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Abstract 

The Internet of the 21th century is a different version from the original 
Internet. The Internet is becoming more and more a huge distribution 
network for large quantities of data (Photos, Music, and Video) with different 
types of connections and needs. TCP/IP the work horse for the Internet was 
intended as a vehicle to transport best effort Connection oriented data where 
the main focus is about transporting data from point A to point B regardless of 
the type of data or the nature of path.  

Information Centric Networking (ICN) is a new paradigm shift in a 
networking where the focus in networking is shifted from the host address to 
the content name. The current TCP/IP model for transporting data depends 
on establishing an end to end connection between client and server. However, 
in ICN, the client requests the data by name and the request is handled by the 
network without the need to go each time to a fixed server address as each 
node in the network can serve data. ICN works on a hop by hop basis where 
each node have visibility over the content requested enabling it to take more 
sophisticated decisions in comparison to TCP/IP where the forwarding node 
take decisions based on the source and destination IP addresses. 

ICN have different implementations projects with different visions and 
one of those projects is Named Data Networking (NDN) and that’s what we 
use for our work. NDN/ICN architecture consists of different layers and one of 
those layers is the Forwarding Strategy (FS) layer which is responsible for 
deciding how to forward the coming request/response. In this thesis we 
implement and simulate three Forwarding Strategies (Best Face Selection, 
Round Robin, and Weighted Round Robin) and investigate how they can 
adapt to changes in link bandwidth with variable traffic rate. We performed a 
number of simulations using the ndnSIMv2.1 simulator. We concluded that 
Weighted Round Robin offers high throughput and reliability in comparison 
to the other two strategies. Also, the three strategies offer better reliability 
than using a single static face and offer lower cost than using the broadcast 
strategy. We also concluded that there is a need for a dynamic congestion 
control algorithm that takes into consideration the dynamic nature of ICN.  
 
Keywords:  
Information Centric Networking (ICN), Name Data Networks 
(NDN), ndnSIM, Forwarding Strategies, Future Internet. 
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Abstract 

2000-talets Internet är en annan version av det ursprungliga Internet. 
Internet blir mer och mer ett stort distributionsnät för stora mängder data 
(foton, musik och video) med olika typer av anslutningar och behov. TCP / IP 
är arbetshäst för Internet var tänkt som ett fordon för att transportera best 
effort Anslutning orienterade uppgifter där huvudfokus handlar om att 
transportera data från punkt A till punkt B, oavsett vilken typ av data eller 
vilken typ av väg. 

 
Information Centric Nätverk (ICN) är ett nytt paradigmskifte inom 

nätverk där fokus i nätverket flyttas från värdadressen till innehållets namn. 
Den aktuella TCP / IP-modellen för transport av data beror på att etablera en 
anslutning mellan klient och server (s.k. end-to-end). I ICN begär klienten 
data med namn och begäran hanteras av nätverket utan att behöva gå till en 
fix serveradress eftersom varje nod i nätverket kan besvara en begäran med 
data. ICN arbetar på en ”hop by hop” basis där varje nod har överblick över 
det begärda innehållet, vilket gör det möjligt att ta mer avancerade beslut i 
jämförelse med TCP / IP, där den vidarebefordrande nodens beslut fattas 
baserat på källans och destinationens IP-adresser. 

 
Det finns olika implementeringar av ICN med olika visioner och en av 

dessa implementeringar heter Named Data Networking (NDN) och det är vad 
vi använder för vårt arbete. NDNs / ICNs arkitektur består av olika lager och 
ett av dessa lager är Forwarding Strategies (FS) där vi definierar de åtgärder vi 
vidtar på varje begäran / svar. I detta projekt implementeras och simuleras tre 
Forwarding strategier (Best Face Selection, Round Robin, och Weighted 
Round Robin) och undersöks hur de kan anpassa sig till förändringar i 
länkbandbredd med konstant och variabel trafikhastigheten. Vi utfört ett antal 
simuleringar med hjälp av ndnSIMv2.1 simulatorn. Vi drog slutsatsen att 
Weighted Round Robin erbjuder hög genomströmning och tillförlitlighet i 
jämförelse med de två andra strategierna.  De tre strategierna erbjuder även 
högre tillförlitlighet än att använda ett enda statiskt  interface och erbjuder 
lägre kostnad än att använda broadcast strategin. Vi konstaterade också att 
det finns ett behov av en dynamisk ”congestion control”-algoritm som tar 
hänsyn till ICNs dynamiska karaktär. 

 
Nyckelord: 
Information Centric Nätverk (ICN), Namn datanät (NDN), ndnSIM, 
Forwarding strategier, framtidens Internet. 
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1 Introduction  

The Internet is growing by the second, with increasing number of people who 
get access to Internet and increasing size of content uploaded and streamed. 
The Internet has started as a network to connect a limited number of nodes 
with simple applications such as file transfer and web pages serving and has 
evolved with time into a distribution medium that transport billions of 
images, videos, music files between billions of nodes. This paradigm shift in 
the Internet usage pattern and user needs require a similar paradigm shift in 
the transport technology that is used by the Internet. A number of 
technologies have been deployed in the Internet to accommodate the new 
demands for access to content such as Content Distribution Networks CDNs, 
Load Balancers, and Cloud Services. 

Information Centric Network ICN [1]  is a new approach for networking 
and content delivery that started as a research project in  Palo Alto Research 
Center (PARC) in 2007 and resulted in a paper published by Van Jacobson et 
al [2]. It aims to change connectivity and content retrieval from host centric 
methods to content centric method. In host centric architecture data is 
attached to fixed locations and servers and the Internet is the medium that 
connect us to those location through routers and switches. While in content 
centric architecture, data becomes independent from location since each node 
in the Internet can become a serving node using ICN features such as in 
network caching and data replication. One of the expected benefits of ICN is 
better scalability in terms of bandwidth demand as content can be retrieved 
over multiple paths and from multiple sources, also more efficient usage of the 
network resources as content become more spread over more number of 
nodes.  

ICN aspire for a future Internet, where the network nodes have more 
storage capabilities to cache the content and more visibility over the packet 
content and not limited by forwarding packets based only on source and 
destination addresses.  In ICN, the client node issues a request for content by 
sending an interest message with the name of the desired content. The 
network routes the interest based on the name using longest prefix match. The 
interest leaves state as it traverses the network. Each node takes a decision on 
whether to forward the request or serve it locally if the content located in the 
cache so the request doesn’t need to be served from the same server over and 
over but can be served from a local cache or a nearby node. 

Another important motive for using ICN is the multi network 
connectivity available to most devices. Nowadays, each mobile/tablet/laptop 
has access to different network technologies such as WiFI, LTE, and 
Bluetooth. However, clients can’t use those multiple interfaces in parallel 
since TCP/IP doesn’t support this by default. Multihoming [3] is a mechanism 
that allows a device to use the available network interfaces simultaneously, so 
instead of using WiFi only or 3G only to load a file, the user can use the 
combined bandwidth of the three interfaces to stream a video or transport a 
file. This mechanism enhances the throughput and reliability as we can see in 
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Figure 1.A where a laptop can use its combined network cards to access Wi-Fi, 
3G and Bluetooth at the same time to connect to a server and transfer the data 
over the three connections [3].   

For traditional TCP/IP clients using multihoming is not an option since 
TCP doesn’t support it. However, MultiPath Transfer Protocol MPTCP is an 
extension version from TCP/IP that support multihoming as it enables the 
client to establish more than one path between two end points, the client and 
server (One to One) [4]. MPTCP handle the congestion control for the same 
connection over parallel links but it requires changes to the client side by 
installing MPTCP software and it doesn’t provide a case for the client to 
establish multiple paths with multiple sources (One to Many) for the same 
connection so for example a client can stream a video from the a single server 
using Wi-FI and LTE but can’t stream a video from two different servers over 
Wi-Fi and LTE. On the other side, ICN can handle both use cases (One to One 
and One to Many) natively; allowing it to take advantage of the availability of 
multiple interfaces to enhance throughput and reliability. Figure 1.b shows 
ICN potential where Node A can request content from Node B through 
multiple paths. 

In this thesis work, we investigate the Forwarding Strategy FS layer in 
ICN architecture. The Forwarding Strategy is responsible for making a 
decision on each interest request, to decide when and to which interface this 
request should be forwarded. We implement three forwarding Strategies that 
use the multihoming capabilities and we evaluate their performance in 
regards to throughput and connection reliability.   

Having a better understanding of Forwarding Strategies in ICN will 
enable a better usage of the network resources and will enhance the user 
experience. 

 
 

 
Fig 1. A. Multihoming - B.ICN 
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1.1 Thesis objectives 

The objectives of this master thesis are summarized in the following points: 
 

1- Investigating the benefits of using client’s multiple interfaces in parallel 
by using ICN technology. Since most devices are equipped with 
multiple network interfaces this brings the potential for using them in 
parallel to provide high throughput connectivity. Utilizing multiple 
interface in parallel in traditional TCP/IP is not feasible by default 
since TCP protocol is connection oriented and each connection is 
attached to a fixed IP address and port number. ICN is not connection 
oriented as the data is requested by the client and the connected 
network nodes try to serves the request either locally or by forwarding 
the request to other nodes. Therefore, in ICN, the client node can 
request the content using all the available interfaces in parallel and 
have higher throughput.  
 

2- Choose a simulation environment that would allow us to experiment 
with the ICN networks with a focus on forwarding strategies. The 
simulation environment should provide a friendly user interface with 
the capability to experiments with different configurations for link 
bandwidth and delay easily.  

 
3- Design and implement three forwarding strategies that can enhance 

throughput and reliability for the client. Considering the fact that 
different clients have different needs for example real time applications 
such as video streaming are sensitive toward delay and connection 
interruption while file transfer applications are sensitive toward data 
loss. Hence, there is a need to evaluate which forwarding strategy can 
serve which need optimally. For this project, the evaluation is focused 
on finding which forwarding strategy that can offer better throughput 
and reliability.  

 
4- Considering the changing nature of the network where bandwidth, loss 

and delay can change with time, for example network quality of service 
can degrade during peak times. In this master thesis, the forwarding 
strategies are evaluated in both static scenario where network 
bandwidth is fixed during the simulation and dynamic scenario where 
the network bandwidth is changed during the simulation.  
 
