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CHAPTER I
INTRODUCTION
The recent advances in computer and communication technologies
and the growing requirements for communications have made it inevitable
that the different types of traffic such as data, voice, image, etc. will be
integrated in the same network to provide a rich set of services.

The main. characteristics of these integrated systems are clear: they
must deal with different media , voice, data, etc. which have different
réquirements. They must also have layered functional protocols. The need

for tools for the system performance evaluation becomes more and more
‘apparent.

Performance modellihg and evaluation refer to the following
procedure: build a model which reflects the main factors determining system
performance, obtain performance measures by the model and use these
measures as estimates of performance of the real system. During the design
and development phase of a system, modelling is the only way for predicting
the system performance and for finding whether the designed system has a
good performance at a reasomable cost. Even when a system is built up,
modelling is still an appropriate tool that assists in understanding the
behavior of the system and improving its performance. Modelling is, in
general, less laborious, more flexible than experiments arid more reliable
than intuition. ¢

~
i i
As far as protocol performance is concerned, most previous work



concentrated on only one specific protocol lgyer. Layers ‘z‘ibbvi; the one
considered were usually modelled as workload sources, while those below
were considered as transmission models. In this way, however, an important
- -part of protocol was neglected, namely,: resource contention from different
layers (in multilayer protocols), cooperation, synchronization .'and
E:oncurrency between different layers, as well as the different behavior of
digitized voice and a variety of data traffics. |

. With these problems in mind, we shall examine séveral possible ways

- for integrated system protocol performance analysis, describe their

limitations, and then propose a better way. The proposed tool is CGSPN, an

extention from CSPN. To make it more suitable for performance evaluation, |

we introduce two mew concepts into it: "neutral tokens” and "priority

firings". The extentions introduce mathematical con_:iplications which do not

exist in either CSPN or GSPN. The underlying stochastic process associated

with it beéomes complex. Is it still 2 Markov Chain? We shall identify those

problems and use the theory of stochastic processes to solve them. We shall

also show that the extended CGSPN is still equivalent to a Markov Chain. In

f/'\e(der to get numerical solutions for the proposed CGSPN, we build a

- '\ PASCAL programme to extend the software package GSPNA which is used

for analyzing GSPN. We also show how to implement the CGSPN to model

integrated system protocols and how to obtain numerical results by the
extended software package.

The organizatior of the thesis is as follows:

. Chapter I reviews three ways in protocol evaluation, Queueing _
.systems, Finite State Machines (FSM), aad Petri Nets (PN) together with
their strengths and weaknesses. Markov chains as an essential concept are

2
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briefly reviewed at the beginning.
Chapter III first discusses PNs in details, particularly Stochastic. Petri
Nets(SPN) ,Generalized Stochastic Petri Nets (GSPN) and Colored Stochastic

Petri Nets (CSPN). Colored Generalized Stochastic Petri Nets (CGSPN) are /

extended with the introduction of "neutral tokens™ and "priority firings" and
proposed as a tool for multilayer, integrated system protocol perfomiance
analysis. Problems associated with the propositions are identified and solved. .
A method for obtaining numerical results from CGSPN by enhancing
GSPNA, a software package for analyzing GSPN, is given and a PASCAL
program is built to extend the GSPNA. Methods for applying CGSPN to
build the model of an integrated s§stcm protocol and for analyzing the model
by the extended software package are also discussed. '

Chapter IV describes an integrated data voice system (IDVS),
particularly the protocols associated with it. This system will be analyzed by
the extended CGSPN.

| Chapier V builds the CGSPN model of the multilayer protocol of the
IDVS described.in Chapter IV and analyzes it by the extended software
package. Results are discussed.

The thesis ends with Chapter VI, a conclusion about the extended

‘ CGSPN and suggestions for future study.



CHAPTER I
TOOLS FOR INTEGRATED SYSTEM PROTOCOL

PERFORMANCE EVALUATION

In this chapter, three types of tools are reviewed as possible ways for
integrated system protocol performance evaluation. They are: Queueing
Systems, Finite State Machines and Petri Nets. Their strengths and
weaknesses are discussed. Markov Chains as an essential concept are briéﬂy
reviewed at the beginning. o

rkov in

Since Markov chains appear in this thesis several times, it is necessary
to review some basic concepts of them. -

A stochastic process is a family of random variables {X(t), t €T}
defined on a given probability space, and indexed by the parameter t. The
values assumed by the random variable X(r;) are called states, and the set of all
possible states forms the state space of the process. .

If a stochastic process {X(t), t«T} satisfies the condition:

PLX(®<=X | Xt)=xy, X(ty. )=y 4,0 X(tg)=%0}
= P{X{(t)<=x | X(t )=x_} >t >t > >t (2.1)

é
it is called a r_k V_Dr - P{X(t)<=x | X(t)=x_} is called transition

.4



probability. The condition above is known as Markov property. Intuitively, a
Markov process can be explained as a process where the future behavior only
depends on the present state, not on the past procedure. In other words, the

state X(t) contains all necessary information about the past process history.

If the state space is discrete, the Markov process is called Markov
Chain. The index t can be either discrete or continuous. As a result , there

are discrete time Markov Chains and contipuous time Markov Chains. If the
transition probabilities are independent of time, then the Markov Chain is

said to be homogeneous. In this thesis, only homogeneous Markov Chains are
used.

For discrete time Markov Chains (DTMC), (2.1) becomes:

-

P{X e 17%ne1 | X=X X=X X=X}
=P{X ,;=x 1 [ X =x_} for all integer n

P{X :1=Xg41 | X;=%X,} is the one step transition probability of the

DTMC. In the homogeneous case, it is denoted as:
py; = P{Xy =3 1 X=i}
Define the transition probability matrix P as:
P={p;]

‘The steady state distribution of a DTMC is of particular interest.



If a DTMC is ergodic, then the steady state probability distribution
exists. Let '

e {m Ty} A

4
S “

rl

denote the steady state probability vector, where T, is the probability of the .

D’I’M(; being in state i. It is shown [TRIV 82] [ISAA 76] that & can be

“obtained by solving

: H
n:gP;
!

2;m=1 )
For Continuous Time Markov Chains (CTMC). (2.1) becozﬁes:

P{X(ta)=%, | X(tp)=x, X(tn-1)=xn-1""’X(t0)=x0}
= P{X(tn+1)=xn+1 | X(t))=x,}

—~, G+1> > >ty forallintegern

P{X(t,, 1) = x, L1b X(t;) =x_} is one step transition probability. In the

homogeneous case, it is denoted as:
Pij('r) =P{ X(t+7) = j | X(t) = i}
Define the transition rate matrix Q as

Q=[qij]"



| where
. P; ( 2_\- - . .
Qij=11mt—-o gt ‘#J |

gs; = lim,_o 2(=1

t
Let © denote the steady state distribution of CTMC,

R { Ty T )

then 7 can be obtained by solving: [ TRIV 82 ]

_nQ=0 v

ziﬂi=1

It is proved [ KLEI 75] that the time spent in CTMC states is an
exponentially distributed random variable. If the time spent in a state has an
arbitrary distribution but at the instants of state transitions the process
behaves just like an ordinary Markov Chain, the points at these instants of
state transition constitute an embedded Markov Chain. Hence, the statistics at
these points may be obtained by solving the embedded Markov Chain.

2.2 Oueueing Systems

Queueing networks are well known models of computer systems.

Because they are capable of representing the main features of those systems.

A queue is a center, where customers come, wait in line for service,
be served by servers according to certain service scheduling or queueing
discipiine, and depart after service. There are many service disciplines, for



instance, First Come First Serve (FCFS), in which customers are served
according to the order of their arrival; Last Come First Serve (LCFS), in
which the latest arrival is served first; no queue or Infinite Server(IS), in
- which infinite servers are assumed, hence customers receive service as soon
as they arrive at the quéue;'Round Robin(RR), in which an interval of time is
defined to be the quantum and customers are served in first come first served
order as long as their service times do not exceed the quantum. V;Jhcn a
customer's-current service time( ignoring previous quanta) reaches the
quantum, the service is preempted with state information saved for future
resumption and the customer is placed at the end of the queue. When the
quantum goes to zero, the RR discipline becomes processor sharing (PS), in
which many customers may be served at the same time, every one served
with equal rate, and the total rafe being equal to the service rate.

The number of customers in the system constitutes a stochastic
process. The properties of the process are determined by the interarrival
time distribution, service time distribution and service scheduling. It is in
general very difficult to obtain the transient behavior of the stochastic
process. Instead, the steady state behavior of the process is often analyzed. By
assuming exponential time distribution .of the interarrival time and the
service time, a continuous time Markov Chain is recognized. Each state of it
represents the number of customers in the queue. The transition rate matrix
Q can be obtained from the corresponding exponential time distribution. By
solving: |

Q=0
. h‘l{. T ’
the steady state probability distribution of the number of customers in the |
queue is obtained. When either the interarrival time or the service time is not

8



exponential, i.e. general distribution, an embedded Markov Chain may be
obtained. Hence, the probability distribution for the number of customers at
specific points of time may be obtained by solving the embedded Markov
Chain. Refer to [KLEI 75] for details.

Often, a single queue is not sufficient for modelling computer
communication systems. Instead, a network of queues is needed. A network
of queues consists of a set of service centers or queues. A customer enters the
system, queues for service and, upon the departure from a given queue, he
either proceeds to some other queues to receive additional service or leaves

the system.

Customers may belong to different classes. The behavior of customers
in each class is the same (e.g. same routing, same service time distribution,
etc.). Custorpers of different classes may hdve different behaviors. A
network is said to be open, if customers arrive and leave the network. A
network is said to be closed, if customers neither leave nor arrive. A network

" may be closed with respect to some classes of customers and open with

respect to other classes of customers. In this case, it is called a mixed
network.

In a network of queues, the number of states of the correspondiné
Markov Chain may be high. If the number of queues is large, the Markov
Chain may not be managable. Fortunately, imposing certain restrictions on
the characteristics of the workload and on the operation of the system's

resources, some networks possess straightforward solutions, which#are called
produci form solutions. |

Assume that the network contains N queues or service centers and R
classes of customers. The equilibrifm state probabilities have the general

»

9 [



form [BCMP 75]:

P(S) = Cd(S) fy(x;) f5(x5) ... fielxp)
where ' '
S :the state of the system.

s X; :the configuration of customers at the ith service center.
d(S): a function of the state of the model.
f; :afunction that depends :)n the type of the ith service centér,
C : normalizingaéonstant

—_—

Four types of service centers are considered: \\‘\\_
- - 1\\

1. First Come First Served(FCFS), in which the service time
distributions must be identical and exponential for aIi classes of
customers;

2. Processor Sharing(PS); S

3. Last Come First Served(LCFS); L

4. Infimite Server(IS). —_

For the last three service centers, the probability distributions of the
. service times should have rational Laialace transforms. s

EacH customer belongs to one class of customers while awaiting or
receiving service at a service center, but may change classes and service
centers according to a fixed probability at the completion of a service
request. For open networks, state dependent arrival processes are allowed.

The above product form networks have been extended, and some of
the restrictions have been relaxed[BOUD 85] [CONW 85]. Efficient solution

10
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algorithms exist [BRUE 80] [REIS' 80] [CONW 85] . However, the
restrictions still hamper their applications.

Before obtainiﬁg further results as the average residence time in the
queue, let us first review one important rule, Little's result [LITT 61].

Li}tlé's;result says: the average number of customers in a quéueing
system is equal to the average arrival rate of customers admitted in that
systemy.multiplied by the average time spent in that system.

N=AT ’

where AN
N: the average number of customers
A: the arriving rate

T: the average time spent in the system.

Note that this rule does not need any specific assumptions regarding
the interarrival time and sggvice time distributions. Further, this rule may be

applied to any part of a system. It is worth mentioning that the word "system"'

in the rule may consist of several queues, not necessary only one queue, as
long as a boundary is specified.

The-average number of customers in a system may be obtained by:

N= zi ie Pi
where

N: average number of customers.

P;: probability of having i customers in the system.

11



The arriving rate is given. Hence the average time spent in the system
is obtained by Little's result as:

T=N/x

where A is the arriving rate.

