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a b s t r a c t

The growth of multimedia applications and wireless systems requires a new behavior of routing

protocols for wireless mesh networks (WMNs). It is necessary to provide not only the minimum

requirements for quality of service (QoS), but also to assure the quality of experience (QoE) support for

multimedia applications. In this context, the usage of only one link quality metric for routing different

types of packets within the network is not enough to ensure applications with suitable QoS and QoE

levels. This paper presents a variation of the WMN routing protocol optimized link state routing (OLSR),

to achieve QoS and QoE requirements for multimedia applications. It is based on the dynamic choice of

metrics and in a fuzzy link cost (FLC) to determine the best routes for multimedia packets. The proposed

FLC metric is based on a fuzzy system that uses two link quality metrics, namely expected transmission

count (ETX) and minimum delay (MD), to define a new metric. Simulations were performed to

demonstrate the performance of the proposed metric compared to the ones present in the original OLSR

and other current versions of this protocol. For comparison purposes, it was considered different

performance evaluation QoS metrics and the quality of videos received by the user in a higher

competition scenario.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Wireless mesh networks (WMNs) are a special case of Ad hoc
networks which allow multiple hops, and have low cost and
ubiquitous features for Internet access and multimedia content
distribution. A WMN consists of clients, routers, and gateways
where routers provide connectivity to a set of fixed and/or mobile
users and gateways provide connectivity to the Internet. In this
scenario, an efficient and wise choice for communication routes
becomes a major challenge for the success of the WMN (Zhang
et al., 2006).

Despite the constant evolution of wireless networks, they still
have limited bandwidth, a large control packet overhead, and are
strongly influenced by environmental factors such as weather,
physical obstacles, interference, among others (Lekcharoen et al.,
2006). Due to these factors, the selection of routing protocols has
great importance on the performance of the network as well as on
the user perception.
ll rights reserved.
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Routing protocols for WMNs must follow the self-configuring,
self-managing, and self-recovering principles as well as consider-
ing isotonic, traffic prediction, and overhead reduction issues
(Borges et al., 2009). Recently, several protocols were developed
aiming to meet the different demands of specific multimedia
applications since each application has its own characteristics.
Among these demands stand out loss tolerance, minimizing end-
to-end delay, and maximizing throughput.

The growth of the Internet, multimedia-based services and
wireless access have motivated the development of applications
and devices that use the resources of this ‘‘type’’ of Internet
access. Thus, users expect to obtain the same types of services
that are offered when they are in wired networks with at least the
same quality level.

Within this scenario, WMNs should be designed to simulta-
neously transport data traffic and multimedia content with
different QoS/QoE requirements to a large number of users.
Hence, routing protocols must be studied, improved, and
proposed to increase the performance of networks and the
satisfaction of users.

By analyzing the problems related to QoS in WMN routing, we
have the following observations: a good Internet service needs to
consider a set of criteria (e.g., bit-error rate, bandwidth, delay,
loss, and jitter) which depends on the situation (e.g., number of
users, amount of traffic, noise and others) of the network at a
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given moment in order to attend the demands of multimedia
applications (e.g., enough throughput, acceptable delay and loss,
etc) and users (e.g., increase of experience, acceptable quality
level and luminance).

In addition, to improve the performance of networks and to
provide an efficient distribution of multimedia content, routing
algorithms should also consider objective and subjective aspects
regarding QoE and multimedia issues (e.g., blurring, noise and
color distortion).

QoS metrics have been developed as a way of enabling traffic
differentiation and allowing better quality services. Solutions
based on QoS provide a set of control and assessment operations
at the network (packet) level to ensure content dissemination
with delivery guarantees.

Traditional QoS metrics, such as packet loss, delay, and jitter,
are typically used to indicate the impact of network conditions on
multimedia streams, but do not reflect the experience of end-
users. Consequently, QoS parameters fail regarding the evaluation
of the content quality from the user’s perspective.

In order to fulfill the gaps related with QoS/QoE-awareness routing
approaches, new schemes have been proposed (Takahashi et al.,
2008; Mu et al., 2009). QoE-based routing protocols aim to optimize
the usage of network resources, the system performance and the
quality level of multimedia applications. Therefore, with new WMN
routing solutions, wireless operators can offer new services, reduce
operational costs, while keeping and attracting new clients.

Thus, the scientific community along with industry have been
working to propose scenarios, requirements, metrics and routing
QoE mechanisms as a way to extend the traditional QoS models,
optimizing the network resources and improving service and
customer satisfaction. International Telecommunication Union—-

Telecommunication Standardization Sector (ITU-T) (ITU-T, 2009),
Video Quality Experts Group (VQEG) (VQEG, 2009), and European
Technical Committee for Speech, Transmission, Planning, and
Quality of Service (ETSI STQ) (ETSI, 2009) are examples of
organizations that invest in QoE as a way to assure suitable
support for end-users.