Since ICN is a current research project, there are different components 
that are still under continuous improvement and development such as 
the routing protocols and congestion control protocols for that reason it 
wasn’t possible to consider more complex scenarios with higher 
number of clients since fairness in sharing the link bandwidth resource 
can’t be guaranteed.   
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1.2 Research Methods 

To investigate forwarding strategies in information centric networking, we 
needed a framework that implements the ICN stack and allows us to 
experiment with it easily to see the correlation between the forwarding 
strategies and performance metrics. Running ICN on a number of network 
nodes is a difficult approach as it involves, configuring the nodes and 
connecting them. On the other side, Simulation is much easier option since it 
allows us to focus on the forwarding strategies logic without spending 
unnecessary time on network connections and nodes configurations. There 
are a number of simulator research projects in the ICN domain. The first 
choice was to use the CCNLite simulator which is built on the Omnet++ 
framework. After experimenting with it we decided to move to another 
simulator due to the lack of modularity and community support. The next 
choice was using the NDN project and the ndnSIM simulator for our work 
since the simulation code has very similar code to the real NDN software 
which makes the gap very small between the simulation and real code and it 
was design with modularity in mind.  
 
The next step after implementing the forwarding strategies was defining the 
simulation scenario. In this case we did have two options. The first simulation 
scenario is simple application for a static network where we run the 
experiment for the three forwarding strategies without introducing any 
changes to the network bandwidth or delay to see the basic behavior of the 
forwarding strategy. The second simulation scenario is for a dynamic network 
where we introduce changes to link bandwidth and delay, to see how each 
forwarding strategy will respond to these changes.  
 
Using testbeds such as PlanetLab to run the experiments can come as a future 
step to test the scalability of the system under different forwarding strategies 
but for us simulation was the first logical step. 

1.3 Outline 

In chapter 2 we present the model of Information Centric Networking, 
the main concepts behind it, the need for it and the main implementation 
projects while focusing on the ICN/NDN project. In chapter 3 we discuss the 
related research work done on forwarding strategies. In chapter 4 we present 
the simulation environment, a summary for ICN simulators and a description 
for ndnSIM simulator. In chapter 5 we discuss the design methodology for the 
forwarding strategies and a description for the congestion control mechanism.  
In chapter 6 we discuss the simulation scenarios and present our results for 
the different forwarding strategies. Finally, in chapter 7 we present the 
conclusions and our suggestions for future work.  
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2 Background 

In this chapter we introduce the concept of Information Centric Networking 
(ICN) and how it compares to the traditional host centric architecture. We 
also, compare the different ICN architectures.   
 

2.1 Current Trends 

The Internet is struggling between growing user demands for large sized, long 
session content and the available capacity. Currently, the Internet supports far 
more applications than what it was originally designed for, and it is moving 
toward becoming a huge distribution network for digital content where a 
number of content providers are streaming content to huge number of users. 

 Current expectations are that by the year 2020, 1.6 billion users will 
start using the Internet, new technologies like Internet of Things (IoT) will 
add 26 billion connected device and 80% of mobile data traffic will become 
video [5] [6] [7]. Also, content quality is increasing rapidly, as users demand 
8K videos, virtual reality communication and high definition multiplayer 
gaming [8]. This new demands require a new type of networking solutions 
that is not focused only on connecting a number of nodes but also on 
providing scalable content distribution to deliver delay sensitive content to 
billions of users.  

The current model of delivery uses solutions like Content Delivery 
Networks (CDNs) to increase the geographical availability of digital content. 
The CDN approach tries to solve the high demand for content problem by 
providing the content as near as possible to the client however, it can’t 
anticipate which content will have high demand especially with user created 
content and also it doesn’t change how networking and forwarding works as it 
still uses the TCP/IP for delivery.  When using CDN service the user gets 
routed to the nearest server using DNS service which resolves the user 
requested URL address into the nearest IP address to the user location.  After 
finding the local version of the content, a connection is established between 
the client and the local CDN server using TCP/IP to transfer the content. In 
this type of overlay networks, the user doesn’t take advantage of in network 
caching if for example the content is available on nearby nodes also it doesn’t 
use multiple paths forwarding as a single path is always used. 

 

2.2 Information Centric Networking  

The main characteristic of the current Internet is host centrality; everything 
starts with an address and ends with an address. When user needs to 
download a file, stream media or browse a web page, it needs to connect to the 
address of a fixed server node that can provide the digital content. If this 
server become unavailable or changes its address then the content becomes 
unavailable too.  Information centric networking (ICN) offers a new model for 
delivering digital content that shifts the focus from host centrality to content 
centrality. In ICN, the client requests the content by name and the network 
have the ability to find this content and deliver it.  
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2.3 ICN Approaches 

The idea of content centric networking started with project TRIAD in Stanford 
University  [9] where the motivation was to focus on data object names 
instead of addresses by adding an additional layer so content can be 
distributed in a scalable and secure way. After that came multiple projects to 
achieve the same target with multiple implementations and different 
viewpoints. Currently, ICN is a title for a set of network architectures that 
focus on distributing and routing based on content name.   
 
In general the main differences between the different ICN implementations 
can be summarized into the following points, note that all of them are still 
research challenges that are still under investigation and improvement: 
 

 Naming: The main data unit for ICN is Named Data Object (NDO), 
which can be any kind of digital content ranging from webpages to 
video files and live streams. Each NDO needs to have a unique name 
since this name will be used to locate it. There are two main proposed 
naming mechanisms:  
 
The first approach is by using a hierarchical name space which is 
similar to a URL, for example /movie1/ segment2/ chunk3. This 
naming style has scalability advantages since routing information can 
be aggregating. Route aggregation or summarization is when far away 
nodes keep only information about the top level hierarchies of NDOs 
available in faraway networks, this minimize the number of routes in 
needed to be saved in the routing table by consolidating routes that 
have similar top hierarchies together into a single route .   
 
The second approach is by using flat and self-certifying namespace 
where the name takes the form P:L where P contains the cryptographic 
hash of the publisher’s public key and L is the unique object label. 
 

 Routing and Forwarding: In ICN there are currently two main 
approaches for routing the request to find the NDO:  
 
The first approach is by using a name resolution service (NRS) that 
stores bindings from a location independent identifier such as the 
object ID to a list of location dependent identifiers such as Internet 
Protocol IP addresses that point to server nodes which store copies of 
the NDO.  
 
This approach has three phases:  

1- The requester sends a request message to the NRS node 
asking for a specific NDO.  

2- The NRS node matches this NDO to a number of sources 
addresses and sends the address information to the 
requester.  
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3- The requester sends requests directly to the source servers to 
get the NDO.  

One of the weak points of this approach is that the NRS itself 
becomes a point of failure, so if the NRS becomes unavailable 
then many of the NDOs will become unreachable. This approach 
is a hybrid between ICN networking and other location based 
networking since it can use IP addresses to reach the content.  

 
The second approach, Named Based Routing NBR which directly 
routes the request message from the requester to one or multiple data 
sources in the network based on the NDO. This approach depends on 
the properties of the namespace used for the NDO. There are a number 
of protocols suggested for this type of routing which have different 
ways in disseminating routing updates and information on how to 
reach NDOs. Techniques used range from flooding interest requests to, 
using link state advertisement in NLSR protocol and using Distributed 
Hash Table DHT to provide a lookup and routing service. In the next 
section a summary for NLSR protocol which is a link state routing 
protocol used in NDN.  

 

 Content Integrity:  To confirm the correctness and source of the data 
there are two approaches:  
 
The first approach, Depending on Public Key of the publisher where 
the publisher sign the NDO with its own secret key and the requester 
can verify the integrity of the data using the publisher public key. This 
approach needs a secure infrastructure to exchange keys.  
 
The second approach is by using self-certifying names and embedding 
the hash of the content closely to the object’s name as in flat 
namespace. This allows the requester to verify the integrity of the 
content without the need to exchange keys.  
 

There are a number of projects following the ICN model and have been 
summarized in a number of surveys [10] [11] [12].  
 
The most recent implementation projects for Information Centric Networking 
are the following: 
 

1- Content Centric Networking (CCN) [13], which started at the Xerox 
Palo Alto Research Center (PARC) in 2009. The data format for CCN 
includes two packet types:  
1- Interest packet to request data and it consists of prefix and unique 

name to identify “Object Name”.  
2- Data packet that carries the data object plus signature for 

authentication.  
 
CCN adapts a hierarchical naming structure for NDO prefix names. 
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In CCN each node has three main functionalities represented by the 
following three data structures FIB table, PIT table and cache.  
 
The Forwarding Information Base (FIB) is used to match interface 
name to content names, allowing it to recognize a route toward content 
source. Based on FIB, Interest request is forwarded toward the 
outgoing interface with the longest matching prefix name.  
The Pending Interest Table (PIT) is used to keep reverse path state and 
match interest sent to interface name, this way the same interest will 
not be sent multiple times on the same interface and once the data 
packet is received, it will be served to all the pending interests.  
Each node in CCN has a caching policy by default Cache Everything 
Everywhere.   
For Routing and disseminating NDO updates in CCN, a name based 
routing protocol is proposed that is called Distance-based Content 
Routing DCR protocol.  
Content integrity is achieved by signing the NDO object with the 
publisher’s secret key. 

 
2- Named Data Networking (NDN) [14], is a project funded by a grant 

from the National Science Foundation (NSF) and development team 
from UCLA which started with a code base from CCN and then forked 
from the CCN project and continues to pursue its own research 
questions. The packet types in NDN are similar to CCN with the 
addition of “Interest NACK” Negative Acknowledgment to indicate that 
Data could not be retrieved in response to an interest. Also, NDN 
introduced a new routing protocol called Secure Named-data Link State 
Routing protocol (NLSR) which uses interest/data packets to 
disseminate routing updates. NLSR is discussed in more details in the 
next section [15]. 

 
3- Data-Oriented Network Architecture (DONA) [16]. DONA proposes to 

use flat name space with a self-certifying naming scheme to preserve 
data integrity. Names in DONA are of the form P : L, where P is the 
cryptographic hash of the owner’s public key which preserve content 
integrity and L is the owner assigned label.  For routing a number of 
nodes are responsible for name resolution and referred to as Resolution 
Handlers RHs. These RHs are organized in a hierarchical structure 
following the organizational and social structure of the Internet and it’s 
suggested that each domain or administrative entity should have at 
least one logical RH. DONA has two types of messages FIND (P:L) and 
REGISTER (P:L). FIND is used to locates the object named P:L, while 
REGIST is used by content producer to register the availability of a data 
object P:L at the nearest RH node.  
 
