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1. Introduction

Multimedia systems connected by computer networks are widely used in applications such
as telecommunications, distance-learning, and video-on-demand (Nerjes et al.,
1997;Kornkevn & Lilleberg, 2002;Shahraray et al., 2005). Since multimedia data have real-
time properties that must be processed and delivered within given deadlines, the demand
on such systems is increasing (Althun et al.,, 2003;Gibson & David, 2007). In order to
maintain the required quality, several systems using QoS techniques have been proposed
(Furguson & Huston, 1998;Park, 2006;Villalon et al., 2005). The IEEE802.11e (IEEE Standard,
2003) is one of these techniques. It provides two functions for QoS support: enhanced
distributed channel access (EDCA) and hybrid coordination function controlled channel
access (HCCA). HCCA uses concentrated control and guarantees the required propagation
delay. On the other hand, EDCA uses distributed control, has good scalability, and requires
less overhead than HCCA, but cannot guarantee the required propagation delay. In order to
assess the dependability of multimedia systems using QoS, such as the IEEE802.11e
supporting EDCA, the propagation delay and its standard deviation (jitter) must be
quantitatively evaluated (Claypool & Tanner, 1999;Fan et al., 2006;,Gibson & David,
2007;Park, 2006).

Several evaluation methods have been proposed, such as queuing networks (Ahmad, et al.,
2007;Cheng & Wu, 2005), stochastic process models (German, 2000;Nerjes et al.,, 1997), and
simulation models (Adachi et al., 1998;Bin et al., 2007;Grinnemo & Brunstrom, 2002). However,
these methods have several problems. Queuing networks and stochastic process models are
analytical models, which do not require a long time for computation. However, it is difficult to
model the given systems, since the number of states in a model increases exponentially as the
system increases in size, particularly when the systems are large and complex. Though
simulation models are used for evaluating systems, they require a long time to obtain
statistical data regarding the standard deviation (jitter). This chapter proposes a method for
evaluating systems using the Generalized Stochastic Petri Net and the tagged task approach
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2 Petri Nets: Applications

(Imai et al.,, 1997;Kumagai et al., 2003). GSPNs are an extension of the Petri Nets that can be
easily used to model the timing behavior of systems. The tagged task approach can reduce the
number of states in a model by tracing the behavior of a tagged task.

A method for evaluating local area computer network systems, such as the IEEE802.11e
WLAN supporting EDCA, based on delay jitter analysis using the Generalized Stochastic
Petri Net (GSPN) and the tagged task approach, is fully explained. The system is modeled
using GSPN with the tagged task approach, then the state transition diagram of the Markov
chain is constructed from the reduced reachability graph of the GSPN model. Processing
paths are extracted, and the mean value and variance of the delay time are calculated using
the equations derived from the Markov chain. An evaluation example is also given. Section
2 explains system modelling using GSPN, while Section 3 presents the evaluation method
that will be used. Section 4 describes the evaluation example, which is a system built using
IEEE802.11e WLAN supporting EDCA. Finally, Section 5 summarizes the results of this
chapter.

2. Modeling Network Systems Using GSPN

2.1 GSPN

GSPN can be defined as follows (Marson et al., 1995). The set of all natural numbers will be
denoted as N, while the set of all real numbers will be denoted as R.

[Definition1]

Nogy = (P, T W, W W" A0, M,) (1)
P= {pi‘ 1<i< P‘ = n} ; Set of places,
T = {l‘j| 1<y S|T| = m} ; Set of transitions,
T=T 7 uT. T,T 7 NT. 7= ;T ;is a set of immediate transitions, T ris a set of timed
transitions,
W~ :PxT — N ;Input connection function,
W' :TxP — N ; Output connection function,
W'":PxT — N ;Inhibitor arcs,
A=Wli<is|T,
® : T, = R ; Weighting function of immediate transitions,

} ; Firing rates,

m, : Initial marking.
In GSPN, places are represented by circles; timed transitions by boxes; and immediate
transitions by thin bars. An inhibitor arc ends in a small circle. A timed transition fires
according to the firing rate assigned to the transition when the firing condition is satisfied.
Fig.1 shows a typical GSPN for M/M/1/1/3. In the figure, p1, p2, p3, ps, and ps are places; t;
and #; are the timed transitions; f, is an immediate transition; and 4, and 4, are the firing

rates for transitions #; and #;.
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Fig. 1. Sample GSPN

2.2 Reachability Graph and Markov Chain

In the example net, the transition #; fires after the time determined by the exponential
probability distribution function with parameter 4, and the tokens in places ps and ps move

to place p;. The assignment of tokens to places is called marking. In this example, the
marking changes from the initial marking m, to the next marking m; when ¢, fires, as shown
in Fig.2. The change in markings is represented by Equation (2). In Equation (2), m,[t, > m,
indicates that the marking my changes to m; after the transition t; fires.

m,[t, >m][t, >m,[t, >m,

my[t, >m][t, >m,[t >m][t, >m, @)

(P15P25P3:P4:P5)

___ t1

m, E
00120
v/

m,
01021

t3
/ N |
11010 | m,

Fig. 2. Reachability graph for the sample GSPN.

