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MTA Szdmitdstechnikai és Automatizildsi Kutaté Intézete, Kozlemények 18/1977.

DETERMlNlSTIC SEQUENCING: COMPLEXITY AND OPTIMAL ALGORITHMS

E. G. Cnifman, Jr.
The Pennsylvania State University

I. Introduction

In the past several years interest and new results in the theory
of deterministic scheduling have mounted at an increasing rate. This
paper is an attempt to represent the current position of the field in
terms of research into schedule length and mean flow time minimization
problems. We describe theoretical results for sequencing problems
arising mainly in computer and job-shop environments. However, the
models are simple in structure and are consequently meaningful in a
very large variety of applications.

Briefly, the general model studied assumes a set of tasks or jobs
and a set of resources to be used in their execution or servicing. In
all cases the models are deterministic in the sense that the information
describing tasks is assumed known in advance. This information includes
task execution tihes, operational precédence constraints, deferral costs,
and resource requirements. The sequencing problems examined include not
only the minimization of schedule-lengths and mean time-in-system
(weighted by deferral costs), but also a number of closely related
problems such as scheduling to meet due-dates or deadlines. The results
presented include efficient optimal algorithms and mathematical descriptions

of the complexity of sequencing problems.

*This research was partially supported by Institut de Recherche d'Informa-
tique et d'Automatique, France, and by NSF grant GJ-28290.
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Computers arise in the subject matter in at least three ways.
Firstly, they represent an almost universal job-shop for our purposes.
The appearance of virtually all of the problems we analyze can be ob-
served or envisioned in the design or operation of general-purpose
computer systems, although the prime importance of specific problems
may exist in other applications. Secondly, computers must be considered
in the implementation of the enumerative and iterative approaches to
sequencing'problems. Finally, the field of Computer Science is the
origin of the complexity theory which we apply to problems of sequence.

We emphasize that our interest is almost wholly mathematical, with
very little recourse to discussions of pragmatics. The applicability
(and, of course, inapplicability) of the results will be quite evident
in virtually all cases, owing primarily to the simplicity of the models.
The reader is referred to [CMM] for insights into the general problems
in practice and the many features of such problems that extend the models
examined here but for which comparable results are not known (see also
[Ba]).

This paper presents virtually all the theoretical results in [Bal
and [CMM] that concern our problems of deterministic scheduling theory.
They form the background for the new results. Additional background
material concerned with computer sequencing problems can be found in a
more recent text [CD] on operating-systems theory. For recent survey
papers dealing with many of the subjects of this paper, the reader is

referred to [G3], [C1], [B1], and [BLR].

II. A General Model

The scheduling model, from which subsequent problems are drawn, is
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described by considering in sequence the resources, task systems, se-

quencing constraints, and performance measures.

Resources. In the majority of the models studied, the resources consist
simply of a set P= {P],...,Pm} of processors. Depending on the speci-
fic problem, they are either identical, identical in functional capability
but different in speed, or different in both function and speed.

In the most general model there is also a set of additional resource
types R=={R],...,RS}, some (possibly empty) subset of which is required
during the entire execution of a task on some processor. The total
amount of resource of type Rj is given by the positive integer mj.
In the computer application, for example, such resources may represent
primary or secondary storage, input/output devices, or subroutine libraries.
Although it is possible to include the processors in R, it is more
convenient to treat them separately because
1) they will constitute a resource type necessarily in common with all
tasks (although two different tasks need not require the same processors),
and

2) they are discretized with the restriction that a task can execute on

at most one processor at a time.

Task Systems. A general task system for a given set of resources can be

defined as the system (7,< ,[Tij],{R3}.{wj}) as follows:

1. T= {T]....,Tn} is a set of tasks to be executed.

2. < is an (irreflexive) partial order defined on T which specifies
operational precedence constraints. That is, Ti‘<T3 signifies that Ti
must be completed before Tj can begin.

3. [t::] is an mxn matrix of execution times, where rij>~0 is the

Tij
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time required to execute Tj' 1<js<n, on processor Pi’ T<izm. We

suppose that t,.=« signifies that Tj cannot be executed on Pi

iJ
and that for each j there exists at least one i such that Tij<‘”.
When all processors are identical we let T denote the execution

time of Tj common to each processor.
4, Ry = [R](Tj)"”’Rs(Tj)]’ 1<js<n, specifies in the ith component,
the amount of resource type Ri required throughout the execution of
Tj. We always assume Ri(Tj) <m, for all i and j.
5. The weights Wys 1<i=<n, are interpreted as deferral costs -(or more
exactly cost rates), which in general may be arbitrary functions of
schedule properties influencing Ti' However, the w, are taken as
constants in the models we consider. Thus the "cost" of finishing Ti
at time t is simply wit.

This formulation contains far more generality than we intend to
embrace, but each problem studied can be represented as a special case
of the model. One particular restriction worth noting is the limitation
on operational precedence. We cannot, for example, represent loops in
computer programs modeled as task systems. Note that the partial order
£ 1is conveniently represented as a directed, acyclic graph (or dag)
with no (redundant) transitive arcs. Unless stated otherwise, we assume
< 1is given as a list of arcs in such a graph. In general, however, the
way in which a partial order is specified in a given problem may fnf]uence
the complexity of its solution. (We return to this point later.)

In Figuré 1, .an example system is shown, where the notation Ti/Ti
is introduced for labeling vertices. As one might expect, heavy use is

made of graphical methods for defining task systems, rather than defining

them as appropriate five-tuples.
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T8/6

Task/execution time, identical processors

Figure 1. A dag representation of (T,-(,{Ti}).

Notation and properties:

W N -

Acyclic.
No transitive edges: (T]’TG) would be such an edge.
T],TZ,T3,T]0 are initial vertices; T8,T9,T]0 are terminal vertices.

For example, T, is a successor of T,,T,,T .T4,T5 but an immediate
successor of only T,,T.; T is a prédegesgor f T7,T8,T9 but an
immediate predecesso# o? on?y T7,T8.
levels: 8 9 8 72 72 3 &5 6 2 1
T] T2 T3 T4 T5 T6 T7 T8 T9 T
Critical paths: T7.,T ,T and T ,T ,T_,T.
g 5.8 24 79



A

In the following we use a number of more or less comnmon terms
concerning dags. In particular, a path of length k from T to T'

in a given graph G is a sequence of vertices (tasks) T, seees Ty
k

such that T=Ti ,T'=T1. (k>1) and (Ti vy ) ds an arc in G for
k

1 2
all 1<j<k-1. Moreover, if such a path exists, T will be called a

predecessor of T' and T' a successor of T. If k=2 the terms

immediate predecessor and immediate successor will be used. Initial

vertices are those with no predecessors, and terminal vertices are those
with no successors. The graph forms a forest if either each vertex has
at most one predecessor, or each vertex has at most one successor. If
a forest has in the first case exactly one vertex with no predecessors,
or in the second case, exactly one vertex with no successors, it is also

called a tree. In either case, the terms root and leaf have the usual

meaning. The level of a vertex T is the sum of the execution times
associated with the vertices in a path from T to a terminal vertex such

that this sum is maximal. Such a path is called a critical path if the

vertex T 1is at the highest level in the graph.

Sequencing Constraints. By "constraint" we mean here a restriction of

scheduling algorithms to specific (though broad) classes. Two main re-
strictions are considered.

1. Nonpreemptive scheduling: with this restriction a task cannot be

interrupted once it has begun execution; that is, it must be allowed to
run to completion. In general, preemptive scheduling permits a task to
be interrupted and removed from the processor under the assumption that
it will eventually receive all its required execution time, and there is

no loss of execution time due to preemptions (i.e., preempted tasks resume

execution from the point at which they were last preempted).
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2. List scheduling [G1]: in this type of scheduling an ordered list

of the tasks in 7T 1is assumed or constructed beforehand. This list

is often called the priority list. The sequence by which tasks are

assighed to processors is then decided by a repeated scan of the list.
Specifically, when a processor becomes free for assignment, the list

is scanned until the first unexecuted task T is found which is ready

to be executed; that is, the task can be executed on the given processor,
all predecessors of T have been completed, and sufficient resources
exist to satisfy Ri(T) for each 1<i<s. This task is then assigned
to execute on the available processor. We assume the scan takes place
instantaneously, and if more than one processor is ready for assignment
at the same time, they are assigned available tasks in the order P]

before P2 before P3, etc.

Before discussing performance measures, let us illustrate the means
by which schedules are usually represented graphically, assuming s=0.
We use the type of timing diagram illustrated in Fig. 2 for the task
system shown in Fig. 1. In the obvious way the number of processors
determines the number of horizontal lines which denote time axes. The
hatching shown in the figure represents periods during which processors
are idle. The symbols si(S) and fi(S) will denote, respectively,

the start and finishing times of Ti‘
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For problems assuming additional resources, we will have occasion to
draw timing diagrams only for s=1. In this case the vertical axis
denotes the amount of additional resource required, the number of vertical
segments being bounded by the given number of processors. An example
is given shortly (Fig. 4b).

The timing diagrams of Fig. 2 give an informal and intuitive notion
of schedule. Somewhat more formally, a schedule can be defined as a
suitable mapping that in general assigns a sequence of one or more dis-
joint execution intervals in [0,») to each task such that
1. Exactly one processor is assigned to each interval.

2. The sum of the intervals is precisely the execution time of the task,
taking into account, if necessary, different processing rates on different
processors.

3. No two execution intervals of different tasks assigned to the same
processor overlap.

4, Precedence and additional-resource usage constraints are observed.

5. There is no interval in [O,max{fi}] during which no processor is
assigned to some task (i.e;, a schedule is never allowed to have all
processors idle when uncompleted tasks exist).

For nonpreemptive schedules there is exactly one execution interval
for each task, and for list schedules we further require that no processor
can be idle if there is a task ready and able to execute on it. We do
not attempt to further formalize the notion of schedules--a wholly mathe-
matically definition is unnecessaiy and very elaborate for the general

model.
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Figure 2. Example timing diagram for Fig. 1. Schedule with m=3.

Performance Measures. Two principal measures of schedule performance

that we consider are the schedule-length or maximum finishing (or flow)

time

w(S)=nmx{fi(S)} (1)
1<iz<n

and the mean weighted finishing (or flow) time

. 1 & '
w(S) = ;;ig%wifi(s). (2)

The basic problems, therefore, are to find efficient algorithms for the
minimization of these quantities over all schedules S, drawn perhaps
from a specific class of schedules as defined earlier.

At this point it is convenient to illustrate that preemptive, nonpre-
emptive, and list scheduling disciplines can be distinct in terms of mini-
mum schedule length and mean weighted flow time and that the "power" of
these disciplines decreases in the order given. A graph of a task system,
a minimum-length preemptive (i.e., unrestricted) schedule, a minimum-

length nonpreemptive schedule, and a minimum-length 1ist schedule appear in
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Fig. 3a, b, ¢, and d, respectively. (Verifying the optimality of the
schedules is not difficult). Note that for wi =1 (1<i<n) the mean
weighted flow-time performance is optimal in each case and concurs with
the ordering in terms of minimum schedule lengths just given.

Even for < empty, preemptive schedules can be shorter than non-
preemptive schedules (e.g., consider m=2 and three unit length tasks).
However, for nonpreemptive scheduling on identical processors, a minimum-
length Tist schedule is a minimum-length nonpreemptive schedule when =<
is empty. For mean weighted flow-time (non-negative weights) on identical
processors, the optimal list schedule is an optimal preemptive schedule
when < is empty, thus remeving any distinction between the disciplines
in these circumstances.

A good many of the results, especially those related to problem

complexity, can be readily extended to a number of other performance
measures of interest in job-shop or computer sequencing. For example,

suppose we have identical processors and we define w].(S)=f1.(S)— T; as

the waiting time of T1. in S. Then it is easily seen that a schedule

minimizing w also minimizes the mean, weighted waiting time.

Now suppose the general model is extended to permit a positive
number di(] <isn) called the due date to be given for each task Ti’
The due date expresses the time at which it is desired to have a task
finished. Then the lateness of Ti in S is defined as fi(S)-di,
and the tardiness is defined as max{O,fi(S) - di}' The maxima and
weighted means of lateness and tardiness are also interesting performance

measures. As with waiting times, it is easily seen that sequences mini-
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/1 T,/2

T,/4 T, /3 To/3
TG/ 3
(a)
1 2 5 8
P] T2 T4 T3 f//'/
bz 1'% Ts Te /42%222
(b)
1 2 5 9
Py T, T, Tq é;;;
2 | " Te 1, W//A
8
(©)
i T, Ty é?;

(d)

Figure 3. Discipline hierarchy, (a) m=2 identical processors, s=0,
w=1(1sisn=6). (b) Optimal preemptive schedule, w=8, w=29/6.
(c) Optimal nonpreemptive schedule, 0)=9, w=30/6. (d) Optimal list
schedule, ur 11, (r=32/6.
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mizing mean weighted flow time also minimize mean weighted lateness;
howevef, this is not true for the mean weighted tardiness.

When we consider problems in which due dates must be respected
(i.e., fi(S):;di, 1<1i<n), the due dates are also called deadlines.
One such problem td which we devote considerable attention assumes
d1. =d, 1<isn, < is empty, s=0, identical processors, and seeks to
minimize the number of processors required to meet the common deadline
d. This problem is referred to as the bin-packing problem. Interest-
ingly, we find that this problem is equivalent to the schedule-length
minimization problem for identical processors, < empty, 5 =1 (1<isn),
m2n, and s=1. Figures 4a and b illustrate this equivalence. Note
that if we remove the restriction m=2n in the parameter list, we have
an equivalence to the problem of scheduling to meet a common deadline
with the constraint of at most m tasks per processor and the objective
of minimizing the number of processors. Although there was no need to
introduce deadlines as another component in the general model, the aug-
mented system with an.arbitrary set {di} is discussed briefly in the

next section on single-machine results.

III. Background in Single-Processor Results

In this section we cover classical results for the special case of
one processor (m=1), < empty, and s=0. For m=1 the problem of
minimizing max{fi} vanishes; hence we are concerned only with the other
measures mentioned in the previous section. The important results are

summarized in the following theorems.
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Figure 4. An equivalence of two sequencing problems. (a) Schedu-
ling {T],...,Tg} to meet deadline d=18 on minimum number (4)

of processors. (b) Scheduling unit-length tasks with single-re-
source requirements to minimize schedule length.
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Theorem 1 [Sm] The mean weighted flow time, lateness, and waiting time
are minimized by sequencing the tasks in an order of nondecreasing ratio

Ti/wi.

Now suppose our system includes a set of due dates for the tasks,
and our problem is to optimize performance with respect to the lateness

and tardiness measures. We have the following result.

Theorem 2 [Ja2] The maximum lateness and maximum tardiness are minimized
by sequencing the tasks in an order of nondecreasing due dates. .

Finally, for the due-date problem, let us define the slack time of
Ti at time t 1in a schedule as di-‘ri- t; The result of sequencing
by the intuitively appealing rule of nondecreasing slack time is given

by the following somewhat unexpected result.

Theorem 3 [CMM] Sequencing in an order of nondecreasing slack time
maximizes the minimum lateness and minimum tardiness.

Single machine results for problems involving due-dates and the
tardiness performance measure have received considerable attention. See
[Lal], [HK], and [RLL] (which contains a recent survey) for results
related to efficient iterative and enumerative approaches. " In a later
section we discuss the complexity of these problems.

A well-known related result in [Mo] concerns the problem of finding
a sequence that minimizes the number of late tasks. An optimal algorithm
can be described as follows. First, the tasks are sequenced in the order
of Theorem 2. The algorithm then finds the first late task T in this
sequence and eliminates that task T' in the initial subsequence termin-

ated by T, which has the largest execution time. The process is then
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iterated on the resulting sequence (with T' removed) until a sequence

is obtained with no late tasks. Any sequence beginning with the initial
subsequence determined by the above process minimizes the number of late
tasks. Extensions have been examined in [Si2].

Another problem using as a performance measure the maximum of the
weighted finishing times has been studied in [La2]. A simple algorithm
is produced for < arbitrary which minimizes max{wifi} on one pro-
cessor.

It is clearly interesting to assess the importance of sequencing
algorithms by comparing their performance with that achieved under a
random selection procedure. Moreover, it is also of considerable interest
to analyze an algorithm that is optimal under the assumptions of known
execution times, under weaker conditions in which only partial informa-
tion (specifically, a probability distribution) is available. Examination
of the difficulties presented by such an analysis of the models in sub-
sequent sections reveals the general intractability of this approach in
virtually all cases of interest. However, [CMM] present results for

single-processor problems which illustrate the value of probability models.

IV. Results in Schedule-Length and Mean Flow-Time Minimization

We begin with some remarks on measures of complexity. These comments
are rather brief, but should be sufficient to permit appreciation of the
results described in this section. A careful presentation of these notions
appears [U].

In general, the "complexity" of an algorithm solving a given problem

refers only to its execution time, expressed as a function of the input-
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length; i.e., the number of bits needed to describe an instance of the
problem. For our purposes we will usually specify complexity as a
function of basic problem parameters, primarily the number n of tasks.
In some cases, this is a considerable simplification, but not an inap-
propriate one for our purposes.

The detailed specification of the functions representing complexity
depend on the details of algorithm and data structure design in which we
take no special interest. Thus we use the order-of-magnitude notation
0(.), which concentrates on the terms of a function that dominate its
behavior. Thus if we say that an algorithm has complexity O(nz), we
simply mean that there exists a constant ¢ such that the function cn2
bounds the execution time as a function of n. As a specific example,
if a sequencing rule depend§ essentially on the ordering of an arbitrary
permutation of n execution times, we know that algorithms exist, using
binary comparison operations only, whose complexity is O(nlogzn). But
the specific functions of execution time, for different algorithms,
usually consist also of terms 0(n), 0(109211), or 0(1) and may differ
in the coefficient of the n]ogzn term.

Any sequencing algorithm whose complexity is bounded by a polyno-
mial in n 1is called a polynomial-time é]gorithm or an algorithm that
runs in polynomial time. The corresponding problem is said to have a
polynomial-time solution (algorithm). Henceforth we consider an algorithm
to be efficient if it runs in polynomial time. The practical motivations
of this terminology are strong, especially for large n. In this respect
we should note that the sequencing problems we consider are or can be re-

duced to finite problems, in the sense that the solution space is finite.
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Thus our notion of efficient algorithm can be associated with nonenumera-
tive algorithms; "inefficient" algorithms are those which effectively
require a search (enumeration) of the solution space and have a complexity
that is at least some exponential in n.

There exists a set of problems, each of which is called NP-complete
(sometimes called polynomial complete, or simply complete), which in-
cludes many classical, hard problems, Such problems include the traveling
salesman problem, finding the chromatic number of a graph, and the
knapsack problem, just to mention a few. It is known that in terms of
complexity, all the NP-complete problems are equivalent in the following
intuitive sense. If one can find a polynomial-time algorithm to solve
one of these problems, one can find a polynomial-time algorithm for
every other problem in the class, according to a procedure that normally
varies from one problem to another. Thus either there exist polynomial-
time algorithms for all the NP-complete problems, or none of them has a
polynomial-time algorithm; we do not know which of these two assertions
is the correct one. However, despite the lack of an answer to this
"ultimate" question, there is strong evidence to suggest that all NP-
complete problems are inherently intractable. As we shall see, almost
all sequencing problems stated in complete generality are NP-complete.

The above intuitive discussion of course is very informal. More
formally, one must proceed by defining a common mathematical basis for
representing algorithms and instances of problems, defining problem com-
plexity in terms of the model, and defining the transformation (or re-
ducibility) of one problem to another. With such a formalism one can

address for specific problems such questions as deciding their complexity
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in terms of desirable problem parameters, the tradeoff between storage
and execution-time complexity, the essential aspect of a problem that
contributes to its complexity, and so on. Later we shall illustrate
the techniques for taking a new combinatorial problem and showing that
it admits of a polynomial-time solution only if some known NP-complete

problem has such a solution.

Schedule-Length Minimization Problems. Table 1 summarizes the majority

of results presently known for these problems. To help interpret the
table, the following remarks are in order.

1. The columns correspond to the possible parameters of an algorithm
that solves a problem defined by the assumptions given in a row of the
table. Those entries in which a value is specified eliminate a "free"
parameter. For example, in problem (row) 2 we find that m 1is not a
parameter but is fixed at m=2. Similarly, {Ti} is not a parameter,
for the specific common value of the T does not influence the algorithm.
The partial order is a free parameter, but no preemptions are allowed
and there is no additional resource requirement that can be specified.
Here and in the sequel, n 1is always a free parameter.

2. The entries in the column on complexity given as "open" simply mean
that the question of the complexity of the corresponding problem has not
been resolved.

3. For each of the nonpreemptive problems for which polynomial-time
optimal algorithms are known, there in fact exists an optimal list-
scheduling algorithm.

4. An important point concerning the NP-complete problems indicated in
Table 1 is that they represent the simplest cases for which NP-complete-

ness is known. Thus the reader can and should make appropriate inferences
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regarding more general problems. Generalizing any one of the parameter
restrictions in a given problem (e.g., assuming as appropriate, non-
identical processors, nonempty partial orders, additional resources, etc.)
obviously produces a problem at least as hard as the original one.

One important observation in this respect concerns a comparison of
rows such as 6 and 4. Since problem 6 is NP-complete, it is easy to see
that so also is the problem for m a free parameter. However, the con-
verse is not necessarily true. Problem 4 is NP-complete, but it is not
known whether for any fixed m=3 the corresponding problem (problem 3)
is NP-complete (and in fact a considerable effort has been invested in
resolving this problem for m=3).

5. Regarding polynomial-time algorithms, we do not in all cases claim
that the complexity shown is minimal. As an analysis of the sequencing
problems indicates, however, there is virtually conclusive evidence to
this fact in a number of cases. For example, algorithms necessarily de-
pending on an ordering of execution times must surely be of at least
O(nlogzn) complexity, assuming an unordered list to begin with. Al-
gorithms depending on precedence constraint structure must surely have a
complexity at least O(nz), since there are O(nz) edges in a general
precedence graph (see problem 2, e.g.). However, complexity must also
depend on data structures. For example, if a graph is specified by an
edge list containing redundant transitive edges, the complexity may well
increase. Problem 2 is a relevant example, for the complexity shown de-
pends on the absence of transitive edges; the problem of removing such
edges from a dag edge list has 0(n2'8) complexity according to the best
algorithm currently known [AGU]. Thus without the assumption of the ab-
sence of transitivé edges, problem 2 would have a complexity dominated by

this latter algorithm.
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Table 1. Results for Minimizing u)=nmx{fi}

Resources
Problem *
complexity m {Ti} ~ Rulet s {mi} References
1. 0(n) - Equal Forest Nonpr 0 H]
2. 0(n2) 2 Equal - Nonpr O [CG]
Fixed
3. Open m12 3 Equal - Nonpr O
4. NP-complete - Equal - Nonpr O (U]
Fixed 1.=1 or 2
5. NP-complete i 2 i 51T 4 - Nonpr O [U]
Fixed
6. NP-complete m= 2 - ¢ Nonpr O
7 O(nlogzn) - - Forest «Pr - 0 [MC]
8. 0(n?) 2 " . Pr. 0 [MC]
Fixed
9. Open Hs A - - Pr 0
10. NP-complete - - - Pr O (U]
1k 0(n3) 2 Equal ) Nonpr - - [GJ1]
Fixed
12. NP-complete i 5 2 Equal Forest Nonpr 1 - [GJT]
13. NP-complete ;1293_ Equal - Nonpr 1 m]=1 (U]
14. NP-complete ;1;eg Equal ¢ Nonpr 1 - [GJ1]
15. O(n]ogzn) 2 Flow shop _ Nonpr O [Jo]
16. NP-complete ;i;eg Flow shop Nonpr O [GJS]
17. NP-complete ;i:eg Job shop Nonpr O [GJS]
‘ Fixed . s
18. NP-complete fs 9 - (0 ok o 0 [CS]

*Identical processors assumed throughout, except for problems 15-17.

+Nonpr and pr are abbreviations for nonpreemptive and preemptive, respectively.
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The optimization algorithms for problems 1, 2, 7, and 8 are essen-

tially critical path algorithms (also called level-by-level algorithms),

since the scheduling priority at any point is given sequentially to the
remaining tasks at the highest level. (Actually, in problem 2 this
criterion must be augmented by another property of tasks which, in the
sense of the precedence graph, is locally computable.) Clearly, the
cémplexity of these algorithms is dominated by the complexity of the
graph operations needed to find critical paths. Note that "first-order"
generalizations of these problems are NP-complete as shown in problems

4, 5 and 10. For special cases applicable to the case of two non-identi-
cal processors, see [B2].

Problem 15 is solved essentially by an appropriate ordering of the
tasks; hence the complexity is determined by the complexity of sorting.
This is the earliest result (1954) in schedule-length minimization. Apart
from problem 1 (1961) and special cases of problem 16, the remaining
results date from 1968.

The flow-shop problem referred to in problems 15 and 16 is defined
as follows. Each task system consists of a set of n/m chains of length
m, usually called jobs in the literature, with the restriction that the
ith task in a chain must be executed on processor Pi (n dis a multiple
of m). In terms of [rij] in our original model, columns km+ 1,
k=0,1,...,n/m-1, correspond.to tasks that must execute on Pi’ so that

for all j#i. The T i=1,2,...,m, will correspond to

Ty km+i =" km+i °

the sequence of tasks in job k.

Problem 17 concerns the complexity of the simple job-shop problem,

described as follows. As in the flow-shop problem <X 1is a set of chains,

each of arbitrary length, called jobs. (In the general job-shop problem
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there is no constraint on <.) Each job Ji can be characterized by a
sequence of pairs (aij’Pij)’ where a3 is the execution time of the
jth task of Ji and P1.j is the processor on which it must execute.
The general problem is NP-complete for all m=>2. (Later in this section
we illustrate a technique that can be used for this result.) However,
there is an interesting special case, which we now describe, that admits
of a polynomial-time solution for m=2 [Ja]];

Each job Ji is characterized simply by a single operation on each
machine (i.e., each Ji is a two-task chain): each Ji either executes

a task first on P] then on P2 or it executes a task first on P, then

2
on P1. Let (xi,yi) be the execution times for the tasks of J - Con-
struct two ordered sets C] and ‘Cz such that all J; whose first

task executes on P] (respectively P2) are elements of C] (respectively
Cz) and such that if (xi,yi) and (xj,yj) are both in C,» then
min(xityi)<nﬁn(xj,yj) implies that J. precedes Jj in the ordering.
(This is the rule used in problem 15.) Order C, in the same way.
According to this ordering, assign tasks on P1 first from C] then CZ’
observing precedence constraints. Similarly, assign tasks on P2 first
from CZ then C]. Note that X; or y, can be zero, in which

case we effectively account for jobs having only a single task for

one machine or the other.

The basic intractability of problems in which there are additional
resources is made clear in problems 12 to 14. Problem 11, not discussed
subsequently, can be viewed as an application of the maximum matching

[E] problem. One may construct in less than 0(n3) time an undirected
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graph G such that (Ti,Tj)e:G if and only if Ti and Tj are com-

patible: that is, Rk(Ti)-¥Rk(Tj):smk, for all k; hence T, and Tj

i
can execute in parallel. A maximum matching of G provides a shortest-
length schedule and can be found in 0(n3) time.

Problem 7 with <=¢ has a well-known 0(n) algorithm [Mc], which
we reconsider later.

We conclude this subsection with a brief description of recent
results bearing on deadline problems relevant to the problems we have
been discussing. Consider the problem of scheduling equal-execution-time
tasks on two identical processors when there is an arbitrary partial
order and each task has an individual deadline to meet. If the partial
order is given in transitively closed form, it is known [GJ2] how to
determine in time 0(n2) whether a valid schedule exists which meets all
the deadlines, and if so, generate one. If it is desired to know whether
a valid schedule exists that violates at most k deadlines, where k is

k+2). However, the problem of the

fixed, this can be done in time O0(n
existence of a valid schedule that violates at most k deadlines, k

variable, is NP-complete, even for only one processor.

Mean Flow-Time Results. We now present recent results generalizing those

in the previous section for single-machine systems. Additional resources
are not included because corresponding results do not exist. Discipline
constraints are also not considered, since nonpreemptive scheduling is
assumed throughout for the same reason. (Recall, however, that a pre-
emptive capability doe§ not accomplish anything more in the case of
identical processors, non-negative weights, and an empty partial order.)
Comments 1, 2, 4, and 5 describing Table 1 also apply to Table 2 in which

we summarize most of the results.



-39

Table 2. Results for Minimizing Ziwifi

Parameters: n and

Problem

complexity = {wi} {Tij} m References

1. o(nd) 6 Equal . - [BCS2,Ho2]

Set of Identical
2. NP-complete oty Equal Processors - [BSe]
2 _ Identical [Hol](See

3. 0(n%) Forest processors 1 also [Ga,Sil])
Identical

4. Open - - processors L
Identical Fixed

5. NP-complete ¢ - processors m z 2 [BCST]

6. NP-complete Flow shop e

For problem 1 of Table 2 the existence of a polynomial-time algorithm
is indicated for the most general case of independent tasks and equal
deferral costs. Special cases of this result have been known for some
time, in particular the result for SPT sequencing introduced earlier.

The result of problem 1 is based on a formulation that identifies it as a
special case of the general transportation prob]em.

The solution of problem 3 results from a general formulation that
proceeds by identifying a locally computable cost function (sequencing
criterion) to Le associated with each vertex (subtree) of the forest.
This function is in fact a generalization of the function Ti/wi intro-
duced in Theorem 1. Using an ordering obtained from these computed
costs, the optimal sequence is achieved by recursively identifying the

subtrees of the forest that are to be executed next.
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Problem 6 of Table 2 concerns a flow-shop problem that has received
considerable attention. This NP-complete problem forms the basis of an
illustration in [KS] of enumerative and approximate techniques applied
to sequencing problems.

The problem of minimizing mean tardiness (see previous section) is
also relevant to Table 2, with due dates also a parameter. It has
been shown that the minimum mean weighted tardiness problem is NP-
complete for all m=1 [BLR]. An interesting open problem is the com-

plexity of the minimum mean tardiness problem (equal weights) when m=1.

Further Remarks on the Complexity of Sequencing Problems. In [U] a

formal approach to the definition of problem complexity is introduced
and used in demonstrations of the NP-completeness of a large variety of
sequencing problems, either explicitly or implicitly. Such an approach
begins with the description of a computer model by which algorithms for
combinatorial problems can be commonly posed, in a manner that simplifies
their analysis and comparison with respect to their complexity. The
notion of polynomial-time nondeterministic algorithms is defined, a
notion which identifies with problems admitting of an enumerative solution
describable by'a polynomial-depth search tree. As a matter of definition,
the existence of such an algorithm is necessary for the NP-completeness
of a sequencing problem. Finally, the concept of polynomial reducibility
among combinatorial problems is defined, a definition used in deciding
that a problem has a polynomial-time solution if and only if some NP-
complete problem has such a solution.

In connection with Table 1, comment 4 is worth repeating at this

point. Namely, the reader will be able to infer the NP-completeness of
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new problems from similar results shown for other problems. For example,
the NP-complete problem 6 of Table 1 is known to have a polynomial-time
solution if and only if a similar solution exists for the classical
deadline problem [U]; that is, given a deadline d common to all (inde-
pendent) tasks, is there a schedule on m identical processors such
that all tasks finish no later than d? The consequent NP-completeness
of this problem in effect accounts in a straightforward manner for the
NP-completeness of the general additional-resource (s=1) and bin-packing
problems [G3].

We can illustrate informally but effectively the process of reducing
one combinatorial problem to another by the following examples. Consider
as a basis the simple version of the knapsack problem, stated as follows.
Given as parameters a set X= {a],...,an} of n positive integers and
an additional integer b, is there a subset of X whose elements sum
exactly to b? That is, does the equation Z?ﬂciai =b have a 0-1
solution in the c].‘s? This problem is well known to be NP-complete
[Ka]l. We now make use of this problem in assessing the complexity of
the following sequencing problems.

1. Consider problem 7 of Table 1 with <=¢, for which it is readily
verified that in general there can be 0(n!) solutions. Suppose we add
in the "Discipline" column that the number of preemptions must be mini-
mized. Call this the PM(m) problem for m processors.

n .
_i=-|‘l‘1-/2 is shown

An example of the case for m=2 and max{‘ri} <y
in Fig. 5a. Note that any sequence of tasks can be used in carrying out
the assignment; one simply must insert a preemption when necessary for

the last task scheduled on P] (first task scheduled on Pz). Thus at
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most one preemption is necessary, and its necessity depends on finding a
subset of {r;} that adds up to exactly }:?=]Ti/2. Therefore, we

can reduce a knapsack problem to a PM(2) problem és follows. Let b and
{ai}?=] be an instance of the knapsack problem. Consider the instance
of the PM(2) problem given by {Ti}?:} where T T Ay, 1<i=<n, and

Tl = |2b--2:?=]ai . It is easy to see that this PM(2) problem has a
solution with no preemptions if and only if the original knapsack problem
has a solution. Figure 5b provides examples. Clearly, because of the
simplicity of the reduction (calculating |éb-—§:?=]ai|), we expect the
PM(2) problem to be at least as hard as the knapsack problem. We make
the same statement for the general case m2 3, since we can add m-2
tasks of length }:?=]ri/2 to reduce the PM(2) problem to the PM(m)
problem.

2. Consider problem 16 of Table 1, and let the jobs (i.e., three-task
chains) be specified by the triples (xi,yi,zi), 1<1isn, where X
(respectively, ¥; and Zi) is the time required fOf the first (respec-
tively, second and third) task to execute on Py (respectively, P, and

P We can provide as follows the basic observation in a proof of NP-

3)'
completeness.

From an instance b, {ai} of the knapsack problem, let the execu-
tion times in an instance of problem 16 for m=3 be given by

n ;

(O,a],O),...,(O,an,O), (b1, ):i=]ai' b). Figure 6 gives an example
schedule. Note that a minimal-length schedule is at least ):?=]ai+ 1
long. But as illustrated, we can know whether we have a minimal-length
schedule only if we can answer the question: is there a subset of the

ai's which sum exactly to b? Thus by a simple algorithm we can trans-

form an instance of the knapsack problem to an instance of the (m=3)
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Figure 6. A flow-shop schedule, m=3
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flow-shop problem such that an algorithm for the flow-shop problem finds
a minimal solution if and only if the original knapsack problem has a
solution. As before, it is not difficult to render a general case for
m>3 identical to a problem for m=3. It follows that we can expect
the problem to be at least as hard as the knapsack problem.

A similar type of argument can be easily constructed for the result
of problem 17, taking advantage of the absence of the "processor ordering"
implicit in the flow-shop problem. It is important to note that the
knapsack problem can be solved in time polynomial in the desired sum b
(this does not contradict the NP-completeness of the knapsack problem
since b can be expressed using 1092l> bits). Therefore, if the com-
plexity parameter of interest is the sum of task execution times we can
not infer from the above arguments that these problems are intractable.
For example, Problem 6 in Table 1 can be solved in polynomial time for
fixed m>2 for this less stringent input measure. However, Problems
16 and 17 remain NP-complete even for the latter measure [GJS].

Clearly, we have only shown these problems to be at least as hard
as NP-complete problems; we have not verified that they are no harder.

At this point it is best to leave full proofs of NP-completeness to those
familiar with [U]. We might note here, however, that the problem of
showing reducibility has no generally applicable structure (thus the open
problems of Tables 1 and 2), and solutions to these problems can be quite
involved.

We conclude this discussion of complexity with the warning that
having a specific problem in hand, one should be fully aware of any

special features or constraints that might exist. For in this case the
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NP-completeness of the general problem to which it corresponds should
not immediately cause us to abandon hope for an efficient optimal al-
gorithm. Specific limitations on the problem may enable us to design
an algorithm whose execution time is bounded by a polynomial in the

basic characteristics of the problem.

V. Concluding Remarks

We have limited our discussion to efficient optimization algorithms
and to problem complexity. The results on complexity demonstrate rather
clearly that much of the progress in the theory of scheduling is very
likely to result from the study of fast heuristics (approximate algorithms)
and effective enumerative procedures. In [G2] and [G3] performance
bounds are presented and derived for a variety of sequencing and allo-
cation heuristics whose complexity is at most 0(n2). We refer to [KS],
[CMM] and [Ba] for extensive treatments of enumerative techniques in-
cluding dynamic programming and local neighborhood search.

One performance measure of broad interest that we have neglected,
and for which results have been obtained very recently, is the mean
number of tasks, N(S), in the system calculated over the interval
[0,w(S)]. In general, such a measure is useful in expressing expected
inventory or storage requirements for tasks in the job shop or computer.

We can write
- 1 w(S)
N(S) = m] N(t)dt
0

where N(t) 1is the number of uncompleted tasks in the system at time t.

Clearly N(t) takes the form of a decreasing staircase function with
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changes in value occurring at task completion times (subsets of which
may, of course, be coincident). Assuming unit weights in (2), one may

show rather easily

N(s) = n 263}

which is obtained independently of scheduling disciplines, number of pro-
cessors, or any property other than finishing times. From this expression
we note immediately that for m=1 processors N(S) is minimized when
w(S) 1is minimized, since w(S) 1is in fact not a function of S for
m=1. For the case m=2 it is known [CL] that the problem of finding

a gequence minimizing N s NP-complete.

A recent generalization of our general model for which an efficient
optimal algorithm has been found is described as follows. With respect
to problem 3 of Table 2 we once again assume a forest and a single pro-
cessor, but each tree (called a job) in the forest is now regarded as a
decision tree in the following sense. There is an arbitrary (discrete)
probability distribution associated with each vertex governing the de-
cision as to which task (vertex) is to be executed next in the job. Thus
the eventual execution of a job consists of a sequence or chain of tasks
beginning with the root and ending at a descendant vertex, and the chain
can be interrupted only at task termination times. These sequences and
their total execution times are random variables, hence the problem
becomes one of minimizing the expected value of the mean weighted flow
time. A sequencing criterion for deciding sequentially which job is next
to have a task executed has been developed along the lines of problem 3.
The complexity question is studied, with the result that an O(nz) al-

gorithm is produced [BCJ].



[AGU]

[B1]

B2]

[Bal

[BCJ]

[BCS1]

[BCS2]

[BLR]

-40 -

References

Aho, A. V., M. R. Garey, and J. D. Ullman, "The Transitive
Reduction of a Directed Graph," SIAM Journal on Computing, 1
(1972), 131-137.

Baer, J. L., "A Survey of Some Theoretical Aspects of Multi-

processing," Computing Surveys, 5, 1 (1973).
Baer, J. L., "Optimal Scheduling on Two Processors of Different

Speeds," Computer Architectures and Networks, E. Gelenbe and

R. Mahl (Eds.), North Holland Publishing Company, 1974, 27-45.

Baker, K., Introduction to Sequencing and Scheduling, John

Wiley and Sons, 1974.

Bruno, J., E. G. Coffman, Jr., and D. B. Johnson, "On Batch
Scheduling of Jobs with Stochastic Service Times and Cost
Structures on a Single Server," Technical Report No. 154,
Computer Science Dept., Pennsylvania State University, August

1974, Journal of Computer and System Sciences (to appear).

Bruno, J., E. G. Coffman, Jr., and Ravi Sethi, "Scheduling
Independent Tasks to Reduce Mean Finishing Time," Communica-

tions of the ACM, 17, 7 (1974), 382-387.