The network operation for finding and transferring NDO should follow 
the following steps as depicted in figure 2:  
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1- Requester node that generates a Find packet requesting a data 
object.  

2- Request Handler RH nodes which are intermediary nodes that 
perform name resolution and forward the request through the 
network. Every Autonomous System (AS) has more than one logical 
RHs. All RH nodes are connected to each other forming a 
hierarchical name resolution service.  

3- Source node that has published the content. Using name based 
routing where the requester sends a Find Data request and each RH 
inspects the request and forwards it to the next node if it can’t find 
the data in the local cache. Once the request reaches the source 
node or local cache, then it can returns following the reverse path. 
 

 
Fig 2. DONA Name Resolution 

 
 

4- Publish Subscribe Internet Technologies PURSUIT [17]  is an EU FP7 
project that proposes a new ICN architecture that adapt to the publish - 
subscribe paradigm. For Naming: PURSUIT uses the same naming 
system as DONA. NDO objects are identified by a unique pair of 
identifiers called the Rendezvous ID Rid and the Scope ID SId. Each 
NDO should belong to at least one scope.  
 
The network infrastructure for PURSUIT consists of three main 
components:  
Rendezvous Function RF, Topology Management Function TMF and 
Data Forwarding Function DFF. 
The Rendezvous function which operates at the Rendezvous Node RN 
is the main function in the PURSUIT model since it establishes a 
connection between the subscriber and the publisher for an NDO object 
on the network.  
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As depicted in Figure 3, a network in PURSUIT consists of a collection 
of Rendezvous Nodes (RNs) which together form the Rendezvous 
Network RENE, Topology Manager TM node and the Forwarding 
Nodes FNs. The RENE in PURSUIT is implemented as a hierarchical 
Distributed Hash Table DHT. 
 
When a publisher wants to publishes NDO, it sends NDO to the local 
RN node with a unique pair of (SId, RId), the local RN is the owner and 
responsible for this scope of NDO objects. 
 
When a subscriber needs a specific NOD object, it sends a subscription 
message with specified Sid, Rid through its local RN towards the scope 
owner RN using Rid. The RN node then instructs the TM node to create 
a route that will connect the publisher and the subscriber for data 
delivery and data will be delivered through the FNs.  
 

 
Fig 3. PURSUIT Network Architecture  

 

2.4 NDN Architecture 

  
Named Data Network NDN is a research project supported by the National 
Science Foundation NSF and led by researchers from the University of 
California UCLA. The project is collaboration work which involves a group of 
8 American universities and 10 industry partners. The project proposed 
architecture model similar to the Internet’s hourglass architecture with a 
major difference by replacing the IP layer that produces IP packets with 
content layer that produces content chunks. The difference between IP 
packets and Content chunks is in replacing Locators (IP address) with Content 
names (Prefixes).  Currently, packet delivery in IP networks is accomplished 
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in two steps. The first step at the routing plane where routers exchange 
routing updates and select the best route based on the metric adapted by the 
routing protocol for example hop count or link state. This information is used 
to populate the Forwarding Information Base FIB table. The second step at 
the forwarding plane where routers forward packets strictly based on the FIB 
table information.  
 
NDN follows the previous two steps model:  
 
Firstly, the routing plane is handled by Named-data Link State Routing 
protocol NLSR [15]. NLSR is similar to other IP link state routing protocols 
such as OSPF with the main difference in using NDN interest requests and 
data replies to disseminate routing updates.  
 
Secondly, the forwarding plane where instead of stateless forwarding using 
the FIB table, the NDN keeps a state for each pending interest, which interface 
it has been forwarded to and which interface it has originated from so data 
reply can follow the reverse path for the interest request.  
 
NLSR routing protocol offers two design features: 
 

1- Naming: It uses hierarchically structured names to identify routers and 
routing updates.   

2- Security: All NSLR routing updates messages are carried by NDN data 
packet which contains a signature. This allows the receiving router to 
trust its origin and content.   

3- Multipath forwarding: The NLSR protocol builds the FIB table entries 
with multiple next hops for each name prefix, for example /Producer 
A/Movie B/Segment C can be found from Interface 100,101,102. Then 
NSLR router can send requests for this segment on all those interfaces. 
  

The main functionality of NLSR is to discover adjacencies and disseminate 
information about the network topology and available NDOs prefixes names. 
NLSR router uses NDN’s interest/data packets to disseminate routing 
updates.In NLSR each router has a hierarchical name structure where it 
includes the network it resides in, the specific site it belongs to, and the 
assigned router identifier, for example /network/site/router.  
 
Each NLSR router establishes and maintains adjacency relations with 
neighboring routers. When NSLR router detects a failure or recovery of any of 
its links or neighbor connection, it disseminates a new Link State 
Advertisement message LSA of type adjacency LSA to the entire network. 
 
Whenever a new NDO name prefix is added or deleted, the NRLS router will 
also disseminates a new Prefix LSA. The latest versions of the LSAs are stored 
in a Link State Database (LSDB) at each router node. 
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NLSR sends periodic info interests, at a default interval of 60 seconds, to each 
neighboring node to detect its status similar to Hello messages in OSPF 
protocol. 
 
The LSA format is depicted in Figure 4 where the top part is the LSA name 
which takes the following structure /network/NLSR/LSA/site/router/lsa-
type/version. This hierarchical name represents the router that has generated 
the LSA message and the version number which increases as new LSAs are 
generated.  
LSA type can be adjacency LSA or prefix LSA. Adjacency LSA gives 
information about the directly connected neighbors to the NSLR router and 
their link status while prefix LSA gives information about available NDO 
prefix names. 
 
Based on the information available in the Adjacency LSAs, each NLSR node 
builds a network topology. It then runs a simple extension of Dijkstra’s 
shortest-path first (SPF) algorithm to produce multiple next hops to reach 
each node. 
 

 
Fig 4. LSA format 

 
 
Note that during the thesis work, NLSR protocol was not integrated into the 
ndnSIM simulator version of the NDN, so for our simulation work we 
populated the FIB table by static routes as our main focus was on the 
forwarding plane not the routing plane.  
 
Content Naming in NDN is also provided using hierarchically structured 
names for example a video from Movie C segment number 3 with version 
number 1 produced by producer A will have the following prefix name 
/producerA/videos/MovieC/1/3.  
 

Communication in NDN is pull based where a client generates an 
interest packet to express its desire for a piece of data. This interest is then 
forwarded to the network where different routers will forward this Interest 
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based on the content name until it hits a local cache or data source. To serve 
the interest request, the node will return a data reply packet that contains 
both the name and the content, combined with a signature by the producer’s 
key which proves the authenticity of the content source as shown in Figure 5. 
The nonce carries a randomly-generated string and the combination of name 
and nonce should uniquely identify an interest packet. 

NDN inherently supports multipath forwarding since NDN has loop 
prevention mechanisms. In NDN, interests cannot loop persistently, since the 
name plus a random nonce can effectively identify duplicates to discard. Data 
do not loop since they take the reverse path of interests. Thus an NDN router 
can send out interest requests using multiple interfaces without worrying 
about loops. The first data reply coming back will satisfy the interest request 
and be cached locally; later arriving copies will be discarded. 
 

 
 

Fig 5. Packet types in NDN Architecture 
 
 

What distinguishes NDN from other ICN protocols is the modularity in its 
code that allows it to be extended and understood easily. Where each function 
is encapsulated in a module and each component can communicate with the 
other components using Faces. A Face is an abstraction which implements 
communication primitives to actually send and receive interest request and 
data reply. It represents a connection between local and remote endpoints for 
which a connection can be established between NFDs on different network 
nodes or local NFD and local application on the same node. 
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Fig 6. NDN and NFD Architectures 
 
NDN architecture consists of a number of components with Name 

Forwarding Daemon NFD as the core component for forwarding data as 
depicted in Figure 6.  
 
The Apps module is a module that contains applications developed on top of 
NDN functionalities such as chatting application, video conferencing, file 
transfer … etc.  
 
The Routing module is for routing protocols which includes the NLSR 
protocol functionality.   
 
The Repo module is a persistence large volume in network storage to support 
caching NDO objects locally on the node according to the caching strategy. 
 
The Libraries module which includes libraries needed for the support and 
development of NDN for example the NDN Common Client Libraries NDN-
CCL provide a common application programming interface API across 
multiple languages to enable developing user applications with different 
programing languages such as JavaScript, Python and Java on top of NDN, so 
the client doesn’t need to implement applications only in C++.  
 
Links and Tunnels module to enable NDN to use physical interface such as 
WiFi, Ethernet and unix sockets.  
 

The main design goal of NFD is to allow easy experimentation with the 
NDN architecture. The main function of the NFD is to forward Interest 
packets and Data packets. It consists of the following modules: 

 ndn-css Library: Provides various common services shared 
between different NFD modules. These include hash computation 
routines, DNS resolver, configuration file, Face monitoring, and 
several other modules. 

 Faces module: Implements the NDN Face abstraction on top of 
various lower level transport mechanisms. 
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 Table module: Implements a number of data structures that keep 
record of the Content Store (CS), the Pending Interest table (PIT), 
the Forwarding Information Base (FIB), StrategyChoice, 
Measurements, and other data structures to support forwarding of 
interest requests and data replies. 

 Forwarding module: Implements basic packet processing 
pathways, which interact with Faces, Tables, and Strategies. It 
provides a number of small pipelines to handle the different packet 
scenarios for example incoming interest, outgoing interest, reject 
interest, unsatisfied interest …etc.  
The forwarding module contains the strategies module and takes 
forwarding decisions based on the strategies defined in the 
strategies module and their interactions constitute the forwarding 
strategies logic.  

 Tools module: Provides assistant tools such as ndnping, ndndump, 
ndnpeek and ndn-status to get the status of the different interfaces. 

 Management module: To configure and manage the Forwarding 
module, the Faces module, the strategy module. 

 RIB Management module: The routing information base (RIB) 
stores static or dynamic routing information registered by 
applications, routing protocol or the operator. It consists of a 
number of entries where each entry represents a list of all the 
possible routes to a specific name space. Routing information in 
the RIB is used to calculate next hops for FIB entries in the FIB 
table.  

 
Each interest packet in NFD will be checked against three tables as 

depicted in Figure 7:  
I- The Content Store (CS) to check if the requested data is available 

locally from a previous transmission and if it’s there then it will be 
served from the CS, if not then it will be checked against the 
Pending Interest Table.  