The set of markings reached from m is called a reachability set and is defined as follows:
[Definition 2]

The minimum set of markings satisfying the following condition is called the reachability
set of the initial marking mo and is represented by RS(my).
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4 Petri Nets: Applications

m, € RS(m,),
m, e RS(m)AIteT :mt>m, 3)
= m, € RS(m,) |

The change of markings in a reachability set can be represented by a graph. The graph of all
reachable markings from the initial marking is called the reachability graph and is defined
as follows.

[Definition 3]

A labeled digraph is called a reachability graph and is represented by RG(my) when the set
of nodes in the graph is RS(my), and the set of edges A in the graph is defined by the
following equation:

A< RS(m,)x RS(m,)xT
(m,m t)ye A= m][t>m m m € RS(m,)

@
[

The GSPN has two kinds of markings: tangible and vanishing. Tangible markings allow
timed transitions to fire, while vanishing markings allow immediate transitions to fire.
Vanishing markings can be reduced by eliminating them from the reachability graph. The
reduced reachability graph is equivalent to the state transition diagram of a Markov chain
for the GSPN model (Marson et al., 1995) and is shown in Fig.3.

Fig. 3. State diagram of the Markov chain for the sample GSPN.

3. System Model

In network systems processing multimedia data with QoS control, tasks are processed
according to their priorities for satisfying their QoS requirement. The following system
assumptions are useful for analysis.

[Assumptionl]

Each task has a priority, which determines when it is processed and delivered.
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In network systems containing many hosts, tasks occur randomly, and the processing time
for tasks may be an arbitrary value. Thus, the following assumptions are made about the
tasks:

[Assumption?2]

(1) Tasks occur according to a Poisson process.

(2) Task processing time is determined by the exponential probability distribution function.
The IEEE 802.11e WLAN supporting EDCA is used as the example for explaining the system
model and the evaluation method. The IEEE 802.11e WLAN supporting EDCA has four
access categories (ACs): AC_VO, AC_VI, AC_BE, and AC_BK. The access category AC_VO
is the category for voice tasks and has the highest priority. AC_VI is the category for video
and has the second-highest priority. AC_BE is the category for best-effort tasks and has the
third-highest priority. AC_BK is the category for background tasks and has the lowest
priority. The GSPN model for analyzing mean delay and its jitter for the AC_VO task is
shown in Fig.4 (Ikeda et al., 2005) (Tsunoyama et al., 2008). The model is constructed based
on the tagged task approach in order to decrease the increase in the number of states in the
Markov chain.
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(b) Nontarget host part.
Fig. 4. GSPN Model of AC_VO in IEEE802.11e WLAN.

In this example, the mean delay and its jitter are analyzed for the AC_VO task generated
from a host. In the analysis, the AC_VO task is called the tagged task, and the host is called
the target host. Fig.4 (a) shows part of the model and represents the behavior of the tasks
from the target host. The right part of the figure represents the interaction between the tasks
of the other access categories in the target host and the tasks from the nontarget hosts in the
WLAN. Fig.4 (b) also shows part of the model and represents the behavior of tasks from the
nontarget hosts in the WLAN.

When an AC_VO task is generated in the target host, the transition T_gen_vo fires, and a
token moves from P_gen_vo to P_back_vo. After the back-off time, T_back_vo fires and the
token moves to P_trans. If no task is being sent from the nontarget hosts, the token moves to
P_trans_succ and also moves back to P_gen_vo, since no collision occurs. If another task is
being sent from the nontarget hosts, the token moves to P_timeout and moves to P_trans_fail
after the time determined by the firing rate for T_timeout. When a task with another access
category is generated from the target host, the transition T_gen_g fires and a token moves to
P_back_q. The collision is examined by T_fail and T_timeout, as with AC_VO.
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4. Evaluation Method

4.1 Delivery path and its selection probability

The delay time for task processing can be obtained by accumulating the sojourn time for
states in a state sequence from a start state, where the task occurs, to an end state, where the
task has been processed and delivered successfully. A reduced reachability graph is
equivalent to a state diagram of a Markov chain for task processing. Thus, the delay time
can be obtained from the firing rate of transitions in the path corresponding to the state
sequence. A path in a reduced reachability graph is defined by the following definition. In
the definition, m,(a<i<b)are markings and t (a £ j < B)are transitions.

[Definition4]

A sequence of markings and transitions, m,[ t,> ... m>tp> my], starting at marking m, and

ending at marking m;, for a reduced reachability graph is called a path from m, to m;. The

number of paths from m, to m; is denoted by Ny, while the ith path is denoted by Py® (1 <i <

Nup).

