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Named-Data Networking (NDN) is a promising architectural approach that focuses on the eﬃcient distribution
of data objects. Each of these objects represents an individual piece of content that is uniquely named and can
be cached by network nodes. Recent work on Information-Centric Networking (ICN) explores new uses of the
data object concept to enable advanced applications based on content distribution. Such work includes the use
of metadata and manifests to describe contents as sets of multiple correlated objects. In this paper, we extend
our previous work on a model and a backward-compatible mechanism, named NDNrel, that allows publishers to
distribute contents as related objects. The new version of NDNrel reduces the cost of distributing relation
information to clients by leveraging the usage of metadata and manifests on ICN architectures. Also, it considers
additional aspects such as the authentication of relations and data that comprise the content. The evaluation of
NDNrel is revisited and extended to analyze the performance and overhead caused by the usage of the proposed
relation model in two scenarios: distribution of multimedia and Web content. Results demonstrate that using
NDNrel to structure the contents as objects and relations outperforms default NDN, reducing the average client
download time and the global network traﬃc in at least 28% and 34% respectively.

1. Introduction
Information-Centric Networking (ICN) proposes a communication
architecture with mechanisms tailored to improve the performance of
content distribution (Zhang et al., 2013; Bari et al., 2012; Xylomenos
et al., 2013). The eﬃciency of these mechanisms is directly impacted by
the structure of the contents. More speciﬁcally, how the concept of
uniquely identiﬁed data objects is applied to diﬀerent types of
information.
Some dominant types of content, such as video (Cha et al., 2007)
and Web pages (Wang et al., 2014), can be regarded as sets of
individual data elements. To trivially distribute such contents through
an ICN, a publisher naively stores all associated elements in a single
object. However, as shown later, this method negatively impacts the
performance of content distribution, because of oversized objects and
excessive data redundancy. More advanced distribution mechanisms
could help publishers distribute more eﬃciently sets of individual data
elements.
Manifests and metadata enable the design of new distribution
mechanisms for ICN applications, and this is currently a highly debated

theme (Mosko et al., 2015) in the research community. This study
explores how they can make the distribution of multiple-object
contents more eﬃcient. More speciﬁcally, our proposal allows publishers to describe a content as a set of individual objects, by establishing
relations among them. In a nutshell, a relation is a link between two
objects indicating that the data from one complements in some way the
data from the other. Following this concept, a content becomes a
collection of multiple objects and the respective relations that characterize the interactions among their data. These deﬁnitions are
employed to formulate a model that publishers can use to distribute
contents as sets of related objects.
This paper expands our study, ﬁrst introduced in Antunes et al.
(2015), on a backward-compatible extension to the Named-Data
Networking (NDN) (Zhang et al., 2014) architecture that enables the
distribution of contents as related objects. Compared to our previous
work, this paper includes two main contributions. First, it describes the
new version of the relations mechanism for the NDN architecture,
henceforth called NDNrel. This new version reduces the cost of
distributing relation information to clients by incorporating recent
advances in the use of metadata and manifests on ICN architectures.
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meta-object is strictly designed for the mechanism of implicit redundancy elimination. More importantly, ICN-RE requires modiﬁcations
in ICN routers.
NetInf (Dannewitz et al. 2013) introduces the concept of information objects (IOs), which are collections of metadata and pointers to
actual data objects. The metadata contained in IOs allows clients to
perform semantic queries about published contents. The PURSUIT
project proposes a publish/subscribe architecture including an information-centric middleware (Tagger et al., 2013) for the Blackadder
prototype based on semantic technologies and metadata. The proposed
middleware enables, among other things, establishing relations
through common semantic attributes. The fundamental diﬀerence of
these works on ICN is the focus on ICN architectures other than NDN.
Thus, their ﬁndings cannot be directly extended to NDN due to
speciﬁcities in naming (e.g., ﬂat IDs under nested scopes) and routing
mechanisms (e.g. separated control and data planes (Jokela et al.,
2015). Further, those studies do not provide a detailed evaluation on
the potential network performance gains when leveraging content and
semantic relations among data objects.
Compared to the state-of-the-art, NDNrel can achieve at least the
same results by using a similar content structure. Further, NDNrel
provides additional features, such as high-level content description,
content sharing between multiple publishers, and ﬂexible data redundancy. These advantages are made possible by a relations model,
proposed in Section 3, used to describe the contents distributed with
NDNrel. The model is intended to be generic and ﬂexible, hence it can
be employed in various scenarios besides identifying duplicate content
data. For instance, Section 7 discusses how NDNrel can be used to
describe sensor data from multiple devices in IoT. In this scenario,
NDNrel would allow administrators to structure the existing data
eﬃciently.
NDNrel enables publishers to use objects from third-party sources
to describe their contents. This allows NDNrel to provide higher gains
(when compared with ICN-RE). Lastly, NDNrel has a more ﬂexible
concept of data redundancy. ICN-RE can only identify redundancy
when the contents are bitwise equal. NDNrel, in its turn, allows
publishers to represent their content as they wish. For example, a
movie content can have in its description several video objects that are
not bitwise equal. Because of the content representation, consumers
know that they need only one of the video objects, avoiding the
transmission of unnecessary data and redundancy.
In summary, our work is novel in exploring the design aspects of
introducing backwards-compatible relations mechanisms for NDN to
allow publishers modeling their contents in innovative ways. We argue
that allowing publishers to use their knowledge about contents to
deﬁne relations among objects can bring beneﬁts beyond those
achieved by mechanisms such as implicit decomposition. While current
proposals for relations in content distribution are speciﬁc to their
application domains (e.g. multimedia, P2P), NDNrel is designed to be
generic and allow current and future ICN applications to natively
beneﬁt from their intrinsic semantic relations.

The new version also considers additional design aspects, such as the
authentication of relation information and the data that comprises a
content. Second, this paper revisits the evaluation of the proposed
mechanism. It adds a second scenario, based on the Web. This scenario
was chosen to stress the relations mechanism, to determine potential
gains and measure traﬃc overhead when objects are smaller and
induce larger overheads.
Throughout this paper, we show that the concept of relations
behind NDNrel is ﬂexible, since it does not impose any restriction on
the way publishers can model contents. Further, the mechanism
implementation beneﬁts from recent advances in ICN research, such
as manifest objects, to improve the performance of applications that
employ relations. The comparison with default NDN demonstrates that
the achieved data redundancy elimination by NDNrel leads to promising increases in user and network performance, even in an unfavorable
scenario with signiﬁcant overhead from relations. Comparatively to the
state-of-the-art, NDNrel enables relations to be used in arbitrary novel
ways beyond those already explored. Furthermore, it stands out as a
proposal tailored to NDN, presenting a backward-compatible approach
that does not require modiﬁcation to routers.
The remainder of the paper is organized as follows. Section 2
addresses work related to NDNrel. Section 3 introduces the fundamental concepts of the relations model instantiated by NDNrel. Section
4 discusses the design aspects considered on the implementation of the
relation model in the NDN architecture. The evaluation methodology
and main results are presented in Section 5 for the multimedia content
scenario and Section 6 for the Web content scenario. Section 7
discusses qualitative beneﬁts of NDN regarding its ﬂexibility and
generalization. Section 8 brieﬂy discusses the role of NDNrel in the
comparison of NDN with traditional content delivery schemes. Section
9 closes the paper with ﬁnal remarks and future work considerations.
2. Related work
This section ﬁrst discusses related work that applies the concept of
content and semantic relations at the application layer. Next, it focuses
on relation mechanisms proposed in the context for NDN and other
ICN architectures.
The concept of relations is explored in diﬀerent systems for content
distribution. The most popular example are Web pages, which employ
relations as a fundamental concept for the creation of complex
documents with the use of multiple objects. In the context of multimedia, relations are applied to enable the creation of complex contents
based on multiple audio and video channels. The DASH standard from
ISO/IEC (2014) utilizes a manifest ﬁle to specify a multimedia content
with various components available in diﬀerent HTTP URLs. The client
can select a subset of these components for playback depending on its
quality requirements. Also related to multimedia, SMIL (Bulterman
et al., 2008) is a markup language used for the composition of rich
multimedia presentations based on audiovisual elements stored in
diﬀerent objects. The above examples make use of a speciﬁc format to
describe how contents are formed with data acquired from diﬀerent
source objects. However, these formats are created targeting speciﬁc
application domains and they are not applicable to other types of
contents.
The literature of ICN includes three pieces of work (ICN-RE (Perino
et al., 2012), NetInf (Dannewitz et al., 2013), PSIRP/Pursuit
Blackadder (Tagger et al., 2013)) related to our NDNrel proposal.
ICN-RE (Perino et al. 2012) employs a concept similar to relations
for implicit redundancy elimination of object data. In a nutshell, ICNRE identiﬁes, isolates and publishes byte-identical portions of diﬀerent
contents as a single object. The remaining parts are published
individually. The mechanism uses a meta-object that lists the names
of all objects that should be downloaded to rebuild the original content.
ICN-RE uses the concept of relations in the meta-object to enable
redundancy elimination of objects data. However, the format of this