In order to improve the distribution performance of multi-
media content systems and increase user satisfaction in WMNs,
this paper applies a fuzzy logic approach using a multiple-metric
scheme with the optimized link state routing (OLSR) (Clausen and
Jacquet, 2006) protocol. The proposed metric is defined through a
fuzzy link cost for each link known in the network based on the
crisp values of the different metrics used.

The fuzzy system creates a fuzzy link cost (FLC) whose
parameter values are based on link quality metrics, namely
expected transmission count (ETX) (De Couto, 2003) and mini-
mum delay (MD) (Cordeiro et al., 2007), which are collected from
the network, allowing the use of this FLC value for routing
multimedia-based user datagram protocol (UDP) packets. Trans-
mission control protocol (TCP) packets continue to be routed
according to the ETX metric, as in Gomes et al. (2008). This
proposed version of the OLSR protocol is named optimized link
state routing-fuzzy link cost (OLSR-FLC).

OLSR-FLC is evaluated in a simulation scenario using Network
Simulator 2 (NS-2) where real video transmissions are delivered
and evaluated using objective and subjective QoE metrics in order
to reflect the user experience. Additionally, QoS metrics are
analyzed to verify the behavior of the proposed solution from the
network point of view.

This paper is organized as following. Section 2 presents related
work regarding fuzzy logic, routing and QoE/QoS. Section 3
introduces the OLSR protocol and a few popular extensions.
Section 4 describes the proposed solution. Section 5 shows the
performance evaluation. And, finally, Section 6 summarizes the
paper and presents future work.
2. Related work

This section presents existing works regarding the utilization
of fuzzy logic in routing strategies and other proposals that use
multiple metrics to provide QoS in wireless networks.

Aboelela and Douligeris (1997) used a fuzzy logic approach to
define a fuzzy cost to reflect the crisp values of the different
metrics possibly used in the broadband integrated services digital
network (B-ISDN) links, integrating the fuzzy logic into the
routing system. Thus, the throughput of the network was
increased.

Zhang and Long (2002) proposed a reflection about the
necessity of multiple metrics to achieve QoS routing for the
transmission and distribution of digitized audio/video across
next-generation high-speed networks. Moreover, the authors
introduced a fuzzy system to realize QoS routing with multiple
metrics.

Lekcharoen et al. (2006) developed fuzzy control policing
mechanisms to detect violations in parameter negotiation in
wireless networks. Due to the demand for inexpensive but
reliable models, the proposed fuzzy modeling approach turned
out to be a useful complement to traditional modeling and control
approaches when both the complexity and uncertainty about the
system increases.

Moreira et al. (2008) proposes the use of multiple metrics with
the proactive OLSR protocol, in order to provide quality of service
routing in WMNs, emphasizing that it has already been proved
that routing with multiple metrics is an NP-complete problem.
The solution uses the techniques of analytic hierarchy process
(AHP) and pruning combined to perform multiple metric routing
for VoIP calls.

Regarding QoE schemes, existing works aim to provide
intelligent packet dropper mechanisms (Ngoc et al., 2007),
multimedia assessment solutions (Okamoto et al., 2009), QoE-
aware handover controllers (Ciubotaru and Muntean, 2009) and
fairness-based resource allocation approaches for video applica-
tions (Li et al., 2009), but QoE routing mechanisms are still a
research goal and need to be developed to improve the usage of
wireless resources and user satisfaction.

Amongst the aforementioned papers, none proposes a protocol
that aims to achieve QoS and QoE through the usage of dynamic
choice of metrics and a multiple-metric approach based on fuzzy
logic. We show that the protocol can wisely and efficiently
optimize the network performance as well as improve the quality
of the service given to the customer. Thus, it is expected that users
feel encouraged to use WMNs for common Internet multimedia
services, making WMNs widely used for last-mile Internet access.
3. OLSR protocol

The OLSR protocol (Clausen and Jacquet, 2006) is an adaptation
of the traditional link-state algorithm for Ad hoc networks. It is a
proactive protocol which uses a routing table obtained through
the exchange of messages between nodes about the network
conditions.

An advantage of the OLSR protocol, from the QoS perspective,
is its proactive nature that allows routes to be available even
before the source needs to start a packet flow to a destination.
Another advantage of the OLSR protocol, that uses link-state
algorithm, is that route computation is performed using the
knowledge about the entire network.

However, the hop count metric natively used by OLSR is unable
to support QoS, since a selected route based on the lowest number
of hops cannot satisfy the QoS requirements of multimedia
packets that will be traversing the network.
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Thus, metrics which somehow represent the quality of links
were proposed, and the ones of interest to this work are presented
next.

3.1. OLSR-ETX

The OLSR extension based on ETX metric proposed in De
Couto (2003) aims to find routes with the lowest expected
number of transmissions that are necessary to ensure that a
package can be delivered and have its arrival confirmed by the
final destination.

