International Workshop on Generalized Nets, Sofia, 9 July 2000, 13 - 25

GENERALIZED NET INTERPRETATIONS OF PERFORMANCE
ENGINEERING CONCEPTS

Evgeni Dimitrov ~
Andreas Schmietendorf *
Krassimir Atanassov
Nina Nikolova =

* T-Nova Deutsche Telekom Innovationsgesellschaft mbH, Emtwicklungszentrum Berlin, Witte-
strafle 30N, D-13476 Berlin, Telefon: ++49-30-43577-447/-633, Fax: ++49-30-43577-460, E-Mail:
(Evgeni.Dimitrov , A.Schmietendorf) @telekom.de

** CLBME — Bulgarian Academy of Sciences, Sofia 1113, Georgi Bonchev Str., bl. 105,
Telephone: 003592-70-03-26, Fax: 003592-72-37-87, E-mails: ( krat, prg ) @bgcict.acad.bg
*ok CLPOI — Bulgarian Academy of Sciences, Sofia 1113, Georgi Bonchev Str., bl ..,

Telephone: 003592-979-66-14, Fax: ... E-mail: nina@acad.bg

1. Overview of the Performance Engineering (PE)

The quality of a software application has many dimensions as functionality, ease-of-use,
flexibility, scalability, security and performance. All systems today have performance requirements,
sometimes dominant and explicit, and other times subordinate and implicit. These performance
requirements concern essentially the following performance metrics:

= response time
* throughout
» utilization

Exemplary performance engineering practice can be characterized as an iterative process of
setting performance goals, developing performance budget allocations, and carrying out
performance analysis as discussed by [Smith-90]. Such practice is characterized by the following
[Klein-96]:

e Performance requirements are quantified as part of system requirements.

¢ Resource budgets are estimated from experience that is captured in performance databases,
from specifications of existing sub-components, and/or from building prototypes. Budget
estimates are then subjected to performance analysis and possibly modified.

e Performance models are developed in concern with system design. As the development
proceeds, the models are refined and performance measurements and model predictions are
mutually corroborating.

e Performance models live beyond the development stage and provide insight into the
system testing and modification.

For the modelling and investigation of performance problems and aspects there exist several
different approaches, models and solution methods: Queuing Network (Extended QN, Layered
QN), UML-based PE ([Dimitrov-2000]), Petri Net-based approaches (timed PN, E-Net, Colour
Petri nets, Self-modifying nets, Stochastic Petri nets, Predicative-transition nets, Super nets, M-nets,
GN), Formal Specification Techniques (MSC, SDL, LOTOS), tool dependent approaches
(execution graphs, SES/Strategizer) and so on.
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In the present research, we will describe and give an interpretation of some of the concepts
and modelling approaches of the Performance Engineering, by using of the Generalized Nets (GN)
[At-91]. In this case, aspects of the software performance engineering (SPE) are to be mainly
cnsidered.

2. Performance Modelling and Generalized Nets

2.1 Software Performance Engineering

Software performance engineering is a method for constructing software systems to meet
objectives. The process begins early in software life cycle and uses quantitative methods to identify
successful designs and to eliminate ones with unacceptable performance, before significant efforts
are spent on development.

SPE continues through the analysis, design, coding and testing phases so as to predict and
manage performance of developed software and to control actual performance against the desired
one. SPE methods comprise of performance data collection, quantitative analysis techniques,
prediction strategies, management of uncertainties, data presentation and tracking, model
verification and validation, critical success factors, and performance design principles.

Performance refers to response time or throughout as seen by the users. SPE analysis should
detect these problems early in development and use quantitative methods to support cost-benefit
analysis of hardware solutions versus software requirements or design solutions, or combination of
the two.