Bruno, J., E. G. Coffman, Jr., and Ravi Sethi, "Algorithms for

Minimizing Mean Flow Time," Proceedings, IFIPS Congress, North

Holland Publishing Co., August 1974, 504-510.
Brucker, P., K. K. Lenstra, and A. H. G. Rinooy Kan, "Complexity
of Machine Scheduling Problems," Technical Report BW 43/75,

Mathematisch Centrum, Amsterdam, 1975, Operations Research (to

appear).



-4] -
[BSe] Bruno, J., and R. Sethi, "On the Complexity of Mean Flow-Time

Scheduling," Technical Report, Computer Science Dept., Penn-
sylvania State University, 1975.
[C1] Coffman, E. G., Jr., "A Survey of Mathematical Results in Flow-

Time Scheduling for Computer Systems," Proceedings, GI 73,

Hamburg, Springer-Verlag, 1973, 25-46.

[C2] Coffman, E. G., Jr., (Editor) Computer and Job-Shop Scheduling

Theory, John Wiley and Sons, 1975.

[CD] Coffman, E. G., Jr., and P. J. Denning, Operating Systems Theory,

Prentice Hall, Englewood Cliffs, N. J., 1973.
[CG] Coffman, E. G., Jr., and R. L. Graham, "Optimal Scheduling for

Two Processor Systems," Acta Informatica, 1, 3 (1972), 200-213.

[CL] Coffman, E. G., Jr., and J. Labetoulle, "Deterministic Sched-

uling to Minimize Mean Number in System," Proceedings, HICCS 9,

University of Hawaii (to appear Jan. 1976).

[CMM] Conway, R. W., W. L. Maxwell, and L. W. Miller, Theory of
Scheduling, Addison-Wesley, Reading, Mass., 1967.

[CS] Coffman, E. G., Jr., and R. Sethi, "Algorithms Minimizing Mean-
Flow-Time: Schedule-Length Properties," Technical Report, Com-
puter Science Dept., Pennsylvania State Univehsity, 1973, Acta
Informatica (to appear).

[E] Edmonds, J., "Paths, Trees, and Flowers," Canadian Journal of

Mathematics, 17 (1965), 449-467.
[G1] Graham, R. L., "Bounds on Multiprocessing Timing Anomalies,"

SIAM Journal on Applied Math., 17 (1969), 416-429.

[G2] Graham, R. L., (Chapter 5 of [C2]).



B By
[G3] Graham, R. L., "Bounds on Multiprocessing Anomalies and

Related Packing Algorithms," Proceedings, AFIPS Conference,

40 (1972), 205-217.
[Gal Garey, M. R., "Optimal Task Sequencing with Precedence Con-

straints," Discrete Math., 4 (1973) 37-56.

[GJ1] Garey, M. R. and D. S. Johnson, "Complexity Results for Multi-
processor Scheduling Under Resource Constraints," Proceedings,

8th Annual Princeton Conference on Information Sciences and

Systems, 1974.
[Gy2] Garey, M. R. and D. S. Johnson, "Deadline Scheduling of Equal

Execution Time Tasks on Two Processors," Technical Report,
Bell Laboratories, Murray Hill, N. J., 1975.
[GJs] Garey, M. R., D. S. Johnson, and R. Sethi, "The Complexity of
| Flow Shop and Job Shop Scheduling," Technical Report No. 168,
Computer Science Dept., The Pennsylvania State University, 1975.
[H] Hu, T. C., "Parallel Sequencing and Assembly Line Problems,”

Operations Research 9, 6 (1961), 841-848.

[HK] Held, M. and R. Karp, "A Dynamic Programming Approach to Se-
quencing Problems," SIAM Journal on Applied Math., 10, 11

(1962), 196-210.
[Hol] Horn, W. A., "Single-Machine Job Sequencing with Treelike

Precedence Ordering and Linear Delay Penalties," SIAM Journal

on Applied Math., 23 (1972) 189-202.

[Ho2] Horn, W. A., "Minimizing Average Flow Time with Parallel Machines

Operations Research, 21 (1973), 846-847.




43

[Jal] Jackson, J. R., "An Extension of Johnson's Results on Job-Lot

Scheduling," Naval Research and Logistics Quarterly, 3, 3

(1956).

[Ja2] Jackson, J. R., "Scheduling a Production Line to Minimize Maxi-
mum Tardiness," Research Report No. 43, Management Sciences
Research Project, UCLA, January 1955.

[Jo] Johnson, S. M., "Optimal Two- and Three-Stage Production Sched-

ules," Naval Research and Logistics Quarterly, 1, 1 (1954).

[Ka] Karp, R. M., "Reducibility Among Combinatorial Problems,"

Complexity of Computer Computation, R. E. Miller and J. W.

Thatcher (Eds.), Plenum Press, New York, 1972, 85-104.

[KS] Kohler, W. H. and K. Steiglitz (Chapter 6 in [(C2].)

[Lal] Lawler, E. L., "On Scheduling Problems with Deferral Costs,"
Management Science, 11 (1964), 280-288.

[La2] Lawler, E. L., "Optimal Sequencing of a Single Machine Subject

to Precedence Constraints," Management Science, 14 (1973), 544-

546.
[Mc] McNaughton, R., "Scheduling with Deadlines and Loss Functions,"

Management Science, 12, 7 (1959).

[MC1] Muntz, R. R. and E. G. Coffman, Jr., "Preemptive Scheduling of

Real Time Tasks on Multiprocessor Systems," Journal of the ACM,

17, 2 (1970), 324-338.
[Mc2] Muntz, R. R. and E. G. Coffman, Jr., "Optimal Preemptive Sched-

uling on Two-Processor Systems," IEEE Transactions on Computers,

C-18, 11 (1969), 1014-1020.
[Mo] Moore, J. M., "An n Job, One Machine Sequencing Algorithm for

Minimizing the Number of Late Jobs," Management Science, 15,

(1968), 102-109.



[RLL]

[Sil]

[Si2]

[Sm]

(U]

LAA! -

Rinnooy Kan, A. H. G., B. J. Lageweg, and J. K. Lenstra,
"Minimizing Total Costs in One-Machine Scheduling," Technical
Report No. BW33/74, Mathomatisch Centrum, Amsterdam, 1974.
Sidney, J. B., "One Machine Sequencing with Precedence Rela-
tions and Deferral Costs - Part I.," Working Paper No. 124,
"Part II," Working Paper No. 125, Faculty of Commerce and Busi-
ness Administration, University of British Columbia, 1972.
Sidney, J. B., "An Extension of Moore's Due-Date Algorithm,"

Symp. on Theory of Scheduling and Its Applications, S. M.

Elmagrabhy (Ed.), Springer-Verlag, 1973, 393-398.
Smith, W. E., "Various Optimizers for Single-Stage Production,"

Naval Research and Logistics Quarterly, 3, 1 (1956).

Ullman, J. D., (Chapter 4 in [C2].)



W5

Osszefoglalé
Determinisztikus litemezés: "komplexitds™ és optimalis algoritmusok

Coffman E. G.

A dolgozat korlitokat ad a hatékonysagra kiilonféle iitemezések esetén, ha a “komplexitas™
legfeljebb 0(n?). Optimalis itemezési algoritmusokat ad preemptiv és nempreemptiv esetekben a
részben rendezett task”’- rendszerek szamdra. Részletesen elemzi a "’polinomalisan teljes”
feladatok esetét.

PE3IOME

INETEPMUHUYECKOE PACIIUCAHUE: "CJIOXHOCTB" U
OINTHMAJIBHBIE AJII'OPUTMH

Kodbdmau 3.T.

B pa6ore naHe orpaHHuYeHUA A 3bbEeKTHBHOCTH, B ciyyae pas-—
HBIX PaCIMCaHUH, €CJIM CJIOXKHOCTH HMeeT nopsanok 0 (n2). JllaonTca
ONTHMAaJIbHBIE AJIFOPHTMBI DacnucaHuA B "NPEesMITUBHOM" U HENDEe3MTUB -
HOM" ciyyasax Ia YHNOpPANOYEHHBX CHCTEM TACKOB.

[lonpo6HO M3yuyaeTca ciiyyad MOJIMHOMHAJIBHO TOJIHOW 3alauM.
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PROGRAM BEHAVIOR IN MULTIPROGRAMMED COMPUTERS AND
DIFFUSION APPROXIMATION

Mityas Arato

One of the most important concept in analysis of computer program behavior is the loca-
lity property. In operating systems of computers the memory management problem — i.e.,
deciding how to distribute information among the levels and when to more it about — has of
first importance. The virtual memory techniques for memory management are becoming
widerspread. A virtual memory can be regarded as the main memory of a simulated computer.
It is described in terms of the following abstractions: address space, memory space, and an
address map. The address spece of a job is the set of addresses that can be generated by a
processor as it executes the job. If the blocks, which are the units of allocation and transfer
of information, are the same uniform size they are called pages. Most of the results about
memory management are stated alwasy in terms of paging. A job’s reference string
MyMys - - - » N, is defined such that g, is the number of the page containing address X,
t 2 1. The reference string is used as the basis for the models of program behaviour. A re-
ference string of pages satisfies the locality property if, during any interval of time, the
program’s pages are referenced nonuniformly, and the page reference densities change slowly
in time.

One may define the working set of a program to be the smallest subset of its pages that
must be in main memory at any given time in order to guarentee the program a specified le-
vel of processing efficiency. The working set principle of memory management asserts that a
program (or job) may be designated as processable only if its working set is present in main
memory. These definitions and practical measuring techniques were proposed by many au-
thors (see e.g. Denning (1968) and Coffman, Denning’s book (1974)).

Under the assumption of locality it is possible to demnonstrate that the size of a job’s
working set tends to be normally distributed. This is a significant result, for it means that the
theory of Gaussian processes can be applied to the study of memory management. This result
is due to Denning and Schwartz (1972) amd agrees with the experiments (see Coffman and
Ryan (1972)).

When dealing with a large program it is impossible, in practice to predict the references
deterministically, and it has been recognized that one has to resort to ‘probabilistic models in
this context. The choice of the correct probabilistic model is far from obvious. Here we want
to give an improved model to understand the stochastic structure underlying the phenomene.
Here we do not suggest methods for improvements in the decision algorithms (for such pur-
poses we send the reader to Araté [1],[2] and Benczur-Kramli-Pergel).
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A program’s working set W(¢,7) at time ¢ is defined to be the set of distinct pages
referenced in the time interval [t — T + 1,¢], i.e. among Ny re1s MpTezs + = Nye
The parameter 7" is called the window size, it can be chosen large enough so that the
probability of a currentlocality page’s, being missing from the working set is small and, small
enough so that the probability of more than one interlocality transition’s being contained in

the window is small.

A program’s reference string n,, Mys - - -5 Ny - - - We rTegard as a sequence of random
variables. We assume that 7 . isa simple Markov chain with stationary transition probabilities.

(n) : )
P1;=P{n,+,,=l|n,=l},

and
(

(1) _
Pii e

b

f;(n) e
n-1
pi = 2 el M, a3,
L k=1
Further assumptions about reference string are that each page is recurrent, i.e.
%
< fi(n)=1
n=1 f;( )

and that n, and n,  become uncorrelated in the limit (n — ).
The working set size w(t,T) is the number of pages in W(t,T). As
(N w(t,T) = w(t — 1,T) + 6(1,T)

where

oT) = 0,

according to the assumptions on n, it can be proved that w(£,T) is asymptotically normally
distributed as t — o and T — . The proof of this statement depends on the ’mixing”
property of homogeneous stochastic processes (see e.g. M. Rosenblatt, J. Rozanov or I.
Ibragimov- J. Linnik).

In most applications it is more easy and simpler to deal with the sequence w, = w(z,,T),
where £, <t <0..<1¢, < g 1 S owas B0 Bty
In this case we may use the normal approximation for w, and heuristically we get

L > 1 (large enough).

(with Ew=m,_, W SW =]
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(2) w,=pw _, +e¢€, pl< 1,

n

with independent sequence €, . The matter is that time can be measured in at least two ways:
either with respect to the flow of instructions, or with respect to new page references. Because
the first method is more informative when studying overhead caused by page faults, it is adop-
ted in most cases. The second method is sufficiently information in almost all other cases, e.g.
for dynamic partitioning strategy (see Coffman and Ryan (1972)).

Relation (2) means that the probability that w; increases at the next step is inversely
proportional to w"l; the process has a tendency to approach the mean that is a function of ».

When we are using the model (1) we cannot assume that w(z) (7T is fixed) is a stationary

process, even when ©(#,7) are not independent. But using the scaling factor ¢, —1, _, = s,
and taking

and then the approximation that »n is continuous it may be assumed that w_ is station.iry Ihis
last assumption means that ywe are taking a rared sequence of w(t,7) and then (as n — ° too0)

we are looking the process w, on anew axis, see Fig.l.
w(t,T) &
- i
. e )¢
ol i ! !
E i I 3 4 6L \.Iz : r J N € i i i |
| T T T T £ T v ¥ \ * T T L {' H_"b
1 2 3 & ty t; t3

Figure 1.
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The first order autoregressive model was used by Coffman and Ryan,
where they tested the normal approximation with Monte-Carlo method (simulation). Empirical
results also suggested the normal approximation for large "window” sizes, T and larger
t,—t,_,. For smaller values of theses parameters the distribution is more closed by Poisson
distribution.

When asymptotic uncorrelation assumption is not met for ©(¢,7) (as ¢t — o) the normal
approximation to w(¢,7) may be poore (see e.g. Rodriguez—Rosell (]971)) Pages are assumed to
be of constant size and the entire storega hierachy, main memory and auxi'liary storage, in which
paging takes place is taken to contain of {l ,2, ..., n|pages, where n is the total number of
pages. Let k£ be the maximum number of pages that can reside in main memory. Under
demand paging, a page that is referenced but is not resident in main memory will be brought in
from auxiliary storage, usually in place of some other page which has to be pushed out, according
to the particular paging algorithm implemented in the oparating system.

A common class of such algorithms is the so-called stack algorithm, which we define in the
following way (see Denning [2]). Theset D =!1,2,...,n| denotes the set of pages of a given
program, so that the members of the refercnce string n,eD. The program has been allocated a
main memory space of m pages m< n and m < k. We call subset S of D such that S
contains m or fewer pages a possible memory state. Let S(A,k,r) denote the memory state
after A(the allocation algorithm) has processed r pages under demand paging in an initially empty
main memory of size k. The A is a stack algorithm if S(A4,k — 1,r) is a subset of S(4,k,r).
That is the contents of the (k— 1) page memory are always contained in the k-page memory,
so that the memory states are ~'stacked up’ on one another. The most popular algorithm is LRU,
least recently used, because in some Markov models it is optimal. For stack algorithms the perfor-
mance is crucially dependent on the behavior of the distance string, defined as follows. Suppose
that at time ¢ page m, = i has been referenced, and that the next reference to page i occurs
at time ¢+ n, + 1; that is, between these two references to page i there have been n, page
references, but none to page i. Let d, denote the number of distinct page references among
these ntreferences. The string (dl ,d2 , ...) iscalled the distance string corresponding to the
reference string n,. A page exception will occur each time that d, = k. If we assume that (see
Freiberger, Grenander,Sampson 1975) at time ¢ a page i is selected from |12,...,n !
according to the probability distribution p = :p] seasisl) and then subsequent references are

made to this page i a number v, = 1 times, where

Pv,=K)=(-g)qf™', k=12,... 0<gq=<)),

1

then the lenght of the reference string (n,) is not normally distributed. The distribution of the
distence d, under the above conditions, with p, = I/n and g, = 0, has the following surprisingly
simple form

P, = k)=

|-

which is far from Gaussian distribution.
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Empirical results (see Freiberger, Grenander and Sampson) show that stochastic depen-
dence between some pages must exist contradicting of the above assumptions in the analytic
model. The empirical autocorrealation coefficient of order one indicates that the time series
of working set size cannot be a white noise, it can be regarded as a first order autoregressive
series with coefficient p = 0,2 — 0,3.

Spectral tests were used (see Lewis,Shedler 1973)to show the distance strings are correlated.
That the d;~s are near a first order Markov chain (see Table 1.) they get empirically

Counts of one step transitions for LRU distances

jlk 1 2 3 4 5 6 7

1 2,943.817 840.912 210914 78.002 41.500 24.281 16.792
2 | 1,048.310 2,151.371 146.163 35.192 26012 13.591 7.931
3 130.957 271.850 176.386 16.570 5.693 2.804 2318
4 22.878 70.630 35.013 10.338 3.721 1.516 1.643
5 18.512 36.744 16.366 5.258 4.017 393 235
6 10.685 20.180 7.959 1.650 812 1.914 223
f/ 11.549 11.324 3.596 846 280 233 271
8 7.957 9.934 4.405 1.261 182 128 61
9 9.451 8.248 3.457 834 184 145 56
10 7.274 8.657 2.641 769 639 268 76

Table 1.

From the sequence of address traced, the distance string was derived by stack processing
techniques for a page size of 4K (4096) bytes. The data consisted of ¢, = 8,802.464
references to a total of 517 distinct pages.

For the exception process the results are in Table 2.
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Memory capacity ¢ (pages)

76 197 12 -
N 1807 820 517
p, — estimated serial correlation
coefficient of order 1 for + 0.188 + 0.177 +0.130
times between page exceptions (0.08)
1
W - 1)2 p, + 8.01 +5.11 +3.00
(1.7)
&22 — estimated partial serial ’
correlation of order 2 0.035 0.065 0.002
(0.002)
Table 2.

From this table 2. one can see that the estimated serial correlation of lag 1, ;31 , is too

large to be consistent with a true value p, = 0 (the asymptotic variance is
1

1/2
(N=1) ’ S
the estimated partial serial correlations, a,,, are very small, suggesting first-order Markov

dependence of intervals between exceptions. The partial correlation of order two is (see
Aratd. Benczur, Kramli, Pergel (1976))

where N is the number of observation). Another outstanding feature is that

«
22 .9
] P}

In case of first-order Markov dependence By = p* and @4 = 0.

At last we give the empirical correlation function of the memory state at the second level
on a CDC 3300 computer, the so-called scratch-pool requirement. The scratch-pool requirements
of jobs depend on time stochastically and the benchmark measurements were executed during
runtime (see Téke, Toth, (1975)). The samples are taken in every minutes for 5 hours. The
empirical correlation function has an e~ * (¢t — time) form, which indicates the first order
autoregressive séheme, where after 15-20 minutes the correlation is practically equal to
0 (see Fig. 2.).
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Osszefoglalo

Multi programozasu szamitogépek program viselkedése és diffuzios kozelités

Arato Matyds

A dolgozatban a hivatkozasi string sztochasztikus viselkedése alapjan vizsgiljuk az u. n.

munkamez6k nagysaganak Gauss eloszldssal torténé kazelitését. Empirikus adatok alapjan

az id6beli valtozas egyszerii autoregresszids sémaval irhato le, amely diszkrét diffizios folyamat.
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PE3IOME

[loBeneHue nporpamMMm B OBM ¢ MHOTr'ONnpoOrpAMHLIM DEXHUMOM
U nuddy3ruoHHBIE TNPHOJIUXEHUA .

MaTsam ApaTo

B cTarbe paccMaTDPUBAKTCA BOMNDPOCH MNPUOIUXEHHUA C HODPMAaJIbHbBIM

pacnpeneyieHMeM Tak Ha3bBaeMbX paboyux MoJied Korna noBelleHde
reference string " ABJyAeTcCA ciayuyalHeM. Ha ocHOBe 3MIHPHYECKHX
JNIaHHBIX MOXHO YTBEPXJATh, UTO CXeMa aBTOPEerpecCHH SABJIAETCA XOpO-

UM NPUGJIUXEeHHEM IIJIA OINUCAHUA Mnpolecca paboyero noJja ¢ JJUCBPET-—

HBIM BDPEMEHEM.
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A BAYESIAN APPROACH TO THE PROBLEM OF
OPTIMAL PROGRAM-PAGING STRATEGIES

A. Benczur — A. Kramli

Several works in the recent literature on computer sciences are devoted to the optimal
program-paging problem (see e.g. Franaszek and Wagner [1], Denning [2]‘. Starting from the
standpoint of these works M. Araté [3] proposed a statistical approach to this problem using
Bayesian sequential decision theory developed by Bellman (see. e.g. [4]).

We give the most important special case the exact proof of the optimality of the “least
frequently used” strategy

We repeat briefly the model used by Arat6, to make more understandable this note.

The program consists of n pages and the computer has a twolevel hierachical memory.
We suppose that k pages can be stored in the high speed memory (central memory), and
n — k pages (in fact the whole program) is stored on a slower access memory device (disk).

The sequence of references to the different pages forms a sequence {7n,} of i.d.d. random
variables with unknown probability distribution

I I R I S )

In Aratd’s model the pages can be rearranged before each reference without extra cost.

(Such a situation is realized if the pages are subroutines of a main program, and between two
consecutive calls there is a relatively great time interval .) But if the main program calls a rou-
tin, which is absent from the central memory the cost increases with 1 unity.

As in the case of known distribution {Pi'} the optimal strategy depends only on the
order of probabilities P, (before every call we muststore the first & most probable pages in
the central memory) we suppose, that the unkown parameter of the distribution is the permu-
tation w of n elements giving the right order of P;s in the following way:

If {Pl v wy By } is a decreasing sequence of probabilities (P, + ...+P =1), then

Py = Py i) where w(i) denotes the one to one mapping realized by the permutation w.

By the Bayesian principle we suppose that the parameter w is also a random variable. If
we have no previous information about its distribution, we can consider every permutation
equally like, i.e. the apriori distribution §{ of n is the uniform distribution on n! elements.
In Araté’s work is treated the case of arbitrary apriori distribution. Let us denote by D,, the
set of sequential decision procedures {do, coesdy_ l} for a program consisting of N step.
By Arat6’s model d, is a subset of the labels of the pages, wich are absent from the central
memory after the observation of references

Nipo s o3 My
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Before the program is started we define d, on the basis of the a priori distribution §; by
the symmetriry of §£, d0 can be choosen arbitrarily.

Let us introduce the random process x, !

"o it n,fd,_,

l 1 otherwise

By this terms the utility function has the form:

M VEN =, om

N a
ax B2 X =1
..-.dN_l}cDN ‘g‘: t )
EE means the expectation taken on the basis of the uniform a priori distribution §.
Our aim is to determine the class D;v c D, of sequential decicion procedures for which
the maximum in (1) is reached. The solution of this problem can be obtained by solving

recursively the Bellman equation

2 4 , N—t+ 1) = max E Ap1
( ) (’c’(ﬂl 77,_1) ) dr?:”; Et(nl ..... n’“l)(X’ )+
i+ I/\(E(nl' . .n,)‘N'—‘ t),
where £(n,, ..., n,) means the aposteriori distribution of the parameter w after ha-

ving observed the references Ms = o =5 Nye

As the aposteriori distribution does not depend on the decision procedure the right
hand side of (2) has maximum for such a d‘—l which maximize Et(n

d Pl v Te-1)
&,

We shall prove the following

. d
Lemma 1. The expectation ES(nl )(Xt‘“l) reaches its maximum for the
=i

--ﬂt

decision d,_, consisting of the n — k least frequently used pages.

If there are pages of equal frequencies their changing by each other has no influ-
ence on the expectation
E ( th - l)
E(ny, - - . P B
The proof of the Lemma can be carried out by direct calculation and comparison of the
aposteriori probabilities.

First we calculation the aposteriori probabilities of a fixed permutation w. If we
denote by W the set of all permutations of natural numbers 1 ... n, and by
{k,,...,k,} the frequencies of pages (k, + ...+ k, =t - 1), then
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3)

Pnysoe Mg W) 4
w%ﬂnl, <5, lw)
€

It is sufficient to prove that for every pair of frequencies

k, <k,

k +5 p
Py, = = [T p;w® = Cwier
W= Me-1) w‘;;v 1 o

4)

k + Sw(i),s
P(n, = = ” (i) '
n‘—Alnly-.-,nt_l)_wZG'w 21 p‘W

where 6;, F is the Kronecker’s symbol. Inequality (4) follows by comparing the terms on the
left and right hand side, which belong to pairs (w,w*) of permutations with the following
properties:

There on i< j< n are two fixed natural numbers for which

w(i) =r w() = s
w¥i) = s w'j) =r

and w(k) = w'(k) for every k # ij.

The second assertion of Lemma follows from the symmetry of inequality (4). Lemma | and
the Bellman equation written in the form (2) gives.

THEOREM 1. For the uniform a priori distribution { of the parameter w, and for
every N the optimal Bayesian sequential decision procedure is the "least frequently used”
stategy.
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Osszefoglalé

Optimilis program lapolisi eljarasok Bayes-féle targyaldsa
Benczur A. — Kramli A.
A dolgozat a Bayers-féle szekvencialis dontéselmélet segitségével igazolja, hogy bizonyos

fel‘tctelek mellett a legritkabban hasznalt lap™ stratégidja minimalizalja a lapolasi hibak vérhato
szamat, ‘

PE3NOME

BAIECOBCKU{ 1OAXOL K MPOBJEME ONTHAMAJBHOTO
[IOCTPAHUYHOT'O MPOT'PAMMITPOBAHUA

A. Beununyp - A. Kpamnu

B paGore, ucnoab3ysa bailecoBcKyl TEOPUI IOCIEN0BATEIHBHO=
ro pelieHusi, NOKa3nHBaeTCA, YTO IpM HEKOTOPHX YCJIOBUAX CTPaTE-
rusi "HauMeHee 4acTo MCIoNb30BaHHON cTpaHulib" MUHUMUBUDYET

OXuzaeMoe 4MucJO CTpPaHNYHOT'O cOod.
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A DETAILED, SYSTEM OVERHEAD INCLUDING, DESCRIPTION OF
PRIORITY ALGORITHMS'FOR REAL TIME TASK SCHEDULING

Adam Wolisz
Department of Complex Automation Systems of the Polish Academy of Sciences

1. Introdution

Author’s point of view on the problem of creating an proper model describing real-time
opertaing systems (0.S) has been presented in paper [1]. One can find there some characteris-
tic features of O.S. as well as a classification of scheduling algorithms used in the real-time
applications. The short overview of available theoretical results for some of these algorithms
has also been provided, while a more detailed survey can be found in [2].

Up to now priority scheduling algorithms based on the minicomputers. priority interrupt
feature are implemented in the vast majority of O.S. Because of the hard constraintson reponse
times imposed by real-time environment, a deep knowledge of their time characteristics is of
essential importance. thus a proper queuing model has to be developed.

It can be easily demonstrated, that simple priority disciplinces like head of the line or
preemptive resume disciplines, are not sufficient to obtain such a model. Under the head of the
line discipline high-priority jobs can not receive desired response times. On the othet hand,
mainly because of synchronization objectives and data integrity reasons, the use of strictily
preemptive priority disciplines is not possible. During the execution of almost every programme
there are some parts which should not be preempted, and which are therefore executed after
disabling the priority interrupt system.

So the execution of a programme can be treated as service given in phases of either
preemptive or nonreemptive type.
The existance of any given phase in the exacuted programme may also depend on data upon
which the current exacution is fulfilled.

Implementation of various queuing disciplines is connected with some overhead which should
be also included in the analysis. This overhead is usually caused by activities fulfilled in the
privileged mode and as such can not be interrupted by any demand no matter of what priority.

The study of models reflecting the above mentioned features was started in [3] and then
developed under more general assumptions in [4] and [5].
However all those investigations took place for the case when demands for programme’s
exacution belonged to a Poisson stream, thus open queuing systems had to be considered. This
assumption is not justified, as in the majority of real-time systems one has to deal with demand’s
sources of finite dimension.
Corresponding to this situation closed queuing systems are difficult to analyze especially for
the case of complex service disciplines, like multiphase priority service mentioned earlier.
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Operational parameters of those systems, like waiting times for various demands, are often
estimeted by the analysis of a corresponding system with either infinite-dimensional demand’s
sources (leading to an upper bound) or one dimensional demand’s sources (which gives an

lower bound).

The relative error caused by such an estimation in the first case has been investigated by Bazen
and Goldberg [6], and according to their results may achieve even several hundred percents.

On the other hand, it can be proved that in the case when one-dimensional estimation is used
the relative error may not exceed one hundred percent.

Besides, one dimensional sourced describe often the actual situation existing in technological
plants.

Queuing systems with one dimensional sources create also a proper model for multiprogramming
systems with a fixed number of nonhomogeneus jobs, having independent 1/0 facilities, as it was
pointed out in [7]. '

Such a systems have been investigated so far only in the case of simple priority algorithms and
for the processor sharing model. In this paper the analysis of a generalized priority discipline
corresponding to the real-time requirements is presented for th case of N independent one-
dimensional sources of demands.

2. Description of the considered model

We shall consider a single server queuing system with N one-dimensional sources gener-
ating demands ZyZgs s 22y respectively. The time spent in the source by the
demand z, is a stochastic variable having an exponential distribution with parameter A, .

The demand z, (called herafter k-type) will have priority over the demand

k

Z, iff k<UL

The service of demand z, is given in phases denoted P,: Any phase Fk' may be either of
preemptive type (if ie/, ) or of nonpreemptive type (if ieJ, ), where [, J, are proper
exclusive stes.

Everly phase has a given probability of it’s execution p;‘ and an arbitrary conditional probabi-
lity density function(pdf) of it’s execution time .sjk(x).

Further we shall use frequently the total pdf S;'c(x) given by

(21) S-Sl —n]4 CACIRN

where &(x) is the Dirac function.
The joint pdf of k-th programme execution S, (x) can be obtained basing on Sk'.
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If for every i+#j, S,'c and S,{ are statistically independent, then ™ )
@)= I 5.
le(fk vlk)
In other cases §k (s) must be derived according to the form of dependence between S,:
and S}Gije{l VI, }, i#)).
For the preemptive phase Ff

k ’
tion and the overhead connected with resuming the preempted execution to be of nonpreemp-

iel, we shall assume the overhead connected with preemp-

tive type and have the lenght given by arbitrary pdf’s Q,‘L(x) and R,’( (x) respectively.
We shall also assume that if during R, any demand of type 1, 1 < k will be generated, it
shall be regarded as next, independent preemption as presented in fig. 1.

% service lservice
Z1.14 of z1

execution.of o
k-th programme 4.{-1
/service of zK/ ¢

A

generation of l-type demand

Fig.1 Illustration of°the assumptions according the overhead
during the preemptive phases

i‘or the nonpreemptive phases Ii", ieJ, we shall assume, that if during the service of
the phase F;(i any demand of higher priority was generated, then after finishing [4;"' an
overhead with arbitrary pdf Q,’c(x) should take place. Only after that the service of higher

priority demands can be initiated.

This model will be investigated using methods similar to presented in [9] and all
concepts which will not be defined here precisely are used in the meaning of [9]. In this
paper the outline of the analisis and main results are given, while all additional detailes are
described in [2].

* Let flr) be any given pdf. We shall denote by f(s) the Laplace transform of f(r)

= [ e pnar.
0
and by f any sample from the distribution f(r).
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Our considerations will consist of three steps. First we shall discuss the busy period for
some basic schemes, where the server deals only with demands generated by a single source.
Afterwards the busy period for all types of demands will be investigated.

Finally we shall describe the full process consisting of a sequence of busy and idle periods
consecutively. We shall also investigate the waiting times for demands of various types.

3. Basic service schemes

Let us now discuss busy period parameters for four basic schemes of serving demands from
one source with parameter A which require service having a pdf S(x).

a.) A scheme with regeneration
We shall assume, that the server works in a following mode. At time ¢t = 0 a first service starts,
and goes on for some time Z. A part V of this service time is devoted to an “incorrect”
service in the sense, that after completion of the service, server has to be regenerated. This
regeneration takes some time y depending on V' in the way described be a conditional pdf
ny/V). Both the times Z and V are given by a joint pdf fz,,(Z,V). During the regenera-
tion a consecutive demand can be generated, which service can start only after completing of
the regeneration.
Let us denote by p, (x, t,Z, v Ydxd vdZ the pdf of the following event: at time ¢ service
is in progress with the elapsed service of the demand being equal to x,* x < x* < x + dx,
while the service will take time Z * including time ¥ * of “incorrect” service,
Z<Z2*<Z+dZ,v<v'< v+dv q, (myt v)dydv -the joint pdf of the following
events: At time ¢ regeneration of the server is in progress for a period equal to y * | and the
“Incorrect” part of the last fulfilled service took time V™, y < y*<y + dy,
V< V®¥<V+dV, m=0,]1 denotes the number of demands waiting for service during the
regeneratin.
p,, (1)- the pdf of the service starting at time ¢
Directly from this definitions yields

P t) = f p,,(x.t.Z. v)dxd vdZ
0

O3
O,

Operation of the considered system can be described by following partial differential equations:

(3.1) [— +-—]pm(x LZV) + p, (6 4Z,V)n(x) =

32 [+ 5 + 10 0N, Ant)) = N, 001D,

(3.3) [—+ —E;— + 7% 0IV) + Ng,, (0.,V) = 0,
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where
£, (x)

34 =

(3.4) n(x) T f fz(u)du
0

and

L) =T f,,xV)dV
U

n(x) is the conditional pdf of finisching the service if the elapsed service time is equal to x
Similarly

rolvy
1 - f r(u/V)du
0

3.5  2°0n = )

is the pdf of regeneration time completion after time y.
Equations (3.1) — (3.3) are to be solved with respect to boundary conditions:
36)  p,(OLZV) = f,,(ZV) 07 of' a (At Vm® IVidyav,
G0 q,004V) = o] p,, (Z,t,Z,V)dZ,
38  q,1,0LM =0,
and initial condition
(3.9) P, x,0,2,V) = 8(x)f,,(Z,V).

We shall also define the pdf of the length of busy period, which for this case can be found
as

3.10) b, (=] ({ a,, O, tV)i° GIV)dyaV.
0

Solving equations (3.1) — (3.3) one can obtain [2],

1
I-c@+HEe+N’

G111 p, () =a(s) =

xn
- | n(u) du .
(G.12) p,(xsZV)=e e‘! ca(s) - Sy (ZV),

;l-(s+ )
l=—c@)+ His+ N’

(3.12) b (D =a(s) - His+ N =
where

(3.13) H@E+MN= 07fz,,(s. V)r[(s + N/V1dV,
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(.14 2(s) = [ Ty (s V)5, VYAV
0

Let us now discuss the waiting time in such a service scheme. For calculating the waiting
time distribution in open service schemes the following reasoning is frequently used:
Due to the Poisson stream of demands, the probability of consecutive call’s generation is con-
stant and equal to Adt ( where A is the parameter of the input stream), so one can consider
with proper probabilities all possible situations occuring during the service, (eg. idle and busy
periods, etc.).

Using the same methods with closed queuing systems, one can obtain so called virtual
waiting time (of [8]) reflecting the period which would spend in the queue a fictitious demand

’

not influancing system’s operation, and having the proper priority.

The real waiting time is different from the virtual waiting time, because in the case of

one-dimensional sources there is no possibility of generation of the demand z, if that demand

k
is either in the queue or is being served.

In this paper we shall consider the real waiting time (called shortly waiting time”’)
exelusively.

Let us notice, that in the service scheme with regeneration the demand starting every busy
period is served without waiting, while consecutive service can start only after some waiting
time. The mean number of services given during one busy- period is equal to

o - |
t) = 0) =——
(3.15) éfp,,,() p,, (0) 70

and the mean number of services preluded by waiting in queue is equal to

ek L H)
HO) HN

The queuing phenomenon is caused in this scheme only by existance of the regeneration.
We shall calculate the waiting-time distribution, assuming that the conditional pdf r(y/V) is
of a specific form, namely

(3.16)  rIV) = r*@IN1 — Y(N] + 8OHUWV),

where ( ‘v) is some given function. This assumption will be discussed later. The stochastic
variable V¥ has a pdf

() = sz,,(Z.V)dZ = Iz » 0.1

thus if regeneration takes place, than it’s length has an unconditional pdf given by (3.17).

GA7 @) = [ rr o) - f,(nav.
0
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The waiting time can be in this case determined as the result of substraction of two
stochastic variables, describing the lenght of the regeneration and the generation process re-
spectively, under the condition that a demand will be generated during the regeneration. So_the
pdf of waiting time is equal to

Fe@ - 1
A—© 1 —r O

(3.18)  w 1(©®) =2

where [ — r—o()\)] is the probability of demand’s generation during the regeneration of a
non-zero lenght.
As functions of the shape (3.18) will be often used in further considerations, we shall intro-
duce C

) 2(©) — ¢(A I

F (p0) = )\_‘ﬂ(__L__SB_L_) e

A A—© 1 =9

describing the pdf of waiting time caused by some process having the pdf () if fhe demands
are generated according to the negative exponential distribution with parameter \.
So

@l (@) = E(F°,0).

Finally the total pdf of waiting time in the service scheme with regeneration is given by (3.19)

1 —_ﬁ()\)
- H®) roe -r°mn | !
® () = : A - T e
' H(\) H(\)
(3.19) =V oy — 7% -
POV r N o Tai e

wfl=H ;
(= HM - A eyt = 7o

=11 =HMN)] - Er° 0)+ HN) - 1.

b.) A scheme with initial process and regeneration
In this scheme at ¢t = 0 an initial period having a pdf $2(x) starts. If during the £ no
demand is generated the busy period is supposed to complete (a short busy period). On the
~other hand if during £ the demand is generated, then after completing the initial period

it’s service starts, (a long busy period).
As, similarly to the case a.) the service includes some “incorrect”’part and causes perhaps a
necessity of regeneration, the process may continue as in the previous scheme.

The busy period distribution bfn’(t) can be found using the results from previous

scheme,

A =e M- QO+ (1 —e ). Q» +b, O,
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and after transformation
(320) B,%(s) = QAs + N | [As) — A + N - b, (9).
Similarly one can obtain p:: (#) (being the analogon of P, (1)), observing, that
32) pE=QA—e *) -0 - p, D,
which after transformation and utilizing (3.11) yields

ﬁ(s) - ﬁ(s + A) -S—l(s) — Emn (s)
l—c@)+Hs+n . 1—2C)

(3.22) P2 =

H(s + )\) and ¢(s) used in (3.22) are given by (4.13) and (4.14).

The mean number of services given during a busy period can be found utilizing px (1),
as being equal to

1—?70\)_

(3.23) ({pf;(z)=5,,,“(0)= =

In the considered scheme every service is preluded by waiting in queue, however queuing
before the first service has a different lenght than the consecutive ones. Speaking more pre-
cisely, [l — ?2()\)] services (that means the first one if there is any service at all) come after
the waiting time determined by the initial period, thus having the pdf equal to P;\(SZ,G)).
All remaining services can be fulfilled after waiting time identical as in scheme a.), having
the pdf equal to F, (ry ©).

The pdf of total waiting time can be for this scheme experessed by (3. )
L= HOIL = 8] | 5,9 g) =

= oM\ - [1-an)] *
H) H)

=HM) - F(Q0) + [l —HN) - EF ©, ).

(324 @O = 1—:_QN F,(2,0) +

Let us notice, that schemes a.) and b.) discussed here are a generalization of simple
schemes given in [1],
Results presented there can be obtained from formulas obtained above, by following
subtitutions:

=1 or £, (ZV)=£(2D) - 8.
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c¢.) A scheme with set-up time and regeneration.

In this scheme we shall assume, that first service in each busy period must be preceded
by a set-up time having the pdf $2(y) begining after the generation of the demand starting
that busy period.

Every service can cause the regeneration, exatcly as it was in the previous schames.