II- The Pending Interest Table (PIT) will check if this interest has 
already been forwarded to an outbound interface and waiting for 
data reply, the PIT recorded is only limited for a time window 
100ms in the current implementation. If this interest has not been 
recently forwarded then it will be checked again the Forwarding 
Information Base table 

III- The Forwarding Information Base (FIB) which stores a match 
between prefix names and the outgoing interfaces will check to see 
if there is an outbound interface that matches the requested prefix 
name and will forward to the longest match. If there is no match 
then the default policy is to drop the interest request. The FIB table 
is managed by the FIB manager which receives updates and 
commands from the RIB daemon. 
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Fig 7. NDN Interest Forwarding Process 

 

2.5 Comparison between ICN and TCP/IP  

 
1- Internet Protocol (IP) is the main protocol for providing an end to end 

connectivity on the Internet. It works by assigning a unique address for 
each node on the Internet to be accessible. Based on this address, a 
connection can be established between a client and a server using 
transport protocols such as TCP to transfer content reliably between 
the two points.  ICN on the other side is a connectionless protocol; 
there is no connection establishment or termination. When a client 
generates an interest request, the request is propagated hop by hop 
until it reaches the source server or nearby node that has the NDO in its 
local cache.  

2- In ICN, each node has visibility over what content is requested and 
served while in TCP/IP the intermediate nodes have visibility only over 
the source and destination IP addresses of the packet that they are 
forwarding. Having a visibility over the content allows the ICN to 
optimize their forwarding decision for example to not send multiple 
requests for the same NDO in a short time period as the node registers 
similar requests and forwards only one. 

3- The most attractive feature in ICN is in-network caching where each 
node in the network has the capacity to store content for a limited 
period of time. This gives the client more options to request content 
from and reduces the load on the server. In TCP/IP the data will always 
be requested from the server even if there is a local copy on the local 
network.  

4- Most devices are equipped with multiple interfaces and access to 
different networks but still the client is only able to use one interface at 
a time for each connection since TCP/IP allows only the connection to 
be established between a single source and single destination address. 
Multipath Transport Protocol MTCP offers the possibility to use 
multiple interfaces simultaneously but still it doesn’t allow the 
connection to start from multiple interfaces and end at multiple 
destinations [18]. However, ICN has this flexibility, since the client (or 



17 
 
 
 
 

any intermediate node) can distribute the content requests and get the 
content from nearby nodes cache or a source node or both as depicted 
in Figure 8. 

 
Fig 8.  TCP vs. MTCP vs. ICN 

 
5- In TCP/IP the transport behavior is the same for different data objects 

(Files, Music, and Video on Demand VoD), while in ICN it’s possible to 
have different Forwarding Strategies for different content types. For 
example requesting video streams using both interfaces of WiFi + 3G 
and requesting file download using Wi-Fi interface only. 

6- In TCP/IP the forwarding plane is stateless since the forwarding 
decision is taken based on the FIB table and no state is kept for the 
forwarded packets. In ICN the forwarding plane is state full since after 
forwarding an interest, a record is kept in the PIT table registering the 
incoming interface and the outgoing interface and the count of how 
many pending interests. Also, in ICN measurement for delay can be 
saved for each interest round trip time. This type of state enable more 
complex forwarding decision more than the straightforward decision in 
TCP/IP where a decision is taken only based on matching record in the 
FIB table.  
 

Summary of the differences between TCP/IP and ICN networks in table 1. 
 

ICN TCP/IP 

Each node has visibility on the Request 
and Reply messages and can cache based 

on this information. 

End to End, no visibility on the Request 
messages and no in network caching 

capability. 

Not connection oriented. Strictly bound to a single TCP connection. 

Support Multihoming by default. Doesn’t support Multihoming by default. 

Support multi source  
Content retrieval. 

Data is retrieved from a single source. 

Support customizing the behavior for 
different content types. 

Unified behavior for different content 
types. 

State Full forwarding plane Stateless forwarding plane 

 
Table 1, comparison between ICN and TCP/IP 
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2.6 ICN Challenges 

  
Since ICN is a relatively new research topic which is still under development, 
it’s faced with multiple challenges summarized in the following points: 
 

1- Routing Protocols: There is a challenge in finding routing protocols 
that can support the distribution of routing information about billions 
of NDOs.  Routers in ICN need to distribute and store information on 
the availability of NDOs and since the number of objects is in the range 
of billions and growing this constitute a scalability problem. Suggested 
solutions for this problem included hierarchical naming for the objects 
where nodes don’t store the exact name for the object but store 
information on a higher level for example /movie A/ instead of 
/ProducerA/MovieB/part1/chunk 12. This allows for prefix aggregating 
so for example routers can exchange full prefix information if the 
content is nearby to the content source or cache but for nodes far away 
from the content source they don’t need to get the full prefix 
information for each NDO but a consolidated prefix that represent a 
number of NDOs available since it’s enough to know that that /MovieB 
is accessible from this route. Similar technique is used in IP address 
route summarization/aggregation where edge nodes don’t have full 
information about far away networks and only summary address. This 
help in reducing FIB table size and reduce the processing load for each 
interest request. 

2- Naming Schemes: How to name billions of data object in a way that 
preserve the object uniqueness while being scalable. This is still a major 
research question that needs further investigation.  

3- Caching Strategies: Finding a caching strategy that fits all different 
types of content is very difficult. Currently, there are a number of 
caching strategies that take into consideration different factors such as 
life time of content for example First in First out FIFO Strategy and 
popularity of content for example Least Recently Used LRU strategy. 
However, it’s a challenge to find the right caching strategy to be used 
with different content types on a large scale.  

4- Forwarding Strategies: Currently, in ICN forwarding decision based on 
the routing information and hence it selects the path with the best 
routing metric. Those strategies don’t take into consideration other 
factors such as changes in link bandwidth and link delay. Also, the 
forwarding action uses single interface while using multiple interfaces 
in parallel can increase throughput and reliability.  

5- Congestion control: ICN is still lacking a reliable congestion control 
that can handle multiple interface transmission. The current 
congestion control mechanisms operate on the node level as they adapt 
to time out in interest requests. There is a need for an algorithm that 
can track the progress of each interface separately with multiple 
feedback mechanisms for each interface.  
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3 Related Work 

In this chapter we present the related research work done in Forwarding 
Strategies using the NDN/CCN protocols, the advantages/disadvantages for 
each work and summarize the achieved results. 
 
Klaus and Udo in [19], present three forwarding strategies:  

1- Lowest Cost Strategy LCS. 
2- Multiple Attribute Decision Making MADM Strategy. 
3- Selective Parallel SP Strategy.  

Those three strategies operate on the client side and take advantage of three 
measurement modules: delay estimator, bandwidth estimator, and loss 
estimator.  
The Lowest Cost Strategy forwards interest requests to the first matching 
interface that satisfies a hard coded threshold. For example if the threshold is 
to allow paths with a maximum delay of 100ms, then using the delay 
estimator, the strategy will select the interface that have a delay less than 
100ms. 
 
The Multiple Attribute Decision Making strategy extends the Lowest cost 
strategy, so instead of using one single threshold, it uses two thresholds values 
to use as a boundary of acceptable values. It uses the measurements from the 
three estimators to choose the first matching path that satisfies certain 
boundary values in regards to bandwidth, delay or loss. For example if the 
strategy is configured to select a path with delay value between 50 ms and 100 
ms (MinDelay=50ms, MaxDelay=100ms) then the strategy will forward the 
interest request to the first interface that satisfies this condition and will not 
check the other interfaces to see if they satisfy the conditions or not. If there 
are no interfaces that satisfy the conditions then the default behaviour is to 
use the interface with the lowest delay.  
 
The Selective Parallel strategy is similar to the Lowest Cost Strategy as it 
forwards interests to the first interface that matches a defined threshold or 
number of thresholds. The main deference is that if no interface is matching 
the condition then it sends interest packets on multiple interfaces 
simultaneously (flooding) until one interface satisfies all requirements again.  
 
The strategy takes advantage of three interface estimators that produce 
measurement as following: 

1- Delay estimation using Round Trip Time calculation as it measures the 
time difference between the interest transmission and the data reply 
arrival. 

2- Loss estimation by taking the difference between the numbers of sent 
interest and the numbers of satisfied interests (interests that have 
received a data reply), this difference represents the number of lost or 
unsatisfied packets.  

3- Bandwidth estimation by counting the number of bytes received in a 
defined time window.  
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This strategy proves to be useful in adapting to link deterioration in delay and 
loss.  Also, we noticed that the developed estimators for delay and loss are 
more accurate than the bandwidth estimator since it uses a burst active 
measurement to measure the bandwidth which doesn’t give an accurate 
representation of the full bandwidth of the link. 
 

Lederer et al in [20], propose the usage of multiple network interfaces 
available for mobile users to transfer Dynamic Adaptive Streaming over HTTP 
DASH videos using the Content Centric Networking CCN technology.  They 
evaluate the bit rate performance as the strategy layer switches between the 
available links depending on their bandwidth capabilities allowing it to react 
quickly to link failures.  
 
The bandwidth available to the client is the bandwidth of the fastest link not 
the combined bandwidth of the two links. They notice an increase in the 
throughput as the application always tries to select the highest available 
bandwidth. However, the number of switches between the different video 
qualities increased as their implementation was sensitive to bandwidth 
changes which might have an effect on the user Quality of Experience QoE. 
 

Detti et al in [21], propose a new Forwarding Strategy named Fast 
Pipeline Filling (FPF) where for each received interest; the FPF strategy 
identifies the set of interfaces whose number of pending interest messages is 
lower than the related pipeline capacity. Within this set, the strategy selects 
the interface with the lowest Round Trip Time RTT. The strategy aims to 
saturate the available link capacity as much as possible. The link capacity 
means the delay bandwidth product for this path which represents the 
maximum throughput that this path can carries. 

 
 They also compared FPF strategy to other four strategies [6]:   

1- Pending Interest Equalization PE strategy which forwards interest 
request to the interface with the lowest pending interest requests. 
This strategy aims to balance the number of pending interest 
requests over the available interfaces.  

2- Round Trip Time RTT Equalization strategy which forwards the 
interest request to the interface with the lowest RTT. This strategy 
aims to equalize the round trip time on the available interfaces 

3- Weighted Round Robin WRR strategy with RTT as a weight and 
hence the strategy forwards interest requests inversely proportional 
to the RTT value for each interface.  