3. A Model for relations among objects in ICN
In this section, we ﬁrst discuss the fundamental concept of relations
employed in NDNrel, our backward-compatible relations mechanism
proposal for NDN. Next, we exemplify the use of relations when
modeling contents.
3.1. Fundamental concepts
The proposed NDNrel model employs three fundamental elements:
object, relation, and content. An object represents an individual piece
of information that is uniquely identiﬁed in the network. The model
also assumes that objects are the basic data element that clients can
request to the network. This representation is equivalent to the one
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adopted by current ICN architectures (Ahlgren et al., 2012) and
guarantees compatibility with applications that opt not to use the
proposed model. In turn, the characteristics of the data contained in
objects will vary according to the application that publishes contents
and how it employs the relations model.
A relation from an object a to another, b, is a link indicating that
the data of a can be complemented by the data of b in some way. Each
relation has a semantic that is directly related to the data contained in
the linked objects. The semantic depends on the way a speciﬁc type of
content is modeled using relations. Nevertheless, the NDNrel model
enables the semantic of a relation to be explicitly presented to
applications using it. To that end, each relation can be associated with
one or more attributes, which are key-value pairs with additional
information to describe it. Applications can use attributes to further
analyze a relation and take diﬀerent actions depending on the content.
For example, an application may decide not to retrieve a related object
if it judges that the data is not relevant.
Finally, a content represents some information that a publisher
wishes to make available to clients in the network. Currently, ICN
architectures adopt a direct relation when mapping contents to objects.
That is, an object o encapsulates all the information required by an
individual content C. With NDNrel, the content C can now be
represented as a tuple 〈O, R〉. O is the set of objects that carry the
content data. In turn, R is the set of relations that describe how to use
the data from objects in O to reconstruct the content C.
ICN architectures do not make assumptions about the semantic of
contents stored in objects. In other words, routing and caching
mechanisms only see an object as an arbitrary block of data. The same
assumptions are employed regarding relations. That is, a priori, the
semantic of relations is opaque to the ICN infrastructure and is known
by the applications that publish and request the content. This design
decision is maintained to keep the network core simple. Semantic
inferences over relations and similar tasks are left to the application
level, allowing the network to focus on storage and transmission. The
above concepts can be used in a myriad of ways to model contents
published in an ICN. The next section demonstrates the ﬂexibility of
NDNrel by exemplifying diﬀerent features that can be implemented in
ICN with it.

Fig. 1. Multimedia modeling example.

distribution. Further, decomposition allows clients to obtain only
speciﬁc content parts, also reducing network traﬃc and download
times.
Fig. 1 illustrates an example of a content decomposed using
relations. In the example, the multimedia content has a set of options
regarding video quality (720p or 1080p), audio language (French or
English), and subtitles (French). Relations allow the data of each
option to be published as an individual object related to the main
content “Movie”. The attributes of each relation indicate how the data
of each object relates to the main content and the option it represents.
A client can access the relations of the “Movie” object to identify the
available audio, video and subtitle options and then download only the
objects of interest. Consequently, the client only consumes the network
resources necessary to obtain the requested content options instead of
the entire content data.
3.2.2. Composition
Composition enables the creation of new contents based on the
information of already published objects. As such, the basic assumption
for the process of composition is that a set of objects is available before
the creation of contents. The publisher employs relations to create a
new content based on the data contained in a subset of objects already
available in the network. The publisher may also include newly created
objects with additional data of the composed content. The main
advantage of composition lies in the lower data redundancy achieved
with the reuse of previously published data. Such reuse can also result
in higher caching performance depending on the popularity of objects
used in composed contents.
Fig. 2 illustrates the reuse of objects in the context of Web pages.
The example depicts an object that contains the desktop version of a
page (bodydesk.html). In turn, this object is related to other
components required to the page, such as stylesheets, images, and
other HTML data. The publisher wishes to add a new version of the
page speciﬁcally for mobile devices. Instead of creating a new object
with all page components, the publisher simply creates objects for the
speciﬁc elements of the mobile version and reuse the objects already
available from the desktop version. In the example, the publisher adds
the bodymobi.html object, which contains the speciﬁc information of
the mobile version while linking previously existing objects, such as
images and additional HTML data. The publisher also adds a style
sheet speciﬁc to the mobile version (mobile.css) and ignores the one

3.2. Modeling contents with relations
Recent discussions from the ICN research community suggest that
ICN architectures require additional mechanisms for applications to
implement advanced features such as: content personalization and
internationalization, aggregation of related content data, and data
control for versioned contents. To demonstrate the ﬂexibility of the
proposed relations model, this section focuses on three particular
usages for relations that enable the implementation of the features
mentioned above. These are: (i) decomposition: publish a content as
multiple unique objects; (ii) composition: share previously published
objects to create a new content; and (iii) versioning: modify an object
data without creating an entirely new object copy. Three examples that
demonstrate these modelings and the advantages of using NDNrel are
presented next, namely: a multimedia content, a Web page, and a
cumulative log.
3.2.1. Decomposition
Decomposition enables a publisher to divide contents into multiple
parts, which are individually made available in the network. More
speciﬁcally, the process of decomposition assumes that a publisher
wishes to distribute a content contained in a mass of data that may be
separated into distinct parts. Each part is published as an individual
object and relations are used to describe how the data in objects should
be used to reconstruct the content. The use of decomposition allows
redundant parts that may exist in the original data to be eliminated,
reducing the required storage space and network traﬃc needed for

Fig. 2. Web page modeling example.
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from the desktop version. Both page versions can be accessed through
the web page relation structure, from which the client can identify and
obtain the objects speciﬁc to the desired version. As previously
mentioned, the objects common to both versions are also beneﬁted
from improved caching potential since they will receive requests that
would be directed to two diﬀerent copies of the same data.

•
•
•

3.2.3. Versioning
Versioning enables the data of a previously published content to be
updated without breaking the ICN principle of unique naming. The
process of versioning assumes that a content is already published using
relations (e.g. using decomposition) and must be modiﬁed (e.g. adding
a new audio channel to a multimedia content). Thus, the process of
versioning involves the publication of an updated version of a content
relation set, which describes the state of the content after the update. It
is important to note that the process of versioning is diﬀerent from that
of composition because the latter assumes the creation of an entirely
new piece of content while the ﬁrst assumes an already existing content
is modiﬁed. Further, the process of versioning assumes that the new
version may exclude objects from a relation structure while composition only assumes the possibility of inclusion. The naming of a content
with multiple versions is a known problem in ICN (Kutscher et al.,
2016). Relevant solutions to this issue are introduced by ICN architectures and are discussed in the context of this work in Section 4.
Fig. 3 illustrates the use of relations to enable the versioning of a log
ﬁle distributed in an ICN. The log is updated with new entries
according to a division criteria (e.g. all entries from a particular hour).
Each version n has two relations. The ﬁrst relation points to the
previous version (n − 1). In turn, the second relation points to the
object containing the new entries, that is, the delta from the previous
version (Δn ). Redundancy is avoided with this simple model because
only the changes from previous versions are added with each update.
Furthermore, previous versions of the content are still accessible to
applications. It is interesting to note that this simple model of
versioned content can beneﬁt from the use of techniques employed in
modern content versioning systems. For example, the delta-skip
algorithm employed in Subversion (Apache Software Foundation
2015), which reduces the chain of delta objects that must be processed
for the reconstruction of a content with a large number of published
versions.s of the publisher load, present
The above concepts should be made available as an API for
publishing and retrieval of relations to enable the widespread usage
of NDNrel to model contents in NDN. The API, in turn, accesses the
functionalities of a backward-compatible mechanism implemented on
top of the NDN client library. The next section presents the key aspects
of a relations mechanism for NDN.