Q2,1
m

period, and the begining of a consecutive service are to derived from equations (3.25) and
(3.26),

It can easily proved that b,‘:'l and p (describing for that scheme the lenght of busy

3.260) B, (5) = A) = Xs) + b ®

32D P, ") = A - p, ().

where ﬁm (s) and Bm (s) are given by (3.11) and (3.12).

The mean number of services given during a single busy period is equal to ._—l)\— :
H(XN)
In this scheme the first service in every busy period is preluded by a waiting time equal to £2,
while all consective services are given after waiting time having the pdf equal to IT;‘(ro,(-)).
Of course ¥ is given as previously by (3.17).

Thus, the total pdf of waiting time can be calculated from (3.27) .

L HQN)
_w,l I _ H\) o - . -
(327 w, (©= — - O T KOO =HN - Q@) + [ -H) -
H(l) HO\)

d.) A scheme with initial period, set—up time and regeneration

In this scheme at ¢t = O the initial period having a pdf $(y) starts and if during this
period a demand is generated, the set-up time with pdf Q(x) begins after completion of the
initial period, and then the service takes place (a long busy period). If during the initial period
no demand is generated, busy period will be finished (a short busy period). Service paremeters
similar to the pervious ones can be obtained easily also for this scheme: '

(3.28) b2 = e M + (1 — e QU *b (1) + D),
(3.29)  p2R(H=(1—e M) - Q) * p, (1) * QL),

where b () and p, (1) are given by (3.12) and (3.11).

After transformation we obtain (utilizing (3.22)

(330) 5,2 %(s) = Us + N) + [SAs) — As + N)] « b, (s) - ),

(70 @
IA(r 0)
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and

As) — As + N)
1—C(s)+ H(s+ N\

(331)  p2(s)=KQ(s) -

The mean number of services given during a single busy period is equal to

& n,Vt=@}\_)’
o Tu = Ty

including [1 — 5_2()\)] services preluded by the waiting time with pdf equal to AO) - 1-7)\(9,(-))

[1 - HW][1 — Q)]

e services preluded by waiting time with pdf equal to

and
AV, ®). The justification is for this case identical as in the earlier schemes. Finally, the pdf
of total waiting time is given by (3.32)

(3.32) WY@ = HO\) - UO) - F(2,0) + [1 -HN)] - E(°, 0)

In furter considerations we shall utilize the results obtained for the basic service schemes in the ana-
lysis of our priority system. It will be therefore necessary to specify the obtained formulas for
a given type of demands, which will be denoted by an additional subscript.

For example b'f,’ ;5 Wwill denote the busy period in the scheme b.) after substituting
7\3,S3,c3,H. Of course for calculating H, and (8 from formulas (3.1 ) and (3.1 ) one
has to determine previously the functions fz v 3 (Z,V) and ry /V).

4. The joint busy period end server’s utilization factor

After presenting the results describing basic service schemes we shall return to the model
introduced in section 2.

We shall define completion time c;c of the phase P; as time period between the begin-

ning of execution of Fki until the servoce station becoms ready to start service of the same
type demand’s next phase. Quite similarly can be defined the completion time of the full de-
mand ¢, .

As it is well known in the priority queues theory, introducing of the completion time makes
it possible to regard the existance of higher priority demands.
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We shall assume, for the time being, the full knowledge of pdfs for c"( , el V),
K= 12 ...;N
The detailed analysis of c;( will be given later in this section. For simplification of further
analysis we shall assume, that the service of demand z, consists of a finite number of
phases, equal to k., and that the last phase is of nonpreemptive type,” ) i.e. ky € Jp.

Let 7, denote the joint busy period for demands z - Zg g can start in two

10295 ¢ -
possible ways:

— either because of the generation of z,, which service starts immidiately, being
however influanced by the higher priority demands. All the preemptive phases FK’ s
i € [, may bepreemptived, while the nonpreemtive phases Ff,6 i € JK may be
followed by the service of higher priority demands. Thus, if the last phase in the
service of z, is nonpreemptive, the demand z, can be generated once more
during the service of higher-priority demands following this phase.

— or because of the generation of any one of demands ZysZ9s 02 Zg _y starting
the busy period v, _, , which in turn creates initial period for the process
described above.

According to these remarques Y can be derived through an application of the basic
schemes a.) and b.) in which the completion times of all but last one of the demand’s Zg
service phases form jointly the “correct’” part of the service, while tha last, nonpreemptive

k y g : :
phases F"( K s considered as the “incorrect’’ service V.

This incorrect service may couse the necessity of regeneration, i.e. the necessity of serving
some hihger priority demands generated during F”: k . where according to the earlier introdu-
ced denotation, k. is the number of the last, nonpremptive phase. Following this reasoning

we can formulate:

Ny Mot o
(4.1) 7K(s)=7\—i-bm',((s)+ "AK‘ b, K1),

K
where AK = ,-21' )‘1.

For obtaing b:f £ it is necessary to determine f,, x and 7x/V) which in this case

are of the folowing form:

42 1,y g @V) = CLD 82~ V) - SEWD),

* Let us notice that if the last phase would not be of nonpreemptive type then we can always add one artifical phase with
r’l{ and s K(x) =§(x), { being the number of the additional phase. .
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—A 174 [ —AK—-IV
(4.3) 7K(s/V) =e K-1" .50+ g = e’V .
L= s

*

i [72__1(3) i i:l“(s + AK—I)]’

where

(4.4) Fk o
G @= 1l

o B
45 Q2 @=e* Q. .

We can observe that r, pe (s/V) is of the form suggested in (3.16) where

=K 1%

¢K(V) k- K=

and

— 1 RPN, —
(4.6) G/V) = — VIR () -Q@E+ A )
rK SV) l——Q*(AK_l) (7K_1S (s K—l)]

We shall now consider completion times for phases of both types a.) completion time for

preemptive phases

During the service time S’K of the phase F ,'( there can occure n preemptive with

probability =,

- n
___(AK—l y) —AK_ly
n n! v

We shall assume that every preemption lasts for time x, with pdf equal tp I‘K _1®)
Therefore

X oo - A n*
@n  deg= § S St D]

T2 oG = 9= 5 by,

where n* denotes n time convolution.

After trinsformation

(48) Tl =Skls+ Ag_, * ET{_))N,

We shall now derive I'y _,(s) basing on assumptions acording the overhaed time.

From Fig 1 one see that Iy, | can be divided into two parts:
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— the first one, denotd by g’K from generation of the demand, until the overhead
R begins for the first time, and

— the second one, denoted by o’K from the instant when R begins for the first
time, until it is finished succesfully (that mean without any demand of higher
priority being generated during R).

As the two parts are independent, we can present FK _1(8) in the following way
(4.9) N OEF O RO}

The first factor is equal to a following sum

(4.10) g ksl =
g(;)'—_ ]‘?{ K"‘:y—l <l>[(_l(s)
where
2 =7
= L (s)
bt -1 (s)
l(s) =1 dla j<I<k-|
g=: _Qk
(s) s dla 1=
| Om A l() a i
193

—a - M-
(4.11)  %,°() = bm 1 (s)

Formula (4.10) reflects the order of service, in the case when Flz was interrupted by the

demand Zj which occures with probability J
N
K = 1
In that case the overhead @ takes place, during which some demands of priority higher than
j can be generated, and only after completing @ the service of demands can start in the
sequence determined by their priorities.
On the other hand o—K (s) can be derived from equation (4.12)

»

==} —
7[(_](3)— Q(S"' AK—I)
I~ (A . )

(4.12) TL() = Ri(s+ Ay _ )+ [1 = RY(Ap _ )] - 0 (5)

K

where

() = Ri(s) - QL9

Formula (4.12) describes the two possible situations:

either no demand of higher priority than K is generated during R; (this case is given by
the first component) or at least one of them is generated, starting a quite complicated process.
According to the assumptions about the overhead, R; is in this case followed by Q; "

and both these times of overhead create the initial period for the busy period v, ,,

which is a ”long’ one.
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After completing '7;{1—1 (which can be derived from the iterative formula (4.11)) the over-
head R; starts again, begining ones more the whole process.

b.) completion time for nonpreemptive phase
For obtaining the completion time c} , i € J, we can use the same reasoning as in the case of
o’K , thus obtaining

'7?_1(3)_ S_IZ(S'*‘ AK—l)
- QWA _))

(3.13) TL@=8LG+ e )+ [ —SENg_;]
ieJ ¢

Now we are in the position to derive f, v.K (Z,V) and re (y/V) according to formulas

(4.2) and (4.3), because all ,c;( for ie€ (IK VJK), K= 1,2,... N ‘an be calculated from
either (4.8) or (4.13).

We can also obtain EK (s) directly from (3.14) as well as 7y, from (4.1).

So far we have considered the busy periods, exclusively. Th general service process consists
of a sequence of busy periods and idle periods and the busy periods starting instant can be
treated as regeneration points of a renewal process.

Assuming that at ¢ = O a busy period starts, the transform of renewal density function

EK (s) can be calculated as
AK 7[&’ (s)

s+ Agll = 73]

(4.14)  hy(s) =

Let e, (#) be the probability of system being idle at time ¢ of the general process, with
respect to demands Zy5Zgs 52y
Using the renewal argument it is easy to obtain

(4.15)  B.(5) = l ,

s % Agll = Tp )

Let us notice that [1 — QK(I)] determines the ulilization factor of the server.
For t - = the stationary state probability of the server being idle is

A 1

@160 & = TF A EaD

Basing on (4.16) one can easily find the fraction of server’s time spend on dealing with demands
zp (K=12,...,N), that means needed for serving this demand and for the overhead
connected with it’s preemption and resuming of the service,

This factor is equal to 'e\K g ?K and is influanced by all the demand’s parameters and also
by the service discipline.
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5. Waiting time distributions

The discussion of waiting time distribution will be presented for the stationary state, and
propen formulas will be obtained by a detailed analysis of service processes occuring the busy
period.

For estimating W{"¥)(r) the pdf of waiting time of the demand z, in a system ser-
ving demands z,,z,,...,z,,...z,, we shall first investigate the number of services ng
given to demand z, during a single busy period 1, .

We shall also consider waiting times preluding respective services. n{™’ will be derived using

an iterative formula

A
(5.1) ng‘) = ,j\_l . n;ck ~ 8y MkN:
k

Ko==1.2; .on ok
where M, denotes the number of demands z, served during a busy period Yx» and can

be found equation (5.2)

A A
k — k-1 =%
6D =M=k F 0 TP O,

after a reasoning similar to those which justified (4.1).

Using N — K times (5.1) we obtain

A XA
(N) = K (k) > L L
(5.3) n'y Ay ng’ + L NMLNK

Both in (5.1) and (5.3) NI% denotes a mean number of demands Zp served during the
completion time ¢, , and has to be calculated with respect to the multiphase structure of
demand’s z, service.

Thus

54 Lo ~ 2 o« NE/
i VE e vy L .

where Nﬁ"‘ denotes a mean number of demands z, served during the completion time
i

-

Let us notice, that generation of demand z, is possible only\if that demand is neither ser-

ved nor waiting in the queue.
Thus the generation of K type demand during ‘72 can happen in the instant when

— the service of phase F,' is in progress

overhead @/ or R’ isin progress
L L p

the busy period v, , isin progress

the completion time of an type | demand (/= K+ 1, K+ 2,...L—1)
is in progress
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Denoting by m,f ¢

the number of services given to demands z, generated in the first three
of obove listed situations leads to the following formula describing

L-1
Ll syl L,i 1
5.5  Ngl=mpt + 2 ompl Ny

We shall now given the formulas for calculating mk-

x  seperately for preemptive and non-
preemptive phases, providing them only with short comments, while the full eduction is given
in [2].

a.) preemptive phases

For F/, jeL, we obtain

: X "
i) == v, (NP O+ Ay Pt (O +
L

’IQL ) Vll, Ay 4 = —ql
tA_y AL (@) + TW_){“ ~ Ry (Mg _1)1P 4y £ (0)
(5.6) ol ety
+ Ry (Ag _ )~ RIA, _; = NPT (0) +
s _nlll
F BRI 3~ Xy p @D )
where
L B j j
2= o bl 5 (-
A_m Ag 1 et Ol
g
b, ©) for i<I< k-1
®/(s) =

Zm',.(s) * Y- O for 1 =i

) = ‘7K 1) — Qs+ Apg_y)

for Q°(s) = I_Q’L(S) © Q1)
(11—
RIGs+ Ag_))

Y -
Qll(s) = = 00 2 e Rk Ye_1()
Ri(Ag ) — R;,(AL 1 TN

QM) = RL(AL_ — N +9)
RL (AL 1 = X&)
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The right side of (5.6) consitss of six components liked in two groups. In the first group
there are considered the cases when z, is generated during

— the service of l"l/

— the busy period caused by generation of the demands 2,125, .- - 52p

— the overhead Ql{ caused by the generation of demands zg,,, 24y, ..., 2, _ )

or during the service of any demand having the priority higher than A which could

be generated during Q{.

The second group contains the possibilities of z, generation during following processes,
connected with tha part ai of preemption (cf section 4), namely the possibilities that:

— during Ri at least one demand of priority higher than K is generated, causing
the overhead @/ and a proper busy period

— during R’L no demand of priority higher than K, and at least one demand of
priority between K and L is generated.

— during RfL no demand of priority different than K is generated.

For evaluating the number of services given to Zy in any of this situations the basic
schemes from section 3 where used. In fact, for the first situation the basic scheme c.) is a
proper one for the last situation we have to utilize the scheme d.), while all other can be
described applying the basic scheme b.) with due substitutions.

Discussing the basic schemes we have pointed out, the way of obtaining mean number
of services given in every scheme, as well as possible waiting time distributions.
Using the derived in section 3 formulas with substitutions adapting them to all listed above
situations we can observe, that the waiting time can have one of the seven possible density
functions, given in (5.7).
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§ utd @)= 7,?’;,(@)
ULde) = Fy_( ,@3)
Uilye) = Fx K ('71? S
Uiie =F, 9
(5:7) A

Ugl@© =F, &'

Q/ -
L. s T ’ - Qlll
UL1y®) =¥ 1©) - F, @)

Uil©) = F, ¢°9)

1

Let us notice that !, Q' and Q"' where defined in (5.6) while O was given ba (3.17)
and (4.6).

Functions U,%j{: , jel, , ie[l1,2,...,6] describe the waiting times connected with the first
service in everyone of the six considered situations, and Ullf :’7 gives the waiting time preluding the
services caused by regeneration

Let us denote the number of services preluded with v iiting time having the equal to U/

by [m,’é 2 ];-

Introducing adequate substitutions to the formulas given in section 3 it is easy to show, that
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Obviously
7
L. — , :
mg! = 21' (), jel,

b.) nonpremptive phases

The reasoning for the case of nonpreemptive phases F KI , jeJ, is quite similar to that applied

to the previous case,in the part concermng resuming the preempted service, i. e. the part o‘
of the preemption. Thus introducing S . instead of R’ in the last three situations inves-
tigated during creation of (5.6) we obtam

(5.9 mbd =11 = Py DB, O+ 15, A _) =T (A — 2P O+

” 17
+ 5 (Mg .y =N Py g (0.

where

=87 =
= - (s+ A ) - 5
Q1Y) = KT K12 for ©7°(9) = 7/ - @)
- sls+ A, )—5IGs+ A, _, —17) L
V() = L= "K-1 _;, L-1 K 71(6{’_,1(”

Sp A ) =S/ =)
?ZVI():S_II(AL—l”)‘K"Ls)

L’(AL 17 %) )

In the similar way we can list also the pdf describing all possible waiting times, U‘L(J ;, and
mean numbers of services preluded by the waiting time with respective

pdf — (mb), ie{1,2,34), jeJ,, K=12,...,N.

f
-Lr = T V
Ug©) = F_(@'Ye)

>

ULi(®) =F _(«'.0)
(5.100§ o ol
U@ = E _(QV'0) - 7L, (©)

Ug @) = E @ ©)
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-
(med )y =1 =57 « (A M1 — @Y
(e !y = 15, (A ) = 5,/ (A = AN = 2V ()
B:11) 1 . _ =
(g 71y = 57 (Mg = M = QY]
| — H.(\)
K\OK -
g 1y = ) (tmg 1)y + (mET1y + (mEd), + (mEd )y )
Surely enough
4
mg! = ,Z; (mg 1, Jel,
After obtaining formulas 5.6. and 5.9 we are in position to calculate n’,‘(’ — the mean

number of demands Zy served during a busy period Ty -

We have also discussed the waiting times preluding services of demand z, given during
L L=K+ 1, K+ 2,...,N — 1. For obtaining the to-
tal pdf of waiting time we have to investigate additionally waiting times preluding the service

the completion time of demand z

of z, during the busy period v, , that means preluding the nk’“ services during in (5.2).

One can observe that the considered process can be described either by the basic scheme a.)

A A,
with probability ./.\5 or by the basic scheme b.) with probability J/‘\_.,.‘ "

K K
Using formulas derived for those basic scheme it is easy to find that the waiting times may

have following pdfs:

E/;(Kl)(e) = 1 — if the demand z, started the busy period 7y,

K

==(X") — p 3 T
UK,2(®) = FAK(‘YK _19) — if 4, has been started by the demand of priority

higher than K, and demand z, is generated dur-
ing the so initiated 7y,

D&K; ©) = ?;\K (rO,G) — in the case of second and further generations of
demand zg during the busy period 7 (regenerati-

ons)

Denoting by [n;(’()], the number of services preluded by waiting time with pdf equal to
U%) we obtain
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)‘K
(1 =2,

A
(rK], = ’,‘\k (1= 7g_ ()]

1 — H.(\p) ANe Ay .
[n(K)]3=___:_.K_K_. A—ll((.’.._ll\f;_l[l_.yx_l()\x)]

Obviously
(K) - %’ [n(K)]I

Finally we can derive the full formula for waiting time distribution considering with respective
probabilities all discussed so for possible waiting time distributions.
Thus the pdf of waiting time W;(N )(7) has a Laplace transform equal to

NoA
(N N - S K) K s .
(5.13)  wM(e) oy /2[1# I~ OF 4 %, M, wk
N
E & gl
“k ie(lLZV'JL) L 7k
L M. iR TH
‘-—- »
wg't = vl + ,._gﬂ 0~ Yx
7
u,L("=i_Zl[mf("1,- el dla el
3 41 L ’ L 3
V;'(" =2 (mg", - UK"'j dla ieJ,
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6. Final remaremarks

In this paper the analysis of a complex priority queuing system with one dimensional
sources of demands has been presented. Using the reported results it is possible to investigate
a wide range of priority algorithms as the considered model includes as special cases not only
such simple disciplines as preepmtive resume and head of the line discipline (with or without
overhead).

Basing on this model one can also determine easily theservice parameters of the discretio-
nary priority discipline, as well as investigate priority systems where service is given in quanta
os a predetermined value. Such priority systems with time slicing (and properly chosen quanta
for every priority level) make it often possible to quarantee desired response times for demands
of various types with overhead smaller than obtained in the case of other disciplines.

The special cases of the considered model can be obtained by proper defining of

A

L 8k, I, and I, dor K'm 12,00 0N

K’

The comparison of various scheduling disciplines for the case of one dimensional sources,
basing on the considered model will be presented in a seperate paper, as will as the losses of

computer’s throughput due to overhead.

Finally let us notice that the analisy was done under quite general assupmtions, allowing
arbitrary distributions of service times, and overhead. The results were obtained in the form
of Laplace transforms of probability distributions and not only in terms of mean values.
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”Real time” prioritdsos rendszerek vizsgdlata
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A dolgozat a prioritdsos rendszer valosziniiség elméleti vizsgalataval foglalkozik.
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PE3I0OME

[IPO6GHBEIA aHAJIU3 MPUOPUTETHHIX AJIFOPHTMOB IUCIIEeTYEePU3alluU
3amay npd paboTe B peaJIbHOM MacuTabe BPEMEeHH.

Bonnum A.

B CTaTbe-npennaraeTCH HEKOTOopas OIHOKaHaJIbHasd CHCTEeMa [DH-—
OPUTETHOr'O OOCJIYXKHBAHHUA C IMOCTOAHHBIMH NPHOPUTETaMHU KaK MoIellb
ONEepaloOHHOH CHCTEMBl BHUUCJIMTEJbHOW MauUHH .

B sTol monmend ob6ciyxuBaHue JoO6OH 3aABKH MDOUCXONHUT B (da-—
3aX, KOTOpEE MOI'YT MOOBEPraThCA IUCLUIIJIMHE C abCOJIOTHBM HIIH
OTHOCHTEJIbHBIM NMPHOPUTETOM.

[lpennaraercsa, 4YTO 3aABKH Ha OGCIYyKHBaHHE I'€HEPHDOBaHHbE
ONHOMEDPHEIMH HCTOYHHKaMH 3adBOK .

Hcenenyerca BpeMa NOTpayeHHOE Ha MNpephBaHHe TeKyumed npor-
pPaMMBl,a TaKXe Ha BO3BpAT B NPEPBAHHYI NMPOrpamMMmy .

[lpuHumasn, 4To Jobyw dasy onuchHBaeT BEPOATHOCTH €€ BHIOJIHe-
HUA H J1000€ PacIOJIOXEeHHWEe BDPEMEHH BHINOJIHEHHEsA, I[OJIyyaeM napameT-
DEl ouepened B ciyyae NMyacCOHOBCKHX IMOTOKOB 3afABOK.
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A DYNAMIC ADAPTIVE CONTROL FOR BATCH
PROCESSING AND TIME—-SCHARING MODES

Pal Téke
Computer and Automation Institute of Hungarian Academy od Sciences

I. Introduction

A characteristic feature of the third generation is the apparition of simultaneity, i. e.
potential or real existence of logically independent activities.

It is the consequence of simultaneity, further of sharing and multiplexing that the events
do not occour according to deterministic conformity to the rules. We can take for instance the
random process of demands for the use of a given resource, e.g. the central unit, moreover the
temporal, random behaviour of the extent of claims that arise. That model can be generalized:
In general a resource is given, it can be software type or hardware type alike, demands for use
arive at random and the extent of the demand cannot be described in a deterministic way.
Demands can be met in an order depending on the character of the resources. The most fre -
quent modes are sharing and multiplexing (fictive multiplication), but there are also resourcas
for which the queueing methods can be investigated with classical models of queueing theory.

The arising demands, if the resource has no free capacity, make a queue or queues on a
predetermined or dynamically fitted basis. The construction of queues or the handling of the
already constructed queues is supported by special hardware instructions.

The paper deals with questions of modelling operating systems by means of queueing
theory. It shows how investigations made on theoretical models can be used for the design of
operation systems supporting various modes of application or for the tuning” of an already
existing system.

I1. Description of processes by stochastic methods

As mentioned in the introduction, methods of queueing and network theory play a
substantial role in modelling the run of processes.

Processes are virtually successions in time of demands for resources. As a resource it is
understood here a software — or hardware — type resource in the most general sence. e.g.
the use of external store, memory, CPU, compilers, use of special operating system capability

etc.

The microstructure of the process can be characterized by the following random vector

[Rl'rl ’R272’ sihis ,RNTN]
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where
R,€R  (set of resources).
T variables with time dimension of random character. It gives the occupation
time of the resource (the size of the demand).
N the quantity of stochastic character typical for the given process.

It is a fundamental task to give the process vectors for the functional modelling of ope-
rating systems.

For the sake of analytical handling it is generally assumed that the transition from to
has Markov-type properties. Furthermore it is often assumed that quantities are exponentially
distributed variables.

Modelling can be achieved in complete generality with the help of the methods of
network theory.

By limiting ourselves to the simplified model we distingiiish essentially two kinds of
resource types: the CPU and the I/0 devices. Accordingly, the demand can be CPU demand
and I/0 demand. This simplified model lends itself particularly well to describe computer
processes under very much extended conditions.

The running in time of the process is illustrated by the following figure:

1/0 phase 1/0 phase
;; :/’\r '/’_\ } .
CPU phase CPU phase

The simultaneous existence of processes, independent in a logical sence, results in their
simultaneous arrival in both CPU phase and I/0 phase becoming possible, so that investigations
relating to questions of the run of processes are virtually restricted to examinations of queueing
systems.

The following are required to make a given queueing model:

1.) The stating of the input process.

2.) The stating of the priority discipline.

3.) The stating of the size of the entering demand.
4.) The description of the serving mechanism.

The novel serving mechanisms achieved by the operating systems have raised particular
problems, not investigated before the appearance of operating systems, for the queueing
theory. These will be dealt later on morc " detail.
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II1. Characterization of the priority disciplines of batch processing and time-scharing modes

The serving mechanism is determines by the feature of the resource and the mode of
utilization, while the priority discipline is decisively determined by the mode of utilization.

In case of batch processing a minimal running time has to be assigned to the given batch
programs. This purpose has to be substantially supported by the priority strategy.

In case of time-sharing modes the situation is quite different. Intelligent terminal lines
are connected with the central computer and on the particular lines the maintenance of the
communication at a prefixed speed level is absolutely necessary. By the speed characteristic
for given lines we understand the speed ratio compared with other lines. The primary task of
the priority discipline is to secure the communication speed rations. In the practice it is
uniformity that kas to be secured mostoften. It has to be noted that whether the batch
processing or the time-sharing modes are considered, in themselves they are non-existent ide-
alized borderline cases.

Let us take a practival example.In the Computer and Automation Institute of Hungarian
Academy of Sciences the CDC 3300 computer operates for most of the time batch processing
mode, its telecommunication lines are of remote batch terminal type. At the same time we
can circumscribe with the central computer many processes for which the maintenance of a
given uniform speed is absolutely necessary from the point of view of the balanced operation
of the whole operating system. Such are e.g. the input preprocessings and the output post-
processings, console communication and other operating system tasks.

It is very important that the priority disciplines contain the possibility of meeting these
essential demands. More will be said in this respect below when the concrete realization will
be discussed.

IV. Methods of practical realization of priority systems

From the investigation of concrete cases we can generally infer that the priority level of
the processes is in general of static character and depends explicitely on the statement of the
external parameter (or parameters).

Let us consider e. g. the MASTER operating system. The user himself defines the priori-
ty levels of the tasks pertaining to the job by stating the CLASS parameter. (This seemingly
does not contradict the caracter of the static statement as the running priority is in general
the sum of the priorities of the calling and called tasks). The four basic priority levels are the
C, 1, S, B levels, resp. the E class. When stating the priority level the characters of the program
tasks ought to be primarily considered. But in case of the MASTER the priority level is cha-
racteristic for the job and is given among the parameters determining the job. At the same
time a job can consist of several program tasks of various nature whose priority levels had to
be determined just by the character of the given task. There is, however, no possibility for this.
May I note here that the priority levels determined by the characters of the programs tend to
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support the uniform run of program tasks of various nature. Here uniform” means the nearly
identical speed. It can occur that this tendency does not agree with the priority discipline
characteristic of the users’ mode and its effect is showing just there where it can be disadvan-
tageous.

The more recent MASTER versions contain a new feature, the dynamic load balance. Its
essence is the following: To each successive CPU and I/0 phase belongs a priority index
proportional to the CPU size. The priority index is determined by the system after the 1/0
phase, immediately before the beginning of the CPU phase. The running priority occurs before
the direct beginning of the serving of the CPU demand in such a way that the running priori-
ty for the following CPU and I/0 phasis is the average of the immediately preceding four
priority indices.

Let us examine critically the above algorithm. As it can be seen, the running priority is
virtually determined by the CPU demands so that to the short CPU demands a great running
priority belongs. The setving mechanism of the central unit works, however, also in a strict
sence according to a Round Robin algorithm where priority has no essential part. The running
priority therefore plays an essential role only in the construction of the series of 1/0 demands.
Yet this circumstance can also contradict the priority discipline characteristic of the given
mode of processing.

V. Dynamic adaptive control

Practical experiences show that the primary purpose of the users is not specify exactly,
according to the nature of the given task the priority class, on the contrary, they are moved
by their individual interest to obtain as great running priority for their task as possible. There
is plenty of theoretical reasonning and case studies to be read in the international technical
literature about distortions due to high priority, especially about high priority paralysis as a
result of unaccountable use of the emergency class. Such an obvious phenomenon is the
memory thrashing problem. For the emergency class is not concerned by the thrashing limit
of the memory, the memory is oversaturated by active programs without an adequate quantity
of resources, in this case memory, being engaged for the particular programs.

An answer to the questions raised above has to be found in the dynamic adaptive mode
defining the implicit priority. As our ideas have to be realizad within the frame of an already
existing structure, the theoretical models quotee as motivations are from a certain pount of
view predetermined and the realization of the algorithm to be constructed shoud be adjusted

to an already existing structure.

Starting from the fact that a batch processing mode has to be virtually achieved it has
also to be considered that certain processes are to be provided with uniform speed.

The priority strategy characteristic of the batch processing mode should in the first
place achieve the parallel operation with maximum intensity of the elements suitable for
parallel operation. This requires first an adequate starting strategy and priority system supported



=8 =

implicitly by parameters characteristic of the job. Two basic parallel controls exist for the
configuration investigated: main control for the CPU and block control to co-ordinate the 1/0
system. The block control controls the 1/0 system parallel with the multiplexing method.

A starting strategy in conformity with the above criteria should therefore meet the
requirement of the peripheral devices. As according to the given structure the start takes place
on a priority basis, we preceed as follows: The class of the jobs using the slow peripherals
should be B, that of those using the fast peripherals 7, the priority level of jobs not using
the peripherals should be C. On account of other considerations the jobs using peripherals of
mixed type are at a disadvatage.

The priority strategy has to be such as to secure a uniform distribution for the number
of demands in the queuing systems concerned. This can be approximated if we strive for a
minimal number of demands to be at disposal in the particular systems. This means in the
practice that shorter demands should get higher priority.

It is abvious that such a priority strategy depends on the momentaneous state of the system,
therefore the models are analytically difficult to be handled. The optimal priority strategy is
the Shortest Remaining Processing Time First Strategy (SRPT) the demonstration of which
can be found in the paper of L. Schrage [1] but it follows also of other theoretical considera-

tions.

The SRPT discipline cannot be realized in every queueing system. Realizability greatly
depends on the character of the resource. Difficulty arises also in cases where the demand of

service is a priori known.
Under very general assumptions the following relation holds:

L=X-w
where

L is the average number of demands in the system,
w is the average value of the time of stay in the system,
A\ is the intensity of arrival.

The above relation was first proved by J.D.C. Little [3] under very general assump-
tions, both enlightening and rather likely to be verified in practice, too if we wish to rely in
the course of the demonstration on the methods of renewal theory. Figuratively speaking we
assume that the initial load period lasts for a finite time, the moment of the evacuation of the
system is a recurrent event, further that the system, beginning with the moment of the evacua-
tion, “’forgets its past”. The exact conditions can be found e. g. in the paper of W.S. Jewell [4].

In cases where the extent of the demand is a priori known the situation is somewhat
simpler. Such is e. g. the 1/0 system. When an I/0 demand arises, the size of the block to be
moved is given and the knowledge of the speed of peripherals enables us to estimate the dimen-

sion of the demand.
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The situation is quite different in the case of the CPU. The arising demand is not a priori
known. Other technical devices are needed, viz. an appropriate serving mechanism. The first
serving mechanism which enabled faster runs to be achieved for shorter CPU demands in
comparison with longer CPU demands, was the Round Robin service.

In order to critically evaluate the RR algorithm we need first analytical results. By now
it can be said that the one-channel RR service mechanism systems are due to analytical methods
completely settled both in case of a process with finite source capacity and in case of an
infinite source capacity (Poisson input).

The problem was dealt with by many people, among others [7, 8, 9, 10, 11] papers.
The first and at the same time most generalized was given by Lajos Takacs in his paper
[5, 6]. Unfortunately this paper is very rarely referred to.

The essence of the method is that it succeeded to make to the model an analog one to
the same from a certain point of view, classic at the same time. It succeeded to find the
condition of the stationary state, further exact formulas for the stationary distribution of
element in the system, finally the stationary distribution for the running time of the demand.
L. Takéacs assumed a Poisson arrival but its method is applicable in case of input of finite
source capacity (model of finite number of processes existing simultaneously).

The principal results are the following:

Theorem 1. (L. Takdcs): If \a < q then the process |£(f), 0< t < o).
has a unique stationary distribution P(§(t) = j) = 1;'(j =0,1,...) and for kzI< 1

4 = (1 — 2)¥(N\(1 — 2))
» T PTE - T
) 1?01 o m Lk q)(q+p2)w(7\(l—2))—z

where

W) = | e X dH(x)
0

P is the probability of the return
£(r) the lenght of queue at time t
H(x) distribution function of the quantum size

The distribution of () queue size for the process of type [F(x), H(x),p] is the same

as for the process
[F(x),H (x), 0)
where
ot S k-1
He) =q 2 p* ' HG)

H,(x) denotes the k'™ iterated convolution with itself.
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If x, denotes the time needed to complete the current service at the instant
t =7, — 0 (immediately before the arrival of the customer), ¢, denotes the queue size at
the same moment, then {fn, p M R e I | is a Markov sequence,

Using the following symbols for stationary distribution

P = P, = ) (=012,...)

P(x)=P(x, < x, & =) G=123,...)

M) = ] & **dP(x) G=123,...)
0

Theorem 2. (L. Takdcs): If \a < q, then the Markov sequence {E", s m= 1.2
has a unique stationary distribution for which

» v .

Az(1 = 2)[W(s) — V(M1 = 2))]
[z = (g + pz)¥ (A1 = 2))][s — N(] — 2)]

- Fe o BN
U(s,z) %'n,(s)z (=3

©,, denotes the total time spent in the system by n'™ customer.

Theorem 3. (L. Takdcs): If Na< q, then ©, has a unique stationary distribution
P(®, < x), which is given by the following L. S. transform

#s) = g2 pP* ' G(s)  (Re(s) > 0)

wherel

U (s2) = Bj¥(s + M1 —2)) + UGs + N1 — 2),(q + p2)¥(s + N1 — 2))
for

Re(s)> 0 and 1z|< 1, Py =1— Aelq,

U(s,z) is defined before and
Ui sy (82) = ¥(s + N1 — )Y (s,(q + p2)¥(s + N1 —2))) for k=12,...

The other papers too apply virtually the method of Takacs.

The purely RR design is not appropriate for us because at the beginning every demand
starts from an identical priority level and there is no possibility to grant preferential treatment
to exceptional processes. Furthermore it is graphically clear that the preference granted to
short CPU demands substantially decreases beyond a certain saturation of the system. Also
this is undesirable.

This latter difficulty is eliminated by the so-called FB, model.
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N FIFO

7
C g s *PF SERVER
)

The essence of this is that we prefer N series. After a certain quantity of service the
demand ascends to a row a level higher. There is served at the particular levels in RR mode,
at the highest level the service will be interrupted on a basis of continuation if a new demand
arrives, else the service follows the FIFO algorithm.

The system can be analytically handled. The analytical results can be found in the paper
of L. Schrage [2] in the most general way. Here the condition of the stationary state as well
as the description of the stochastic behaviour of the running time can be found.

A weak point of the FB) model is that every process starts from an identical priority
level and there is no chance to grant durable preferences relative to each other to preferred
processes.

In the practice such a modified variety of the FB, can be applied in wich the entry
at every level is permitted, further it is possible for any demand never to be let to ascend
beyond a given level.
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The FB,‘(, model seems to be specially purposeful in the case of a CPU configuration
where there is no chance to make efficient self-correcting algorithms because of the long time
needed for self-administration. In case of the CDC 3300 computer the choice is motivated by
the fact that a large store of devices for string manipulation, supported by both hardware and

software, are at our disposal.

No analytical handling of the FBy model can be expected. Under certain restrictions
we may, however, rely on analytical results, too, which serve us as useful guidelines for the

handling of preferred processes.

Concerning the 1/0 system the problem is of quite another nature. The dimension of the
demand is a priori known. Here we have, however, to cope with a difficulty of another kind
viz. the finite number of priority levels. It follows therefrom that the task is the determination
of the finite series of the priority levels.

Let us suppose that we know the distribution F(x) of the arriving demands. Let the
number of the priority classes be K. The question is how we can give the 0 < 0,<0,<

.+.< 0g _, < numbers so that
k

— S k
=(0,0,, - - - 'OK‘I)—/‘;"n a/E(W/)

should be the minimum.

If the arrival is Poisson process the problem can be handled also analytically and the
solution provides valuable informations. In case of the arrival having finite source capacity
(which would be of more importance for us) analytical results are unfortunately not known as

yet.

If we wish to give even speeds to some prefered processes, we can avail ourselves of the

method of balance.

The essence of the idea is the following : If in a queueing system the delay is greater than
the reqiired level, then we try to improve the situation by starting the service of the demand
in the other, following queueing system from a higher priority level. In an inverse case we

compensate by the use of a lower priority levele.

By delay index we understand the quotient of the dimension of the demand and the time of the
of the stay in the system. In the following queueing system we decide on the basis of the delay
index on the priority assignment. There are no analytical methods at our disposal which would
enable us to make one to one correspondence between delay index and priority levels.

For tuning”, we can rely in the first place on empirical observation and simulation methods.
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Osszefoglalo

Kotegelt és kollektiv felhaszndlasat taimogatd dinamikusan adaptiv vezérlés

Pal Toke

A dolgozat a kotegelt és kollektiv felhasznalast tdmogatd tizemmaodok prioritési stratégi-
ak jellemzésével, és elvi kérdéseinek vizsgalatdval foglalkozik.

Megvizsgilja a dinamikus vezérlés lehetGségét az eréforris jellegétdl fliggben, és részletesen
taglalja a kozponti egység és az 1/0 rendszer dinamikus vezérlésének kérdéseit. Kiilsé paraméte-
rektdl explicit nem fiiggd priorotési rendszert dolgoz ki. A dolgozat végezetiil foglalkozik az
opericios rendszerek matematikai modellezhetGségének problémdival, majd konkrét kornyezet-
ben foglalkozik a kidolgozott algoritmusok realizialhatosagi kérdései vel-

PE3IOME

JIMHAMHUYECKHK AIIAITUPOBAHHOE YIPABJIEHUE PEXMMOM
[TAKETHON OBPABOTKU U KOJUIEKTUBHOI'O MOJBE30BAHMHSI

[lan Teke

B craTee aHaAJU3UPYyEeTCA NPUODPUTET CTpaATEerHH DPEeXHMOB, MOJ-
INEPXUBAKUMUX TMAKETHYI 06paboTKy M KOJUICKTUBHOE I[10JIb30OBaHWe, a
TaKXe pacCMaTpUBAaKTCHA [MPUHUIMITHAJIbEHBIE BOIPOCH WX YIIDPaABJIEHHWA.

HccnenyioTca BO3MOXHOCTH IMHAMHUYECKOI'O YIIpaBJIeHWss B 3aBHCH-
MOCTH OT XapaKTepa pPecypcoB, B 4YaCTHOCTH, BOIMPOCH JHHAMHYECKOI'O
ynpaByieHusa UIIY, U cucTemMord BBOJA—BLIBOA .

[lpennaraerca NPpUOPUTETHaAsA CHCTeMma, He 3aBHcAuas ABHO OT
BHEMHUX MapamMeTpoB 3anau.

B zakioueHue paccMaTpuBaeTcs NpoblieMbl MaTeMaTHU4YeCcKOoro Mo-
nenupoBanusa O. C., U NPUBOIATCHA pel3yJbTaThl pealJii3allid npena-
raempix asiropurmonB s O0.C. MASTER.
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ON THE USE OF DIFFUSION APPROXIMATIONS FOR THE CYCLIC QUEUE MODEL

Maria Rét
BHG Telecommunication Works, Budapest

Consider the following model of a multiprogrammed computer system (see Figure 1.).