4- Weighted Round Robin WRR strategies with the PIT count as a 
weight and hence the strategy forwards interest requests inversely 
proportional to the PIT count value for each interface.  

 
The unique point about the proposed strategy FPF was the usage of 
pending interest count and RTT as an indication to link capacity.  
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In the presented results FPF outperforms the other four strategies in terms of 
achieved throughput for the client.  
 

Rossini et al [22] [23], present a new open source ICN simulator named 
ccnSim which focuses on caching while offering scalability in simulation 
scenarios allowing it to scale up to 1 million NDO object. In this work, routing 
information is assumed to be provided from an external process or manually 
configured.  
They propose three forwarding strategies [24] summarized in the following 
points:   

1- Uniform strategy, which sends the interests requests on a 
randomly selected interface.   

2- Round robin strategy, which distributes the interests requests 
equally on all the available network interfaces.  

3- Parallel strategy, which broadcasts the interests requests on 
all available network interfaces. 

 
The multipath forwarding strategies in this work, distinguish between using 
multiple paths toward the same repository (source of data) and multiple paths 
toward multiple repositories. It also distinguishes between using multiple 
paths in parallel by flooding the interest requests on all of them and by using 
the multiple paths sequentially through round robin or random access.  
 
They reached the following conclusions:  

1- The usage of multiple paths in alternate fashion toward the 
same repository should be preferred to the use of multiple 
shortest paths toward several repositories in heterogeneous 
delay networks since this may lead to exploring a longer 
distance which increases the overall network load, and 
reduces the cache hit rates. 

2- Multipath forwarding is more resilience in comparison to 
single path forwarding. In single path forwarding, link 
failover will interrupt data transfer and will need time to 
converge to other link while in multipath forwarding data 
transfer will be allocated to other available link. 

3- Multipath forwarding could reduce the load at the data 
repository since the data is requested from multiple 
repositories.  

 
Asanga et al [25], propose a new forwarding strategy named On-

demand Multi-Path Interest Forwarding strategy OMP-IF which identifies 
and discovers a set of disjoint paths toward the content locations. Then, the 
discovered paths are used simultaneously to distribute (split) Interests based 
on the characteristics of the paths (mainly path delay).  

Achieving disjoint paths happens as the intermediate nodes discard 
replicate data packet replies and continue communicating with one source 
only. This work uses CCN code over OPNET simulator [25]. In the simulation 
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work the proposed strategy achieves lower average download time in 
comparison to best interface strategy and broadcast strategy. 
 
From the related work, we conclude the following points: 
 
First, considering multiple parameters such as PIT count, round trip time, 
bandwidth measurements will produce fine grained forwarding strategies with 
the ability to take more complex decision. However, this will put a heavy 
processing load on the forwarding node as it needs to process each interest 
request in line speed. One suggestion to mitigate this is to consider the 
changes in those parameters at the forwarding strategy per file or per stream 
of NDO objects and not on each NDO.  There is a need to find a balancing 
point between the number of parameters that a strategy will consider and the 
processing power needed per interest request. 
 
Second, link bandwidth is an important factor in forwarding decision as it 
indicates link congestion. However, there is a tradeoff while measuring link 
bandwidth since passive measurements doesn’t produce accurate 
measurements especially for the non-active links while active invasive 
measurements could affect the network operations due to the generated 
probing traffic.  
 
Third, when considering multipath forwarding, its more optimum to have 
disjoint paths (paths that don’t have any links in common) as this reduce the 
dependency between the paths since a single link could be common between 
all the paths which forms a single point of failure. Also, this enable congestion 
control to be less complex since there is no mutual effect between the different 
data streams.   
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4 Simulation Environment 

In this chapter, we present the different approaches we considered for 
running the simulation. We present a summary for three of the most used ICN 
simulators in the research community and present a description for ndnSIM 
simulator components that is relative to our work.   

4.1 Requirements  

 
While trying to select a simulator for this thesis project, we were 

motivated by the following factors: 
 
First, we needed a simulation platform that would allow us to quickly test our 
hypothesis and to change network configuration easily when needed.  
 
Second, the ICN architecture has many components such as routing protocols, 
forwarding strategies, caching strategies. So we needed a simulation 
framework that would allow us to focus on forwarding strategies without the 
need to handle other components. 
 
Third, we needed a simulation platform with wide community support. 
 

4.2 Overview of ICN Simulators 

 
 The ICN is a research topic with many research questions that are 
under investigation, for that reason the research community has developed 
multiple simulation packages to enable researchers to experiment with ICN 
concepts and test their hypothesis quickly. There are a number of simulator 
packages (ccnSim, ndnSIM, CCNxSim … etc.) that provide the ICN 
functionality while focusing on different sides of the ICN research topics for 
example some simulators focus on caching strategies while others focus on 
forwarding strategies or scalability.  
 
The following is a summary for some of the ICN simulators that we learned 
about during the literature survey: 
 
ccnSim [23] is an ICN simulator that follows the CCN architecture. It focuses 
on cache decision policies, cache replacement policies, forwarding strategies 
of CCN network and neglects routing, congestion control and security. The 
main advantage point of ccnSim is its high scalability as it offers large content 
store with a capacity up to 1 million NDO while working on off-the-shelf 
hardware.  
ccnSim is written in C++ that is built on top of the Omnet++ simulation 
framework. ccnSim uses static routing and can be configured for network 
flooding in case of unknown destinations. ccnSim simulator can have different 
network topologies to simulate and each node in the simulation comprises of 
three different submodules: 
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1- Core module, which is responsible for managing the PIT table and 
communication between the caching and forwarding modules. 

2- Strategy module, which is responsible for taking decisions about 
interest forwarding based on the FIB table. 

3- Caching module, which is responsible for handling the caching decision 
policy (whether to store NDO in content store or not) and the 
replacement policy (what to drop from the content store when it’s full). 

 
CCN-Lite [26] is a light weight prototype implementation of the CCN 
functionalities. It’s written in C language and integrated into the Omnet++ 
simulation framework. The main target of CCN-Lite is to provide an easy 
introduction to CCN main functionality for educational and experimentation 
purposes. It’s not fully compatible with CCN due to the removed modules 
while shrinking the code base. Due to its small code size (1000 lines of code), 
it’s possible to run the compiled code on low processing power devices such as 
Raspberry Pi. 
 
Icarus [27] is modern python based simulators that can simulate ICN 
networks. It is main focus is analysing and evaluating the cache replacements 
strategies in ICN networks.  Icarus is similar to ccnSim since both simulators 
target caching strategies with the difference that Icarus is Python based which 
makes it more users friendly and can benefit from other python networking 
libraries such as NetworkX library for graphing network.  
 
According to a recent survey [28] on ICN tools used in published papers, 
ndnSIM is the one of the most used simulators in the ICN literature with 23 
percent. This is a strong indication on how ndnSIM is a reliable and attractive 
simulator for research experimental work.    
 
After finishing with the literature survey for the ICN simulators, we decided to 
not select ccnSim and Icarus simulators as they focused mainly on simulating 
the caching strategies and the code did have limited support by the 
developers.  Initially, we selected CCN-lite for simulation which was 
recommended by the researchers at Ericsson due to its small code base. 
 
CCN-Lite is a lighter version of CCNX which was the original code base for the 
CCN and NDN projects [26].  
 
As we experimented with CCN-lite and tried to extend the forwarding 
strategies, we faced the following obstacles: 

1- The code is a mixture between C and C++ which makes debugging and 
tracing more difficult. 

2- The code lacks modularity. 
3- The code lacks documentation. 
4- The support from the main developers is limited, due to the limited 

number of available developers and limited community support. 
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So our next choice was ndnSIM simulator from the NDN project since it 
avoids most of the previous problems and was recommended by different 
members of the ICN research community. 
 

4.3 Description of ndnSIM 

 
 ndnSIM is an implementation of basic NDN primitives and 
functionality over NS-3 simulation engine, allowing simulations to be as 
realistic as possible to NDN [29] [29]. The software design for ndnSIM is has 
considered a modular approach from the start and has extensive 
documentation which makes it a suitable platform to experiment with ICN 
concepts. Also, the support from the developers and community is much 
higher than CCN-Lite simulator and hence the learning curve is much quicker. 
Most modules in ndnSIM are implemented as virtual functions which allow 
the user to modify their default behavior if needed. One of the weak points of 
ndnISM is scalability since 1kByte of Metadata is generated for each NDO 
object and stored at RAM which makes the simulation an intensive memory 
process that requires higher RAM as the number of NDOs increase or the time 
of simulation increases.  
 
ndnSIM simulator has two forwarding strategies by default: 

1- Best Route Forwarding Strategy, which forwards the interest request to 
the interface with the lowest routing cost. The cost for each link is 
assigned manually either from a configuration file or assigned during 
the simulation. If an interest for the same NDO arrives from another 
downstream before the timeout timer (50 ms) then this interest will be 
suppressed to avoid sending multiple interests for the same NDO in a 
short time period.  

2- Broadcast Forwarding Strategy, which forwards every interest request 
to all the available upstream interfaces that have a matching prefix in 
the FIB table. This strategy has the effect of flooding the network.  

 
ndnSIM contains a number of default applications (reference applications) 
that is needed for running the simulation scenario which can be divided into 
two types consumers and producer applications. 
 
The modules responsible for Interest request generation in ndnSIM are called 
consumers applications. In ndnSIM there are three types of consumers:  
 
The first consumer is a fixed rate consumer which generates interests with a 
fixed rate per second and needs to be configured with the following 
parameters: 

1- The prefix name for the requested object, NDO prefix name. 
2- Frequency of interest requests generated per second. 
3- The life time of an interest, by default it’s 2 seconds. 
4- The time after which the interest request is considered timed out, by 

default 50ms. 
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The second consumer is a variable rate consumer which generates interests 
based on a configured window size. It needs to be configured with the 
following parameters: 

1- The prefix name for the requested object, NDO prefix name. 
2- The initial window size for NDO requests, default value 1 request. 
3- The average size of each NDO requested, by default 1040 Byte 
4- The life time of an interest, by default it’s 2 seconds. 
5- The time after which the interest request is considered timed out, by 

default 50ms. 
 
The third consumer is a batch consumer which generates interest requests at 
specified seconds of the simulation.  
 