•

Each of these aspects is explored in depth next, beginning with the
options available to store the relation information.
4.1. Relations storage
The ﬁrst aspect to consider is what type of object the mechanism
uses to store relation information. The characteristics of the object used
to store relations should not limit the ﬂexibility of the mechanism. Two
main options are considered: internally or externally to objects with
content data. In the ﬁrst case, relation information is kept in the same
objects that store the content data. In the second, information is stored
externally to the content object. These storage options are detailed
next, discussing their advantages and limitations.
Internally. The ﬁrst option is the most trivial and adds relations
into the objects with the content data. Fig. 4 illustrates it with an
example of ﬁve objects with embedded relations. These objects can
have up to three components: header, relation structure (optional), and
content data. The object header must identify the chunks that contain
relation information, enabling the clients to retrieve them and parse
the relations before requesting the actual content data. The relation
structure (when available) describes the content organization whereas
the data contains the actual content.
This storage option has a limitation when updating the relation
structure. Since ICN principles forbid updates on existing objects, the
entire data part would be replicated to edit the relations of an object.
Although a versioning control could alleviate the update overhead, the
content data would still be replicated in multiple objects diﬀerentiated
only by their relation structure.
Externally. The second option is to store the relation information
separately from content data. It reduces the overhead to manage
relations because there is no need to replicate the content object when
an update of the relation structure is done. Two alternatives exist to
implement this option: metadata or manifest objects. Each one is
discussed next.
Metadata is a piece of information that provides additional
information about a published object and can be retrieved independently of the content data. Fig. 5 exempliﬁes the use of metadata to
store the relations of the virtual part “Obj1″. A virtual part does not
contain content data (e.g. the Movie object presented in Section 3.2.1)
and results in an object with a header and associated metadata, but no
payload. NDN oﬀers a metadata feature that enables publishers to add
metadata to objects. These can be accessed using the reserved name
component %C1. META and a metadata identiﬁer.
Manifests, in turn, are separate and self-contained objects that
maintain the relation structure of a given content. Fig. 6 demonstrates
the relation structure of the content stored as a manifest. This approach

4. Design aspects
The model presented in the previous section can be used to publish
contents if it is available as a mechanism in ICN architectures. This
section details the design of NDNrel, a relations mechanism tailored for
NDN. Our goal is to implement the relations model using the NDN
architecture concepts and features. Five main design aspects were
identiﬁed for the mechanism:

•

relations.
Organization: How can a publisher organize the relation structure
to describe the content.
Management: How clients can create, modify and remove relation
information from the network.
Authenticity: What methods are used to verify that relation
information and the linked objects are authentic regarding the
content.
Representation: What format is used to represent the relation
structure and data objects of a content.

Storage: What type of object is used to store information about

Fig. 3. Log ﬁle modeling example.
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Fig. 7. Relation retrieval using ﬂat organization.
Fig. 4. Relations stored within the data object.

Fig. 8. Relation retrieval using hierarchical organization.
Fig. 5. Relations stored using metadata.

when using “virtual” content elements. The next section addresses the
retrieval methods available to recover relations stored as manifests.
4.2. Relations organization
The second aspect regards how the publisher organizes the relation
structure of content: ﬂat or hierarchical. The publisher should consider
the trade-oﬀ between size and complexity of the relation structure to
organize the contents. Next, both approaches are discussed.
Flat approach. The ﬂat approach centralizes the complete relation
information of content in a single manifest. This characteristic allows
the clients to ﬁnd the entire content structure in one location and
retrieve it with a single request, as shown in Fig. 7. On the negative
side, this approach does not provide modularity for sub-parts of the
content, which prevents their reusability to deﬁne other contents. In
general, the ﬂat approach is better suited for contents that have simpler
descriptions or that need low retrieval delay.
Hierarchical approach. The hierarchical approach allows the
publisher to divide the relation information into multiple manifests.
Sub-parts of content are structured as modules, and they can be reused
to compose other contents, simplifying the description of complex
contents. Fig. 8 illustrates the retrieval process, in which clients can
access speciﬁc relations. However, they need to issue multiple requests
to obtain the entire content structure since the relations are spread in
diﬀerent manifests. This approach is recommended for contents that
are complex or popular because they beneﬁt more from the modularity
and reusability of manifests.
NDNrel design choice. The use of the approaches described above
depends directly on the type of content to be described with relations.
Thus, NDNrel is designed to support both approaches, increase the
ﬂexibility of the mechanism. Publishers should use their knowledge of
the content to organize the relations in the best way. The next section

Fig. 6. Relations stored using manifests.

is simpler and more ﬂexible than metadata because it does not need to
be associated with an existing object.
This storage option could be implemented using the CCNx manifest
speciﬁcation (Mosko et al., 2015), which is a result of an ongoing work of
exploring manifests to improve content distribution. The speciﬁcation
deﬁnes a simple structure that describes a collection of named objects.
However, CCNx manifests fail to satisfy requirements of the relations
model (presented in Section 3.1), as explained later in Section 4.5.
NDNrel design choice. NDNrel is designed to store relations using
manifests because it is the most ﬂexible option. Storing relations
directly into data objects would limit the mechanism ability to manage
the relations due to the update overhead. In turn, the use of metadata
requires every information to be associated with a published object.
This restriction reduces the ﬂexibility of the mechanism, particularly
77
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4.5. Relations representation

explores the alternatives to implement operations to manage relations
of contents.

The ﬁfth and last aspect of the mechanism design is the format to
represent the relations. It should support the model features (presented in Section 3.1): (i) a hierarchical structure that represents
complex contents with multiple levels of relations; and (ii) the
attributes included in the description of relations. Two possible formats
are considered: the CCNx manifest speciﬁcation (Mosko et al., 2015)
and the structured description formats (e.g. JSON or XML).
CCNx manifest speciﬁcation. The CCNx manifest enables the
description of an object collection formatted as a list of names and
their corresponding signature value (Mosko et al., 2015). The speciﬁcation fails to satisfy the requirements of our proposed model for two
reasons. First, it does not allow publishers to add metadata to relations
(except its signature value). In other words, publishers can not give any
semantics to the relations between the objects as required by our
relations model, limiting the description richness of the mechanism.
Second, the CCNx manifest uses a simple list of objects to deﬁne the
content, forcing publishers to use multiple manifests when describing
hierarchical (and complex) contents. Not only the speciﬁcation prevents the use of a single manifest (ﬂat approach) for hierarchical
contents, it also restricts the organizational ﬂexibility of relations by
requiring a manifest for each level. These limitations reduce the
richness and ﬂexibility capabilities to describe contents, narrowing
the type of content that the mechanism can represent, and could add
signiﬁcant overhead due to poorly structured content.
Structured description formats. JSON and XML are current
standards applied for various uses, especially in Web applications.
Both formats satisfy the model requirements by enabling the description of a hierarchical structure of elements and the association of
attributes to these elements. The combination of these properties
grants ﬂexibility for the mechanism to represent diﬀerent types of
contents.
NDNrel design choice. Due to the limitations identiﬁed in the CCNx
manifest speciﬁcation, the implementation of NDNrel encodes the
manifests with a structured description format. Speciﬁcally, JSON was
chosen over XML because it is less verbose, reducing the mechanism
overhead. This decision may be changed in the future if the CCNx
manifest speciﬁcation evolves to a design that supports the proposed
relations model.
The next sections present a quantitative evaluation of the concepts
and design decisions of NDNrel to model and distribute content using
relations. This evaluation is based on two scenarios considering
relevant applications on the Internet: multimedia and HTML content.
The next section summarizes the results from the ﬁrst scenario, based
on multimedia content.