A few papers address the problem of pl%tocol performance modelling
and evaluation by Queueing theory [MITC 86] [BRUN 86] [REIS 79]. Reiser
has made a survey on the communication system models embedded in the OSI
reference model [REIS 86). Most of the studies consider only one specific
layer, the layers above and below the one of concem being represented
simply, by workload source and transmission models: for analytical
tractability. For example, for the OSI Network layer and the Transport
layer, queueing networks and multichain closed queueing networks have
been used respectively.

ta [MURA 87] presented a two layer performance model, which

consists of a Media Access Control (MAC) layer submodel and a transport
layer submodel. A polling model is applied to the token passing MAC layer,
and the closed queuveing network model is applied to the Transport layer. An
| iterative algorithm for the two layer model is proposed: at the beginning, the
arrival rate A’ from Transport layer to MAC layer is set to some initial
- value. The mean message delay times are calculated'in.terms of the given A"
through the MAC model. The mean delay is used to calculate the tHroughput
A of the Transport layer in the Transport layer model. Ther setting the
arriving rate A'to A, and repeating, the procedure again, another A is
obtained. The process is repeated over and over until the difference between
A'and A is small enough. Mitchell [MITC 86] presented a three level Local
Area model. His solution method is also itérative, similar to the one discussed

12



above. Iterative algorithms are a Agood way for handling the multilayer
protocol problem. But with a separate model of each layer, it is not possible

to consider the contention for one resource (e. g. the CPU) from different
layers.

One weakness of queueing system models is the difficulty in
modelling and analyzing synchronization or cooperation. Even if some
special symbols have been introduced to represent the synchronization
[SAUE 81}, no algorithmé exist for solving it." As a result, whenever
synchronization appears in models, people go to simulation for help. Another
weakness is that when the conditions for product form solutions are violated,

one has to go back to the Markov Chain itself, which could be too large to
handle. '

2.3 Finite State Machines

?

Protocols for computer communication systems were fu{st described
in patural language. Later it was found that these descriptions often turned

out to be ambiguous. As a result, several other tools were used. One of them
is Finite State Machines(FSM).

In the ESM model, protocol processes are specified by a set of states S
representing the states (ithe process, a set of messages M that can be sent

from one process to another, a set of initial states O and a set of transitions T
representing mappings of states.

FSM=(S8,M,0,T)

where

S ={s}, 85,8}



M= {M, M,,.M_}
0 = {01,02,---0m}

T is 2 mapping from one state to other states.

A few papers in the literature have presented ways for protocol
performance evaluation through FSM [RUDI 83] [RUDI 85] [KRIT 85]
[KRIT 86] [ENGE 86].

A technique for predicting protocol performance directly and
automatically from the FSM specification was presented by Rudin [RUDI
83]. A global system state is built from the FSM of each process. This state
consists of the states of the processes involved in the protocol. The elapsed
time incurred by the traversal of each arc is specified beside that arc. When
one of several paths is possible, the relative progabilities of these several
paths are specified. | \\\

With that model, it is possible to obtain the time delay between any
two states or the recurrent time to one state. The delays associated with each
of the intervening arcs are simply summed up. If several paths are possible,
paths would have to be weighted according to the probabilities of their
occurrence:

Average Delay= Z:\;l[P, * Dpata, ]

where

path ; - the delay of path i
P, . :the probability of path i occuring
N : the number of paths.

Later Rudin improved this algorithm [RUDI 85]. He recognized the

14
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Markov like property that the future growth of a path is independent of the
path's history. The improved algorithm is based on merging equivalent
states, which needs to be developed during the course of the analysis. Refer to

[RUDI 85] for details. )
vl

The method proposed by Rudin is easy to understand and easy to use,
but it does not take into account resource contention.

Kritzinger proposed an analytical model for predicting the
performance of implementation built according to the OSI basic reference
model [KRIT 85] [KRIT 86). The model uses the peer protocol standard of a -
layer as the reference description of an implementation of that layer.

ha S

His approach is the following:

Take the FSM for protocol specification, add the expected duration to
each transition representing the time needed for that transition. When there
exists more than one output from one state, probabilities should be assigned.
Then 1dentify active transitions or actions and passive transitons or delays.

Active transitions are the ones which require time from the processor to
execute in the implementation of the protocol. Passive transitions are the ones
which simply represent a delay. The time taken by an active or a passive
transition, respectively, is considered to be spent in the state from which that
transition originates.

/f\ :

Two assumptions are made [KRIT 861

1. A path is selected at random, independent of any other paths
selected and independently from one state to the next.
2.The time taken to execute a transition has an arbitrary distribution

N

15



which is independent of the time spent in any other transition.

A closed ;nulticlass multichain queueing network is built with a
processor sharing center modelling process contention at the processor and a
delay center modelling times spent waiting for responses from the
corresponding peer processés. Each individual transition of the protocol
constitutes a different class and each layer of the architecture forms a closed
chain. The network is solved by product form solution [KRIT 86] [LAVE
83]. Performance statistics such as queue lengths and response times at the
processor as a function,of processor speed are obtained.

. : 7 &

Asa mattervbf fact, Krizinger's model uses FSM as a bridge leading to
queueing networks. The model does consider the resource contention and is a
good technique for handling the performance.' measures for multilayer
commuaication architectures. The weakness of the model is that apart from
the contention for processor time by the processes from all layers, the model
does not directly correlate individual events at neighbouring layers, or the
cooperation between different layers, which however constitute an improtant
part of protocol specification. Petri Nets which will be briefly reviewed in
the next section circumven£ this problem.

2.4. Petri Nets

Petri Nets are a graphical model developed by C.A. Petri [PETR 66).
A Petri Net consists of a set of places P, a set of transitions T, and a set of arcs
Al Graphiczilly, places are represented by circles and transitions by bars.
Places may contain tokens, which are drawn as black dots. A marking is an
assignment of tokens to the places. A PN state is a marking. For a formal
definition of PN, see [PETR 66] or Chapter III.

16



A place is an input place-of a transition if an arc exists from the place
to the transition. A place is an output place of a transition if an arc exists from
the transition to the place. When all the input places of a transition contain at
least cne token, 1t is enabled; An enabled transition can fire removing one

token from all input places and placing one token in each output place. In this
way, a new marking is reached.

PNs are widely accepted as a tool for the modelling of computer
systems as well as many complex systems due to their capability of
representing synchronization , concﬁ‘rrency and conflicts. N

In ordinary PN, there is no time concept involved. However, as long
as performance is concerned, time plays an important role in system
operation. Recognizing that PNs are powerful in representing
synchronization and co,ncurreﬁ(;y which are not easy to model with queueing”
systems, a lot of efforts have been made to add time into the PNs. One of
them 1is the E-nets [NOE 73] which introduced a fixed time associated with
each transition to specify the delay between the enabling and the firing of a
transition. Another effort was made by Merlin [MERL 76]. He associated
each transition with a maximum aod a minimum firing times. Still another
effort was made by Zuberek [ZUBE 80]. He associated firing frequencies and '
deterministic firing times with each transition. The net is further extended by .,
Holliday [HOLL 85] to Generalized Timed Petri Nets (GTPN) by removing
the restrictions of Zuberek's works. The result net is viewed as a discrete
time, embedded Markov Chain. The time in 3 state 1s a deterministic function
" for each state of the net. A probability distribution is defined over the
possible next states. | ’

From the author’s point of view, two kinds of extended PNs can be the

17 ol



' promising basis for protocol pcrformaﬁcc analysis. They are the Stochastic
Petri Nets (SPN) and the Generalized Stochastic Petri Nets(GSPN). Their
characteristic of merging the PNs, which are powerful in modelling
syﬁchmnization and concurrency, with a stochastic process for obtaining the
performance estimates seems tq be attractive.

Stochastic PNs proposed by Moiloy [MOLL 82] associate each
transition in PN with an exponentially distributed random variable that
expresses the delay from the enabling to the firing of the transition. He
showed that the SPN is isomorphic to a contmuous time Markov Chain
because of the memoryless property of the exponential distribution.The
power of SPN lies in the fact that by using the method of stages, it is possible
to model transitions with generally distributed firing times provided these
distributions have rational Laplace transforms. For a formal definition of
SPN see [MOLL 82} or Chapter I1I.

Gereralized Stochastic Petri Nets (GSPN) were proposed by Marsan
[AJMO 84]. A GSPN contains two types of transitions: timed and immediate
transitions. A exponentially distributed firing time is associated only with
timed transitions, and immediate transitions fire in zero time. GSPNs are also

_equivalent to Markov Chains [AJMO 84]. Furthermore, the state space, or
more precisely, the number of states in the corresponding Markov Chain, is
reduced as a result of introducing immediate transitions. For a formal
definition of GSPN, refer to [AYMO 84] or Chapter III.

PNs together with SPNs and GSPNs have found many applications in
performance modelling. For instance, GSPN has been applied successfully in
the analyms of multlprocessor systems [AJMO 86]. However, to the author's
knowledge, although many papers use PN theory i 1n protocol performancce
analysis, e.g. [DIAZ 82] [WHEE 85] [MOLL 82], only a few of them got

)
4
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analytlcal results. Among those who did have numerical results, their
consuieratlons were restricted to one layer of the protocol only, none of them
tackling the multilayer protocol perfor% evaluation.

GSPN is well suited for performance analysis. However, it does not
take into account the identity of tokens or allow classification of customers as
in queueing systems. In the analysis of integrated systems, correctly
identifying each medium, and hence correctly representing them by different

classes are needed. Colored SPN. (CSPN), which is gf:o 1dent1fy different
classes is an extention to SPN [ZENI 85a]

In addition to all the elements in SPN, CSPN associates a set of colors
with each place, with each transition a$ well as with tokens. The reachability
tree for CSPN can be constructed following the firing rules. Since
exponential firing time is assumed, the CSPN can also be viewed as a Markov

Chain [ZENI 85a]. No author, however, has considered the priority firings
for cifferent classes. 1

In this thesis, we propose Colored Generalized Stochastic Petri Nets
(CGSPN) as a tool for integrated system multilayer protoclol modelling. At
the same time, the new concepts of "neutral tokens” and "priority firings" are
introduced to make the tool more suitable for the analysis of multilayer
protocol of integrated systems. It is shown that the resulted CGSPN is also a
Markov Chain. A software package is extended to obtaimaumerical results
from the extended CGSPN. Methods for using the GGSPN to build the model
of an integrated system and obtaining the numerical results are discussed. An
Integrated Data Voice System (IDVS), which is built in our 1ab, is analyzed
by the extended CGSPN. '

No matter of what kind of PNs, SPNs, GSPNs or CGSPNs we use, we
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y used. From the author’s point of view, the gain which this breakthrough
quick growth of the state space of the underlying Markov Chain. This limits

their application to sﬁ}stems of only a certain size. A breakthrough is needed
| ‘before these tools can be widely used. From the author’s point of view, the
gain which this breakthrough brings to PNs will be similar as that product
form solutions bring to the queueing system theory. In other words, a cost
effecﬁve way should be found to sol¥e those PNs. Since there are many basic
differences between queueing networks and Petri Nets, the simple solution
may not necessarily be a product form. It may be of other forms. The
breakthrough in PNs lies in a deep understanding of the philisophy of PNs
and a brilliant mind.

Recently, some authors work on the fast bounds for SPN and GSPN
[MOLL 85] [BRUE 85], which is a bound estimation (e.g. throughput bound) -
for PNs without going into the details of analyzing them. It is worth
mentioning that Lazar [LAZA 87] presented a kind of Petri Nets which have
produét form solutions. This work may be viewed as the frontier in the
effort of finding a simple way to solve PN models.
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- CHAPTER III

Petri Nets
»

3.1.1_Standard Petr1 Nets
N
Petri Nets (PN) are an effective modelling tool for the description and
the analysis of concurrency and syﬁchronization in parallel systems exhibiting
the cooperative actions of different entities JATMO 86]. PNs were introduced
C. etri in 1962 [PETR 66]. The theoretical problems associated with
PN have been deeply mvestigated during the last twenty years. Today PN can
be regarded as a forxﬁal structure for which a well-assessed theofy has been
developed and a wide range of application fields have been identified. The
success of PN lies in the simplicity of the basic mechanism of the model,

which is, however, paid for with the complexity of the description of large
systems. .

A Petri Net is composed of four parts [PETE 81]: a set of places P, a set
of transitions T, a set of transition input arcs A; and a set of transition output
arcs A In the graphical representation of PN, places are drawn as circles and

transitions as bars. Axcs conne\:tgmnsitioris to places and places to transitions.
A place is an input to a transition if an arc exists from the place to the
transition. A place is an output of a transition if an arc exists from the
transition to the place. An example of PN is shown in Figure 3.1.