In our work, the variable rate consumer module is used since it’s more similar 
to real network conditions where the data transfer rate is variable.  
 
The modules responsible for receiving the interest requests and generating the 
NDO data in reply in ndnSIM are called producer applications. In ndnSIM 
there is only one type of producer. The producer needs to be configured with 
the following: 

1- Prefix name for the NDO objects that will be generated. 
2- Payload size for the NDO objects that will be generated.  

 
From a development point of view, when implementing a new Forwarding 
Strategy in ndnSIM, it needs to inherent from the strategy class which is 
inside the forwarding module. If the new forwarding strategy needs to store 
information related to the interest request then it should be stored in the PIT 
table and if the forwarding strategy needs to store measurement information 
then it should be stored in the measurements tables.  
 
A general simulation scenario in ndnSIM includes the following steps: 

1- Define the network topology either inside the simulation scenario or by 
loading from a configuration file. 

2- Load the NDN stack on each node in the network. The stack include the 
forwarding strategy, content store configurations, and the caching 
strategy. 

3- Setup routes between the nodes by assigning them manually during the 
simulation. 

4- Define applications and assign them to nodes. The applications will be 
responsible for generating the interest requests and serving the data 
content (consumers and producers). 

5- Collect trace logs and metrics. 
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5 Design 

In this chapter, we describe the design and logic flow for each of the three 
proposed forwarding strategies and the simple congestion control 
configurations used to avoid data loss.  The primary goal of the forwarding 
strategies is to show the ICN/NDN ability in using multiple network 
connections to increase the user throughput and to show the benefits of state 
full forwarding as it can adapt to changes in network links parameters such as 
bandwidth and delay while maintaining a continuous data delivery. The 
forwarding strategies are implemented following the NDN architecture as one 
of the prominent ICN architectures and using the ndnSIM simulation 
framework.  

5.1 Forwarding Strategies 

 
Our design provides three forwarding strategies: Best Face Selection, Round 
Robin and Weighted Round Robin. These strategies expose the ICN potential 
in extracting data content from a single server using one path in the Best Face 
Selection or multiple paths in the Round Robin and Weighted Round Robin 
strategies.  The selection for these forwarding strategies is motivated with the 
following points: 

1- To show the potential of ICN in using multiple network paths and the 
potential gains in the client throughput and connection reliability.  

2- To take advantage of the ICN state full forwarding abilities. State full 
forwarding allows ICN to consider the changes in network conditions 
such as link bandwidth and delay. This ability is a strong feature for 
ICN as it allows ICN nodes to shape the data traffic in response to 
changes in network conditions.  

 
In the first strategy, we present the Best Face Selection BFS strategy, where 
the strategy selects a single interface for data forwarding based on a single or 
compound number of conditions for example link bandwidth, link delay, and 
link loss. In our experiment, we only use the link bandwidth as criteria for 
selecting the best interface. 
 
In the second strategy, we present the Round Robin RR, where the client node 
distributes interest requests equally on all the available interfaces. 

  
In the third Strategy, we present Weighted Round Robin WRR, where the 
strategy responds to the weight of different links. The weight can be 
represented by different parameters such as Link Bandwidth or Link Delay 
where links with higher bandwidth or lower delay have higher favorability and 
weight over links with lower bandwidth or higher delay. In our experiment, we 
only use the link bandwidth as a weight for distributing the interest on the 
links, so links with high bandwidth will get more interests than links with 
lower bandwidth. The client node distributes the interest requests based on 
the available next hops link weight so the distribution is a hop by hop 
decision. 
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For the Best Face Selection Strategy we use the following logic: 

1- Receive an Interest request for NDO object that have the prefix name 
/ProducerA/MovieB/SegmentC. 

2- Check that it’s not available in the local cache (Content Store). 
3- Check that it has not been requested recently, in the past 50 msec. If 

this interest request was already requested recently then discard this 
interest and register it in the pending interest table. 

4- From the FIB table get a list of the available interfaces that have 
routing information for the prefix name 
/ProducerA/MovieB/SegmentC. 

5- Get the bandwidth information for each link. This information is 
available from each ICN node in ndnSIM since each link is configured 
with certain parameters that include the bandwidth parameter during 
the simulation.  We assume that this information will be available in 
real world networks through traffic measurement and estimation which 
will provide updated estimation for the bandwidth on each path. For 
example Link 1, Bandwidth =2Mbps, Link 2, Bandwidth=5Mbps, and 
Link 3, Bandwidth =7Mbps. 

6- Select the Interface with highest bandwidth Link 3. 
7- Forward the interest request on this interface. 

 
For the Round Robin Strategy we use the following logic: 

1- Receive Interest request for NDO object that have the prefix name 
/ProducerA/MovieB/SegmentC. 

2- Check that it’s not available in the local cache (Content Store). 
3- Check that it has not been requested recently, in the past 50 msec. 
4- Get a list of the available network interfaces that have routing 

information about /ProducerA/MovieB/SegmentC, (Link 1, Link2, Link 
3). 

5- Check if there is no pointer for this prefix, if not then set a pointer to 
point to the first link (Link 1). 

6- Forward the interest request on the interface marked by the pointer. 
7- Increment the pointer so it would point to the next interface (Link 2) 

that can serve this content. 
 

For the Weighted Round Robin Strategy we use the following logic: 
1- Receive Interest request for NDO object that have the prefix name 

/ProducerA/MovieB/SegmentC. 
2- Check that it’s not available in the local cache (Content Store). 
3- Check that it has not been requested recently, in the past 50 msec. 
4- Get a list of the available interfaces that have routing information about 

/ProducerA/MovieB/SegmentC, (Link 1, Link2, Link 3). 
5- Get the bandwidth information for each link. This information is 

available from each ICN node in ndnSIM since each link is configured 
with certain parameters that include the bandwidth parameter during 
the simulation.  We assume that this information will be available in 
real world networks through traffic measurement and estimation which 
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will provide updated estimation for the bandwidth on each path. For 
example Link 1, Bandwidth =2Mbps, Link 2, Bandwidth=5Mbps, and 
Link 3, BW=7Mbps. 

6- Put the information about the interfaces bandwidth in a linked list. 
7- Get the interface with the highest bandwidth and decrement its 

bandwidth value in the linked list. 
8- Forward the interest request on this interface. 
9- Repeat step 6 and 7 with each interest request until the bandwidth 

value in the list for each interface until it reaches Zero, then repeat step 
5 again. 
 

5.2 Congestion Control 

 
Currently, in NDN there is no implementation for a congestion control 
mechanism that can handle the multipath nature of NDN as it receives 
data flow on different interfaces. 
For our experiment, we use a simple congestion control algorithm that 
has a static defined window for the maximum number of requests that 
we can send while waiting for a reply.  
 
The congestion control algorithm follows the following steps: 
1- Set the Max Window size to 200 and Initial Window size to Zero 

and on the On the Fly  counter to Zero 
2- Send an interest request for prefix/Movie/A/Chunk1 and increment 

on the Fly Counter++ and check that (On the Fly Counter<= Max 
Window). 

3- If a data reply is received for prefix/Movie/A/Chunk1, then 
increment the Initial window size++ and decrement On the Fly 
counter--  and check that (Initial Window <= Max Window). 

 
We choose the value of 200 for the Max window size based on 
experimentation as we have found that higher values will cause data 
over flow and data packets get dropped.  
We suggest for future work that a more adaptive congestion control 
algorithm that takes into consideration the state of each flow 
separately. Also, we suggest to not use fixed window size but to use the 
Round Trip Time RTT as a feedback for each flow which is similar to 
Additive Increase and Multiplicative Decrease AIMD method in TCP/IP 
congestion control mechanism. 
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6 Simulation and Results   

In this chapter we present the simulation implementation for the three 
Forwarding Strategies and their usage in two scenarios:  

1- Static Network Conditions. 
2- Dynamic Network conditions.  

This simulation is done using NS3 simulation engine and NDN/ndnSIM 
project.  

6.1 Scenario 1 (Static Network):  

In this scenario, we use the network topology depicted in Figure 9 to 
show the difference in performance between the three strategies: Best Face 
Selection, Round Robin, and Weighted Round Robin. 

 
The topology depicts a client node connected with three access networks 

through three router nodes and those routers are connected to a source server 
node that provides the data content. The network characteristics for each link 
in the topology are given by table 2. 

 
Our motivation for this scenario is to show that each strategy works as 

intended and to show which strategy can deliver the highest number of data 
packets in a limited time period. The figures [10, 11, and 12] show the Data 
Rate and the Accumulative Sum of packets received by the requester node 
(client node) for each strategy.  
 

The client is requesting data based on a variable bit rate. The 
simulation runs for 30 seconds, which we considered as a reasonable time 
since no extra information is gained from running it for longer times. The 
simulation environment is deterministic in nature, while we performed each 
simulation for at least five times, we didn’t notice any noticeable change in the 
output.   

 
Link Bandwidth Delay  

 [R-R1] 1 Mbps 10 ms 
 [R-R2] 2 Mbps 10 ms 
 [R-R3] 3 Mbps 10 ms 
[R1-S] 1 Mbps 10 ms 
[R2-S] 2 Mbps 10 ms 
[R3-S] 3 Mbps 10 ms 

 
Table 2, Network Characteristics Scenario 1 



31 
 
 
 
 

 
Fig 9. Simulation Topology 

 
The Best Face Selection BFS strategy, forwards interests to the interface with 
the highest bandwidth between all the available interfaces, so in this scenario 
Face 258 [R-R1-S] is selected since it has the highest bandwidth 3Mbps. 
 
This strategy enables the client to have a steady Quality of Service even with 
degradation in other links conditions as the strategy will select the best 
available interface and avoid the degraded links.  
 
Figure 10.A shows the strategy selects the interface with the highest 
bandwidth (R (258) -> R3->S 3Mbps) and sends interests requests on it. The 
data rate received is utilizing the full bandwidth of interface 258 at 3 Mbps. 
Figure 10.B shows the accumulation sum of data packets received on interface 
258 which linearly increases until it reaches a total of 10500 packets by the 
end of simulation.  
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Fig 10.A Data rate using Best Face Selection Strategy 
 
 

 
Fig 10.B Accumulated Packet Sum for Best Face Selection Strategy 

 
  
The Round Robin RR strategy, distributes the interest requests equally on the 
three interfaces, while not considering in regards to the differences between 
their bandwidth.  
 