3.2. OLSR-MD

The main idea of OLSR minimum delay (Cordeiro et al., 2007) is
to measure the link delay, calculating it through the Ad hoc Probe
technique. Therefore, the calculation of the routing table can be
based on the delay calculated to each neighboring node. Hence, in
the OLSR-MD protocol the route selection between the current
node and any other node in the network will have as criteria the
lowest sum of the different transmission delays of all links along
the path.

3.3. OLSR-DC

The OLSR-dynamic choice (OLSR-DC) extension (Gomes et al.,
2008) aims to provide QoS support, giving different treatment to
traffic from applications that use TCP and UDP, using the ETX
metric (De Couto, 2003) for routing TCP packets and MD metric
(Cordeiro et al., 2007) for routing UDP of packets. The protocol can
also differentiate the routing of TCP and UDP packets, this is
achieved due to each packet be routed according to the metrics
that best reflect their needs.

This protocol is used as basis for this paper proposal, since the
proposed FLC is based on metrics that express the characteristics
relevant to multimedia traffic. And using the OLSR-DC as basis, we
can use FLC to route only UDP packets usually used for
multimedia applications.

Next, it is presented the OLSR-FLC along with the character-
istics of the fuzzy system developed and the main idea behind the
usage of fuzzy logic to overcome the multiple metrics utilization.
4. Proposed extension: OLSR-FLC

A multiple-metric routing approach is used to ensure that
route selection comprises good quality links. With this goal, it is
generated a metric based on a set of metrics. The result is a more
complete metric since it will gather good characteristics of the
ones considered for its development. Multiple-metric routing
design is not trivial, and proved to be an NP-complete problem
(Wang and Crowcroft, 1996).

In this paper, the strategy used to overcome this problem was
the fuzzy logic, proposed by Zadeh (1965), because it has the
advantage that the solution can be cast in terms of human
perception. Therefore, such perception can be used in the design
of the routing solution.

The idea of fuzzy sets is an extension of the traditional concept
of sets (crisp) where one element belongs or not to a certain set.
The fuzzy sets, in contrast, are defined from membership
functions that are limited to an interval between 0 and 1, i.e.,
any value between 0 and 1 can express the membership degree of
a certain element of the fuzzy set based on the inference functions
used. Usually, the relevance degree of a value ‘‘x’’ regarding a
function is represented by mðxÞ.
A fuzzy system has the following steps:
�
 Fuzzification: In this step, data regarding topology information
is transformed into linguistic variables that are used in the
available system of inference.

�
 Inference system or inference engine: the linguistic variables

coming from the fuzzification process are applied to a specified
set of rules and produce a set of linguistic variables related to
the inference output.

�
 Defuzzification: uses the linguistic variables coming from the

inference system and converts them into crisp values accord-
ing to the defuzzification strategy being used.

The characteristics of the proposed fuzzy system are based on
well-known heuristic evaluation done from membership func-
tions, inference models, fuzzification and defuzzification methods
found in the literature (Adeli and Sarma, 2006).

4.1. Fuzzification

The fuzzification process has as input the data received from
the topology (i.e., ETX and MD values). Therefore, two member-
ship functions are used, one for each metric. In the two functions,
triangular and trapezoidal functions were used since, based on a
heuristic evaluation executed during the development of the
fuzzy system, they met the needs of the proposal regarding the
others available in the literature, such as Gaussian and Sigmoidal
functions that have a higher processing cost to calculate the
relevance degree (Adeli and Sarma, 2006).

A triangular function has three parameters: a, b and m. Being
‘‘a’’ the first and ‘‘b’’ the last point where mðxÞ is zero and ‘‘m’’ the
point where mðxÞ has value 1. The relevance degree of a triangular
function is determined by Adeli and Sarma (2006):

mðxÞ ¼

0 if xra

ðx�aÞ=ðm�aÞ if xA ½a,m�

ðb�xÞ=ðb�mÞ if xA ½m,b�

0 if xZb

8>>><
>>>:

A trapezoidal function has four parameters: a, b, m 1 and m 2.
Being ‘‘a’’ the first and ‘‘b’’ the last point where mðxÞ is zero, and
parameters ‘‘m 1’’ and ‘‘m 2’’ represent the range of points where
mðxÞ has value 1. The relevance degree of a trapezoidal function is
determined by Adeli and Sarma (2006):

mðxÞ ¼

0 if xra

ðx�aÞ=ðm�aÞ if xA ½a,m1�

1 if xA ½m1,m2�

ðb�xÞ=ðb�mÞ if xA ½m2,b�

0 if xZb

8>>>>>><
>>>>>>:

The membership function used for the received ETX values is
shown in Fig. 1 which has three linguistic variables, defined by the
trapezoidal functions: high, medium, and low. The variables are
organized as follows
�
 High: trapezoidal(x; 1, 1, 1.23, 1.56);

�
 Medium: trapezoidal(x; 1.23, 1.56, 2.78, 4);

�
 Low: trapezoidal(x; 2.78, 4, 100, 100).
The ETX metric calculation is expressed from an analysis of a
10-packet window through the formula ETX ¼ 1/(LQnNLQ),
where LQ and NLQ are the quality of the link towards a neighbor
and the link quality of the neighbor towards the actual node,
respectively.

