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{Lyes.Khoukhi, Soumaya.Cherkaoui}@USherbrooke.ca

Abstract—In this paper, an intelligent solution is proposed for
the congestion control in wireless ad hoc network. The presented
QoS architecture exploits the fuzzy logic for improving the
congestion control in the aim to support voice and video
multimedia applications, and non-real-time traffic services. We
present two techniques: the first one uses a fuzzy logic system to
perform the threshold buffer management. The second technique
is based on Fuzzy Petri nets (FPWICC) for modeling and
analyzing the QoS decision making for congestion control in
wireless ad hoc network. The performance evaluation was
studied under different channel, mobility, and traffic conditions.
The simulation results confirm that the intelligent fuzzy logic tool
is a promising solution to support QoS for multimedia
applications in wireless ad hoc networks.

Index Terms—QoS, multimedia application, congestion
control, fuzzy logic, threshold management, fuzzy Petri nets.

L INTRODUCTION

HE rapid development of the wireless technology has

been accompanied by an evolution of new multimedia
applications. Sample multimedia applications include
videoconferencing, distance learning, distributed games, video
on demand, etc. These applications consist of voice and video
traffic, and they need delay and loss guarantees. Others
applications, such as World Wide Web and FTP, are delay-
insensitive. However, maintaining the end-to-end voice and
video quality is too difficult to be accommodated by the
wireless ad hoc networks.

Wireless ad hoc networks are self-creating, self-organizing,
and self-administering [1]. The dynamic nature of these
networks presents significant technical challenges to ensure
better quality delivery to the multimedia applications. These
applications generate traffic at varying rates and usually
require that the network be able to carry traffic at the rate at
which they generate it. Besides, they are more or less tolerant
in terms of traffic delays and variation in traffic delay.
Therefore, it is vital to support the Quality of Service (QoS)
for multimedia applications.

In response to the challenges posed by the wireless ad hoc
technology, various approaches and protocols have been
proposed [4]-[15]. Note that the classical QoS architectures
(e.g., IntServ [2] and DiffServ [3]) proposed for the wired
networks are not readily applicable to this new technology.

Recently, many researches have focused on addressing the
QoS issue in the ad hoc networks: SWAN [4], INSINGIA [5],
and FQMM [6]. The later model is a hybrid approach
combining the advantages of per-class granularity of DiffServ
with the per-flow granularity of IntServ. It tries to preserve the
per-flow granularity for a small portion of traffic in MANETS,
given that a large amount of the traffic belongs to per
aggregate of flows, that is, per-class granularity. FQMM offers
a good solution for small- and medium-size ad hoc network,
but it is not suitable for large networks. INSIGNIA is one of
the noteworthy QoS frameworks with per-flow granularity and
reasonable treatment for mobility. The main goal of
INSIGNIA is to provide adaptive QoS guarantees for real-
time traffic. It employs an in-band signaling system that
supports fast reservation, restoration, and adaptation
algorithms. Three levels of services are implemented: best-
effort, minimum, and maximum. The bandwidth is the only
QoS parameter used in INSIGNIA. SWAN proposes a service
differentiation in stateless wireless ad hoc networks by using
distributed control algorithms. It relies on feedback from the
MAC layer as a measure of congestion in the network by using
a mechanism of rate control and source-based admission
control. It promotes a rate control system that can be used at
each node to treat traffic either as real-time or best-effort
traffic. However, one of the drawbacks of SWAN is how to
calculate the threshold rate limiting any excessive delay that
might be experienced [7]. SWAN uses merely two levels of
services: real-time and best-effort traffic, but it remains the
best example of stateless distributed QoS framework
developed for wireless ad hoc networks.

We have proposed in [9] GQOS model, which is an
intelligent QoS model with service differentiation based on
neural networks for mobile ad hoc networks. GQOS is
composed of a kernel plan which assures basic functions of
routing and QoS support control, and an intelligent learning
plan which assures the training of GQOS kernel operations by
using multilayered feedforward neural network (MFNN). The
advantages of using neural networks algorithm is the fast
learning of different operations performed by the kernel and
the reduction of time processing in the network. However, the
results of simulation show that GQOS is not suitable for high
dynamic networks. To overcome this drawback, we have
explored in [10] the use of a fuzzy logic semi-stateless QoS
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approach for service differentiation in wireless ad hoc
networks, called FuzzyMARS. This architecture support both
real-time UDP traffic and best-effort UDP and TCP traffic.
The resulted simulations have shown the benefits of using
fuzzy logic semi-stateless model, the average delay obtained is
quite stable and low under different channel conditions, traffic
scalability, and mobility scenarios. Nevertheless, in
FuzzyMARS we did not consider buffer management.