Figure 11.A shows how the three interfaces are maintaining a data rate of 1 
Mbps. There is a spike of data rate at the first second as the strategy tries to 
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distribute the interest requests without considering the bandwidth value for 
each interface and hence try to utilize the full congestion window and after few 
seconds the window is adjusted to the smallest bandwidth interface. 
 
Figure 11.B shows the accumulated sum for each interface. The accumulated 
sum of received packets for the combined three interfaces reaches a total of 
10700 packets by the end of the simulation. Although the data rate on each 
interface is lower than the best face strategy (1 Mbps < 3Mbps) but the 
combined data received is higher (10700>10500).  
 
Round Robin strategy aims to achieve fairness and reliability so the end result 
shows that max throughput is limited by the link with the least bandwidth 
(Face 256 , bandwidth= 1 Mbps). So it’s better to use this strategy when the 
interfaces have relatively similar bandwidth.  The results can be different if the 
one interface has high bandwidth for example 5 Mbps while the other 
interfaces have low bandwidth 1 Mbps. Then at this case the best face selection 
strategy will be a better option than the round robin strategy as it will offer 
higher data gain. 
 
 
 
 

 
Fig 11.A Data rate for Round Robin Strategy 
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Fig 11.B Accumulated Packet Sum for Round Robin Strategy 
 
Under Weighted Round Robin WRR Strategy, we distributed the traffic based 
on the interface bandwidth.  
The three network links connected to the client interfaces 256, 257, 258 have 
different bandwidth (Bandwidth = 1, 2, 3 Mbps) and the forwarding strategy 
sends interest request on each interface proportional to their bandwidth 
values.  
As shown in Figure 12.A, the data rate on each interface is the maximum 
allowed bandwidth on the interface.  
As shown on Figure 12.B, the accumulated sum of packets received for the 
combined interfaces increases linearly until it reaches 20800 packets by the 
end of the simulation which is the highest value in comparison to the other 
two strategies. 
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Fig 12.A Data rate for Weighted Round Robin Strategy 

 

 
 

Fig 12.B Accumulated Packet Sum for Weighted Round Robin 
Strategy 
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From the three strategies, we can see the sum of packets received is higher in 
the weighted round robin as shown in table 3.  
Notice that in this scenario, the three paths have equal delay (10 ms per link) 
and we don’t consider the money cost as a factor, while in a real network the 
user might prefer to actively select the best face as long as it’s the least costly 
interface (Wi-Fi for example). 
 

 Best Single Face Round Robin 
Weighted Round 

Robin 
Accumulated 
Packets Sum 

10,500 10,700 20,800 

 
Table 3, Accumulated Packet Sum for different strategies, Scenario 1 

6.2 Scenario 2 (Dynamic Network):  

In this scenario, we introduce changes in link bandwidth and delay 
during the simulation to see how different strategies can adapt to changing 
network conditions. For this scenario we use the same network topology as in 
Figure 9 and we introduce changes in bandwidth to the three disjoint network 
path according to Table 4. The changes are introduced in 10 seconds periods 
during the simulation time which lasts for 30 seconds. 
 
Our motivation for this scenario is to show that each strategy can adapts to 
changes in link bandwidth as intended. The figures [13, 14, and 15] show the 
Data Rate and the Accumulative Sum of packets received by the requester 
node (client node) for each strategy.  
 
 

From 0 to 10 Seconds From 10 to 20 Seconds From 20 to 30 Seconds 

R-R3-S -> 3 Mbps, 20 ms R-R3-S -> 5 Mbps, 20 ms R-R3-S -> 2 Mbps, 20 ms 

R-R2-S -> 2 Mbps, 20 ms R-R2-S -> 3 Mbps, 20 ms R-R2-S -> 5 Mbps, 20 ms 

R-R1-S -> 5 Mbps, 20 ms R-R1-S -> 1 Mbps, 20 ms R-R1-S -> 3 Mbps, 20 ms 

 
Table 4, Changes in Network Bandwidth with Time 

 
Using Best Face Forwarding Strategy on the client node, the strategy selects 
the interface with the best bandwidth and as the simulation progress, the 
bandwidth for network links changes and the strategy adapts to these changes. 
As shown in Figure 13.A, interface 256 has the highest bandwidth (256, 
bandwidth 5 Mbps) and therefore is selected by the forwarding strategy with 
data rate utilizing the full bandwidth.  
 
After 10 seconds, the bandwidth is changed by decreasing the bandwidth of 
the path connecting R (256) -> R1 ->S to 1 Mbps and increasing the 
bandwidth of the path connecting R (258) -> R 3 -> S  to 5 Mbps. The strategy 
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adapts to the change and stops forwarding interests on interface 256 and start 
forwarding interests on interface 258 with data rate utilizing the full 
bandwidth.  
 
After another 10 seconds,  the bandwidth is changed by decreasing the 
bandwidth of the path connecting the R (258) -> R 3 -> S  to 2 Mbps and 
increasing the bandwidth of the path connecting the R (257) -> R 2 -> S  to 5 
Mbps. The strategy adapts to the change and stops forwarding interests on 
interface 258 and start forwarding interests on interface 257 with data rate 
utilizing the full bandwidth. 
 
This type of strategy can adapt to other parameters such as delay or loss which 
provides the client node with reliability while keeping the cost down since no 
duplicate data is sent on the multiple interfaces.  
 
This strategy allows the client to stay connected to the highest bandwidth from 
all the available connections even when faced with degradation in quality of 
service as the strategy will switch and converges quickly.  
This strategy can also be useful if the client node is mobile (on the train) 
between different access technologies such as LTE, Wi-Fi, and Bluetooth since 
the user will always have connectivity as long as one network is available.   

 
Fig 13.A Data rate Using Best Face Selection Strategy  

With changes in Bandwidth 
 
As shown in Figure 13.B, the accumulated received packets for each interface 
is only increasing linearly when the interface is being active and used so 
interface 256 is increasing at the first 10 seconds, interface 258 is increasing 
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during the duration from 10 to 20 seconds and interface 257 is increasing  
during the duration from 20 to 30 seconds . The accumulated received packets 
all the three interfaces combined are increased linearly during the whole 
simulation which provides a steady quality of service while changing the active 
network. The final value for the total packets received over the three interfaces 
is 20000 packets. 

 
Fig 13.B Accumulative sum of packets received 

 Using Best Face Selection Strategy with changes in Bandwidth 
 
  
Using the Round Robin Forwarding Strategy on the client node, the strategy 
distributes the interests’ requests equally on all the available interfaces.  
 
As shown in Figure 14.A, there is a spike at the first second since the 
congestion control is limited by fixed window that keeps increasing the 
interest requests rates as it receives data replies and decreasing the window 
size as interest requests time out.  
The window is affected by all the three interfaces according to the congestion 
control mechanism explained in section 5.2. The interest requests that are 
sent over the higher bandwidth will get a data response quickly which 
increases the window. The interest requests sent over the lower bandwidth 
interface some of the data replies will get dropped as the returned data rate 
exceeds the link capacity. The window is decrease to fit the lowest transfer rate 
for the lowest bandwidth interface that insures that no interest requests will 
time out. 
 
At the beginning of the simulation as shown in Figure 14.A, the lowest 
bandwidth is for interface 257 which equal 2 Mbps and all the interfaces will 
have similar data rate with 2 Mbps as their limit. 
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 After 10 seconds, the bandwidth for interface 256 is reduced to 1Mbps which 
makes it the lowest bandwidth and hence the strategy adapts and the data rate 
for all the interfaces is decreased to 1Mbps. 
 
After another 10 seconds, the bandwidth for the interfaces changes again 
according to table 4 and the lowest available bandwidth 2 Mbps from interface 
258. The strategy adapts and the data rate for all the interfaces increases to 2 
Mbps again as their limit.    
 

 
Fig 14.A Data rate using Round Robin Strategy  

With changing Bandwidth 
 
As shown in Figure 14.B, the accumulated received packets for all the three 
interfaces are increased linearly with the same rate. The final value for the 
total packets received over the three interfaces is 18500 packets which is lower 
than the 20000 packets received by the best face selection strategy shown in 
Figure 13.B. This is due to the fact that the links bandwidth values are 
dispersed (5, 3, 1 Mbps) which makes the best face selection strategy a better 
option than round robin strategy in these links configurations.   
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Fig 14.B Accumulative sum of packets received using Round Robin 

Strategy with changing Bandwidth 
 
Using the Weighted Round Robin Strategy on the client node, the strategy 
forwards interest requests to the available network interfaces on the client 
node according to the bandwidth of each interface. During the simulation we 
introduce changes to the links bandwidth connecting between the client and 
source node according to Table 4. 
 
As shown in Figure 15.A, at the beginning of the simulation, the strategy check 
the bandwidth for the available interfaces on the requester node (client) and 
starts sending interests requests on each interface, where the number of 
requests is proportional to the bandwidth value of the interface. The data rate 
on each interface is almost equal to the bandwidth of the link. 
 
After 10 seconds, the bandwidth of the links on the three paths connecting the 
requester and the source node is changed according to table 4. The strategy 
adapts by changing the interest rate on each interface to reflect this change in 
bandwidth and hence the data rate on each interface reflects this change. After 
20 seconds, a new change is introduced to the bandwidth of the links again 
and the strategy adapts by changing the interest rate on the interfaces and 
hence the data rate is changed again to reflect the new bandwidth values. 
 
As shown in Figure 15.B the rate of received packets for the sum of interfaces 
is almost linearly increasing during the simulation. This strategy achieves the 
highest number of accumulative packets as it reaches 33000 packets since it 
uses the full bandwidth of the three interfaces.  
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Fig 15.A Data rate using Weighted Round Robin 

With changing Bandwidth 

 
Fig 15.B Accumulative sum of packets received using Weighted 

Round Robin with changing Bandwidth 
 
 

From 0 to 10 Seconds From 10 to 20 Seconds From 20 to 30 Seconds 

R(258)-R3-S -> 3 Mbps, 10 ms 
R(258)-R3-S -> 4 Mbps, 

10 ms 
R(258)-R3-S -> 2 Mbps, 10 ms 

R(257)-R2-S -> 2 Mbps, 10 ms 
R(257)-R2-S -> 3 Mbps, 

10 ms 
R(257)-R2-S -> 4 Mbps, 200 ms 

R(256)-R1-S -> 5 Mbps, 10 ms 
R(256)-R1-S -> 1 Mbps, 10 

ms 
R(256)-R1-S -> 3 Mbps, 200 ms 

 
Table 5, Changes in Network Bandwidth and Delay with Time 
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A second example for the weighted round robin strategy is by using it on the 
client node while introducing changes to the link bandwidth and delay. During 
the simulation we introduce changes to the bandwidth and delay of the links 
connecting between the requester (client) node and the source node according 
to Table 5. 
As shown in Figure 16.A, at the beginning of the simulation, the strategy 
distributes the interests requests based on the bandwidth of each interface 
and hence the data rate is proportional to the interface’s bandwidth, so the 
interface (256) connected to the path with the highest bandwidth R(256)-R1-S -

> 5 Mbps gets the highest data rate while the interface (257) connected to the 
path with the lowest bandwidth R(257)-R2-S -> 2 Mbps gets the lowest data 
rate. 
 