A formal definition of a Petri Net is thus the following [ATMO 86]:
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- PN =(P,T,A),
P = {Pl,st---pn}’

T={tptty}
AiC(PxT) . h
A, C (T x P)

A=(Aileo) 3 1y

A token is a primitive concept for PN. It is graphically drawn as a black

doLt in plages. A m_a[kmg m. is an assignment of tokens to the places. A PN

state 1s a marking denoted by M = {m;m,,..m_}.

A formal definition of a marked PN is thus the following:

PN = (P,T.AM), |
P = {py:pp--Pp}

T = {-t]_’tQ:r'--:rLIn}:
A; C(PxT)

A, C (T x P)
A= (AgUAo)

My = {mqy, mep,-. 00 - 3.2)

where m,. denotes the number of tokens in place p; in the initial marking M, ‘

/ The rules concerning the excution of a PN are:
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1. A tropsition ‘s enabled when all of its input places contain at least one
token.

2. An enabled transition can fire, thus removing one token from each
input place and depositing one token in each output place.

3. Each firing of a transition modifies the distribution of tokens on .

~ plices and thus produces a new marking for the PN.

o«

In the following m; denotes the number of tokens in place Py #(pyoty,) is
equal to 1 if an arc from place p, to transition t, exits (and to 0 otherwise);

similarly #(t,, py) is equal to 1 if an arc from transition t, to plaee Py, exists

" (and to 0.otherwise). A transition t, is enabled if

mp>=#(@yty) VR P, (3.3)

and the result of the firing of t, is a new marking M' = {m,’,..m_'} defined

my;'=m; - #(ppty) + #(4,p) Vpi P, C (G4

?

as

Tokens are atomic entities; i.e., the firing of a transition may disable
other transitions by removing tokens from shared input places. Disabled
transitions are said to be in cooflict with the one that fires [ATMO 86].

A marking M’ is defined to be immediately reachable from M if M' can
be obtaired by firing a transition enabled in M. The PN execution allows a

sequence of markings {M,, M;, M,, ...} and a sequence of transitions {t,, t,,
gs 1My, My, My 1 b

P
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..} to be defined. A marking M" is defined to be reachable from M if there
exists a sequence of transition firings that changes the PN state from M to M.

The reachability set R(Mg) of a PN is the set of all markings that are

reachable from M. A reachability tree represents the reachability set of a

PN. The reachability tree can be constructed by starting from the initial
marking M, and considering the markings immediately reachable from it.

The same procedure must be followed considering the new markings. As the
procedure is repeated over and over, every reachable marking will be
eventually produced. Dead markings, i.e. marldnés in which no transition is
enabled, as well as duplicate markings, i.e. markings previously appeared in
the tree, constitute the frontier markings of the tree. The reachability tree of
the PN in Figure 3.1 is shown in Figure 3.2.

3.1.2 Stochastic Petri Nets

Timing plays a fundamental role in the description and analysis of the
behavior of any systems. However,standard PN does not include any time
concepts,which means that with standard PN it is not possible to describe the
time event. Hence, introducing time into PN is desirable. -

The introduction of time into standard PN models allows the
description of the dynamic behavior of systems, taking into account both the
state evolution and the duration of each,action performed by the system.
Many of the most interesting parameters of system design, such as delay and
throughput, and in general apy time dependent behavior, can in this way be
modeled [AJMO 86]. There are, however, different ways to introduce time
into a standard PN, |



. ' : »
One possibility is to associate with each transition a fixed time period,
which indicates the delay between the enabling and firing of the transition.. -
This kind of PN is called timed Petri Nets [ZUBE 80].

~ Another possibility is to associate random firing time with each
transition. Using a stochastic model to represent PN which is capable to
describe the synchronization and concurrency seems a very atiractive way to

obtain performance estimates of complex systems.

- Stochastic Petri Nets (SPN), introcuced by M. Molloy [MOLL 811, are
obtained by associating with each tramsition in a PN an exponentially
distributed random variable that expresses the delay from the enabling to the
firing of the transition. ‘ ~

A formal definition of an SPN is thus the following:

SPN=(P, T, A, M, L), (3.5)

where P, T, A and Mjareasin (3.2) and -

::- L = {117 127"':131} (3 ‘6)

—
e —

ic a set of possibly; marking dependent firing rates associated with the PN
transitions. When necessary the dependence upon a given marking M of the

firing rate of transition j will be denoted as lj(M).

Molloy {MOLL 81] showed that, SPNs are isomorphic to continuous
time Markov Chains(MC). The extention of Petri Nets to stochastic Petri Nets
allows the extraction of additional information on performange. The
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countability of the markings and the memoryless property.of exponential
distributions are the key factors in allowing an isomorpiiism to exist.

-

The reachability set R(M,) of ‘the PN constitutes the state space S

associated with the SPN. The transition rate from state i, i.e. marking M, to

-siate,j 1s:
Gi = 2rem; . | (3.7)

where I-Iij is the set of transitions enabled by marking M;, whose firing

generates marking Mj.

Molloy has also shown that, in some cases, with appropriate series and
paralle! expansions, by the method of stages, it is p@ssible to model transitions
with generally distributed ﬁﬁng times, provided that these distributions have
rational Laplace transforms. In any case the extension from exponentially
(memoryless) distributed firing times to generally distributed firing times
must be done with great care. |

An SPN is ergodic if it generates an ergodic CTMC. It is possible to
show that an SPN is ergodic if My, the initial marking, is reachable from any

M; RMp.
The analysis of the SPN may fall into two kinds:

If the equivaient Markov Chain has absorbing states, the expected
number of steps until one of the absorbing states is reached may be calculated
[ISAA 76], other quantitive estimates can be obtained from it.
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Second, if the Markov Chain is ergodic, it is possible to compute the
steady state probability distribution of markings by solving the matrix
equation

TQ=0 (3.8a)
with the additional constraint ' ”

where Q is the infinitesimal generator whose elements are obtained as
explained in (3.7) and 7 is the vector of the steady state probabilifies.

From the steady state distribution 7 it is possible to obtain quantitative

estimates of the behavior of the SPN. The critical issue of it is to correctly

identify the meaning associated with each TT,.

3.2 Generalized Stochastic Petri Nets

Occasionally, in a system, some events have large impact on system
performance, whereas others have small impact. It is reasonable to associate
random times only with the events that have the largest impact on system. The _
by-products that the number of states of the associated MC model is reduced

and that compact models of complex systems can be constructed by clever
thinking make this choice appéaling.

Generalized Stochastic Petri Nets fulfill the above requirements.
GSPN are cbtained by allowing transitionsto belong to two different classes :
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immediate transitions and timed transitions {ATMO 86]. Immediate transitions
* fire-in zero time once they are enabled. Timed transitions fire after a random,
exponentially distributed, enabling time. Timed transificns afé drawn as thick
bars, and immediate transitions as thin bars. Firing rates are associated only
with timed transitions, and they may clepend on the GSPN marking. An

example of GSPN is shown in Figure 3.3.

P N
—

A formal definition of a GSPN is as in (3.5), where now the array L

contains only m' elements, m' being the number of timed transitions in the
GSPN.

Several transitions may be simultaneously enabled in a marking. If the

set of enabled transitions H comprises only timed transitions, then transition t

(4€H) fires With probébility [Appendix AJ:

-

I |
Zkeﬂ' Ix . -

" (3.9)

If H comprises both immediate and timed transition's, then only
immediate transitions can fire. When H comprises several immediate
transitions, it is necessary to specify a probability mass function on the set of
enabled immediate transitions according to which the firing transition is
selected . The subset of H comprising all enabled immediate transitions,
together with the associated probability distribution, is called a ragdom
switch. The associated probability distribution is called a switching
dﬁtﬁ'ﬁﬁfén. Different markings may engender a single random switch

whenever they enabled the same set of immediate transitions upon which a
single (possibly marking-dependent) switching distribution can be
defined[ATMO 86]. | >



By examining the GSPN behavior as a function of time we can easily
realize thatdt is equivalent to the time behavior of a stochastic process {X(t), -
t=0} . A one to one correspondence exists between GSPN markmgs and
stochastic process states. The process is observed to spend a ponnegative
amount of time in markings which enable timed transitions only, while it
transits in zero time through markings which enable immediate transitions. A

state (or marking) of the former type is called tangible and a state (or
marking) of the latter type is called vanishing.

~ For the purpose of performance evaluation in this thesis, the followiﬁg
assumptions will be made:

1. The reachability set is finite.
2. Firing rates are not time dependent.
e

3. The initial marking is reachable with a nonzero probability from any
marking in the reachability set.

~ These assumptions further specify that the stochastic process is a finite
state space, stationary (homogeneous), irreducible, and continuous-time
stochast‘ilg process. '
~ -
The analysis of the above stochastic process goes in two steps. First,
ignore the concept of time, analyze the probability distribution of states.

Second , incorporate time into each statc to obtain the steady state probability
distribution.

For the first step consider the set of states that the process enters

29

5



o) .
because of a transition out of a given state, an embedded Markov chain
(EMC) can be recognized within the stochastic process.

Let S indicate the state space of the EMC (and of the stochastic process
as well),-and distinguish tangible and vanishing states within S so that it cajibe
partitioned in the following way:

S = state space of the stochastic process; |S| =K;
T = set of tangible states in the stochastic process; | T[=Kj;

V = set of vanishing states in the stochastic process; |V |=K;
S=TuV
TNV =0.

K.=K ¥K._.
SKt\EKJ

The transition probability matrix U of the' EMC can be written as
follows [ATMO 861: '

- 4 Kv K‘: K v Kt
7 — _K.{C D 0 o0
U=a+B=p ( 0 o)+ (E F)
(3.10)
The elements of the matrix A can be obtained using the characteristics
of random switches, and the elements of the matrix B can be obtained using
the firing rates of timed transitions.

The solution of the system of linear equations

p =pU ) (3.11)
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Z;p;=1

in which p is a row vector representing the stationary probability distributio®
of the EMC, can be interpreted in terms of numbers of transitions performed

by the EMC. Indeed, 1 / P is mean recurrence time for state i measured by the
number of transitions.[ ISAA 76].

By selecting on‘e,of the states of the EMC as a reference state for the
chain, and assuming, without loss of generality, that it is a tangible state (say

state 1 ), the mean number of visits to state j between two subsequent visits to
state 1 1s obtained as [ISAA 76):

A

Vji=pj/pi‘ . (3.12)

-

- The computation of the steady state pfobability distribution of the
stochastic process can be obtained by reintroducing the concept of time by

means of the average sojourn time in each state (E [W.], i€8). Using the

deﬁnitior{ of immediate transitions, or équivalently that of vanishing states,
we £an write

+ E[W,]=0, ieV. (3.13)

The computation of the average sojourn times in tangible stats requires
* the definition of the set

Hi = { (timed) transition enabled by tangible state i}, i€T,

’
—

so that
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EWil=y——; ieT | (3.14)

| . Y
The meanr-amount of time spent by the stochastic process in returning to the

.reference state i (mean cycle time ) is thus given by [ATMO 86]:

'C,' = EjES V_:,HE[WJ] = Eje!' V:"E[Wj] (3.15)

where VjiE { Wj ] is the mean time spent by the stochastic process in state j

during a cycle. The average fraction of time spent by the stochastic process in
~ each of its states can be computed as:

,._..f

x. = TuE{W;] JES. :
3 Ci (3.16)

The steady state probability distribution of the stochastic process can finally
be written as

o {Q,,_ FEV:
' 3B.17)

Given the conditions specified at thé beginning of the section, it can be
shown that this solution method is equivalent to a simple extension of the
method originally proposed by Molloy to handle similar cases [ATMO 86).If
 all immediate transitions are replaced by timed transitions characterized by
very high firing rates proportional to an arbitrary value x, the GSPN reduces
to a standard SPN and Molloy's solution method applies. If an explicit
solutionr expression for the probability distribution of this standard SPN
(expressed in terms of x ) is obtained, the stationary probability distribution
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of the original GSPN can be obtained by taking the limit with x going to .

infinity. Since most practical cases involve GSPN with a large state space, an
explicit expression of the solution in terms of x is usually not easy to obtain,
and the practical approach suggested by Molloy of numeridally solving the
problem by assuming x to be very large and arbitrarily setting %o zero _thosc
probabilities that appear exceptionally small has numerical problems.

The solution method proposéd above is computationally acceptable.

However, this method requires the éomputation of the mean number of visits

to each vanishing state, which dose not increase the information content of the
solution. Moreover, vanishing states not only require useless computations,
but, by enlarging the size of the transition probability matrix U, make the
computation of the visits expensive and in some cases even impossible to
obtain.
'/ .