In this paper, we propose a new QoS approach for wireless
ad hoc networks, named FuzzyCCG. This approach explores
the fuzzy logic for improving the control of congestion for
multimedia applications. FuzzyCCG exploration is useful first,
because of the dynamic nature of buffer occupancy and
congestion at a node, second, because of the uncertain nature
of information in wireless ad hoc networks due to the network
mobility. FuzzyCCG proposes to use fuzzy logic approach for
threshold selection in order to deal with the dynamic buffer
occupancy and the uncertain and imprecision nature of
wireless ad hoc network information. Using fuzzy logic,
FuzzyCCG investigates the fuzzy thresholds ability to adapt to
the dynamic conditions over the classical inflexible thresholds.
The notion of threshold is practical for discarding data packets
and adapting the traffic service depending on the occupancy of
buffers. Therefore, the selection of a particular threshold may
be decisive to the control of congestion, and therefore to the
network performances.

This paper proposes also a new fuzzy Petri nets technique,
named FPWICC. The objective is to model and analyze the
QoS decision making for congestion control in wireless ad hoc
networks. The fuzzy Petri nets tool is used for its efficiency
and flexibility over other modeling tools (such as Petri nets) in
the aim of better modeling and representation the process of
buffer management.

The performances of FuzzyCCG are studied under different
network conditions in terms of network conditions. The
simulations results shown in Section IV confirm that the
proposed approach offers promising results to support
multimedia applications.

The rest of the paper is structured as follows: Section II
describes the proposed architecture. Section III illustrates the
proposed fuzzy Petri model for congestion control. The
simulation results under different network conditions are
shown in Section IV. Finally, Section V concludes the paper.

II. FuzzyCCG ARCHITECTURE

A.  Overview of Fuzzy logic

L. Zadeh has introduced in the 1960s the Fuzzy logic
theory [16]-[17] as a tool for modeling the uncertain of natural
language, which has been commonly employed for supporting
intelligent systems. This technology has proven efficiency in a
various applications such as decision support and intelligent
control, especially where a system is difficult to be
characterized. A fuzzy logic system considers basically three
steps: fuzzification, rules evaluation, and deffuzification. The

first step is responsible for mapping discrete (called also crisp)
input data into proper values in the fuzzy logic space. For that
end, membership functions (fuzzy sets) are used to provide
smooth transitions from false to true (0 to 1). The second step
performs reasoning on the input data by following predefined
fuzzy rules. Once the input data are processed by fuzzy
reasoning, the deffuzification takes the task of converting back
these input data into crisp values.

B.  Fuzzy logic approach for threshold management

The choice of applying fuzzy logic is justified by the fact
that fuzzy logic is well adapted to systems characterized by
imprecision states such as the case of ad hoc networks. Also
given the results found with FuzzyMARS [10], fuzzy logic
promises to offer an efficient tool for buffer management by
using adequate thresholds that deal with the imprecise
information in a wireless ad hoc network. Also, fuzzy logic
has been successfully applied to the queue management in the
cell-switching networks [18]. Nevertheless, to the best of our
knowledge, this is the first work that uses fuzzy logic for
buffer management in MANETs. We aim to apply a fuzzy
technique based on fuzzy sets theory. The later extends the
classical logic set {0, 1} to use linguistic variables (e.g. full
buffer, merely full buffer, empty buffer).

Using fuzzy logic, we investigate the fuzzy thresholds
ability to adapt to the dynamic conditions over the classical
inflexible  thresholds. The classical thresholds are
characterized by their limitation and restriction, because the
selection of threshold is based on a single value. Thus, the
utilization of a buffer may be either “poor” or “surcharged”.
When the selected value is small (e.g. 30% of capacity), then
the admission of new packets is possible only when the buffer
occupancy is low. This means a poor utilization of the buffer;
since most of incoming packets are rejected even if the buffer
is almost unfilled. On the other side, when the selected value
is big (e.g. 90% of capacity), problems may happen when the
bursty traffic is used. The transmission of packets generated
by a bursty traffic is very changing. It can vary from small to
“near-peack” rate in a short period of time.