After 10 seconds, the bandwidth of the links on the three paths connecting the 
requester and the source node is changed according to table 5. The strategy 
adapts by changing the interest rate on each interface to reflect this change in 
bandwidth and hence the data rate on each interface reflects this change. Now 
the interface (258) connected to the path with the highest bandwidth R(258)-

R3-S -> 4 Mbps gets the highest data rate while the interface (257) connected to 
the path with the lowest bandwidth R(257)-R2-S -> 2 Mbps gets the lowest data 
rate. 
 
After 20 seconds, the bandwidth and delay on the on the three paths 
connecting the requester and the source node are changed according to table 
5. The first effect is that the strategy adapt by changing the data rate on each 
interface to reflect the new bandwidth value, with the interface (257) 
connected to the path with the highest bandwidth R(257)-R3-S -> 4 Mbps gets 
the highest data rate while the interface (258) connected to the path with the 
lowest bandwidth R(258)-R2-S -> 2 Mbps gets the lowest data rate. The second 
effect is oscillation since the path delay for the two paths connected to 
interfaces 257 and 256 have increased to 200ms. This oscillation happens as 
interest requests on each path take around 400 ms to returns. Due to the high 
round trip time, interest requests are timed out and considered lost.  The 
requester node (client) starts decreasing the transmission rate by reducing the 
congestion window and retransmitting the interest request. As data replies 
start arriving, the transmission rate is increased by increasing the congestion 
window.  This increase and decrease in the transmission rate keeps repeating 
until it reaches a stable point. In comparison, in Figure 15.A only bandwidth 
was changed and hence the data rate was steady without oscillations.    
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Fig 16.A Data rate using Weighted Round Robin  

with changes in Bandwidth and Delay 

 
As shown in Figure 16.B the rate of received packets for the sum of interfaces 
is almost linearly increasing with the slope for each interface changing based 
on the path delay and bandwidth during the simulation. This strategy still 
achieve a higher number of accumulative packets  in comparison to round 
robin and best face selection as it reaches 23750 packets since it uses the full 
bandwidth of the three interfaces.  
 

 
 

Fig 16.B Accumulated packet sum for Weighted Round Robin  
with changes in Bandwidth and Delay 
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 Table 6 shows a comparison between the three new strategies and the 
two default strategies in ndnSIM from reliability, throughput and cost point of 
view. We find that the three presented strategies offer higher reliability in 
comparison to the single Face strategy due to the fact that they take advantage 
of multiple links. So even if one link is disconnected the client will still have 
data delivered as long as there is at least one link available. 
From throughput point of view, we find that the Weighted Round Robin 
strategy offers the highest throughput in comparison to all other strategies. 
The reason is that Weighted Round Robin strategy tries to take advantage of 
the full capacity of the available links while sending unique data on each path. 
While the Broadcast Strategy takes advantage of the full capacity of the links 
but the data is redundant on each link. 
 
From cost point of view (cost of bit transmission per network), we conclude 
that the broadcast strategy has the highest cost since each bit is transmitted 
three times on the three links. 
 
From complexity of implementation point of view, weighted round robin has 
the highest complexity since the strategy needs to consider the bandwidth 
values for each link for each interest request. While Best face selection 
strategy only take the interface with the max bandwidth value and round robin 
strategy doesn’t consider any calculations for bandwidth as it iterates 
sequentially over a list of the available links.  
 
 

New Strategies 
Original Strategies  

at ndnSIM 

 
Best Face 
Selection 

Round 
Robin 

Weighted 
Round 
robin 

Broadcast 
Single 
Face 

(default) 

Reliability High  High High High Low 

Cost Low Low Low High  Low 

Throughput  Low Low High Low Low 

Complexity of 
implementation 

Low Low High Low Low 

 
Table 6, Reliability, Cost and Throughput 
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7 Conclusions and Future work 

 The Internet has started as a network to connect small number of 
nodes and scaled to cover billions of users with terabytes of data downloaded 
daily. Initially the Internet was focused on connecting entities using the 
Internet Protocol IP, now this has shifted towards delivering and distributing 
large quantities of user created content. ICN networking and forwarding can 
play an important role in distributing data content in a more efficient way due 
to the inherent characteristics it provides such as in network caching and 
multipath forwarding. ICN mitigates the shortcomings of the IP networks by 
moving from host centric network towards content centric networks. In ICN 
networks, each node understands the name of the transferred data and based 
on that knowledge, it can cache and serve the data content locally. NDN [14] is 
a prominent project based on ICN concepts and provides state full forwarding 
mechanisms which enables the network node to have more complex 
forwarding decisions as it considers more parameters such as lose, delay and 
bandwidth measurements instead of just performing longest address match in 
the FIB table.  
 
In this thesis project our main targets were the following points: 

1- To implement forwarding strategies in ICN that would enable us to use 
the available multiple network interfaces and the benefits this offers to 
the user with increased throughput.  

2- To experiment with ICN in a simulation environment. For this point, 
we choose ndnSIM as a simulator over NS3 platform due to its 
popularity and modularity.  

3- Showing that forwarding strategies can adapt to changes in link 
bandwidth and delay and the benefit this brings to the user as it offers 
more reliability against failovers. 

  
Our results show the following points: 
By using the Best Face Selection BFS strategy the client will achieve reliability, 
stable quality of service and higher throughput in comparison to using one 
fixed interface. This proves to be useful when the link bandwidth degrades as 
shown in the second scenario. On the other side, using the Round Robin 
Strategy, aims to use all the available links by dividing the traffic equally 
which means that the distribution is coupled between the links, so if one of the 
links have low bandwidth or high delay this will affect the whole distribution 
process since the strategy aims for equality.  
 
The round robin strategy transfers more data in comparison to the best face 
selection strategy when there is low variance between the links bandwidth 
values for example 1, 2, and 3 Mbps while best face selection strategy can 
transfers more data when the links bandwidth values have high variance for 
example 1, 3, and 7 Mbps since the best interface will have better throughput 
than the combined three interfaces with the throughput of the lowest 
bandwidth interface.   
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Using the Weighted Round Robin, avoids the coupling between the links since 
the strategy doesn’t aim for equality but aims for distribution based on the 
weight. In our experiment, the weight was represented by the link’s 
bandwidth. This means a higher throughput while using Weighted Round 
Robin and Round Robin in comparison to Best Face Strategy as they use 
multiple network interfaces.  Also, the congestion control for weighted round 
robin and round robin strategies needs to be more complex since they use 
multiple links so the congestion control needs to adapt to the transmission 
rate for each link separately based on the link conditions while in Best Face 
Strategy, the congestion control needs to consider one link at a time which is 
similar to congestion control in IP networks. 
  
From the research survey done during this thesis on forwarding strategies in 
ICN/CCN, we concluded the following points: 
 
First, the forwarding strategy in ICN takes a forwarding decision on each 
interest based on a feedback from a number of different parameters such as 
delay, bandwidth and PIT count. The requested data can have different needs 
for example it can be sensitive to loss or delay and hence there is a need for 
multiple forwarding strategies for different types of content. 
 
Second, considering multiple conditions to evaluate at the forwarding of each 
interest request can be useful to make more sophisticated decisions but will 
put a processing pressure on the forwarding node and can affect the 
processing speed. 
 
Third, forwarding strategies that adapts to changes in bandwidth while 
transferring video data needs to take into consideration the user experience. If 
the strategy keeps changing the data rate frequently in response to changes in 
the links bandwidth this will produce a negative user experience since the user 
prefers to have a stable video quality with less switches between the different 
qualities.  
  
For future work, there are a number of challenges that needs to be discussed 
in the domain of forwarding strategies in ICN.  

1- In IP networks, content flow is controlled through TCP congestion 
control mechanisms which includes congestion window that adapts the 
transfer rate based on the RTT of received acknowledgments. In ICN 
networks, content can be extracted from multiple sources in multiple 
data flows through different paths for example NDO A from far away 
server and NDO B from a nearby cache which may have different RTTs. 
Therefore, there is a need to further develop the congestion control 
mechanisms in ICN so it will take into consideration the different RTTs 
and have separate congestion window for each data flow. 

2- User should have the option to select which forwarding strategies to be 
used on his device since usage of different networks have different 
operation costs. For example transferring data through the 3G network 
is more expensive than transferring it through home Wi-Fi. Therefore, 
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there is a need for a friendly user interface that allows the user to select 
when to use multipath forwarding through multiple networks and 
when to use a single network.  

3- Considering other parameters beside bandwidth on a network scale. 
There are many parameters that can affect the connection throughput 
and quality of service such as Pending interest count, lost packets, and 
interest life time, so it would be useful to analyze the effects of those 
parameters with a large number of clients. 
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Appendix A 

 

Abbreviations:  
 

TCP: Transmission Control Protocol  

MPTCP: MultiPath Transmission Control Protocol 

NDO: Named Data Object 

ICN: Information Centric Networking 

IP: Internet Protocol 

NDN: Named Data Network 

CCN: Content Centric Networking 

DONA: Data-Oriented Network Architecture 

PURSUIT: Publish Subscribe Internet Technologies 

FIB: Forwarding Information Base 

PIT: Pending Interest Table 

RIB: Routing Information Base 

CS: Content Store 

NFD: Named forwarding Demon 

NLSR: Named Data Link State Routing 

OSPF: Open Shortest Path First 

LSA: Link State Advertisement 

RH: Resolution Handler 

FN: Forwarding Node 

DHT: Distributed Hash Table 

NBR: Name Based Routing 

NRS: Name Resolution Service 

AIMD: Additive Increase and Multiplicative Decrease  

RTT: Round Trip Time 
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