—l-

=— [0OD —w»— CPU

queue queue

Figure 1.

This is a closed two-server system. At any instant exactly K programs are in the cycle formed
by the central processor unit (CPU) and the input-output devices (I0D). Each program is either
at the so-called IOD stage or at the CPU-stage (awaiting or under service). This model has been
analized by many authors (see [3]{6]) using a diffusion approximation for the number of
programs in the CPU-stage.

In this note we shall give an exact proof for the validity of diffusion approximation in the
case of exponentially distributed service times. We shall use the following

Notations:

N(t) - the number of programs at the CPU-stage at time ¢,
¢ — the service time of the i-th demand on the 10D,
n; — the service time of the j-th demand on the CPU,
K — degree of multiprogramming.

We assume that the following conditions are fulfilled:
1.) ¢ and s i=12,..., j=12,... are mutually independent random variables.

2) El, i=1,2,... are independent identically distributed (i.i.d.) random variables
with distribution function P{§, <t}=1—¢ M,

3.) s j=1,2,... areii.d. random variables with distribution function
Plgy<t}=1-—¢e" e,

Let A = 1/K and XA(t) = N(1)a. Obviously X,(7) is a time-homogeneous Markov process
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\;vith countable state-space. The states of Xp(1) are the values X, = ib, i= 0 )3 RSN @
Let us denote the interval [0,1] of the real axis and the 0-algebra of their Borel-sets with

{ x, & ).
Let ’J[O T]( X ) be the space of functions with discontinuities of the first kind, defined

on the time interval [0,T] and with range in the separable, complete, metrical space X-

Let £ be the space of real, continuous and :#-measurable functions on [0,1]. Let the
norm on £be | fIl= sup Ifix)l, if feL.
X

We will allow A to tend to zero and both A and u to depend on A. Therefore we
shall denote them by A, and uy, respectivelly. The following statement will be proved.

Theorem
Let /)‘A = “A/ A —m
/)\A+uA/A2 — 02 >0
if R
then for arbitrary constant «o
P{FX\(D) < «} — P{F(X,(t) < a},

F being continuous functional on ’/[0 1 ]( X.)s

X O(t) — is a diffusion process on the real axis with reflecting barriers at points 0 and
I, with the infinitesimal generator A,f = o2/2f" + mf'. The domain L' of
A, is the space of twice continuously differentiable functions for which

F0) = F{l)y=£'@)y= F (=0

Proof. The proof of this theorem is based on a Gikhman-Skorohod’s theorem ([2], Vol. I,
page 508). This theorem states, that P{F(XA(I)) <a] — P{FX(N)<a}) as A—0
if

1.) the finite dimensional distributions (f.d.d.) of XA(t) tend to corresponding f.d.d.
of Xo(t) and

2.) for arbitrary e > 0

lim lim sup {PA(t,x,s,le/(x)); XEeX 5 O 55— T h} = 0.
h40A—>oqs — ¢t

[\
Here Fj(t,x,5I"), I'e# is the probability of transition for the process X,(f) and
Vo= ly:ly+—ul> €l
As X,(1) is a time-homogeneous process, it is enough to prove that

lim Tim { Py (t.x,V.(x)); xeX, 0< t< h} = 0.
hi0oA->o e
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Furthermore, we known that as soon as € > A,

)

B(tx,V(x)'= 0d(1); xex, 0<t<h.

Thus’ we can see that the second condition of Gikhman-Skorohod’ theorem is satisfied, The
fulfilment of the first condition is proved in the next lemma.

Lemma. Under the conditions of the theorem the fd.d.’s of XA(1) tend to the f.d.d.’s
of Xy(0).

Proof. Denote T,(#)f(x) the transition operator (see [2] Vol. Il., page 30.) corresponding
to the Markov process XA(t) and %(t)ﬂx) the same for the process Xo(t), where feL. To
prove the lemma it is well enough to verify that

TA(DAX) = Ty(OAx)  as & — 0,
because in our case the convergence of these transition operators implies the convergence of the
transition probabablities

BPy(¢,x T') — i},(l,x,[‘), e s
(where I:J(t,x,l‘) is the transition probability of the process X (£)) and as it is known the finite

dimensional distributions of the processes can be described by the help of the transition
probabilities and the initial distribution.

We will use the next lemma, proved by Feller ([1], page 460.).

Approximation lemma Let { TA( t)} be a family of pseudo-—-Poissonian semigroups
commuting with each other and generated by the endomorphisms Ap. 1f Apf— A 0 f for
all f of aset L' densein L, then

Ta() = Ty(t)  as A — 0,

where {TO( 1)} is a semi-group of contractions whose infinitesimal generator agrees with A,
for all feL'. L' is the domain of the operator AO.

Continue the function flx) outside the interval [0,1] so that for A >0 f(— A) = fl0) and
A1 + A) = f{l). In this case the transition operator of the process X(#) has a form of

TADAX) = M tflx + D) + pptfix — 8) + (1 = (W + pup))f (x) + (1),
and for the infinitesimal generator after some rearrangements we get a form of
Apfx) = (Np + BA)SASX) — X)),
where

Spflx) = fix + B) + fix — &)



-102 -

is a transition operator, (A + py) — > and Sy —* 1 as A — 0. From the form of Ap
can be seen that { ,TA(’) } is really a family of pseudo-Poissonian semi-groups (see [1], page

353.) generated by A,.

The elements of {TA(t)} commute with each other too if Ap-s for different A4 > 0
do.
AAlAAzﬂx) = )\A]()\Azﬂx + 4A,+.4,)+ yAzﬂx + By = Bg) = ()\A2 + pAz)ﬂx + 4,))

-

yAl()\Azﬂx — Al + AZ) + ﬂAzﬂx =, Al i AZ) M ()\A2 + qu)ﬂx e Al))
T p, ¥ B IO S+ By) oy flx = 8y) — (g F g W) =
= Ap Ay f3).

Let £' be the space of the twice continuously differentiable functions defined on [O,1],
for which f'(0) = f'(1) = f"(0) = f""(1) = 0. Using a Taylor-formula for flx)e£’ the infini-
tesimal generator has a form of

ApfX) = (g = AL () + (N + p)A? f—éﬁ eyt Cz#A)%x‘) )

where the values of the constants c, and c, are

leyls max | Q- and el omax UG - £,

Under the conditions of the theorem for every fef' sup IAAf(x) - Aof(x)l — 0
0< x <1

as A — 0.
Using the statement of Feller’s approximation lemma our theorem is proved.
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Osszefoglalé

Diffuzios kozelités jogossiga multiprogramozasu szamitogépek vizsgalataban

Rét Maria

A multiprogramozdasu szamitogépek vizsgalatara felallitott u.n. ciklikus modellben a koz-
ponti egység el6tti sor eloszlasara diffuzios kozelitést lehet alkalmazni. A cikkben exponenciilis
tartasidGk esetére bebizonyitjuk egyfajta diffuzios kozelités jogossagat.
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OBOCHOBAHHOCTBH 119y 3NOHHOT'O MPUBINKEHUA

B OHON MONEJM MYJETUMPOI'PAMM BHUUCITUTEJ B~
HBIX MAWMH

Mapus Pert

B T.H. LMKJINUYECKOA MOZEJU MYJBTUIIPOI'PAMMHOI BHUYUCINTEIB—
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B noknazme moKa3nBaETCA CIPaBeAIUBOCTH OHOI'O ZAUDPY3MOH-

HOI'O NpUOMMXEHWUA B clIydyae IOKa3aTeJbHOI'0O paclipefielleHUdA BpeMe#
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ON THE SPEED OF COMPUTERS WITH PAGED AND INTERLEAVED MEMORY
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Abstract:

A performance measure (the speed) of computer mathematical models is defined. This
measure is given as a function of hardware and program behaviour for Bélddy’s computer
model with paged memory and Volihiman’s model with interleaved memory.

KEY WORDS AND PHRASES: computer systems performance, demand paging, interle-
aved memory behaviour.

1. Intruduction

Computer performance is investigation by empirical, simulation and analytical methods
(1].

Tha analytical methods is based on the analysis of mathematical by “exact” methods
(e.g. queueing or Markov-chain theory, compinatorics etc.).

Due to the inacuuuracy of models the analytical method usuallly gives only a rough
estimate, but the results are general and convenient for computer plannning or development.

In this lecture we recommend and analytical method, based on Bélady’s[2], Coffman’s [3)
and Kogan’s [4] methods and give some concrete formulas derived by this method.

2. Definition of the speed

The set N = { Vis oo, } (1 < n<ee) is called a program, and the sequence
Wp=17r «o oIp (1 € T <oo, r, € N, t=1,...,T) consisiting of elements of N. (7T-elements
permutations with repetition) is called a program realization of lenght 7. Denote NT the
set of all possible sequences w,. Denote 7{w, ] the processing time of a sequence w, on
given computer model. The distribution of the elements of N in the sequence w, is called
program behaviour [S]. This behaviour is given by theset D= |D,,...,D,| of
distribution function D, ..., D, where DT[wT] gives the probability of Wy in the space
of events N7, that is

(21)  VYw, 0<D,[w,]<I

/4

and -

(2.2.) VT > ZNT DT[le — l
T€



- 106 -

Further we supppose

(23) 2 Dy lwpp,) = Dilw,).

=1

Instead of D [w, |A we use the marking D[ w
conditions (2.1), (2.2) and (2.3) by D.

r1- Denote the set of D’s satisfying the

In this lecture we use 6 simple behaviour model: homogeneous [6], cyclical [6],
random [2], random with step [3], random with repetition [7] nad independent [5] ones,

Let HOM, CYCL, RAN, S'I‘EPP, REPp and IND denote then.

Pl a5 Py
According to the homogeneous model the references are equivalent, that is
1

n and r, = (= 23 o 3 ' IR 1) 11

(2.4) P{rle,'}:'

This formula is equivalent to the following definition:

1
=, if in Wy r, S r S =0
n

(2.5) HOM[w, ] = 4 (/22 e SR, 1

(08 otherwise.

.
According to the cyclical model the step vy v, (v, € vls) has a probability 1, that

is

1. £ =@,

(2.6) Py = V,.} = ;11_ and Plrg= Vm: =

0, if r, %u,
(b= 1.2, ; i= 1, , n).
This formula is equivalent to the following definition:
¢
(2.7) ’l—z if in Wy from r,= v, Tl = Y
follows j =i+ | (mod n)
CYCLwe] =4

0, otherwise.
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According to the random model the references occur randomly, that is

(2.8) Plr,=y, }

This formula is equivalent to the following definition:

(2.9) RAN [w; ] = —lk (k= 1,2,. wkeNk).
n

According to the random model with repertition the repertition has a probability p,

and other references have a probabiliy l:_ﬂl .
P

] p; lf r[: Vi'
(2.10) P{r, =y} 6 p.tr'=,,”|=W
LEH
L n_l lf r’ *Vta
(’= 2,3, ’ i= l, ’n)

This formula is equivalent to the following definitiom:

1

l—p =J=
(2.11) REPp[wk]—— pf(l_l a

(k=12,..),

where f is the number of the repertitions incw, .

Acccording to the random model with step [3] the step v;, v, (v, , =¥
gl B
probability p, and other references have a probability n_—_€ :
p;, if ¥ q ™=,
1
(2.12) P{rl=v”' - P,’r‘=t+ /=%
1—p .
r—ztll” if P
-
(t=23,...; i=1, ,n).
This formula is equivalent to the following definition:
1 k-f-1
(2.13)  STEP [w)=-;  STEP[w;]= (n_ 1 (k=12,.

in w, has a

)
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where f is the number of the stepsin w, .

According to the independent model [5] the reference to the page v; hasa probability p,,
that is

(2.14)  Plr,=y }=p, @=12,...).
This formula is equivalent to the following definition:

n f{
(2.15) 1NDpl,_._’p"[wk]='_[{(p,) ,

where f; is the number of the references to the page »,.

Computer performance is characterized by the number of operations in a time unit: V.V is
called the speed of the computer model and is determined by the formula

def . . 1
(2.]6) V= lim inf = lek_]

k —> oo
w‘,:éNk Dlw, ] 7%

If in (2.16) we have existance of the lim in addition to the lim inf, then this limit is denoted
by V.

Our aim is to determine the speed for various computer and program behaviour models.

3. The mathematical model of computers with paged memory

For the investigation of computers with paged memory we use the well-known model proposed
by Bélady [2] in 1966.

B
Tyy Tyguss | 000 ATE
(D> m oages n paszes

Fig. 1. The scheme of a computer with 2 level paged memory

The computer consists of a central processor unit (CPU),~ an m-paged main memory (MEM)
and an n-paged backing store (BS).The CPU has direct access to MEM-access time A, — while
an indirect access to BS-access time A, + a,. The paging is controlled by a demand paging
algorithm. The set of demand paging algorithms by A

For this model speed Vp is [8]
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where C is the average cost of a reference, that is the page fault probability [5]. By definition
k

> b
= ﬁ i
(3.2) C= C(m,nA,D) = lim sup 2, ¢ Dlw, ][ ]
) wkeN k
wherc AeA, DeD,
rO, if r€sS,,

(3.3) 5, = B(i,m,n,wT,A) = 1

\

and S, is the set of pagesin MEM at time . S, is the set of pages in MEM at time ¢. S
is called the memory state. If in (3.2) there exist a limit, then it is denoted by C’.

t

4. General assertions on the speed of computers with paged memory

Lemma 1. ([7)) If A, >0, and 1<m< n<e, then
(4.1) 0= C(mnAHOM) < C(m,nA,D) < C(m,n, LRUCYCL) = 1,
that is for the speed
4.2) —_— = Vp(Al A,, mnLRUCYCL) < Vp(Al yB8,,mnAD) <
2

{1
< VP(A,,Az,m.n.A. HOM) = A_n

holds.

Definition. 1. ([9]). The demand paging algorithms, for which

T

1 T,
(4.3) V7,,VT. > SGimnw, A) = 2 Simnw, w, A)
1* 792 i T i1 T,"T,

are called sequential [6]). The set of the sequential algoritﬁms is denoted by B.

Lemma 2. If | < m < n< e, then for every BeB and for every DeD

(44) G =liminf 2 , D[w,]8, < CmnBD)<limsup 2 , D[w;]5,.
wkeN koo wpeN
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Definition 2. Let DeD and Nf (k= 1,2,...,; N*C N¥) be given. Denote a, the

sum Zk D{w,]. If
wkeN+

4.5)  lim a =0,
k =00
then we shall say, that the sequence Nf has zero limitdensity in NE.

Lemma 3. ([7]). If for a given D there exist an m-tuple of pages p,, ..., 1,
and py,...,H, and € >0, for whicg

(4.6) Vw, Dlwyy;] 2 €. Dlw] holds, then the sequence Nf has zero limit-density
in N¥ , Where Nf is the set of wkeN", for which IS'I = LS"(m,wk B < m.

Definition 3. Let «w, be given. The sequences of lenght (T + f) (f=0,1,...)
identical to w;, up to the 7-th element, are called the bundle [l f[‘*’T] with root w,
and lenght f.

Definition 4. The average cost of a references C‘]7 in a given bundle / ]}[wr] is by
definition

I

4.7) C=C (mnAD,wy) = lim E Diw, 16, ,
ko0 wkenk_r[wr

where D [w,] is the probability of sequence w; (wke[/k_T[wT]) within the bundle, that
is
/1 Dlwy]

(4.8) D [we] = D]
wkenk_T[wT]

Lemma 4. ([7]). Let Nf denote the set of wj not belonging to any bundle, which has
a cost C'' . If the sequence NF, then C(m,n,B,D) exists and is C'' .

5. Theorems on the speed of computers with paged memory
Theorem A. (Belady, 1966) [2]. If L is a nonlookahead demand paging algorithm, then

n—m
n

(5.1) C(m,m,L,LRAN) =

Theorem B. (Aho, Denning, Ullman 1971/([5]). If 1 <K m < n < oo,



then n
n ..2' /)iz
(5.2)  C'(mnOPT,ND) = r':: p - —Lm
pt
=m

where OPT s the optimal paging algorithm, always replacing the page of S, with minimal
p15].

Theorem C. (Stoyan, 1975/([8]). If | < m< n<e, then

(53)  C'(mnREF,RAN) = =T @=0,1,...,m - 1),

1

where REF, is a lookahead algorithm, which knows a references ahead, and holds required
pages in the memory if possible, and chooses randomly among the others.

Theorem 1. ([7]). If < m<n<e, and 0<a<m, then
C’(m,nREFa,REPp) =

(n—m)(l1 —p)

(5.4)
' = =i
n—1 + [minfayn — 1/]1 — p; + [max/0a — m + /)| 1 — m! §-l-——12/£~":——1— (1 -p)
-
Theorems A and B follow from theorem |1 (in cases a= 0, p='17 and

0<a<m-—1, p='17).
Theorem 2. ([7]). If 1 < m < n < e, then

- o b
(5.5)  Clm,nPP, RAN) = in—”i("—n') (b=0,l),
where PPb is a lookahead algorithm, which knows at time ¢ the next b references,
differing from r, and each other, and hold these pages if possible, in the memory, and chooses

randomly among the others.

Incase b=1, m= 2, n= 3, it follows from theorem 2. the partial resolutionof the
problem, investigated by Bélady in 1966, namely C'(2,3MIN,RAN) = %

Theorem 3. ([7]). If a > 0, then



CVI
(2,3.,R EFa.REPp)

(5.6) or
= 2 + [min/a, 1/)/1 — p/+ signimax/0a — 1/}p/l — p®~ !/

From this theorem it follows (in the case a - o, when

REF, > MIN), that

(5.7)  C'(23MINREP,) = lT*e :

6. Mathematicalmodel of computers with interleaved memory

We investigate the following model of computers with interleaved memory due to
V.E.Vulihman [10]:

c2U i 7 20

J

L Wp=T" ’r;n--~

B é? ¥ = B g

H

Fig. 2. Scheme of computers with interleaved memory

The computer consists of a central processor unit (CPU) and models of memory
B] s -+ -,B,. The set of modules is denoted by B. The elements of wp are genoted by the
CPU requiering t,= 0 time per element. A request to a module reserve that modude for a
time 7, > ¢, during this time other request can’t be served by this module. If the module
being request is occupied, then the generation of w, will be susepended until the modul
is free.

The speed of this modul is denoted by V.

7. General assertions on the spead of computers with interleaved memory
Hellerman in his book [6], Bokova and Tzaturyan in their paper [11] proved the

following assertions.

Lemma §. ([6]). If I, >t » 0, then for every DeD and for every r = 1

ly

T
(7.1) TL= V; (4,.T, #HOM) < V,(t,.T,,,r.D) < V(t,.T, ,CYCL) = rmin(r, 2),
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where HOM and CYCL are the homogéneous and cyclical bahaviour models.

Definition 5. Let pipy = 0) denote the processing time of w, up to i-th element.
Then the increment due to the i-th element is 0, = p, — p, _ g

Example. For every w, eN?

(7.2) o = Ty + 1,0, =4

t if 7, + E

a’

-

Lemma 6. ((11)). If T, > 1,> O, then

1
3 Lim inf < Vit Ty r.D)
(7.3) iy 1o > . Diw,lo, i‘tar'p

wkeNk

1
k Dlw, o,

< lim sup —
ko0 i
WGN

Lemma 7. ((11). If T,> t, >, >0, then
(74 VET,rD) < V(L' T, D).

Lemma 8. ((11]). If T, >, >0, and r'>r", then

(75) VLT, XD Vi T, 7.0

8. Theorems on the speed of computers with interleaved memory

Theorem 4. ([7]). If Tb > t,2 0, then for r > 1 Vl'(ta T, 7,RAN) <

(7.6) |
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and the equality holds

a) if ¢, = 0, then for r = 1;
& Tb
b.) if —2——<ta<Tb, then for r > 1;
Ty
et O<€a, S, then for r = 1,2.

In the formula (7.6)

1.7 p=r(r—l)...gr—i+l),.(l<l.<r),

i 'J.'.l
and
P;
(7.8) piJ= = - (< i<y, 1 €j<i).
i-p;

—

i=
The following corollaries foolow from theorem 4. as special cases.

Corollary 1 (Hellerman, 1967.) ((6]). If ¢, =0 and r> 1, then
r
(79  VOT, rRAN) === 2 i - p,.
p i=1

Burnett, Coffman [3] and Stone [12] proved a more general assertion.

Theorem D. (Burnett, Coffman, Stone 1974.) [3.12].

If i, = 0 and r=1, then

V; (0,T, r.STEP,) =

(7.10)
r k-1 :
o 2 oo Jeiksg=l %
_Tl:k;l' <0 (k'l.— l)Pl(n-—- 1) cl’l—]'k—]’
where
k-1 -
75 L < =l% [(— 1)’(‘; m—j—1n=j—2...(n—k+ D).

v
Corollary 2. If _2” <t,<T, and r>1, then

(7.12)  V/(t,,T, 7,RAN) = : T

| |
2 i -
y Tb (1 r)ta
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Corollary 3. If T, > ¢, > 0, then

1
(7.13) V;(t‘,Tb ,2,RAN) —l : l .
3 R 2T + — 3 max(ta,Tb —r‘)

On the base of the formula (7.9) it is not easy to estimate the order of

V,'(O,Tb 7, RAN), therefore the following theorems are interesting.

Theorem E. (Hellerman, 1967)([6]). If 1 < r < 45, then
(7.15)  0,96./°3¢ < V/(0,T, /,RAN) < 1,04 - /*-36

Theorem F. (Vulihman, 1972.)([10]). If r > 1, then
(1.16) V0T, rRAN) < | 2T 7.

We proved the following more general theorems.

Theorem 5. ([13)). If ¢,= 0 and r> 1, then

r-1 ,k
1 ¢ k‘?{) 3
(7.17) —(VE- 1)< V'(0,T, r,RAN) = ; L
Tb 2 i b Tb « Tb ( 2 ).

In our paper [7] we used a simple direct proof. Using a result due to G. Szeg6 [14] we
can proof a formula with a smaller additive constant, which is exact.

Theorem G. (Szegd, 1928)([14]). If ¢ is a nonnegative integer number, then

q
(7.18) ]—e‘1=1+fl, —q—+...+g!—@q,

[ 38

where ©, =;— and ©, thends monotonically to :l;— as q = .
Theorem 6. If ¢, = 0 and r> 1, then

(ITI' l

(7.19) Vi(0,T, y,RAN) = =+ p),

where p_ tends monotonically to zero as r -+ « and

4 T 11
3—\5 0,08 and p2= ~\J7= 0.06.

It seems a hard but resolvable problem to estimate the order of expression in Coffman’s

(7.20) P,

theorem, as a function of p.
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1T =
Osszegoglalo

Lapozott és atlapolt memoridja szamitogépek sebessége
Ivanyi A. — Katai 1.

Az elBadasban definidljuk a szamitogépek teljesitményét jellemzd mennyiséget, a sebességet.
Ezt a sebességet megadjuk a hardware és a programviselkedési paraméterek fliggvényében a
lapozott memoridju szamitogépek Bélady-féle és az atlapolt memoridgju szamitogépek
Vulihman-féle modelljére.

Kulcsszavak és kifejezések: szamitogépek teljesitménye, igénye szerinti, lapozas, dtlapolt memoria,

programviselkedés.
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PE30OME

O ckopocTu OBM CcO CTPAHUUHON U 6JIOUHOM NaMATHI

A. VUBanu u U. Karau

PesnMe: omnpenesneHa Mepa /CcKopocThb/ NMPOU3BOMNUTENBHOCTH MaTeMa-
THYECKUX Mogmesied 9BM M 3ajaHa 3Ta CKOPOCTh, Kak (GyHKUHUA mnapa-
METDPOB annapaTyps U [NOBEOEeHUA NporpaMM IJiA MaTeMaTHUYEeCKOH Mo-
nenu OBM co cTpaHMYHOM naMATheL /npemiyoxedHoit JI.A. Benamu/ u
MaTeMaTHUYecKoM momend OBM ¢ 6JI0UHOM NMaMATBND /NDeInJIoXeHHOM
B.E. BynuxmaHowm/.

KnoueBble CJIOBA M BEHIPAXEHHUA: IMPOU3BONUTENIBHOCTH BBIUYMCJIIUTEJbHBIX
CHCTeM, CTPaHH4YHaA I[aMATH, 6J10uHaA naMATh, NOBeldeHHe MNPpOor'paMM.



MTA Szamitdstechnikai és Automatizéldsi Kutaté Intézete, Kozlemények 18/1977.
PARALLEL FOLYAMATOK GRAF MODELLJEI

Szlanké Janos
MTA Kozponti Fizikai Kutaté Intézet

1. Bevezetés

A programozés alapvetd probléméja a programok korrektségének a bizonyitdsa. Ez kiilono-
sen nehéz feladatot jelent akkor, ha egyes programrészek parhuzamos feldolgozésa is megenge-
dett, s6t sziikséges mint példaul operacios rendszerekben, real-time rendszerekben. Sziikséges
egy preciz és lehetbleg szemléletes elméleti eszkoz, amelynek segitségével az ilyen rendszerek
konstuildsa megkonnyithetd, specifikdcié szerinti miikodésiik ellendrizhets. A korabbiakban a
konstruélas valamilyen ad hoc modon tortént, a helyes mikédést pedig teszt feladatok elvég-
zésével valoszinusitették. A 60-as évek végén jelentek meg a Dijkstra féle P és V operaciok.
Ezek alkalmazasaval mar lehetett kérdéseket feltenni és megoldani a rendszer korrektségével
kapcsolatban, de a bizonyitdsok kissé nehézkesek. Az utobbi években kezdik alkalmazni a Petri
halokat parallel folyamatok modellezésére. A Petri hdlok segitségével egy parallel feldolgozhaté
programrendszernek olyan tulajdonsigait (kommunikacios, szinkronizaciés) allapithatjuk meg,
amelyek filiggetlenek a részfolyamatok végrehajtasi idejétsl, tervezésnél pedig felhasznalhatok
arra, hogy a megval6sitandé programrendszernek bizonyos tulajdonsagai fiiggetlenek legyenek a
részfolyamatok végrehajtasi idejétél tehat a kontrol szerkezet biztositsa, tekintet nélkiil a pro-
cesszor titemezési stratégidjara). Az aldbbiakban a Petri halok elméletébdl ismertetiink néhany
hasznos fogalmat, eljarast és alkalmazast.

2. Petri hdlok

Egy Petri halé egy négyes N = (P,T,per,post), ahol P és T véges diszjunkt halmazok,
pre és post pedig bindris relaciok:
pre € PXT
post € PXT

P és T minden elemének szerepelni kell legalabb egy relaci6 elemben. P elemeit helyeknek,
T elemeit ftranzienseknek nevezzik. p,eP input helye a teT-nek, ha (p,,0e pre, p,.eP
output helye teT-nek, ha (p,,r)e€ post.

Egy Petri halot szemléletesebben megadhatunk egy iranyitott paros graffal. A helyeket ko-
rokkel, a tranzienseket vonassal jeloljiik. Ha (», t)e pre, akkor pl-bél vezet egy él t-be, ha
(p, ,t)€ post, akkor -b6l vezet egy €l p,-be.

Ugyanezt a Petri halét szamitési célokra méatrox formédban is megadhatjuk, ha a hélo tisz-
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ta : nincs olyan hely, amely egy tranziensnek az input és output helye is. Egy N Petri hal6-
hoz tartoz6 C incidencia métrixot a kovetkezSképpen definidljuk: a sorokat a P halmaz ele-
meivel, az oszlopokat a T halmaz elemeivel indexeljiik és
— 1, ha (p,t)e pre
Cpt) = + 1, ha (p,t)e post
0 egyébként

Az 1. dbra halgjat a kovetkezd matrixszal adhatjuk meg:

h B %
Pf-1 170
gi=1 @ 4
Bl T=1 0
P 0 1-1

4

Egy M :P - I fluggvényt az N halé pontozisinak nevezziik. / a nemnegativ egészek halma-
za. Ha peP, akkor M(p) a p helyen lév6 pontok szdma. Egy helyet pontozottnak neveziink,
ha M(p)> 1. Az M figgvényt egy vektorral adhatjuk meg, ahol a vektor elemeit a helyekkel
indexelhetjik. A (N,M) pért pontozott Petri hdlonak nevezziik.

Egy teT tranziens aktivalt egy adott M pontozas alatt, ha M > (B(—,t)) ahol
1, ha p input helye #-nek

B(p,t) =
0 egyébként

A fenti egyenlStlenség azt jelenti, hogy a haloban legalabb ¢ input helyei pontozottak.
Egy aktivilt teT tranziens dtbillenése az M pontozist egy M 1 pontozisba transzformalja
ugy hogy M, = M + C(—,f). Ez az jelenti, hogy a ¢ input helyein a pontok szdma eggyel
csokken és minden output helyén eggyel megné a pontok szdma.

A hilé kiértékelése soran az aktiv tranziensek koéziil (ha van egyéltaldn) egy tetszdleges
kivalasztasra keril, atbillen. Ezzel elGall egy 1j pontozds, amelyen folytatédhat a kiértékelés.

3. A Petri hdlékkal kapcsolatos legfontosabb kérdések

Ha egy M kezdeti pontozasi hdlé minden p helyére igaz, hogy a hidlé6 miikddése sordn
p helyen 1évé pontok szdma egy k korlatndl nem lehet nagyobb, akkor a hélo k-biztonsagosnak
mondjuk. Ez azt jelenti, hogy az M-b6l elérhetS pontozasok [M] halmaza véges. (M, pon-
tozasbol M/ elérhetd, ha a kiértékelés sordn van a billenések olyan S sorozata, amely az
M, pontozast Mj-ben viszi at). A biztonsag kérdésének eldonthetGsége nagyon fontos a tovab-
bi vizsgéilatok szempontjiabol. Szerencsére a kérdés eldontheté [S5]. A Petri halok részosztilyai-
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ra vonatkoz6 biztonsdggal foglalkozik [8], [9], [10]. A tovdbbiakban csak biztonsigos halok-
kal foglalkozunk. A gyakorlatban el6fordulé halok biztonsagosak, vagy viszonylag egyszerii mo-
dositassal funkcidjuk megzavarasa nélkiil biztonsigoss4 tehetdk.

Egy (N,M) haléhoz hozzarendelhets egy tranziens-grdf, amelyet fontos kérdések megva-
laszoldsdhoz hasznilhatunk fel. A tranziens graf irdnyitott graf, amely a kbvetkezéképpeh kon-
strudlandé.

A szogpontokat az [M], az éleket T elemeivel fogjuk indexelni. Legyen a konstrualas-
hoz a kezd6pont M. Az M esetben aktivilt 6sszes tranziensre nézziik meg, hogy milyen pon-
tozasba viszi 4t M-t, és a kiilébnbozd pontozasokhoz rendel jﬁnkkﬁlénbézﬁ szogpontokat, min-
degyikbe élt iranyitva M-bél, az éleket a megfeleld tranzienssel indexelve. Vélasszunk ki egy
mésik M, szdgpontot (pontozést) és ismételjik meg az eljarast. Folytassuk ezt addig, amig
minden — a kdzben keletkezd szégpontokra is — el nem végeztiink. A konstruilds biztonsigos
grafoknal nyilvan mindig véges 1épés utan végetér. Példaként nézziik a 2. abrit.

A graf alapjan az elérhetGség is eldonthets: M; pontozasbol M i elérhets, ha van olyan
irdnyitott ut, amely M -bdl Mi-be vezet.

Egy M, holt pontozds, ha nincs aktivélt tranziens. Ez a grafban azt jelenti, hogy M,-bél
nem vezet ki él. Egy M, pontozas életképes, ha nem mehet 4t holt pontozisba.

Egy M, pontozés reprodukalhaté ha van a billenéseknek olyan sorozata, amely 6nma-
gaba viszi 4t. Egy [M] reprodukélhat6, ha minden eleme reprodukalhat6. A tranziens grafban
ez azt jelenti, hogy M, egy irdnyitott koron helyezkedik el, illetve a graf erésen Osszefuiggd.

Az Ml = M, + CX egyenletrendszer nemnegativ egész megoldasaiban egy teT tranziensre
X(t) azt jelenti, hogy t-nek hényszor kellene billeni ahhoz, hogy M, atmenjen Ml-be. Az
hogy egy X megolddsvektor realizalhaté-e a tranziesgraf alapjan eldonthets. Ha C' jelenti
C transzpondltjit,a C'. z = 0 egyenlet nemnegativ egész megoldasait invariansoknak nevez-
ziik, ugyanis

M/'z=(Ml+ CX) - z=Mz+ (CX)' - z=
=Mz + X'C'z=Mz ha C'z=0
Ha a z vektor minden eleme a { 0,1 } halmazbél keriil ki, akkor M’z egyenl6 azon pon-

tok osszegével, amelyek azon a helyeken taldlhatok amelyekhez 1 tartozik a z vektorban.
Innen szdrmazik az invaridns elnevezés: ez az 6sszeg a halé miikddése sordn nem viltozik.

4. A hdldk alkalmazdsa

a.) Ha a helyeknek feltételeket, a tranzienseknek eseményeket (az események pillanatszeri-
ek) feleltetiink meg, akkor az olyan folyamatok, amelyek csak indulaskor és befejezéskor 1ép-
nek kapcsolatba a koérnyezetiinkkel méghozz4 gy , hogy az indulés feltételektdl fiigg, befeje-
zéskor pedig feltételeket 4llitanak be feltétel-esemény szempontjaboél a 3.a. szerint modellezhetdk.
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Petri h4lokkal csak, olyan folyamatokat modellezhetiink, ahol a feltétel-esemény szerkezet id6-
ben nem valtozik.

b.) Mivel a program feldolgozasa is folyamat, ezen a téren is alkalmazhatjuk a Petri halo-
kat. A program alapjan létrehozhatunk egy halot: feleltessink meg a program valtozoit szamara
torténd értékadasnak a 3.a. dbrat (egy be- és egy kimeneti feltétellel), a feltételes eldgazasnak
a 3.b. abrit, és ha program feltétel valtozOkon valé miiveletként tartalmazzaa P és V opera-
ciokat [1],[2], akkor azoknak a 3.c. dbrat. Az igy kapott hidl6 nem tartalmaz informaciot a
miiveletek, predikdtumok interpretaciojarol, tehat a program olyan tulajdonsigai vizsgalhatok,
amelyek barmilyen interpreticiot mellett igazak. (Az interpretdciora vonatkozo ismeretek is be-
vihetdk a haloba, de ennek korldtai vannak: Petri hialokkal nem valésithaté meg minden Kisza-
mithat6 fliggvény [5].) A 4. dbran lithaté egy program, amely a feldolgozandé adatokat egy
bufferban kapja és egy masik bufferbe helyezi az eredményt. Mellette lathaté egy halé, amelyet
a fenti szabdlyok szerint képeztiink. A halon a vizsgalt kérdéstl fliggden egyszerusitések végez-
hetSk: ha példaul a tranziensgrafot csak a holtpont keresésre akarjuk felhaszndlni, a hal6o tébb
eleme Osszevonhaté.

c.) Ha mar adott a folyamat haloja és a kezdeti pontozas a tranziens grafon vizsgilhatok
a holtpont, kolcsdnos kizaras stb. A kolcsonds kizédrast az invaridnsok segitségével kényelniesebb
lehet, mert igy nem kell az esetleg negyméretii grafot létrehozni. (A lineéris algebra még sza-
mos, a Petri halok alosztalyait érint6 kérdéshez felhasznilhaté [9]).

Nézziik az 5. abra halojat. A halé egyik invaridnsa z' = (1 0 1 1 0) vektor. Ha a kezde-
ti pontozés az dbran Kkijeldlt vagyis M' = (1 1 0 0 1), akkor M'z = 1. Ez azt jelenti, hogy
P1 s P55 Py helyek koziil mindig csak egy tartalmaz 1 pontot.

5. A Petri hilok moédositdsai

a.) A Petri halok tranziensei (AND, AND) tipusuak: minden bemeneti helyrél elvesz egy
pontot, és minden kimeneti helyre tesz egy pontot. [6]-ban bevezetésre keriilnek (EOR, AND),
(AND, EOR), (EOR,EOR) jellegii tranziensek. Ha a tranziens input oldala ’’kizar6 vagy’”
jellegii, akkor csak egy input helyrdl vesz el pontot, ha az output oldal EOR, akkor csak
egy helyre tesz pontot. Az EOR jellegii tranziensek haszndlata esetenként kényelmesebb pél-
daul a dontés EOR kimenetii tranzienssel modellezhetd. A tranziens graf valtozatlanul hasz-
nalhato.

b.) Ha egy real time program korrektségével kapcsolatos kérdésekkel probéljuk eldonteni

a Petri halok segitségével, akkor dbrdzolnunk kell hdlokkal az operacios rendszernek szo6l6 utasi-
tasok hatdsit. Az itemezési (inditas, inditds periodusokon), kommunikaciés (SEND, RECEIVE)
utasitasok hatdsa még viszonylag egyszeriien leirhat6. A 6. dbran lathat6 egy példa. Sajnos a
jelenlegi operacioés rendszerekben csak ritkdn vannak megvalésitva a P és V opericiok, és az
megnehezeti a vizsgalatokat. A feltétel valtozok helyett csak flagekat hasznalnak. Példaul ilyen
a PDP/11 RSX 11/D opericios rendszere. A flageken a CLEAR, SET, WAIT miiveletek
vannak definidlva. A CLEAR és SET utasitasok mindig végrehajthatok, a WAIT utasitds ha-
tdsdra a task feldolgozésa"megszakad, ha nincs minden flag bedllitva. Ezen utasitdsoknak a sze-
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mantikdja a folyamtok az egymashoz szinkronizalas szempontjabol Petri  halokkal leirhato
(8. 4abrin a CLEAR ¢és SET hatdsa) de csak bonyolultan, igy elvész a szemléletesség és a
gyorsasag. A masik megoldas, hogy a médositott Petri hdloba bevezetjiik a flageket is és olyan
tipusu tranzienseket is megengediink mint amilyenek a 7. dbrdn lathatok.. Igy ugyandefinicios
szempontbdl a hdlé bonyolulttd valt és nem lehet konnyen taldlni hasznos tételeket, de a tran-
ziens graf modszer tovdbbra is hasznalhat6. Ezen pedig a holtpont, szinkronizici6, kdlcsdnds
kizaras vizsgilhato. Az eljardsok programozhatok, amelyek a vizsgalandé program szdvegét in-
putként kapjak. Az értékadasokhoz, predikatumokhoz, szinkronizacios, kommunikécios, tite-
mezési utasitisokhoz rendelt halokbol a szoveg alapjan Osszerakhatd a program haloja.
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Summary

Graph Modells of Parallel Processes

Janos Szlanké

The theory of parallel programming is of great practical importance in the field of opera-

ting systems and real time programs. Recently some new graph modells have been introduced.