2.2 Building GN Performance Models

To construct an efficient GN performance model the following steps must be carried out:
1. Presentation of the static structure of the modelled process or system

e Mapping Events €= Activities: A specific activity, which is a part of the whole process,
should be assigned to each particular event.

e Modelling the events by GN-transitions: A GN transition is assigned to each event of the
modelled process in the frame of the GN-model

o Modelling the firing conditions: The conditions for the completion of an event in the GN-
model are represented by: the presence of tokens in the corresponding input places of the
transition modelling the event (i.e., complying with the transition type), the presence of
predicates in the condition of the transition which have a truth value “true”, and the
presence of enough room in the output places of the transition

2. Describing the dynamics of the modelled process / system
o Determination of the sub processes, which take place parallel in time or concurrently
among them

o Determination the initial characteristics of the tokens that represent the sub processes in the
net model: priorities, times (entry time points), further token characteristics, which
modelled important process data.

3. Timing aspects of the modelled processes / system

e The location of the modelled process within some absolute temporal scale is determined by
the three global temporal components of GN
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e Which process starts functioning first?

e Which process terminates functioning first?

What happens to the two processes at a given moment of the absolute temporal scale?

If some event takes place in the first process at a given time moment, what event does take
place in the second process?, etc.

4. Additional data relevant for the modelled process / system
This additional data are classified as data related to:

e transitions,
e places and

e tokens,

The expert who performs the modelling, with the help of GN, can choose variables for which
the values should be calculated during the functioning of the GN-model. In this way, one can get
data on different parameters of the modelled processes. Similar information about the modelled
process can be obtained by appropriate choice of the characteristic functions associated with the
places.

For the needs of detailed models, in the frameworks of the GN theory a lot of operators were
defined. These operators are classified in six groups: global, local, hierarchical, reducing, extending,
and dynamical. The most important sense of the hierarchical operators is that they allow for going
into details or for magnifying the form of the model. Some of these operators make the model more
detailed (see [At-91]).

2.3 Model parameter assessment

Within the model being already designed, the actual demand parameters for CPU time — disk
operations, network services and so forth should be estimated and inserted in the model. In fact, the
parameters are often captured at the same time as the structure, but the discussion is separated
because the factors governing this step are sometimes different.

There seem to be four different sources of actual values for execution demands:

e measurements on parts of the software which are already implemented, such as basic
services, existing components, a design prototype or an earlier version,

e compiler output from existing code,
e demand estimates (CPU, /O, etc.) based on designer judgement and reviews,

e “budget” figures, estimated from experience and the performance requirements, may be
used as demand goals for designers to meet (rather than as estimates for the code they will
produce) (see the next section for more discussion).

The sources at the top of the list are only useful for parts of the system that are actually
running. Few designers are comfortable in setting down inexact estimates, and on their own they
have a tendency to chase precision, for example by creating prototypes and measuring them.
Nonetheless the estimates ‘are useful even if they turn out later to have large errors, since the
performance prediction is usually sensitive to only a few of the values.

GNs provide a framework to work with uncertain parameter values. Some of the first types of
fuzzy Petri nets were the Fuzzy and Intuitionistic Fuzzy GNs, defined in 1985 (see [At-91, At-99]).
These nets, or some of the ordinary GNs, but with token characteristics having fuzzy or
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intuitionistic fuzzy values, allow for fuzzy or intuitionistic fuzzy estimations of different model
parameters.

2.4 Model solution

When we consider solving the model, some advantages of one model formalism over another
become apparent. Because of uncertainties in parameter values and patterns of usage it may be
necessary to solve the model many times, which gives a reward to fast model solvers. Queuing
network models are relatively lightweight and give basic analytic models that solve quickly.
However, the basic forms of a queuing network model are limited to systems that use one resource
at a time. Extended queuing models, that describe multiple resource use, are more complex to build
and take longer to solve. Layered queuing is a framework for extended queuing models that can be
built relatively easily, and which incorporates many forms of extended queuing systems. Bottleneck
or bound analysis of queuing networks is even faster than a full solution and has been widely used.
However, when there are many classes of users or of workloads (which is the case in most complex
systems) the bounds are difficult to calculate and interpret. The difficulty with queuing models is
expressiveness; they limit the behaviour of the system to tasks providing service to requests in a
queue. They cannot express the logic of inter task protocols, for instance.