Thus, according to the defined function, a link is considered
completely ‘‘high’’ when, in both directions, it loses at most one



Fig. 1. ETX input membership function.

Fig. 2. MD input membership function.
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package, i.e., it has the ETX value between 1 and 1.23. The same
idea works for the other two functions, one link is considered
completely ‘‘medium’’ if its losses are between 2 and 4 packets. A
link is considered ‘‘low’’ when it has lost 5 or more packets.

The membership function used for the received MD values is
shown in Fig. 2 which has three linguistic variables, defined by
two trapezoidal functions and one triangular function: high,
medium, and low. The variables are organized as follows:
�
 High: trapezoidal(x; 0, 0, 1, 3);

�
 Medium: triangular(x; 1, 3, 5);

�
 Low: trapezoidal(x; 3, 5, 10, 10).
Fig. 3. FLC input membership function.
To select the parameters of the MD membership function was
carried out a study to know how the propagation delay (measured
by the MD metric) can add to the end-to-end delay in a
multimedia flow. This study used one VoIP call in a scenario with
only two nodes, i.e., one hop scenario. The end-to-end delay was
related with the propagation delay, so we could view a relation
between them.

This relation shows that delays up to one millisecond, give a
lower influence in the end-to-end delay, in the same way, we
checked that values between 2 and 4 ms result in a small impact
in the end-to-end delay. Finally, values after 5 ms cause a greater
influence in the end-to-end delay. Based on this study, we decided
to build the membership function showed in Fig. 2.

A WMN backbone is, in general, composed of routers with
limited capacity of processing and memory. Thus, we decided to
develop a fuzzy system that uses low requirements of the existing
resource-constrained routers. Therefore, the proposal uses only
functions that have a low cost of memory and processing. Thus,
we can improve the overall WMNs performance, keeping the
system scalability which is one of the main features of the WMNs.
From the two membership functions shown, we obtain the
linguistic variables used in the inference system which is
described in the next sections.
4.2. Inference system

The inference system uses the membership function of output
shown in Fig. 3, where the possible values of FLC and their
relevance degrees are expressed. The variables are organized as
follows
�
 High: triangular(x; 1, 1, 2);

�
 Medium: triangular(x; 1, 2, 4);

�
 Low: triangular(x; 2, 4, 4).
The distribution of linguistic variables aims to make a link
considered completely ‘‘medium’’ to have a doubled cost of a link
which is considered completely ‘‘high’’. The same idea is applied
to the links considered completely ‘‘low’’ and ‘‘medium’’.

This distribution results in the usage of a greater number of
hops when the links with less number of hops are considered bad.
This decreases the constant exchange of routes to be used at the
time, consequently, a route is changed only when it becomes bad
when compared to a newly discovered route.

The inference system uses a set of rules presented in Table 1,
which expresses the possible output linguistic variables according
to the input linguistic variables coming from the fuzzification
process.

The operator ‘‘or’’ used in Rule 5 of Table 1 represents a union
operation of two fuzzy sets which can be represented by the
function proposed by Zadeh (1965): mA [ B¼Max½mAðxiÞ,mBðxiÞ�.
The operator ‘‘and’’ represents the intersection between two fuzzy



Table 2
Simulation parameters.
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sets which can be represented by the function also proposed by
Zadeh (1965): mA \ B¼min½mAðxiÞ,mBðxiÞ�.

The proposed fuzzy system uses the Mamdani model
(Anderson and Hall, 1999), i.e., for all rules which the relevance
degree of the function is greater than zero, they will contribute to
the calculation of the corresponding output of the inference
system.

The membership degree resulting from the rules will limit the
values of output fuzzy sets generated by these rules in accordance
with the variables, i.e., the values of the operations made in the
rules will characterize the resulting linguistic variable.

Afterwards, a function of global union is applied that will form
the output for each output linguistic variable, i.e., for each
linguistic variables present in the FLC function is performed a
union operation of the respective values of the rules.

This process aims to transform the input linguistic variables
into other linguistic variables corresponding to the output
membership function (the FLC function). These variables, on the
other hand, will be converted into a crisp value in the
defuzzification process.

4.3. Defuzzification

In the defuzzification process of the proposed fuzzy system,
the weight average maximum was used as a defuzzification
method, because it is a low-processing method and is within the
proposal scope which considers a network formed of routers with
low memory and limited processing capacity. This method
produces a numerical value considering the weighted average of
the central activated values where the weights are the member-
ship degrees of each output linguistic variable.