In this area Petri net looks the most promasing formal construction. It has stimulated the

researches for further investigations and applications to some practical problems have been demo

demonstrated. The article defines the basic concepts of Petri nets and shows the way for

mechanisable proofs of parallel program properties.
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PE3DME
MOIEJIM T'PA®OB I[IAPAJIJIEJIEHEIX [TPOIIECCOPOB
. CrnaHKO

BaxHpM IPaKTUYECKHM BOIMPOCOM ABJIAETCA aHaJIU3 NPOBENeHUusA
nporpamMMm, o6pabaThHBaeMbX NapaJjiyleJIbHO. 3a NOocJIefHHEe roOb B 3TOH
o6JylacTH OBIM CIEeJIaHBl TOMBITKU C pas3HeMU MoaenaMu rpados. Camoi
XopomeH U3 HUX ABIAETCA ceThb [leTpH, KOToOpadA crnoco6cTBOBANA BO3-
HUKHOBEHHI0 6oJiee 0606meHHBX MoIeJie U BO3HUKJIO HEeCKOJIBKO obJac-
Tell npuMeHeHus. JlaHHasA CTaThbA pPaccMaTpPUBaeT OCHOBH TEODPUH cCeTeH
[leTpy ¥ aBTOMATH3ALUID NOKA3ATEJNBCTB KODPDEKTHDOBKH.
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1. dbra

M'= (200) (020)
2. &bra
a folyamat indulasahoz
szlikséges feltételek
konfiktus hely P és V opericiok
S
? }& ? {‘ | ‘}
S

2

a folyamat befejezddésekor
el6allo feltételek

3. abra
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C. P(S1);
P(M 1);
input bufferbdl olvasés;
V(M 1);
feldolgozas:
P(M2);
output bufferba irés;
V(M2);
V(S2);
goto C;

P(M 1);
input bufferbol olvasas;
V(M 1);

feldolgozas;

P(M2);
output bufferba irés;
V(M2);

4. dbra

S2
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=1
=vardlista
max hossza

6. abra
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CLEAR(X)
X1l x2 X1l x2
CLEAR, WAIT, SET tipusu tranziensek
billenési szabalyai. A négyzetekkel a
flageket jeloltuk.
SET (X)
—

7. dbra



-130-

SET(X) CLEAR(X)

8. abra
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REMARKS ON CONCURRENT PROGRAMMING PROBLEMS

El6d Knuth
Computer and Automation Institute of Hungarian Academy of Sciences

I. SYMMETRY CONCEPT IN CONCURRENT ALLOCATION

1. The cyclic allocation problem

We introduce this problem as an extensive generalization of the well-known mutual
exclusion problem, see e.g. Dijkstra [1].

Let S be a (finite) set of exclusively accessible resources and P be a (finite) set of
cyclic processes. Each of the processes consists of two sections called free sectionand alloca-
tion section. Entering the allocation section needs engaging a definite subset S, C S presci-
bed by the process £ € P.

As it is usual, we do not suppose anything of the speed of the processes, so the sequence
of events is completely unpredictable.

The problem is to construct suitable algorithms for che processes which satisfy the allo-
cation demands. The difficulty is the same as in the mutual exclusion problem, that is, the
execution of any algorithm is time consuming with unpredictable execution time therefore there

may well occur conflicts among the demads arisen.

The requirements of the solution we use are comprised in the following points A4 and
B. We remark that these are not the only possible requirements of pratical interest.

A.) SATURATION

A process necessarily must not be suspended if its demands are satisfiable. (This heuris-
tic definition will be exactly reintroduced in part II.)

B,) SYMMETRY

Suppose that once resources are released and a set P’ of processes of satisfiable demands
comes to existance. Now symmetry means that any of the elements of P’ has the same
possibility to seize its resources (and continue its progress).

2. On the symmetry concept

As an axiom we suppose the symmetry of the usual semaphore operations. This is illust-
rated in the following figure.
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Suspended processes:

P(x) P(x) L P(x)

b 4 !

Alarming process: e

|

V(x)

Now we suppose that F(x) causes an alarm of one and only one waiting process to continue
its progress and we have no information about which will really do. All the suspended processes
have the same chance.

Remark: It is no matter that the semaphore primitives really have this property or not.
However, the requirement ”a solution must be symmetric if P and V are” js a proper
logical formulation of the fact that we are not allowed to cause any static priority in our algo-
ritms. (To construct priority systems, first we must be able to build symmetric, priority less
systems).

3. Parallel semaphore operations

Parallel (multiple) semaphore operations have introduced by several authors, e.g. Patil [2].
The reason of introducing them is the deadlock situation caused by the use of sequential P
operations. The effects of the operations are the following:

The execution of the operation:
P(xy X5, - - - X;)
causes suspension if not all the semaphore values seized are positive, otherwise all ssmaphore
values are decreased by one and the executing process continues its progress.
The execution of the operation
V(x; %55 - - - X)
increases all the semaphore values by one and performs the necessary alarms for the waiting
processes.

It is obvious that if these operations may really be put into practice, the cyclic allocation
will be no problem, for assigning a semaphore to each resource we could program our processes
simply by :



LOOP:

free section;

P(. ’ i R A O - );
allocation section;
V(. ’ . AL M | 1 );

4. Definition of parallel operations

Giving an exact definition is far from trivial, and there are several possibilities, Now we

quote the version of Patil.

If not all the semaphore values x,, ..., x, are positive the execution of the operation

P(xl,...,xk)

suspends the executing process placing it into the waiting list corresponding to the first sema-
phore having nonpositive value. Any later reactivation of the process causes reexecution of the
operation which may well result suspension again in a queue corresponding to another sema-
phore.

The operation

V(xl,...,xk)

must alarm the waiting lists corresponding to semaphores of values having become positive

by the execution. However, it is not sufficient to remove one process from the waiting list. All
the waiting processes must be alarmed as we have no information of which of them can con-
tinue.

No doubt, we could hardly introduce these complicated operations as primitives”.
This was correctly pointed out by Parnas [3]. It is noted in the same paper that the parallel
operation can be programmed in a “straightforward” way using P and V and conditionals.
Let us take a closer look at this question:

5. Implementation problems of parallel operations

Let us denote P, < P, if the subsets of resources needed by the two processes are not
disjoint. Consider the equivalence classes generated by the transitive closure of the relation ©,
and assign mutual exclusion semaphores to each class. Let m be one of them.

Let x[ ] be the semephore array representing the resources (initially 0) and y[ ] be a

corresponding integer array having initial values 1.
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Replace the parallel P operation by the following sceme:

entry: P(m);
for i: = 1 step | until £ do
if y[i] < 1 then
begin
Vim);
P(x[i});
goto entry
end;
for i: = 1 step | until k do
yi):=yli) — 1
Vim);

If we can prove this version works correctly the following problem will remain unsolved:
How many V] ] operations must be performed by our implemetation of parallel ¥ operation.
Solving this question the program becomes a little more complicated, but the solution is in fact

possible.

However, now [ am not concerned to give a complete implementation or discussion of
its correctness. The only thing I call attention to is that we are not fully agreed with Parnas
on the “straightforward”™ possibility of implementation. Of course, there are several other
possibilities of the implementation but we have not heard about a solution simpler than this,
and we would be glad to hear of it if any exists.

Be that as it may, the main inconvenience of these implementations is caused by static
priorities which are unavoidable whenever the resources are consistently sequentially tested

and released.

6. Ensu_r_igévtihg symmetry

There are famous particular cyclic allocation problems such as the so-called ~'Dining
Philosophers Problem” solved by Dijkstra [4] using only single semaphore operations, and
the so-called Cigarette Smokers Problem’ having been considered unsolvable for Patil tried
to prove its impo'ssibility while Hebermann [5] and Parnas [3] found a crafty solution for it.

These solutions are built on particular tricks, however, we found an extreme generalization
of Hebermann’s technique which led to a general existence theorem:

Arbitrary cyclic allocation problem can be programmed symmetrically using only the simpl >

PV primitives (and even without using conditionals).

This result will be published in the next issue of the Hungarian journal Acta Cybernetica
(1976).
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II. A PROBLEM IN THE THEORY OF PETRI NETS
1. Petri Nets

Now I give a very brief introduction to Petri Nets; one can find detailed investigations
in the works Holt-Commoner [6] and Petri [7].

A Petri Net is defined to be a labelled directed graph with two node types called places
and transitions such that every edge connects a place to a transition or a transition to a place.

A marking M is a function from place labels into nonnegative integers. For example:

The marking of a net can be changed by firing a transition. A transition is firable if its
input places are all positively marked. The firing decreases the number of markers at all the in-
put places by one, and increases the outout markers by one.

Petri Nets can be used to answer a number of interesting questions in connection with
concurrent programs for example the deadlock problem.

2. Verification of cyclic allocation systems

Suppose we have a solution and we are intending to verify its correctness. Then each of
our cyclic processes has the following form:

free section

transition

synchronizer i
yRE le— further transitions

program

allocation section

transition
release program F further transitions
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Suppose we have made a Petri Net representing our solution. Then we can use the usual
methods to prove that the system is free of deadlocks, there may not be conflicting processes
in their allocation section at the same time, and other properties.

However, what about the saturation condition?

It is obviously not desirable that a process must really not be suspended if its demands
are satisfiable for releasing resourcces and recognizing the free resources surely needs firing a
positive number of transitions.

So, we should weaken our condition:

”If the allocation demand is satisfiable then the process must not wait for long.”
To describe this exactly we introduce the

3. Classification of transitions

Let T be the set of transitions of a Petri Net. Select a subset S C T called significant
transitions.

We define the net (regarding an initial marking and a set of significant transitions) to be
regular if the net is free of deadlock, but if we prohibit the significant transitions from firing
at any time then the system will necessarily get into a deadlock within firing a finite number of
transitions.

The states (markings) reached are called main states. A main state is characterized by the
property:

If a transition is firable then it is a significant transition.
Reintrodicing the SATURATION condition:

A solution of the cyclic allocation problem satisfies the condition if the Petri Net repre-
senting the system with two main transitions: leaving the free and the allocation section; is

a.) regular

b.) if the system is in a main state and the resources used by a process are all free then
the transition at which the process rearched the local deadlock may not be after the free
section and before the allocation section at the same time.

4. Problem

We propose to study the regularity of the nets with given significant transitions, and prod-
uce the possible main states.

A system which is not regular might be considered one having the generalized form I the
“infinite after-you blocking” introduced by Dijksta [1].
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Further, we remark that it is no matter that all the solutions of the cyclic allocations can be
described by Petri Nets or not. Obviously not. We aimed to propose the regularity problem and
call attention at the transitions of Petri Nets being able to have different roles (even in the net

structure).

Naturally, this problem can be proposed not only for Petri Nets but for more general
computational structures too.

[
(2]

(3]
(4]
(5]
(6]

(7]
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Osszefoglald

Konkurens programok konstruéldsiro6l

Knuth El16d

A dolgozat bemutatja az u.n. ciklikus allokaci6 feladatat, ismerteti a megoldas nehézségeit,

és bevezeti a Petri-hdlok regularitdsinak fogalmat, mely fontos szerepet jatszik az allokacios

rendszerek verefikaldsaban.
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PE3KNOME

O KOHCTPYKLIMN KOHKYPPEHTHbHX ITPOT'PAMM

E. Kyurx

PaGora noka3nBaeT 3a7auyy O TaK Ha3uBaeMoM "LMKINYECKOM

pacnpezeNeHu pecypcoB", TpPYAHOCTHM pelieHUd, U BBOAUT MOHATHUSA

peryisipiocT ceTeii IleTpu, KOTOpoe UrpaeT BakHyl poJb B Bepu-

¢urKauuM CUCTEM paclpefielieHnd OOBEKTOB.
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SCHEDULING SPLITTABLE TASKS ON PARALLEL PROCESSORS
TO MINIMIZE SCHEDULE LENGTH

Jacek Blrazewicz, Wojciech Cellary, Jan Weglarz
Institute of Control Engineering, Technical University of Poznan,
Poznan, Poland

1. Introduction

In deterministic scheduling problems, knowledge of all task execution times, task arrival
times and the precedence relations among tasks is assumed. In practice, these assumptions are
rarelly directly met; in particular it is usually not possible to know a priori the task execution
times; one would at best only have probability distributions for these times. But the analysis
of deterministic problems allows the system designer to determine how well the operational
scheduler does in comparison to an optimal one and to provide guigance in improving the
scheduler. Moreover, the execution time T of task ~ 7}‘ has at least two practical interpreta-
tions [3]. Firstly, it may be the upper bound of the task execution time. Scheduling using
these values is equivalent to worst case analysis and is applicable to the “hard-real-time”
environment with strict deadlines to be observed. Secondly, 7; may denote the expected
value of the execution time of task T/ considered as a random variable. In this paper the
problem of scheduling splittable tasks to minimize schedule lenght is considered. An algorithm
for finding the optimal schedule is presented for the case of dependent tasks and identical
processors. The idea of solving the proble, for heterogeneous processors is also given.

2. Basic assumptions

It will be assumed that the set of tasks T, Ty, ..., T, theset of processors

n ’
P, ,P2, e ® Pm , the structure of precedence relations among tasks, and task execution times
Tip» i= 1.2, 600:ms 15 L2 .50 Where Ty denotes the execution time of task 7,’

on processor P, are given.

The structure of precedence relations among tasks is usually given in the form of a
precedence graph, where nodes correspond to tasks and arcs to precedence relations. A simple
example of a precedence graph is shown in Fig. 1.
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202 T5,Ts

Fig. 1. An example of a precedence graph

Following the most commonly used convection Tl < T/ denotes the fact that task T;
precedes task T/ i.e. task T/ cannot begin processing until task T, is completed. If no
precedence relation among tasks exists, then the tasks are called independent, otherwise they
are called dependent or precedence related.

The set of tasks is to be processed on m parallel processors i.e. every processor is capable
of processing every task. If the execution times of every individual task are equal one to an-
other for all the processers, then the processors are called idéntical. Otherwise, i.e. when there
are differences among the processing speeds of the processors, the processsors are called
heterogeneous.

A very important feature of a task is whether it may be preempted and then completed,
not necessarily on the same processor. Generally, the possibility of task preemption is profit-
able for some measures for schedule evaluation. If preemption is allowed, it is usually assumed
that the processing of the preempted task may resume where it left off without any extra
work or time being occasioned by the preemption. This is called a preempt-resume discipline
[51, In computer applications, this will not generally be the case, for preemptions may imply
the removal of tasks from core storage and subsequent reloading of these tasks. Moreover, in
those cases when input/ output operations cannot-be overlapped sufficiently, the time delays
introduced will be so high that consideration of preemption can frequently be ruled out a
priori.

On the other hand examining the preempt-resume discipline is of great importance in
systems of parallel processors using a common operating store. Such systems have increasingly
many applications in the control of such processes as traffic, telephoneswit control organiza-
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tion [6, 12] in which several processors using a common data base computational proce-
dures are being used. It is easy to verify that the possibility of preemption is profitable for
improving the schedule lenght.

3. Scheduling splittable tasks to minimize schedule lenght
In this Section scheduling splittable tasks to minimize schedule lenght will be detailed.

Scheduling such tasks has been considered in [9, 10, 11]. The algorithms presented in the
these papers concern homogeneous processors and relatively simple precedence relations among
tasks. The problem of scheduling independent tasks on processors that are consistently fast or
consistently slow for all the tasks was considered in [4, 8]. In the papers mentioned above,
non-enumerative algorithms were presented. However, the problem of scheduling dependent,
splittable tasks, in the general case, is known to be polynomial complete [4] and hence
unlikely to admint a non-enumerative. Thus, for this case, the direct use of scheduling strate-
gies in an oparating system has rather restricted applications. Finding such strategies has,
however, practical significance for the following reasons. Firstly, one can use them to estimate
an operational scheduler. Secondly, the distance between an optimal solution and a suboptimal
one for a heuristic, non-enumerative approach, may be found, Thirdly, enumerative algorithms
may be used in computer centres taht perform large and complex numerical computations,
but not in a real-time environment.

Below, such scheduling strategies will be presented, which yield some particular advanta-
ges [1].

Let us assume, that the processors are identical. Thus, task Tl is characterized by
execution time UT j= 1,2, ..., n. The precedence relations among tasks are given in a
form of an activity network (i.e. an acyclic, directed graph with only one origin and only one
terminal node) in which arcs correspond to tasks and nodes to events. The precedence graph
from Fig. 1. is presented in Fig. 2. in this form.

T3 :T 3 Ts,Ts
T1 |T1 T4 IT4 T7:T7

Fig. 2. The set of tasks from Fig. 1. in the form of an activity network
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Let the number of nodes of the network be equal to r + 1. It is assumed that events
are numbered so that event i is not later than event j, when i < j. The set of all tasks which
can be processed between the occurrence of event k and k + 1 will be called the main set
and denoted by S,, k= 1,2,...,r. The number of elements of set Sk will be denoted
by IS, I

Now, let us number from 1 to N the feasible sets, i. e. those subsets of all main sets,
in which the number of elements is not greated than m.

Let @, denote the set of all numbers of the feasible sets in which task T; may be
processed and x; the duration of set i. Thus the linear programming problem is obtained

[1]:

Minimze
N
2 g
i=1
Subject to
(1) Zox=1  j=12...,n
ite

or in matrix notation
) Ada=z

where _4 is the matrix of coefficients:
(1 if ieQ,
LO otherwise

Obviously, the columns of matrix A correspond to the feasible sets. The number of variables
in the above problem for m processors is given by the formula:

) - 5(7)
k=1 [i=l [’ ] :'Z; lk )
where n, is the number of elements of the main set Sk;

n, is the number of elements of the main set S, , which composed at least one set

Sl,Sz,...,S where 1 = k — 1.

l b
It is assumed in the above formula, that ':] = () for n<i.

It is clear that the number of variables increases rapidly when the number of tasks and proc-
essors increases. For example for 5 processors and not very complicated networks containing

to task the number of variables is equal to 50, 30 tasks — 2'103 , 60 tasks — 3'104,
100 tasks 2 - 105. If we want to use one of the simplex methods directly for solving the
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7
last problem, 10 cells of memory will be needed because of the necessity of memorizing
the matrix A.

As follows from the above, the direct use of simplex methods has a very restriced appli-
cation.

Bellow, an approach which allows for the great reduction of storage requirements will be
shown [1]. On the other hand, in the revised simplex method [7] the elements of the matrix
of coefficients (i.e. matrix A) are not changed during complication. This allows for the
generation of single columns of this matrix (or in the other words of feasible subsets of the
main set S, , k= 1,2, ...,r) in every simplex iteration. Thus, at every moment only one
main set and one of its feasible subsets has to be memorized. The use of revised simplex
method is also more efficient [7], because in the described problems the number of variables
is more than three times greater than the number of constraints.

Now the concept of the generation of feasible subsets will be presented. The number of
processors — m, and the network structure vector are read as input data. The network structure
vector contains the consecutive tasks as the ordered pairs of the nodes. Using the above data,
consecutive main sets are generated. First, the tasks which were members of the main sets ge -
nerated earlier (we will call them old tasks) are added to the main set currently being gene-
rated, and then the tasks which composed only this set (we will call them new tasks) are
added. Using this information, all feasible and different subsets of all main sets are created. In
Fig. 3, the block diagram of the generation of the main set S, is shown, and in Fig. 4,
the block diagram of the generation of the feasible and different subsets of the main set S,
is shown, and in Fig. 4., the block diagram of the generation of the feasible and different
subsets of the main set S, is shown. The point in which the generated subset is used in a
simplex iteration is denoted by the block “’revised simplex procedure”.
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J::O
1
Q:=1
Q3=0 j::j+1
T\
Memorize the yes _ no
number of the Q-1
old tasks
Check if the index Check if the index
of the start node of the start node >
of task Tj is greater of task Tj is equal
o or equal fo the index to the index of the
of the main set main set

yes

/ Check if fhe index

of the end node of Sto

" task Tj is less or
\e ual to the index

of the main set

Include task Tj
to the main set

Fig. 3. Block diagram of generation of main set
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e

yes

Memorize the first task of the main set
as the first task of the created subset

ik

P=1 no
yes

Beginning with the L-th task in the created

subset, replace all the subsequent tasks

by the sequence of consecutive tasks in
the main set, beginning with this task

[}
no Check if the i-th task in the created
subset is the new task

yes

Replace the i-th task
in the created subset

by the first new fask
L

Replace the l-th task in the

created subset by the sub-

sequent task inthe main set
]

u:= index of the L-th task in

the created subset, in the mainse]

!
= B @élsd-u) >
no

yes

Revised
simplex
procedure

Fig. 4. Block diagram of generation of subsets of main set
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Of courge, if the network, node ordering is not given, the obtained schedule is in general
a suboptimal one. The optimal schedule may be obtained by choosing the best one from among

optimal solutions for all possible orders.

Now let us consider the case of heterogeneous processors [2]. We introduce the following

additional denotations:

- Ki‘ = 2 50s w0t n, the set of indices of these main sets in which task T, may be
processed;
~ Xijke <012, = 12,05 0 keKi. a part of task T’ processed on processor
P,. in S;;

—Yg» k= 12,...,r, the shedule lenght in S, ;

7
g Y+ the schedule lenght.

Using the above denotations, the following linear programming (LP) problem may be formu-

lated:

Minimize y

Subject to
~ m
& kt%i ,2; Xy = 1 i=12,...,n
) Ye ~ 2 xpty > 0 F= 1.2, « ey m
k jeS ijk " ij
i k=12, i F
5
(4) Ve T & Xk >0 =12,...,n,
keKl

Equation (2) guarantees that every task will be processed; inequality (3) defines S

as the schedule lenght; inequality (4) assures that it will be possible to obtain a feasible schedule,
i.e. one such that no task is processed simulatneously on more than one processor. As the

result of solving the described LP probelm, the optimal values y* x,;.k. s .25 6 0500

Ji= 2,0 g 5 keK/, are obtained. The starting points of parts of tasks xi‘;k are then

found [2].
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Osszefoglalo
Jacek Bhtzewicz, Wojciech Cellary, Jan Weglarz

Felbonthat6 taskok optimalis litemezése pirhuzamos processzorokon

A dolgozat n megszakithat6 task m processzoron valé determinisztikus litemezésével foglal-
kozik. A minimalis terminélasi id6 meghataroz4sat lineris programozasi feladatra vezeti vissza.
Foglalkozik nem azonos teljesitményii processzorok esetével is.

PE3WOME

[IPOBJIEMA PACIUCAHWA PA3JIAT'AEMEIX TTPOT'PAMM HA
MMAPAJIJIEJIBHEIX [TPOLHECCOPAX

Bnazenuln - Kennmapu - Besrmnap3s
B pa6oTe paccMaTpuBaeTcCsa IeTepMHUHHuUeckasa npobjieMa n H m

[IpolLlecCcCopoB. 3anava npeobpa3oBaHuA B NpobJjieMy JIMHEWHOI'O IPOI'pamM-

MHDOBAHHUA.



MTA Szimitdstechnikai és Automatizdldsi Kutaté Intézete, Koézlemények 18/1977.

OB UCNOJNB30BAHMNA BO3MOXHOCTEN OMEPAILMOHHbX
CUCTEM B TMAKETAX [PUKJAZHHX [TPOT'PAMM

N.H. Tlapacwx, .B. CeprueHko

B HacTosfuee BpeMs BONpOCAM CO3AaHUA NMAKETOB IPUKIAZHHX
nporpamm ([IMI) ymenseTca MHOTO BHUMAHMUA. PasjuuHbMU aBTOpa-
MU B 3TOil obCnacTu NpuKiIazHO KUOEpHETUKM MpezpjaralnTcs Kioue-
BHE IIOHATUA U ONpenelyieHusa, NpuHUus co3zxanus I, usyuawTcd
coctaBHHe yactTu [l u ux GyHKUMOHANBHASA B3aUMOCBA3B, CIIOCOOH
MauunHHoid peanusanuu [l 1 ucnosp3oBaHMe BO3MOXHOCTe#l coBpe-
MEHHHX OlepalMOHHLX CUCTeM IIpu UX pa3paCoTKE.

Coszmanue Il Ha 3BM BTOpPOro MOKOJIEHWUA CONMPOBOXAANOCH
NIpeooJieHueM psa TpyAHOCTeil, CBA3aHHHX, B OCHOBHOM, C OI'pa-
HUUEeHHHMU pecypcamu 3BM, ux OwcTpozeiicTBMEM M HAJIUYHHM MATE—
MaTUYECKUM oOecrevyeHueM U ApyTuMu OOBEKTUBHHMU (paKTopamu. B
cBfidau ¢ atum B nepsux Il npuxoxmgock 3a4acTylo c034aBaTh
DJIEMEHTH CJHIYyXO COBPEMEHHHX ONMEpaluMOHHHX CHUCTEM, TAaKUX Kak
3arpy3uMK U pesaKTop CBsA3eil, ynpaBlieHUEe JaHHHMWA 1 3ajavyamiu,
ylpaBjeHue MNamMATho U zp. PaspatoTuumKamy co37aBallICh METO/H ,
MI03BOJIANNMNE OPraHM30BaTh BuUMCAMUTENbHHA npouecc B Il ¢ 3axKo-
HOMHHM MCMOJB30BaHUEM pecypcoB IBM.

OnmHuUM M3 OCHOBHHX npuHuuinoB cosganug [ sBaseTcd pas-—
BUTaAsA MOZYJBHOCTH €I'0 NpPOrpaMMHOI'O oGeclneueHud, M0o3BoJfALIEA

NJOCTUTHYTH ru6KOCTU NaKera, T.€. peanusanus TaKux NPUHIUIOB
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nocrpoenus Il KaK amanTupyemMocTs, MOAMYULUPYEMOCTH, pacun-
psieMoCcTh, COBepueHcTBOBaHMEe U Ap. KpomMe TOro, coBpeMEHHHE
[ monkHo OHTH IPOCTH B IPUMEHEHUU, NMO3BOJATH 4BTOMATM3UPO-
BaTh NpOLECCH BLOOpPA METOZOB peUieHUS MPUKIAZHHX 3azauy U Mnoc-
TPOEHUA COOTBETCTBYWIMX IpOrpamMM, AOINYCKATH OIlepaTUBHOE COIM-
pAXeHue ¢ Apyrumy MaKeramum, NnporpaMmMaMu, CUCTEMAMU U T.0l.

B nacrosaumem noxnaze Oyzaem mayvarts I, KoTophe (yHKLMO-
HUDYWT M0Z ynpaBjieHnuem onepauuonHoii cucremu (0C) B pexume
naKeTHoil o6padorku naHHeX. Takoil I B OC paccmaTpuBaeTCH
KaK MpoOJeMHas InporpamMma, BHIIOJHALWAA B OAHOM U3 €€ pa3zelioB.
OC ocymecTBiafeT oOluee ynpaBJE€HUE BHUYUCIUTEJBHON cucTemoit,
onepauuaMy oOMeHa NAHHHX, BLHYUCIUTEJBHLIM IIPOLECCOM B LEJIOM,
ofecrneuyBad IMpyM 3TOM ONTUMAJBHOE UCIIOJAB30BAaHUE PECYPCOB cCUC-
TEMH .

[Ilpouecc peuwenusa 3azau c nomolipld Taxoro [l moxer OHTH

InpencTaBleH CXeMOil pucyHka I.

oaumnne

[1111

3aoanue

3adaHue

Puc. I
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3azanue Ha pelleHue NpUKIAAHHX 3azayd ¢ nomouwsk [ cocro-
UT U3 IBYX COCTAaBHHX vacTeil: 3azanusa ana OC m 3azanus paa [III.
B samauum nna OC Ha s3sbKe ynpaBaeHus saganunem [2] omuceBanT-
cA pecypco 3BM, HeoOxozumue zniasa padorw [, naHHHE, ¢ KOTOPH-
Mu OC rmoikHa OyzeT padoTaTh, a TaKXe CBENEHUs O pa3MeleHuu B
namaTu 3BM pesuneHTHO# uacTu HHH*), KOTOpPYyI HEOOXOAMMO 3arpy-
3UTH B CBOOOZHHIl y4yacTOK OCHOBHO! MaMATM U OCYUECTBUTH €e 34—
nyck. B sazanum Il BO BXOZHOM €I'0 fI3LKE OMUCHBAETCHA PEXUM
paooth [IIlII, 3azauum, KOTOphEe HeoOXoxaumo peuwaTh, HopmMaT, TUI U
HOCUTENBb ZaHHHX, C KOTOpuMM OyaeT pacdorarts lllIl. 3azanune OC u
3azadue Il nmocnenoBaTeNbHO BHJIKWUYAWTCA BO BXOAHOI norox OC u
06padaTHBANTCA COOTBETCTBEHHO ylipaBusiueil nporpammoit OC u
ynpasaswoueit nporpammoil Illll. Korza ynpasienue nepenaHo ynpaB-
nsomeit nporpamme I (ee pesumeHTHO 4yacTu, B maibHeilmem
MpoOCTO — p € 3 M X € HTY ), NOCIEeAHAs COIJIACHO 3azaHub na-
KeTa ¢ mnomousn cpencTB OC u NOA €€ KOHTPOJEM OCYUEeCTBIAETCH
nmocTpoeHne anropuTma (MporpaMmbl) peleHus NpUKJAZHHX 3a7au u
ero BHIIOJHEHWE. B HEKOTOpPHX cljyvyasax, HalmpuMmep, KOI'Za HEKO—
ropie 3azaHus OC cucTeMaTUUecKyu MUCIOIB3yoTCA, UX Lenecool-
pasHo OPOPMUTH B BUAE KATKJIOI'M3MPOBAHHHX MpOUEAyp. OTO 3HA-
YUTENBHO YIpOWaeT IpoLecc IOATOTOBKM 3alaHUf (3]

B cospemensux Il MOXHO BHZENUTEH clenyouue OCHOBHHE

yacTu (Iporpamms) :

———— ———————— ——— ————— ————— ———

*) [lon pesumenTHoit uyacTsio [l mMoHMMaeTcs Ta YECTH ylNpaBJsi-
meii mporpamms IIIII, xoropas B npouecce pacoTs I nocTofgHHO
HAaXOANTCH B OCHOBHOI maMsaTu. XpaHuts Bech [l B ocHOBHOW Mma-—
MATU HelelecooOpg3Ho, TAK KAk ApM dTOM HE pPANMOHAJNBHO UCIOJIB—
3yeTcfl OCHOBHAS (ZOporocTosuas) NaMaThb. BuaeaeHue pesusieHT-
%ﬁﬁ yacTeil npuMeHAETCA B HaCTOAllee BpeMsd BO MHOT'UX cucreMax

[ M T.l.
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I) ynpaBansdlouwasa nporpamMMa nakera, KOTOpYyW
YyacTo HA3HBAT MOHUTOPOM IAKeTa MJIKM Bezaylleil MmporpamMmoil naxkc-
Ta;

2) nporpaMMa y mp a BJ e HU A 1 a&aHHHMDM InaKke-
Ta, KOTOpYl TaKXe HAa3HBAWT aZMUHUCTPATOPOM IIAKETa;

3) mporpaMMa C O B e p e HC T B O BaHUSA I[akera,

4) ou6aumoTexa 6a3 1 a4 H H B X IakKera, HasnBaeMas UHOI-
Za B ynpomedHnx BapuaHrtax Il Ooubauorexoil makera, TejoM NaKe-
A}

[I[porpamMma ynpaBJieHUs HNAHHHMU COBMECTHO C OUOIMOTEKON 0a3
NaHHHX cocTaBJaANT 06 a H K n a H H o x I,

OyHKUMOHANBHAA B33aMMOCBA3b ITUX MPOIPAMM [l cxemaTu-
YeCKM MOKa3aHa Ha puc. 2.

Ha arom pucynxe cTpesouxkm " =" yKaswBanT NHOHOPMALMOHHLE

CBA3M, & CTpeJioukyu " —" — CBA3M N0 YIpaBJEHUN.
’ ¥

ynpasasanwyas
npo e pamma

npoepamma
yepasaeHnHus
OaAHHMU

bubauomexa
é6as
OaHHOX

npoe pamma

cosepuyeHemeo=
BAHUA

Puc. 2

I padote I uesecooGpa3Ho NMpeAyCMOTPETH CcleAyniue pe-—

XVIMEI «

I.PexuM cueT a. dro ocHoBHO! pexum pacoTn I[IIIl.

B sTOM pexume OCYWECTBIAETCA BHOOD HEOOXOAMMNIX MATELATHUEC—
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KUX METONOB AJA pelleHUd 3aZaHHOW COBOKYMHOCTM IPOGNEMHHX 3a-
a4y ¥ opraHusalMs Ipolecca UX pelleHusd. Pexum cuera npumeHs-
erca B [l xax aBTOMaTHO, TAK M B CONDPAKEHUM C JPYTUMU NpPOI-
paMMami .

2. PexumM KOHCTDPYUpPOBAHM A. B arom pe-
Xume ocyuecTsiafgeTcsa KoHcTpyupoBanue Il nmporpamm, 3amnucaHHHX
Ha MCXOZHHX fA3KKAX BHCOKOI'o ypoBHA Tuna AII'0J, O®OPTPAH, pPL/1
[2] n zp. u npexsasHaueHHNX AJNA pEWEHN ONMpezxeleHHoll coBo-
KYMHOCTM NpOOJEeMHHX 3azay U OpraHM3aluf UX 3aluUcu Ha 3ajaH-
Hee Hocureau umHpopmauuum (MK, Mo, MO, ALY u T.m.).

3. PexuM coBepmeHCTBOBAHDU T ITOT
pexum lpenHasHauyeH AJA NporpamMHoil peanmsauuu uzneil coBepuUeH—
CTBOBQHUA MaTeMaTuueckKkoro odecnevenus I, ocHOBAaHHOTO HA
HaKomjIeHun u oOpaboTKe "omwTa" ero QyHKUMOHMPOBAHUA [l:}

4, Pe®xuM ynpaBJJgeHMUd. ITOT PEXUM YyCIOBHO
00BEIMHAET BCE Olepaluu Mo OOCHOBJEHMIO, pacluUpeHuio, OTIAAKe,
BHzaue Konuit marematuueckoro ooecneuenus Il u pasjmyHoro
poza clpaBok 0 HeM (0 ero MUCIONB30BAaHUM, BO3MOXHOCTHAX, Xpa-
HEHUM, MHCTPYKLUMUAX U Toll.).

06 0cOOGEHHOCTAX M croco0ax peanusaluyd dTUX PEKUMOB B
M MH pacKaxeM HECKOJNbKO HUXe. Ceiluac paccMOTpuUM BKDaTIE
Apyroit Kpyr BompocoB, cBA3aHHuX ¢ coafnaduem I, a uMeHHO,
fI3HKM BXOAHHX cooCueHnuit [l u TpeOGoBaHua K HUM.

AHanMM3 IEepeyuncIeHHHX Bhe pexumoB padorh I, TpeboBa-
HUii mojp3oBaTeneit M 0COGEHHOCTE! OpraHM3auuy BHUUCIUTEIBHOI'O
npolecca Mo3BOJANT cAeJaTh BHBOJA O LEeJec000pa3HOCTM BheJe—
Husg B coBpeMmeHHux [l AByX TUIOB fI8bKOB, OCJazalmuX crneuupu-

YECKUMU OCOOEHHOCTAMMU. Hpe}me Bcero BuZeJuMM II D O onewMm-
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HO-OopueHTUDPOBAH. . i a3uwk II I, kak mpa-
BUJIO, fI3HK OUYEHH BHCOKOI'O yPOBHfA, IpelHa3HAUEHHHU nIs onuca-
HUSl pellaeMoii COBOKYMHOCTUM MPOOCNEMHHX 387a4e. ITOT A3HK 4aco
Ha3HBaNT A 3 B K OM N O J H 3 0B AaTe Jd. OH J0I%EH
OHTBH CPaBHUTEJBHO MPOCT IO CBOEIl CTPYKType, JEeroK B OCBOEGHMM
u npuMmeHeHnM. OH NOJXEH MO3BOJATH IOJB30BATEJNAM, KAK NpaBuio,
HE VMEeoWuM CIeUualbHoi IMOATOTOBKY 10 NpPOr'paMMUpOBaHMb0, Gop-
MyJupoBaTH peliaeMble MMM 3a7auyM He BAABAACH B JIOTUKY MAWMHHO-
I'o airopuT™Ma MUX peleHWuf.

CymecTByT 2nBa MOAXOZA K CO3ZaHMKO NPOOCIEMHO-OPUEHTUPO-
BaHHHX A3HKOB [Illll. OnMH M3 HUX COCTOUT B paACHUPEHUM A3HKOB
BoicOKOro ypoBHAa Tuna Q®OPTPAH, AJI'OJ, PL/1 u T.ll. CpescTBaMu,
OpPUEHTUDPOBAHHEIMM HA pelieHNne IPOOJIEMHHX 3aMay CIelaNTbHbX
KaaccoB. llpouecc QopmyaupoBku (onmmcanusi) 3azay ¢ NMOMOUBH Ta—
KX f3HKOB, OOHYHO, 33KJNYaeTCAd B TOM, UTO COCTABIAETCH MpPOO-
JIeMHasA nporpamMa, IOOYEpeNHO UCHONB3YylIaa HeoOXO0AuMHe cpen-—
CTBA COOTBETCTBYWWEI'0 f3HKA BHICOKOI'O YPOBHA U €r'0 paClMPEHUd.

JIpyroii moaxox K CO37aHMIO MPOOGIEMHO—OPUEHTUPOBAHHLHX fA3b=—
koB [lllll, Ha KOTOpOM IO pAAYy NPUUMH MH OCTAHOBUM CBOE BHUMA-
HUE, COCTOUT B CIELMaNbHO# pa3paboTKe CaAMOCTOSTENBHOI'O fA3bi—
Ka, HQ3HBaEMOI'o A 3 H K OM ynpaBIeHUNUA 3anga-
Huew [III. fAsuky Bucokoro yposHa Tumna AII'0N, ®OPTPAH u
T.Ml. UCIONB3YNTCHA B JTOM CAyyae AJA HANMCAHUA NPOTPaMMHHX
MonyJeil, pealu3yomux ONpeneNIeHHHE (HparMEeHTH IIPUMEHAEMHX all-
TOPUTMOB. 9T IPOT'PAMMHHE MOZYJM B pas3iMuHOM Buze (UCXOZMHBIE
MOZyJ, OGBEKTUBHHE MOAYNM, MOAYNM 3arpy3KU) COBMECTHO C JIO-
TUKOIl aArOpUTMOB pelleHUs 3a7au CKPHTH OT nouas3oBarens B .

dopMyIMpOBKA 3azau, NOANEXAUUX PEWEHU, OCYIECTBIACTCHA TE-—
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neps JUlb C NMOMOWBI0 MPOOJIEMHO-OPUEHTUPOBAHHEX A3HKOB I
OUEeHB BHCOKOrO ypoBHfA. OHA BKIJIOYAET ONUCAHUE BXOJHHX JaHHHX,
pe3ynbTaToOB, YKDYNMHEHHO! MOAeNM anropuTma peleHus 3axad, pe-
KMMa BHIIOJHEHUS 9TOI'0 3aAaHUA NaKeToM U Apyroit HeoOxoaumoit
ynpaBJisomeii naopmauun. OOCHUYHO npodﬁeMHo-opmeHTnpOBaHHue 1 3bl—
Ku [IIII uMenT omepaTOpHY CTPYKTypy. Cpeam HUX MOXKHO BHIEIUTH
yhpaBadlouue, BHUUCIUTEIbHHE , UHOPMUDYUUE , ONMUCATEIBHHE, ©U-
CIyXuBabwme U npe. oneparops. Hanpumep, B NpOOJIEMHO-OPUEHTUPO-
BaHHOM f3bKE IIaKeTa NporpaMM MaTeMaTuueckoit craructuxu (mnep-
Baf Bepcus) HApPAAY C olepaTopaMy Havyaja M KOHIA 3aJaHuf BKJI0-
YeHH OIepaTopH, ONUCHBAalUMe GopMaT U HocUTeau MHGOpMaAUUUM OIS
BHZAYM pe3yJIbTaTOB, BBOZA MCXOAHHX MAHHHX, & TaKXe OINepaTOopH ,
[103BOJIALME QOPMYJIMPOBATH 3a7aull CTATUCTUUECKON 006padOTKMU
NaHHHX. Hanpumep, omnepaTopH OLEHKM CTATUCTUMUECKUX XapaKTe-
DUCTUK, UMATAUUM NAHHHX, paclpeseliedHHHX 0 3a7aHHOMy 3aKoHY,
IIPOBEPKM DP33JNUYHHX TUIOTE3, (QUIBTpAaLuM BHOODPKMU, IOCTPOEHUA
MOZeNeit m MHOTUE Zpyrue, IMO3BOJANIME pewaTh 3a7auyuM U3 pas3ianmy-
HHX Da3Z€JN0B MaTEMaTUuECKOil craTucTMKM. Bumensor [4 ] Tpu Hau-
00Jiee pachpoCTpaHEeHHHX QopMara olepaTopoB: QopMaT OmepaTopoB
A3bIKA YNpaBAeHUA 3aZaHUAMU ONEepalMOHHON CuUCTEMbH, (OpPMAT MaK-—
poxoMaHn u opMaT onepaTopoB o6paueHuAa K Ipouexnypam. Kaxzwii
u3 (PopMaTOB COZEPXUT II0JIe METKM oleparopa, I[OJe MMEHUM olepa-
TOpa U MNoJjeit mapaMeTpoB U ONEpPaHZOB.