4.3. Relations management
The management aspect refers to create, modify, and remove
relations of contents. Relation mechanisms have diﬀerent capabilities
according to operations they support. In NDN, the creation of
manifests is natively supported, whereas the other two operations are
not and may require additional mechanisms. The details of each
operation are discussed next.
Creating a relation is the simplest operation, requiring only the
publication of a set of manifests that describes the content structure. A
publisher can use any object available in the network (including those
from third-party publishers) in new contents because it does not aﬀect
the data object. It is supported natively by NDN and does not require
any extension.
To modify a published manifest, the publisher needs to create a new
one with the updated information and mark the previous manifest as
obsolete. Both actions are required to preserve the unique identiﬁcation of objects in ICN. NDN supports a simple version control
mechanism by adding a name segment containing an incremental
counter to the object (Mosko, 2015).
The third and last operation can be achieved using two methods.
The ﬁrst one is relying on the modiﬁcation operation. In the extreme
case that all relations are removed, an empty manifest would be
published. The second method is to delete the manifest object from
the network, which is still an open challenge in ICN (Xylomenos et al.,
2013). One of the biggest concerns is how to eliminate copies of the
object located in clients (other from the publisher) and caches.
NDNrel design choice. To improve the capabilities of NDNrel, all
three operations are included. The relation modiﬁcation is enabled
through the versioning segment of the object name whereas its removal
is done using the modiﬁcation operation. The next section considers
issues related to the authenticity of relations.
4.4. Relations authenticity
The fourth aspect is the authenticity of the relation structure
created by the publisher. The mechanism needs to guarantee that the
relation structure (manifest) and the linked objects retrieved by the
clients are those speciﬁed by the publisher.
Clients can authenticate a relation structure by verifying the
authenticity of the manifest objects that describe it. NDN uses a
standard public key signature mechanism to support object authenticity, in which every object is signed with the private key of its publisher.
The signature information (algorithm, public key, and key locator) are
sent with the manifest object to the clients, enabling them to verify its
authenticity.
The objects listed in a manifest beneﬁt from the same NDN
mechanism but require an extra step to guarantee that their data is
what should be used in the content. The publisher can add the
signature information of related objects in the manifests (as relation
attributes) (Moiseenko, 2014). This information allows clients to verify
the retrieved objects, including those from third-party publishers.
NDNrel design choice. The NDN authentication mechanisms are
suﬃcient to guarantee the authenticity in NDNrel. The manifest (and
relation structure) are authenticated without any modiﬁcation whereas
the linked objects have an extra step. NDNrel adds the signature
information of those objects as attributes in the manifests, enabling
clients to verify their authenticity. The data authenticity of NDNrel is
automatically beneﬁted with the on-going research for improved
authentication in NDN (Yu et al., 2015) and could be further enhanced
with more sophisticated proposals such as certiﬁcateless cryptography
(Xiong, 2014; Xiong and Qin, 2015).

5. Multimedia content scenario
This section describes the main results of our evaluation of the
scenario based on multimedia content distribution. Our previous work
on NDNrel, described in Antunes et al. (2015), presents the complete
analysis of the results obtained in this scenario. Due to the nature of the
multimedia content, our evaluation did not consider the overhead
caused by the use of relations, because the size of content data was
predominant on download times and network traﬃc (Section 6 will
present an additional scenario to address that aspect). The ﬁrst part of
the section describes the simulation environment developed to evaluate
NDNrel and its parameters. The second part presents the obtained
results.
5.1. Evaluation methodology
The evaluation of NDNrel in the multimedia scenario has two main
goals: (i) identify how much the network user performance is improved
with relation-based decomposition; and (ii) determine how much more
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Requests for contents are generated continuously at each network
node with intervals deﬁned by a Poisson process. This behavior
simulates the requests that would be issued by clients connected to
network nodes. Content selection is made according to a Zipf popularity distribution with its α parameter set to 0.7 and 1.2. Such values
are similar to those employed in current literature (Rossini et al.,
2014), and encompass the popularity curve known to model contents
in a VoD system (α = 1.0 ) (Choi et al., 2012). In turn, the content
version is selected by users according to their location in the network,
which is the same of the network node they are connected to. Nodes are
assumed to have a locality distinct to each other in the network. Such a
behavior is employed to simulate the eﬀects of locality in object
requests (for example, audio ﬁles tend to be chosen according to
country).

eﬃciently network resources are used when relation-based decomposition is employed. To achieve a high scale in our experiments, a
simulation environment was used to conduct our analysis. The
remainder of this section describes the characteristics of the scenario
in our experiments.
5.1.1. Simulation environment
The well-known ndnSIM simulator (Afanasyev et al., 2012) was
extended to implement two approaches used in the multimedia
scenario, in which each content comprises multiple audio channels
that clients can select to customize their experience. The version of the
simulator that employs the default implementation of NDN is used as
the baseline approach, henceforth identiﬁed as Default NDN. In this
approach, each content variation (choice of audio and video channel) is
published as a unique object. Next, the simulator was extended to
implement NDNrel based on the design decisions described in Section
4. In this second approach, henceforth identiﬁed as NDNrel, each
multimedia content is modeled as a set of decomposed objects, which
represent its video and diﬀerent audio channels.
The simulator execution starts with all contents published and
empty caches. A warm up time is employed to stabilize network
conditions prior to observation. It is comprised by the period since the
beginning of execution until the moment caches are completely ﬁlled,
as in Rossini et al. (2013). After the warm up period, we let the network
execute for 60 min. The results presented in Section 5.2 consider values
after warm up.
Our simulation campaigns are comprised of multiple executions of
both approaches (NDNrel and default NDN). The results presented in
Section 5.2 are based on central tendencies from these executions.
They focus on the performance diﬀerence between NDNrel and default
NDN. Additionally, our analysis explores the impact of diﬀerent
content popularity distributions by using two parameter values, which
will be discussed later. So, there are four distinct execution instances to
be evaluated in the experiments. Table 1 summarizes the parameters of
our simulation. We discuss each parameter and its values next.

5.1.3. Network infrastructure
The experiments are executed using topologies based on real traces
obtained from the Internet Topology Zoo (Knight et al., 2011). Our
analysis demonstrated that diﬀerent topologies yield results with
congruous behavior. That is, when comparing results from default
NDN and NDNrel, we observed nearly identical behavior on the
reduction of download times, publisher load, and network traﬃc
regardless of topology. Thereby, the results presented later are based
on one representative topology, namely the British Telecom Latin
America, which has 45 nodes and 50 links connecting them. In the
simulation, NDN packets are routed according to the shortest path to
the publisher, creating a spanning tree rooted in the content provider.
Consequently, from the 50 topology links, only 44 are used for content
distribution. Regarding the content publisher, we position it on a
randomly selected node, which varies in each experiment run.
With respect to the routers cache, previous studies argue that the
available space will be small compared to the content catalog size to
maintain line rate lookup speeds (Zhang et al., 2013). Thus, our
evaluation uses caches with storage equivalent to 1% of the initial
content catalog size of the default NDN case. Caches employ the default
policies from the NDN architecture, that is, LCE (leave a copy everywhere) and LRU (least recently used) for data placement and eviction,
respectively. The goal of this analysis is not to present an extensive
study of the impact of the relations mechanism on diﬀerent caching
policies proposed for ICN. Such goal would deviate from the main
research questions to be explored in this evaluation, and thus such a
study is left for future work on our proposal.