The defuzzification function is as follows

½ð1 � mHðxÞÞþð2 � mMðxÞÞþð4 � mLðxÞÞ�=ðmHðxÞþmMðxÞþmLðxÞÞ

where mHðxÞ is the membership degree of the variable High, mMðxÞ

is the membership degree of the variable medium, and mLðxÞ is the
Table 1
Fuzzy rules.

Rules ETX Operation MD Fuzzy link cost (FLC)

1 High And High High

2 High And Medium Medium

3 Medium And High Medium

4 Medium And Medium Medium

5 Low Or Low Low

Fig. 4. Considere
membership degree of the variable low. Values 1, 2, and 4 are the
maximum values of the variables high, medium, and low,
respectively as shown in Fig. 3.
5. Performance evaluation

This section presents the behavior and performance of the
OLSR-FLC protocol in a simulation environment. The goal is to
analyze and show the benefits of the proposed solution by
comparing it with the main extensions of the OLSR protocol
considered for this work.

We analyzed the performance of the proposal through simula-
tions on network simulator (NS-2) (Fall and Varadhan, 2000), using
the scenario shown in Fig. 4 which represents the WMN backbone
deployed at the Federal University of Para (UFPA) campus.

The simulations present the impact of the protocols on the
quality of real video sequences by assessing not only the traffic
from the perspective of the network (QoS parameters), but also
from the user’s perspective (QoE parameters).

Table 2 shows the simulation parameters which tries to bring
the simulation as close as possible to the considered network,
representing the characteristics of the region and the used
equipments. Path loss exponent and shadowing deviation
parameters were used according to the measurements presented
in Moreira et al. (2008). The routers’ carrier sense threshold and
transmit power parameters were based on the IEEE 802.11
standard (Institute of Electrical and Electronic Engineering, 1999).
The other values were used to represent the antennas and the
routers used in the WMN at UFPA.

Twenty simulations were performed using different generator
seeds for each protocol: OLSR, OLSR-ETX, OLSR-MD, OLSR-DC, and
Parameter Value

Standard IEEE 802.11 g

Propagation model Shadowing

Antenna Omnidirectional 18 dB

Router’s carrier sense threshold �76 dBm

Router’s transmit power �80 dBm

Transmission power 17 dBm (WRT54G)

Frequency 2.422 GHz (Channel 3)

Path loss exponent 1.59

Shadowing deviation 5.4 dB

d scenario.
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OLSR-FLC. Table 3 shows the flow configuration used in the
simulations. All simulations were run for 50 s. The results in the
graphs were calculated with a confidence interval of 99%,
according to Jain (1991).

The configuration of flows aims to balance the flows over the
topology and to create a higher competition scenario, between
data, audio, and video traffics. Hence, it brings the simulation to a
common situation in WMNs, i.e., competition among all kind of
flows where each flow has its own characteristics and require-
ments.

The simulation comprised 3 VoIP (voice over IP) calls which
are represented by two flows in NS-2, i.e., 6 UDP flows. Moreover,
5 TCP-Reno flows and 3 real video sequences are used. The video
flows were evaluated considered the experience that the user
obtained through the QoE objective and subjective metrics.

The UDP flows have a bit rate of 8 Kb/s and 40 bytes (RTP +
UDP + Payload) of packet size in order to represent the G.729
codec (Balam and Gibson, 2007). The TCP flows were character-
ized as FTP applications following the Pareto model with a rate of
200 k, 210 bytes of packet size and 500 ms burst duration.

The video flows were simulated through the Evalvid tool
(Evalvid) that allows the control of the video quality in a
simulation environment. Real video sequences were used, namely
‘‘Paris’’, ‘‘Foreman’’ and ‘‘News’’ (Foreman, Paris, News). These
videos have frames in YUV format which are compressed by
Table 3
Flow configuration.

Flow Source Destination Begin End Traffic

1 1 8 10 40 TCP-Reno

2 9 2 11 41 TCP-Reno

3 7 4 12 42 TCP-Reno

4 5 0 13 43 TCP-Reno

5 6 4 14 44 TCP-Reno

6 0 5 10 45 Video Paris

7 3 6 14 29 Video Foreman

8 3 6 30 45 Video News

9 2 9 6 46 UDP-CBR

10 9 2 6 46 UDP-CBR

11 1 8 7 47 UDP-CBR

12 8 1 7 47 UDP-CBR

13 4 7 8 48 UDP-CBR

14 7 4 8 48 UDP-CBR

Fig. 5. Blocking
MPEG-4 codec and sent at a rate of 30 frames/s. Each frame was
fragmented into blocks of 1024 bytes where the packet had size of
1052 bytes.

For the sake of simplicity, the result analysis is divided into
two subsections: analysis from the network’s perspective and
from the user’s perspective.