B npouecce cospaHus NpoOaeMHO-OPUEHTUPOBAHHOT'O A3HKA
[IlIIl cnexyeT yuyATHBATH IPUHIUILE paclupseMOCTH, aXANTUPYEMOCTH
n MOZMOPUIMPYEMOCTH. ITO 3HAQUMT, UTO SABHKOBHE CpEACTBA IOJB—
30BaTeNIsA NOJNKHH OHTH OTKPHTH IJA pacUMpeHusa U MoAUUKALUM,

a UX CTPYKTypa MOJXHA IO3BOJNATH 063 0COOHX 3aTpaT NepeopueH-
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TUPOBATh 3TOT sA3LK HA peumeHue 3aznady ua jpyroii otmractu. Orclo-

@ BLITEKAWT /ABa& BO3MOXHHIX IOAXO0Xa, KOTOPHE MOXHO IPUMEHATH
npu peazmsaumm BxozaHoro aswka [llM: I) co3zaTh Anpo s3HKa, KO-
nycKapuee HapaluBaHUe HOBLIMU 3JEMEHTAMM U azalTaluuid K HOBHIM
o0sacTaAM MpUMEHEeHus; 2) cO374aTh METa-f3HK, I103BOJAOUMAA OMUCH-
BATh fI3HKN, OPUEHTUPOBAHHHE HA HOBHE IPOOJEMb

BaxHhM MOMEHTOM B peaju3aluy A3HKOBOI'o obecrnevenus MM
AIBJIIETCA CO3MaHME TAK HA3HBAEMOTO B H Y T P € HHETO
A 3 H K a, o0uWero nJjsa BCeil COBOKYNHOCTM fA3HKOB AAHHOT'O NaKe-
Ta, Kak, Hampumep, B cucreme YCO/A, uto nossosder Oojee 3dhher-—
TUBHO afaliTMpPOBATH NAKETH Ha HOBLE 00JACTU TPUMEHEHUS.

Bropoii Tun aA3uK0B NpeaHas3HaueH JJIS OMUCAHUA 3azauuii ag-
MUHUCTPATOPY AAHHHX M IMporpamme coBepuelcTBoOBalUA. XapakTep-
HOl OCOOEHHOCTBI JTUX ASHKOB SIBJMCTCA TO, UTO. OHM, KAK MpaBuU-
JO, [pU COXPAHEHUM CTPYKTYp AAHHLIX NMakera, UHBAPUAHTHL K 00—
JacTAM ero npumeHenns. ONBT [MOKA3LBAET, UTO fA3HK AAMUHUCTpPA-
TOpPA MOXHO IMOCTPOUTH Ha Oa3e CJEAYOIUX OCHOBHLIX ONEPaTOpPOB:
BHIATH, KOHMPOBATB,'CKOHCTPyMPOBATb, U3MEHATH, 3AMEHUTH, YIA-
JUTH (UCKIOYUTEH), YOJIOTHUTH, YNOPANOYMHUTH, KOHCTPYUPOBATH,
PACIIEYATATH, CJUTH, YJIEHATH, BOCCTAHOBUTH, BKIOYUTH (IMOMNOJ-
HATE) u np.

B s3HK IIporpamM COBEPWEHCTBOBAHUA [AaKeTa MOXHO BKJIWUYUTH
rakue onepatopu kaxk: OUEHATH, M[MOA'OTOBUTH, MPEAJORATH m T.m.

PaccmMoTpuM BKpaTie (QYHKIMOHAJNBHYH CTPYKTYpPYy Nakera u
HA3HQUEHNEe €€ COCTAaBHHX YaCTEii.

JnpaBisomaa nporpaMma IpenacTasisieT coOOii COBOKYIHOCTH
ynpasaaouumx M oOpaodaTHBaIMX IporpaMM, KOTOPHE MpeaHa3HaveHb

IS QHaM3a BXOJHHX COOOUEHWii, HAcTpoilku nakeTa Ha olipeseteH—
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HH{f pexum paGOTH M YNPABJIEHUA MPOLECCOM BHIIOJHEHUS 3aZaHUA.
Jrnpasasawuas nporpaMma OCHYHO MMEET AMHAMUYECKYW CTPYKTYDY .
OHa cOoCTOUT M3 MpPOr'paMMbl TpPAHCHALUMUM TEKCTa, 3aMUCAHHOIO BO
BxoznHoM sA3uwKe [l 1 npezxcraBaswuero 3azaHue MOJAb30BaTeNA Na—
Kera, B TEKCT, 3anucaHHHii Ha npoMexyTouHoM s3wke [l nporpam-
M 8HAJM3a JTOI'0 TEKCTa, IporpaMmel 3arpys3kum B paldouue 061aCTH
aMATM COOTBETCTBYWOUMUX MpOrpaMM, TaKMX KaK: IporpamMma aBToMa-—
TUUYECKOI'O0 IIOCTPOEHUA OGCOOIEeHHON BHYUCIUTENBHOI CXEMH aJropuT—
Ma pelleHusa 3azady; NporpamMvMa KOMIIOHOBKU IPOrpaMM M3 MCXOAHHX
MOZyJieii uim MoAyleil 3arpysku; nporpamma opraHuaalum nHTepde-
COB U Ip.

PaccMoTpuM OCHOBHbHE 3JeMeHTH 06a3 zaHHux [IIII.

lor nporpaMMHHEMU MoaAy X awmu (M) N
OyZeM IOHUMATH aBTOHOMHHE, YINOPAAOUYEHHHE (HparMEHTH aJArO0pUTMOB
peleHusa NPUKI3AHHX 3a7a4, ONMCAHHHE HA OJHOM U3 fI3HKOB BHCO—
KOI'O ypOBHA, OQOPMIEHHHE B BUZAE MPOLEAYP.

Kaxzuit [IM umeer cBoi macmopT, B KOTOPOM cOZEep—
KaTCf Bce IaHHHEe, HeOOXOAuMbe AJA HpumMeHeHusa zmaHHoro [IM B
pasanunnx [, ecam aTo uejecooOpadHo. Hampumep, IIM nakera
nporpamM mMarematTuueckoit craructuxu (IIMC), paspaGoTaHHOTO B
Mucruryre xuoepHeTuxu AH YCCP um QyHKUMOHMDYEMOI'O IOZ yNpaBJE-—
HUEeM EC 9BM, Hamcann Ha asnke ®OPTPAH, a ux macnopra co-
nepxar ciaeinywouue naHHbe: uMs [IM, KoiuuecTBO I'0GalbHHX (BHEM-
HUX) nepemeHHnx [IM, mapameTps IJoGanbHHX IepeMeHHHXx ((popmar,
pa3MepHOCTH, OTHOCUTENBHHE azipeca B MoJie I'JI00aJbHHX NepeMeH—
HHX) U IZIpe.

I M 3azxgaumnm - 3To coGpaHHaa u3 HeoOxozumux IIM

nporpaMma AJs peueHus naHHoit 3azauu. Cozepxarth [IM 3azaum ue-



- 158 -

ecoo0pa3Ho B TeX ClIyyasax, KOIZa BEpPOSTHOCTH TOr'0, YTO ZAAHHAA
3azava OyZneT BKIWUEHA B 3aZaHue, CpaBHUTEJNBHO Beauka. Omnpere-
JeHne TaKux 3azay - ofHa M3 QYHKUMA NMpPOrpaMMH COBEDWEHCTBOBA—
Husa [,

OcTaHOBMMCH BKpaTLle HA BONPOCAX NOCTPOEHWA C U C T € -
MBH NIDPDOrpPAaMMHHX Moxylneit 5 npexcTaBiasueit
CTDYKTYypy KJIacca 3azau. OnHT NOKasHBaeT, YTO OT TOI'0, KaKoii
BHOpaH MEeTOZ OIIpeZENeHUsA COBOKYINHOCTM INPOTDAMMHHX MOZyJeii,
CYWEeCTBEHHO 38BUCAT IIOKA3aTENu, XapaKTepuayliliue KauecTBO
QYyHKUMOHUPOBAHUA IAKETa.

Obumit ciayuvait, T.e. ciyuvail, Korza KJjaccC peliaeMhx 3azau,
a CJeL0BaTEJbHO, ¥ QITOPUTMH MX DEUEHUA OKOHYATENBHO HE OIlpe-
neneHy (XoTa OH Ha 3Tale IPOEKTMPOBAHMA) CBA3aH C MHOTUMM
TPYAHOCTAMM IIPA peElleHUM BOIpPOCA O CO3JAHUU OITUMANBHON B He-
KOTODPOM CMHICJIE CUCTEMH IIPOT DAMMHHX MOZYyJEli.

lna ciyuyas, KOrZa KilacC 3anauy, AONYCTUMHX AJf pelleHUs
[IaKeTOM, OKOHYATENbHO OIpEeneJieH, NpUuueM 3TOT KJIAcC KOHEUHHIt
! TakKoif, UTO KaXxoifi 3a7aue MOXHO MOCTAaBUTH B COOTBETCTBUE
HEeKU#l BIOJIHE OIpeLeNeHHHl aJlr'OpPUTM €€ pelieHus, aBTOpaMyU pa3—
padoTal GopMaJyIbHHil MeTOx, HA3BaHHHE umMu " ¥ -MmMeToxn", NMO3BOJAN-
WK MOCTPOUTH CHUCTEMYy MpPOTDPAMMHHX MOZYyJeii, ONTUMAJIBHYK B TOM
CMLHCJIE, YTO YMCJO BXOZAWUMX B Hee [IM MUHMMAJBHO IpU cienylueM
Or'paHUYEHUN — CYMMApHOE KOJMYECTBO (YHKUMOHAJBHEX OINEpaTOpoB
[:5] Npu peleHuy BCEBO3MOXHHX KOMOMHALUA 38784 - MUHUMAJIBHOE.

| Cuctemy IIM 3azau B ZQHHOM Clyuyae MOXHO XapaKTepu30BaTh

MOZYJIBHHM Tpadom [5], T.€o UHOOPMALUMOHHEM SIPYCHO-NAPAJIEJIb—
HbHIM T'pafoM, BepUMHAMU -KOTOPOT'O ABIANTCH IIpPOI'pPaMMHHE MOXYJIH,

a uHQOpPMALMOHHHE IyI'M yKa3WBAlT HA I'NI06GaJIbHbHE NEepeMeHH, BOC—
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NpuHMMaeMpe ¥ BHpaOGaThHBaeMue IpOrpaMMHHIMU MOZAYJIAMM B Ka4yecT-
BE MCXOIHBHX NAHHHX M PE3YyJIhTATOB COOTBETCTBEHHO. [lOpAZNOK Bh-
NMOJIHEHNA TNPOIrpaMMHHX MOZyJeil B 3Toit cucreme omnpezenseTcsa cle-
ayouwumu npaBusaMu: [IM ozHorc spyca BHIIOJIHANTCH B IPOM3BOJIBHOM
nopsazxke, [IM i-ro fApyca MOXHO BHIIOJHUTH TOJBKO IOCJE BHIIOJHE-
HUA CMeXHwx c¢ Hum [IM (i-1),(i-2) ,,,,,,, O sipycoB.

BHuucunurTenrHasd CXe€eMa alropurMa pelie-
HUS NMPOM3BOJBHON 3azauu, T.e. HOCIENOBATENBHOCTH (IEIIOUKa)
umeH [IM, BHIIOJHEHUE KOTOPHX IPUBOAUT K pelleHU naHHO#l 3amauu,
Ha 2ToM rpade omnpenenserTcs 00beAMHEHUEM BCEBO3MOXHHX NMyTeEii,
BeAyuux 13 3amaHHOil HauanbHol Bepumus (IIM opmara (Tuna) nax-
HHX) B BEpUMHY, ONpezaelsouyl naHHyl 3agauy. Cumcrema [IM B ma-
Kete [IMC xax u B cucteme JCOJ nmpencTaBAAETCH BHUUCIUTEIHHHMU
cXeMaMy aJropuTMOB OTZEJNBHHX 3azay, I0JieM IJI0GaJBHHX IepEeMeH—
HHX, TaOauueit nacnoproB [IM. BeUMCIUTEJNBHbHE CXEMH QJT'OPUTMOB
XpaHATCA B TQOJAMLAX, HA3WBAeMse TaONULaMU BHUUCJIUTENBHHX CXEM
aQJIr'OpUTMOB, B KOTODHX COZepXaTCs clezyluue AaHHHe: UMA 3azna-
yy, kKonuuecTBO [IM, cocTaBiAwWMX BHYUCIUTEIBHYH CXEMy U cama
BHUUCIUTENIBHAA CXEMa.

TaOnuua BHUUCIUMTENBHHX cXeM u Taonuua mnacrnoproB [IM B
naketre [IMC peann3oBaHs B BUZE HEBHIIOJHUMHX MHOI'OCEKIMOHHBIX
nmoznporpaMM fsnka AccemOnep. Kaxzas Takas CEKLUMA OMUCHBAET
nacnopt [IM uiaM BHYUCIUTENBHYI CXEMy alrOpUTMa.

PaccMoTpum Terneph BONPOCH (YHKUMOHMPOBAHMUS yIpaBJsiomei
nporpaMms naxKeTa Ha Ipumepe MoHuropa nakera [IMC. [pouecc
OyHKUMOHMPOBAHUA MOHMTOpPA HAQUMHAETCSH C 3arpy3Ku U MHULUUPO-
BaHUA €ro0 pe3ujieHTa, OCyllecTBAANUWEIO AanbHeiillee ynpaBleHue

naxkeToM. OH BHIOJHAET QYHKUMM, MHMLMUDPOBAHUA Nporpamm u QyHk-
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UMM BHYTPEHHET'O yInpaBleHus. WH '~ Qeiic MEXHy nporpamMmaMu MOHM-

TOPAa U €r0 pPe3UZIEHTOM OCYUeCTBJI#STCA Yepe3 00NacCTh CBA3U Iy-
TEM lepefaud COOTBETCTBYWUUX KOAOB BO3BPATa U COCTOAHUA. 00—
JacTth cBfi3u nakera [IMC, ABIALNC(ICA aHANOTOM NOJA (UKCATOPOB
cucremi YCOI, 3arpyxaerca pesuicutroM B 03Y u ucnonb3yeTcsd NIA
ABYXCTODOHHEW CBA3UM MEXZAY NMpOrpavmMaMu MOHUTOpa. B 3Ty 06nacTs
nomeuaeTcsa MH@opmalusa, KoTopas UCIOAB3YETCH AN BHYTPEHHEIO
ynpaBiexusa (pexuM paloOTH NMaMsaTH, QOpMAT MAHHHX) azpeca HeKo-
TODPHX NPOrpaMM M T.N.). CTpyKTypa oGracTu cBasum B naxere IIMC
ONpeZeNAeTCA CIEeLUallbHO BBEAEHHON HEBHNOJHUMON MaKpoKoMaHoi
S13HKA Accembuep, MakKpopacuwupeHue KOTOPOi mNpezcTaBaseT coOoil
PUKTUBHYHD CEKLMI0 IPOrpamMMmbl, YTO MO3BOJAET MpU HANUCAHUM NpOT-
paMM Ha A3bKe AccemoOiep olGpauaThcA K AYeilKaM o0NacTU CBA3M
II0 MMEHaM.

[locne 3arpysku pes3umeHTOM MOHUTOpA B ONEPATUBHYW NaMATh
o0JacTH CBA3KM, 3arpyxaercd B palouyl 00JacTh NporpaMva aHaju-
38 BXOJHHX COOOWEHMiA, KoTOpasa TYT %€ INOJyuaeT ynpaBJieHue. ITa
mporpaMMa OAMH 3a ApPYTMM BBOAUT U 00padaTHBAET ONEPATOPH 3a-
nauus (omepaTop 3amaHus, ONEpaTop pexuMa pacoOTH IMaKeTa, Ole—
paTop WaroB 3alaHuA). Pe3ynbraTH 00paOGOTKM 3TUX OINEPATOPOB
3arpyxanrca B 00JacTh CBfisaM. B mpouecce 00pabOTKM OCYWECTBIA~
€TCH CUHTAKCUUECKUIA U CeMaHTUUECKUA KOHTDPOJH NpepoXeHuid 3a-
naHus. B ciyuae, ecaum ounOka oOHapyxeHa XOTA Ob B OZHOM U3
npenjioXeHuii wara 3azaHudg, 3TOT WAl 337aHUA aHHyJIuUpyeTcd, a
Ha AUIY BHzpaeTcHA AMATHOCTUYECKOE cooOueHue 00 OomuOKaX.

B ToM ciyuae, ecau ounOOK B MNpEAJIOXEHUAX WAra 3alaHUs
He 00HapyXeHO, OCYLECTBIAETCH IMEepeBOX ero IpeAloXeHuid Ha

BHYTpeHHUI ASKHK MakeTa u U3 3Toll uHGopMmauum GopmupyeTcs pasdo-
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umit Qgaitam, KoTopHit 3amuchBaeT Ha MJI M cozepxuT ciaepywouyo uHGop-
MauuMo: CIMCOK MMEH 3azay wara 3axaHuda, uMa GopmarTa JaHHBEX M

X pa3MepHOCTb.

[Ipouiecc aHanusa u 00paCOTKM MNMpPENJOXECHUIA 3amaHus CoOnpo-—
BOXZAETCHA AMATHOCTMUYECKUMU coolmenusamu Ha ALMNY. Iocie oGpa-
OOTKM INOCJIeAHEro ara 3azaHusa opMUpyeTCs KOZ BO3BpaTa pe3u-
NEeHTY MOHUTOPA.

Curenmymwieil 3a IporpamMmoil aHaamaa BXOAHHX COOOlEHM pe3u-
NEHT MOHUTOpA 33r'pyXaeT NporpamMMmy NJIaHUPOBAHUA  BHYUCIUTEIBH-—
HOT'O Mpolecca M OpraHuM3aluy ero BHIOJHEHUA. ITa IporpamMma
BHIIOJHAET cjeaybuue QyHKUUM: NOATOTABIUBAET K padoTe CUCTEMY
[IM m uHdopManmoHHHe TaOCaULEl, HEOOXOAMMHE NJA OpraHu3auuu Io-
WaroBOro pelleHnsa 3anauy, KOHCTPYMPOBAHUE BHUMCIUTEJBHO# CXEeMH
00600UEHHOT0 QJropuUTMa MAJA pelleHud 3anay AaHHOI'O uara 3ajaHud,
paclnpeznelieHue 1 KOHTPOJb ONepaTUMBHON NaMATu, HEOOXOAMMON nisA
MICXONHHX NAHHHX U IJI00AJBHHX IEpPEMEHHHX, MOATOTOBKA CIUCKA
GarKTMUyecKux napameTpoB naua [IM, 3arpyska B ollepaTUBHYN NaMATH
[IM 1 opranu3anusa UX BHIIOJIHEHUA.

PaccmorpuM Gosee NMOAPOOGHO (QYHKIUOHANBHYI CXEMYy 3TOii
PO paMMHl .

Buzensnrca padoune Oydeps ads Haoopa (cmucka) 3azay
k=0 Wara 3amaHusa, TAOJUUB BHYUCIUTEIBHHX CXEM aJrOpUTMOB
IAHHOT'O KJacca 3ajay, BHUUCIUTENBHO! cxeMe OCOOUEHHOr0 ajro-
puTMa pelieHus 3azay k-ro Wara 3azaHud U 3afaBKa Ha TpeOyeMblil
006BEM ONEepaTMBHONW MAMATU IMOCTYNAET K PE3UAEHTY MOHUTOPA.
locne BhHzeleHus TpeOGyeMoit mamsaTH, 3arpyxaeTcs B padoune 00—
JaCTM CIIMCOK 3azay k-T0 mara 3azaHusA: TaOJMlla BHUYUCIUTEND-

HHX CXEM aJropuTMoB M mo aHanoruum c cucrtemoil YCOI KOHCTyuUpy-
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erc (CUHTe3MpyeTCA) BHUMCIMTENBHAA cXeMa O0GOGWEHHOI'O0 aJro-
puUTMa COBMECTHOI'O pelleHMA BCeil COBOKYMHOCTM 3azay k-ro mara
3ananusi. lanee, Ha Moje TACJMUH BHUMCIUTENBHHX CXEM &JI0pUT-
MOB 3arpyxaeTcs Tabiuua macnopros [IM u onpexexnsnTcs agpeca
nacnoproB IIM, BXoAfilUX B BHUUCIUTENBHYH CXEMy 0GOGUHEHHOT'O al-
ropurMa. 9TM aznpeca NOCJEAOBATENBHO 33HOCATCA B IOATOTOBUTENH-
Hilifi cnmuc oK nmapavmeTpoB (aHamor mo a1 f
BHUMNCIMUTEINIBbLHHX CXeM B cucreme YCOI).

B npouecce anamusa nacnoproB [IM aTa mporpamMmma ocyluecTs-
JfIeT KOHTPOJAB ONUMCAHUA MCXOLHHX JAHHHX, OIpenelNfseT HEOoGXOIu-
MBI 00BEM OlepaTUBHOW nMaMATM, KOTOpHI M 3amnpauuBaeTCA y pes3u-
IeHTa. Ecau ycTaHoBIEeHO, UTO TpelOyemMas NaMfiTh HEe MOXET OHTH
BHZEJIEHA WJIM MMEeTCAd HeCOOTBETCTBUE B OIMCAHUM JAHHHX, TO
paccMaTpuBaeMHil War 3azaHuMA aHyaupyercd. B cayuae, eciam HUKa-
KUX aBapUilHHIX CUTyaluuil He BO3HUKIO, OCYUECTBIAETCS paclpene-
JieHue MaMATY MAJA BXOAHHX UM BHXOAHHX NapameTpoB [IM B nose rio-
OalbHHX NMEepeMeHHHX. [ MPOCTHX IJI00AJBHHX INEpPEMEHHHX B IaKe—
te [IMC mamMaTs He BuzelseTcs (ee 3HaUeHME HAXOINUTCS B OGJACTH
CBfi3W, 4 QApEeC COOTBETCTBYyUeEi AYeiiKM MoyA IJ00AJBHHX MNepe-
MEHHHX BKJOUAETCH B CHUCOK NapaMeTpoB). Ecuu rioGanbHas nepe-
MEHHAafA - MAacCuUB U eciu eil euwe He BHAEJNEHO MECTO B IOJie I'JOo-
O0aJbHHX IepEMEHHHX, TO OlpezeyiAeTcad 00beM TpeOyeMoil NaMATH U
MOCHJIAETCA COOTBETCTBYOWMUiA 3amnpoc pes3uznieATy. B ciayuae BHze-
JeHuss Tpedyemoro o0bemMa HnamMaTu, ajzpec 00JaCTHU INOMElaeTCsd B
CIIUCOK, NapaMeTpoB X B COOTBETCTBYWUYW AUYEiKy MOJA IJI00aJb-
HHIX TEPEMEHHBIX .

Korza cnucox Bcex nmapameTpos [IM nmoarorosned, IIM sarpy-

¥aeTca B OlEepaTuBHYH NaMfTh, nepebunaeTCH aromy IIM azpec
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CMUCKA napaMeTpoB M nepelaeTca emy ynpasieHue. [IM 3arpyraer-
cA Ha oxHO M Toxe moye B 03Y. [[pM BO3HUKHOBEHUM aBapUMHHX
cCuTyauMii ynpaBJeHue IpensaraeTca IlporpamMMe o6paCGoTKM aBapuii—
HHX cuTyaumit. HopmanwsHas (Oe3 aBapuiiHeX ocTaHOBOK) padora IIM
3aBepuaeTCcA BO3BPATOM YNpaBJEHUA CUCTEME AJA MOATOTOBKU M
3arpysxu ouepenHoro [IM.

BunosHeHue wara 3azaHuf BJIEUYET QHHYJIMPOBAHME BHIENEHHOM
IJIl HEI'O ONepaTMBHOI MaMATH U Iepenady YNpaBJEHUSA HA aHalIu3
crenyouero wara 3anaHud.

Buwe, Ha npumepe mnakera [IMC Oblai paccMOTpeH Mpouecc Mniaa-
HUPOBAHUA U OpraHU3aluUy BHYMCJIUTEJNBHOI'O Mpoiuecca B OOHYHOM
acnexre. OmHaKo, KaxK NMOKA3HBAET ONHT pa3paCOTKM M TNMPUMEHEHUS
paza [, uyro ueaecooOpa3Ho Kk OyoxaMm I MOAKINOUYATE NMPOrpaM-—
MHHE cpencTBa cO6opa UM 00paGOTKM CTATUCTUUYECKUX AAHHHX O (yHK-
UMOHMpoOBaHuM naxkera. 06padoTKa, HAKOMJIEHHOI'O TAKUM 00pa3oM
"onwTa" MO3BOJUT COBEpUWEHCTBOBATH opranusdauuio [Il. Hampumep,
YTOUHUTH KJIACC pellaeMHX 3a7au, OITUMAJNbHO (B CMbICJIE MUHMMU3A-
nuM BpemeHu 3arpysku [IM B paGoume oOnactu) pasmectuTs [IM, ux
nacnopra u HeoOXOAMMEHE TAOJMIH HA BHEUWHUX HOCUTEJNAX MHOopMa-
MM, OLUEHUTI ypoBeHb arperauum [IM m 3azau, u ecaum norpedyercsd,
npenyoxuTs cnucku [IM u 3azau, nozJexauue yKpynHeHuwo, udleHe-
HUO, OIEHUTH MapaMeTpH, XapakTepuaywuue 3QHeKTMBHOCTEH NaKeTa
u np. [ns aToit ueaum B ONpeAelieHHHX TOUYKAX OpraHusywueil npor-
paMMel HEOOXOAMMO IOAKJIIOYATE IPOr'paMMb (QUKCHUpYWIME BpEMEHHbHE
1 YaCTOTHHE XapaKTepuUCTMKM paCGOTH €€ COCTaBHHX yYacTeil, Kak
310 czpenaHo B cucreme JCOI.

B aToif cucTeMe HAKANIMBAWTCA TaKuUe NaHHHE KAK 4yacToTa

MCIIONB30BAHMA KJacca 3a7ay, pasjuMuHeX popMaToB (TUIOB) AaH-



- 164 -
HhX, 00BeM 00pabaTHBAEMOIl CTATMCTUKM, YACTOTA DEWEHUA pa3Tny-

HHX 3aza4 AZaHHOTO KJacca, 4acToTa MCIIONB30BAHUA IPOT PAMMHBIX
MoAyJleit B mpolecce pelleHusa, AJIMHA CKOHCTDPYMUPOBAHHON Iporpam-
M. Bonee Toro, B cucreme YCOI HakamiIMBaeTCH CTATUCTUKA 00
VICNOJb30BAHUM IPOTPAMMHHX MOZyJell u mapamMeTps CKOHCTpPyMpOBaH-
HHX TMpOTpaMMm ZJIs1 clyvyas, €cJiu OH NpoLecC KOHCTPYyMpPOBAHMUA pa-
OouUMX MpPOr'paMM HE€ COIPOBOXAAJCHA MX ONTUMUIALUEH.

QueBMZHO, UTO HAJMUYME IpOrpaMM cOOpa CTATUCTUKM HECKONB—
KO 3aMenjseT INpolecc pelleHUd 3anad, MO3TOMYy LelecoolGpas3Ho,
YTOOH ObHJIa BO3MOKHOCTH OTKINYATH paGOTy ITUX MpOr'paMM B 3K-
CTPEHHHX CUTyaLuUAx.

Ecnun nakeTy nepenaHo 3anaHue AJA COBEPUNEHCTBOBAHUA, TO
NOAKINYANTCH ITpOrpaMMel, oOpalaTHBaUME HAKOMJIEHHHNA "OmuT"
paGoTH ¥ BHpaOaThBabuue MPOEKT M3MEHEHUA MaKeTa, KOTOPHIi
HapfLy C pa3JIMUYHHMU OLEHKaMu HEKOTOpHX IapaMeTpoB HEMEZJEHHO
cooluaerca "xo3auHy" nakera. B ciyuae, ecau NpUHATO pelieHue
COBEpPIIEHCTBOBATH NAKeT, TO COOTBETCTBYWIU NPOEKT NepenaeTcs
aIMUHUCTPATOPY HAAHHHX [IaKeTa, KOTOpHH UM OcyllecTBASeT IepecT-—
poilKky nakeTa.

Unes conpsaxexus Il ¢ apyrumu nporpamMmamMy B CBOE€#H OCHO-
Be cxozaHa c¢ ucnoawr3oBaHuem [l B pexuMme cueTa, YTO U IIO3BO-
nUN0 O0BENUHUTH UX B OAUH pEeXuM paOoTH — pexum cuyera. Oco-
OEHHOCTHI OPraHM33aUuu COINPAXEHUA IporpamMm fABIAETCH TO, UTO
noTpebuTessMm, BHpalGaTHBALWKUM AaHHHE AJIA 00paldoTKM, (opMUDPy-
MM COOTBETCTBYyWUME 337a4M U NOTpeOJAnlNe pe3ylbTaTh pelleHus
AIBIAETCA HEKOTOpas aKTMBHasA mporpamma (MporpaMva-noss30Ba-
TeNb). B0 MOXeT OHTH Mporpamma, NakeT UM cucrema. B mpezno-

JIOXeHUM, 4TO Iporpamma Iois3oBarens ( T -mporpamma) (rax Oy-
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€M Ha3bBaTh NMPOIPAMMHO-OPraHM30BAHHOI'0 MOJH30BATENsA NaKeTra)
o0yueHa @opmyampoBaTh 3ananue [l u ero samyck, I zonxex
OHTH CMOCOOEH IIOHATH 3HTO BazaHue, peanu3oBaTh e€ro u,0CylecT-—
BUB Mnepenavyy pe3yJbTaTOB HA 3aJaHHHE I0JiA, BO3BpPATUTh yIpaB-—
neHue v-nporpamme (B ciyuae ycleuwHoli peanmsanuyu 3afaHuf) .

B paGore 6 y¥e paccMOTpeHH OCOGEHHOCTM OpIaHU3AlUUK
CONpAXEHNA aBTOMATU3MPOBAHHO! cucTeMH 00paCGOTKM NAHHHX M CUC—
TEMbl MOZEJUPOBAHMA U IpUBEZEHA NPUHIUIMANBHAA CXeMa CONpAxe-—
HUA ABYX peaNbHo zeiicTBymux cucreMm - cuctemsl YCOJ[, npeaHas-—
HEQUEHHOW nasa 00paGOTKM CTATUCTUYECKMX AAHHHX U cucTems CJHISHT,
npenHa3HaYeHHON AN MOZENMPOBAHUA CUCTEM C AUCKDETHHMU COOBI—
TUAMUA .

37mechk MH yKaxeM JuUWb Ha Te NPUHUUNMAJIBHBIE TPYAHOCTH, KO-
TOpHE BO3HMUKANT B Ipoliecce pa3paGOTKM UM peanmsaluy CONpsaXeHus
[IlIll ¢ 9-nporpamMamu.

I. Opranmsauusa namaTu. Tak KaxK Ha NamATh 1 —[IpOTrpaMMbl
HUKQKUX orpaHunueHuit He HakjamuBaeTcs (OCGHYHO 3TO Z0BOJBHO
CHIOXHHE U TI'POMO3JKNE CUCTEMH), TO CHenyeT pa3pald0TaTh HEKUi
YHUBEDCAJBHH MeXaHW3M paclpefesleHus W 3aWUTH MaMATH, KOTOPHIH
no3BoJaAJ Ob noovepenHo xaxas Il m 9 -mporpaMmsl UCMOJNB30BATH
BHZIEJIEHHY0 OCHOBHYI0 NMaMATH.

2. OprasHusauus B3aUMHO-OIEpaATUBHOI MHHOPMALMOHHONA CBA3U.
O6uuit cayuait oomeHa maHHuMu Mexzy Il m ¥ -mporpammoii Ha oOnx-
HOM 13 WaroB MX COBMECTHO# paGOTH 3aKJNuaeTCHd B ONEpaTUBHOM
nepezaue AaHHHX Y-Iporpammoit (peayapraToB paGOTH { -IpOrpaM—
o) MM n HAaoGopoT - nepexpaua peaynbraToB pacdots [ T -mpor-
pamme 1y najibHeiimeil ux oOpaGOTKM.

3. [lnanupoBaHue ONEPATMBHOI'O YNPABIEHUA BHUMCJIUTEIBHHM
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npoueccom B s —nporpamme u Il ¢ yyeToM BO3MOXHHX aBapuiiHHX

CUTyalluii.

lipyroii acnext npuMeHeHUs: BO3MOXHOCTEW coBpemenusx I
3aKJioyaeTcAd B aBTOMATU3aUMUM IPOLECCA KOHCTPYMUPOBAHUA ITPOTPAMM
u3 [IM, HAMMCAHHHX HA MCXOAHHX A3HKAX BHCOKOI'O YPOBHf. Pe3yib-
TaToM padorH Il B zaHHOM ciyyae ABAAETCA MCXOAHAA MpoTpamma,
3anucaHHasd Ha 3aZaHHOM HocuTeJie naHHuX. [Jas pacotu [l B aTom
HANpPABJEHNM MCIIONB3YyETCHA TOT XK€, ONMICAHHHN BhilE€, MEXaHU3M
aHaMM3a BXOZAHHX COOOWEHWUA M TMOCTPOEHUA BHUMCIUTENBHOUK CXEMH
anropurma. I[IpMHUMINATBEHO HOBHIM 3jeCh OyZET MEXaHM3M (YHKIMO-

HaJabHOIt cBA3u I[IM.
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Osszefoglald
I.N. Paraszuk, 1.V. Szegrienko

Opericios rendszerek tulajdonsagainak alkalmazasa programcsomagok készitésénél

A cikk az alkalmazott programcsomagok felépitésével, tervezésével foglalkozik. Az dltaldnos
probléma felvetések és megoldasok illusztraciojaként a szerz6k konkrét példiakat mutatnak be. A
programcsomagok belss szerkezetén kiviil targyaljdk a programcsomagok illesztésénél, ill. program-
csomag is felhaszndl6i program illesztésénél felmeriild problémakat is.

Summary

I.N. Paraszuk, 1.V. Szegrienko

Application of operating system’s properties in constructing program packages

This work deals with the structure and planning of the application program packages. Some
concrete comles are given that illustrate the general problems and their solutions. In addition to
the describing of the internal structure of the program packages the outhors presents short dis-
cussion on the problems of connecting program packages with cach other or with user programmes
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TAROLOVAL VALO GAZDALKODAS
KISSZAMOLOGEPEK OPERACIOS RENDSZEREBEN

Salamon Maérton
MTA Kozponti Fizikai Kutaté Intézete

A TPA 70 kisszamologép diszkes opericios rendszerének tervezése sordn kerestitk az ope-
raciés rendszerek elméletének e feladatnal alkalmazhat6 eredményeit. Kisszamologépeknél az
altalinosan jelentkez$ problémak egy része kiillonds jelentdséget kap a gép viszonylag kis ope-
rativ memoridja miatt. A tervezési szempontok kozott egyik legfontosabb az volt, hogy a rend-
szer kdzponti része, a Supervisor tegye lehet&vé a rendelkezésre 4ll6 operativ memoéria maxi-
mélis kihasznaldsit a programok szdméra. A Supervisornak egyrészt ki kell elégiteni a rend-
szerben futé forditéprogramok (Assembler, Fortran, Basic) igényeit, masrészt lényeges, hogy
célrendszerekben is alkalmazhat6 legyen, azaz 1/0 rendszerét koénnyen lehessen bdviteni.

Az operacios rendszer tervezésekor figyelembe kellett venniink a hardware kdrnyezetet:

— A TPA 70 egy 16 bit szOhosszusagu, korszeri kisszaimol6gép minimum 8K sz0,
maximum 32K sz6 memoria kapacitdssal.

— Virtualis tarolo kezelést vagy overlay szervezést timogatd hardware segitség nincs.

— Az opericios rendszernek mind mozgoéfejes, mind fixfejes diszkkel hatékonyan
kell miikodnie.

— Elére nem ismert periféridk vezérlésének megoldhatésigat biztositani kell.

Az opericios rendszer vezérlS része a Supervisor. A Supervisor modularis felépitésii. Kii-
16nb6z6 (programbol kiadott vagy operatori) igények hatasiara mas-mas modul vagy modulok
miikddnek.

Martin az opericios rendszerek tervezésérdl irt konyvében 9 tényezét sorol fel, amelyek
sziik keresztmetszetet jelenthetnek egy operacids rendszer miikkodése soran. Ezek a kovetkezdk:
— Memoria teriilet
— Kozponti egység id6
— Hattér tarolé kapacitas
— Csatoma kihasznélas
— Migneslemezes hattértarolokndl a fejmozgatasok ideje
— Adatatviteli buffer teriilet
— Adatétviteli vonalak kihasznéldsa
— Termindlok kihasznalsa

— Operatori beavatkozasok
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Az alibbiakban a memoria teriilet kapacitast vizsgiljuk abbol a szempontbol, hogy a fel-
hasznél6i program szamara hogyan lehet minél nagyobb teriiletet biztositani. Nem foglalkozunk

azzal a kérdéssel, hogy a felhaszndlé hogyan tudja kihasznilni a legjobban a rendelkezésre allé
tertiletet.

Kézenfekvonek latszik, hogy a Supervisor rutinjai (moduljai) koziil minél tébbet a hattér-
tarolon tartsunk, €s csak sziikség esetén hozzuk be a memoriaba. Ez az eljaras azonban

— Kozponti egység id6t
— Hattér taroloé kapacitast
— Csatorna idé6t

— Fejmozgatast

igényel. Lathaté, hogy egy rutin behozasa a memoéridba négy masik tényez6nél jatszik szerepet,
tehat nem mindig ez a takarékoskodas legkifizet6dobb modja, hiszen a rendszer hatékonységa

nagymértékben csokkenhet. Eppen ezért nagyon alapos megfontolast igényel az, hogy a Super-
visor rutinjait hogyan kezeljik.

A TPA 70 operécids rendszerénél a Supervisor rutinjait hirom csoportba osztottuk.

— Rezidens rutinok, amelyekre gyakran, vagy nagyon gyorsan van sziikség, ezért allan-
dbéan a memoridban vannak.

— QOverlay rutinok, amelyek a ritkdbban el6fordulé igények esetén kertilnek be a me-
moridba.