5.1.2. Content and workload
In this scenario, the publisher is a reliable server always available in
the network. This assumption guarantees that the consumers will
always ﬁnd requested objects. Our evaluation assumes the characteristics from common VoD systems. Each content is modeled as an HD
video ﬁle with a length of 25 min. The stream rate is 5 Mbps, out of
which 192 kbps are related to audio. The content catalog is composed
of a set of 10,000 movies published by a single producer. Each movie,
in turn, has a ﬁxed number of versions, equivalent to the available
options of audio channel, which is set to the number of diﬀerent
geographical regions according to the topology trace. Without loss of
generality, objects distributed to clients are divided in 50 kB chunks.

5.2. Results
Next, a summary of the of the main results from the multimedia
content distribution scenario is presented. The focus is on the main
metrics that indicate the impact of relations on application and network
performance, which are: client download time, publisher load, and
global network traﬃc. Additionally, a summary of the main insights
obtained from our analysis is presented. The complete discussion of
these results is available in our previous work (Antunes et al., 2015).

Table 1
Multimedia scenario simulation parameters.
Parameter

Value

Content catalog size
Content popularity
Content length
Content versions
Chunk size
Total content bitrate
Audio content bitrate
Video content bitrate
Topology
Publisher
Cache size
Cache policies
Simulation time

10,000
Zipf with α = {0.7, 1.2}
25 min
44
50 kB
5 Mbps
192 kbps (each channel)
4808 kbps
45 nodes, 44 active links
1 publisher, randomly connected to one topology node
1% of catalog (default NDN)
LCE, LRU
60 min
Fig. 9. CDF of clients download time.
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Fig. 10. Publisher load.

Fig. 11. Total network traﬃc: (average gain of 34% and 42%, shown in log scale).

The analysis begins with the diﬀerence between NDNrel and default
NDN regarding client download time, which reﬂects the application
QoE perceived by clients. The download times observed in our
experiments are presented in a CDF, depicted in Fig. 9. The ﬁgure
has two pairs of curves, representing the results for instances with
either α = 0.7 or α = 1.2 . Each pair, in turn, compares the performance
of NDNrel and default NDN. The mechanism should reduce the
download time of clients.
Fig. 9 shows an improvement of average client download times
when NDNrel is used in both content popularity instances. When
popularity is lower (α = 0.7), NDNrel reduces download times 29.2%
on average. This occurs because the proposed mechanism eliminates
redundancy of objects through decomposition. As a result, requests
previously scattered among duplicated objects become concentrated in
less chunks, increasing their distribution performance. With higher
popularity (α = 1.2 ) the achieved reduction of download times reaches
34.3%. This is explained by the increased concentration of requests to
already popular objects, which ampliﬁes the beneﬁts of the mechanism
(as demonstrated later in our analysis). In the curves from instances
with α = 1.2 the ﬁrst 20% of requests present very similar download
times, indicating a negligible impact. These requests are directed to
objects with high popularity, which were stored in caches at 1-hop
distance from clients. Consequently, these requests are fulﬁlled with
very small latency, independent of NDNrel usage.
Next, the analysis explores the data volume served by the publisher
(or publisher load), which indicates the resources a publisher needs to
distribute the content. The publisher load is depicted in Fig. 10. Its
horizontal axis presents the objects ordered by their popularity while
the vertical axis (which is in logarithmic scale), the volume of data
transferred by the publisher for each object (the lower, the better).
Similarly to the previous graph, Fig. 10 depicts two pairs of curves to
compare the performance of NDNrel and default NDN under diﬀerent
popularity conﬁgurations. The use of relations should reduce the
publisher load.
Results show that, for both values of alpha, there is a group of
objects (10% of the catalog) that generate a higher data volume with
NDNrel. This occurs because requests previously scattered among
diﬀerent copies of duplicated data are now concentrated in one object
due to redundancy elimination. Because of the higher request ratio,
objects with higher popularity generate more traﬃc volume in the
entire network, including the publisher. However, the remaining
objects present a reduction on the data volume served by the publisher.
This happens because these objects become smaller with redundancy
elimination (as explained later in our analysis). The overall data
volume served by the publisher demonstrates a diﬀerence of 45.7%
when α = 0.7 and 55.7% when α = 1.2 . Albeit expected to be very
common, such execution instances represent favorable settings for
redundancy elimination.
Finally, the analysis explores the network traﬃc observed in the
evaluation scenario. It considers the traﬃc resulting from the transmission of content copies in response to client requests. Fig. 11 illustrates
the traﬃc observed in our experiments. The horizontal axis presents

topology links used for content transmission, while the vertical axis, the
network traﬃc in logarithmic scale. The use of relations should reduce
the traﬃc resulting from content transmission.
Considering the overall network traﬃc, NDNrel oﬀers a reduction
of 33.6% on transmitted data when α = 0.7, while with α = 1.2 the
reduction is of 42.4%. There are two distinct behaviors depending on
the distance of the link to the content publisher. Links closer to the
publisher transmit requests (and data) for multiple content versions
because they are hubs from multiple network regions. Since NDNrel
enables objects to be shared among diﬀerent versions, cache is used
more eﬃciently than in NDN, resulting in objects stored closer to the
edge of the network. Therefore, the traﬃc reduction on these links is
higher. The other behavior concerns links connected to leaf routers.
They only transmit data from a single version to clients, causing most
(or all) of the popular contents to be in cache, in both NDNrel and
default NDN. Consequently, these links present small traﬃc diﬀerence
when NDNrel is used.
The presented results demonstrate that the relations mechanism
can reduce the download time, publisher load and network traﬃc when
used for content distribution. Further analysis of our simulation shows
that these gains originate from three reasons: smaller distance
between clients and content copies, higher cache hit ratio and higher
concentration of requests to popular objects.
Our results indicate that the use of relations reduces both the
latency to obtain contents and the global network traﬃc because
requests are fulﬁlled by content copies available in routers closer to
clients. In average, when compared to the default NDN approach,
NDNrel reduces the number of hops traveled by queries in an average
of 30.3%. The distance to content copies and also the publisher load are
reduced because caches present a higher hit ratio. On average, when
compared to the default NDN approach, the hit-ratio of caches is 21.7%
higher with the use of relations.
The higher hit-ratio of caches happens because the use of relations
changes the distribution of requests and the sizes of the objects
published in the network. These changes occur because relations
eliminate the redundancy of the video channel among content variants.
Recall that in our evaluation scenario 10,000 contents are available. In
the default NDN, each content version results in a complete object with
audio and video. Therefore, considering 44 content versions, there are
440,000 objects available to clients. This catalog size results in
approximately 412 billion chunks considering content length and
chunk size. In the NDNrel case, however, the video channel is a single
object that is shared by all variants of a content. As a result, the
complete catalog generates a total of 450,000 objects, a 2.3% increase
compared to default NDN. However, the number of chunks is reduced
to 16.5 billion, a 96% decrease in the catalog space. This reduction
occurs because, with NDNrel, only 10,000 objects represent the video
channel. The remaining 440,000 are only audio data, which is 96%
smaller than video. Because all variants of a content share the objects
containing the video channel, they concentrate a higher number of
requests. In contrast, in the default NDN approach, the video data is
replicated for each variant, thus spreading requests for the same data
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and reducing the hit ratio of caches.
This scenario demonstrated the potential advantages of using
relations to distribute contents. However, it did not present a detailed
analysis of the overhead caused by the relations mechanism. To ﬁll this
gap, a new scenario was developed, which is explored in the next
section.

Table 2
Web pages scenario simulation parameters.

6. Web pages scenario

Parameter

Value

Initial content catalog size
New content publication
Content composition

10,000
New content variants every 2 min
3 parts: layout (30% of content size), code (30%),
data (40%)
Zipf with α = {0.7, 0.9}
Trace: min 1 KB, max 3.26 MB, average 10 KB
1 KB
45 nodes, 44 active links
1 publisher, randomly connected to one topology
node
1% of catalog (default NDN)
admission: LCE; eviction: LRU (NDN defaults)
60 min

Content popularity
Content size
Chunk size
Topology
Publisher

This section explores the eﬀects of the relations model in the
distribution of HTML content. In contrast to the multimedia scenario,
HTML content is comprised of small sized objects, which may result in
non-negligible overhead when modeled with relations. In particular,
applications may experience higher retrieval latency and the network,
higher traﬃc. However, the results show that the change in the objects
catalog and its popularity distribution combined with ICN's native
mechanisms not only negate such overhead but also improve the
application and network performance. The ﬁrst part of the section
describes the methodology employed to evaluate the Web content
scenario. The second part presents the obtained results.