5.1. Network’s perspective

The throughput graphs were divided into VoIP calls, TCP flows,
and the video traffic to provide a better content view. The graphs
of delay and jitter were used only to show the data concerning
VoIP and video traffic as these metrics are the less important ones
for the TCP flows.

Fig. 5 shows the data regarding the blocking probability of
each flow. The blocking probability represents the packets sent
that were not delivered successfully due to bit errors and queue
size, for example. The TCP flows are from 1 to 5, the video flows
from 6 to 8 and the UDP flows from 9 to 14.

Based on Fig. 5, it is observed that among the protocols
analyzed, the protocols OLSR-DC and OLSR-FLC had the lowest
values of blocking probability. This occurs due to both protocols
distribute traffic more adequately through the treatment differ-
entiation for each type of traffic. However, the OLSR-FLC protocol
is more efficient because it takes into account information from
more than one metric to select the best path.

When comparing the protocols individually regarding the sum
of all losses occurred (i.e., the sum of all discarded packets), it is
observed that OLSR-FLC protocol improved the system perfor-
mance in 130% compared to OLSR protocol, and in 7.8% compared
to OLSR-DC protocol that achieved the second best performance.

Fig. 6 shows the throughput obtained by each protocol
regarding the TCP flows, Fig. 7 presents the system behavior for
the VoIP calls, and Fig. 8 illustrates the video transmission data.

The results show that the OLSR-DC and OLSR-FLC protocols
had the best throughput performance for flows exchanged
between nodes placed far way, flows 1 and 2 in Fig. 6, while the
protocol OLSR-ETX obtained better results for flows between
nodes that are closer. This occurred due to the time to
differentiate TCP and UDP packets which generated an overhead
for the OLSR-DC and OLSR-FLC protocols.

Fig 7 shows that the OLSR-FLC protocol had the best
performance among the protocols followed by the OLSR-DC
probability.



Fig. 6. TCP throughput.

Fig. 7. UDP throughput.

Fig. 8. Video throughput.

R. Lopes Gomes et al. / Journal of Network and Computer Applications 34 (2011) 506–516512
protocol. The results show that the traffic differentiation becomes
advantageous especially for flows spanning great distances. The
distance factor brings a need to use more hops, making the path
choice more important. Although both protocols provide traffic
differentiation, the higher performance of OLSR-FLC protocol
occurred due to the utilization of more than one metric (ETX and
MD) to generate the fuzzy link cost used for routing.

The close performance of the OLSR-MD, OLSR-DC and OLSR-
FLC protocols occurred because video traffics are between nodes
relatively close. This short distance, when compared to other
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flows, makes the number of hops smaller. Therefore, it reduces
the importance of having to choose the best node to route packets
since the possibility of direct communication is the best option
approximating the performance of the protocols.

Regarding flows 7 and 8, the nodes involved in this commu-
nication have a greater distance when compared to flow 6, and
they also have other nodes that prevent a clear line of sight
between them, causing higher interference. Although these flows
are between the same nodes, they begin at different times, as
shown in Table 3. Flow 7 begins at a time of extreme competition
between the flows in the network. Therefore, it has more difficulty
for data transmission, which does not occur with flow 8.

Fig. 9 depicts the delay of VoIP calls and video transmissions.
Flow 6, despite having higher throughput than the other video
transmissions as shown in Fig. 8, it also had a higher delay due to
the use of other nodes as hops along the communication path.

When using other nodes as hops to overcome the distances and
congestion, other types of delay appear, such as the propagation
Fig. 9. Delays

Fig. 10. Jitter
delay and the queue/error checking delay, increasing the end-to-
end delay. The competition scenario can generate routes with high
numbers of hops to use network resources more efficiently.

Regarding other flows, note that OLSR-FLC protocol can
achieve the best delay performance, by using a link cost which
represents the link quality (ETX) and also takes into account the
link delay (MD).

Fig. 10 presents the jitter results for VoIP calls and video
transmissions. Despite having a high value of delay on flow 6, as
shown in Fig. 9, OLSR-FLC had a low jitter behavior compared to
other protocols, and the same occurred with the other
transmissions shown. This occurred because OLSR-FLC uses a link
cost based on a fuzzy system. This characteristic changes the routes
only when the new route discovery has values much better than
the current route which results in a small number of route change.

This less frequent route change makes packets follow a specific
route more constantly, avoiding out-of-order delivery of theses
packets which can increase jitter for a flow if it happens otherwise.
per flow.

per flow.



Table 6
SSIM values of video foreman.

Foreman SSIM

Higher Lower Average Deviation

OLSR 0.70 0.50 0.58 0.07

OLSR-MD 0.71 0.62 0.66 0.04

OLSR-ETX 0.77 0.50 0.61 0.08

OLSR-DC 0.87 0.61 0.67 0.08

OLSR-FLC 0.83 0.68 0.73 0.04

Table 7
PSNR and MOS values of video foreman.