Ajmone [AIMO 86] proposed a compact way whlch only computes the

total transition probabilities among tangible states. This compact solutlon is

adopted by GSPNA, a software package which we will discuss in the next
section. |

3.3 GSPNA: a Software Packet for Solving GSPN

GSPNA is a software package developed by Marsan {AJTMO 85] for the
steady state analysis of GSPNs. GSPNA has an interactive user interface that

,helps the analyst define the GSPN model of the system. The output of this

first module is passed to the core of the analyzer that examines whether the

Markov model is‘irreducible , and that computes the steady state solution of
the original model.

»

GSPNA is organized into three modules that correspond to different

33
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phases of the analysis of a real system: DESCRIPTION, SOLUTION, and
USER FUNCTION. Figure 3.4 shows a block diagram of the software
;g;ckage. The following is a detailed description of the three modules.

DESCRIPTION is 2 interactiVe module, that helps the analyst define
and modify the saucture of a 3SPN model. Executing DESCRIPTION, the
user is guided in the specificatiou of his model. If the model is new, the user
must spcgify dlaces, transitions, arcs, n;mes of places and transitions. The
specification of the 2ssceiated input and output places for each transitions are
also requirec. When the transition is declared to be of type TIMED, the
associated firing rate needs to be introduced. When a transition is declared to
be of type IMMEDIATE, the associated probability of ﬁﬁnweds to be
given. Both theSe\quantities may be marking dependent. In this case, the
definition. of: appropriate external functions -_is required. A random switch
among immediate transition is completely characterized by a set of immediate
transitions simultaneously enabled by a marking. The transitions belong to the
same group. The specification of all such groups is required at the end of the -
input description. This information is added to the input to simplify the

“construction of the stochastic model isomorphic to the GSPN. The description
is completed when the initial marking is provided [AJMO 86].

i SOLUTION is the core module that verifiégﬂtgg‘cvir\ecmess of the
th

graph model by building the reachability tree, maps it into corresponding

stochastic model, and finally computes the model solution f’n terms of the
steady state distribution of tokens.in each place of thw\e GSPN.
_
Once the description of the model is completed, the file is passed to the
SOLUTION module that performs the analysis of the GSPN. SOLUTION
first reads the file. With the initial marking, it examines one-by one the timed

transitions to see if they are enabled by this marking. With the enabled ones, it
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goes to find the immediately reachable markings. If the immediately
reachable marking is vanishing, it continues to find the next immediately
reachable marking until a tangible marking is found. In this way , it
constructs the first step in reachable tree. Tﬁ‘en, it takes another new marking,
goes through all transitions as before, but when it finds a marking, it first
does a search to see whether this marking élfeady exists or not. If not, a new
"leave” is added to the tree. This procedure goes over and over until the tree
is completely built. During this first phase of the analysis, the presence of
absorbing states are identified, tangible and vanishing states are seperated. -
The SOLUTION adopts a compact method to obtain the transition probability
matrix of the reduced embedded Markov chain directly, without sorting the
larger traﬁsition probability matrix of the embedded Markov chain. When
loops ‘among vanishing states are recognized, the corré:sponding part of the
original transition probability matrix is stored so that, later on, a matrix

inversion is performed to obtain the desired reduced transition probability
matrix.

The solution of the system of linear equatio'ns that yields the steady state

~ probability distribution of markings is computed with the Gauss-Seidel

. . . ~
iterative technique.

S

_—

During the different solution phases, the program asks the user
information of the level of detail of the desired output. The data produced
during the execution of this module are stored in an output file, which can

then either be printed, or used as a basis for the production of more specific
reports.

USER FUNCTION is a template for the external definition of marking
dependent firing rates and switching probability distributions. To simplify
the specification of these functions, a set of built in functions that operate on
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and probabxlmes for specific applications [AJMO 85].

marking components is provided. Every time external functions of this type
need to be deﬁned for a GSPN model, the USER FUNCTION module must be
separately compiled prior to the solution of the model. All the marking
dependent functions of a GSPN must be defined inside the same USER

-~ FUNCTION module. They may be listed within a PASCAL CASE statement

in which the entry numbers represent the corresponding transition numbers.

Inside the mSdule it may be convenient to include a library of functions
developed by the user to simplify the deﬁmnon of marking dependent rates

= L)

P
n
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3.4 Colored G tized Stochastic Petri N

GSPN is a useful modelling tool for the analysis and evaluation of the
performance of computer systems. It is well suited for the representation of
the behavior of computer systems including such features as synchronization,
concurrency and conflict phenomena. However, it does not take into account
the identity of tokens or the classification of customers as defined in
Queueing Networks [KLEI 75]. On the other hand, classes are often essential
in system performance modelling, especially for integrated systems. Colored
Generalized Stochastic Petri Nets (CGSPN) can be viewed as an effort to

compensate for the above limitations. Besides, it leads to a simple
representation of systems.

Let us first examine Colored Stochastic Petri Nets(CSPN) proposed
by ZENIE [ZENIi85a]. A CSPN associates a set of colors with tokens

indicating the identities of tokens. Places and transitions have also attached a

set of colors. The color attached to a token may be changed by z transition
firing. ' '

The definition of a CSPN i1s as follows:

CSPN=(P,T,C A, A, M, L)
where: ’

P is a set of places;

T is a set of transitions;

C is a color-function defined from PUT into a non-empty finite set.

A, (or A)) is a forward {or backward) incidence application defined
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on Px_T (or TXP ) such that A;(p,t) (or Ao(t,p)) is 2 member of

[C(t)—~C(p) ] for all pairs (p,t)¢ PXT, where [A—-B] denotes the set
of functions from A to B;

M, called initial mérking, is a function defined on P such that My(p)
€C(p) forall peP ' |
L ={l;}i€T, jeC, is a set of color dependent firing rates associated
with each transitions. |
(3.18)

Exponential firing times are assumed. The execution of a CSPN is as
follows:

o~

1. A transition of color i is enabled when all of its input places
specified by A; contain at least one token of the corresponding

color.

2. An enabled tramsition can fire, thus removing one token of the

color specified by A, from each input place and placing one token of

the color specified by A, in each output place.

3. Each firing of a transition modifies the distribution of tokens on
places and thus produces a new marking for the CSPN.

We take one example from Zenie [ZENT 85a] to illustrate the concepts
of CSPN, and we will further use it in the next section to illustrate the
"unfolding™ procedure.

The example is the"philosophers dining” problem. As shown in
Figure 3.5, five philosophers, who alternately think and eat, sit around a
table. To eat, a philosopher needs two forks, and he is allowed to use the two

-
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forks nearest to him. However, there are only five forks on the table. Hence,
two neighbours cannot eat at the same time.

The CSPN model is shown in Figure 3.6. Places "think" and "eat” as

well as transitions "take forks" and "put down forks" are associated with =

colors 1 to 5 representing the states and the actions of the five philosophers.
The place "free forks" is associated with a set of colors representing the five
forks. To distinguish them from the identities of philosophers, let us give
them the colors from 6 to 10. The firing rates of a transition could be
different for each color. Initially, there are five tokens of colors 1 to 5 in
place "think" and five tokens of colors 6 to 10 in place "free forks". The
firing of transition "take forks" in colori (i = 1, 5) will absorb a token of

color i from place "think" and two tokens of color (1+5) and color (i+6)m°d10

from place "free forks" and put one token of color i into place "eat”
indicating that philosopher i is in the state of eating. The firing of transition
"put down forks" in color i will absorb a token of color i from place "eat"
and place a token of color i into place "tfu'nk“ and two tokens of color (i+5)

and color (1+6), .41 into place "free forks" indicating that philosopher i has

finished eating and is in the state of thinking. This example also shows that by
introducing colors into PN, system description becomes more concise.

Zenie showed that there also exists an isomorphism between CSPN
and a Markov Chain due to the memoryless property of the distribution of
firing delays. He further showed that if the CSPN is bounded and live, and if
the initial marking is reachable from any other markings, and if the f‘uihg
rates are finite, then the Markov Chain is ergodic. [ZENI 85a] [ZENI 85b].

For the convenience of performance modelling, CSPN is extended to
Colored GSPN, separating the transitions in CSPN into .immediate transitions

A
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~ and timed transitions. Immediate transitions fire in zero time once they are
enabled. Timed transitions fire after a random, exponentially distributed,
enabling time. Firing rates are associated only with timed transitions, and
they may depend on the CGSPN marking.

A formal definition of CGSPN is as in (3.18), where now the array L
.contains only the number of timed transitions in CGSPN.

. In the same way as in GSPN, markings in CGSPN are divided into
vanishing markings and tangible markings. Vanishing markings are the ones
by which immediate transitions are enabled, whereas tangible markings are
the ones by which only timed transitions are enabled.

The extention from CSPN to CGSPN makes it possible to construct
compact models for complex systems and reduce the underlying Markov
states. However, at the same time it introduces some problems which are not
encounted in any other kind of PNs.

One of them is that if a transition is timed in one color and immediate
in another color, how to represent it graphically ? we suggest:

a. If a transition is a timed transition for all the colors, it is drawn as 2
thick bar. |

b. If a transition is an immediate tmn%ition for all colors, it is drawn

* as a thin bar. ,5

c. If a transition is a timed one ‘in_tef']ms of some colors whereas an
immediate one in terms of other colors, it is drawn as a dotted thick
bar associated with a specification of thé color dependent transition

types.



An example of CGSPN is shown in Figure 3.7.

Another problem is that one transition may be simultaneously enabled
in several colors by a marking M. What is the probability that a specific
transition of a certain color fires? ‘ | |

Proposion 3.1
a. If the set of enabled transitions H consists of only timed transitions,

then tramsition t; (t; € H) of color j fires with probability [Appendix
Al i

-

1.

ZkEH z,.eq,, {xm ' ' ~
' ' (3.19)

where Q. comprises the set of colors for which transition k has been
enabled. " '

b.IfH éompn'ses both immediate and timed transitions, only
immediate transitions can fire.

c. If H comprises more than one immediate transitions, a proi)ability

mass function should be specified concerning the selection of
firings.

We emphasize that a transition may be irmmediate in one color and

timed in another color. If both colors are enabled, only the immediate one
can fire.

The CGSPN is particularly well suited for quantitative analysis of
‘models, especially fof those systems with different classes behaving in a

-
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similar way. The models constructed using this formalism are more concise,
easier to understand and easier to use.

For the purpose of performance analysis in this thegis, two extentions
to CGSPN are introduced.

The first concept is "neutral tokens". Occasionally, we would like to
explicitly represent resources which may be accessed by evéry class. Neutral
tokens are used for this purpose. After the introduction of neutral tokens, a
transition is enabled if each of its input place contains at least one token of the
required golor or one neutral token.

An example of CGSPN with neutral tokens is given in Figure 3.8. For
the convenience of reference, we define:

a. A place into which only neutral tokens may go is defined as a
neutral place, other places are referred to as color places.

b.A trangjtion which is only enabled by neutral tokens is defined as
a peutral transition, other transitions in CGSPN are réferred to as
color transitions. '

-~

LY

In Figure 3.8, places pl and p2 are neutral places, and transitions t1
- and t6 are neutral trapsitions. Transition t2 may fire 1n color 1 if there is a
token of color i in place p3 and a neutral token in place p2. The firing of
transition t2 will absorb the neutral token and the coler i token and put a
token of color i into place pS. Other transitions may fire when all of their
input places contain at least one token of the same class. Note that we allow
different color tokens to have different routings.The firing of transition t4 in
color i will put back a neutral token to place pl, and if i < m.(refer' to the
figure), a token of color i will be put into place pd, otherwise, it will be put
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_into place p6.

The second concept we introduce is " priority firings™ for different
color tokens. The distinguished point for CGSPN is the ability to identify
. different classes. As a result, besides different routings for different color
tokens, it is reasonable to allow different color transitions to have different
priorities concerning transition firings.

Recall that in ordinary CGSPN if 2 set of timed transitions are enabled
in a marking in.several colors, say transition t. is enabled in more than one
colors, the probability that t; of color j fires is as in (3.19). Now if different

priority levels are aséigned to each color, although there may be many
transitions enabled by marking M, only the one of the colors which has the
highest priority may fire.

Proposition 3.2:

When the set of enabled transitions are timed only, if color j is the
highest priority color among those enabled transitions, and t; of color
J 1s enabled, then
a. t; of color j will fire with probability [appendix A]:

l..