Manually predefining a value for threshold in ad hoc
network is not suitable because most of events occurring in an
ad hoc network are dynamic and random. In addition, it is
important to note that the rate of packets arriving on a
particular node is not static. The threshold value divides the
buffer into an “admitted” part and a “no-admitted” part. Let
consider that the threshold of the buffer shown in Fig. 1.a is
equal to 60%. In this scheme, the occupancy level may range
from 0 to 60%. When the buffer occupancy is superior to
60%, no incoming packets is accepted in the buffer.
Therefore, the change in decision making from “admit state”
to “no-admit state” is performed from 60-61%. This means
that a small variation in the buffer occupancy may influence
the decision making of incoming packets.

The aim of introducing fuzzy logic is to develop a more
realistic representation of buffer occupancy that helps to offer
an efficient decision making. The proposed architecture
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attempts to extend the two-discrete states “admit” and “no-
admit” of the buffer occupancy by using fuzzy logic. Hence,
the definition of “buffer occupancy” will consider the two
fuzzy cases of “getting full” and “not getting full”, rather than
“admit” and “no-admit” in the existing approaches. This fuzzy
representation replaces the two-discrete sets by a continuous
set membership, and performs small gradual transitions
between different states of buffer occupancy.

The fuzzy membership function aims to determine the fuzzy
threshold based on the fullness of the buffer. For that purpose,
several membership functions may be used: “triangular”,
trapezoidal”, or “sigmoid” function. These functions can give
a representation about the buffer fullness level. In FuzzyCCQG,
we used the sigmoid membership function. This choice is
based on the fact that this function would reflect well the
dynamic occupancy of the buffers that we want to model.

It is observed in Fig. 1.b that the admit membership
function is inversely proportional to the occupancy fullness
level of buffer. Thus, when the occupancy fullness is small,
the value of the admit membership function is big. At higher
fullness occupancy levels, the admit membership function
value becomes small. When the value of the “no-admit”
membership function is getting big, then only a small quantity
of packets will be permitted to enter the buffer. In Fig. 1.b, the
value of the membership function is represented by the symbol
u,,, - The fuzzy rules associated are as follows:

<< When the value of the admit membership function is big,
then increase the accepted incoming packets into buffer >>.
<< When the value of the admit membership function is small,
then reduce the accepted incoming packets into buffer >>.

These fuzzy rules are illustrated by Fig. 1.b. The rejection
of packets is controlled based on the degree of fullness of the
buffer. For instance, when the buffer is occupied at 40%, this
means that the value of u_, is about 0.7 (i.e. the amount of
packets admitted is about 70%). Then, about “30%” of
incoming packets will be not admitted. Note that the fuzzy
threshold approach covers the continuous set of values
representing possible buffer occupancy (i.e. from 0 tou ,, ).
This is opposite to the classical threshold approaches that hold
only one predefined single value. Therefore, fuzzy logic adds
more flexibility to the threshold selection.

Full

60%
1.a) Classical buffer scheme

Admitted
packets Uladm

10% 20%  30% 40% 50% 60% 70%  80% 90% 100%

1.b) Fuzzy Buffer occupancy scheme

Fig. 1. Classical and fuzzy buffer schemes

III. CONGESTION CONTROL MODEL BASED ON Fuzzy PETRI
NETS

In the previous sections, we presented the fuzzy logic
approach for the congestion control. We interest in what
follows, to model and analyse the QoS making decision for
congestion control using a Fuzzy Petri tool. In [27], we have
presented a similar model for the traffic regulation.

The proposed model, called FPWICC, studies the fuzzy
congestion control rules in order to deal with the imprecise
information caused by the dynamic topology of ad hoc
networks. The representation of different fuzzy processes for
decision making can be performed by formulating the
production rules of these processes. Each fuzzy production
rule is a set of antecedent input conditions and consequent
output propositions. We proceed to construct the previous
aspects (the input and output parameters) of the production
rules in order to better represent and understand the process of
congestion control in wireless ad hoc networks. The
congestion control process used to avoid the congestion
depends on the buffer occupancy and the dynamic topology of
the network. These constraints represent the input parameters
of FPWICC. The buffer occupancy is given the FuzzyCCG
admit membership function. The later can give information
about the status of a network in terms of congestion. A small
value of this parameter signifies that congestion may be
appeared in the network. Therefore, the process of traffic
regulation should be started. The amount of the accepted
incoming packets into buffer represents the output parameter
of FPWICC. The choice of using fuzzy Petri nets tool is due to
its efficiency and flexibility over other modeling tools for
better representing the congestion control process.