Petri nets and other state-based models can capture logically convoluted protocol interactions
that cannot be expressed at all in queuing models. They can in principle express any behavior
whatever. Further, some of them, such as stochastic process algebra, include mechanisms for
combining subsystems together to build systems.

Embedded and hard-real-time systems often use a completely different kind of model, a
schedulability model, to verify if a schedule can be found that meets the deadlines. These are
considered briefly below.

GN-model is solved by simulation. The bottlenecks are determined in the frameworks of a
GN-model as a result of its simulation on the basis of information about the capacities of its arcs,
the place capacities and the token characteristics. If the objective is to satisfy some predefined
schedule, we can define the tokens’ characteristics in such a form that they will trace the
possibilities at the time of their transfer in the GN. On the other hand, we can construct special GN-
transitions and GN-tokens, which will obtain special characteristics, related to the places of interest
in the model. These characteristics can be used for statistical calculations

2.5 Model interpretation

If the requirements are not met, the analysis will often point to changes that make it
satisfactory. These may be changes to the execution platform, to the software design, or to the
requirements. To diagnose changes one must trace the causes of unsatisfactory delays and
throughouts, back to delays and bottlenecks inside the system.

When we have a GN-model, we can use it for different purposes. The traditional use of Petri
net models is related to the possibility for simulation of the modelled processes. This can be
realized for GN-models, too. On the other hand, as we noted above, in the frameworks of the GN-
models we can make optimization (in future we shall discuss the possibility to implement token
transfer on the basis of solutions of problems related to decision making and classification). If we
like to study the process flow in time, we can use, for example, GNs with elementary time step 1
and token characteristics giving separate time duration of the modelled processes. Or we can use
GNs with transition time components, but this time we must have a suitable interface between the
modelled process and the GN-model. Similarly, when we wish to model bottleneck sites, we can
use a GN with infinite place capacities, but again token characteristics (possibly of special tokens,
associated to the individual places) will determine the real (and after this - the maximum) number of
tokens located in a fixed place at the time of the GN functioning.
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3. GN interpretation of some elements of the queuing theory
Important differences between GN and QN constitute:

1. A service station of a queuing network can be represented in a GN by a subnet consisting of
some places, timed and immediate transitions.

2. Tokens in GN can not only represent customers of a queuing network, but also any kind of a
system state.

3. The notation of a queuing discipline does not exist in a GN. Therefore, if a specific queuing
discipline other than FIFO needs to be considered in a GN, this queuing discipline must be
modelled explicitly using additional place and immediate transitions.

4. Synchronization can be represented in a GN in a more general form than in an extended QN. In
particular, time-outs cannot be represented in an extended QN because this modelling formalism
does not provide means for pre-emptying timed activities.

3.1. GN-interpretations of standard queuing theory elements

GNs can also represent the elements of the queuing theory. Here we shall describe shortly the
way for GN-representation of a queue. Let it have n places. Then we shall construct the GN with
two transitions from Fig. 1. The tokens (which represent jobs) will enter the net through place /'
with initial characteristics:

xo = “something specific for the job; time-moment of entering; priority”
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Fig 1.

and they go to the first empty output place of the first transition. We shall assume that all place
capacities are equal to 1 and that /j,...,/, are ordered as their numbers. In these places the tokens

obtain the characteristics:
x; = “time-moment of entering the place”.

Obviously, the queue will be full then and only then when the places /;,...,/, will be full, too.
The two basic strategies of emptying, which are used in queuing theory are:

o first input, first output
o first input, last output.

They can be modelled in the GN by the transition condition predicates. Let us assume for
simplicity that in place /; there is a token a with characteristics x§ and x{*, as described
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above. The predicate will have the forms:

a.
rl_ " ="x1a = maxxlj"
” 1<j<n

or

7
re ="x{ = min x;’ ",
” 1<j<n

where a; is the token from place /; . In place [" the tokens obtain the characteristic
xy ="TIME — x{; TIME — x,".
These characteristics can be used for statistical research of the modelled queue.