1
E les
kEH: *7

(3.20)
where H' comprises all the enabled timed transitions of color j.

b. As a result of introducing priority ﬁring§ into the net, transitions of
color j fires with a higher probability because of its higher

priority.
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In fact, since

hence: = N\ .

-

Lrem ks < 2 okeH 2ameQy km

*h

Therefore .
| j
l:3

—> S N
erfn Inj EkEH Emeq,, T

. "
-l B

In ordinary CGSPN, if several immediate transitions are enabled by
mar% M, a probability density function should be spcciﬁe& in order to
select the one which fires. This selection is among all colors. After
" priority firings", the probability density function is specified
- within each color, since among the enabled transitions, only the ones with the
highest priority color may fire. ‘

introducing

One point which requires clarification is that‘priority is considered in
timed transitions and in immediate transitions separately. When both
immediate and timed transitions are enabled, only the immediate one may
fire. Priority and probability mass function are then applied to those
immediate transitions in deciding which one may fire.

Proposition 3.3:

The underlying stochastic process of the CGSPN with extentions to
"neutral tokens” and "priority firings" is still a Markov Chain.



~

In fact, neutral tokens behave the same way as color tokens except for
that they match any color. Hence thé Markov property is not affected.
"Priority firings" means that a transition of color i enabled in a marking can

. fire only when all the currently enabled transitions ( including itsglf) are not

enabled in colors with higher priority than color i. Consider an CGSPN with
a marking M in which several timed transitions are simuitaneously enabled
with different color pri'o\ﬁties. Oge of the transitions enabled with the highest
griority color among them will fire. Then the CGSPN reaches a new
marking M'. Those transitions which were already enabled in the previous
marking M, but did not fire may still be enabled. Due to the memoryless
property of the exﬁ)nentjal distribution, the residual life distribution is equal
to the firing distribution, i.e. exponential. Hence the activity associated with
those transitions appears to be the same as newly enabled ones. This shows
that the future evolution only depends on the present state not the past
proéedﬁre. Therefore, the net result from the introduction of "priority
ﬁrin§§" and "neutral tokens" is'$HIl Markovian.
: b

In practical cases, things may be a little bit different. For example,
priority firings may be only associated with some transitions, not necessary
all the transitions. No matter what changes concerning priority may happen,
the key is, whenever several transitions are enabled by one marking, to first
identify which transitions can fire in which color according to the priority
rules. If immediate ones can fire, we refer to a random switch specified
concerning the situation. If only timed ones can fire, we apply (3.19), where

H should be the set of all the transitions which may fire, and Q should be the

set of all the colors for which transition k may fire at this time.

The main features of the CGSPN used in this thesis for protocol
performance evaluation are summarized as follows:
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— a set of places; )

- a set of transitions, which can be either timed or immediate:

— a set of colors associated with each place and each transition;

~ a set of colored tokens;

-- a set of neutral tokens; .

-- a set of color dependent firing rates associated with éach timed transition
and a set of color dependent probabilities of firing associated with each
immediate transition ;

-- color dependent arcs connecting places to transitions and transitions to
places, which indicate the routing of tokens;

- firing priority rules concerning the firing of transitions in each color.

-- different color tokens may have different routing, a transition may be an

immediate one in one color and a timed one in another color.

Up to now, we have defined the conf'epts associated w1r.h the extended
CGSPN At the same time, we identified and solved the problems which are
unique to the extended CGSPN. The next question is how to use the extended
CGSPN as a tool to build the protocol performance model of integrated
systems. We suggest the following steps:

1. Totally understand the protocol specificagon.
Find precisely how many layers it has, what the functions of each
layer are, how the different layers cooperate, how the sending side
.and the receiving side cooperate, and if there are priority rules
concerning each media.

2. Find out the significant events in the execution of the protocol.
Hence, identify the states of process. _
For example, "waiting for acknowledgement” could be one state.

3. Find out the primitives which cause the state transitions.
For example, receiving acknowledgement may cause the sending
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side to change from "waiting™ state to "preparing another message”
state. '
4. Find out the statistical chamctcnsucs of different media. Decide
how to represent them. .
Find exactly how media are repfescntcd. Fbr example, a data
message could be sent as a whole message or it could be broken
down into small packets. Next find out their statistical estimates and
decide whether represent them by exponential distributions or by
stages of exponential dismbuﬁons. ,
5.Find out the mean times needed for the execution of the primitives.
These will be the mean exponential firing times of transitions.
6. Build the model: |
a. represent states as places.
b. represefit primitives as transitions. .
C. assign colors to places and transitions to distinguish different
inedia.
d. represent common resources as neutral tokens.
e. represent different media as different colored tokens.
f. make a list about the priority levels among all the .transitions of
all colors
g. assign input and output places for each transition according to the
relationship berween states and primitives;
h. represent the transmlttmg and receiving phase by places and
u-ansmons according to step 4.

Now, the model is built. The next section will discuss how to solve the
model by an extended software package. The method for extending GSPNA
1s discussed first.

In chapters IV and V, CGSPN will be applied to an Integrated Data
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Voice System protocol performance evaluation. Chapter IV will hlghhght
steps 1 to 3, while Chapter V will highlght steps 4 to 6.

3.5 CGSPNA: an ephancement to GSPNA

A Colored Generalized Stochastic Petri Net is a concise way for
- comstructing a performance model. Nevertheless, it is not completed until a
way to solve the model is found.

There are at least two ways for solving a CGSPN model. First is the
"colored" way consisting of finding the reachability tree of the colored net
and solving the associated Markov Chain. |

The second is the "decolored” way. That is unfolding the color net
into an ordinary Generalized Stochastic Petri Net and then solving the
GSPN. Since the software package GSPNA is available, we have chosen the
"decolored" way. DESCRIPTION is modified with a built in program which
transforms a CGSPN into a GSPN. SOLUTION and USER FUNCTION are
modified to implement priority ﬁﬁngs.

The block diagram of the PASCAL program for transforming a
CGSPN into a GSPN is shown in Appendix B. After we discuss the method
for unfolding, we will give examples for demonstration. The pnnc1p1es
‘concermn% unfolding are as follows:

1. A color place is replaced by a set of places, one for each color
associated with it. A neutral place remains as one place. This place
transform is realized by the procedure placetransform.

2. A color transition is replaced by a set of transitions, one for each
color associated with it. A neutral transition remains as one

-
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transition. This transition transform is realized by the procedure

transtransform. '

3. The arcs which connect 'places to transitions or tramsitions to
places are transformed as follows:

a. The arc which connects 2 neutral place to a color transition i§

. replaced by a set of arcs which connect the neutral place to the
trapsitions which replace the original colot one. In the same way,
the arc which connects a color transition to a neutral place is
replaced by a set of arcs which connect the transitions which
replace the original color one to the nertral place.

b. The arc which connects a neutral transition to a color place is
replaced by a set of arcs which connect the neutral transition to
the places which replace the original color one. In the same way,
the arc which connects a color place to a neutral tramsition is
replaced By a set of arcs which connect the places which replace
the oﬁginal color one to the neutral tragsition. .

¢. The arc which connects a neutral place to a neutral transition or a
neutral transition to a peutral place remains as one arc with the
same direction. ' -

d. The arc which connects a color place to a color transition is
replaced by a set of arcs. The 'assignment of the relationships

~ between the places which replace the original color place and the
transitions which replace the original color transition should be
according to the color correspondence functions associated with
each transition.

This input and output arc transformation is realized by the

procedure getinoutput.

L]

i

4. Firing rate for a timed transition or the probability of firing for an
immediate transition of a certain color goes to the specific transition
which represents it. This is realized by the procedure getattribute
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embedded in the procedure getinoutput.
5. The immediate transitions which are in the same group are sull in
the same group after the transformation. This is realized by the -

procedure getgroup. //
6. Initial tokens are distributed with each color to the correspondmg
places. This is realized by the procedure getinitial. -

7. All the attributes associated with the result GSPN (e.g. imitial tokens

“ in each places, firing rates, etc.) as well as the one to one
correspondence between the colored net and the decolored net are
recorded into a file. this is realized by the procedure writefile.

The file created by DESCRIPTION is passed to the SOLUTION.

To illu?tmte the unfolding method discussed above, let us take two
examples. The/f'lrst is the "philosophers dining” ‘problem. Although it is a
SPN without neutral tokens, it is no less typical in highlighting some of the
above steps. The unfolding result is shown in Figure 3.9.

The place "think" is replaced by five places thi G = 1,5), each
representing one philosopher who is in thifking state. Similarly, place "eat"
is replaced by five places ei (i = 1,5) . Place "free forks” is replaced by five
places ffi (i = 1,5), each representing one free fork.

The transitions "take forks" and "put down forks™ are replaced
respectively by five transitions ai (i = 1,5) and bi (i = 1,5).

- The relationships between the places and transitions are assigned
according to the color correspondence.

-~

Firing rates §; (i = 1,5) and p; (i = 1,5) go to the specific transitions
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which represent them.

Finally, initial tokens are distributed with each color to the
corresponding places. )

The second example is the unfolding of the CGSPN with neutral

tokens in Figure 3.8. For simplicity, we assume that there are only two colors
involed. The unfolding result is shown in Figure 3.10. -

The neutral places pl and p2 remain as two places. Place p3 is
replaced by two places p31, p32 and place p4 by p41,p42 and place p5 by
pS1, p52. Since place p6 is associated only with one color, it remains as place
pé.

“The peutral transitions t1 and t6 remain as two transitions. Whereas,
transition t2 is replaced by two transitions t21, t22 and transition t3 by 31,
t32 and transition t4 by t41, t42. Transition t5 remains as t5 because only one
color is associated with it. '

The assignments of arcs are accomplished according to the
corresponding input - ougput relationships in the colored net. For example,
the arc connecting pl to t1 remains as one arc, while the arc cormec;ihg pS to
t4 is replaced by two arcs connecting p51 to t41 and p52 to t42 respectively.

Im

Firing rates are distributed to the corresponding transitions..

A1l the immediate transitions in the color net are in one group.
Therefore, after the unfolding, all the immediate transitions are still in the
same group. The firing probabilities are shown under the picﬂﬁ. .

~ ' .

|
i
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Finally, initial tokens are distributed as shown in Figure 3.10.

There are two ways to implement priority firings.
<

The first way is to modify the SOLUTION part. Refer to Figure 3.4.
During the procedure of comstructing the reachability tree, with each
marking, SOLUTION goes to check every transition to see whether it is
enabled. Now ‘with priority firings, at the beginring, SOLUTION-will ask
user to input the priority levels of transitiohs. During the procedure of
constructing the reachability tree, with every marking, SOLUTION first ~
goes to check transitions which have the highest priority, if some of them are
enabled, SOLUTION will not check the transitions with lower priorities.
Instead, it finds out the new markings reached by the firing of those
transitions with the highest priority. If none of the highest priority
transitions are enabled, SOLUTION will check the transitions with the
second highest priority . If some of them are enabled, it will find out the new |
markings reached. If none of them are enabled, SOLUTION will check the
transitions with the next lower priority. This procedure is repeated over and
over until the whole reachability tree is constructed.

The second way is to modify the USER FUNCTION module. Priority
firings mean that when enabled, under certain conditions, a transition can not
fire due to its lower priority. Here the word "condition” actually means
markings. Hence priority firings may be viewed as marking dependent
firings. When certain markings appear, the transition can not fire, the firing
rate is 0.0. For the rest cases the firing rate is the specified rate associated
with that transition for that color. Recall that in GSPNA , to deal with the
marking dependent firing, the firing rate function is defined inside the USER
; FUNCTION module. Therefore, after the CGSPN is ‘transformed into
** GSPN, priority firings can be defined inside the USER FUNCTION
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according to the rules discussed above.

The time taken to eﬁecutc the first method is less than that of the
second. Because in building the reachability tree, by following the priority.
firing rules, the programme checks less transitions with the first method than
- with the second method. Presently, the programme adopts the second
method. We will implement the first method in the near future.

As a matter of fact, conditions other than priority, e.g. inhibit arc,
may be imposed on the transitions as well. Attention should be paid to ensure
that the resulted net is still a Markov Chain.

The extended software package also has a friendly user interface. To
use it, we suggest the following two steps:

1. Specification. _

Type "descr”. The user is guided to specify his model. He is-asked to
input places, transitions and the colors associated with them. The associated
input and output places(colored or -neutral) for each transition(colored or
neutral) are also needed. When a transition in a certain color is declared to be
timed, firing rate should be specified. Whei@s, when it is declared to be
immediate, probability of firing is required. Both of them could be marking
dependent, in which case, the user has to defire the external functions in the
USER FUNCTION. The assignment of immediate transition groups as well
as the initial tokens of different colors in each place is required.