When there are a number of paths from start marking 11, to end marking m, task processing

is made along one of the paths with the given probability. The probability of a path selected

in all paths from m, to m; is called the path selection probability and is denoted by P, (P |

m,), where 1 <7< Ng .

The probability of transition from marking m; to next marking my is determined by the

following equation, where A; is the set of subscripts of outgoing arcs from the marking m;

(Marson et. al., 1995).
Pr(mj—>mk):/1—’,Aj=2/1, 4)

Aj led;

The path selection probability for path Py® is obtained by the product of the above

probabilities for a path and given by the following lemma (Kumagai et al., 2003).

[Lemmal]

_ <A,
Pr(P," |m,) =[] ®)
joa N

4.2 Sojourn Time for the Path and Delay Jitter

The sojourn time for a path is given by the summation of the sojourn time for all markings
in the path. Therefore, the probability density function of the sojourn time for a path can be
obtained by the convolution of the probability density function of the sojourn time for every

marking in the path. The probability density function of sojourn time, T 22) , for path Pap®

can be obtained using Equation (5) and Assumption 2. The result is given by the following
lemma (Kumagai et al., 2003).
[LemmaZ2]

b b -\t
Jo@=~TT(=A )2 heXp( 1) 6)
SR AL A

n=a
n#m
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8 Petri Nets: Applications

The mean value g_and the variance J, of the delay time can be obtained from Equation (6).

The following results are presented as a theorem: (Ikeda et al., 2005;Kumagai et al., 2003).
[Theorem1]

ZPr(m )Z Pr(P,"” | m )Z ﬁﬁ (7)

aeS,, j 22(;
Nu y b 2 b A 8
V,= > Pr(m)Y | Pr(B," Im W | -S| - E ®)
e ! i Ak By = A
<#J

[
4.3 Evaluation procedure
Fig.5 shows a flow chart for evaluation. A network is first modeled using GSPN. The GSPN
model is then analyzed and a reachability graph is obtained using the Petri Net tool, Time
Net (German et al., 1995). The set of start markings is extracted from the reachability graph,
and the delivery paths are searched. The delay time and its jitter are calculated for all
searched delivery paths.

Start

v

Modelling WLAN using GSPN

|

Analyse the model using Time Net.

!

Extract Sgen and search the delivery paths.

'

Calculate mean and standard deviation of the
delay time.

v

End

Fig. 5. Flow chart of the method.

5. Example

An example network using IEEE802.11e over the IEEE802.11a consisting of three hosts is
evaluated. Table 1 shows the parameters for the simulation.
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Access AIFSN CW min CW max TXOP
Categories Limit
AC_BK 7 15 1023 1 frame
AC_BE 3 15 1023 1 frame
AC_VI 2 7 15 3 ms
AC_VO 2 3 7 1.5 ms

Table 1. Parameters for the ACs.

Each AC has four parameters, and ACs are distinguished by assigning different values to
the parameters. Table 1 shows the default values for the parameters. A smaller value implies
a higher priority. In the example, AC_VO is first analyzed by assigning a tagged task, and
then AC_VIis analyzed.

Figs.3 and 4 show the mean delay and jitter for AC_VO and AC_VI, respectively. The
figures show that the mean delay for AC_VI increases by about 7.5 [ms] and the jitter for
AC_VI increases by about 4.3 [ms] when the virtual load on the network increases from 0.1
to 10.0 . However, when the virtual load increases, the mean delay and jitter for AC_VO
decrease by about 1 [ms] less than AC_VI (Ikeda et al., 2005) (Tsunoyama & Imai 2008).

i AV_VO (Simulator)
13 AC VO(Model) = = *
12 AC VO(Simulator)
AC_VI(Modg) == ===

)
E
o 11 i
=
= 10 7
& |
g 9
c © '
& -
= 7
S -
5 " |
0.1 1 10

Virtual load (packets / transmission time)
Fig. 6. Mean delay time for AC_VO and AC_VL
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2 85 ;
~ 8 il
2 -
= 7.5
? -
6.5 il
G —

o
w
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Virtual load (packets / transmission time)
Fig. 7. Jitter for AC_VO and AC_VL.

6. Conclusions

A method for modelling local area computer networks used for processing and delivering
multimedia data is proposed. The proposed method can evaluate the mean delay time and
its jitter (standard deviation) for systems based on the GSPN model and tagged task
approach. The systems can be modeled by the method presented, and both of the values can
be evaluated easily using the equations shown in this chapter. An example of modeling and
evaluating local area computer networks using IEEE802.11e WLAN supporting EDCA was
shown. From the results, it can be concluded that the system can be modeled easily. The
mean delay and jitter for AC_VO obtained using the proposed method agrees well with the
values obtained using simulations. However, when the virtual load of the network exceeds
one, the value of the jitter for AC_VI differs slightly from that by simulation.

Future efforts will improve the model to reduce the observed difference and to compose a
compact model to reduce the number of states in the Markov chain for the network.
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