A.  Fuzzy Petri Nets

It is observed that classical Petri Nets [19] do not have
sufficient capacity to model the uncertainty in systems [20].
This limitation of Petri nets has encouraged researchers to
extend the exiting models by using the fuzzy reasoning theory
[21] [22]. The combination of Petri nets models and fuzzy
theory has given rise to a new modeling tool called Fuzzy
Petri Nets (FPN). FPN formalism has been widely applied in
several applications such as, robotics systems [23], and real-
time control system [20], fuzzy reasoning systems [25], etc...

A brief description about the FPN modeling tool is
presented in the following [22] [24].

Let consider FPN = (PN, CND, MF, FSR, FM).

a. The tuple PN = (P, T, A, FW, FH) is called Petri nets
if: (P, T, A) is a finite net, where [19]:

P = {P, P,, ..., P} is a finite non-empty set of places,
T = {Ty, T,, ..., T,} is a finite non-empty set of
transitions,

AcC (PxT)U(TxP) is a finite set of arcs between

the places and transitions or vice versa.

FW: A— N represents a weighting function that
associates with each arc of PN a non-negative integer
of N
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FH c (PxT): represents an inhibition function that
associates a place PeP contained in FH (T)) to a
transition T; itself.

CND = {cd;, cdp, ...., cd,} represents a set of
conditions that will be mapped into the set P; each
cd,e CND is considered as one input to the

place P € P. A condition cd; takes the form of “X is

7, which means a combination between the fuzzy set
Z and the attribute X of the condition. For instance, in
the condition “the admit membership value is small”,
the attribute “X = admit membership value” is
associated to the fuzzy set “Z = small”, but other fuzzy
sets can also be considered (e.g. “Z = medium”, “Z =
large”, etc.).

Consider MF: u,(x) > T, a membership function

which maps the elements of X (as defined in b.) into
the values of the range [0,1]. These values represent the
membership degree in the fuzzy set Z. The element x
belonging to X represents the input parameter of the
condition “X is Z”, and u,(x) measures the degree of
truth of this condition. Note that the composition of
membership function degrees of the required
conditions is performed by fuzzy operators such as
MIN/MAX.

Let consider the following rule R;:
R;: if x; is z; and /or X, 1S z, then A is B

The firing strength function of rule R; (FSR;) represents
the strength of belief in R;. The conclusion of R;
(modeled by CSR;) can take one of the following
forms:

CSR = MIN(u_, (x,),u_,(x,)) =u,,(x,) A, (x,)

CSR = MAX(u,, (x,),u, (x,)) =1, (x,) Ve, (x,)

SWR is the selected wining rule Ry among the n-rules
Ry, Ry, ...., R;. SWR is the rule which has the highest
degree of truth. Let FSRy be the corresponding firing
strength of Ry, then the selected rule SWR is given as
follows:

SWR = MAX (FSR,,FSR,....., FSR,)

The marking task in FPN illustrates the satisfaction of
events occurred during the performance of fuzzy rules.
This marking function called “fuzzy marking” (FM)
distributes the tokens over the places of the nets.

The sequence 6 =(T,,T,,...,T,) is said to be reachable
from a fuzzy marking FM,, if7, € T is a firable from
FM;, € FM and leads to FM;;; € FM, for all
transitions 7, € 6 . The firing of transition 7, € T (Fig.
2) is performed in two steps: a) 7, removes tokens and

then, b) 7 places tokens.

B.  Fuzzy Congestion Control Rules Using
The following form of modeling is used by most of fuzzy
systems [26]:

Rule R: if Ip; is A AND Ip, is B then Op is C
Where:

Ip; and Ip, are the input parameters,

Op is an output parameter,

A, B, and C are fuzzy sets,

AND represent fuzzy operator,

The fuzzy conditions of rule R are “Ip; is A”, and
“Ip, is B”.

Py P3 Pii

Ty, Ty, ...., T
T T v Taa b i
Py Py P,

P[ P3 Pnl
» Ti T Tha
P P4 Py

Fig. 2. The transitions firing in FPN

P Tamni Pamar
® ¢
“ AM is small” Homat (4M)
Pacar Tamp Pamaz
® : :
“NM is slow” Uy, (NM)

Tamt1, Tamp
FMi: Pacat, Paca2

FSC, = MIN(u

»
|

“Al is decreased slowly with a degree of truth
FSCy”

Prsci

O

Tesci

(AM),u,,, (NM))

small slow

Trsci

FMa:Pami, Pama > FM3: Prsci

Fig. 3. The modeling of fuzzy rules structure and its dynamic behaviour
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| Admit membership value (AM) |

| Node Mobility (NM)

U gy (AM ) uslow(NM) Upeiiam (NM)
3
FSC | = MIN (u ., (AM ), u,, (NM )) FSC, = MIN (ularg AM ), u i (NM))
| MAX (FSC,,FSC,)| 4
Output consequent of either R or Ry
A
| The final decision of either Ry or Ry 5

Decision making algorithm:

Rs.