Foreman PSNR MOS

Higher Lower Average Deviation

OLSR 18 14 15.80 1.62 Bad

OLSR-MD 23 16 19.10 2.26 Bad

OLSR-ETX 20 13 17.40 2.63 Bad

OLSR-DC 25 17 19.30 2.58 Bad

OLSR-FLC 25 22 22.90 0.88 Poor
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5.2. User’s perspective

We used objective and subjective QoE metrics to verify the
quality evaluation of the video transmissions following the
experiments proposed in ITU-R (1990). The well-known sub-
jective QoE metric, mean opinion score (MOS), was used to assess
the quality of multimedia applications based on the user’s
opinion.

MOS is a scale for assessing perceptions of the video that
attempts to quantify the quality of the video based on the human
perception. The user qualifies the video according to the
experience obtained with it. This qualification is done through a
‘‘grade’’ which is given to the video by the user (Lambrecht and
Verscheure, 1996).

Objective metrics for QoE estimate the quality of received
video through quantitative mathematical models whose com-
puted values are mapped into subjective values of quality. The
main objective metrics are: Peak signal to noise ratio (PSNR),
structural similarity (SSIM), and video quality metric (VQM)
(Lambrecht and Verscheure, 1996).

The PSNR is the most traditional objective metric and
compares frame by frame the quality of the video received by
the user with the original one (Wang et al., 2004). The SSIM is a
measurement of the video structural distortion trying to get a
better correlation with the user’s subjective impression where
values vary between 0 and 1. The closer the metric gets to 1, the
better the video quality (Wang and Bovik, 2002, 2004).

The VQM metric measures the perception damage the video
experienced based on human visual system (HVS) characteristics
including in a single metric factors such as blurring, noise, color
distortion, and distortion blocks. VQM gets values between 0 and
5, where 0 is the best quality (Pinson and Wolf, 2004).

The videos were analyzed using the MSU Video Quality
Measurement Tool Software (MSU). The value of PSNR is
expressed in dB (decibels). For a video to be considered with
good quality, it should have an average PSNR of at least 30 dB. This
is based on the mapping of PSNR values to MOS shown in Table 4
(Lambrecht and Verscheure, 1996).

Next, it is presented the tables containing information of QoE
metrics regarding each video collected from all protocols. The
tables show the average, the highest, and the lowest values as
well as the standard deviation for each protocol.
Table 4
PSNR/MOS mapping.

PSNR (dB) MOS

437 (5) Excellent

31–37 (4) Good

25–30 (3) Regular

20–25 (2) Poor

o20 (1) Bad

Table 5
VQM values of video foreman.

Foreman VQM

Higher Lower Average Deviation

OLSR 5 4.8 4.96 0.07

OLSR-MD 5 4 4.72 0.32

OLSR-ETX 5 4.5 4.86 0.23

OLSR-DC 5 2.3 4.50 0.83

OLSR-FLC 4.8 2.4 4.27 0.71
5.2.1. Foreman

Tables 5–7 show the values for the video ‘‘Foreman’’, where
Table 5 presents the values of VQM metric, Table 6 the SSIM
values, and Table 7 the values of PSNR and MOS metrics.

The transmission of the ‘‘Foreman’’ video, flow 7, begins after
all flows start their transmissions, and it starts in a moment of
convergence of the protocols which results in a very difficult
transmission due to network congestion. These facts become clear
from the data shown in the tables for the ‘‘Foreman’’ Video.
However, OLSR-FLC had the best performance for the QoE metrics,
and is the only one which achieved the ‘‘poor’’ quality while the
other protocols obtained a quality considered ‘‘bad’’.

5.2.2. News

Tables 8–10 show the values for the video ’’News’’, where
Table 8 presents the values of VQM metric, Table 9 the SSIM
values, and Table 10 the values of PSNR and MOS metrics.
Table 8
VQM values of video news.

News VQM

Higher Lower Average Deviation

OLSR 5 1.7 4.43 1.08

OLSR-MD 5 2.2 3.71 1.05

OLSR-ETX 5 2.2 4.09 1.01

OLSR-DC 4.9 1.4 3.44 1.17

OLSR-FLC 4 0.5 3.08 1.01

Table 9
SSIM values of video news.

News SSIM

Higher Lower Average Deviation

OLSR 0.86 0.71 0.79 0.05

OLSR-MD 0.95 0.83 0.89 0.04

OLSR-ETX 0.89 0.78 0.85 0.04

OLSR-DC 0.97 0.84 0.89 0.05

OLSR-FLC 0.98 0.85 0.91 0.04



Table 10
PSNR and MOS values of video news.