3.2. GN-interpretations of extensions of standard queuing theory elements

Apart of the constructions above, in the GN-model we can use other strategies, too. For
example,

r, =" pr3x§ = max pr3x1a S
b I<j<n
or
_n a __ : aj "
Fy v =" Pr3Xo = N pr3x, - -,
' 1<jsn
i.e., the tokens with the highest or the lowest priority will go the first independently of the time
moment when it is entering the queue (this is not possible for the queuing theory constructions).

If we assume that the term “something specific for the job” from the first tokens’
characteristics is denoted by A4, B,..., then we can use other types of the predicates, e.g.,

r'li’l" = r[ial" & " prlxla = A" >
where 7, o is the above defined predicate.

The two latter examples illustrate the possibilities that GNs give to model an arbitrary strategy
for emptying.

3.3. GN-interpretations of Markov’s chains

Let us have a Markov's chain, e.g., with the form from Fig. 2.

Fig 2.

To this chain we can juxtapose GNs with different forms. Here we shall discuss two types of
GNs. The first of them has a graphical structure near to the given Markov's chain. It can have the
form from Fig. 3.
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Here Ay, Ay y,... are some events in the vertices of the Markov's chain and s, ;,5)7,... are the

random numbers that determine the direction of the transfer on the Markov's chain. If a type of
stochastic Petri nets should represent this Markov’s chain, then the last numbers will have the same

sense.
Ry R3

~ ~ L1 ~ ~ L31

Lg @
O+ -

Li2 /7L L32

OO0

5

Fig.3.

The first GN-representation of the Markov's chain is the following.
A token o enters place [, with an initial characteristic
"Ay,s115812"
where s; ; everywhere are random numbers, as in the Markov's chain. Now, the first transition has

ij
the form;
Z =<{lo}a{ll,1sll,2}sr1>a
where
‘ I Ly
= ly ' M W
Wy ="pryxg 2 pryxg ",
W2 ==Wo11-

If the token enters place /; ; (it can enter in exactly one of the two output places of Z; ), there

it will obtain the characteristic
" Al 1 ,-.."-

and if it enters place [, , there it will obtain the characteristic
"A12:821:522"
The second transition has the form:

Z = <{11,2 }a{lz,l alz,z}Jz >,

| Ly ha
r =
2 L I W1 Wan

where

Wy ="pryax3 2 praxi’",
Wyp =—=Wy,.
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3.3. GN-interpretations of some possible extensions of Markov’s chains

If the token enters place /, |, there it will obtain the characteristic

" Ay 15315532"
and if it enters place /, ,, there it will obtain the characteristic
" A2’2 ,...",

etc.

The so constructed net corresponds to the structure of the given Markov's chain. Therefore,
the GN corresponds to an exactly determined Markov's chain. We must note that this net, despite
the fact that it has a very partial form, can give more information than the given Markov's chain. Let
it be defined so that A4, 4, ;,... corresponds to the values of a temporal series, related, e.g., to the

relation “USD — Gold” in the frameworks of a concrete exchange. This temporal series can be
represented by a Markov's chain, but by a GN we can observe and collect other data for the process,
and we can have in mind other factors, too. For example, at the place of the 4 — component we can
also have information about the number of the exchange participants, the number of the acquits, the
number of the lost (it is possible that there are people who had not changed their status, too), etc.

More interesting is the second case of the GN-model, which has a universal character. It can
have, e.g., the form from Fig. 4.

R
~~ ~ M2z

Fig. 4.