- Phase 1: enter the input parameters of the rules R, R,, R3, and R,.
- Phase 2: calculate the degree of truth of the antecedent conditions.
- Phase 3: apply the operation of minimum composition (MIN) with the fuzzy operator AND/OR in order to

generate the firing strength value for each rule Ry, Ry, R3, and Ry.
- Phase 4: apply the operation of maximum composition to select the wining rule among the rules R, R, R3, and

- Phase 5: generate the output consequent of the selected wining rule.

Fig. 4. The fuzzy decision making mechanism of FPWICC

These above aspects (inputs, outputs, and fuzzy sets) are
constructed to perform the control of congestion depending on
the buffer occupancy and the dynamic topology of wireless ad
hoc networks. For that aim, FPWICC uses both the buffer
occupancy and the network mobility parameters. Thus, the
previous fuzzy aspects can take various values:

- The first input parameter: is represented by the Admit
Membership value (AM) at a mobile node. AM can
be either small or large.

- The second input parameter: is represented by the
Node Mobility (NM). NM can either be slow or
medium (note that “fast node mobility” is included in
the case of “medium node mobility”).

- The output parameter: is represented by the Accepted
Incoming packets into buffer (AI). Al can either be
decreased (slowly or largely) or increased (slowly or
largely).

FPWICC uses the previous rules to help to establish
production rules that make an efficient QoS decision. In the
following, we explain the proposed fuzzy tool for the QoS
decision making.

Let consider the following fuzzy rule Ry :

Rule Ry : if AM is small and NM is slow, then Al is decreased.
R; takes into consideration the input parameter of the admit

membership value AM in the buffer and the node mobility

NM in wireless ad hoc networks. The accepted incoming

packets into buffer Al represents the output parameter.

FPN that models the dynamic aspect of the fuzzy rule Ry is
illustrated in Fig. 3.
- Paqi: models the antecedent condition 1 (acd;) of Ry;
acd; = “AM is small”.
- Paqg: models the antecedent condition 2 (acd,) of Ry;
acd, = “NM is slow”.
- Taup: models the membership function of the

antecedent condition 1; 7, _u, ., (DM) .

- Taup: models the membership function of the

antecedent condition 2; T, _u,,, (NM).

- Puva: models the membership degree value of the
condition 1 of a rule R;. This value determines the
satisfaction degree of the AM input parameter to the
fuzzy set “small”.

- P.upz: models the membership degree value of the
condition 2 of a rule R;. This value determines the
satisfaction degree of the NM input parameter to the
fuzzy set “slow”.

- Tggcr: models the operation of minimum composition
“MIN” between the antecedent conditions (e.g.
condition 1 and condition 2) of a rule R;. The firing
strength of Ry is represented by the MIN operation:
MIN(u,, ,(DM),u,, (NM)).

- PpscL: models the value of the firing strength of R;.

This value defines the degree of truth of the output
proposition “Al is decreased”.

slow
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Fig. 5. FPWICC model

C. Fuzzy Petri Nets Model for Congestion Control

FPWICC considers the following rules:
R;: if AM is large and NM is slow then Al is increased
largely,
R,: if AM is large and NM is medium then Al is increased,
Rs: if AM is small and NM is slow then Al is decreased,
R4: if AM is small and NM is medium then Al is decreased
largely.

- Input parameters:

o The input parameter of the first antecedent
condition of the rules R;, R,, Rz, and Ry is the
admit membership value AM.

o The input parameter of the second antecedent
condition of the rules R;, R,, Rj, and Ry is the
node mobility NM.

- Fuzzy sets:
The fuzzy set of the antecedent conditions of the

defined rules R}, Ry, R;, and R4 are: small, large, slow,
and medium.
Antecedent conditions (acd;):
o The first antecedent condition (acd;) in the
rules Ry, Ry, R3, and Ry is:
acdl: AM is small.
acd2: AM is large.
o The second antecedent condition (acd,) in the
rules Ry, Ry, R3, and Ry is:
acdl: NM is slow.
acd2: NM is medium.
Output parameters:
The output parameter of the rules R;, R,, Rj, and Ry is
the accepted incoming packets into buffer (AI).
The rules Ry, R,, R3, and R, use the following decisions
making: increased largely, increased, decreased,
decreased largely,
The fuzzy logic operator used by the rules R, R,, Rj,
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and R4is AND

The fuzzy operator “AND” is used in order to combine the
two antecedent conditions of each rule using the MIN
function. This provides the firing strength value for each rule.
After that, MAX composition function is used to combine all
firing strength values of the defined rules Ry, Ry, R3, and R, in
the aim of determining the highest one that will be the selected
wining rule. Fig. 4 shows the fuzzy logic scheme for decision
making of rules Ry, R2, R3, and R4.