Cache size
Cache policies
Simulation time

6.1.2. Content and workload
In this evaluation, we consider a system that serves the Web
contents for clients. The distribution of the sizes of Web contents
was obtained from the analysis of a two month trace captured from a
proxy server. The traces demonstrates a variation of HTML objects
between 1 KB and 3.26 MB, with an average size of 10 KB. These values
are used to describe the content objects (composed of all three
components: layout, code, and data) in our simulation. Regarding the
size of individual parts in the NDNrel approach, observations from
Wang et al. (2014) are employed, which deﬁnes a distribution between
layout, code, and data approximately to 30-30–40%. The transmission
of the objects to clients is done, without loss of generality, using chunks
with a maximum size of 1 KB.
The content catalog begins the experiment with 10,000 Web pages
and expands throughout the simulation. A publisher creates new
variants of the starting (original) contents every 2 min, an update
interval proportional to the observations presented in Wang et al.
(2014). In the NDNrel approach, each new variant generates an HTML
content and a manifest that identiﬁes the objects necessary to
reconstruct it. The HTML content created reuses a previously published layout and code objects while it adds a new object as the data
part. In the default NDN approach, the publisher creates a new object
containing all three components for each new variant.
Requests for contents are generated continually at each network
node with intervals deﬁned by a Poisson process. Content selection is
made according to a Zipf popularity distribution with its α parameter
set to 0.7 and 0.9, which encompass the popularities observed in
known studies about HTML content (Pentikousis et al., 2015).

6.1. Evaluation methodology
The analysis presented in this section was guided by three main
research questions to be answered by a series of experiments:
1. : How does the use of relations aﬀect the distribution of client
requests to objects* Our goal is to identify the impact of relations in
the popularity of objects and how it may potentially aﬀect the
network mechanisms.
2. : What is the eﬀect of relations on the usage of network resources*
Our goal is to analyze the variation of network bandwidth and cache
space required when the relations are used.
3. : Does the overhead generated by relations negatively impacts
application performance in a scenario with contents of small size*
Our goal is to study whether the use of relations with small sized
objects adds a signiﬁcant overhead or improves the client performance.
The experiments were conducted with the extension of the ndnSIM
simulator with NDNrel and added support for content publication with
object composition. The simulator was used to evaluate the NDNrel
approach, where the publisher creates new HTML content through the
composition of already available objects. The next section describes the
parameters employed to evaluate the scenario.
6.1.1. Simulation environment
Our simulation employs two approaches: NDNrel, that uses our
relations mechanism to distribute HTML content with object composition, and default NDN, that uses an unmodiﬁed version of NDN to
distribute the content. Based on results from Wang et al. (2014), the
HTML content is divided into three main elements: layout (CSS and
HTML from page layout), code (Javascript and HTML from scripting),
and data (XML and HTML from actual content). A complete HTML
content requires all three parts, which may be distributed as individual
objects together with their describing relations (NDNrel approach) or
encapsulated in a single object variant (default NDN approach).
Our simulation campaigns are comprised of multiple executions of
both approaches (NDNrel and default NDN). The results presented in
Section 6.2 are based on central tendencies from these executions.
They focus on the performance diﬀerence between NDNrel and default
NDN. Additionally, our analysis explores the impact of diﬀerent
content popularity distributions by using two parameter values, which
will be discussed later. So, there are four execution instances to be
evaluated in the experiments. Table 2 summarizes the parameters of
our simulation. We discuss each parameter and its values next.

6.1.3. Network infrastructure
The network infrastructure conﬁguration employed in this experiment is the same as described in Section 5.1.3. We used the British
Telecom Latin America (analysis with diﬀerent topologies achieved
congruous results) from the Internet Topology Zoo (Knight et al.,
2011). The topology presents 45 nodes and 50 interconnecting links, of
which 44 were used for content distribution, due to the routing strategy
employed by NDN. The content publisher is positioned on a randomly
selected node, which varies in each experiment run. The available space
of in-network caches is equivalent to 1% of the total catalog size in the
default NDN approach. The placement and eviction policies are,
respectively, LCE and LRU.
6.2. Results
This section presents the results obtained from the evaluation
scenario previously described. The relation mechanism analysis is
divided into the following three parts. First, the section discusses the
impact of relations on the object catalog, notably the popularity
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Fig. 12. Requests to objects.

Fig. 13. Cache hit ratio.

distribution, and caching. Then, it shows the beneﬁts of using relations
to the end users (clients and publisher). Finally, it presents the eﬀects
on the network, shedding light on the reasons why relations improve
the performance of end users. Before the discussion of each result, the
evaluated metric and its goals in our analysis are described.

network cache hit ratio. The routers are categorized in tiers according
to their distance (in hops) to the publisher. The horizontal axis presents
the router tiers, and the vertical axis describes the average hit ratio of
the routers at the given tier. The use of relations should increase the
cache hit ratio due to the alteration of the content popularity distribution, which makes the popular contents even more popular. In
particular, the routers farther from the publisher (i.e. in the leaves of
the spanning tree) will beneﬁt more because they receive fewer
requests and with less variability than those in the core.
In the default NDN approach, routers have an average cache hit
ratio of 17.5% (α = 0.7) and 40.3% (α = 0.9 ). The diﬀerence in the
results is a consequence of the object popularity distribution employed
to issue content requests. Further analysis conﬁrms that when more
requests are concentrated on the popular objects (α = 0.9 ), there is a
higher probability of a cached content being requested because of the
caching policies used in NDN. In the case of requests being more evenly
distributed (α = 0.7), the beneﬁt from caching is lower due to the high
variance of requests, resulting in a smaller probability that a given
content will be cached.
Further analysis into the router tiers demonstrates that the cache
hit ratio improves as the routers are farther from the publisher. The
results vary between 4% and 19% (α = 0.7) and from 8% to 48%
(α = 0.9 ). The leaf routers (farther from the publisher) serve only a
portion of the users, resulting in a small variance of requests for
diﬀerent contents and a higher probability of having them cached. Core
routers (closer to the publisher), on their turn, receive the aggregation
of multiple leaf routers and users, which causes a higher variance of the
requested contents and a lower probability of having them in the cache.
The relations mechanism improves the usage of the in-network
caching because of the higher concentration of requests in the popular
contents. In average, the routers enhance their cache hit ratio to 33.5%
(α = 0.7) and 54.1% (α = 0.9 ). These results are intuitive considering
the higher concentration of requests to the most popular contents
caused by the relations. Speciﬁcally, the relation mechanism reuses
some published objects to compose various contents, increasing the
popularity of the reused objects and concentrating even more the
requests for them. The results of the router tiers follow the same trend
described in the analysis of the NDN default approach but with better
results. The routers cache hit ratio varies between 8% and 38%
(α = 0.7) and from 15% to 61% (α = 0.9 ).
In summary, the use of relations increases the request rate of the
popular objects because of the shared objects used to represent
contents, which increases the routers cache hit ratio. They allow the
reuse of content parts (that would be duplicated in each variant),
removing the data redundancy and concentrating the requests from all
diﬀerent content variants in a single object. Having very popular
objects is beneﬁcial for the content dissemination performance because
it improves the eﬃciency of the NDN caching mechanism.