Before quitting this procedure, the user should type the command "w"

indicating that he wishes to save the file. Immediately, he is asked to give the
name of the new file. Finally, type "q" to leave this procedure.
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2. Solution

Type "gspn". The user is asked to input the name of the file containing
the specification and tt\xe name of the output file which will contain output
results. SOLUTION reads the file and begins to solve the model.

For all the marking dependent functions, the user should specify the

color, the transition number and the marking dependent function inside the
- USER FUNCTION module.

The final numerical results are the probabilities of the number of

different color tokens in each place. Further results could be derived from
them.
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Figure 3.1 an example of PN

01000

00011 >

Figure 3.2 the reachability tree of the PN in Figure 3.1
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Figure 3.3 an example of GSPN
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DESCR .
create a file

SOLUTION

-
]
3
[o—
o

M=Mz+1

USER
FUNCTION

Gauss

results

Figure 3.4 Block gi of GSPNA T: transition number.
& ggrm . M: marking number
57 N: number of timed transitions



Figure 3.5 philosophers dining problem

-
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color m+1 to n timed
color 1to m immy
#

h

Figure 3.7 an example of CGSPN




0 if transition 2 is enabled in any color
1 else '

p(6) =

LY

1/k if transiton 2 is enabled in k colors
p(2 in colori) = 1 else
- ¢

Figure 3.8 An example of CGSPN with neutral tokens.



Figure 3.9 unfolding of the CSPN in Figure 3.6
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Q" if either 21 or 22 is enabled
1 else

p(6) =

-

.. 172 if wansition 2j (i) is enabled
pZhy= -

1 else

Figure 3,10 The unfolding result of Figure 3.8

<
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_CHAPTER IV -
. An'Integrated Data Voice System (IDVS)

This chapter describes a protocol of an Integrated Data Voice System
(IDVS) for a LAN eavironment. [TEO 86]. i’rototy'pg:s of the system were
built in our lab. The pcrformaﬁce of this system will be evaluated by our
extended CGSPN.

4.1 Protocol Considerations, -

In designing an integrated system for data and voice, attention should
- be paid to the differences between their performance requirements [TEQ 86)
[GRUB 83]. In integrated traffic applications, real time voice
communications require both high throughput and low delay. In contrast, for
" data communications, interactive data services require low delay but allow
low throughput whereas batch mode services require high throughput but
allow high delay. Because a small percentage of lost packets is-tolerable for
voice, reliability may be sacrificed. However, reliability or information
integrity is extremely critical for data traffic.

Figure 4.1 shows the configuration of the system and Figure 4.2 shows
the functional layers of the IDVS. Each layer will be discussed separately in

the following sections. )

4.2 The physical and Data Link |
The physical layer and the medium access sublayer adopt the IEEE

64



802.3 Standard, which uses CSMA/CD as a medium access technique.

Most part of the data link layer is implemented in hardware (Intel -
82586). The software of this layer only requires routines for initializingnthc
LAN coprocessor, setting up command blocks for frame transmission, and
preparing buffers for frame recéption [TEO 86].

4,3 The Transport Laver

In the transport layer, different protocols were designed to handle data
and voice seperately. '

For data communication, the required protocol functions are:
connection establishment and termination (with error recovery);
data transfer (with eITor recovery, sequencing, duplication detection,
segmentation and flow control).

For voice communication, the required protocol functions are:
call establishment and termination (with error recovery);
voice transfer (with packetization and reconstitution).

The nanspén layer is described by states. There are 6 states for voice
and 4 states for data. They are:

. —- Idle;

. —— Demand response : waiting for destination to respond.

. =—- Data transfer.

- — Response pending : waiting for node's user process to respond.
. —- Answer pending : waiting for end user to respond.

h S W N = O

. — Demand answer : waiting for destination to answer.
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The transport protocol commands and responses which are applicable
for both data and voice communications are described as follows:

CR: connection/call request

CC: connection/call confirm

LR: line request (for voice only)

DR: disconnect request

The interface between the user process and the transport layer is of
great interest in performance analysis, because it represents the coupling
between these two layers.

: . L @
The trapsport interface is described in terms of the transport
primitives. For data and voice, the primitives are:
' <

outgolng primitives
Connection request.
Disconnection request.
Connection accept.
Lige request (voice only).

incoming Primitives ' ' \
Connection indication. \
Disconnection indication. |
Connection established. ’
Line indication (voice only).

Outgoing primitives are issued by the user process and are passed to the
transport layer. Whereas, incomming primitives are issued by the transport
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layer and are passed to the user process.

The state transition from one state to another state is tfiggered by two

sources, namely, outgoing tramsport primitives and packet commands
received. Refer to table 4.1 and 4.2 for details.

The transport layer is implemented by three major modules. The first
module provides functions to decode incoming transport service primitives,
and takes appropriate actions such as updating transport states, forming
packets and pushing them into the right queue. The second module decodes
the packets received from the link layer and takes appropriate actions such as
preparing outgoing transport service primitives. The last module is
responsible for packet transmission and retransm1351on The packets are
fetched for command, voice and data queues accordmg to their priority. The
command packet has the highest priority, and the data packet has the lowest
priority. Packet retransmission épplies only on command or data packets.

4.4 The User Process Laver

The user process layer provides a connection between the user and the
transport layer Any information that an end user sends Or receives uses tlus
layer as a bridge forcommunication.

o

The user process interface between an end user and the user process is
described in terms of the user process primitives. They are:

Connect

Disconnect

Data N
Answer (voice only)
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Issue of dial or type IDVS commands will activate a connect primitive;
Issue of disconnect or hang up IDVS commands will activate 4 disconnect
primitive; Issue of data or voice will activate a data primitive; Issue of answer
 IDVS command will activate an answer primitive. All of them will be sent to
the user process.

The user process is implemented in terms of states. There are 3 states
for data and 5 states for voice.

0. —— Close : idle.

1. — Pending : waiting for connection aclmowlédge.
2. ~— Open : virtual circuit available.

3. -— Line : waiting for line indication (voice only).
4. — User : waiting for user to answer (voice only).

The state transition from one state to another state is triggered by two
sources. i.e. from user process primitives and incoming transport primitives.
Refer to table 4.3 and 4.4 for details.

The User process consists of two main modules. One of them processes
the incoming transport service primitives and outputs, depending on the
interactions, data or voice to the user terminal. The other module accepts data -
and voice (from the keyboard IO and the voice /O respectively) or
commands them (from the IDVS command decoder), then processes and
passes them to the transport layer.

An example of the establishment of a data'virtual circuit connection is
given in table 4.5 [TEO 85].



DVS {1AN

Fig.4.l IDVS SYSTEM CONFIGURATION

AN

U%\ PROCESS
TF.%NSPORT

rd

DATA 'LINK

PHYSICAL

Fig.42 FUNCTIONAL LAYER OF THE IDVS

3!

69



table 4.1 transport state transition caused by outgoing primitives

connection

primit. disconnection connection .
states request request accept - line request
0 send packet .
mﬁmﬁo —_9:
to state 1
m s
- demand )
response
2 send packet . .
Qms :Uuﬂ:
transfer to state O
3 . send packet
:OO:
response |
i to state 4 (V)
pending to state 2 (D)
4
answer mmmm.vmoxﬁ
pending to state 2 (V)
5 :
demand :

answer
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table 4.2 transport state transition caused by packet command received

Fi

comm _
) R CC DR
state ¢ LR
0 “connection .
Al indication" to
lale user proc.
to state 3
1 "connection -
demand established"
to user proc.
res e
pons to state 5(V)
. to state 2(D)
2
data _..&moo—_soQ
transfer indication"
to user proc.
to state 0
3
response
pending
4
answer
pending
M v 1118
demand . .__:.o .
answer-. indication" to
user proc,

to state 2 (V)
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table 4.3 user process state transition caused by incomming transp, primitives

T =T

primitive
disconnect connection connection line
indication established indication indication
state
"connection
0. accept” to
h transpornt
close user _ﬂ.onzon
to state 4 (V)
to state 2 (D)
1 connect message
} to user
pending . to state 3 (V)
to state 2 (D)
2
"Disconnect”
open to user )
to state 0 :
4 answer
) message
line to user
. to state 2
& )
user
-
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table 4.4 user process state transition caused by user process @1,3:?2

connect disconnect " data answer
0 "connection
request”
close to transport
, to state 1 l\\..
H «
pending
\
2 . "disconnect .
request” send data
open
pe (o transport to transport
to state 0
3
line ‘
4 1
"line request”
user to transport

to state 2
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table 4.5 cxample of connection establishment

" Station A

* Station B

User issues a dial ! . .
command .
"connect” pass
down
* > a .

state changes: from state changes: from . :
"close” pending” ' mzﬂa o.qm:mom". from

n P to “open" "close” to "open”
to "pending

user : A
Process user informed of - : . :

' tion - n : u
'connect request” connec . connection accep.
pass down ¢ established passed down .

. . b . state changes: from ~state changes: from state changes: from
trans- _m__m__o.m anges: from "demand respon.” "respons. pending" “idle"to - .
port Jdle" to ; to ""data transfer" to ""data :msm@_ . "respons. pending"
-N!OH Qﬂsmq—ﬁ— ﬁ.ﬂmgb. Ky - .

- " 113 "
‘packet "CR" pass MMMM% m_. estab. packet "CCY passed - "connection indic."
down . P P . down passed up
data transmit "CR" - - transmit "CC" receive "CR"
link 7 to station B receive "CC o stati ) pass u
layer pass up to station B p
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CHAPTER V|
PERFORMANCE ANALYSIS OF THE INTEGRATED
DATA VOICE SYSTEM BY EXTENDED CGSPN

In Chapter III, we discussed the CGSPN as a tool for multilayer
" protocol performance evaliation, and in Chapter IV, we described an
Integrated Data Voice System (IDVS), particularly the protocbls associated
with it. In this chapter, we will build the performance model of the IDVS and
analyze it.

3.1 _Voice and Data Statistical Characteristics. ™

The dynamic behavior of a voice source hasgenerally been modeled
as a three state Markov Chain [KEKR 77} as shown in figure 5.1. The
underlying assumption is that each call always starts and ends with a
talkspurt.~In general, a call consists of several talkspurts and silences with
alternate occurrences. Experiments show that the average length of a
talkspurt is 1.366 sec. and the average length of a silence period is 1.802 sec.
[BRAD 65].

E Next, we are going to establish Yoi;:e and data models for later
use.The information in a talkspurt is broken up into packets. Although by the
‘method of stages we can present any kind of packet length distribution
provided these distributions have rational Laplace transforms, this wifl
complicate the model. Hence, we simply assume that the packet length

distributign is exponentlal and the number of voice packets N in a talkspurt
penod is geometrically distributed:

-

/et

d
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P(N-0) = ;" 1(1-p) | 5.1)
-The total length T of the talkspurt is thus:’
T=x" x; | 52

where X is the length of each packet. All the X;s are random variables with
independent, identical distributions. The ‘density function is:

P

where 1/y is the mean ppacket length.

Its Laplace transform is: ;
Lz(S) = (ﬁ?)- . (5.4)

The Laplace transform of the random variable T conditioned on N is:

Lrin(sln) = [Lz(s)]" : (5.5)

By the theorem of total Lapléce transform , we have:
Lr(s) = ‘Z Lrin(sln)P(N = n)

iL(s)nn 1(1_p) ' "\\

\\
n=1

1-D)L.(5)
_(-p )

1 - pLz(s)
- _(d-p)y
, s+(I—-p)y (5.6)
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‘Hence, we see that under the above assumptions, the talkspurt length is
exponentially distributed with parameter (1-p)y. Since thé mean talkspurt
period is 1.366 sec, the ¥ and p we chose in modelling should satisfy the
condition: - | |

Ty = 1.366 G.7)
)Y _ ;

The silence period is also assumed to be exponential with u:

1=1802
g (5.8)
where 1/u is the mean silent period.

Now, let us'look at data. We assume that data arrive in the form of
messages. The intrerarrival time distribution between messages is
exponential. A message is broken up into packets at the Transport layer. If
we assume that the packet length distribution is exponeﬁtial and the number
of packets in one message is geometriéally distn'buged, then in the same way
as voice, we know that the message leﬁgth should be exponential. If the
interarrival time is analogous to the silence period of voice, and the message
length to talkspurt period, we see the characteristics of both voice and data
are similar, the difference is the statistical parameters defining each process.