In the following, we illustrate the steps of the proposed FPN
model.

a. Enter the input parameters into the places and

transitions:

- Pp={Pp1, Pp...., Ppn} is a set of places that represent
the input parameters. In the Fig. 5, the places used are
P, and P, which represent respectively, the first (e.g.
admit membership value AM) and second (e.g. node
mobility NM) antecedent condition of the rules Ry, R,
R;, and R,.

- Tp = {Tp, T ...., Tipa} represents a set of input
parameter transitions. The transitions Tjp; and Tip,
illustrated in Fig. 5 are used to distribute respectively,
the input parameters “AM” and “NM” for making the
first and second antecedent conditions of the defined
rules Ry, Ry, R3, and Ry.

b. Represent the antecedent conditions, and compute the
membership function for each condition.

- Pag= {Pacat» Pacazs ----» Pacan} 18 a set of places that
represent the antecedent conditions. P,.q; and P4, in
the model presented in Fig. 5 describe respectively, the
antecedent conditions “acd;” and “acd,”.

- Tamr = {Tamrt, Tames---» Tamm) 1S a set of transitions
that represent the antecedent membership functions.
Tamtt, Tamps Tamss Tames Observed in Fig. 5 represent
the membership functions of respectively, u,, ,(DM),

U (DM) s u,, (NM), u (NM).

- Pava = {Pamar, Pamdzs---» Paman} 1S @ set of places that
represent the antecedent membership degrees. The
values of the place P,q indicates the degree of
satisfaction of the input parameter AM to the fuzzy set
“small”.

slow medium

c. Compute the firing strength of conditions

- TFSC = {TFSCIa TFSCz, ey TFSCn} represent a set of
transitions that model firing strength conditions. For
instance, the transition Tggc; shown in Fig. 5 performs
the operation of minimum composition (MIN) on the
antecedent conditions of the rule
Ry:MIN(u,,,(MD),u, (NM)). Note that the fuzzy

operator AND is integrated with the MIN operation to
combine the first and second conditions of R;.

- Ppsc= {Prsci, Prsca, ----, Prscn} i @ set of places that
represent the firing strength. Pgge; tokens are
proportional to the number of antecedent conditions of
a rule R;. This number is shown by the label illustrated
between the transitions T,y and the place P,yqg. The

slow

construction of the antecedent conditions of a rule R; is
performed by firing a transition Tgsc;. The inhibitor arc
designed between a place Ppge; and Trgc is useful to
note that Tggc; should fire one time.

Determine the selected wining rule among the activated
rules:

TFMAX = MAX {PFSCb PFSCZ; ceey PFSCn} is a transition
that models the maximum composition operation
(MAX) for the defined rules. The firing strength value
of arule R; is stored in the place Prgc;.

Pwrsci represents the firing strength condition FSC; of
the selected wining rule R;. The later rule is determined
as in the following step.

Trsp = {Tksp1, Trsp2s----, Trspn} 1S @ set of transitions
that model the firing strength comparison. For instance,
the transition Tggp; is useful to make a comparison
between FSC; of the rule R; and the selected wining
firing strength WFSC;.

Pswr = {Pswri> Pswr2, ---» Pswra} 1S @ set of places that
models the selected wining rules. The rule R; is
selected to be fired if the place Pgwg; contains a token.

The conclusion of the selected rules:

Tom = {Tomi> Tom2, ---» Lpmn} 1S a set of transitions that
represent the decision of the selected rule. Tp,,; deletes
the firing strength values of other rules in order to fire
only the selected rule R;.

P,, is a place that models the output parameter. As
shown in Fig. 5, the place P,, represents the accepted
incoming packets into buffer.

Pus = {Peist> Peisz, ---» Pesnp models a set of places that
describe the different decisions of the defined rules.
The places Pgs, Pesp, Poss, and Py illustrate the
following conclusions respectively, “increased largely”,
“increased”, “decreased”, and “decreased largely”.
Only one place among all places will contain a token
which represent the conclusion of the selected wining
rule. For instance, the conclusion of the selected rule
R, is “increased largely” if Tp,, transfers a token from
the place Pgwp; to the place Py.