6.2.1. Object catalog
The ﬁrst step in the evaluation is the analysis of how the relation
mechanism aﬀects the object catalog and the in-network caching. The
analysis investigates the object popularity distribution in both approaches through the number of times they were requested, shown in
Fig. 12. Its horizontal and vertical axes represent respectively the
published objects (ordered by their popularity) and the percentage of
requests issued for a given object. Recall from Section 6.1 that, in the
default NDN approach, an object contains a complete content with all
three parts, while in the NDNrel approach, each object carries an
individual content part. The reuse of objects enabled by the relations
should increase the popularity of the objects shared by multiple
variants. This behavior is beneﬁcial to the performance of the end
users and the network in NDN because it leverages the in-network
caching for a better content dissemination, as it will be shown
throughout the evaluation.
The object catalog begins with 10 thousand (default NDN approach) or 30 thousand (NDNrel approach) objects and evolves
through time with the creation of new variants, ending with up to
300,000 (default NDN approach) or 320,000 (NDNrel approach)
objects. There are three types of objects in the catalog regarding their
popularity: popular, unpopular, and ignored. The popular objects are
those that receive at least 0.01% of total requests. The unpopular ones
are the requested objects that are not popular. Lastly, the ignored
objects receive no requests throughout the experiment.
Fig. 12 shows that the distributions of popular, unpopular, and
ignored objects in the default NDN approach are 0.6–30.2–69.2%
(α = 0.7) and 1.5–20.3–78.2% (α = 0.9 ). The high percentage of
ignored objects is a combination of the popularity distribution and
the lifetime of contents in the simulation (i.e. objects published
towards the end of the simulation have a smaller chance of being
requested). Regarding the popular ones, although they comprise a
small percentage of the catalog, they are responsible for 14.5%
(α = 0.7) and 35.3% (α = 0.9) of total requests of the clients.
The relation mechanism changes the requests issued because it
enables objects to be shared among diﬀerent contents. On the one
hand, the results show that the distributions of popular, unpopular,
and ignored objects in the NDNrel approach remain similar to the
default NDN one with values of 0.8–34.4–64.8% (α = 0.7) and 1.2–
25.5–73.3% (α = 0.9 ). On the other hand, the popular objects concentrate a higher number of requests: 25.6% of total requests when α = 0.7
and 45.1% when α = 0.9 . The shared objects accumulate more requests
because each of is a component required by multiple content variants.
Therefore, every client interested in one of the variants needs to
request the shared object to retrieve the complete content.
Fig. 13 shows the impact of the relation mechanism on the in-

6.2.2. End users
This section analyzes the beneﬁts caused by the relation mechanism
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Fig. 14. Client download time.

Fig. 16. Publisher load. (a) Request ratio per object, (b) Data per object.

Fig. 15. Manifest vs content download time.

which results in a very similar retrieval time of only 43 ms. Considering
the average download time from all requests, the latency incurred by
manifests represent 10% of the total client download time. This
overhead can be justiﬁed if compared to the beneﬁts obtained from
relations (the observed reduction of 25% on client download time).
The results of the publisher load, presented in Fig. 16, demonstrate
further the beneﬁts of the relation mechanism. The horizontal axes
represent each object ordered by the popularity while the vertical axes
describe the two metrics measured: the percentage of requests satisﬁed
(Fig. 16(a)), and the volume of data (in Kilobytes) transmitted
(Fig. 16(b)) by the publisher. The use of relations should reduce the
publisher load as a consequence of the higher usage of in-network
caches to provide the requested contents, as previously discussed.
The results of this analysis evidence two groups of objects regarding
the providing source: those served by the publisher and in-network
caches and those provided exclusively by the publisher. Content
provided by an in-network cache reduces the publisher load because
it does not need to process the request or send the content data. The
results also show that the load reduction is more signiﬁcant in the
popular objects than in the unpopular ones because of their higher
request rate.
In the default NDN approach (for both values of α), approximately
25% of objects are provided partially by the in-network caches, and
only 1% have more than half of their requests satisﬁed by them. The
objects that do not beneﬁt from the in-network caching, comprising
75% of the served objects, are provided exclusively by the publisher
because of their unpopularity. This analysis is complemented by results
from the volume of data transmitted by the producer, shown in
Fig. 16(b). The in-network caching helps alleviate the publisher load,
keeping the transmitted data between 100 KB and 20 KB when
providing the popular objects. Considering the average size of the
objects (10 KB), the publisher sends only up to 10 copies of the popular
ones to serve a high number of client requests. In comparison, the
unpopular ones generate a traﬃc of 10 KB, but they receive a
signiﬁcantly smaller number of requests.
The analysis from the NDNrel approach demonstrates that the
changes in objects popularity increase the in-network caching and,
consequently, reduce the publisher load considerably. In Fig. 16(a), it is

to the end users: clients and publisher. Particularly, the analysis
focuses on evaluating the clients download time and the publisher load.
Fig. 14 illustrates the download time of clients. The horizontal axis
depicts the individual requests from clients while its vertical axis, the
download time in milliseconds. This metric represents the period to
retrieve the entire content, which begins with the request for either the
relation (NDNrel approach) or the ﬁrst chunk (default NDN approach)
of an object, and concludes with the retrieval of its last chunk. The
relation mechanism should reduce the download time of clients due to
a more eﬃcient usage of the in-network caching to disseminate
contents, as a result of the change in the popularity distribution of
the catalog.
The results show that the download time of clients varies from
300 ms to 1.6 s in the default NDN approach, with averages of 686 ms
(α = 0.7) and 531 ms (α = 0.9 ). The observed variation occurs due to
the characteristics of each object, especially its popularity and size.
Popular contents are more likely to be found in the router caches than
unpopular ones due to their higher request rate and NDN caching
policies. Because contents cached on-path are closer to clients than the
publisher, retrieving data from them reduces the download time. The
impact of the size of an object is intuitive because larger ones require
more time to be transmitted than smaller contents.
The use of relations reduces the range of clients download times to
between 200 ms and 1.3 s. The beneﬁt of relations is more visible in the
average download time, which is reduced by more than 25%, achieving
513 ms (α = 0.7) and 374 ms (α = 0.9 ). The improvement is a direct
result of relations, which increase even more the popularity of popular
contents and leverages the NDN caching. Speciﬁcally, the routers push
the popular objects closer to the clients and satisfy a higher number of
requests (discussed later in Section 6.2.3). Regarding the latency
incurred by manifests, it is compared to the download time of actual
content data for each client request. The results are illustrated in Fig. 15.
Our observations show that the dominant factor in client download
time is the content data. As seen in the curves from Fig. 15, the
download time from content data exhibits a greater variation among
requests than that of manifests. This occurs because requested contents
have diﬀerent data sizes, which depend on the trace used as simulation
parameter. In turn, manifests present a nearly identical data size,
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Fig. 17. Network traﬃc.

Fig. 18. Manifest vs content data network traﬃc.

possible to see that caches partially serve almost half of the contents,
and around 10% of the objects have less than 50% of the requests
provided by the publisher. The impact is also signiﬁcant in the data
traﬃc (Fig. 16(b)), which is reduced to between 40 KB and 10 KB for
the most popular contents and only 4 KB for the unpopular ones.
Although the objects are smaller in this scenario because of the
relations (around 4 KB), they also receive more requests. Therefore,
the similar proportion of up to 10 copies sent to provide the popular
contents means a more eﬃcient usage of in-network caching to serve
the data. Overall, the traﬃc generated by the publisher is reduced by
more than 32%: from 1.6 to 1 GB (α = 0.7), and from 1.1 to 0.7 GB
(α = 0.9 ).
In summary, the use of relations reduces the client download time
and the publisher load because of the better usage of the in-network
caching to disseminate content. The beneﬁts are a consequence of the
relations, which amplify the advantages of NDN to distribute popular
contents in the network.