— Perifériak handlerjei,és mas, handler tipusu rutinok, amelyek a felhaszndl6i program
futdsa, vagy annak egy része alatt rezidenssé tehetdk.

Az el6z6hoz hasonl6 probléma a tablazatok, buffer teriiletek, munka teriiletek kérdése.
Vannak tébldzatok, amelyek édllanddan sziikségesek, masok csak egy-egy periférialis atvitel ide-
je alatt. Atviteli buffer teriiletre is csak meghatédrozott ideig van sziikség, de a vezérlé terminal-
nak alland6 buffer kell.

Az eléz6ekben az lathat6, hogy a program pillanatnyi igényeivel szoros kapcsolatban van a
Supervisor szdmdra egy adott id6ben sziikséges teriilet mérete. Példaul minél tobb perifériilas
atvitel van folyamatban egyidejiileg, annal tobb munkatédbla lefoglaldsa sziikséges abban az
idGintervallumban.

Ezen okok miatt célszerii a memoria egy részét dinamikusan kezelni, amely teriiletbdl
sziikség szerint ki lehet hasitani egy darabot, illetve fel lehet szabaditani egy lefoglalt darab-
jat,

A TPA 70 operaci6s rendszerénél a kovetkez6 memoria teriilet kiosztast talaltuk célszerii-
nek:
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Supervisor rezidens Supervisor rezidens
1. overlay teriilet 1. overlay teriilet
Felhasznéloi program Felhasznal6i program

Szabad terulet

2. overlay tertilet
___Munkaterijlet
Handler
Munkatertiilet
Handler

Dinamikus tertulet

1/a. 4bra 1/b. abra

Az 1/b abra a dinamikus teriilet egy lehetséges éllapotdt mutatjuk meg, amely az egymds
utdn beérkezd igények hatdsira alakulhat Kki.

A Supervisor rezidens teriilete nem kivan b&évebb magyardzatot.

Az 1. overlay teriileten olyan rutinok valtogatjak egymast, amelyekre a program igényeit&l
fiiggetleniil is sziiksége lehet a Supervisornak (konverziés rutinok, rendszer paramétereit szol-
galtat6é rutinok, stb.).

A dinamikus tertiletbdl hasitodik ki a 2. overlay teriilet ha a program olyan Supervisor
szolgaltatasokat igényel, amelyek legtobb programnal csak ritkdn fordulnak el6 (pl. file létre-
hnzasa, torlése, stb.), de viszonylag nagy méretii rutinok sziikségesek kielégitésiikhoz.

A felhasznéléi program teriiletét és a dinamikus teriilet elvilaszté szaggatott vonalrél ejtsiink
néhany szo6t.
A felhasznal6i program és a dinamikus teriilet hatarat a felhaszndl6i program hatérozza meg
egyrészt sajat méretével, masrészt igényeivel. A program igényeitdl fiiggben keriilnek a memo-
ridba, illetve torlédnek periféridk handlerjei, foglalédnak le buffer teriiletek, munkateriiletek.
Tul sok ilyen igény esetén a dinamikus teriiletbdl kihasithaté teriilet elfogy, és csak operétori



-172-

beavatkozassal (pl. handler egy torlése) lehet a programot tovabb futtatni. Ha ez nem megoldhat6
akkor a program 4talakit4sara van sziikség (pl. overlay szervezés beépitése). A felhasznal6i

program betdltésekor a dinamikus teriilet felsG hatdra és a program alsé hatdra megegyezik. A
programnak mo6dja van ezen érték lekérdezésére, s6t sziikség esetén igényelheti annak megviltoz-
tatdsat is.

Ha a programoz6 nagy programot akar irni, akkor vigyaznia kell arra, hogy egyidejiileg csak a
ténylegesen sziikséges handlerek legyenek a memoridban, csak a sziikséges file-ok legyenek meg-
nyitva, és csak a sziikséges bufferek legyenek lefoglalva. Ily médon névelheti sajat programjanak
rendelkezésre all6 teriiletet a hatdr mozgatasaval.

Fontos megjegyezni, hogy a tranziens rutinoknak és a dinamikus teriiletre keriil progra-
moknak helytél fiiggetlen programoknak (position independent code) kell lenniiik, hogy a me-
moridba birhovd betolthetdk legyenek.

Sziandékunkban van a Supervisor hasznalata sordn statisztikdkat vezetni arr6l, hogy egyes
rutinokat milyen gyakran hasznalnak. A statisztikdk kiértékelése alapjan moédosithatjuk a ruti-
nok csoportositidsit és esetleg tobb overlay teriiletet vezethetiink be.

A dinamikus tarolé tertilet kezelése:

A dinamikus tdrol6 teriiletet kezel6 rutin memoria rezidens. Mint minden ilyen rutinnal,
ennél is nagyon fontos, hogy minél kisebb méretii legyen. Ez a kdvetelmény azonban maga
utidn vonja azt is, hogy egyszerii algoritmust kell alkalmazni.

A dinamikus tertiletbdl tetszésszerinti méretii cella igényelhetd, az el6zetesen nincs felosztva
semmiféle szempont szerint. A dinamikus tarolot kezeld rutin az alsé hatartél kiindulva ke-
res olyan Osszefliggd szabad teriiletet, amely pontosan megegyezik az igényelttel. Ha éppen
ekkordt nem talalt, akkor a legnagyobb szabad teriiletbsl hasitja ki a cellat, ilymédon elkeril-
hetd, hogy a tertilet tulsigosan felaprézodjon. A sziikséges adminisztracidjat a cellanak a kovet-
kez6 szdban végzi el. A dinamikus teriilet képe a kovetkezd lesz:
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fels6 hatar b
l Méret
| Méret
foglaltsig
jelzb
bitek | Meéret
(0 vagy 1)
| Méret
| Méret
alsé hatar -
2. 4dbra

Tertilet felszabaditdasakor csak a cella kezdGcimét kell megadni, és az szabaddé vélik.

Ha mar nincs elég nagy Osszefliggs szabad tertilet, akkor elészor az egymdas mellett 1€-
v6 szabad celldk Osszevonésa torténik meg, ha ez sem hozza meg a kivant eredményt, akkor
kertil csak sor a celldk elcsusztatdsdra.

A fent leirt moédon egy egyszerii, gyors rutin el tudja végezni a dinamikus téarol6 teriilet keze-
lését.

Az ismertetett méodszernek kiilon elénye az, hogy akkor, ha a felhasznal6i programrol
tudjuk, hogy egyidejiileg a rendszer mely eréforrasait koti le, akkor becslés adhat6 a feladat-
hoz sziikséges memoria méretére, illetve adott memoéridndl megadhaté a felhaszndl6i program
lehetséges maximadlis mérete.
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Summary

Memory utilization of minicomputers

Marton Salamon

At the operating systems of minicomputers to utilize the core memory is particularly
important. It is a general solutions, that beside a small resident part the transient moduls get a
definite part of the memory. To decrease the number of disk transfers we must to fix in the me-

mory certain routines (e.g. handlers) for a time period. The size of the buffers depends on the
program too.

This paper describes a solution, wich takes the variable memory requirement of the user
program in to account.

PE30OME

VICIIONTB30BAHUE INAMATU B MAJLIX BHYUCJTUTEJBHLX MAWMHAX

M. [lazamoH

B mManmbx BHUUCHMTENBHHX MallMHAX OCOOEHHO BAXHO 3KOHOMUY-
HOE€ WMCIONB30BaHME ONEPaUMOHHON! cuctTemoit ocHOBHON mamATM. 00-
UM pelieHseM 3TOoit mpolnemsl ABJIAETCA TO, UTO DAZOM C MAaNEHBKOI
PE3UNEeHTHO! YaCTHO TpPaH3MEHTHHE MOANDPOrpAMML IIOJYYalT OIpene-
JIEHHY YacTh MaMmATu. C LeJbl yMEHblieHUA BBOZOB C AUCKA, BTU
nmoamporpammkl (HampuMep “handler” ) Ha HEKOTOPOE BPEMA HYXHO
CUMTaTh pe3uneHTHuMU. OT MpOrpamMM NMOJH30BATENA 3aBUCUT elle U
pa3mep OyddeposB.

B HacTosme# crTaThe paccMaTpUBaETCA pelleHue, Koriza MaKcu-
MaJIbHO NpUMEHAETCA BO BHUMaHMUE AuMHAMUUYeCKas NMOTPeGHOCTH B Na-
MATYM MpOrpaMMH MCIIOJNB30BaTENA, padoTalueil Moz onepaunoHHOH

CUCTEMOM «
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SZAMITOGEP RENDSZEREK TERVEZESE ES SZIMULACIOS MODELLEZESE

' Stauder Erné
KSH Szamitastechnikai Igazgatdsag

1. A feladat megfogalmazdsa

A szamitastechniaki szolgaltatdsokat felhasznalok gyakran teszik fel a kérdést, hogy miért
tart olyan sokdig egy uj szdmitokozpont létrehozasa, vagy egy mar mikods kézpont jelentss
bdvitése. Kérdésiik ~ jogos, legaldbb is a felhaszndld természetes Kivancsisaga oldalarol. Hosszu
ideje foglalkozik ezzel a kérdéssel a szamitistechnikai szakemberek egy kore, akik részben vagy
teljesen felel6sek a szamitokozpontok felallitasaért, izemeltetéséért, vagy éppen annak vezetésé-
ért. A hatvanas évek elején egy kozepes szamitokodzpont létszama 100-150 6 koriil mozgott. A
kiulonbodzé szakosodédsok és a gépek teljesitményének novekedése eredményezte, hogy a hetve-
nes évek elejére ez a létszam kozel kétszeresére nGtt mindeniitt. A szakemberek egy része ezt
természetesnek veszi, mert a korabbi évek “programozé centrikus” szervezeti felépitését — és
amibdl ez adodott, a feladatok ilyen értelmii tervezését — felvaltotta egy igen sokszintii munka-
megosztason alapulé heterogén rendszer. A szamitokozpontok, mint miikoédé rendszerek, a funk-
cidjukat tekintve kiillénb6z6 feladatokat latnak el.

a.) Szolgdltaté kozpont

A felhaszndlo a kivant formdban, az altala dsszegytijtott és valamilyen modon rogzitett
adatokbdl feldolgozdst kér (és remélhetdleg kap). A felhasznalok kore lehet véges, meg-
hatarozott — ekkor adott feladatok végrehajtdsira létrehozott szamitokézpontrol beszé-
liink. (tipikusak a termel6 villalatok sajat szamitokozpontjai). Ha a felhasznalok korét
nem korldatozzuk, ugy bérmunka iroda jellegii szamitokozpontrél beszéliink. Mindkét
esetben jellemz&, hogy a kiils6 felhasznalok szemszogébol az SzK egy szolgdltatd, speci-
alis feladatok elvégzését villalo szervezet.

b.) Termel6 iizem

A szamitoékozpontokban dolgozék ma mar egyre jobban felismerik és tapasztaljak, hogy
a munk4juk milyen mértékben specializilt és mennyire illeszkednie kell idoben es tér-
ben a tdobbi kapcsolé munkafolyamathoz. Batran kimodhatjuk, hogy egy szamitokoz-
pont, sajat mikodését tekintve, egy tizemhez vagy gyarhoz hasonlithat6. Specialis
“terméket”’ allit els, informaciot, azokbol az adatokbol, amelyet a megrendeld elSirt
szamdara. Még jobban kozelithetjiik a fizikai valésagot, ha azt mondjuk, hogy a meg-
rendel6 altal rendelkezésre bocsatott vagy korabbi feldolgozisbol szdirmazo és megor-
z6tt adatok (megfeleld formaban rogzitett) felhasznédlasdval uj adatokat, illetve a ko-
rabbi adatok ujabb rendezett formdjat 4llitja el6 a szamitékdzpont. A ’termeld folya-
mat” sordn a technologidt a feladat szervezése irja eld, az alkalmazott technologia pe-
dig a rendelkezésre all6 software figgvénye. A felhasznilt munkaerd tipusat a részfela-
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dat jellege szabja meg: szervezd, programozo, operitor, adatrogzits, stb. A felhasznélt
eszkoz pedig legtdbbszor az SzK valamelyik hardware berendezése, vagy egyidejiileg
tobb berendezése. Természetesen az ilyen “lizem” szdmos segédfolyamatot is igényel
a “termelés’ zavartalansiganak biztositasara, és ezeket ténylegesen (vagy ujtipusu fedd
nevek alatt) meg is lehet talilni minden szdmitékdézpontban.

c.) informdcios és adatraktdr

-

A termeld tizem jellegnek a targyalasanal utaltunk a korabbi feldolgozasokbol nyert
adatok ismételt feldolgozasara. Erre lehetdség nyilik azaltal, hogy az adatokat megfelel
tarolo kozeg — papir vagy magneses alapanyagu — felhasznél4saval hossza idére tarol-
hatjuk, megoérizhetjiik. Az igy tdrolt adatok gépi uton ismét beolvashatok. Ezek az
adatok meghatdrozott felhasznaloknak informaciokat jelentenek. Eppen ezért az ada-
tok hosszu idére valo tarolasa egy speciilis raktdrozasi feladatot jelent a SzK szdmara.
Ennek fontossigat mar egyre jobban hangsulyozzdk, kiiléndsen az adatok biztonsagi-
nak kérdését. Ez els6sorban a meghatarozott célra létrehozott szamitokdzpontok ese-
tében igaz, de esetenként a bérmunkat végzd SzK is ellathat ilyen feladatot, az ligyfe-
lek egy korének.

Az el6z6ekben tulajdonképpen mindig ugyanarrol a szamitokoézpontrol beszéltiink, de
kiilonbozé nézépontrél. Vizsglatainakt a mitkodo szamitokozpontnak, mint termeld egység-
nek az elemzésére koncentriljuk. Ezen beliil is feltételezziik a software — technologia — adott-
saganak és olyan modellezési modszereket keresiink, amelyek a szamitokézpont terhelésének
novekedésével 6sszhangban biztositani képesek az eréforras sziikségletek megbizhatd becslését.

dragibb berendezés az Osszes kozott. Ezt egyfeldl a varhaté munkdk terhelése alapjan méretez-
hetjiik, masfel6l az egyes konfiguracié elemek paraméterei alapjan becsiilhetjiik az atbocsito-
képességet. Erdekes lehet a SzK szellemi kapacitasinak a becslése, teljesitmény és atbocsato-
képesség alapjan. A kovetkezSkben ezekre a kérdésekre igyeksziink valaszt adni.

2. A modellezés, mint tervezési modszer

[ R e

pontban tizemeltetendd uj berendezés méretezésérdl beszéliink, minden esetben sziikséges az
elvégzendd feladatok lehetd legpontosabb becslése. Ez a gyakorlatban legtobbszor a feldolgozi-
sok funkcionilis egységeire (munkafolyamatok, munkalépések — azaz programok és program-
rendszerek) specifikusan értelmezett er6forras sziikségletek (CPU és) vagy start-stop idG, peri-
féria igény) megadasat jelenti. Természetesen ez a megadas mar magdban hordozza annak a
konfigurdcionak specifikus paramétereit, amelyet elképzeliink, vagy amelyen mértiink. A ter-
vezési munka pontos végzésénél ezt mérlegelni kell) amit bizony sokszor “elfelejtiink ™), és
ennek egyik biztositéka lehet az adaptiv tervezési modszer. Ez a konfiguricio
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azt jelenti, hogy a rendszer-fliggetlen paramétereket igyeksziink kihangsulyozni és alapul venni,
és az egyes méretezési részeredményeket az ujabb rendszerek (varidnsok) kimunkaldsinil mar
felhasznaljuk. Természetesen tovibbra is szimottev$ bizonytalanséigi tényezé lehet a tervezés
idépontjaban a jov6 — azaz esetleg a néhany év mulva értelmezett — szamit6gép rendszerének
munkaterhelésének becslése. Ennek értelmezésérdl, a méretezési feladat technikai kivitelezésében
val6 befolyasardl itt nem kivanunk beszélni, mivel ez a méodszertanrol elterelné figyelmiinket.

A terhelést megadé feldolgozasi paraméterek fentiekben megadott finomsagu és 1éptékii ismere-
te azonban teszi a feladat targyat képezd rendszer elég pontos lebontasat. A szamitogépet, mint
rendszert olyan rendszerelemekbdl felépiilé egésznek képezzik le, amelyhez illeszteni lehet a
rendszer feladatat jelenté adatfeldolgozasi munkékat, azok specifikus paramétereivel. Ez lehet6vé
teszi a teljes feldolgozasi rendszer dinamikus modellezését, és a modell megfelel6 mikodtetése
révén a méretezéshez sziikséges rendszerparaméterek mérését. A becsiilt vagy kivant paraméterek
elérésénél rogzithetSk a feldolgozasi rendszerre jellemzd alapértékek és ezeket tekinthetjiik a
szamitogép konfiguriciot leir6 értékeknek.

A szamitogép konfiguriacionak az ismertetett modszertanon alapulé meghatarozasa elvezet
a makro-szintti rendszer modellezéséhez. Ez varhatéan pontosabb tervezési horizontot tud majd
biztositani, mint amit a hagyomanyos modszerek (éltaldban elég sok és jelentGsen torzitd becslést
felhaszndlva) igérnek. A modellezés modszertandnak bemutatdsara felhasznaljuk a Gaver altal
kidolgozott makro-modellt [2], amelyt Hansmann és munkatarsai médositott formaban a gya-
korlatban is felhaszniltak rendszermérésre és méretezésre [3]. Hangsulyozni kell, hogy a modell
alkalmazhatésdga nem korlitozodik csak hosszutdvu tervezésre, konfiguriacié meghatirozasara,
az alkalmazhato rovid tavu kapacitas tervezésre is. Nem ldtszik elég jonak specidlis alkalmazasi
feltételek mellett, példaul az adatbazis orientalt feldolgozasok esetében. Erre mas modellek all-
nak rendelkezésre. [, 5] Természetesen ezek a modellek elméleti modellek, érvényességiiket
az adott lehetOségek mellett ellendrizni kell, mielétt elfogadnink a tervezés modszertanaként.

A szamitogép miikodését tekintve megengedhetd olyan egyszertisités, amely az 1. dbran
lathato strukturdlis elemekre bontja fel a rendszert. Ezutdn a feldolgozisra keriil6 munkak,
programok ilyen részekhez valé hozzirendelése, illetve ezekbdl az eréforrasokbdl vald igénylése
szempontjabol vizsgaljuk most ezt a modellt. A szamitogép terhelését tekintve alkalmazzuk azt
a meghozelitést, hogy a terhelést a mindenkor a memoridban (taroloban) talilhatoé “program
szegmensek’ halmaza adja. Ezek a szegmensek minden esetben hdrom kiillonb6zé miiveleten
mennek keresztiil: beolvassa az adatokat (input) a tarolé adott részébe (particio, szegmens, stb.),
bizonyos CPU id6t hasznalt fel a feldolgozasra, majd az eredményeket kozli (output).

A modellben nem kertilnek megkiilonboztetésre az alkalmazasok vagy programok kiilénb6zé
tipusai. A terhelést kizdrdlag az 1/0 és a CPU idéraforditasokkal mérjiik, minden egyes szegmens-

re.
A modellben feltételezziik a kdvetkezdket:

— A munkit, programokat a rendszer szegmensrdl szegmensre haladva dolgozza fel (hagyo-
manyos "lépésrél-lépésre” modon);
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— Minden szegmens egyetlen tarol6 teriilet (particio, stb.) és egyetlen 1/0 egységet, illet-
ve csatorndt igényel;

— A felhaszndlt CPU id6 szegmensenként valtozik, és az csak a véletlentdl fligg, az eloszlas-
16l pedig feltételezziik, hogy exponenciilis (a);

— A szegmensként felhasznalt I/O idGrél feltételezziik, hogy véletlen viltozd és eloszldsra
jellemz6, hogy exponenciilis (b);

— A feldolgozas folyamatos, dllandoan van feldolgozéasra varé program;

— A kozponti tdroloban az egyes szegmensek altal elfoglalt taroléban az egyes szegmensek
altal elfoglalt tarol6 teriilet dlland6 nagysagu, és rogzitett. Igy a particiok szamanak
novelése egyben a teljes memaoria kapacitas novelését is jelenti.

A fenti megszoritdsok eredménye az, hogy miutdn egy partici6hoz egyetlen csatorna (peri-
féria) hasznilatot feltételeziink, nincs virakozasi id6 addig, amig a csatornik (c) szima egyen-
16 vagy nagyobb a particiok (r) szdméndl. Tovabba az dllandé6 munkaadagolds biztositja, hogy
a csatorndk felszabadulasaval a particio ismét munkaképes lesz. Miutan ezek a kozelitések a
valosagos feldolgozasi rendszerkornyezethez képest, korrekcios tényezdk alkalmazédsaval ponto-
sithatok a méretezési Osszefiiggések.

A terhelés meghatarozasahoz el8szor vezessiik be a a foglaltsa'g fogalmat (f). Bar a szeg-
mensek alatl felhasznalt CPU és 1/0 valosziniiségi valtozo, mintavételek segeitségével meghatiroz -
haté a CPU atlagos terhelése. A CPU foglaltsiga befejezGdik, ha a CPU nem talal ujabb olyan
particiot, amelyre I/0 miivelet befejez6ddtt. Eztuan a CPU vdarakozik (w). Ezeknek a felhasz-
nalasaval kifejezheté a CPU atlagos terhelése.

(1)
f+w
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1. abra: A Gaver modell szerinti struktira
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A terhelésnek egy masik jellemzdgje lehet az atlagos szamitasi intenzitds. Ez a szegmenseknél
CPU és I/0 id6 aranyat tiikkrozi. A [2] Esszefﬁggésben t, és t, valésziniiségi viltozok,
atlagértékeikkel szarmaztathat6 az atlagos szamitasi intenzitas.

(2) A=

2-‘”«;"’

Feltételezve a szegmensekben végzett munkdk egymastol valo fiiggetlenséget, valamint ex-
ponencidlis eloszlas szerinti viselkedést, igy a CPU atlagos terhelése csak a particiok és a csatornak
szamatol fiigg, a kovetkezd Gsszefiiggés szerint:

(3) p = g(\lr,c)

Ebbdl tovabb levezethetjiik az egy particiora vetitett dtlagos terhelés értékét:

Altaldnossdgban értelmezhets az atlagos csatorna terhelés is, ha a CPU terheléssel kozvet-
len Osszefliggését elfogadjuk:

(5) q= e
Mir itt sziikséges €s idGszerii bizonyos korrekcios tényezé bevezetése. Ugyanis a particio—
nak az alland6 terhelést nehezen lehet biztositani, ezért alldsidSre keriil sor a particiokon beliil.
(Vigyazzunk, ez nem azonos sem mérésben, sem jellegben azzal a virakozasi id6vel, amelyet
a partici6ban helyet foglalé program szegmens tolt el a kovetkez6 I/0 miivelet befejezéséig!.)
Ezért a modellben alkalmazott névleges particiéo szamot (»), helyes egy effektiv particié6 szammal
(r,) figyelembe venni, ugyanakkor az egyes particiok is egynél tobb csatornit, illetve 1/0 egy-
séget igényelnek, igy erre is célszerii bevezetni egy effektiv értéket. Ezt egy korrekciés tényezé
bevezetésével érhetjiik el az dtlagos szamitdsi intenzitds Osszefliggésében, és mondjuk azt, hogy
az uj atlagérték legyen yA. Ezzel a (3) egyenlet a kovetkezSképpen modosul:

(6) p = g(Y\1r,,c)

Ez a modell most mar alkalmasnak latszik a konfigurdcié és a terhelés kolcsonds tervezésére,
mind hosszutdvu, mind roévidtavu becslések esetében.

3. A modell alkalmazdsa

Egy alkalmas kifejlesztett modell értékének, a gyakorlati alkalmazhat6sdgianak ellenérzé-
sére Hansmann és munkatarsai [4] szdmos mérést és elméleti szamitast végeztek, kiiléonbozo
szamitogép konfigurdciok esetében. Gyakorlati mérések gerincét egy IBM 360/65 konfiguraci-
6n nyert adatok képezték, ahol,igen részletes adatgyiijtést végezt-k a napi feldolgozasokrol
egy 16 ords termelési periodus sordn. A kovetkez8 adatokat mérték:
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— Partici6 fogalaltsigi id6, a start-stop id6kiillonbség alapjan;

— Program tipusok eloszlédsa;

— CPU produktiv id6 az egyes szegmensek feldolgozasakor (az idSegység 107 % 6ra volt);
— CPU id6 programonként;

— 1/0 id6 szegmensenként (ezt nem kodzvetlen méréssel nyerték);

— I/0 id6 megoszlas a kiilonb6z6 periféria (csatorna) tipusokra (szintén kozvetett mérés-
sel nyerték).

Ezeknek az adatoknak a felhasznédldsdval a szamitasi intenzitast, az effektiv partici6 szimot
és a CPU atlagos terhelését szamitottdk, elsGsorben a rovididejii szegmensek esetére. Ezeknek az
adatoknak az alapjain megkiilénboztethets volt kiilonbozé particid vagy szegmens élettartamu
feldolgozasok, csoportja, kiillonboz6 szdmu aktiv szegmens egy adott idGben és ezek eloszlasa,
valamint az ezekhez tartozo 1/0 id6 felhasznalds. Anélkiil, hogy e részletes elemzésbe belemen-
nénk, amely részben abbol az alkalmazdsboél, részben az olyan tipusu adatgyiijtésbdl kindlkozik,
néhany 4ltalinos kovetkeztetést érdemes kihangsulyozni.

Adott szamitokozpont jelenlegi terhelésének mérésére ma mar igen sokféle részletes adatot
tudunk gyujteni, részben hardware, részben software mérési modszerekkel. A folyamatos mé-
rés és adatgyuijtés lehet6vé teszi a szamitokdzpont, illetve a konfigurdciéd terhelésének ellenér-
zését, esetenként a terhelésének szabdlyozasit. Az uizemeltetésrdl gylijtott részletes adatok [ 8]
esetenként kozvetleniil felhasznalahtok a viarhato terhelés becslésére, maskor pedig Osszetettebb
statisztikai elemzések utan alkalmazhatok, a kordbban ismertetett modellnél input adatként. A
rendszertervezési munkihoz a mar miik6dé rendszerben mért adatok igen nagy segitségét jelen-
tenek, mivel ezek timpontot szolgéltatnak egy uj konfigurdcio kiilonbozé alternativdinak érté -
keléséhez.

Ezen az uton kivalaszthatok az elfogadhat6 vagy elvetendd konfiguracios megoldasok. A
szamit4asokat a Gaver modell alapjian végezhetjiik, az ehhez sziikséges adatokat pedig adott
software monitor, példaul az IBM SMF/ (System Management Facility), alkalmazasaval gyiijt-
hetjuk. Ezek utdn a modszer alkalmazhaté mind révidtavu, mind hosszutavu tervezésre.

A rovidtavu terhelés tervezésénél kéonnyti dolgunk van, mert a varhaté struktura a médo-
sitds idépontjaban val6sziniileg hasonlitani fog a mérési idépontban tapasztalt program és
feldolgozasi strukturdhoz. Igy szidmos konfiguricié lehetéségre alkalmazzuk a Gaver modellt
és utdna rangsoroljuk azokat, valamilyen kivalasztasi politika szerint. Itt természetesen most
mar szallitasi hataridok, koltségtényezok és egyéb, a szamitokozpont szempontjabol Iényeges
tényezdét is figyelembe kell venni.

Nem ilyen egyszerii az eset a hosszutavu tervezés esetében. Nagyon sokan kétségbe von-
jak egyaltaliba hosszutdvu tervezés létjogosultsagat, kiilonosen ilyen esetekben. A szdmitdas-
technika rohamos terjedése, szerepének vitathatatlan ndvekedése azonban nem engedi meg a
polemizalast errdl a témarol, hanem siirgeti az alkalmazhaté modszer bevezetését. Ezen a pon-
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ton ismét hangsulyozni kell a modellezés fontossigit, mind modszertanilag, mint tervezéstech-
nikailag. '

3.1. Az atbocsatoképesség vizsgilata

A SZK miikoédések egyik mércéje, hogy milyen volumenu feldolgozast tud valamilyen id6-
egységre vetitve elvégezni. Mint termeld iizem a szamitékdzpont hasonléan vizsgdlhaté mas ter-
mel6 tevékenységet folytat6 vallalathoz. Azonban a termelés a folyamatdban, az adatfeldolgozé
teljes rendszerében igen Kiilonbozd tipusu eréforrasok keriilnek felhasznalasra. Az egyensuly,
vagy az optimum megtatildsa nem minden esetben egyértelmii, kiilondsen a koltségek nem ho-
mogén jellege miatt. A tapasztalat azt mutatja, hogy a szamitokozpontok nem alkalmaznak egy-
séges elszimoldsi rendszert, ez pedig még mindig a kiilonleges helyzetiikbdl, a kinalatot megha-
ladé6 kereslet adta piaci helyzetbdl szarmazik. Minden esetre a SZK szempontjabél biztosan cél-
szerli a minél tobb munka vallalisa és remélhetéleg teljesitése. A terhelés maximalis szinten tar -
tasa viszont megfelel$ tartalék munkit, el6re véllalasokat igényel. Ugyanakkor ezekre is realis
atfutasi idéket kell meghatdrozni, hogy elfogadhaté teljesitési hataridét tudjunk adnia a megren-
delének.

A teljes feldolgozasi folyamatban az egyik kritikus pont maga a szamitogép, amely a mai
“harmadik generdciés’ viligban a multiprogramozasi kdrnyezetével igen sok lehetSséget kinal.
Mint azonban mar a 2. pontban utaltunk ra, igen nehéz bizonyos paraméterek becslése a feldol-
gozashoz sziikséges pontos dtfutdsi idé6 meghatarozasiahoz, éppen az alkalmazott és software
bonyolult mﬁkédésének részletes nyomonkovetése miatt. A matematikai és az operaciokutatas-
tertiletén kidolgozott uj moédszerek, a valdszinliségszamitds és a sorbanalldsi elmélet legujabb
kutatési eredményei azonban biztaté lehetSséget kindlnak a problémdnak a megolddsara is.

A szamitogépek, aSZK atbocsitoképességének, a feldolgozasok atfutasi idejének becslésére mar
a 60-as évek kozepén szilettek modellek, szimuldciéra alapozott elemzések [6, 9, 17]. Ezek a
batch-tipusu feldolgozdsi kornyezetet feltételezték alapvetGen. Egy egészen specidlis, de egyre
jobban terjedé lizemeltetési kornyzet, a time-sharing (id6-osztasos) rendszerben torténd feldol-
gozdsok paramétereinek becslésére megint mas modelleket kellett kidolgozni [10, 11, 12].
Végiil a 70-es évekre eljutottunk oda, hogy specidlis programcsomagokat, illetve ’nyelveket”
fejlesztettek ki kiilonbo6z6 szamitogéprendszerek paraméteres elemzésére. [13, 15, 16]. Mivel
a vizsgilat targyat képezd rendszer O\nmagaban igen bonyolult, kovetkezésképpen mindegyik
rendszer valamilyen mértéki elhanyagolassal €1, makro szinten igyekszik lehetGséget adni a
rendszer<lemzének paraméterei meghatdrozaisara.

Minden szdmitoégéprendszer modellezése azonban 6nmagaban hordja a modellezé azon
torekvését, hogy megszabja a sziikséges informaciok korét és a vizsgdlat szempontjabol elég-
séges részletezettségét. Az “idealis” modellt tehdt kettGsség jellemzi:

a.) Képes a hardware berendezések széles skildjat és az operacids rendszerbelsd logikdjat
egylitt szimuldlni, azok paramétereinek dinamikus valtoztatasival, a modell ujradefi-

nialasa nélkul.
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b.) Lehet6vé teszi a szamitogéprendszer kiillonbozé részeinek kiildnbozsb részletességl
definidldsat, a feladat altal megkivantak szerint.

A legtdbbszor nehéz a modellt igy felépiteni, és esetenként az elsGsorban az ésszerii egy-
szerusitések miatt adédik. Kisebb szerepe van a modellezésben hasznalt programnyelv, vagy
a mar meglévs rendszer adta korlatozo tényezének, de ezt is meg kell emliteni.

Abban az esetben, ha egy meglévé szamitogép konfiguricigja altal dtbocsiathaté progra-
mok szamdar6l és tipusarol akarunk meggy6zGdni, megfeleld statisztikat kell készitentink
egy-egy periodus sordn az atbocsatott programokrol és a terhelési struktura véltoztatasaval
elemezhetjiik, hogy a kiillénb6z8 munka 6sszedllitasok esetében hogyan alakulnak a rendszer
terhelési és az atbocsatott munkdk id6paraméterei. Ez a tipusu elemzés azonban nem tipikus.

Gyakoribb, taldn a legtipikusabb vizsgilat az, amikor elég jol ismert a virhat6 terhelés és
kivancsiak vagyunk, hogyan alakulnak a komplex rendszer kiilonb6z6 pontjain a mért értékek,
ha a rendszer funkciondlis Osszetevdit valtoztatjuk.

Miutdn a szamitogép konfiguricié miikodése jol meghatdrozott, annak belsé véltoztatéasa
hatassal van egyéb rendszer pontokra is. Eppen ezek a hatdsok tisztdz6dnak, amelyre a rendszer
bonyolultsigabol adoédoan csak teljeskorii vizsgilat adhat vélaszt. Ennek moédszertana a model-
lezés, technikdja a szdmitogépes szimulicié. Az ilyen rendszervizsgilatnal kétféle adatot kell
inputként értelmezni.

Az elsé a vizsgilt konfiguricio leir6 adatok halmaza, kiilén-kiilén értelmezve az egyes
modell vizsgilatokra. A masik a rendszer terhelését jelenté munkdk, programok jellemzé ada-
tai. A konfiguriciot leir6 adatok éltaldban statikusnak tekinthetdk, néhany specidlis esetben
azonban szokds a tényleges paraméter értékét valdsziniiségi valtozonak tekinteni (pl. adott
pillanatban a feldolgozasi program altal megcimzett sav szima a magneslemezen). A feldolgoza-
si adatokat atlagértékként kezelhetjiik, szirmaztatdsukra ismét a monitor 4ltal gyujtott adatok,
az abbol képzett adatbazis szolgalhat. (Természetesen, ha még nincs szdmitégépiink, ugy eze-
ket az adatokat csak becsiilni tudjuk. Lehetséges proba futtatasok, préba lizemek végzése is
hasonl6 konfiguracion, hogy legaldbb redlis alapok legyenek a becslésre). A monitor altal gyiij-
tott elemi adatok a kévetkezd csoportba sorolhatok:

® program betdltés (program inditds ideje;

@ program befejezés ideje;

@ illomany megnyitisa (OPEN) ;

@ illomény lezardsa (CLOSE);

® csatorna (periféria kérés (I)0 tevékenység, tipus szerint);
e varakozis (WAIT);

® [/0 befejezésre varakozas /I/0 (INTERRUPT).
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Ezeket az adatokat meghatdrozott idéperiodus soran mérjiik, és rendezésiikkel dsszcallit-
hat6 egy tipikus terhelési struktura a vizsgédlt konfiguricié input job-folyamatként. A 2. dbra
a modellezés altalinos folyamatat mutatja, az el6bbi gondolatmenet alapjan.

A szimulédciés modellbdl egyrészt mérési eredményeket gyiijtiink a kiilonb6z6 konfiguraci-
6s pontokroél, masrészt igyeksziink ujabb statisztikat feldlltani az egyes munkédk varhato atfu-
tasi, varakozasi és feldolgozasi idejére. Ezutin a modell viltoztatdsa nélkiil, annak paramétereit
vagy a terhelést valtoztatjuk —tébb  munkat “pumpélva” a rendszerbe — és ismét gyujtjik az
eredményeket. Azok értékelése utin, megfelelGen rendszerezett formaban mar felhaszndalhatok
koézvetleniil a dontéshozatalhoz. Ez vagy a konfigurdciora, vagy a véllat feladatokra sszponto-
sitva jelentkezik, de biztos, hogy a SZK optimadlis terhelésének irdnydba kell, hogy mutasson.

3.2. A szamitogép konfigurdciéo komplex modellje: tébbesatornas kiszolgdlasi rendszer

A 2. és 3.1 pontban egyarant utalunk arra, hogy a szamitogéprendszerek mai architektu-
rijanak tekintve, sorbailldsirendszerként tekinthetSk. Ezen az alapon kiindulva, a matemati-
kusok el&szor egyenletek és valdszinliségi Osszefliggések sorozataval igyekeztek vélaszt adni
az ilyen rendszerek kiilénb6z6 viselkedésére. Bar a matematikai megfogalmazasoknal igen je-
lentSs egyszertusitéseket is alkalmaztak, illetve feltételeztek a rendszer viselkedésérdl, szamos
Osszefliggés jol haszndlhaté ezek kozil, a kiilonboz6 méretezéseknél [18]. A rendszerelemzd
azonban nem elégszik meg az atlagértékkel szereti tudni azt is, mi van az atlag mogott,
melyik a szélsé értékek. Erre a valaszt csak olyan dinamikus modellek felépitésével kaphatjuk
meg, amelyek dnmagukban hordozzidk a sorbandlldsi rendszerek minden tulajdonsigéit. Ezt az
elvet kovetjiik akkor is, amikor a 3.1. pontban leirt modellezési technikét a gyakorlatban al-
kalmazzuk, ahogyan ezt az egyik kisérleti tervezésnél kovették is [19]. A modell elméleti gyo6-
kere kordbban vezethetd vissza, [1], és a feldolgozast a kovetkezd elemi lépésekre bontja fel;

1. Program beolvasisa a rendszerbe (varakozik szabad memdriara).

2. Amennyibe van szabad memoria, betoltik a programot (t.i. az opericiés rendszer).

3. A program feldolgozast (CPU) kér, ha nincs mas program feldolgozas alatt. A CPU
foglaltsag a kovetkez6 1/0 igénylésig tart.

4. Az 1/0 kérésnél felszabaditja a CPU-t mas munka szdmara. Ugyanakkor sorbaall az 1/0
teljesitéséért. Ha a sor iires — mas program nem kérte ugyanazt a tipusu I/0-t — azonnal
kezdetét veszi a kérés teljesitése.

5. Amint az I/0 befejezédik, a periféria (csatorna) szabadd4 vélik mas program (I/0 kérés)
szamara. Ezutdn ismét a CPU kérésre kertl sor.

6. Amint a program befejezést nyer, felszabaditja a tarol6 teriiletet egy kovetkezd munka
szamaéra,

7. A program elhagyja a rendszert,
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A fenti lebontds természetesn sok egyszeriisitést is tartalmaz, de elég részletes ahhoz,
hogy funkciéndlisan a teljes szamitogéprendszert vizsgalni tudjuk a feldolgozds oldalar6l. A
3-4-5 folyamat annyiszor ismétlédik, ahdny I/0 feldolgozasi ciklus tartozik egy programhoz.
A program feldolgozasi lépései a 3. dbrdn jol lathatok.