Tomr = {Tomti> Tome----» Tomm} 1S a set of transitions
that represent the output membership functions. Ty,
Tomp, Towmm, and Tomy represent the calculation
performed by the used fuzzy method to compute the
membership degree of respectively,

ul arge _increase (TR) > u,-,,”eme (TR) ) udew'eu.\'e (TR) N
ulargeideu‘ease (TR) >
Pomd = {Pomadi> Pomdzs ----» Poman} 18 @ set of places that

represent the output membership degree. The places
Pomdi> Pomaz, Pomas, and Pomgs indicate that the output
parameters of “Al is increased”, “Al is increased
largely”, “Al is decreased”, and “Al is decreased
largely” are satisfied with the following membership
degree, u (TR), u (TR), u (TR),

large _increase increase decrease

u (TR), respectively.

large_decrease
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IV. SIMULATION

The simulation of the proposed QoS architecture is studied
with ns-2 simulator. Each mobile host has a transmission
range of 250 meters and shares an 11 Mbps radio channel with
its neighboring nodes. We compare the performance of
FuzzyCCG with the °‘original model’ and SWAN model
described in [4]. We use the word ‘original model’ to refer to
IEEE 802.11 wireless networks without FuzzyCCG
mechanisms. The simulation is realized in two steps: the first
one investigates the performance of the proposed model in an
environment characterized by a single shared channel. The
second simulation considers a multihop environment.

A. Performance of a single shared channel

We consider a single hop environment that consists of a
square shape of 150m x 150m. The simulation includes a
variety of traffic types; FTP macro-flows, WEB micro-flows,
and real-time flows. The video and voice flows representing
real-time traffic are active and monitored for the duration of
100 seconds. Video traffic is modeled as 200 Kbps constant
rate traffic with a packet size of 512 bytes. Voice traffic is
modeled as 32 Kbps constant rate traffic with a packet size of
80 bytes.

The simulation considers a multiple scenarios of TCP best-
effort traffic, 4 voice and 4 video flows. The TCP traffic is
modeled as a mixture of FTP and Web traffic. Web traffic
represents micro-flows, whereas FTP traffic corresponds to
macro-flows. TCP flows are greedy FTP type of traffic with
packet size of 512 bytes. Web traffic is modeled as short TCP
file transfers with random file size and random silent period
between transfers. The file size is driven from a Pareto
distribution with a mean file size of 10 Kbytes and a shape
parameter of 1.2. The length of the silent period between two
transfers is also Pareto in distribution with the same shape
parameter with a mean of 10 seconds.

We explore in Figs. 6 and 7, the impact of scalability of
number of UDP video flows on the average end-to-end delay.
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Fig. 6. Average delay in the original and
FuzzyCCG models vs. number of video flows
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Fig. 8. Average delay in the original and FuzzyCCG models vs.
number of web micro-flows

We consider a mixture of real-time traffic and TCP best-effort
traffic which consists of 16 Web and FTP flows. It is observed
in Fig. 6 that the original model shows an average delay larger
than 12 msec with only 5 video flows and over 20 msec with
15 or more video flows. FuzzyCCG shows delays inferior to 2
msec with 5 video flows and less than 2.4 msec with 20 video
flows. Hence, the reduction achieved by FuzzyCCG in terms
of the average delay is about 90% in comparison to the
original model. On the other hand, Fig. 7 illustrates that for up
to 20 video flows, FuzzyCCG outperforms SWAN by about
13%.

Figs. 8 and 9 show the impact of the scalability of a
growing number of web micro-flows on the average end-to-
end delay. It is observed in Fig. 8§ that the increasing number
of web micro-flows has much more impact on the average
delay in the original model than in FuzzyCCG. The average
delay in FuzzyCCG remains around 1.8 msec, whereas in the
original model the average end-to-end delay grows from 1.8 to
7 msec when the number of web micro-flows increases from 8
to 72 web micro-flows. On the hand, it is observed in Fig. 9
that the average delay in SWAN and FuzzyCCG models is
similar for up to 16 web micro-flows. For the highest number
web micro-flows, the average delay of traffic in FuzzyCCG
becomes smaller than in SWAN by about 18%.