In summary, the voice model we will use is the following:

1. The voice source is modeled as a three state Markov Chain.

2. A talk is composed of several talkspurt and sileﬁce periods with
alternate occurrence. o

3.-The talkspurt and silent length distributions are exponentional.

4. The information in a talkspurt period is broken up into packets of
exponentially distributed length, the number of packets satisfying
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a géoméu'ic distribution.
The data model we will assume is:

1. Data arrive in the form of messages.

2. The interarrival time and message length distributions are
exponential. )

3. The messages are broken up into packets of exponentially
distributed length, the number of packets satisfying a geometric
distribution.

The behavior of data fits the expénential distribution assumption well,
while the behavior of voice, especially the silent period, is approximated less
well by the exponential assumption. However, for the purpose of simplifying
the model, we have to make the above assumptions.

5.2 The CGSPN Model of the Svstem

The CGSPN model of the IDVS we built is shown in Figure 5.2. It
consists of 34 places, 23 transitions and two types of colors, one representing
voice and another representing data. The meanings associated with each place
and transition are summarized in table 5.1,

Although we may represent every detail of the system, this may result
in too large a net to be solved. In addition, we are interested in the global
bebavior of the multilayer protocol. Therefore, some simplifications are
allowed in order to represent only the signigicant factors. We assume that the
sending and receiving are two separate processes in one station. Hence, in the
model, one side is only sending messages while the other side is only
receiving them. To avoid representing the details of Data Link layer and
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Physical layer, we model them simply as an exponential delay experienced by
each packet. We further assume that all the transition errors in data packets
" are recovered at the Transport layer, and since vo'icc_can tolerate some
errors, retransmission is not required for both data and voice.

Recall that the User process layer and the Transport layer are
described by states, and the interfaces between layers are described by
primitives. The places in the model, except 1,14,15,27,28, are corresponding
" to the states of each layer, the timed transitions except 12,19-23, are
corresponding to the receiving, processing’ and transmitting of primitives
and packet commands. We note that data and voice may have different
routings. .

There are two neutral places, place 33 and place 34. Neutral tokens in
the two places represent the two CPUs exeguting the protocg% in the sending
and receiving side respectively. The transitions in the sending side, which
represent the starting of the sending CPU operation, have neutral place 33 as
one of their input places. The transitions in the sending side, which represent
the ending of the sending CPU operation, have neutral place 33 as one of ,
their output places. In the same way, the transitions in the receiving side,
which represent the starting of the reccivfng CPU operation, have neutral
- place 34 as one of their input places. The transitions in the receiving side,

- which represent the ending of the receiving CPU operation, have neurtral
place 34 as one of their output places. .
Transitions 19-23 together with places 27,29-32 represent the

exponential delay in the Data Link and the Physical layer experienced by each
packet. ' '

One important feature of the Transport layer is the flow control. It is
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used to regulate the amount of flow between stations so as to avoid buffer
overflow.

For-data transmission in this model, the flow control is realized by a
sliding window of size n, where n is integer. Since we assumed that no
retransmission is required,f the essence of the sliding window is that the
sender is not allowed to send packy&n before i has been acknowledged. This
flow control strategy is represented by place 28. Initially, there are n tokens
in place 28, indicating that the maximum number of packets the sender may
send without acknowledgement is n. Whenever one packet is sent, the number
of tokens in place 28 decreases by 1. Whenever one packet is received, the .
receiver will send an acknowledgement back through place 27 and transition
19. Hence, the number of tokens in place 28 increases by 1, meaning that the
sender may send one more packet.

At the first glance, it seems that flow control for voice is not
necessary. But, to avoid traffic congestion caused by the flooding of voice
packets, a sliding window control is also used in the model. Actually, over a
local area network, the delay caused by waiting for an acknowledgement is
not significant if we select the window size appropriately. We emphasize that
the window size for data is not necessary the same as that for voice. They are
represented by tokens of differrent color respectively.

The statistics of data and voice are represented by transitions 8-12.
The firing of transition 8 denotes the processing and transmitting of one
packet. Then a token is put into place 14. At this time instant, with probability
2R transitién 11 fires. If there is at least one token in place 28, transition 8 is
enabled again indicating that another packet is ready to be processed cr
transmitted. Or, with probability g, transition 10 fires, and.one token is put
into place 15 representing the-silence period for voice or the message

-
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interarrival time for data. Or, with probability r, transition 9 fires, and the
L

current connection ends. The firing rate y of transition 8 and the firing

probability p should satisfy (5.7) for voice,and @~ ...

p+q+r=1 (5.9)

for transitions 9, 10, 11.

The firing rates and the probabilities of firing of the transitions are
listed in table 52.

In order to reduce the traffic on the network, the silent period of .
voice 1s not transmitted. A buffer delay is added to the received packets
before delivering to the destination user. In this way, the silent period is used
to transmit data packets if there are any. We notice that, as described in
Chapter IV, voice packets are—_assigned higher priority than data packets, and
command packets have the highest priority. Henée, in the CGSPN model, the
transitions in the sending and receiving part are assigned with priorities of
three levels: ’

1. Transitions 2-7 in the sending part and transitions 13-17 in the
receiving part may fire whenever they are e&bled@y\any tokens,
voice or data. They represent the service for primitives and
command packets. Note, here that data and voice commands have
the same PrioREy.

2. If transition 8 is enabled by voice, it may fire ohly when transitions

.2-7 are pot enabled by either voice or data. In the same way, if

transition 18 is enabled by voice, it- may fire only when transitions
-, 13-17 are not enabled by either voice or data. These two transitions
/ | reﬁresent the service for voice packets
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3. If transition 8 is enabled by data, it may fire only when transitions
2-8 are not enabled by voice, and transitions 2-7 are pot enabled by
data. In the same way, if transition 18 is enabled by data, it may fire
only when transitons 13-18 are not enabled by voice,and transitions
13-17 are not enabled by data.

The rest of the transitions are independent of sending and receiving
parts. Therefore, they may fire whenever they are enabled. They could be
viewed as having the same priority as command packets in the model

5.3 Numerical Results and Discussions

The model presented in section 5.2 is analyzed by CGSPNA. The
mean length of a voice connection (not includes the connection establishment)

is 2.5 min. and the mean length of a data connection (not includes the
conne_ction establishment) is 1.7 min.

For the purpose of comparison, we analyze three cases:

1. The whole system is used exclusively for voice connections.
2. The whole system is used exclusively for data connections.
3. The whole system is used for integrated data voice connections.

For convenient reference, we define the token representing voice as

voice token, and the token representing data as data token.

A token, voice or data, in place one indicates that the CPU is ready to
accomodate another connection of the same type Hence, the probability P0 of

no token in place one is the probability that the sendmg CPU is busy and
cannot accept new connections of that type. In this model, connections arrive
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to the system at a Poisson rate A and are lost if the system is not available.

Therefore, the actual throughput of the system i$ A(1-Py).

Varying the firing rate A, of transition one for voice token, we get the
throughput of voice versus the offered voice load, which is shown in Figure
5.3. In the same way, varying the firing rate A; 6f transition one for data

token, we get the throughput of data versus the offered data load, which is
shown in Figure 5.4.

The results in Figure 5.3 show that the throughput for voice in case
three is slightly less than that in case one. The performance of voice is nearly
unaffected due (c??he fact that voice packets are a;ssigned higher priority than
data packets. The slight difference is caused by the fact that command packets
have higher priority than voice packets and that the CPU service for any
packets is non-preemptive. There are chances that voice packets are not
served until the service for command packets is finished or until the service

for a data packet, which was already in service when the voice packets arrive,
is finished. '

-

In contrast, the result in Figure 5.4 show that the throughput for data

in case three is much less than that in case two. This is expected, since data
packets have the lowest priority.

The system is said to be busy serving voice (or data) during tile whole
period of a voice (or data) connection. Let {B} denote the event that the
integrated system is bﬁsy. {B} refers to that the system is busy serving a
voice connection, or a data connection, or both of them at the same time. we
are going to obtain the probability P(B). We have:
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‘P(B) =P(B,+B,) =P(B,) + P(By) - (BB,
{ . ) .

\

where: _
B, : the system is busy serving voice;

By : the system is busy serving data;

B, and B are not mutually exclusive.

Obviously, P(B,) is the probability that no voice token is in place one,
P(B,) is the probability thgt no data token is in place one, and P(Bde) is the
probability that neither voice nor data token is in place one. The results
obtained for P(B,), P(By), P(B) versus offered voice load and data load are

shown in Figure 5.5 and Figure 5.6 respectively.

Natually, when the offered voice load increases , the system will spend

more time serving the connections. Hence, P(B,) increases. We also notice

that, in Figure 5.5, P(B,) also increases as voice load grows. The reason is

that with the increasing of the offered voice load, the delay experienced by
each data connection grows due to the lower priority of data packets. Hence

the average time the system busy serving data connection increases, and so

does P(By).

- The results in Figure 5.6 show that P(B ;) increases with the growing

{ of the offered data load. However, regardless of the variation of data load,
) ) |
¢ P(B,) is almost flat due to the higher priority of voice packets.

Naturally, P(B) increases when either voice or data load increases.

- TNy
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One of the points we want to show in this chapter is that by correctly
~ 1dentifying the meaning of the states in the Markov Chain associated with the
CGSPN model, we are able to use the CGSPN to obtain performance indices

of interest in many complex systems.

-,
-
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Table 5.1 Legend for the CGSPN in Figure 5.1

[ 8 ]

G h bW

11
12
13

14

15

16

17
18
19
20
21
22
23

_ TRANSITIONS

arriving of commands for establishing another connection.

¢nd of processing and “"connect” primitive and passing down
"connection request” primitive

end of receiving "connection established” primitive .

end of receiving "line indication™ primitive

end of receiving, "connection request” primitive and transiting "CR" packet

end of receiving "CC" command packet and paésing up the “connection

established” primitive

end of rcccwmg "LR" command packct and passmg up the' "line indication"

pnmnvc(voxcc only). . -

end of transmitting one packet

connection ends g

beginning of idle(voice only) | beginning of message

interarrival(data only)

another packet is ready for transmission

end of idle (voice only) | Arriving of another message (data only)

end of receiving and processing "CR" and passing up "connection -

indication" primitive

end of receiving “"connection accept” prim.itiy and transmitting

"CC" packet

end of receiving "line request” primitive and transimitting "LR" command packet

(voice only) .

end of processing and receiving "connection indication" packet and

passing down "connection acccpt' primitve

end of receiving "answer” primitive and passing down "line request” primitive

end of receiving one packet and sending the acknowledgement

end of transmitting acknowledgement through DL ‘

end of transmitting one packet through DL €

end of transmitting "LR" packet through DL '

end of transmitting "CC" packet through DL

end of transmitting "CR" packet through DL
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PLACES

ready to accomodate ancther connection

"close” state of UL at SS -

"pending" state of UL at SS

receiving "connection established” primitive at SS

"line” state of UL at SS

"open” state of UL at SS

receive "line indication™

"idle" state of TL. at SS

"demand response” state of TL at SS

receiving "CC" command packet at SS

"demand answer" state of TL at SS (voice only)

receiving "LR" command packet at SS (voice only)

"data transfer” state of TL at SS

finishing transmitting one packet(voice or data)

idle period (voice only), inter-message-arrival time(data only)
"idle” state of TL at RS -~ . '
receive "CR" command packet

"response pending” state of TL at RS

receive "connection accept” primitive
"answer pending” state of TL at RS
receive "line request”

"data transfer” state of TL at RS
receiving packet

“close” state of UL at RS

"user” state of UL at RS

"6pcn" state of TL at RS
acknowledgement is sent through DL
flow control :

packet is transmitted through DL
packet "LR" is transmitted through DL
packet "CC" is transmitted through DL
packet "CR" is transmitted through DL
CPU executing the protocol at SS
CPU executing the protocol at RS
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Data Link Layer
Transport Layer
User Process Layer
Sending Side
Receiving Side -
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Table 5.2 firing rates and probabilities of firing for the the transitions in the CGSEN of

Figure 5.1
color 1(voice) color 2(data)

1 A, Ay

2 15 _ 15

3 20 20

4 20 - )

5 15 15

6 15 15

7 15 -

8 3.7 6.25

9 0.004 0.004

10 0.196 0.496

11 0.8 - : 0.5

12 0.6 2

13 is 15

14 15 15

15 15 —

16 15 15

17 20 -

18 4 ' 6.5

19 50 : 50

20 50 50

21 ~_ 50 - -
22 50 50

23 50 50
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Figure 5.1 Three State Markov Chain Model of a Voice Call



; ¥ N N
: 4 - -
9 E ><13 Pt'm

13,18

- V: 15,18
- Dn14,18

v

]

dsvssdetren

 a
s

///oaaa--oo-..-..-....--.--..