News PSNR MOS

Higher Lower Average Deviation

OLSR 25 17 19.70 2.91 Bad

OLSR-MD 27 19 22.50 3.21 Poor

OLSR-ETX 29 17 20.70 4.22 Poor

OLSR-DC 27 19 23.60 2.84 Poor

OLSR-FLC 44 20 25.70 7.01 Regular

Table 11
VQM values of video Paris

Paris VQM

Higher Lower Average Deviation

OLSR 5 4.4 4.93 0.19

OLSR-MD 3.8 3 3.35 0.31

OLSR-ETX 4.9 3 4.09 0.59

OLSR-DC 3.5 2.3 2.94 0.41

OLSR-FLC 3.1 2.3 2.75 0.32

Table 12
SSIM values of video Paris.

Paris SSIM

Higher Lower Average Deviation

OLSR 0.75 0.63 0.69 0.04

OLSR-MD 0.90 0.83 0.86 0.02

OLSR-ETX 0.83 0.73 0.79 0.04

OLSR-DC 0.93 0.87 0.88 0.02

OLSR-FLC 0.93 0.87 0.91 0.02

Table 13
PSNR and MOS values of video Paris.

Paris PSNR MOS

Higher Lower Average Deviation

OLSR 17 14 15.20 1.23 Bad

OLSR-MD 27 23 24.80 1.14 Poor

OLSR-ETX 23 20 21.40 1.17 Poor

OLSR-DC 29 23 26.50 2.07 Regular

OLSR-FLC 31 25 29.20 2.15 Regular
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The ‘‘News’’ video, flow 8, has the same destination and source
as flow 7, ‘‘Foreman’’ video. However, it starts at a different time
of the simulation. At this moment, the protocols had already
converged allowing a better choice of routes. We noted this by
comparing the performance of both videos where the ‘‘News’’
video had better results for QoE metrics.

OLSR-FLC achieved the best video quality having a quality
considered ‘‘regular’’, while the other protocols obtained qualities
ranging from ‘‘poor’’ to ‘‘bad’’. Despite having a better video
quality rating, OLSR-FLC had a high standard deviation showing a
degree of instability in the quality of the transmitted videos,
obtaining values better and of similar quality as other protocols.
5.2.3. Paris

Tables 11–13 show the values for the video ‘‘Paris’’, where
Table 11 presents the values of VQM metric, Table 12 the SSIM
values and Table 13 the values of PSNR and MOS.

Since the ‘‘Paris’’ video, flow 6, is longer than the other videos,
it is transmitted during almost the entire simulation. This means
that the flow had a hard time during the convergence of the
protocols at the beginning of its transmission, but most of the
communication occurs after the convergence period.

Unlike the other video transmissions, flows 7 and 8, the nodes
involved in flow 6 have a clear line of sight, however, with a
greater distance between the nodes. This makes that the use of a
single hop increases the chance of packet losses as well as the use
of multiples hops increases the end-to-end delay of the packets.

Within this reality, the usage of a single metric turns out to be
insufficient to find the most appropriate route, because a good
video transmission depends not only on small losses, but also on a
small delay and jitter.

Therefore, we observed that OLSR-FLC can adapt to this reality
of multiple requirements, which is visible in the tables for the
‘‘Paris’’ video. The OLSR-FLC protocol, as well as the OLSR-DC
protocol, had a video quality considered ‘‘regular’’, however OLSR-
FLC reaches values close to ‘‘Good’’ quality level.

In other words, since it is based on the OLSR-DC protocol, the
OLSR-FLC protocol can better distribute the traffic, but it uses a
fuzzy link cost based on delay and quality of links. This enables
the protocol to obtain a better video quality, against the protocols
that use only one metric for routing.

This evaluation shows that only one metric for routing data
and multimedia traffics may not be sufficient to reach acceptable
QoS and QoE levels to answer the needs of such traffics since each
of them has different requirements.

Therefore, we have shown that from the moment that each
traffic is treated according to its needs (traffic differentiation in
routing) and more than one metric is considered to answer such
needs, the routing protocol gets closer to the ideal requirements
of each type of traffic.
6. Conclusion and future work

This work presented an extended version of the OLSR protocol,
OLSR-FLC (fuzzy link cost), that has been developed based on an
existing version called OLSR-DC protocol. This new version uses
fuzzy logic to build a fuzzy system that aims to solve the problem
of using multiple metrics for routing and increases the multi-
media experience.

The proposed fuzzy system has as basis the values of the ETX
and MD metrics collected from the network to define the FLC,
which is then used to route packets. TCP packets are still routed
based on the ETX metric, as occurs in the OLSR-DC protocol.

The results show that the performance of the OLSR-FLC
protocol was superior when compared to other OLSR versions
reaching up to 130% improvement in system performance. The
best performance of the OLSR-FLC protocol occurs not only from
the network’s perspective, but also from the user’s perspective
according to the evaluated QoE metrics.

As future work, we intend to develop and integrate other QoE
metrics and video characteristics into the proposed fuzzy system,
and evaluate new models of existing fuzzy systems in a simulated
and experimental environment.
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