B.  Performance in multihop environment

In what follows, the simulation considers a multihop
network of 50 mobile nodes. The network area has a
rectangular shape of 1500m x 300m. The AODV protocol
[28] is chosen as a routing protocol. The flows traverse three
intermediate nodes on average between source and
destination. In this multihop network, we consider a mixture
of real-time and TCP best-effort traffic. The real-time traffic is
modeled as 4 voice and 4 video flows. The TCP traffic is
modeled as a mixture of web micro-flows and FTP macro-
flows traffic.

0,0032

0,0024
R
- "
0,0016
—————t——FuzzyCCG

0,0008 - - @- - SWAN

Average delay(msec)

1 5 10 15 20 25 30
Number of video sources

Fig. 7. Average delay in FuzzyCCG and SWAN models vs.
number of video flows
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Figs. 10-13 explore the scalability impact of the increasing
number of TCP flows on the average end-to-end delay and
throughput of traffic. Fig. 10 illustrates a significant difference
in terms of the average delay between FuzzyCCG and the
original model. The average delay in FuzzyCCG grows slowly
with the increasing number of TCP flows, and it remains
between 2 and 3 msec. In contrast, the average delay in the
original model grows from 7 to 31 msec as the number of TCP
flows increases from 2 to 12 flows. Hence, the gain achieved
by FuzzyCCG in terms of the average end-to-end delay, is by
about 74-92%. Fig. 12 shows the average end-to-end delay in
both FuzzyCCG and SWAN models. It is shown that the
average delay is almost inferior to 3 msec in the proposed
model, whereas in SWAN model the average delay is around 5
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Fig. 11: Average throughput in the original
and FuzzyCCG models vs. number of TCP flows
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Fig. 15. Average throughput in the original
and FuzzyCCG models vs. mobility
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Fig. 17. Average throughput in FuzzyCCG
and SWAN models vs. mobility
msec. This means that the achieved gain offered by
FuzzyCCG is about 49% in terms of average delay.

Figs. 11 and 13 illustrate the impact of growing number of
TCP flows on the average throughput of TCP traffic over the
models of simulation. The average throughput of the TCP
traffic in FuzzyCCG is almost the same as in the original
model, as shown in Fig. 11. At lower number of TCP flows,
the average throughput in the original model is superior to that
in FuzzyCCG. A similar result is observed in Fig. 13 between
FuzzyCCG and SWAN.

Figs. 14-17 explore the impact of mobility on the
performances of FuzzyCCG. The real-time traffic is modeled
in the same manner as discussed previously. The best-effort
TCP flows consists of 5 web flows and 5 FTP flows. The
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random waypoint mobility model is implemented at each node
in the network. In the beginning, the nodes are randomly
placed in the area. Then, each mobile node selects a random
destination and moves with a random speed up to a maximum
speed of 20m/s. After reaching the destination, the node will
stay there for a given “pause time” then starts to move towards
another destination. This process is repeated during all
simulation time.

It is observed in Fig. 14 that the average end-to-end delay in
FuzzyCCG increases slowly. The average delay in the
proposed model remains almost less than 5.4 msec, whereas
the average delay in the original model grows from 25 to 38
msec. This means that the proposed FuzzyCCG achieves a
reduction in terms of average delay by about 79-87%. On the
other hand, it is observed in Fig. 15 that the throughput of
TCP best-effort traffic decreases slowly in the original model
as the mobility increases. The average throughput in
FuzzyCCG is superior to that of the original model by about
33% for different mobility scenarios.

Fig. 16 shows the average end-to-end delay with different
mobility scenarios in both FuzzyCCG and SWAN models. For
different mobility scenarios, the average delay offered by
FuzzyCCG is about 10-36% better than that offered by
SWAN. Fig. 17 shows that for different mobility scenarios,
the throughput in FuzzyCCG is better than in SWAN model
by about 43%.

The previous results show that the proposed architecture
provides an average end-to-end delay with low and almost
stable values, which is promising result for jitter-sensitive
applications.

V. CONCLUSION

In this paper we proposed an intelligent solution for the
congestion control of multimedia applications. The presented
approach includes a fuzzy logic technique for buffer threshold
management in order to show the ability of fuzzy thresholds to
adapt to the dynamic conditions over the classical inflexible
thresholds. In addition, the proposed solution includes a new
technique based on fuzzy Petri nets to model and analyze the
QoS decision making for buffer management in wireless ad
hoc networks. It is observed in the simulation results that the
proposed architecture can achieve a significant reduction in
terms of the average end-to-end delay in comparison to both
IEEE 802.11 and SWAN models. The obtained results
confirm that the intelligent-based solutions can offer a good
QoS support for multimedia services.
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