Fig. 19. Distance to contents.

from network edges. Results also show a two magnitude order
diﬀerence between the traﬃc from manifests in comparison to content
data. In numbers, manifest traﬃc correspond to only 4% of the total
network traﬃc. This overhead can be considered insigniﬁcant when
compared to the average reduction of 28% on total network traﬃc
when relations are used to distribute content.
Fig. 19 shows the distance that data served to requests traveled in
the network. The horizontal axis presents each content request from
clients while the vertical axis represents the average distance ratio of all
interests sent. The distance ratio is calculated dividing the number of
hops from the client to the closest content copy by the distance between
the client and the publisher. This metric gives the percentage of the
worst-case scenario path that a request needs to travel before ﬁnding
the data. In the experiments, the median distance to the publisher is of
3 hops, with a maximum of 5 hops. Relations should reduce the
distance from the requester to the closer copy because of the high cache
hit ratio, especially on the leaf routers.
The results conﬁrm previous observations that the in-network
caches provide part of the requests on behalf of the publisher. The
average distance ratios of the requests in the default NDN approach are
0.88 (α = 0.7) and 0.77 (α = 0.9). Because of the NDN caching
mechanism, the contents are pushed closer to clients (especially the
popular ones), reducing the distance that requests travel until the data
is found. Overall, 23% of requests do not reach the publisher when
α = 0.7 and 39.2% when α = 0.9 .
With the relations scheme, the distance ratios reduce to 0.75
(α = 0.7) and 0.66 (α = 0.9), as a consequence of the higher percentage
of requests that do not reach the publisher. Up to 61.7% (α = 0.7) and
69.9% (α = 0.9 ) of requests ﬁnd the data before reaching the publisher.
The distance ratio reduction is another consequence of the higher
eﬃciency of the caching mechanism and helps to explain the improvement of the client performance when using relations.
In summary, relations reduce the total network traﬃc because of a
more eﬃcient in-network caching that causes objects to be retrieved
closer by the clients. The major part of the gains come from the popular
objects, which are shared among diﬀerent content variants, and
leverage the NDN caching to disseminate the data.

6.2.3. Network
The last part of the evaluation investigates the eﬀects of the relation
mechanism on the network, shedding light on the underlying reasons
for the better performance using relations. This analysis discusses the
overall network traﬃc and the content placement in the network.
The total network traﬃc measured in each link during the content
distribution is shown in Fig. 17. The horizontal axis presents the
topology links ordered by traﬃc while the vertical axis, the network
traﬃc measured in Gigabytes. The relation mechanism should reduce
the network traﬃc because of the better eﬃciency of in-network
caching. This result is visible through the higher cache hit ratio and
the placement of contents closer to the clients, discussed later in this
section.
The results show a variation of traﬃc in the links according to their
distance to the content publisher. In the default NDN approach, the
traﬃc on the links ranges from 2.21 to 0.08 GB. Intuitively, because the
transmission creates a spanning tree with the shortest path, the links
transmit not only the traﬃc of their local clients but also the
aggregation of the lower levels of the tree. Therefore, the closer the
link is to the publisher, the higher is its traﬃc volume. Overall, the
content distribution in the default NDN approach generated a total
network traﬃc of 19.5 GB (α = 0.7) and 13.3 GB (α = 0.9 ).
The use of relations reduces the overall network traﬃc by 26.4%
(α = 0.7) and 30.7% (α = 0.9), down to 14.3 GB and 9.2 GB, respectively. Link-wise, the reduction is proportional to its traﬃc, being more
signiﬁcant (regarding total volume) in the links closer to the publisher
than those farther. The reduced traﬃc measured in the links spans
between 1.55 GB and 0.06 GB and is a consequence of the better usage
of in-network caching. Regarding the network traﬃc generated by
manifests, it is compared in each network link with the traﬃc resulting
from actual content data. The result is illustrated in Fig. 18.
The result indicate that there is a similar behavior from manifests
and content data in diﬀerent network links. That is, links closer to the
publisher present a higher traﬃc because they receive requests also
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prototype and an HTTP proxy system. Their results indicate that a
current content distribution system can match and even outperform
NDN on a low-latency network. However, they also show that the NDN
prototype can surpass the current systems on lossy environments, such
as wireless networks. The authors mention that their results are
inﬂuenced by the fact that current NDN implementations are still in
early stages and further evaluation is required in the future.
Current discussions from the ICN research community (Mosko
2016) indicate that there are key design aspects that are not yet fully
investigated on NDN. A fair comparison against current systems
cannot be achieved before these aspects are addressed. In this regard,
we argue that NDNrel and other similar proposals are steps to improve
the NDN architecture and further develop it as a potential replacement
to current Internet systems.

7. Additional applicability of NDNrel
This section presents the discussion of NDNrel applicability beyond
identifying data redundancy in contents. As mentioned in Section 3,
NDNrel can improve applications in diﬀerent domains through the use
of relations to model distributed contents. Next, we discuss how
NDNrel can beneﬁt the Internet-of-Things (IoT) (Atzori et al. 2010)
and the potential challenges in this domain.
IoT is a relevant scenario due to its increasing popularity. Recent
work (Baccelli et al., 2014) suggests the concepts developed in NDN
can be explored to design a communication infrastructure for IoT
applications. If NDNrel is available in the architecture, it can be used to
model data distributed by IoT devices. In summary, NDNrel beneﬁts
IoT over NDN because of the ﬂexibility and modularity enabled by the
relations model.
Information collected from multiple devices can be aggregated in a
speciﬁc type of composed content, and represented with the proposed
relations model. It would introduce the following advantages for IoT
applications:

•

•

9. Concluding remarks
NDN is a promising architectural proposal that enables eﬃcient
distribution of uniquely named data objects. Nevertheless, its full
network performance gains require further investigation of methods
to model distributed contents. This paper furthers the analysis of a
model that enables the distribution of contents as sets of related
objects. The resulting mechanism, NDNrel, enables features such as
content decomposition, object re-use, and eﬃcient content updates.
This paper is an extension of previous work (Antunes et al., 2015) and
presents additional considerations about the mechanism implementation and additional results about its performance.
Extensive simulations of two scenarios demonstrate the potential of
NDNrel. The ﬁrst explores relation-based decomposition in multimedia
content distribution. Results have shown that NDNrel improves user
performance, reducing client download times in an average of 34% and
publisher request load in 56%. In turn, the second explores the use of
relations for the composition of HTML contents for Web systems.
Results show that, even in a scenario with small data objects and
potential overhead from the relations metadata, NDNrel can reduce
download times in an average of 28% and the publisher load in 34%.
These improvements are a direct result of higher hit-ratio of innetwork caches due to changes in the request distribution of data
objects. These eﬀects occur because redundant data spread among
multiple objects is eliminated of the network due to the use of relations.
Our simulation results show promising advantages in the use of the
proposed relations model. As future work, we intend to explore the
impact of relations on additional ICN proposals and conﬁgurations, for
example with diﬀerent proposals of caching policies. Further, we intend
to further explore these results through experimentation in a globalscale testbed deployment of or prototype implementation. Additionally,
we intend to actively contribute with the eﬀorts from the ICN research
community to develop a speciﬁcation for manifests in content distribution. Such speciﬁcation can greatly beneﬁt our proposal and various
other mechanisms for networked applications based on content
distribution.

Reuse of IoT data by applications: The IoT relations model can
be designed to be reused by diﬀerent applications that require data
from sensing devices. Such reuse can extend to new applications,
which would have a data model deployed and ready for deployment.
Further, relations attributes can be analyzed to discover IoT data
semantics without a priori knowledge.
Discovery of information sources: IoT content metadata
includes the names applications should request to obtain the
information published by devices. While service discovery is still
required (e.g. to update sources on content metadata), its design can
be simpliﬁed. Additionally, the relations attributes can describe
content sources characteristics, such as update intervals and other
information relevant to data collection.

Regarding the performance of NDNrel in an IoT environment, the
characteristics from IoT data poses challenges for NDN that reﬂect on
NDNrel results. As mentioned in Baccelli et al. (2014), data objects
resulting from sensor readings can be updated within short time
intervals. As result, cached copies from sensor data may rapidly
become stale and will not collaborate to the network performance.
NDNrel is aﬀected in the same manner if used to distribute sensor data
as related objects and its performance depends on the update interval
and number of clients requesting the information.
Further investigation is needed to verify the actual performance
improvements attainable with NDNrel in a scenario such as IoT.
Nevertheless, the ﬂexibility of the relations model to describe contents
is as valuable as the improvements achieved in network performance.
This is a key advantage of NDNrel in comparison to similar proposals,
as pointed out in Section 2. Next, we position our work and NDN in the
context of current Internet systems.
8. Comparison with current internet systems
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