents that

are predicted to be future requests of the user. The aim of proposing this strategy is

helping to reduce the latency by serving more contents from the caches and decreasing

latency.

In order to validate the method we propose in this thesis, we have emulated a network

system using Mininet. We have created 31 different test cases in order to measure

the benefits and drawbacks under different conditions. In all of the test cases, we

have compared our method with a traditional caching strategy. In all of the 31 test

cases, Semantic Caching provided higher hit ratios and lower latencies compared to

Traditional Caching. In fact, Semantic Caching exhibited 52 percent hit ratio whereas

Traditional Caching provided 15 percent hit ratio, on the average. Moreover, Seman-

tic Caching provided 20 percent lower latency compared to Traditional Caching, on

the average. The decrease in the latency is higher when the caches are located near

the eNodeB and lower when the caches are located near the P-GW. In addition to

these improvements, Semantic Caching brings some drawbacks. The main drawback

it brings is that while prefetching contents additional data traffic is generated. In fact,

data traffic equal to 65 percent of the data served to the user is generated additionally
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in the test cases we have used. As the caches get closer to the user equipments, more

links are used while prefetching. When the caches are located near P-GW, only the

links between P-GW and the Internet are used. However, when the caches are located

near eNodeB, the links between eNodeB and S-GW, S-GW and P-GW, and P-GW

and the Internet are used. If the links between eNodeB and S-GW are generally con-

gested in a mobile network, it is not a good idea to place the caches in eNodeBs. If

all of the links in the mobile network, on the other hand, is not congested most of the

time, then placing the caches near the eNodeB can be preferred in order to minimize

the latency.

5.2 Future Work

The domain that is used in the validation of the method was limited to Wikipedia

pages of people and television series and DBPedia Ontology was used. As a future

work of this thesis, the domain can be extended as much as possible and new on-

tologies can be used. For example, including popular video-hosting websites in the

domain would be very effective at extending the domain. While using new ontologies,

new semantic inference algorithms must be designed. Designing semantic inference

algorithms that makes more accurate predictions should be achieved in order to gen-

erate lower amounts of additional data traffic in mobile networks.

In the validation, we have measured the performance of the method by locating the

caches at different places, namely Evolved NodeB (eNodeB), Serving Gateway (S-

GW) and Packet Data Network Gateway (P-GW). However, in each test case the

caches are located at either one of them. For example, we did not have any test case

where the caches are located at both eNodeB and S-GW. Investigating the impact of

deploying the caches at more than one place can be a future work of this thesis.
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