16

19
————e for dataonly
—ee - for both voice and data
¥ for voice only

Figure 5.2 CGSPN model of the Integrated Data Voice System
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CHAPTER VI
CONCLUSIONS

In this thesis, we proposed a tool for integrated system multilayer
protocol performancé evaluation, namely, Colored Generalized Stochastic
Petri Nets (CGSPN). We extended the CGSPN by introducing the new
concepts of "neutral tokens" and "priority

ings”. Problems raised by the
extentions were solved by the theory of stochastic progesses. It was shown that
the extended CGSPN is still a Markov Stochastic process. In order to obtain
the numerical results from the extended CGSPN, we built a PASCAL
program to extend the GSPNA, which is a software tool for analyzing GSPN.
Steps to apply the extended CGSPN to integrated system protocol
performance modelling and to solve the model by the extended software
package were examined. Finally, as an application, an Integrated Data Voice
System, particularly the protocol concerning it, was described, and the

performance of the multilayer protocol was evaluated by the extended
CGSPN.

The proposed extended CGSPN was shown to be suitable for integrated
system multilayer protocol performance evaluation in that it is able to model
and analyze synchronization, concusrency, cooperation, resource contention,
class identification as well as priority services, which are difficult to be
analyzed by either Finite State Machines or Queueing networks.

In addition, it is worth mentioning that besides multilayer protocol,
CGSPN can also be applied to many other performance evaluation cases. For
example, the performance of the VME bus arbitration mechanism, which
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decides who may use the data bus according to the pﬁdrity levels as well as
certain rules. ' o

Although the extended CGSPN is a promising tool for modelling
complex protocols, one weakness hampered its applications. The underlying
Markov Chain tends to be too large to be managed. Hence, there is a need to

find straight forward solutions for PNs, which are just like the product form
solutions for queueing networks. Since there are many philosophical

- differences between PNs and Queueing networks, the simple solution for PNs

will not necessarily be a product fqrm. We feel that it is an extremely

. Interesting topic to find simple solutions for PNs.

- This thesis has contributed mn:

1. extending the class of Petri Nets;
2. extending the GSPNA software package;

3. presenting a tool for integrated multilayer protocol performance
evaluation.

4. modelling and analyzing the protocol perfofmance of an
Integrated Data Voice System.

- We hope that this work will stimulate the interest of the researchers in
the area of integrated networks, as well as those researchers in Petri Nets.

J
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~ APPENDIX A -

In .Generalized Stochastic Petri Nets, when more than one timed
transitions are enabled, the transition which is associated with the shortest
delay will fire first. Since the delays are random variables with exponential
distributions, every transition has the chance to fire first. We are ‘going to
find the probability of firing transition i first.

We know that for a stochastic process M,, if the interarrival time is

exponentially distﬁbuted, then the arriving process is Poisson process [PAPO
84]. The Poisson process distribution is

P(N; = k) = A e ’
. (1)

where S
N,: the number of arrivals during period t;

A: the arfiving rate.

Let X represent the interarival time, then the density distribution of X

HEIED Ul
{ (2)
The distribution is ;
Fz)=P(X<z)=1—¢"*
(z) = P(X < 2) 3)

Now, consider the mefging of two independent Poisson processes, say
98 '



M My, with arriving rates A;,A,. Let X;), i=1,2, denote the time period
from zero to the first arrival ﬁf process i. The probablhty that the first a‘mval
is from M, can be obtamed accordmg to the law of total probability [PAPO

' +co
P[Xll < Xg]_] = P[Xgl > $|X11 = z]fl(z)dz
. o . 4
+-cc

= | PlXu >dfi(z)ds
° | @
where f,(x) is the density distribution function of the interarrival time of

LAY
A v

process M, .

{ X51 > x} means that there are none arrivals from M,, in the period

from the beginning to time x. hence according to (1),
 P[Xa1 >z]=P(N;=0)= e ?s%

L ®)
+o0 ‘
P[Xll < le] = / C—Agzz\le—A1zd$
0
Ay
- A1+ Az ©)

Next, consider-the merging of n independent Poisson processes, M, ,,

M,,, ..M, with arriving rates 7L1 )’2 A Tespectively, let X;y> i=1...n,

denote the time period from zero to the first amval of process i. Then they
are mdependent, hence:

[mzn(Xn,le, n.l < t] =1-— P[mtﬂ(Xn,Xm, X,-,l > t] .
=1~ P(X11 > )P(X21 > 1)..P(Xn1 > t)

(7

—~A;t

PXpy>t)=1-P[X;1 <t]=e (8)



2 | ,
P[min()(li,xgl,,, an)'g | = 1—e" ::‘:1 At (_9_)

Hence, {mi“(xn’xzv--xnzj < t} is also expcne?{ﬁ? distributed with
parameter ('A.I+A,2+_.,4:1h). ) &/

With the merging of » Poisson process, the event that the first arrival is

from process i is{X;,;< min(le, J #1)}. Since we have shown that both X1
and {min(le, j # i) are exponentially distributed with parameter A; and

(7\.1+>\2+...~{~ A+ A, g +-+AQ) respectively, by (6) we have:

..P[X,-l < mir\z(le;j F1)] = %‘A_, '

(10)
With the problem we proposed at the beginning of the appendix, if we

look at the transition firing as an arrival, then transition t; fires first means

that it arrives first, hence (3.9) is the probability that t, fires.

In CGSPN without priority firings, the denominator of (10) should
consist of all the transitions which are enabled by 2 certain marking. In
CGSPN with pnonty firings, the aenormm.tor of (10) should consist of all the
transmons which are enabled by a certain marking and are allowed to fire
accordmc to r.he priority principles. Hence, (3.19) and (3.20) are  justified.
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'APPENDIX B

B.1. List of Terms and Varialbles.

' nplace
ntrans
coplace
cntrans
ntcolor
npcolor
m0 [i]
group fi]
inp [i,j]
out [ij]
usprpl {i,j]

pruspl (i]
prusco|i]
_usprtr [i,j]

prustr [i]
prustco(i]
rateprob/[i]

total number of places in GSPN.

total number of trans. in GSPN.

total number of places in CGSPN.

total number of trans. in CGSPN.

total number of colors of trans.

total number of colors of places.

initial number of tokens in place i in GSPN.

the number of group transition i belongs to in GSPN.

the multiplicity of input arcs of trans. i from place j.

the multiplicity of output arcs of trans. i to place j.

the corresponding place in GSPN of the place j of color i in
CGSPN.

the corresponding place in CGSPN of the place i in GSPN.
the corresponding color in CGSPN of the place i in GSPN.
the corresponding trans. in GSPN of the trans. j of colori in
CGSPN.

the corresponding trans. in CGSPN of the trans. i in GSPN.
the corresponding color in CGSPN of the trans. i in GSPN.
the firing rate or probability of finring of transition i in
GSPN '

~
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MAIN PROGRAM

input:
cnplace
cntrans
ntcolor
npcolor
ntrans

placetransform

transtransform

getinoutput

getgroup

l

getinitial

writefile
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b W

Procedure placetransform

nplace = 0
]

tym thc numtm' k Of placc
which is neutra?

|

read k
|

nplace = nplace +1

usprpl [npcolor+1, k] = nplace
pruspl [nplace] =k

prusco [nplace] = opcolor +1

continued

103

T



Procedure placetransform (continued)

i=1
|

»{ type the number k of place
which is not belong to
color )

aplace = nplace +1
usprpl {j, 1} = nplace
pruspl [nplace] = i
prusco [nplace] = j

1=j+1

. ] > npcolor

N



Procedure transtransform

ntrans =0
1

type the number k of trans
which is neutral

|
read k y

1 .

nirans = ntrans +1
usprtr [ntcolor+1, k] = ntrans
prustr [ntrans] = k
prustco fotrans] = ntcolor +1

continued
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-Procedure transtransform (continued)

j=1
- {

»{ type the number k of trans
which is not'belong to
color j

nrans = ntrans +1

usprtr [j, i = ntrans

pruspl [ntrans] =i

prusco [ntrans] = j
|

= e Q=i+l
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for each input place of trans. i ™\
color j, type the number of the
place p, the color r (neu. type
"n") and the multiplicity q

l

read p, r,q

.| /and the multiplicity q

\for each input place of neutral
trans.i, type the neutral place p

4

l

read p, g

inp{usprtr{j,i] usprpl{apcolor+1,p]] = q

inp{usprtr{j,i] usprpl{npcolor+1,p]] = q

inplusprtr{j,i] usprpl(r,p]] = q

|

input finish
for each output place of trans. i for each output place of neutral
color j, type the number of the trans.], type the number of the
place p, the color r (neu. type place p, the color r (neu. type
"n") and the multiplicity q “n") and the multiplicity q
L [
3
continued
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Procedure getinoutput (_conn'nucd)

readpgr [¢

inpfusprer(j,i] usprpllr,p]] = g inp[usprtr{j,i] usprpl{npeolor+1,p]] = q

&

j=j+1°

j > ntcolor +1

YV P Y P PP rrPrrrry]

PrrY)

FPrYrYrrrrY Y
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Procedure get attribute (3,j)

group[usprtr[j,i]] = 0

|
type firing rate r
I

readr
I

rateprob{usprtrfj,ifl=r

group[usprer{j,i]] = -1

- |
type probab. r

I
read r

1

ratcprob[uspg;[j,i]]:r
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.
L I

type the number k and color r

(neu. type "n") of all trans in g
the same group as trans. i of (

color j.

the pumber k and color r

neu. type "n") of all trans{
sAhe same group as neutrai

I

; tgns 1.
! ’,

Jos

4

I T—

readkr |

group[usprtr{ntcolor+1 k]] = gr

L

group(usprtr[rk]] = gr

X

inued
contin 110




Procedure getgroup (continued)

-----

1 > cntrans

I=)+1

J >ntcolor +1
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type the number q of color
J tokens in each place k

{
read g,k <
I

mO [usprpl(j.k]] =q

j=j+1

1> npcolof

type the number q of neutral
tokens in each neutral place l

]
read g, k ———
I .

mO [usprpl[npcolor+1,k]} = q
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Procedure writefile

write:
cnplace
catrans
ncolor
nplace -
. ntrans -

write mo[i]

1=i+1

continued
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write group(i]
]

t=i+1]

*
. i=1

]
WTite rate or
${ prob of trans
prustr{i]

- |

N

=1
T
write .
inpf1,j] out[1,]

i

j=j+1

=8

ci=1+1

places corresp.
in GSPN— — -
CGSPN
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[ATMO 84]

[ATMO 85]

[ATMO 86]

[BCMP 75]

. [BCUD 85]

[BRAD 65]

[BRUE 80}
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ABSTRACT

Modelling and evaluation of protocol performance for integrated
systems are of very high current interest. Most of these performance studies
consider models of only one specific protocol I'ayer. Layers above the one
considered are usually modeled as workload sources, while those below are
considered as transmission models for analytical tractability. Resource
contention from different layers, cooperation, synchronization and
concurrency between different protocol layers, as well as the different
protocol needs of digitized voice and a variety of data traffics, which
constitute an important part of an integrated system protocol specification,
are not considered. |

In this th;sis, we propose the use of Colored Generalized Stochastic
Petri Nets (CGSPN) as a tool for performance modelling of integfated
networks. We also extend the CGSPN by introducing the new concepts of
"priority firings” and "neutral tokens". We show that the resulting extended
CGSPN is still a Markov process. In order to obtain numerical results from
the CGSPN, we build a PASCAL programme extending the software package
GSPNA, which is used for analyzing Gengralized Stochastic Petri Nets. We
believe that all these extensions are major contributions to both the Petri Net
theory ard its applications.
.
Asan application, we show how to use the extended CGSPN to model
an integrated data voice system and how to obtain the numerical results. A
CGSPN model is built, with different color tokens representing data and
voice and neutral tokens representing CPU resources respectively. Priority



-

levels are assigned to transitions representing the different priorities of data
and voice packets. The performance of the integrated system protocol is
evaluated by numerically solving the CGSPN model. .