Let us assume for simplicity that the Markov's chain must make a certain number (e.g., N)
steps, or stop, if it reaches the event, marked by “*”, i.e., when for some i, j: 4; j ="k

Token a enters place m; with the above initial characteristic. Now, the GN has only one
transition and it has the form:

z=({m.ms}.{my.ms}.r),

where

’ ny ny
m W2 M3
my | Wip o Wi

Wia =W ="pnxg =*" v "cu=N",
W13 =W;3 = —W,,, where cu is the current number of the token characteristic.
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If the token enters place my;, there it will obtain the characteristic

a _n "
Xeu+l = Acu+l,k 9scu+2,lsscu+2,2 s

where the components have the above sense, and if the token enters place m, , there it will obtain
the characteristic
“cu”, if 4., =*

This simplest GN will contain as tokens characteristics (of its unique token) the full
information, which will be obtained in the Markov's chain. The form of the above GN can be
complicated, e.g., by adding a second type of tokens ( S — tokens) transferring in parallel with the
a —token, but only entering place », and leaving the net from place n, (respectively, input and
output places of the unique transition of the net). These new tokens can have as initial
characteristics, e.g., different data corresponding to the relation “USD — Gold” in other exchanges;
the values of the « —characteristics now can be a function of the values of the S — tokens.
Moreover, if we define:

1 : ﬂcu ﬂcu+l
Scu+1,l = { ’ if o™ 2 %o
-1,  otherwise

'1, ﬂcu ﬂu 1
Scuv1,2 = { If ¥ 2 xOC '
1, otherwise

then the behaviour of the new GN will not depend on random values, but on an outside determined
information.

From these examples the bigger possibilities of the GN-models in comparison of the Markov's
chain is seen. On the other hand, the later ones are equivalent to the Stochastic Petri nets (see, e.g.,
[Shapiro-79],[Molloy-82]), which are represented by GNs (see [At-91]).

4. Modelling of PE-Aspects for Real Time Systems

The study and analysis of interrupts in computer systems is very important, especially with
the application of the computers in the control and management of real-time running processes.
According to their origin interrupts can be divided into two groups:

® Asynchronous interrupts (e.g., [/O-interrupts, TIME-interrupts, etc.);

e Synchronous interrupts:
a) programmable interrupts (e.g., system- and subroutine calls);
b) program error (an erroneous operation specification, zero division, etc.);
¢) side-errors.

The modelling of synchronous interrupts (especially programmable interrupts) by nets
possesses no problem. A great number of representations of such interrupts are known, through the
Petri nets or through different modifications of Petri nets. For the modelling of asynchronous
interrupts only the M-nets [Grutzner-82] and GNs give a possibility for a complete, detailed and
accurate mechanism, namely in the so-called "Interrupted M-Processor (IMP) concept”" [AD-85].
Here each real processor is modelled by a special elementary subnet called "M-processor". This
subnet contains two special types of transitions:

e INTERrupt type transitions: used for the interruption of the action of another fired
transition (from the active M-net process);

e CTRN (ConTrol ReturN) type transitions: used to reactivate an interrupted process.
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The different real processes are also represented by subnet which structure is not fixed and
depends on the structure of the real process and from the aims put forward at the construction of the
net model. Each internal process possesses exactly one "activative" token and an arbitrary finite
number of "fictive" tokens. Passing through a transition of the type INTER the activative token
looses this property - the corresponding process enters a "passive" phase. A CTRN-type transition
(re)activates a passive process which index is the value of a corresponding local variable of the
token that has caused the firing of the CTRN-transition. The transitions included in a subnet that
models external process (e.g., [/O-program) are non-interrupted. They do not belong to IMP.

4.1. GN-interpretations of I/O-interrupts

The GN, which represents I/O-interrupts, has the following form (see Fig. 5.):

Z4

Ly 7

B

Z1
L1g V L1

Z3

ln 7

|

L13 La

:
.

s

Lig X7

L2 L7

T

Fig.5.

(4,K,t, X,¥),
where the initial token characteristics are:
A={Z,Z,,73,Z,} being the set of the GN-transitions;
K={a,pf, y} being the set of the GN-tokens;
¢t being an elementary time-step;

X={x5’,x0'8},

where
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xg =1,

where 2'11 is the time for the realization of the first task for the first process,

xoﬂ=1'12,

where 77 is the time for the realization of the second task for the second process;

e ¥ being the GN-characteristic function. It is defined only for places /;,/,,/,,lg and it will
be discussed below.