A feldolgozas legkisebb mért egysége a program (job), igy tovdbbi részekre bonthat6, és
ezek dnmagukban “6ndll6 életet” kezdenek élni, természetesen tovibbra sem feledkezve meg
“hovatartozasukrol”, Ugyanakkor uj kapcsolataik alakulnak azéltal, hogy mas programok ha-
sonlo elemi lépései ugyanazt az eréforrast igénylik, azonos idében. Ekkor dontést kell hozni,
”magasabb szinten”’, hogy melyik igényl6 nyer kielégitést az er6forrdssal valé kiszolgalaskor.
Ez is jo! lathato a 3. dbrabol, egyszerusitett formaban. Itt csak jelezhetjik a lehetséges varako—
zasi sorokat: a memoria, a CPU, a lemez, mint a leggyakrabban hasznalt er6forriasok, a kiszolga-
lasra varok sordbol “taplilkoznak™. Ahédny tipusu erdforrist tudunk megkiilonboztetni a rend-
szerben— és természetesen ezekre kiszolgalast kérni a programokbdl — annyi lesz legalabb a
rendszerben kezelt sorok szama. Tovabb finomithato a rendszer altalaz, hogy a periféridkat ti-
pus szerint csoportositjuk, majd ezeket csatornikhoz rendeljiik — ahogyan az a tényleges kofi-
gurdci6kban is szerepel. Mivel egy csatorndra tobbféle periféria (vagy csoport) kothetd, eseten-
ként ugyanaz a periféria (vagy csoport) tobb hardware csatornidhoz is csatlakozhat, maris el-
jutottunk egy olyan bonyolult sorbaillasi rendszerhez, amelynek vizsgdlatara mar semmiféle ana-
litikus, matematikai formuldkkal kezelhetd modszer nem jarhaté. Ehhez jarul még a multiprog-
ramozasi kornyezetbdl adodo rendezett, dinamikus strukturdlt er6forras kérések halmaza, amelyek
egylittes kezelése és értelmezése jelenti az igazi feladatot a modellez6nek, a szimuldcioit vég-
z6nek. Latni kell azonban azt is, hogy egy ilyen modellezés igen koltséges, még akkor is, ha
mdr igen gyors gépek 4llnak rendelkezésre. (Erdekesség kedvéért megemlitends, hogy az IBM
erre a célra kifejlesztett programrendszere, s CSS [13] az els6 véltozataban a 360/40 gépen
huszszor annyi id6t hasznalt fel, mint a szimuldlt periédus és 15 microsekundum periédus szi-
mulaldsara a nagyon gyors 360/65 gépen is 0.24 millisekundumra volt sziikség!). Eppen ezért
nagyon oda kell figyelni, hogy a tervezés szempontjabol milyen mértékig érdemes finomitani
a rendszert — a tervezési koltségek ésszerui korldtozdsa érdekében. Nem kétséges azonban, hogy
mar a szamitégéprendszerek konfiguricios tervezését, a megfeleld feldolgozasi kovetelmények
pontos kielégitése érdekében, nem lehet csak egyszerii mésolassal, tipikus konfiguracio Osszedl-
litassal elintézni. A SZK igen koltséges iizem — mind énmagdban, mind a felhaszniloknak. Ep—
pen ezért a tervezésre forditott id6 és pénz megtériil, ha munkaigényesebb maodszereket is kell
hasznalni.
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Summary

Planning and simulation modeling of computer system configurations

Erné Stauder

The paper describes the simulation methods being able to evaluate and optimize the work

of computer configurations.
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MTA Szdmitdstechnikai és Automatizaldsi Kutat6 Intézete, K6zlemények 18/1977.
ZUR BESTIMMUNG DER REAKTIONSZEIT VON PROZESSRECHENANLAGEN

Bergholz Gerhard

1. Die Prozessrechenanlage als Mittel zur Bedienung von Echtzeitauftragen

Eine wichtige Aufgabe von Prozessrechnern ist die zeitzyklische Uberwachung von Ereig-
nissen im technologischen Basissystem. Fur diesen Fall soll hier die Reaktionszeit, die ein Mass
fiir die Giite des Echtzeitbetriebs ist, bestimmt werden. Die Reaktionszeit fiir diese Uberwach-
ungsaufgabe ist die Zeit, die der Prozessrechner benotigt, um auf das Ereignis im technologischen
Basissystem zu reagieren. Somit ist die Reaktionszeit Tr p eine Zeitdifferenz

(1) T,=t

r rl-t

ei
wobei ¢ i der Ereigniszeitpunkt im Basissystem und ¢, der Reaktionszeitpunkt des Prozess-
rechners sind (Bild 1).

Wir fiihren den Begriff Echtzeitauftrag ein. Dabei verstehen wir unter einem Echtzeitauf-
trag E, die einmalige Bedienungsanforderung an die Prozessrechenanlage tiber das Unterbrechungs-
system, wobei als Quelle des Echtzeitauftrags das technologische Basissystem oder die Echtzeit-
uhr auftreten konnen. Wenn das technologische Basissystem Quelle des Echtzeitauftrags ist |
sprechen wir von bedingungsabhangiger Auftragserteilung und wenn die Echtzeituhr zeitzyk-
lisch Echtzeitauftrage erzeugt von zeitzyklischer Auftragserteilung.

Ein Echtzeitauftrag Ei besitzt eine Auftragsverweilzeit T ,, die durch die Zeitdifferenz

(2) T,=ty~1

v ai
bestimmt ist. Dabei ist 7., der Ankunftszeitpunkt des Echtzeitauftrags E,.

Die ﬁberwachung von Ereignissen erfolgt gewdhnlich Uber eine zeitzyklische Messwerter-
fassung und — verarbeitung, wobei das entsprechende Programmsystem von der Echtzeituhr
zeitzyklisch aktiviert wird.

In diesem Fall ist zwischen dem Ereignis im technologischen Basissysten 7,, und der
Auftragserteillung 7, keine Synchronitdt vorhanden und es entsteht eine Auftragsverschie-
bungszeit 7; 0 die durch die Zeitdifferenz

3) T, =t

s ai

=t

el

ausgedriickt werden kann. Die Reaktionszeit besitzt somit bei zeitzyklischer Auftragserteilung

zwei Summanden mit

(4) Trl > Tsi + Tvl'
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Bei bedingungsabhingiger Auftragserteilung gilt 7, = O und die Reaktionszeit ist gleich
der Auftragsverweilzeit. Fiir einen Prozessrechnereinsatz werden in gewissen Zeitabstinden
standing Echtzeitauftrage an den Prozessrechner erteilt. Bei zeitzyklisher Auftragserteilung er-
halten wir dabei einen deterministischen und bei bedingungsabhangiger Auftragserteilung meist
einen stochastischen Auftragsstrom. Da in den meisten Prozessrechnereinsitzen sowohl zeitzyk-
lische als auch bedingungsabhangige Auftragserteilung vorhanden ist, miissen wir im allgemeinen
einen stochastischen Auftragsstrom annehmen.

Fiir die Bestimmung der Verweilzeit eines Auftragsstromes ist die Ankunftsrate der Echt-
zeitauftrage von Bedeutung. Dabei verstehen wir unter Ankunftsrate eines Auftragstromes die
Zahl der Echtzeitauftrige in der Zeiteinheite (hier s~ ).

In der Tafel 1 sind fir ausgewihlte Prozessrechnereinsatzfille die Ankunftsraten A, d.h.
die Zahl der in der Zeiteinheit ankommenden Echtzeitauftrige in s~ ! andegeben.
Bei der Analyse der Echtzeiteigenschaften einer Prozessrechenanlage interessieren die Reaktion-
szeiten der verschiedenen Echtzeitaufgaben [3,4,5] einer PRA. Somit ist es notwendig, die
Echtzeitauftrige jeder Echtzeitaufgabe zu einem Auftragsstrom zusammenzufassen. Da wir die
Reaktionszeiten als Zufallsgrossen auffassen konnen, ist es zweckmadssig, fiir die Auftragsstrome
jeder Echtzeitaufgabe die Verteilungsfunktionen, bzw. die Erwartungswerte und Dispersionen
der Reaktionszeiten zu ermitteln. ImFalle der zeitzyklischen Uberwachung von Ereignissen wer-
den somit alle Echtzeitauftrige, die zu einer Reaktion auf ein Ereignis im Basissystem fiihren,
zu einem Auftragsstrom zusammengefasst.

2. Bedienungsmodell

Der Erwartungswert fiir die Reaktionszeit E(T,) ergibt sich aus den Erwartungswerten
fiir die Auftragsverschiebungszeit E( T,) und fir die Auftragsverweilzeit E(7,) mit

(5) E(T,) = E(T,) + E(T,)

Fiir die Auftragsverschiebungszeit gilt nach (8) fiir eine zeitzyklische Messwerterfassung der
Grundzykluszeit 7«
Ta
(6) KT) = -
Zur Bestimmung der mittleren Auftragsverweilzeit kann als Modell der Prozessrechenanlage ein
Bedienungsnetz [4,5] betrachtet werden. Ein Bedienungsnetz kann mit Hilfe eines Bedienung-
snetzplanes (5] und eines Forderungslaufplanes [4] und [5] graphisch dargestellt werden.

In Bild 2 ist der Bedienungsnetzplan fiir die Echtzeitaufgabe UNIMEP, das in [4] grob und in
[7] ausfiihrlich beschrieben ist, dargestellt. Der entsprechende Forderungslaupfplan wurde bereits

in [4] angegeben.

Die Wechselwirkung zwischen den einzelnen Bedienungselementen erfolgt liber geeignete
Steueroperationen [3], die von Forderungsstréomen [4,5] aktiviert werden.



-193 -

Die mittlere Auftragsverweilzeit kann aus den mittleren Verweilzeiten der Bedienungele-
mente E(T ;) durch gewichtete Summenbildung

n

M BT = X qu,ET,)
gewonnen werden.

Dabei sind i die laufenden Nummern, n die Zahl, ay; die Intensitdtsiibertragungs-Fak-
toren und g, die Parallelitits-Koeffizienten der Bedienungselemente.

Die Intensitatsiibertragungs-Faktoren geben an, wie sich die Forderungsstromintensitiaten
am Eingang des betreffenden Bedienungselementes gegentiber der Intensitiat des Ankunftstromes
verindern [4] und [5].

Fir die Echzeitaufgabe UNIMEP gilt

1 (i=1,234)

M+ 1 (i=5,6,7,8)

Bei der Ermittlung der Auftragsverweilzeit miissen wir berticksichtigen, dass bestimmte
Bedienungselemente parallel bzw. quasiparallel einen Echtzeitauftrag bedienen. Das trift in un-
serem Fall fiir die Bedienungselemente AER, PUBE, ERFA einerseits und VERA andererseits
zu, indem VERA parallel zur Messwerterfassung lauft. Bei parallelem bzw. quasiparallelem Betrieb
von Bedienungselementen muss immer der Parallelzweig mit der grossten «; gewichteten
Summenverweilzeit verwendet werden. Die Parallelitats-Koeffizienten fiir die Echtzeitaufgabe
UNIMEP ergeben sich zu

o X
1 i

fur

2 ET,),> E(T,)

(i=6,798)

(10) q;
8
0 fiir %’ E(T,) < E(T,5)

\

und

(

8
ey fur % E(T,) > E(T,)

(1) qs =
8
! fr [26 KT,) < E(T,)

Dabei wurde das Bedienungsnetz als probabilistischer Entscheidungsnetzplan [9] betrachtet
und entsprechend umgeformt.
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Die mittleren Verweilzeiten der einzelnen Bedienungselemente kdénnen aus den in [1] und
[2] angegebenen Formeln fiir die mittleren Wartezeiten mit Hilfe von

(12)  KET,)= ET,) + KT,)

berechnet werden. Dabei sind E(Tw ) die mittleren Wartezeiten und E(Tb ,) die mittleren
Bedienungsdauem der Bedienungselemente. Schliesslich erhalten wir fiir die mittlere Reaktions-
zeit genahert

( T E(Tbg) 8
5 Mt DI EE,) + e fiir 12,; KT,) > ET,s),
e T
(13) KT)=
T E(Tbs) 87
= M U= g ;T 2 E(T)< BT ).
2 i = = E(T,,) i=6
\ g

3. Einige Uﬁtersuchungsergebnisse

Unter Nutzung der Formal (13) ergeben sich fiir die mittlere Zahl von Messwerten pro
Grudzyklus die im Bild 3 dargestellten Abhdngigkeiten der mittleren Reaktionszeit von der
Grundzykluszeit der Messwerterfassung, Die Kurve setzt sich aus den beiden Zweigen E(T),
und E(Tr)2 zusammen, wobei E(Tr)l der ersten Zeile und E(Y;)2 der zweiten Zeile auf der
rechten Seite von Formel (13) entspricht.

Wir erkennen deutlich, dass es in Abhangigkeit von der mittleren Grundzykluszeit eine
minimale mittlere Reaktionszeit gibt.

Dieses Minimum folgt daraus, dass die mittlere Auftragsverweilzeit mit wachsender
Grundzykluszeit fillt und die Auftragsverschiebungszeit mit wachsender Grundzykluszeit wichst.
Diese Tendenz tritt auch auf, wenn in (13) kein Umschlag von der ersten zur zweiten Zeile
eintritt. Der Anwender von Prozessrechnern beriicksichtigt hdufig intuitiv nur die Auftragsver-
schiebungszeit und fordert eine moglichst kleine Grundzykluszeit. Diese Forderung ist, wie das
Bild 3 zeigt, nicht immer gerechtfertigt. Bei Verringerung der Grundzykluszeit /5 liber das
Minimum der mittleren Reaktionszeit hinaus, wird die mittlere Auftragsverweilzeit so gross, dass
die mittlere Reaktionszeit sehr schnell gegen oo strebt.

Um ein umfassenderes Bild iiber die Reaktionszeit zu bekommen, ist es zweckmassig, die
Verteilungsdichtefunktion der Reaktionszeit zu bestimmen. Diese wurde fiir die Echtzeitauf-
gabe UNIMEP durch stochastische Simulation mit Hilfe des verfahrensorientierten Programmi=-
ersystem SIMDIS fiir die Grundzykluszeit I, = 1 un die mittlere Messstellenzahl pro Grundzyk-
lus M = 100 ermittelt.

In Bild 4 ist das Ergebnis der Simulation als Balkendiagramm dargestellt. Ausserdem ent-
hilt das Bild die Gamma-Verteilungsfunktion, welche fiir den Mittelwert und die Standardab-
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weichung berechnet wurde, die sich aus der Simulation ergab.
Es ist zu erkennen, dass die Verteilungsdichtefunktion einer Gamma-Verteilung dhnlich ist.

Der bei der Simulation ermittelte Wert der mittleren Reaktionszeit E(7,) = 1,135 bestitigt,
dass die theoretische Formel (13) fiir die betrachteten Werte von T, und M mit E(T;) = 1,244
durchaus befriedigende Ergebnisse liefert.

Literaturverzeichnis

[1] G. Bergholz, Modell fiir die Untersuchung des Echtzeitverhaltens eines Prozessrechners.
mrs. 18 (1975) H. 4.

[2] G. Bergholz, Echtzeitmodell fiir den Informationsaustausch zwischen der Zentralein-
heit und der Parpherie eines Prozessrechners. msr 18 (1975) H. 11

[3] G. Bergholz, Recnergestiitzte Gestaltung von Prozessrechner Anwendungssystemen. msr
18 (1975) H. 5, H. 9.

(4] G. Bergholz, Zur Ermittlung der Forderungsstromintensititen in einem Echtzeitopera-
tionssystem fiir Prozessrechenanlagen. Wiss. Z. Techn. Universitat Dresden 24 (1975)
H. 3/4

[5] G. Bergholz, Zur Analyse der Multiprogrammbearbeitung in einer Prozessrechenanlage.

Rechentechnik/Datenverarbeitung, 11 (1975) Beiheft 3.

[6] G. Bergholz, Modell firr die Untersuchung des Echtzeitverhaltens eines Prozessrechners.
XVIII. Intern. Wiss. Koll. Th Ilmenau 1973. Band B 3

[71 S. Donat, Beschreibung des Standardprogramms UNIMEP Systemunterlagen-Dokumenta-
tion POS PRS 4000/KRS 4200 v. 30.4. 1973

[8] L. A. Owtscharow, Anwendungsaufgaben der Bedienungstheorie (russich) Verlag
Maschinostrojenije Moskau (1969)

[9] K. Renger, Entscheidungsnetzpline — Instrumentarium der modernen Wissenschaft-
sorganisation. Rechentechnik/Datenverarbeitung, 7 (1970) H. 10.



- 196 -

Osszefoglalé

Processzorok reakcibidejének meghatarozéisahoz

Gerhard Bergholz

Ebben a cikkben egy programrendszer reakcididejével foglalkozunk egy adott technologiai
rendszer ciklikus feliilvizsgalatdval végzett mérési adatfelvétel és — feldolgozas esetén.

A kozepes reakcioid6 meghatdrozéasa analitikusan kovetkezik egy kiszolgaldsi modellbdl,
ahol a reakci6id®, mint a rendszer egyes elemei varakozasi idejeinek sulyozott kézepeként adé6-
dik. A cikk kvalitativ allitast tartalmaz korlat megaddsdhoz a mérési adatok felvételének (alap -)

ciklusideje korlatozasahoz.

Az analitikus vizsgalatokat kiegészitGen a SIMIDIS programozasi rendszer segitségével
végzett sztochasztikus szimulicié eredményeit is bemutatja.

PE3NOME

Ob OINPEZEJEHI BPEMEHU
PEAKIAN ITPOLECCOPOB

I'« Beprxonsn

B nacrosimeil padore m3maraeTcs METOZ OIPELENeHUA CHCTEMH
IporpamM LI M3MEpPeHUd U 00paCOTKM AAHHHX HEKOTOpO#l TeXHOJo-
TUYECKOl CHCTEMH .

CpezHee BPeMs DEaKiuu ONPEIENAETCH AHATUTUUECKNM HE OCHO-
B& MOZENM M3acCOBOI'0 OOCIyXMBaHWUA, B KOTODPOM BDPEMA peaKlud fB—
JIA€TCA B3BEWEHHHM CDEIHNM BPEMEHM OXULAHUA OTAENBHHX DIIEMEH—-
TOB CUCTEMH .

B paGoTe znaercsa KauecTBEHHAA OUEHKA MJIA OTpPaHNYEHUA Bpe-
MEHU OCHOBHOT'O LMKJa u3MepeHus. KpoMme aHamMTUMUECKUX UCCIEenoBa-
HUi, BONPOC M3YyuyaJsiCA ¥ METOZOM CTATUCTUUYECKUX MUCIHTAHUA C IO-

MOWB0 CHUCTEMLl IIPOI'paMM .
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Lfd.Nr. Einsstzfall Ankunftstrate
1 PVC-S-Produktion 0,200
2 Werkzeugmaschinensteuerung 0,568
3 Kaltband-Tandemvalzstrasse 0,988
4 Kaliaufbereitungsbetrieb 1,014
5 Klinisches Labor 3,121
6 Patienteniiberwachung 250,000

Tafel 1. Ankunftsraten verschiedener Prozessrechnereinsatzfalle
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MTA Szdmitdstechnikai és Automatizdldsi Kutaté Intézete, Kozlemények 18/1977,

DINAMIKUS EROFORRAS ELOSZTAS VEGYES REAL—TIME
ES BATCH-UZEM ESETEN

Gyarmati Péter
KSH Szémitéastechnikai Igazgatosag

1. Bevezetés

A szamitdstechnika mai édllasa lehetGséget nyujt arra, hogy a kilonbozé feladatokat a ne-
kik megfelel6 legalkalmasabb lizemmodban hajthassuk végre. A kiillonboz6 tizemmodokat leg-
célszerubben kiilon-kiildon szamitogépeken lehetne megvalositani, azonban erre kereskedelmi,
illetve gazdasagi okok miatt altaldban nincs mod. Mivel korunk szédmitogépének kapacitisa,
er6forraskészlete, sebessége igen nagy, meg van a lehet$ség arra, hogy a kilonbdzé izemmo-
dokat egyazon gépen valositsuk meg.

A tavfeldolgozasi igény egyre jobban terjed, de még ma is jelentGs mennyiségii a hagyo-
manyos modon végzett feldolgozas. Ennek a kettds igénynek a kombindcidja adja a vegyes,
real-time és batch lizem feldllitisanak sziikségességét. Feltéve azt, hogy mar rendelkeziink a
vegyes uzemmoOdhoz sziikséges, alapvetd hardware és software eszkozokkel, akkor még min-
dig biztositanunk kell a beérkezé feladatok parhuzamos, egyidejii €s ami a legfontosabb — igény
szerinti futtatdsat.

Ennek a probléminak a kovetkezd — egymadsnak potencidlisan ellentmondo — teljesitmény

tényezGi vannak:

— a real—time lizemhez sziikséges vilaszadasi id6 (response time);
— a batch uzemu feladatok atfutasi ideje (turnaround time);

— a rendelkezésre allo er6forrasok minél jobb kihaszndlasa a koltségek csokkentése érde-
kében (throughput).

Az altaldban rendelkezésre allo litemezési algoritmusok egy-egy tényezdét kielégithetnek,
de tdobbnyire ellentmondanak a tobbi tényezdének.

Példaul egy maximalis eréforrds kihasznalasra torekvé algoritmus teljesen megvaltoztat-
hatja, tetszélegesen hosszura novelheti a real-time lizem vélaszadasi idejét.

Mivel a rendszer tervezésekor éltaliban nem ismerjiik teljes pontosdggal az igényeket, az
tizemet csak valamilyen val6sziniiséggel tervezhetjiik meg, amelyhez képest a ténylegesen élla-
potok elérhetnek.

Kiilénosen vonatkozik ez a csucs terhelésii idészakokra.

Célszeri tehat egy rugalmasan valtoztathaté, véltozé, dinamikus eréforrds elosztasi algo-
ritmus kialakitdsa, amely a valosziniiségi alapon tervezett rendszert igyekszik a pillanatnyi igé-
nyek szerinti optimalis médon szabdlyozni.
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Az elBadis célja egy ilyen dinamikus méré és szabédlyozo algoritmus tapasztalatokon ala-
pul6, logikus megkozelitése.
2. A cél kitiizése

El6szor rogzitsiik a batch, illetve a real-time feldolgozas rovid definiciojat. Ez a definicié
nem lesz teljesen pontos, de elegendd az el6adédsban felmeriilé kérdések megértéséhez, targyala-
sahoz. A definici6 készithet6 akdr az id§, akar a feldolgozandé adat alapjén.

Definicié a feldolgozandé adat alapjan

Ha a feldolgozasi igény az adat keletkezésével egyszerre 1ép fel, akkor real-time feldolgo-
zasrol beszéllink.
Ha az adatokat elobb adatdllominyba Osszegylijtjiik, majd egyszerre dolgozzuk fel, akkor batch
feldolgozésrol beszéliink.

Definicié az idére alapozva

Ha a feldolgozas ugyanabban az id6ben és id6léptékben megy végbe, mint a feldolgozassal
modellezett valoésagé, akkor real-time feldolgozasrdl beszéliink.
Ha a feldolgozis ideje és idGtartalma a modellezett valosagtol fuggetlen, akkor batch feldol-
gozasrol beszéliink.

A két feldolgozasi mod alkalmazdsa egyazon gépen nem uj probléma, de a mai fejlettségi
allapot egy ujabb megkozelitést tesz lehetGvé.

A vegyes lizemre torténd atallaskor a legalapvetSbb alrendszereket at kell értékelni, eset-
leg teljesen ujra kell tervezni.
Ezek:

|

az adatok taroldsdnak és hozzaférésének rendszere;

az adatgyujtés és adatbevitel;

a feldolgozasi igények kezelése és irdnyitas;

a szamitogép kezelése és lizemeltetése.

Témank az utobbi két alrendszerrel kapcsolatos, pontosabban fogalmazva egy olyan algo-
ritmus feldllitdsa a szamitbgép tizemeltetésére, amely a feldolgozdsi igények kezelésébdl fakado
szempontokat a leheto legjobban elegiti ki.

A cél tehat, hogy elfogadhat6 hatarok kozott tartsuk

— a beatch jobok atfutasi idejét;

— a real-time utasitasok vilaszadési idejét;

— a szamitogép legkedvez6bb kihasznaldsat,

az er6forrasok elosztasanak igény szerinti iranyitasival. A megvalositashoz abbdl az allitdsbdl
kell kiindulnunk, hogy a felhasznal6i igények és a szamitogép lizeme egymastol fiiggetlen, annak
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igénye alapjan igyeksziink megvalésitani.

Kiilonb6z6 kompromisszumokat, az id6t és a felhasznal6i igények viltozasat figyelembe-
véve mindig kideriil, hogy a tervezett rendszer végul fazis késésben van. Ha a rendszeriinket si-
keriil elegendéen adaptivva tenniink az emlitett valtozasokra, akkor a fazis késés — a kapacitas
problémdjan kiviil — megsziintethetS. Az adaptiv vezérlés egyik modja az eréforrasok felhasz-
naléi igény szerinti minél dinamikusabb elosztdsa. Elvileg minden idé pillanatban az eréforra-
sok ugy oszlanak meg, hogy mindig a legjobban “raszorult’ igények jussanak hozzi.

Ehhez két fontos, alapvetd tényezd sziikséges:

— az er6forrasok megfelel6 eloszthatosaga;

— a felhaszndl6i igények pilllanatnyi “rdszorultsigd-""nak ismerete.
A két tényez6 ismeretében az algoritmus mar nagyon egyszeri:

1.) Megillapitand6 a felhasznaloi igények pillanatnyi “raszorultsiga’.

2.) Az er6forrasok elosztdsa a “’raszorultsig”™ rendjében.

3.) Ha elértik a kapacitds hatarat a “legkevésbé raszorultakat™ Kkésleltetjik és visszatériink
az |. pontra.

3. Az eré6forrdsok eloszthatésdga

A dinamikus algoritmus megvalésitdsihoz a gép erdéforrasainak dinamikusan ujra elosztha-
tonak kell lennidk, tehdt olyan szamitogépre és operacios rendszerre van sziikség, amely ezt le-
het6vé teszi.

Ennek vizsgilata a jelen el6adasnak nem célja, tehat feltételezziik, hogy ez teljesil a leg-
fontosabb eréforrasok — CPU id6, input-output utasitasok, kézponti tar — quantitativ mérési
lehetGségével egylitt.

4. A felhaszndlé6i igények pillanatnyi “rdszorultsiga”

A rendszer tervezési szakaszdban a felhasznaloi igények ismeretében kulonbozdé teljesit-
mény-csoportokat allitunk fel, amelyeket er6forras felhaszndlds szempontjabol kilonbdz6
kiiszobértékekkel és paraméterekkel jellemezhetiink. Ha futtatas kozben a felhasznilt eréfor-
rasokat hasonlé értékekben mérjik, akkor ezek Osszevetésével megdillapitott eltérés egy olyan
mennyiséget ad, amely jellemz6 az igény pillanatnyi er6forras “’raszorultsigara™ és igy a tel-
jesitmény-csoportjanak megfeleld kiszolgédldsban részesiilhet.

A mérés és a vizsgilat elvégzéséhez az alibbi definiciokban leirtak sziikségesek.

4.1. Definicié. Kiszolgalasi mérték (S)
Egy adott id6intervallumban a felhaszndl6i igény dltal hasznélt eréforrasok sulyozott mennyi-
sége idGegységre vonatkoztatva,
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S = A(CPU) + B(MEM) + C(i/0)

— A, B, C rendszerparaméterek az eréforrasok sulyozdasara.

— Az eréforrasok mennyiségi mérése sokféleképpen oldhaté meg.

Egy példa: 5
4 Lpu

const

(CPU) = % -

az egységnyi CPU

ahol ZtCPU a ¢ idé6intervallumban felhasznalt CPU idé és t.
t const

idd, pl: 1000 atlagos CPU utasitds végrehajtasahoz sziikséges idé.
(MEM) = (CPU)  n pﬂxe/,

ahol Rige @ idSintervallum végén aktiv kozponti tarolé lapok szama.

: 1
(1/0) - T Z ncommand
a t id&intervallumban végrehajtott /0 utasitisok szama.

4.2. Definici6. Mérési idGintervallum (¢)
A dinamikus algoritmus egyes végrehajtasai kozott eltelt id6. Az egyes iddintervallumok kiilon-
boz6 hosszusdguak lehetnek, kezdetét, vagyis az algoritmus végrehajtisit az alabbi események
hatdrozzak meg:

— CPU virakozo allapotba keril:

— page fault (k6zponti memoria lapviltas igénye):

— uj igény belépésekor.

4.3. Definicié. Teljesitmény mérték (£)
Minden teljesitmény-csoporthoz tartozik egy teljesitmény mérték, amely szerint az ide belépd
felhaszndl6i igény futtatasakor eréforrast kér. A Kiszolgialasi mértékkel azonos léptéki és di-
menzidju.

4.4. Tétel.

1.P< S  a kiszolgdlds magasabb szintti az igenyeltnél, KESLELTETHETO!

2.P=s a kiszolgdlds megfelel az igénynek

3.P> S  a kiszolgdlds alacsonyabb szintit az igényeltnél, KESIK!

5. Algoritmus.

Minden feldolgozasi igény a hirom dontés alapjan Keriil besoroldsra a kovetkezd idGinter-

vallum idejére az alabbi maddon:
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1. Az igény a vdrakozd sorba keriil (SWAP OUT) jelzést kapja az (S — P) érték
nagysdgianak novekvd sorrendjében.

2. Az igény a kiszolgdlas folytatodik jelzést kapja, ha a varakoz6 sorban volt, akkor az
aktivalasra keriil jelzést kapja (SWAP IN) a varakoz6 sorban elfoglalt helyének sorrendjé-
ben.

3. Az igény a kiszolgalds folytatédik a 2. szerinti igényeket megeldzve jelzést kapja a (P — S)

érték nagysiginak csokkend sorrendjében; ha a viarakozo6 sorban volt, akkor az akti-

valasra (SWAP IN) kertil jelzést kapja a (P — S) érték nagysagianak megfeleld besoro-
lassal.

Az ezutian kovetkez6 SWAP algoritmus fogja az igényeket a kdzponti tér, illetve a vir-
tudlis tar lehetGségeinek megfelelGen elhelyezni.

A SWAP algoritmus a tarkapacitéastol fliggéen a kiszolgalas folytatodik jelzésiieket is a
varakoz6 sorba helyezhet,.illetve a viarakozo sorba kertl jelzésuieket is aktivan hagyhat.

Az algoritmus végsdsoron a felhaszndloi igényeket minden egyes idGintervallum végén
a kiszolgilastol fiiggéen — az (S — P) érték nagysidga szerint — sorba rendezi, majd a SWAP
algoritmus a tar kapacitdsanak megfeleld szimu — a sorban eldl 4ll6 — igényt aktival.

Néhany megjegyzés az algoritmushoz

Nem feltétleniil jelent tulterhelést, ha vannak igények a virakozo6 sorban (SWAP OUT)

A pillanatnyi talterhelés nem biztos, hogy késést okoz a kiils6é ismérvek (response,
turnaorund time) alapjan.

A rovid idejii talterhelések kiegyenlitédnek, mert mindig azok kertilnek késleltetésre,
amelyek a legjobban elviselik.

A rendszer hatékonysédga akkor érvényesiil, ha a belép6 Osszes igény azonnal aktivaldsra
keriil. Ennek csak a SWAP algoritmus gazdasidgossdga szab hatart.

Az algoritmus lehet8séget ad az optimalis gépkihasznalasra, mivel csak az idGintervallum
hatdrokon 1ép be és csak a feldolgozasi igények végrehajtasi sorrendjét valtoztatja meg.

A megoldis a SWAP algoritmus szempontjab6l nem optimadlis, azaz lehetséges olyan
helyzet, amikor feldolgozasi igények sokszor mozognak a kozponti tir és a varakoz6 sor
koz6tt (SWAP—IN, SWAP—-OUT).

A késleltetések, illetve a késések elosztdsa az egyes igények kozott nem befolydsolhatd,
mert ezt az algoritmus a pillanatnyi allapotok szerint intézi. Ez huzamos ideji tulterhelés ese-
tén okozhat gondot.

Az emlitett problémédk megoldédsa az algoritmus tovabbfejlesztésével lehetséges.
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6. Az algoritmus tovdbbfejlesztése

A szamitogép rendszer sokszor olyan talterhelési allapotba keriil, amikor a késleltetések
mar a kiilsé ismérvek szerinti rendszeres késésekben jelentkeznek. Ilyenkor kiilsé beavatkozas
szukséges, amellyel a késések, vagy a késleltetések elosztasat szabalyozni lehet.

A szabilyozas bevezetésével meg lehet hatdarozni kiillénbdzé terhelési dllapotok esetére a
késleltetések elosztasat az egyes teljesitmény csoportok kozott.

A megoldashoz be kell vezetni a terhelési szint (W) fogalmat, valamint ujabb paraméte-
rekkel kell kiegésziteni a teljesitmény-csoport leirasat.

6.1. Definicié. Terhelési szint (W)
Az a mérték, amely megadja, hogy egy adott idGintervallumban az osszes kiszolgalasi igény
hianyszorosa a felhasznalt kiszolgélasnak.
2P(1)
1

2 S(1)

1

W =

ahol i az aktiv igények szama.

6.2. Definicié. Teljesitmény csoport (Q)
Azon ismérvek Osszesége, amelyek meghatdarozzak, hogy egy felhaszndloi igény milyen modon
juthat végrehajtisa soran eréforrasokhoz.

Az alap algoritmus esetén a teljesitmény-csoport @(r) = fIP,S(¢)) fligvénnyel irhaté le.
A tovabbfejlesztésben a fliggvény tovabbi valtozokkal bovil:
Q) = AP,S(1), W(1),T)

ahol P a teljesitmény mérték, S a kiszolgildsi mérték, W a terhelésiszint, T a kilsé

szabalyozas szerinti periodus idd.

A Q flggvény valtozoihoz kiilénbdzé kuiszobértékeket rendelve irhatjuk le az egyes
teljesitmény-csoportokat.
Az i-edik csoport Q,-(t) = ﬂP‘.,S’.(t),W(t),Tl.)

2o e

periodusban, W(¢) gépterhelési koriilmények kozott, S,.(t) kiszolgalasban részesilt a ¢ idG6-
intervallumban.
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A terhelési szintt6l valo fiiggés leirdsa

Eredeti célunk szerint azt kivianjuk elérni, hogy a kiilonbdzé terhelések esetén bekdvetke-
26 késleltetéseket eldre tervezett moédon osszuk el az egyes teljesitmény-csoportok kdzott.

A feladatot ugy oldhatjuk meg legegyszeriibben, hogy a P, értéket tessziik fligg6vé a
terheléstdl, illetve a kiilsé szabalyozas periodusatol:

P10 = fWO),T))

ahol a 1".(t0) =P vagyis a feldolgozasi igény iniciélis teljesitmény mértéke.

A fuiggvény azt fejezi ki, hogy az i-edik teljesitmény csoportban 1évé feldolgozasi igények
a t iddintervallumban Pi(t) kiszolgilast igényelnek és ennek értéke a pillanatnyi terhelési
szintt8l és a kiilsd szabdlyozasi periédustol fiigg, kivéve a feldolgozas elsG, belépd esetét, amikor
a fliggvény a P kezdeti, maximalis értéket veszi fel.

AON

> -W(1)

Tehat P(r) értékét a terhelési fliggvényében ilyen gorbével lehet leirni. Az L segédparaméter
felvételével egy gorbesereget irhatunk le és ez lehetGvé teszi a Tl periddussal valé Osszekap-
cooldst az alabbi médon:

a Q, teljesitmény-csoport Pl(t) kiszolgalasi igénye

a T/ periodusban, a W(r) fiiggvényében L, szerint alakul.
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Példaul:

@, teljesitmény-csoport:

— p, kezdeti kiszolgildsi igény;

— T, = 600 sec periédusban

— kiszolgdlas L, szerint;

— T, = 60 sec periddusban

- kiézolgélés L, szerint;

— T, = futtatas befejezéséig peribdusban

— kiszolgalas L, szerint

Példa a teljesitmény csoportok leirdsara a felhasznalok felé:

Ql = dtlagos batch job-ok (2 éra atfutasi id6, ha az adatok mennyisége nem haladja meg
a 20 ezer tételt és a gép terhelése kozepes).

@, = egy€b batch job-ok (2448 éra atfutasi idével).

@, = real-time commandok (lekérdezS terminalokrél, 30 masodperc vilaszadasi id6vel
reggel 8-t6l 11-ig).

Q, = real-time commandok és gyors batch jobok (CRJE terminélokrol 2 perc vélaszada-
si idGvel).

Q5 = real-time commandok (interaktiv programozasi helyekrdl apreferalt programnyelvek-

ben 2 masodperc vilaszadasi idGvel).

7. Osszefoglalds

Az algoritmus az elére meghatirozott igénnyel beléps feldolgozasi feladatokat igyekszik
a szamitogép terhelési viszonyainak megfelelGen a lehets leggyorsabban végrehajtani, amelyet
a felhasznalt er6forrasok mennyiségének vizsgalataval ér el.

Lehet6séget ad az A, B, C rendszer paraméterek és a P, kiliszobértékek alkalmas meg-
vélasztasival az adott konfiguricidhoz és feldolgozasi igényekhez valo illesztésre.

Biztositja a tulterheléssel miikod6 szamitogépen bekovetkezd késések megfelels eloszta-
sanak lehet&ségét a Tj és L, paraméterek segitségével.

A miikddéshez sziikséges viltozok és paraméterek értékeinek megfeleld rogzitésével mé-
rési adatokat bocsit rendelkezésre a rendszer iizemének vizsgilatihoz.

A vizsgilatok eredménye alapjan az algoritmus egyszeriien modosithatéo a mar emlitett
paraméterek és kiiszObértékek valtoztatasaval.



- 209 -

Az algoritmus gépidd terhelése az aszinkron alkalmazéssal minimalis (a CPU véarakozé al-
lapotba keriilésekor fut, vagy amikor amugyis valamilyen litemezési algoritmus futna). Kz egy-
ben azt is jelenti, hogy a ¢ id&intervallum hosszusidga nem tarthaté kézben, de erre val6szi-
niileg nincs is sziikség (bizonyitando).

Kiilon problémat jelent az algoritmus beépitése egy adott szamitégép és operacios rend-
szer kornyezetbe.

Az els6 modellezési eredmények azt mutatjik, hogy az algoritmus kedvez_éen alkalmaz-
hat6 olyan szdmitégép kdrnyezetben ahol virtualis memoria (gyors SWAP), tobbszoros, vagy
elegendSen gyors i/0 csatorndk és a kiilsé periféria (printer, stb.) vezérlésére szatellitek allnak
rendelkezésre.

Jelenleg kisérletek folynak az algoritmus gyakorlati megvalositasira a KSH IBM
370/155-6s OS/VS1 alatt lizemeld szamitogépére.
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Summary
Dynamic resource allocation in real-time and batch environment

Peter Gyarmati

The paper examines the general properties of dynamic allocation strategies and gives the

description of a new algorithm.
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PE3WOME

JTMHAMUYECKOE PACIPEJEJIEHIE PECYPCOB
B PEAJBHOM BPEMEHU U NYYKOBO PABOTE

. Ospmatu

B paGoTe paccmaTpuBalTCA 00UUE XapaKTEPUCTUKU AUHAMUYEC—

KUX cTpaTeruil paclpeseleHuss M [aeT HOBHI aJIropuTM.
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A konferenciat a ’Szamitédstechnika tudoményos kérdései” c.
tobboldali akadémia egyiittmiikodés keretében rendeztiik.

KondepeHuua 6via NMpoBeIeHa B DPaMKaX
MHOT'OCTOPOHHEro COTDYIOHHUYECTBa aKaIeMHUH

COLIHAJIMCTHUYECKUX CTDPaH 1no npobieme
"HayuyHple BOMPOCH BHUHCJIUTENBHOHW TEXHHUKU"

Conference was held in the frame of the multilateral cooperation
of the academies of sciences of the socialist countries on Computer Sciences.
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