Initially, tokens «, f and y are placed respectively in places /;,/,and /; with the above

mentioned initial characteristics.
The GN transitions have the following forms.

ZI = <{ll’l7}7{11114}1t,r1,/\(11,l7)>
where

| I Iy
n= 1 "e(lg, TIME) = 0" &" x% > 0" "e(lg,TIME) = I"V" x5, = 0"
L, 7 ] :

Token o obtains in place /; the characteristic

a "n..a ”
—1

Xew = Xeu-1

and it does not obtain in place /, any characteristic.

Z, =<{lz,18},{12:15}1112»/\(12:18))
where

} L I
rn= 1 "E(ls, TIME)=0"&"xP > 0" "e(lg, TIME) = I'V" x5, = 0"
Ig r "o

Token f obtains in place /, the characteristic

xﬁ _Hxﬂ I_t"

cu — “eou—
and it does not obtain in place /5 any characteristic.
Zs =({13,15 }, 13,15 },1' 13, (13,19 )
where
l 13 l6
rs= I3 | FALSE  TRUE
ly | TRUE FALSE

and ¢'> ¢ is a fixed time duration.
Token y does not obtain in places /; and /5 any characteristic.

Zy = {115,016 },{1, 15,19 ), 1, r V(N(Ly I JA (L5, 16 )0y )

where
| b Ig ly
ly TRUE FALSE FALSE
#+= I; | FALSE TRUE FALSE

ly | FALSE FALSE TRUE
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Token a obtains in place /, the characteristic

a _n_ oy
Xew = Xey-1 !

and token [ obtains in place /g the characteristic, while token y does not obtain any characteristic.

4.2, GN-interpretations of Time-outs

The role of the "time-out" (the maximal waiting time) is to prevent the emerging of a clinch
situation. Such a maximal time is assigned to the emission of a signal (e.g., from processor pA
towards pB), that if after ending of this time interval there is still no answer from pB (the processor
pB is eliminated), then pA can proceed further with its work (e.g., by sending an alarm) and not
waiting for the answer ever to come.

A GN can represent this process in the form given on Fig. 6.:

™~
w

Z1
YO
L1

q

¥

— —
~l m

L3 L4
Fig.6.
(4,{a}1),
where
4=1{2,,2,,Z;}
and
z; =1 10,1 r (1)),
where
| L I3
nn= 1, | TRUE TRUE
Zy = {13241, }rv(13)),
where
} l I ls
L ["TIME—t;21,," "TIME —t; <i,,"&"¢(l; TIME) = I" FALSE
= FALSE "TIME —t; <t,,,"&"¢(l,, TIME)=1" "TIME —t; 21,,"
Zy = ({0, {1511 e v(1, 1)),
where

-
r3= I3 | TRUE
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If we would like to describe the above process by GN, then only one token (e« ) will be
moving inside the net and will not receive any characteristics. If we define function ¥ over the
token, then through it we can obtain information about the motion of this token, about its stays in
various places, etc. Place /5 corresponds to the alarm output, /4 - to the ordinary output, and /; - to

a nullification of the task.

The GN-models described here illustrate the possibility of the GNs to be used for modelling
of the separate (important) aspects of the performance analysis of computer systems. By the
discussed above ways these PA-aspects can be represented as GN-subnets, which can be used as
macro-elements of new, more complex models, constructed by the hierarchical method.

5. Conclusion

Finally, we shall note that the structure of a given system has a GN-representation by the GN-
transitions and GN-tokens, while the processes studied by the means of the performance analysis
are represented by the dynamical elements of the GN — the tokens and their characteristics. The
relations between the separate sub-processes of a given performance analysis process can be
represented by the GN-transition types. But in the GNs there are other possibilities, which are not
used in the above-discussed models, or which are used in a very weak way. In general, the
transitions, places and tokens in the above models have equal priorities, because (in principle) the
components of each form are indiscernible one among the others. The GN-priorities can be used for
modelling of processes, subprocesses, components, etc. which are ordered about some order(s) and
which have priorities on the basis of this order(s).
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